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Current density (pA.cm'Z)

Iron dissolution flux (mol.m®.s™)
Iron flux consumed by the growth of the interfacial alloy (mol.m?.s™)

Boltzmann’s constant (J.K'l)
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INTRODUCTION

In order to protect it against corrosion, the steel is usually covered with a zinc layer. On the one
hand, zinc gets preferentially dissolve and act as a sacrificial anode for iron in case of scratch up to
the steel; on the other hand, the corrosion products formed act as a barrier against corrosive media.

In this field, the continuous hot-dip galvanizing process has a major impact. This process is
worldwide spread and concentrates most of the production of zinc coatings. It consists in the
immersion of the steel strip in a molten zinc bath containing small amounts of aluminium. As the steel
strip enters the bath, two interfacial reactions occur: the dissolution of iron and the formation of a very
thin aluminium-rich intermetallic layer on the steel substrate. This layer inhibits the alloying reactions
between iron and zinc and, consequently, is commonly known as inhibition layer. After exiting the zinc
bath, the steel strip is rapidly cooled down to room temperature. The final coating is therefore
composed of this very thin interfacial layer and the solidified zinc overlay.

A process route alternative to the conventional hot-dip galvanizing process is to perform an
annealing step after immersion in the molten zinc bath (hot-dip galvannealing process) in order to
destabilize the inhibition layer (inhibition layer breakdown) and favour the alloying reactions between
iron and zinc (liquid zinc consumption and iron enrichment of the solid coating). Coatings made by
means of this process route are commonly known as galvannealed coatings and their final
microstructure is therefore composed of different Fe-Zn phases.

The work presented here focuses on galvannealed coatings on Ti IF steels. The in-use
properties of this kind of coatings are very sensitive to the Fe-Zn phase distribution within the coating
microstructure. Nowadays, the hot-dip galvannealing process is relatively well mastered. However,
increased needs to improve the coatings quality and reduce production costs demand an accurate
knowledge of the complex reactions involved in the development of the coating along the thermal
cycle in terms of mechanisms and kinetics. Separate physical modelling of these reactions is crucial to
ensure these needs.

In the first chapter of this work, a literature review is presented. After a brief presentation of the
issues and characteristics of the industrial process, focus is given to those studies on the
thermodynamics of the Al-Fe-Zn ternary system and, more particularly, to the experimental
measurements of the equilibrium liquidus lines in order to determine the phase diagram which
describes the best the galvannealing reactions. These reactions are then reviewed in detail, with
special interest in the effect of process parameters such as the galvanizing conditions, the Ti IF steel
features or the thermal cycle on reaction mechanisms and kinetics.

The second chapter focuses on the formation of the inhibition layer. The galvanizing conditions
are expected to play an important role on the nature of this layer. In order to evidence this effect, the
nature of this inhibition layer has been characterized for two different galvanizing conditions on
industrially galvanized Ti IF steel samples. The results obtained allow proposing a reaction
mechanism accounting for the formation of this layer. The kinetics of this reaction is extremely fast
(less than one second), so it has not been investigated in this study.

The third chapter focuses on the inhibition layer breakdown. This reaction represents a key step
in the hot-dip galvannealing process as it is responsible for the onset of the alloying reactions between
iron and zinc leading to the final microstructure of the coating. In the present work, this reaction has
been studied on industrial full-hard steel samples, galvanized and subsequently annealed in laboratory
pilots. A logical mechanism accounting for this reaction is proposed. The kinetics of this reaction has
been accurately investigated and the effect of the bath aluminium content and the Ti IF steel chemical
composition on it has been quantified.

The two last reactions, i.e., the liquid zinc consumption and the iron enrichment of the solid
coating, have not been studied in the present work.

Finally, the conclusions extracted from the results obtained and the perspectives for future work
are discussed.
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CHAPTER |: GENERAL PRESENTATION OF THE PROBLEM

[.1. Industrial context

l.1.1. Zinc-based coatings [1-4]

The guarantees for corrosion resistance of steel sheets, currently required by customers, match
with the expected life of the equipment (12 years for the automotive market and 10 to 30 years for the
industry&construction market). In order to meet this specification, the steel is usually covered with a
protective coating (Figure 1).

Tatal production:
26 million metric tonnes

Cither products
1%

Slabs
2%

Coated products
Ja%

Cold rolled products
12%

Figure 1: Distribution of Flat Carbon Europe Arcelo rMittal’s segment steel production by
product type in 2012 [5].

In order to ensure its corrosion resistance, the steel is usually coated with a zinc-based coating.
As a matter of fact, zinc offers an extremely efficient protection to the steel substrate. On the one
hand, this element reacts preferentially and acts as a sacrificial anode with respect to iron when a
scratch reaches the steel substrate. On the other hand, the corrosion products formed play the role of
a physical barrier against the corrosive environment.

Nowadays, there are mainly three different technologies to produce zinc-based coatings:
* Hot-Dip Galvanizing (HDG);

* ElectroGalvanizing (EG);
» Physical Vapour Deposition (PVD)l.

! The PVD technology is currently being introduced by some steelmakers in industry and the production of zinc-based coatings
by means of this technology is still extremely low compared to the EG technology and, above all, the HDG technology. In the
case of ArcelorMittal, the PVD technology is currently under development at pilot scale and in process of industrialization.
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While the HDG process consists in the immersion of the steel strip into a liquid zinc bath
containing small amounts of aluminium, the EG process is based in the electrodeposition of zinc on
the steel surface by immersion of the steel strip in an aqueous solution containing zinc cations (Zn*?).

In our work, the focus will be on the HDG process technology, the most widespread one in
industry among the previous ones (Figure 2).

Total production:

Electrogalvanized 9.9 million metric tonnes

1%

Hot-Dip Galvanized
g9%

Figure 2: Distribution of Flat Carbon Europe Arcelo rMittal’s segment coated steel production
by process technology in 2012 [5].

The Hot-Dip Galvanized steel volume production is mainly distributed between the automotive
and industry&construction markets (Figure 3).

Tatal production:
8.8 rmillion metric tonnes

Industry&Construction
B0 %

Figure 3: Distribution of Flat Carbon Europe Arcelo rMittal’s segment Hot-Dip Galvanized steel
production by destination market in 2012 (source: A rcelorMittal’s internal documents).
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The galvanizing process conditions for a given steel coil highly depend on its future use. Any
process data presented hereafter will be specific to galvanized steel products for the automotive
market. These products are usually galvanized in zinc baths with low bath aluminium contents:
generally either between 0.16 and 0.3 wt.% (section 1.1.2) or between 0.1 and 0.135 wt.% (section
1.1.3). More particularly, the present work focuses in those coatings galvanized in zinc baths with
aluminium content within this latter range.

[.1.2. The Hot-Dip Galvanizing process [2-4]

The first HDG industrial lines date from the mid-19" century. In those days, the process was
discontinuous and consisted in the immersion of the metallic parts in several baths corresponding to
different stages of treatment: degreasing, pickling, fluxing and, finally, galvanizing by means of
immersion in a molten zinc bath. This methodology is still in use today in the case of finished products
such as telegraph poles, beams, guardrails ...

However, in the case of galvanized steel sheets, the continuous HDG lines allow increasing
efficiency, reducing costs and improving the quality of the coatings. The first continuous HDG lines
appeared in the 1930s in Europe and USA. Since then, the continuous HDG process has known a
constant technical evolution and is currently spread worldwide. A schematic view of a typical
continuous HDG line is depicted in Figure 4, where the following operations can be easily
distinguished:

At the line entry (right-hand side of Figure 4), the steel coils are positioned onto the pay-off
reels and are transported along the HDG line continuously by means of a welder and an entry
looper or accumulator.

» The steel strip is then submitted to a thermal (direct flame preheating), chemical (alkaline
bath) or electrochemical degreasing in order to remove rolling oils. Fine particles are
subsequently removed from the strip surface by means of a mechanical brushing (only in the
case of chemical or electrochemical degreasing).

» A recrystallization annealing is then performed. The aim of this operation is to recrystallize the
steel substrate microstructure, strongly hardened during cold rolling, and to obtain its
microstructural requirements (grain size and distribution, phase distribution). Typical soaking
temperatures and times for this annealing step are around 800 T and 40 s. The annealing
furnace is atmosphere-controlled (a mixture of N, and H,) in order to prevent external
oxidation and to ensure a good wettability of the steel surface by the liquid zinc. The last step
of this recrystallization annealing, the equalizing step, is usually performed at a temperature
slightly higher than that of the zinc bath.

e The next step is the immersion of the steel strip in an iron-saturated zinc bath, which contains
small amounts of aluminium (from 0.16 to 0.3 wt.%, normally), at around 460 C. The
residence time in the zinc bath is obviously dependent on both the line speed and the
immersed length and is usually around 2-3 s. A schematic view of a typical galvanizing bath is
available in Figure 5. As can be seen, the steel strip enters the zinc bath through a kind of
tunnel called snout. This tunnel is under controlled atmosphere (a mixture of N, and H,) in
order to avoid the steel surface oxidation. The strip is guided into the zinc bath by the so-
called sink and correcting rolls®. As the strip enters the bath, interface reactions®, which will be
described in detail in section 1.3.1, occur very rapidly. The temperature of the strip at

2 In some galvanizing baths, the steel strip guiding operation is performed by a third roll placed between the correcting roll and
bath exit, commonly known as stabilizing roll.

% A result of the reactions taking place in the bath is the formation of suspended particles, called dross particles. Two types of
drosses can be mainly differentiated. The so-called surface drosses, less dense than the liquid zinc, are regularly skimmed from
the bath surface by an operator. The so-called bottom drosses, denser than the liquid zinc, are removed from the bottom of the
pot through different bath management operations. It is important to remove these particles efficiently or to try to avoid their
formation because they can be the cause of coating defects leading to the final product downgrading. More information about
the chemical nature of these drosses will be given in section 1.2.2.
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immersion is chosen to be that of the zinc bath in order to limit undesired heat exchanges and
have a controlled and steady interface reaction temperature. As these reactions modify the
bath composition, an ingot feeding system is used to maintain it at the set value. The bath
temperature is also fixed at the aimed value by means of an induction heating system.

« At the bath exit, the steel strip is covered with a too important thickness of liquid zinc because
of its viscous drag induced by the strip movement. The coating thickness is reduced to around
10 um by means of a nitrogen or air wiping operation.

 After wiping, the steel strip is progressively cooled in the cooling tower and the liquid zinc is
consequently solidified. The strip steel is then water quenched down to room temperature.

» The skin-pass operation, a low thickness reduction rolling operation, is subsequently
performed in order to provide to the strip a suitable flatness as well as its final roughness and
mechanical properties.

» Depending on its final use, the steel strip can then be submitted to a chromate treatment to
prevent the surface corrosion of zinc (white rust) during its storage.

* Finally, the strip is inspected, cut and coiled.

Delivery looper D O Entry looper

Cooling

skin-pass Welder
Tension reels |

Wiping F‘ay-ulzuff reels
o | LAY :
Shesrz  Chromate  Waiater o Annesaling

furnace Cleaning
=action

Insgection treatment quenching £n bath

Figure 4: Schematic view of a continuous HDG line ( direction of production from right to left)
(source: ArcelorMittal Global R&D).
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Figure 5: Schematic view of a galvanizing bath [3].

Although the strip speed in typical HDG lines can range between 40 and 180 m/min, a very
usual speed line is around 120 m/min. Such galvanizing lines can process an average production of
500,000 metric tonnes/year.

The final microstructure of a conventional galvanized (GI) coating consists of a very thin
intermetallic layer of Fe,AlsZn, (0 < x < 1), a formula commonly used to indicate a ternary compound in
the vicinity of the binary compound Fe,Als (around 150 nm), commonly known as inhibition layer, and
the solidified zinc overlay (Figure 6).

Fe,Al7n,

e | (11171

Figure 6: Cross section micrograph of a Gl coating, whose microstructure is composed of a
very thin layer of Fe ,AlsZn, and the solidified zinc overlay (source: ArcelorMi ttal Global R&D).

[.1.3. The Hot-Dip Galvannealing process [2-4]

An alternative to the conventional HDG process is the Hot-Dip GalvAnnealing (HDGA) process.
As will be seen below, the main difference between these two processes is that the later includes an
annealing step after immersion in the zinc bath in order to trigger the alloying reactions between iron
and zinc. It will also be seen that the bath aluminium content is lowered compared to the HDG process
in order to favour these alloying reactions. From now on, the present document will focus on this
alternative process and its reactions.
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The HDGA process consists in different stages. As in the HDG process, the steel strip is
immersed, just after the recrystallization annealing, in an iron-saturated zinc bath at around 460<C.
However, as said before, this bath contains a lower amount of aluminium (from 0.1 to 0.135 wt.%). An
intermetallic Iaa/er is formed very rapidly on the steel surface during immersion. This layer is known as
inhibition layer™ as it inhibits, although temporarily, the alloying reactions between iron and zinc.

Figure 7 shows a schematic representation of the industrial HDGA tower, located at the exit of
the galvanizing bath. A typical thermal cycle performed on such an industrial facility to produce
galvannealed (GA) coatings can be observed in Figure 8. Once the strip leaves the zinc bath, a wiping
step is performed in order to fix the coating thickness to its targeted value (about 10 um). This step
causes a little decrease in the strip temperature. After wiping, the steel strip is heated to about 500-
530 T in an induction furnace in order to trigger the Fe-Zn alloying reactions. The steel strip is then
cooled to 300 T in about 20 s in two steps: a slow cooling followed by a fast cooling. It is worth noting
here that most of the HDGA lines also produce Gl coatings. In that case, the induction furnace is off-
line.

>High speed

cooling

Low speed
> cooling

} Inductor

Zinc pot

Figure 7: Schematic representation of an industrial HDGA tower (source: ArcelorMittal Global
R&D).

4 It will be seen in section 1.3.1.1.1 that, according to thermodynamics, the nature of the inhibition layer which forms in HDGA
baths is expected to be different from the one which nucleates in typical HDG baths for Gl coatings production (Fe,AlsZny).
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Figure 8: Typical thermal cycle performed in a HDGA  tower (source: ArcelorMittal Global R&D).

The development of a GA coating along a typical industrial thermal cycle as the one depicted in
Figure 8 occurs through different and complex phenomena ruled by the reactive interdiffusion of iron
and zinc. These reactions, described in detail in section 1.3, lead to a final coating microstructure
characterized by a sequence of stratified Fe-Zn phase layers (section 1.2.4). Figure 9 depicts a cross
section micrograph of a GA coating where the different Fe-Zn phase layers can easily be
distinguished. The quality of this kind of coating will depend on its Fe-Zn phase distribution so that an
accurate control of this distribution is required to guarantee a good quality of the coating.

10pm

Figure 9: Cross section micrograph of a GA coating composed of a sequence of stratified Fe-
Zn phase layers: T (gamma), & (delta) and ¢ (dzeta) (source: ArcelorMittal Global R&D).

Nowadays, the continuous HDGA process is relatively well controlled. However, the ongoing
effort to increase the productivity of industrial lines and improve the quality of the coatings leads to
guestion some issues of the current process. In this framework, a thorough knowledge of the nature of
the intermediate phases and the reaction mechanisms through which the galvannealed coatings get
formed becomes essential to optimise their industrial production.

In the following, a critical overview of the Al-Fe-Zn ternary phase diagrams that have been
published in the literature will be presented. Interest will also be given to the Fe-Zn binary system.
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l.2. Thermodynamic considerations: description of t he Al-Fe-Zn
ternary system

The aim of this section is to provide a very succinct introduction to the thermodynamics of the
Al-Fe-Zn system in order to facilitate the comprehension of the different mechanisms described in the
subsequent sections. The most accurate diagrams are chosen here both in the entire domain of
composition (section 1.2.1) and in the zinc-rich corner (section 1.2.2).

[.2.1. Whole Al-Fe-Zn ternary phase diagram

Several research teams have contributed to the construction of the Al-Fe-Zn ternary phase
diagram since the seventies [6-11]. Figure 10 illustrates the whole Al-Fe-Zn ternary phase diagram at
450 T proposed by Tang [10]. Widely accepted among galvanizers, it seems to be the most accurate
diagram proposed to date. Only binary Fe-Zn (¢, 6, I') and Fe-Al phases (FeAl,Zn,, Fe,AlsZny,
FeAl;Zn,) are present in this diagram and no ternary phases exist. The characteristics of these binary
phases will be described in section 1.2.4. Among the characteristics of the ternary intermetallic
compounds, it should be noted that the solubility of zinc in Fe,AlsZn, (up to 20 wt.%) as well as the
solubility of aluminium in & (up to 3 wt.%) are very high.

e

M-lFe, Al -Zn,)
o-FeAl -7n )
/ 3

Figure 10: Al-Fe-Zn ternary phase diagram at 450 C  proposed by Tang [10].

It should be noted that research work is still needed for the construction of the Al-Fe-Zn
diagram. For instance, a binary Fe-Zn phase, Iy, is not represented in the diagram proposed in Figure
10. The domain for this phase should be placed between the I' and & domains on the Fe-Zn edge of
the diagram. Tang and Su [11] recently proposed a new version of the diagram with I'; and a ternary
phase referred to as T phase in the zinc-rich corner. This version was not chosen because it has not
been validated yet. In particular, the domain of composition of the T phase is close to that of the &
phase, meaning that the T phase could be the d phase.

34



[.2.2. The zinc-rich corner of the Al-Fe-Zn ternary  phase diagram

For the needs of continuous HDG and HDGA processes, the zinc-rich corner of the Al-Fe-Zn
phase diagram received further attention [6,8-14]. Figure 11 represents the diagram proposed by Tang
[12] at 450 . Three different binary equilibriums involving the liquid phase can be distinguished in
this diagram depending on the aluminium concentration: with Fe,AlsZn,, & or {. In addition, a
significant lowering of the iron solubility in molten zinc when aluminium is added at a very low
concentration (0.2 wt.% Al) can be observed.

0.08
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L+6+ FEQ.-"J'«.|5EHI
0.06 4
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¢ L+5

= L+ FesAlkZn
% 0044 Sk
s H

0.02 4 a« B

L
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0 0.1 02 03

wy (wt. ')
Figure 11: Zinc-rich corner of the Al-Fe-Zn phase d iagram at 450 C proposed by Tang [12].

The three most recent liquidus lines have been proposed by Tang [12], Dauzat et al. [13] and
McDermid et al. [14]. They are all compared in Figure 12. As it can be seen, the liquidus line at 450 C
proposed by Dauzat et al. [13] is considerably different from the liquidus lines at the same temperature
proposed by Tang [12] and McDermid et al. [14]. Dauzat et al. [13] do not consider the equilibrium with
the { phase and suppose that the & phase is the stable compound for very low aluminium contents in
the liquid phase (see the position of the knee point B, in red, in Figure 12). In addition, the iron
solubility in the liquid phase in equilibrium with Fe,AlsZn, is considerably lower compared with the
liquidus lines from Tang [12] and McDermid et al. [14]. As will be seen below, the liquidus lines
proposed by these authors are quite in agreement with the experimental points available in the
literature. For this reason, the diagram by Dauzat et al. [13] will be rejected.

The main differences between the diagrams proposed by Tang [12] and McDermid et al. [14] lie
in the iron solubility in the liquid phase in equilibrium with Fe,AlsZn, (higher in the case of the liquidus
line proposed by Tang [12]), with & (fairly constant with the aluminium concentration in the case of the
liquidus line from Tang [12] contrarily to that proposed by McDermid et al. [14]) but also in the
aluminium concentration of the knee point a (considerably lower in the case of the diagram proposed
by McDermid et al. [14]). The two diagrams are quite in agreement with the aluminium concentration
of the knee point 3.
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Figure 12: Comparison of the liquidus lines of the zinc-rich corner of the Al-Fe-Zn phase
diagram proposed by Tang [12], Dauzat et al. [13] and McDermid et al. [14].

In order to choose the most accurate diagram in the zinc-rich corner, the liquidus corresponding
to the equilibrium with Fe,AlsZn,, & or  respectively is compared hereinafter with the experimental
points available in the literature.

Equilibrium with Fe,AlsZny

Many experiments [9,12-21] have been carried out in the region where the solid phase in
equilibrium with the liquid zinc is Fe,AlsZn, in order to determine the solubility of iron in liquid zinc in
the temperature range of 450-485 C. The experiment al procedure is often the same. First, the liquid
phase is separated from the suspended intermetallic compounds in a still bath: aluminium-rich drosses
(FesAlsZn,) will float to the surface, its density being lower than that of zinc, whereas drosses based on
the ternary extension of the binary Fe-Zn compound of & phase contain only a small amount of
aluminium in solid solution and will sink to the bottom. Samples of the liquid phase are then taken in
the bath at mid-depth and sent for analysis. Less often, the samples taken in the bath are filtered to
remove the suspended particles [14].

The obtained results are plotted in Figure 13 together with the liquidus lines from Tang [12] and
McDermid et al. [14] concerning the equilibrium with Fe,AlsZn,. The experimental points [9,12-21] are
globally located between the two extreme liquidus lines proposed by both authors [12, 14] (450-
480 C). The triple point B is better predicted by Tang [12] and McDermid et al. [14] than by Dauzat et
al. [7] (Figure 12). The liquidus lines from Tang [12] seem to overestimate the solubility of iron in liquid
zinc at 470 and 480 C, compared to the liquidus li nes from McDermid et al. [14].
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Figure 13: Liquidus lines proposed by Tang [12] and

with Fe ,AlsZn, compared with available experimental data for diff

Equilibrium with & or

McDermid et al. [14] for the equilibrium
erent temperatures [9,12-21].

Some experiments have also been carried out in the regions where the solid phase in
equilibrium with the liquid zinc is & [12,14,18] or ¢ [12]. The experimental points obtained are plotted
together with the liquidus lines from Tang [12] and McDermid et al. [14] concerning the equilibrium
with & in Figure 14 and with ¢ in Figure 15. In both regions, the experimental points are well described
by both liquidus lines. The triple point a seems to be better described by Tang [12] than by McDermid

et al. [14].

37



0.10
m 5070
o 4607
0.08 1 o A70°C
« 4807
= 0.0 - " curves: 450, 460, 470 et 4830°C
=2 RS T
=z . .  Tang[12]
2 . — McDermid et al. [14
= D04 A T o
. e o A
?‘:ﬁ*— &
\\“F';;%
0.02 - " L]
I:II:II:I T T T T T
0.0o0 0.05 0.10 015 0.20 0.25 0.30

wy (wt.%)

Figure 14: Liquidus lines proposed by Tang [12] and McDermid et al. [14] for the equilibrium
with & compared with available experimental data for diff ~ erent temperatures [12,14,18].

0.10
m A50%C
& A80%C
0.08 -
curves ; 450, 460, 470 et 480°C
P
* — Tang[12]
— D08 T — McDermid et al. [14]
_.5;=:+ * T - _® —
'\-E-' To-oo
g -

0.02

I:II:II:I T 1 1 1 T
0.0o0 0.05 0.10 0.15 0.20 0.25 0.30

wy (wt.%)

Figure 15: Liquidus lines proposed by Tang [12] and McDermid et al. [14] for the equilibrium
with  compared with available experimental data for diff ~ erent temperatures [12].



The most accurate Al-Fe-Zn ternary phase diagram in the zinc-rich corner

As shown earlier, the two liquidus lines proposed by Tang [12] and by McDermid et al. [14] well
describe the experimental points obtained for the equilibrium between the liquid phase and the three
possible intermetallic compounds in the zinc-rich corner of the diagram (Fe,AlsZny, & or {) and for the
triple point B (equilibrium between the liquid phase, Fe,AlsZn, and 8). The liquidus corresponding to
the equilibrium with Fe,AlsZn, from Tang [12] seem to overestimate slightly the solubility of iron in
liquid zinc at 470 and 480 C, compared to the liqu idus lines from McDermid et al. [14]. The triple point
a (equilibrium between the liquid phase, & and ) seems to be better described by Tang [12] than by
McDermid et al. [14].

The experimental points pertaining to each temperature indicate some scatter, making the
choice of one or the other of the two liquidus lines difficult. The liquidus from Tang [12] is, at the
present time, the most greatly accepted liquidus among the galvanizing research community. This is
the reason why the liquidus from Tang [12] will be chosen for the explanations given in the following
sections of the present work. His equations describing the liquidus line in the Fe,AlsZn,, & and
domains are detailed hereinafter. He proposed these equations from his own experimental data and
thermodynamics models [12].

The link between the iron and aluminium solubilities in the liquid phase in equilibrium with
Fe,AlsZn, is given by the following equation:

w2 (w2t ) = exp| 281- 2225 (1.1)
( sa)( sat)s ( 33_:_)66]

where W,?: (wt.%) and W,’j‘t (wWt.%) are, respectively, the iron and aluminium weight fractions in

the liquid phase in equilibrium with Fe,AlsZn, and T (K) is the temperature.

According to Tang [12], the modelling of the liquidus line in the regions where ¢ or & are in
equilibrium with the liquid phase was difficult because no information about the aluminium content in &
and ¢ was available in the literature. Therefore, the relationship between the iron solubility in the liquid
phase and the aluminium content in the solid compound is not obvious. The author developed a new
approach in both cases. This approach is not detailed here and only the final equations describing the
liquidus lines in both domains are presented below.

Concerning the equilibrium with ¢, the liquidus line can be described by the following equation:

W = exp(17.78— 15388j ex;{m (42, %, +x,1n X, +x, In x,) 02
X
with
X, =1=Xy (1.3)
and
X, = 0164w (1.4)

where W?: (wt.%) is the iron weight fraction in the liquid phase in equilibrium with {, X, is the

aluminium mole fraction in the ¢ phase, X, the sum of the iron and zinc mole fractions in the ¢ phase

and Wff,1 (wt.%) the aluminium weight fraction in the liquid phase in equilibrium with C.

Concerning the equilibrium with &, the liquidus line can be described by the following equation:
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+ +
wa =122 exp(17.78—15$88j exp{s(sx“' Xp + %I X5+ Xy 1N X, )} (1.5)
X5

with
X5 =1-X, (1.6)
and

Xy = 042wy (1.7)

where W,f“‘et (wt.%) is the iron weight fraction in the liquid phase in equilibrium with 8, X, is the
aluminium mole fraction in the & phase, X; the sum of the iron and zinc mole fractions in the & phase

and W,’j‘t (wt.%) the aluminium weight fraction in the liquid phase in equilibrium with &.

The Al-Fe-Zn phase diagram in the zinc-rich corner obtained with the equations (I.1) to (1.7) at
450 T has been presented earlier (Figure 11). It will be systematically used to comment and analyze
the galvanizing experiments carried out by the different authors. In particular, the composition of the
knee point B will be a critical data for analysis in the subsequent sections. Its variation with
temperature, according to Tang [12], is shown in Table 1 together with that of the knee point a. The
aluminium content at the knee points a and B varies very little with temperature, which will facilitate the
analysis.

Table 1: Composition of the knee points o and B at different temperatures (Tang [12]).

Knee point «a Knee point B
T© Wt (Wtoe) | WE (wto%) | W (wt%) | Wi (wt.9%)
450 0.101 0.024 0.134 0.023
460 0.101 0.031 0.135 0.030
470 0.101 0.042 0.137 0.040
480 0.101 0.055 0.138 0.053

[.2.3. The most accurate Fe-Zn binary phase diagram

As it will be seen in section 1.3.3, the thermal cycle performed during galvannealing (Figure 8)
may have an important influence on the reaction mechanisms through which the liquid zinc gets
consumed during Fe-Zn alloying. However, the evolution with temperature of the Al-Fe-Zn ternary
phase diagram is not precisely known. The Fe-Zn binary phase diagram can then be a useful tool to
understand those mechanisms.

Figure 16 represents the Fe-Zn binary phase diagram from Kubaschewski [22]. Currently, it is
the most accepted Fe-Zn binary phase diagram among galvanizers.
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Figure 16: Fe-Zn binary phase diagram proposed by K ubaschewski [22].

As depicted in Figure 16, this Fe-Zn binary phase diagram includes a liquid phase, two solid
solutions of zinc in iron (a and y), a pure zinc solid solution and four non-stoichiometric Fe-Zn

intermetallic compounds: I, 'y, & and ¢. The characteristic points of this diagram are described in
Table 2.

Table 2: Characteristic points of the Fe-Zn phase d  iagram proposed by Kubaschewski [22].

Characteristic Point W, (Wt.%) X5, (at.%) T(C)
Peritectic L+a-Fe=TI 75 71 782
Peritectoid r+6=0, 83 81 550
Peritectic r+L==5 88 86 665
Peritectic L+d=C 94 93 530
Melting point L=n-Zn 100 100 419.58
Melting point L = a-Fe 0 0 1538

Special attention should be kept to the peritectic point at 530 C because it is located in the
domain of temperature of typical galvannealing treatments (Fig. 8). Thus, as it will be advanced in
section 1.3.3, the reactions involved in the liquid zinc consumption will be different below or above the
peritectic reaction temperature.

If we now consider the Al-Fe-Zn ternary system, a precise knowledge of the evolution of the
peritectic reaction temperature as a function of the liquid zinc aluminium content would be highly
desirable to accurately control the reactions that are taking place during a given galvannealing cycle.
However, it remains unclear at this time whether the aluminium content has actually an effect on the
peritectic reaction temperature or not.
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I.2.4. Characteristics of the Fe-Zn and Fe-Al binar y phases

Finally, some of the main characteristics (chemical formula, crystal lattice, number of atoms per
cell, iron content, enthalpy AH and Gibbs free energy AG) of the Fe-Zn phases, together with those of
zinc and ferrite, are shown in Table 3. Similar characteristics for the Fe-Al phases are available in
Table 4. The chemical formulas of most of the Fe-Zn and Fe-Al phases are given by an average
composition. With the exception of the Fe-Zn { phase, the composition of each of these phases can
vary substantially, as can be observed in the Al-Fe-Zn ternary phase diagram at 450 T proposed by
Tang [10] (Figure 10). This is also noticeable, in the case of the Fe-Zn phases, when taking a look to
their extreme values of iron content presented in Table 3.

It should also be noted that the enthalpies and Gibbs free energies of formation (AH and AG,
respectively) are close to each other. According to Guttmann [23], this contributes to the unstable
behaviour of the Al-Fe-Zn system: minute perturbations can cause sudden and unpredictable changes
in the phase precipitation sequence due to the small differences in AG.

Table 3: Characteristics of the Fe-Zn phases (Guttm  ann [23]).

Phase | Formula | Crystal lattice | atoms/cell Fe con(t\(,evrt'\.to/EA;SO"C) A(E ﬁfg E;) A((E J(.LrlnSc?I %)
n-Zn hexagonal 2 <0.03
C FezZnis monoclinic 28 5-6 -11.7 -2.8
9] FeZn; hexagonal 551+5 7-12 -11.5 -3.5
M FeZn, FCC 408 17-19 -11.7 -4.1
r FesZnyg BCC 52 23 - 28 -10.9 -4.2
a-Fe BCC 2 95

Table 4: Characteristics of the Fe-Al phases (Guttm  ann [23]).

Phase Formula Crystal lattice A(t J(.Lrlr?(())l E;) A((E J(.Lrlri?l E;)
0 FeAl; monoclinic -35.1 -30
n Fe,Als orthorhombic -34.6 -32
4 FeAl, rhomboedric -31
a FeAl BCC -32

In the present work, we will get especially interested in the Fe,AlsZn,, & and { phases, and more
particularly in the Fe,AlsZn, and & phases. As has been stated previously, the high solubilities of zinc
in Fe,AlsZn, (up to 20 wt.%) and aluminium in & (up to 3 wt.%) are to highlight (Figure 10). According
to Guttmann [23], this latter phase has an iron content between 7 and 12 wt.% and the ¢ phase, which
contains almost no aluminium, between 5 and 6 wt.%.

By their side, Chen et al. [7] investigated the composition of different phases in the Al-Fe-Zn
ternary system. The compositions reported by these authors for & and Fe,AlsZn, are presented in
Table 5.

Table 5: Compositions and errors (90% confidence) o f & and Fe,AlsZn, (Chen et al. [7]).

o) Fe,AlsZny
Element wt.% at.% wt.% at.%
Al 2.8+0.3 6.4 43.1+1.1 62.3
Fe 9.0+0.6 10.0 36.0 £ 0.6 25.2
Zn 88.2+0.7 83.6 209+1.7 12.5
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1.3. State of the art of the galvannealing reaction s

The present section aims at providing a critical literature review on the complex phenomena
involved in the HDGA process.

As shown below, a thin layer of intermetallic compounds is formed on the steel surface when it
is immersed in the galvanizing or galvannealing baths. This layer is called the inhibition layer because
it prevents temporarily the Fe-Zn alloying reactions. The mechanisms through which the Fe-Zn
alloying reactions are inhibited by small aluminium additions in the zinc bath (section 1.3.1) as well as
the transient character of this inhibition (section 0) will be discussed, with particular emphasis on the
nature of the inhibition layer and on the way it breaks down. Kinetic considerations will also be
described.

In addition, and in spite of the fact that this work does not focus on them, the Fe-Zn alloying
reaction mechanisms (liquid zinc consumption and iron enrichment of the solid coating) will be briefly
reviewed in order to give the reader a complete description of the development of a galvannealed
coating (section 1.3.3).

[.3.1. The inhibition layer formation

The aim of this section is to detail the current state of knowledge about the inhibition layer
formed on the steel surface in the earlier stages of immersion in the molten zinc bath during the
continuous HDG and HDGA processes, trying to focus, as far as possible, on typical zinc bath
aluminium contents for galvannealed coatings production (GA baths).

1.3.1.1. The nature of the inhibition layer

1.3.1.1.1. Intermetallic compounds in equilibrium w ith hot-dip galvanizing baths

At first, the intermetallic compounds in equilibrium with the liquid zinc bath are considered,
based on the Al-Fe-Zn ternary phase diagram. The nature of these intermetallic compounds should
depend on three operating parameters: the aluminium and iron contents and temperature in the
galvanizing bath. However, with the present HDG and HDGA operations, the temperature and iron
content in the bath are fairly stable (sections 1.1.2 and 1.1.3, iron-saturated baths at around 460 T,
typically). Therefore the intermetallic compound formed during galvanizing can be deduced from the
bath aluminium content. Based on the zinc-rich corner of the Al-Fe-Zn ternary phase diagram at
450 € from Tang [12] (Figure 11), three different domains of bath aluminium contents can be
distinguished: the intermetallic compounds in thermodynamic equilibrium with the liquid phase are
(FeZnyz) from 0 to 0.10 wt.% Al, & (FeZn;) from 0.10 to 0.134 wt.% Al (GA baths) and Fe,AlsZn, from
0.134 to 1.3 wt.% Al (Gl baths).

In the following, the literature review will focus only on the composition of industrial GI and GA
baths, i.e., with the aluminium content in the liquid zinc higher than 0.10 wt.%. The contributions of
different researchers to the experimental determination of the nature of the inhibiting layer will be
gathered for Gl baths (section 1.3.1.1.2), GA baths (section 1.3.1.1.3) and baths with an aluminium
content close the knee point B (section 1.3.1.1.4, 0.134 wt.%, Figure 11). The experimental results will
be compared to the intermetallic compounds that should be formed if the thermodynamic equilibrium
was reached at the steel / liquid zinc interface.

[.3.1.1.2. Nature of the inhibition layer in Gl bat  hs

Most of the investigations on the nature of the inhibition layer focused on Gl bath compositions,
more precisely on bath aluminium contents around 0.20 wt.%. For such galvanizing baths, it is
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generally admitted that the main component of the inhibition layer is the Fe,AlsZn, phase [23-43], in
agreement with the phase diagram.

It should be pointed out, however, that a small group of researchers has suggested the
presence of other compounds mixed with Fe,AlsZn, within the inhibition layer formed in Gl baths:
FeAlsZn, [44-47], FeAl,Zn, [46], & [47,48] and even an Fe-Al-Zn ternary compound [49-51] (see
Appendix A for more details).

1.3.1.1.3. Nature of the inhibition layer in GAbat hs

Concerning the nature of the inhibition layer which forms on the steel surface in the case of GA
baths, far fewer studies are available and very controversial results have been reported by different
researchers. These studies (analysis techniques used, aluminium content in the bath, nature of the
inhibition layer) are summarized in Table 6.

Table 6: Summary of studies carried out on the natu  re of the inhibition layer in GA baths.

Authors [Ref.] Analysis techniques wt.% Al Nature of Itgfe':]h'b'tlon
Saito et al. [26] XRD, XMA 0.10-0.2 Fe,AlsZn,
Vitkin et al. [52] Electron Diffraction (TEM) 0.05 Fe,AlsZn,

Chen et al. [45] EBSD 0.13 Fe,AlsZn,, transient FeAlsZn,
Utedniéek and Kirkaldy Fe,AlsZn,, transient FeAl;Zn,,
[46] Low angle XRD 0.12 FeALZn,

Leprétre [33] EDS 0.13 e}

Metastable Fe,AlsZn,

Guttmann [23] has reported the presence of the Fe,AlsZn, phase in a much wider range of
composition than the one predicted by the equilibrium phase diagram, both at lower and higher
aluminium contents in the zinc alloy bath. Indeed, a large group of researchers [26,31,45-47,52,53]
affirmed that the inhibition layer formed in GA baths is composed of metastable Fe,AlsZn,.

Saito et al. [26] investigated the nature of the inhibition layer formed in zinc baths at 450 C for
15 and 60 s dipping times and different aluminium contents (0.10, 0.14, 0.16, 0.18 and 0.20 wt.%).
The authors reported that the inhibition layer is constituted of Fe,AlsZn, in all cases, even for the bath
with 0.10 wt.% Al. However, they only showed in their paper the X-Ray Diffraction (XRD) patterns and
the results of X-ray Micro-Analysis (XMA) for the intermetallic compound nucleating in the bath
containing 0.20 wt.% Al, which effectively seems to be Fe,AlsZn,.

In addition, the studies of electron diffraction in Transmission Electron Microscope (TEM) on
galvanized samples performed by Vitkin et al. [52] have shown the presence of a zinc-containing
Fe,AlsZn, layer for very low aluminium contents in the galvanizing bath, even out of the GA domain
(0.05 wt.% Al).

Other metastable Fe-Al compounds

Chen et al. [45], Sugiyama et al. [53] as well as Ufedni¢ek and Kirkaldy [46] have found other
metastable Fe-Al compounds together with Fe,AlsZn, in the case of GA baths. Chen et al. [45]
observed a transient FeAl;Zn, phase together with Fe,AlsZn, in the case of a galvanizing bath with
0.13 wt.% Al and Ufedni¢ek and Kirkaldy [46] identified Fe,AlsZn,, FeAl;Zn, and FeAl,Zn, in the
inhibition layer formed in a zinc bath with 0.12 wt.% Al. Sugiyama et al. [53] also presumed metastable
Fe,AlsZn, and/or FeAl;Zn, as constituents of the inhibition layer formed in a zinc bath containing
0.10 wt.% Al. However, if the presence of metastable FeAl;Zn, is already quite doubtful in the case of
Gl baths, its presence within the inhibition layer which forms in GA baths is even more unlikely.
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Presence of 6 phase

Yamaguchi and Hisamatsu [47] presumed that both & and metastable Fe,AlsZn, phases are
present in the inhibition layer which forms in GA baths.

Other researchers [27,30,33] have pointed out that the inhibition layer is mainly composed of the
0 phase, in thermodynamic equilibrium with liquid zinc and the steel substrate. During his PhD thesis,
Leprétre [33] thereby investigated the nature of the inhibition layer formed in galvanizing baths with
0.13, 0.135 and 0.18 wt.% Al at 460 C. For the samples galvanized in the bath containing
0.13 wt.% Al, he observed, after selective removal of the zinc overlay, a continuous thin interfacial
layer composed of hexagonal crystals. The author confirmed by Energy Dispersive Spectroscopy
(EDS) analysis on extracted Rhodoid replicas that these hexagonal crystals are composed of the &
phase. This contribution was then supported by Mataigne [30] and Leprétre et al. [27].

1.3.1.1.4. Nature of the inhibition layer in zinc b  aths at the knee point B

The knee point B is considered here as the critical aluminium content for which & and Fe,AlsZn,
are in thermodynamic equilibrium with an iron-saturated liquid zinc at a given temperature. Obviously,
it can be supposed that all the authors [31,45-47], who do not find any substantial difference between
the inhibition layer formed in GI and GA baths, consider that the inhibition layer which forms in a zinc
bath with an aluminium content at the knee point 8 also remains unchanged. As a result, only specific
research close to the knee point $ (0.134 wt.% Al for 450 C, Figure 11) will be pres ented below. If
very few works have been carried out on the nature of the inhibition layer for GA baths, much less
have been specifically published for galvanizing baths with an aluminium content close to the knee

point B.

As said before, Leprétre [33] investigated the nature of the inhibition layer which forms in a zinc
bath containing 0.135 wt.% Al at 460 . By means o f successive selective chemical dissolutions, the
author found a two-phase inhibition layer composed of both & and Fe,AlsZn,. The latter phase consists
of small shapeless crystals and is found at the interface between the & phase and the steel substrate.
The author indicated that the transition from an inhibition by the Fe,AlsZn, phase to an inhibition by the
0 phase is made gradually through the variation of the proportion of both phases as a function of the
aluminium content in the galvanizing bath.

By their side, Dionne et al. [54] reported similar results. Through Scanning Electron Microscopy
(SEM) observations and Transmission Electron Microscopy (TEM) analysis on Focused lon Beam
(FIB) thin specimens, the authors confirmed the presence of & crystals over a Fe,AlsZn, layer in the
case of galvanizing baths containing 0.133 or 0.135 wt.% Al at 470 C.

It should be highlighted that Yamaguchi and Hisamatsu [47] had already presumed the same
type of inhibition layer for such galvanizing baths. This is also supported by Leprétre et al. [27].

1.3.1.1.5. Brief summary

It is widely accepted that Fe,AlsZn, is the main constituent of the inhibition layer that forms in Gl
baths. In the case of GA baths, very controversial results have been found. It is not clear whether the
inhibition layer in these baths is constituted of Fe,AlsZn,, & or both. The inhibition layer formed in zinc
baths at the knee point, studied by very few researchers only, would be composed of both Fe,AlsZn,
and o.

1.3.1.2. Experimental data on the inhibition layer  growth kinetics

The effect of the bath aluminium content and the immersion time on the inhibition layer growth
kinetics is discussed here in the case of GA baths. This growth will be represented by the aluminium
uptake by the inhibition layer. Very few kinetic data on the growth of the inhibition layer which forms in
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GA baths is available in the literature [55]. Actually, most of the kinetic data published corresponds to
the growth of the inhibition layer in Gl baths (Appendix A).

Isobe [55] investigated the growth of the inhibition layer in the case of zinc baths at 470 C and
different aluminium contents, varying from 0.11 to 0.20 wt.% Al, i.e., in both GA and Gl domains. He
found that increasing the bath aluminium content resulted in a higher thickness of the interfacial layer,
as can be observed in the left-hand side of Figure 17. Two different steps are distinguished in the
formation of the inhibition layer. A high aluminium uptake rate takes place within the first second of
immersion, which corresponds to a step of nucleation and lateral growth of the inhibition layer. Then,
this rate decreases considerably, corresponding to the growth step of this layer.
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Figure 17: Effect of the bath aluminium content on the inhibition layer growth kinetics [55].

The experimental results presented in the right-hand side of Figure 17, corresponding to a fixed
immersion time of 3 s, show once again that the growth of the inhibition layer is favoured by higher
bath aluminium contents [55].

[.3.1.3. Mechanisms of formation of the inhibition layer

Regardless the type of the intermetallic compound which forms on the steel surface, most of the
researchers agree with the mechanisms of formation of the inhibition layer. These reaction
mechanisms can be divided into the following steps after the steel sheet enters the galvanizing bath
[23]: the wetting of the substrate by liquid zinc, the dissolution of the former by the latter and the
nucleation and growth of the inhibition layer.

1.3.1.3.1. Wetting of the substrate by liquid zinc

The reactions between steel and liquid zinc depend on the quality of the wetting, which is
strongly influenced by the surface conditions of both the liquid and the solid at the moment of
immersion [23,56].

In this framework, the external selective oxidation phenomenon during the recrystallization
annealing prior to HDG must be highlighted. This annealing step is performed at about 800 C under a

N,-H, protective atmosphere. At this temperature, the equilibrium between H,, H,O and O, is reached
on the steel surface:

1

Under the annealing conditions chosen, i.e., 5 to 20 vol.% H,, about -40 to -30 T dew point
(partial water pressure of 20 to 50 Pa) and 800 C, the native iron oxides are reduced and the steel
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surface is composed of metallic iron. At the same time, the segregation and selective oxidation of
minor alloying elements such as aluminium, silicon, manganese or boron cannot be avoided [30].

According to Wagner’s theory [57], two limiting cases of selective oxidation can be differentiated:

The internal selective oxidation is controlled by the inward diffusion of oxygen and occurs
under the steel surface when:

D /D3 << x3% /x5 <<1 (1.9)

where Xﬁee' and Xgee' are the alloying element M and oxygen mole fractions and D,\S,ltee' and

Dgee' are the diffusion coefficients of the alloying element M and oxygen in the steel. In this
case, M is immobile and there is no enrichment of the steel surface in this element.

The external selective oxidation is controlled by the outward diffusion of the alloying element:
x5 [x3 << DI /D3 << 1 (1.10)

In this case, oxide particles or films are formed at the steel surface.

The presence of external selective oxides on the steel surface can prevent the interface
reactions between iron and liquid zinc because the wettability of these oxides by liquid zinc is very
poor [58,59]. When this bad wetting occurs, numerous bare spots (i.e., holes in the zinc coating,
Figure 18) are present in the coating.

Figure 18: Cross section of a bare spot defect due to external selective oxidation [59].

Segregation and external selective oxidation depend on many factors such as the
characteristics of the annealing cycle (temperature profile, gas composition, dew point) and the
chemical nature of the elements involved (their diffusion coefficients in the steel and their affinity to
oxygen). The transition from external to internal selective oxidation is achievable by choosing the
appropriate dew point of the annealing atmosphere [60,61].

Depending on the steel grade, external selective oxidation can be more or less decisive for
galvanizability. For example, Interstitial Free (IF) steels contain low concentrations of alloying
elements so that the wettability is not limited by the presence of external selective oxides. On the
contrary, Dual Phase (DP) or TRansformed Induced Plasticity (TRIP) steels are highly charged with
alloying elements and external selective oxidation can become a real problem in industrial HDG
processes. In the case of these steels grades, the annealing conditions should be carefully chosen
and controlled (especially the dew point) in order to achieve the transition from external to internal
selective oxidation and obtain a metallic surface at immersion which allows a good wettability. As most
of the research works analysed in this literature review were performed on IF steels, all the reaction
mechanisms exposed afterwards assume that the steel surface is in a metallic state at immersion,
even if an annealed steel surface is never fully metallic.
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1.3.1.3.2. Iron dissolution

General mechanisms

Several authors [23,27,30,32,45,47,54] have submitted that the triggering stage for the
nucleation and growth of the inhibition layer is the dissolution of iron into the liquid zinc. Possible
alternative reaction could be the diffusion of zinc into solid iron but it is kinetically negligible.

When the steel sheet is dipped into the galvanizing bath, the steel / liquid zinc interface is out of
equilibrium. Leprétre et al. [27] explained that, at this moment, the solubility of iron in the liquid zinc in
metastable equilibrium with ferrite is higher than the solubility of iron in the liquid zinc in stable
equilibrium (e.g. with Fe,AlsZn, for a Gl bath). Therefore, even if the zinc bath is saturated in iron
(presence of dross particles), the iron dissolves from the steel surface into the liquid zinc during the
first moments of immersion. This has also been reported by Yamaguchi and Hisamatsu [47].

Effect of the substrate surface microstructure

Giorgi [32] reported that the iron dissolution rate is higher at the substrate grain boundaries than
in the middle of the grains. As a result, it can be thought that the substrate grain size plays an
important role on the global flux of dissolved iron. If the grain size is fine, the grain boundary length per
unit area is high and the iron dissolution rate is then expected to be large. On the contrary, a high
grain size implies a low density of grain boundaries, giving rise to a lower iron dissolution rate.

Modelling of the dissolution step in the case of Gl baths

Even if the kinetic laws accounting for the galvanizing reactions are validated only in the case of
Gl baths, it has been decided to present them because they are thought to be more general and
applicable to GA baths.

In agreement with the general mechanism described earlier, Giorgi [32] proposed a model for
the iron dissolution flux (mol.m?.s™) in Gl baths:

I8 = kg ore - ) (1.12)

where CE; (mol.m'3) is the iron concentration at the ferrite / liquid zinc interface, C,r:r:t (mol.m's)

the iron concentration in the liquid zinc in metastable equilibrium with ferrite and kdiss (m.s'l) the iron
dissolution rate constant.

This first order reaction law is generally admitted [62,63].

1.3.1.3.3. Nucleation and growth of the inhibition layer

The dissolution process leads to an increase of the iron concentration in the liquid zinc in the
vicinity of the steel strip. When this local supersaturation becomes sufficient, small nuclei of an
intermetallic compound are formed on the steel surface. The nature of this intermetallic compound is
well known in the case of Gl baths (Fe,AlsZn,) and is subject to controversy in the case of GA baths
(section 1.3.1.1).

At this stage, the formation of the inhibition layer occurs in two steps [23,31,32,55]:

» A first step, corresponding to the nucleation and lateral growth of the crystals of the
intermetallic compound until the formation of a continuous layer. This step is controlled by
atom exchanges along an interface and is characterized by its high reaction rate, assumed to

be proportional to the reaction time (linear kinetics).

» A second step, corresponding to the thickening of the inhibition layer. This step is controlled
by the solid state diffusion of iron within the inhibition layer itself and is characterized by
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slower kinetics, assumed to be proportional to the square root of the reaction time (parabolic
kinetics). This second step is therefore much less dependent on the hydrodynamic conditions.

As said before, the basic mechanisms of formation of the inhibition layer developed above can
be generalized regardless the nature of the nucleating intermetallic layer. As advanced in section
1.3.1.1, the nature of the phases nucleating on the steel surface is supposed to change as a function of
bath aluminium content. The models proposed in the literature were mainly validated in the case of Gl
baths [32,45,62-66]. Indeed, among these authors, only Liu and Tang [62] have also validated their
model for GA baths (see Appendix A for more details). The specific mechanisms proposed by different
researchers for GA baths and zinc baths with an aluminium content at the knee point  will be
presented below.

1.3.1.3.3.1. Mechanisms of formation of the inhibit  ion layer in GA baths

As stated earlier in this chapter (section 1.3.1.1.3), very few studies have been published on the
inhibition layer formed in GA baths. In addition, many of these studies provide conflicting results and a
reaction mechanism is not always proposed.

0 phase formation

A group of researchers [27,30,33] support the nucleation and growth of an aluminium-saturated
0 phase, in thermodynamic equilibrium with both the substrate and the liquid zinc.

When the strip is immersed in the bath, the steel / liquid zinc interface is out of equilibrium.
Mataigne [30] reported that, at this moment, the system will tend to reach the thermodynamic
equilibrium: the iron dissolution starts and the increase in the iron concentration at the interface leads
to the nucleation and growth of the solid phase in equilibrium with liquid zinc, the & phase. In addition,
the particular structure of the Al-Fe-Zn ternary phase diagram allows the system to reach the local
equilibrium along the interface with the steel. The schematic representation of the ternary diagram in
Figure 19 shows that the aluminium content of a ® phase in equilibrium with liquid zinc (given by points
between A and B) is higher than the minimum aluminium content necessary to ensure its equilibrium
with iron (point C). As a result, the system does not require the nucleation of any other intermetallic
compound. The thermodynamic equilibrium reached along the newly created interfaces is the reason
why an inhibition of the Fe-Zn reactions is possible.

\

2n

Figure 19: Schematic representation of the isotherm  al Al-Fe-Zn phase diagram at 450 C
illustrating the diffusion path corresponding to th e Fe-Zn inhibition in GA baths (path 2)
(Leprétre [33]).
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Leprétre et al. [27,33] used the concept of diffusion path in the Al-Fe-Zn ternary phase diagram
in order to explain the inhibition by © in GA baths. As the obtained microstructure is characterized by a
0 layer with planar interfaces where thermodynamic equilibria are satisfied, this inhibition can be
represented by a real diffusion path ® (path 2 in Figure 19).

Fe,AlsZn, phase formation

Other authors [23,26,31,45-47,52,53] affirmed that metastable Fe,AlsZn, is present in the
inhibition layer formed in GA baths. Some of them [23,26,31,52] reported that the Fe,AlsZn, phase is
the only component of the inhibition layer.

Guttmann [23] also reported that Fe,AlsZn, forms epitaxially on the steel surface [23,33,43-45].
This could be the most reasonable explanation to the possible metastability of Fe,AlsZn, in GA baths.

Formation of both & and Fe,AlsZn,

Finally, Yamaguchi and Hisamatsu [47] proposed that the Fe,AlsZn, phase nucleates first on the
steel surface followed by the nucleation of the & phase at the solid / liquid interface due to a local
decrease of the aluminium concentration at this location. This mechanism is also the same that they
suggested for Gl baths with less than 0.15 wt.% Al.

1.3.1.3.3.2. Mechanisms of formation of the inhibit  ion layer in zinc baths at the knee point

B

As stated in section 1.3.1.1.4, very few researchers [27,33,47,54] have been interested
specifically in the inhibition layer formed in zinc baths with an aluminium content corresponding to the
knee point 3 (Figure 11). In this case, the interface layer was found to be composed of a lower layer of
Fe,AlsZn, and an upper layer of .

Leprétre [33] assumed that the intermetallic compounds formed can be predicted by the phase
diagram. Figure 20 shows the evolution of the iron and aluminium concentrations in the liquid phase
close to the steel surface due to the galvanizing reactions (black and blue paths), in the zinc-rich
corner of the Al-Fe-Zn diagram. The bath considered is composed of a liquid phase, represented by
point A, in equilibrium with Fe,AlsZn,. The dissolution of the steel surface in the zinc bath leads to an
increase in the iron content, resulting in a rapid displacement of the bath composition at the interface
towards point B (black path [33]). This point can be located in the & / Fe,AlsZny / liquid zinc triphasic
domain or in the & / liquid zinc biphasic domain, if point A is sufficiently close to the knee point 3.
Along the black path, the iron dissolution will then result in the nucleation of both Fe,AlsZn, (at first)
and & (when it becomes stable). In agreement with this proposed mechanism, aluminium is also
consumed by the nucleation and growth of the interface compounds and the black path should not
remain vertical. The composition of the bath at the interface should rather be given by the blue path
AC. The respective proportions of these two phases are directly dependent on the position of point A
and on the amount of dissolved iron. The closer the bath aluminium content to the knee point B is, the
higher the proportion of & phase will be °.

° Leprétre et al. [27,33] used the concept of diffusion paths in the Al-Fe-Zn ternary phase diagram proposed by Ufednigek and
Kirkaldy [46] as a powerful tool to detail the mechanisms of formation of the inhibition layer. A diffusion path is the locus, in the
ternary phase diagram, of the points representing the average compositions within planes perpendicular to the direction of
diffusion. A diffusion path that only crosses single phase domains or crosses two-phase domains along the tie lines is called a
real diffusion path. Such diffusion paths represent stratified structures with planar interfaces. Any diffusion path that is not real is
called a virtual diffusion path [27,33]. Clark [67] described complex microstructures by means of diffusion paths. His work may
facilitate the understanding of the concept of diffusion path (Appendix D).

The same explanations are valid when the bath aluminium content is less than the one at the knee point 3. The inhibition layer
is predicted to be composed of & phase, as Leprétre [33] found experimently in the case of a zinc bath containing 0.13 wt.% Al.
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Figure 20: Schematic representations of the mechani  sm of formation of the inhibition layer in
the case of a zinc bath with an aluminium content ¢ lose to the knee point B (black path,
proposed by Leprétre [33], and blue path, proposed by the present author).

According to Leprétre [33], it is better to consider that the formation of the biphasic inhibition
layer occurs through this mechanism in zinc baths in equilibrium with Fe,AlsZn,, rather than as a result
of the nucleation of metastable Fe,AlsZn, in a zinc bath that would be in equilibrium with & phase,
because the formation of Fe,AlsZn, would have to overcome two obstacles: first, it would not be the
stable compound and, secondly, its formation would be kinetically limited by the diffusion of aluminium
in the liquid.

The mechanism proposed by Dionne et al. [54] is almost the same, except that it is not based on
thermodynamics (i.e., formation of the stable intermetallic compound) but on kinetics considerations
only, in agreement with Yamaguchi and Hisamatsu [47]. These authors indicated that, when the strip
enters the zinc bath, the iron dissolution process induces an enrichment in iron of the liquid phase in
the vicinity of the steel surface, leading to the nucleation of a first layer of Fe,AlsZn,. At this moment,
the liquid zinc near the strip does not contain enough aluminium to allow the subsequent growth of
Fe,AlsZn,. However, the iron content there is probably still high. Consequently, & crystals precipitate
on top of the Fe,AlsZn, layer.

1.3.1.3.3.3. Metastable { phase formation

Several researchers [28,30,33,68,69] observed the nucleation of epitaxial ¢ rod crystals in
coexistence with the inhibition layer in the case of GA baths. Leprétre [33] and Mataigne [30] reported
that, as the stability difference between & and C in GA baths is very small (AG, Table 3), metastable
crystals can precipitate on the steel surface simultaneously to the nucleation of the & phase (Figure
21), provided that their nucleation energy is lowered. This condition can be fulfilled at the surface of
appropriately oriented steel grains due to possible epitaxial relationships between ¢ phase and steel.
Leprétre [33] and Mataigne [30] disagree in the everlasting behaviour of this metastable compound.
While the former [33] indicated that these crystals should disappear if the galvanizing time is long
enough, as they are out of equilibrium, the latter [30] reported that they persist within the coating.
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Figure 21: Inhibition layer relative to GA baths, m  ade of stable & and metastable epitaxial ¢
crystals (Mataigne [30]).

Some crystallographic orientations of the steel are not favourable for the development of
epitaxial relationships with . The corresponding grains will be covered by the & phase only. The effect
of the steel grains orientation on the nucleation of epitaxial ¢ has been studied by Nakamori [68] and is
illustrated in Figure 22, where a perfect correspondence between colonies of ¢ crystals with the same
orientation and the underlying base steel grains (2 and 5) can be observed. In addition, it can also be
appreciated that some steel grains (3 and 4) do not present an appropriate orientation for epitaxial
growth of C crystals. Adachi et al. [69] reported that the epitaxial nucleation and growth of ¢ occurs
preferentially on some ferrite surface planes, such as (113), (313), (111).

30pm

Figure 22: Correspondence between the distribution of epitaxial  crystals and the
microstructure of the base steel (Nakamori [68]).

It is also important to highlight that other metastable  crystals different from the epitaxial ones
described before have been observed by different researchers [27,28,33,54]. These C crystals, known
as “evanescent”, were first identified by Leprétre [33]. While epitaxial ¢ crystals form in zinc baths with
low aluminium content and develop as colonies of crystals with a preferred orientation relationship with
the underlying substrate, the so-called “evanescent” { crystals are randomly oriented on the top of the
inhibition layer. These evanescent  crystals form from iron-supersaturated liquid zinc during the
solidification process, independently of the bath aluminium content. As stated in section 1.3.1.3.3, the
formation of the inhibition layer is firstly limited by the diffusion of aluminium in the liquid zinc. If the
solidification of the coating occurs before all the dissolved iron in supersaturation has precipitated, the
excess iron will not entirely solidify as a solute element, but will lead to the formation of metastable ¢
crystals. As the duration of galvanizing increases, the amount of excess iron is consumed by the
growth of the inhibition layer and, consequently, the amount of the evanescent ¢ crystals decreases
[27,33]. This is the reason why these metastable { crystals have been named by Leprétre [33] as
“evanescent”. It should be noted that “evanescent”  crystals do not form during typical galvannealing
production, as cooling below the melting point of zinc usually takes place after full consumption of the
liquid zinc.
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[.3.1.4. Recapitulation

The final structure and phase composition of the inhibition layer proposed by the different
researchers presented above is summarized below, for the bath compositions used for galvannealing.

Final structure and phase composition of the inhibition layer in GA baths

Controversial results have been published concerning the final structure and phase composition
of the inhibition layer formed in GA baths.

An important group of researchers [23,26,31,45,46,52] reported that the final composition of this
inhibiting layer totally corresponds to metastable Fe,AlsZn,.

By their side, Yamaguchi and Hisamatsu [47] proposed that the inhibition layer is composed of a
two-layer structure with Fe,AlsZn, (lower layer) and & (upper layer).

On the other hand, another group of authors [27,30,33] submitted that the inhibition layer in GA
baths is fully composed of &, which is the intermetallic compound in equilibrium with the liquid phase.

Some authors [28,30,33,68,69] reported as well the nucleation of metastable epitaxial ¢ crystals
simultaneously to the one of the inhibition layer, especially in the case of GA baths with low aluminium
contents.

Final structure and composition of the inhibition layer in zinc baths at the knee point 8

Only Leprétre [33] and Dionne et al. [54] have specifically studied the inhibition layer which
forms in zinc baths at the knee point 3. Both authors proposed a two-layered inhibition layer
composed of Fe,AlsZn, (lower layer) and & (upper layer) as presumed by other authors [27,47].

1.3.2. The inhibition layer breakdown

As advanced above, the inhibiting behaviour of the interfacial layer which forms in the earlier
stages of immersion in the zinc bath is always transient, even if the thermodynamic equilibria along all
the interfaces are satisfied. In this way, Hisamatsu [25] showed that even a predeposited 5 pm-thick
layer of Fe,Als in equilibrium with an iron-saturated zinc bath containing 0.16 wt.% Al at 450 T is
eventually destroyed into the bath for long immersion times (around 30 min).

In this section, the proposed mechanisms through which the inhibition layer is expected to be
destabilized as well as the numerous reported factors which may influence the kinetics of the inhibition
layer breakdown will be reviewed.

The inhibition layer breakdown will be presented in the case of GA baths only, as the industrial
objective of the HDGA process is to obtain an alloyed coating with the targeted Fe-Zn phase
distribution and the first step of the alloying reactions is the inhibition layer breakdown .

1.3.2.1. Proposed mechanisms for the inhibition lay  er breakdown

Different mechanisms have been proposed to explain the inhibition layer breakdown. While a
very small group of researchers [28,49] reported that the Fe-Zn reactions are likely activated by the
dissolution of the inhibition layer in the liquid zinc (section 1.3.2.1.1), it is generally admitted in the

! In the case of zinc baths with lower aluminium contents, as no inhibition is expected to exist, the growth of Fe-Zn compounds
is not well controlled. On the other hand, the inhibiting effect of the interfacial layer which forms in Gl baths is too strong.
Consequently, energy requirements to achieve the inhibition layer breakdown and subsequent controlled growth of Fe-Zn
phases will be higher in Gl baths than in GA baths.
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literature that an outburst reaction is the responsible for the rupture of the inhibition layer in the case of
Ti IF steels [23-27,29-31,33,46-48,54,70] (section 1.3.2.1.2). In the following paragraphs, a critical
review of the different mechanisms will be given.

1.3.2.1.1. Dissolution of the inhibition layer

As said before, a minority of the analysed authors [28,49] suggested that the inhibition layer is
dissolved in the molten zinc. As already seen in section 1.1.3, GA coatings are produced by reheating
the strip at the exit of the zinc bath, just after wiping. Increasing the temperature during reheating
enhances the iron solubility (Figure 13, Figure 14 and Figure 15) and the inhibition layer is expected to
be dissolved in the liquid zinc.

McDevitt and Meshii [28] studied the inhibition layer breakdown by means of a laboratory
simulator by dipping Ti-Nb IF and P-added Ti IF steel samples in a zinc bath containing 0.14 wt.% Al
before galvannealing. The galvannealing treatment was interrupted at different times. They reported
no evidence of outbursts or mechanical crackings within the inhibition layer and did not rule out the
fact that the inhibition layer may have broken due to a dissolution process.

By their side, Nitto et al. [49] reported that the small-sized crystals of the inhibition layer
(FesAlsZn, according to them) are dissolved with long immersion times and, as a result, the growth of
Fe-Zn compounds starts from such parts.

However, as indicated by Guttmann et al. [23], the destruction of a 5 um-thick Fe,Als layer
during a long immersion time in a Gl bath (0.16 wt.% Al at 450 C) [25] cannot be explained by its
dissolution, as Fe,Als is in thermodynamic equilibrium with liquid zinc (Figure 11). Therefore, another
mechanism should be expected to occur in competition with the dissolution of the inhibition layer
(section 1.3.2.1.2).

1.3.2.1.2. Outburst formation

At the exit of the galvanizing bath, the increase in temperature during reheating enhances the
iron and zinc interdiffusion through the inhibition layer, leading to the formation of outbursts. These
outbursts, generated by the formation of Fe-Zn compounds which nucleate as a result of changes in
the local concentrations caused by a diffusional process, penetrate the inhibition layer and break it
down. This is the most accepted mechanism in the literature. Several experiments confirm that this
last mechanism is, in most cases, the one responsible for the inhibition layer breakdown in the case of
Ti IF steels (section 1.3.2.1.2.1).

Some subtleties such as the diffusing element which causes the outburst formation, the nature
of the nucleating Fe-Zn compounds or the exact locations of these outbursts remain quite
controversial.

As stated above, the iron and zinc interdiffusion through the inhibition layer is accelerated when
temperature is increased. Some researchers [46-48] thus submitted that the diffusion of iron towards
the liquid zinc, leading to the growth of the inhibition layer and consequent aluminium depletion at the
solid / liquid interface, is responsible for the outburst formation (section 1.3.2.1.2.2). On the contrary,
an important group of researchers [23-27,29-31,33,54,70] reported that the triggering phenomenon in
the mechanism of outburst formation is the diffusion of zinc towards the steel substrate (section
1.3.2.1.2.3).

1.3.2.1.2.1. Experimental evidence of outburst form  ation

Nishimoto et al. [48] were the first researchers to reveal that outburst structures are formed at
the steel grain boundaries for long immersion times in GA baths.
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Hisamatsu [25] confirmed later that the steel grain boundaries are preferential locations for
outburst formation. Figure 23 shows the cross section of an outburst located at the steel / zinc
interface. The outburst root is located in a steel grain boundary. It can also be appreciated how zinc is
present along the steel grain boundary (zinc is given by the white colour, Figure 23-4).

Clathurst

150y K16, 900 .

' 2 front structure of
"Out-burst™

Zinc along the steel
grain boundaries

oteel grain
boundaries

[*agl

5} SE1 ;:OﬂPﬁpGTﬂing to 4) 4)

A-ray image of In
Figure 23: Detailed cross section of an outburst ar ~ ea and its zinc distribution (Hisamatsu [25]).

Later, other authors [27,33] gave new experimental evidence of the well known preferential
formation of outbursts at the emergence of the steel grain boundaries (Figure 24). After selective
dissolution of the Fe-Zn compounds and the zinc overlay, a triple grain boundary of steel is clearly
visible in Figure 24. This triple grain boundary is surrounded by a Fe,AlsZn, layer. This observation
indicates that the nucleation of outbursts takes place at the emergence of the triple grain boundaries
of steel.

e {11111

Figure 24: Location of the outbursts at the emergen  ce of triple grain boundaries of steel in the
case of an inhibition by Fe ,AlsZn, only (Leprétre et al. [27]).

1.3.2.1.2.2. Outburst formation via an aluminium de  pletion at the solid / liquid interface

Description of the aluminium depletion mechanism

Uredni¢ek and Kirkaldy [46] explained the evolution of the coating microstructure in the early
stages of the process in the basis of a decrease in the aluminium concentration at the solid / liquid
interface. Once the inhibition layer is completely transformed into Fe,AlsZn,, further growth of this layer
via solid state diffusion of iron towards the liquid requires an aluminium supply from the bath. As a
result, subsequent decrease in aluminium in the liquid leads to the nucleation of the & phase which
rapidly penetrates the Fe,AlsZn, layer (outburst formation).
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Yamaguchi and Hisamatsu [47] also submitted, in total agreement with the previous authors,
that the outburst formation is related to a decrease in the aluminium concentration in the liquid near
the solid / liquid interface.

Nishimoto et al. [48] pointed out that outbursts form preferentially at the steel grain boundaries.
They suggested that the decrease in the aluminium concentration occurs initially at these sites. The
higher reactivity of the steel grain boundaries causes a faster aluminium depletion in these locations,
leading to the nucleation of the & phase which penetrates the inhibition layer. Figure 25 shows a
schematic illustration of the mechanisms proposed by these authors concerning the development of
Fe-Zn compounds within the coating. The two first stages (a and b) illustrate how the inhibition layer
initially breaks up at the steel grain boundaries. The two last stages (c and d), concerning further
development of the coating, are described in Appendix C (section C.1.1.2).
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Figure 25: Schematic illustration of the mechanisms of formation of Fe-Zn compounds
suggested by Nishimoto et al. [48].

Relevance of the aluminium depletion mechanism

The outbursts were observed by Nishimoto et al. [48] in a zinc bath containing 0.16 wt.% Al at
470 C (Gl bath).

Guttmann et al. [31] tried to evaluate the relevance of the aluminium depletion mechanism by
means of a galvanizing model developed for Gl baths by Linares [64]. In the case of a bath containing
0.155 wt.% Al, the model calculations showed that the growth of the inhibition layer depletes the
aluminium concentration at the interface of 0.015 wt.%, thus insufficient to allow the nucleation of the &
phase. This calculation rules out the mechanism of outburst formation via an aluminium depletion at
the solid / liquid interface in the bath.

After wiping, the amount of aluminium in the liquid becomes limited. A higher aluminium
depletion at the solid / liquid interface is therefore expected to occur, depending on both the continued
growth of the Fe,AlsZn, layer and the thickness of the liquid film (about the same composition as the
bulk of the bath when the strip leaves the zinc pot). Rough calculations, using two different values of

the diffusion coefficient of iron in Fe,Als DizzAls at 460 T found in the literature (9 x 10 *® [71] and

5x 10" [72] m®.s™), show that the aluminium depletion in the liquid zinc coating should not be
neglected (after wiping, the time necessary for a 10 ym-thick liquid zinc film containing 0.155 wt.% Al
at 460 T to reach the aluminium content of the knee point 3 was found to be 49 and 885 s
respectively) 8 1t should be also considered, as seen in section 1.3.1.1.3, that metastable Fe,AlsZn,

8 The calculation is performed considering the thickness of the inhibition layer after typical immersion times (around 0.15 pm for
3's, according to Figure 17 [55] in section 1.3.1.2 and Figure 114 [32] in section A.2.1 of Appendix A). A steady iron
concentration gradient through the inhibition layer has been assumed. The iron concentrations in Fe,AlsZn, at the steel /
Fe,AlsZn, and Fe,AlsZny / liquid zinc interfaces have been supposed to be those at thermodynamic equilibrium (Figure 10 [10]).
These concentrations differ in 1wt.% e only. The densities of Fe,AlsZn, and liquid zinc at 460 T have been supposed equal
to 4570 kg m™ [32] and 6525 kg m™ respectively [73].
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likely exists at lower aluminium contents and that an aluminium depletion in the liquid reaching the
knee point B would remain insufficient to allow the nucleation of the & phase.

As a conclusion, it is quite doubtful that this aluminium depletion mechanism can lead to the
inhibition layer breakdown. One can better imagine the nucleation of a layer of d crystals at the solid /
liquid interface and its growth towards the liquid rather than the penetration of the just nucleated &
crystals through the underlying Fe,AlsZn, layer until reaching the steel substrate. Although it is a little
premature to absolutely reject the possibility of an inhibition layer breakdown through a dissolution
process or through outburst formation via an aluminium depletion in the liquid zinc, it can be confirmed
that other mechanism is expected to occur at least in competition with the two previous ones.

1.3.2.1.2.3. Outburst formation via the diffusion o f zinc through the inhibition layer

Description of the zinc diffusion mechanism

Hisamatsu [25] was the first researcher to propose that the inhibition layer breaks up through an
outburst formation reaction. At first, zinc diffuses within the inhibition layer and then into the steel grain
boundaries. As a result of the accumulation of zinc atoms at these locations, a Fe-Zn compound
nucleates. By the volume expansion of this Fe-Zn compound, the steel grain boundaries are opened,
which induces cracks in the inhibition layer. Liquid zinc then infiltrates through these cracks, leading to
a rapid Fe-Zn alloying reaction and the formation of Fe-Zn intermetallic compound outbursts. A
schematic illustration of this mechanism, suggested by the author in the framework of his work
concerning the breakdown of a 5 um-thick Fe,Als layer during long immersion times in a zinc bath
containing 0.16 wt.% Al at 450 C, is shown in Figu re 26.
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Figure 26: Schematic representation of the mechanis  m of inhibition breakdown through
outburst formation proposed by Hisamatsu [25].

With a totally different mechanism, Hisamatsu [25] confirms what had been already advanced by
Nishimoto et al. [48]: steel grain boundaries are preferential locations for outburst formation. As shown
in Figure 23-4, zinc is present along the steel grain boundary, indicating that its diffusion to these sites
is the responsible of the outburst formation.
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Since then, numerous researchers [23,24,26,27,29-31,33,70] have supported the mechanism
proposed by Hisamatsu [25]. The current discussions concern the mechanisms of zinc diffusion to the
steel grain boundaries. Mataigne [30] submitted that the temperature during the galvannealing process
is not high enough to activate the diffusion of zinc atoms within the steel grains, so once they have
crossed the inhibition layer, they rapidly diffuse towards the emerging lines of the steel grain
boundaries, where they are accumulated. This author does not report any preferred circuit for zinc
diffusion within the inhibition layer. Guttmann [23] suggested, however, that preferential short circuits
exist for zinc diffusion through the inhibition layer as a result of the epitaxial relationships between this
layer and the steel [23,33,43-45]. As the orientation of the crystals constituting the inhibition layer
depend on the crystallography of each of the underlying steel grains, adjacent colonies of these
crystals with different orientations meet each other at the emergence of steel grain boundaries,
forming high angle random boundaries which represent short circuits for zinc diffusion through the
inhibition layer.

Since zinc diffusion is more rapid in the inhibition layer and in the steel grain boundaries than in
the steel matrix, the zinc isoconcentration profiles in the vicinity of emergent grain boundaries can be
represented as shown in Figure 27. The nucleation of Fe-Zn compounds can occur when the critical
zinc supersaturation is achieved over the critical volume (sphere of radius R.), which will obviously be
reached earlier at these locations.
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Figure 27: Schematic representation of grain bounda  ry diffusion of zinc in steel, where  D;, D,
and Dy, are the diffusion coefficients of zinc at the inte rface, in the volume and at the grain
boundary, respectively, and R. is the critical radius of the embryo (Guttmann et al. [31]).

When the zinc concentration at the steel grain boundaries reaches the critical value, a Fe-Zn
compound nucleates. Leprétre et al. [27,33] suppose that the intermetallic compound formed is the
stable one and can be predicted by the phase diagram. The nature of this nucleating Fe-Zn compound
depends on the nature of the steel / inhibition layer interface, which will in turn depend on the
aluminium content of the zinc bath. Separate analysis of the mechanism of outburst formation
proposed by these authors will be presented hereinafter for GA baths (and in Appendix B in the case
of Gl baths).

Nature of the outbursts in the case of GA baths

As seen in section 1.3.1.3.3, Leprétre et al. [27,33] used the concept of diffusion paths in the Al-
Fe-Zn ternary phase diagram to explain the mechanism of formation of the inhibition layer. They have
also used this tool to explain their experimental results concerning the outburst formation.

According to the phase diagram (Figure 11), the inhibition layer in GA baths is composed of the
0 phase and the different interfaces (steel / & / liquid zinc) can be described by diffusion path 2 in
Figure 28. The diffusion of zinc through the & inhibition layer leads to a local enrichment in zinc of the
steel / & interface, at the steel grain boundaries. The representation of this enrichment consists in a
displacement towards higher zinc contents (see arrow from point A) of the tie-line corresponding to the
equilibrium satisfied at this interface. The zinc concentration at the steel grain boundaries increases
progressively and, after a while, it finally reaches the critical content corresponding to the three-phase
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equilibrium domain involving the I phase. The diffusion path is no longer real but virtual (path V2 in
Figure 28) and represents the local nucleation of the ' phase at the steel / d interface.

Fe I, T 8 € Zn

Figure 28: Schematic representation of the isotherm  al Al-Fe-Zn phase diagram at 450 C
illustrating diffusion paths representing the evolu tion of the microstructure of coatings in GA
baths (Leprétre [33]).

The volume expansion associated with the nucleation of the I' phase leads to the detachment of
the & layer and, as a result, the I nucleus gets in direct contact with the liquid zinc. As the I' phase and
the liquid zinc are not in equilibrium, an intermediate intermetallic compound is formed. As described
by paths V2 and V2bis, the only phase which can nucleate at the I" / liquid zinc interface is . This
mechanism has been also reported by Mataigne [30].

Nature of the outbursts in the case of zinc baths at the knee point 8

By their side, Dionne et al. [54] studied the inhibition layer breakdown on industrial Ti IF, Ti-Nb
IF and P-added Ti IF steel samples galvanized in zinc baths containing 0.133 and 0.135 wt.% Al i.e.,
with a composition in the vicinity of the knee point . By means of a laboratory simulator, the authors
conducted interrupted galvannealing treatments, designed to induce the partial breakdown of the
inhibition layer. Based on their observations, they proposed the following sequence of phase formation
to describe the inhibition layer breakdown at the beginning of the galvannealing reaction:

e The first step is the zinc enrichment of the inhibition layer, initially composed of a Fe,AlsZn,
layer with & crystals on its top, as seen in section 1.3.1.1.4. After interrupted galvannealing
treatments, numerous discontinuities were observed by the authors in the Fe,AlsZn, layer on
samples selectively etched to dissolve the Fe-Zn compounds (such as &), suggesting that the
breakdown of the inhibition layer is not uniform at a fine scale. This is consistent with a
partially reacted inhibition layer, containing zinc-enriched boundaries and/or zinc-rich phases.

» The second step in the breakdown of the inhibition layer is the transformation of the zinc-
enriched Fe,AlsZn, phase. 0 crystals nucleate at discontinuities in the Fe,AlsZn, layer. The
authors indicated that it is not clear whether they form directly from the Fe,AlsZn, crystals by a
phase transformation or whether a ternary phase acts as a transition phase. The & outburst
formation is therefore attributed to a phase transformation induced by the supersaturation of
the inhibition layer in zinc and not to the zinc enrichment at the steel grain boundaries as
reported by all the previous researchers [23-27,29-31,33,70].

After nucleation, the & crystals grow very quickly. The subsequent thinning of the Fe,AlsZn, layer
and transformation into a layer of & crystals did not occur uniformly on the steel surface. The
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breakdown of the inhibition layer was significantly faster in the regions surrounding the emerging steel
grain boundaries than in the interior of the grains. Dionne et al. [54] also reported a zinc enrichment of
the steel grain boundaries. However, it is not clear whether the diffusion of zinc to these locations
occurs concurrently with the breakdown of the inhibition layer or once the & outbursts are formed. The
fact that Dionne et al. [54] have indicated that the breakdown of the inhibition layer takes place first in
the vicinity of the steel grain boundaries would be consistent with Guttmann’s assumption [23] that
preferential short-circuits for zinc diffusion within the Fe,AlsZn, layer exist over the steel grain
boundaries due to epitaxial relationships between this layer and the steel.

1.3.2.1.3. Brief summary

Concerning the mechanisms proposed in the literature accounting for the inhibition layer
breakdown, it can be drawn that:

e The dissolution of the inhibition layer seems very unlikely and it is rather the outburst
formation which is responsible for the inhibition layer breakdown in the case of Ti IF steels.

» Experimental results show that outbursts form preferentially at the steel grain boundaries.

» The nature of these outbursts is thought to depend on the zinc bath composition. In the case
of GA baths, the intermetallic compound which nucleates first at the steel grain boundaries is
expected to be I'. However, it is important to highlight that no strong experimental evidence of
the nature of the outbursts has been found in the literature. It means that the different
contributions are, by the moment, nothing else than assumptions.

» Two different mechanisms accounting for the outburst formation have been proposed: the
aluminium depletion at the solid / liquid interface and the diffusion of zinc through the inhibition
layer towards the steel grain boundaries. Experimental evidence has only been found for the
latter.

1.3.2.2. Kinetics of the inhibition layer breakdown

It is well known that the kinetics of the inhibition layer breakdown can be affected by several
factors. In the following sections, a literature review of these factors will be presented, focusing on the
mechanisms through which each of them anticipates or delays the inhibition layer breakdown. To
explain the different effects, it will be supposed that the inhibition layer breakdown is caused by the
outburst formation due to the diffusion of zinc through this layer.

1.3.2.2.1. Effect of the bath conditions

The effect of the aluminium content and temperature of the zinc bath on the kinetics of the
inhibition layer breakdown will be discussed below.

1.3.2.2.1.1. Effect of the bath aluminium content

It is generally admitted that the higher the zinc bath aluminium content is, the slower the
inhibition layer breakdown kinetics is [33]. Experimental evidence of this effect is given, for example,
by Leprétre [33], who studied the inhibition layer breakdown in the case of Ti IF steels galvanized in
zinc baths containing 0.13 and 0.18 wt.% Al. While outbursts began to appear after 10 s of immersion
in the bath containing 0.13 wt.% Al (they were numerous after 30 s of immersion), it lasted around
20 min of immersion before the outburst formation in the case of the bath containing 0.18 wt.% Al.

For these experiments, the main reason of the difference observed in the inhibiting period is the

nature of the inhibition layer, & in Zn - 0.13 wt.% Al and Fe,AlsZn, in Zn - 0.18 wt.% Al. The phase
composition of the inhibition layer will play an important role on the diffusion of both zinc and iron
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through the layer itself. To our knowledge, the diffusion coefficient of zinc in & has not been measured
yet, but it can be reasonably supposed that zinc diffuses faster in this phase than in Fe,AlsZn, (the

diffusion coefficient of zinc in Fe,Als D;ﬁzA'S at 460 T is 5x 10 ™ m?s™ [74]). As the zinc content is

much higher in the & phase than in the Fe,AlsZn, phase, zinc atoms would more easily diffuse through
the & structure by a vacancy substitution mechanism. This leads to an earlier inhibition layer
breakdown.

Moreover, as stated in section 1.3.1.2, increasing the aluminium content in the zinc bath
generally favours the growth of the inhibition layer (Figure 17). As a result, zinc atoms will need to
diffuse through a larger distance to reach the substrate grain boundaries and, consequently, the
inhibition layer breakdown will be delayed.

One could therefore summarize that the bath aluminium content may strongly modify the
kinetics of the inhibition layer breakdown as it plays an important role in the phase composition,
thickness and structure of this layer.

1.3.2.2.1.2. Effect of the bath temperature

On the one hand, an increase in the bath temperature favours the growth of the inhibition layer
by increasing the diffusion rate of iron towards liquid zinc [75], but on the other hand, it also enhances
the diffusion rate of zinc towards the steel substrate. In spite of these two contradictory effects, it is
generally accepted that an increase in the bath temperature leads to a faster kinetics of the inhibition
layer breakdown.

Although long immersion time experiments are commonly performed to study these effects [24-
26,33,46,70], it should be reminded that the breakdown of the inhibition layer in typical industrial lines
generally occurs during reheating after wiping, thus out of the zinc bath. Results of laboratory
experiments, where an annealing step is performed after the zinc bath as in industrial lines, are also
discussed in this section [28,48,54,76,77]. Nonetheless, the reported effects are expected to be
unchanged. Kinetic data obtained through both types of experiments will be shown below (Table 7 and
Table 8).

1.3.2.2.2. Effect of the steel

The kinetics of the inhibition layer breakdown can also be significantly affected by the grain size
and the chemical composition of the steel substrate.

1.3.2.2.2.1. Effect of the steel grain size

Based on the mechanism he proposed for the inhibition layer breakdown (section 1.3.2.1.2.3),
Hisamatsu [25] suggested that a steel with finer grain size is more reactive, since more grain
boundaries are available for the reaction with zinc. Consequently, the outbursts efficiency to peel the
inhibition layer off is higher because they will form closer to each other than in the case of a coarser
grain size substrate. Since then, different researchers [24,70,76] have been interested in the effect of
the substrate grain size on the kinetics of the inhibition layer breakdown. The parameters measured
are the incubation time for outburst formation [24] and the amount of iron in the coating [76].

Incubation time

Jordan and Marder [24] performed two different annealing treatments on the same steel
substrate in order to develop two different grain sizes (namely 15 and 85 pm). These samples were
then galvanized in a zinc bath containing 0.20 wt.% Al, allowing the authors to study the effect of the
substrate grain size on Fe-Zn reactivity. The outburst formation was significantly delayed in the case
of the substrate with larger grain size. Figure 29 gives the incubation time for outburst formation as a
function of substrate grain size during galvanizing. As can be seen, whereas the outburst formation
was observed in the 15 uym grain size steel after 10 s of immersion time, it required 1200 s to nucleate
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just a few outbursts in the 85 um grain size steel. These results reinforce the theory that the inhibition
layer breakdown through outburst formation takes place first at the steel grain boundaries. The
remaining point in Figure 29 corresponds to a 10000 uym grain size steel substrate used by the authors
in a parallel study. It should be noted that this last substrate differs in chemical composition from the
other (0.015 to 0.032 wt.% C compared to 0.005 wt.% C) and, as it will be shown later, any direct
comparison of the two substrates should take this difference in chemistry into account.
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Figure 29: Incubation time for outburst formation a s a function of the steel grain size during
galvanizing in a zinc bath containing 0.20 wt.% Al (Jordan and Marder [24]).

As seen before, Guttmann [23] thought that short-circuits for zinc diffusion, present in the
inhibition layer, are aligned with the steel grain boundaries (section 1.3.2.1.2.3). In agreement with this
theory, Jordan and Marder [24] explained that many diffusion paths for zinc were available in the
Fe,AlsZn, inhibition layer formed on the 15 ym grain size steel, resulting in much more localized zinc
attack and outburst formation on this substrate, compared to the 85 and 10000 ym grain size steels.
However, this assumption can perfectly explain the higher efficiency to completely peel the inhibition
layer off when the steel grain size is finer but does not explain why the incubation time for outburst
appearance was different. There is no reason to think that the zinc supersaturation at the steel grain
boundaries necessary for outburst formation is achieved at different incubation times depending on
the substrate grain size since direct short diffusion paths from the liquid bulk to the steel grain
boundaries exist and the amount of zinc in the liquid is unlimited.

Mataigne [30] suggested that zinc diffusion through the inhibition layer is uniform and is followed
by zinc diffusion along the steel / inhibition layer interface towards the steel grain boundaries (section
1.3.2.1.2.3). If this assumption is considered now, the availability in zinc at the steel grain boundaries is
expected to depend on zinc diffusion distances and rates. With a finer grain size substrate, the grain
boundary length per unit area is higher and, consequently, the zinc atoms are distributed among a
larger number of outburst nucleation sites. On the other hand, the average distance covered by the
zinc atoms to reach a nucleation site is reduced. The incubation time to achieve the critical zinc
supersaturation for outburst formation would therefore depend on the relative weight of these two
opposite effects.

Another explanation could be that the effect of the substrate grain size on the kinetics of the
inhibition layer breakdown for commercial galvanized steels is closely related to its chemical
composition. As it will be seen in section 1.3.2.2.2.2, segregation of some chemical elements at the
steel grain boundaries can reduce their reactivity with respect to the inhibition layer breakdown by
limiting the diffusion of zinc to these sites. It could be thought that, as a finer grain size provides a
higher grain boundary length per unit area, the concentration of the segregating elements in these
nucleation sites would be less important so that the critical zinc supersaturation could be reached
earlier. This assumption can totally explain the results obtained by Jordan and Marder [24] that
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incubation time for outburst formation is reduced with finer grain sizes (segregation of different
elements, especially carbon, cannot be neglected in the steel used by these authors, Table 7).

Amount of iron in the coating

Toki et al. [76] investigated in a global manner the effect of the substrate grain size on the
kinetics of the Fe-Zn alloying reactions. To study this effect, the authors performed different annealing
treatments in order to obtain different grain sizes on two steels with different carbon and titanium
contents (0.004 wt.% C and 0.057 wt.% Ti in steel #1 compared to 0.037 wt.% C and no titanium in
steel #2). The samples obtained were then galvanized in a zinc bath containing 0.12 wt.% Al for 10 s
of immersion time. Figure 30 shows the amount of iron in the coating (which is related to the kinetics
of the Fe-Zn alloying reactions), as a function of the grain size number G, which is defined by the
ASTM International as follows:

N, =2°" (1.12)
where N .- is the number of grains per square inch at 100 X magnification.

As can be observed in Figure 30, in the case of steel #2, the amount of iron in the coating was
approximately constant. In the case of steel #1, the amount of iron is decreased, reaching the amount
of iron of steel #2, when the grain size number is decreased, i.e., when the substrate grain size is
increased. As will be seen in section 1.3.2.2.2.2, titanium in the steel decreases the segregation of
carbon at the steel grain boundaries. It could reasonably be assumed that the segregation of carbon at
these locations in the case of steel #2 is so important that no effect of the steel grain size is observed.
However, in the case of steel #1, segregation at grain boundaries is much less important and the
effect of the substrate grain size on the kinetics of the Fe-Zn alloying reactions is evident.
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Figure 30: Effect of the steel grain size on the am  ount of iron in the coating (Toki et al. [76]).

It can be summarized that the effect of the substrate grain size on the kinetics of Fe-Zn
reactions, and more particularly on the incubation time for outburst appearance, is closely linked to the
segregation of alloying elements to the steel grain boundaries. Although the samples from Jordan and
Marder [24] were not very concentrated in segregating elements, studies on pure iron samples with
different grain sizes should be analysed in order to completely decorrelate both effects and achieve a
better understanding of the intrinsic effect of the steel grain size on the kinetics of outburst formation.
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1.3.2.2.2.2. Effect of the steel chemical compositi  on

As stated here above, experimental evidence indicates that the chemical composition of the
steel substrate also plays an important role on the kinetics of the inhibition layer breakdown. The
mechanisms through which some chemical elements such as carbon, nitrogen, sulphur or
phosphorous delay the inhibition layer breakdown and others such as titanium or niobium accelerate it
will be discussed in the next paragraphs.

Effect of carbon and nitrogen

Various researchers have submitted that carbon [48,76] and nitrogen [25] in the steel slow the
kinetics of the inhibition layer breakdown. Toki et al. [76] have provided experimental evidence of the
inhibiting effect of carbon (steel #2, Figure 30). This inhibiting effect is attributed to the segregation of
solute carbon at the steel grain boundaries during recrystallization annealing, which delays the
outburst formation.

As stated above (section 1.3.2.1.2.2), Nishimoto et al. [48] have proposed that the Fe-Zn
outburst formation is due to an aluminium depletion at the solid / liquid interface as a result of the
nucleation and growth of the inhibition layer. They postulated that the clean steel grain boundaries are
more active than the substrate grain interior. Therefore, the aluminium content in the liquid would
decrease more rapidly in the vicinity of the steel grain boundaries than on the substrate grain interior.
Segregation of carbon at the steel grain boundaries reduces the higher decrease of aluminium content
in the liquid at the emergence of grain boundaries, which delays the inhibition layer breakdown at
these places. A schematic illustration of this mechanism is depicted in Figure 31.
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Figure 31: Schematic illustration showing a decreas e in the outburst formation due to the
segregation of carbon at ferrite grain boundaries ( Nishimoto et al. [48]).

It has been already commented that the above mechanism from Nishimoto et al. [48] to explain
the inhibition layer breakdown is less pertinent than the mechanism of outburst formation via the
diffusion of zinc towards the steel grain boundaries (section 1.3.2.1.2.3). As reported by other authors
[25,76], the segregation of solute carbon or nitrogen at the steel grain boundaries more likely delays
the inhibition layer breakdown by hindering the diffusion of zinc to these locations.

Effect of phosphorous

Several researchers [23,25,30,31,33,48,54,76] have reported that the higher the amount of
phosphorous in the steel substrate is, the slower the kinetics of the inhibition layer breakdown is.
Experimental evidence of the effect of phosphorous is shown in Figure 32, which illustrates the
different Fe-Zn alloying degree in steel samples with different phosphorous contents subjected to the
same process (recrystallization annealing at 800 T, galvanizing in a zinc bath containing 0.12 wt.% Al
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at 460 € for 10 s and galvannealing at 500 € for a given period of time not specified by the authors).
Indeed, in the top left-hand side micrograph of Figure 32, corresponding to the steel with the lowest
phosphorous content (0.01 wt.%), the galvannealing reactions are well advanced and almost all the
liquid zinc has been consumed. The coating is mainly composed of Fe-Zn phases. However, in the top
right-hand micrograph of Figure 32, corresponding to the steel with the highest phosphorous content
(0.069 wt.%), the galvannealing reactions are not advanced at all and, consequently, most of the zinc
is still available. These micrographs clearly show that the galvannealing kinetics is reduced as the
phosphorous content in the steel is increased. The just reported effect is associated with a delay in the
inhibition layer breakdown.

Figure 32: Cross section micrographs illustrating t he effect of the phosphorous content in the
steel (in wt.%) on the galvannealing kinetics (Toki et al. [76]).

Several mechanisms have been proposed to explain the effect of phosphorous.

Nishimoto et al. [48] reported the tendency of phosphorous to segregate at the steel grain
boundaries, similarly to carbon, inhibiting the formation of outburst structures by lowering the reactivity
at these locations.

Toki et al. [76] attributed to phosphorous a different inhibiting effect. Phosphorous precipitates
as FeTiP during recrystallization annealing and consequently consumes titanium. As will be detailed
later, solute titanium in steel decreases the segregation of carbon at the substrate grain boundaries by
the formation of TiC precipitates. Phosphorous would therefore have an indirect influence on the
kinetics of the inhibition layer breakdown by favouring the segregation of carbon at the steel grain
boundaries. In addition, the authors observed that the precipitates of FeTiP can form at both grain
interior and grain boundaries, which is also expected to hamper the diffusion of zinc towards the steel
grain boundaries.

Guttmann [23] has proposed another mechanism to explain the inhibiting effect of phosphorous.
He submitted that it is very likely that phosphorous is insoluble in the inhibition layer and,
consequently, it will be rejected to the liquid zinc as a result of steel dissolution (section 1.3.1.3.2),
leading to its segregation at the grain boundaries of the inhibition layer when it is formed. This
presence of phosphorus atoms inhibits the intergranular diffusion of zinc through this layer. This would
explain the delaying effect of phosphorous on the inhibition layer breakdown.

Finally, Leprétre [33] reported two possible delaying mechanisms depending on the amount of
phosphorous in the steel: 1) with intermediate phosphorous contents (below 40 x 10 wt.%), the
segregation of phosphorous at the steel grain boundaries delays the inhibition layer breakdown by
hindering the diffusion of zinc to these locations, and 2) with higher phosphorous contents (above
40 x 10~ wt.%), the thermodynamic equilibrium along the steel / & interface can be kept, even after
zinc enrichment induced by diffusion, and the I phase cannot nucleate anymore. In order to verify the
effect of high phosphorous content, Fe-P alloys with different phosphorous contents were galvanized
in pure zinc baths. In this case, the development of the coating occurs through successive nucleation
of the stable Fe-Zn compounds in a decreasing zinc content order and not through outburst formation.
Leprétre observed that for contents lower than 40 x 10° wt.% P, the I phase was formed at the steel /
O interface, while for contents higher than 40x 10°wt.% P, the T phase did not nucleate as if
thermodynamic equilibrium was established along the steel / d interface. Galvannealing on such steel
grades proceeds by the growth of the & layer, without any inhibition breakdown. Kinetics becomes
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very slow and governed by the diffusion of iron through the & phase. The above mechanisms are
totally consistent with the experimental results provided by Toki et al. [76] (Figure 32).

Effect of titanium and niobium

It is well known that titanium in the steel accelerates the kinetics of the inhibition layer
breakdown [23,25,31,48,76,78]. This effect is illustrated by the micrographs provided by Hisamatsu
[25] for Al-killed ° Ti-added and P-added steels, galvanized in a zinc bath containing 0.16 wt.% Al at
450 € for 15s. As can be observed in Figure 33, while in the Al-kiled and P-added steels the
inhibition layer remains intact, in the Ti-added steel the outburst formation is already noticeable (see
arrows).

Al-Killed steel Ti-added steel P-added steel

Figure 33: Cross section micrographs showing the ef fects of the steel chemical composition
on the kinetics of the inhibition layer breakdown d uring galvanizing in a zinc bath containing
0.16 wt.% Al at 450 € for 15 s (Hisamatsu [25]).

The mechanism generally proposed to account for the influence of titanium is the following
[23,25,31,48,76]: solute titanium in the steel can precipitate with different chemical elements (carbon,
nitrogen, sulphur, phosphorous) capable to segregate at the steel grain boundaries during
recrystallization annealing. It could therefore be assumed that the higher the titanium content in the
steel is, the cleaner the steel grain boundaries are and the faster the inhibition layer breakdown will
occur. In addition to this indirect effect of titanium, Abe and Kanbara [78] reported an intrinsic effect of
solute titanium, which would accelerate the kinetics of the inhibition layer breakdown.

The pertinent parameter for the reactivity of a given steel is therefore the excess solute titanium,
W*T:;m (wt.%), rather than the total titanium content in the steel Wi (Wt.%). Toki et al. [76]
proposed the following equation for the calculation of this parameter:

W, =W —4—8W —4—8W —4—8W —4—8W (1.13)
Tigycess Titotal 12 C 14 N 32 S 31 P ’

where W, W, W5 and W, are the weight fraction of carbon, nitrogen, sulphur and phosphorus

present in the steel. The excess solute titanium, W;’I*exm , corresponds to the remaining solute titanium

when all the amounts of carbon, nitrogen, sulphur and phosphorous in the steel were stabilized as
TiC, TiN, TiS and FeTiP respectively. This parameter is not a precise estimation of the titanium
content in solution in the steel (e.g., it could be negative for a given steel composition) but it is taken
by the authors as a measure of the cleanliness of the steel grain boundaries and, therefore, of the
reactivity of the steel with respect to the inhibition layer breakdown. The calculation of the excess
solute titanium will be discussed in detail in chapter IIl.

Similar effect as titanium is also attributed to niobium. However, Ti IF steels are more reactive
than Nb-Ti IF steels. Guttmann et al. [31] reported that it is likely that the affinity of phosphorous for
niobium is much smaller than for titanium. While precipitates of FeTiP are usually observed, no
niobium phosphides are observed in the case of Nb-Ti IF steels. In addition, titanium can make carbon
precipitate more easily than niobium: TiC precipitates are more stable (lower activation energy) than
NbC precipitates.

° The term killed indicates that the steel has been sufficiently deoxidized by a deoxidizing agent to quiet the molten metal when
poured into the ingot mold. In the case of an Al-killed steel, aluminium is used as deoxidizing agent.
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1.3.2.2.3. Experimental data in the literature

Once the main factors influencing the kinetics of the inhibition layer breakdown have been
presented, it is important to highlight that very few studies [24,26,28,33,54,70] providing specific data
of the kinetics of the inhibition layer breakdown have been found.

The experimental conditions performed in each of these studies (steel substrate chemical
composition and grain size, galvanizing and galvannealing conditions) are shown below. Two main
families of laboratory experiments were performed to study the kinetics of the inhibition layer
breakdown: 1) long immersion times in galvanizing baths [24,26,33,70] (Table 7), and 2)
galvannealing treatments after galvanizing as in the industrial process [28,54] (Table 8).

Concerning the long immersion time experiments [24,26,33,70] (Table 7), the experimental
conditions vary considerably from one study to another and many effects are involved. Some key data
are missing to interpret the results (the bath temperature in the case of Jordan and Marder [24,70] and
the steel grain size and its nitrogen content in the case of Saito et al. [26]). In addition, the times toypurst
required for the inhibition layer breakdown appear to be inconsistent with each other in many cases.
Thus, for example, the difference between the time provided by Leprétre [33] in the case of the zinc
bath containing 0.18%Wt.% Al (1200 s) and the one g iven by Jordan and Marder [24,70] in the case of
the 15 uym grain size steel (10 s) cannot be explained. Indeed, under the assumption that the bath
temperature in the case of the experiments carried out by Jordan and Marder [24,70] is typical of
galvanizing operations, the main difference between these two experiments is the excess solute

titanium WTIEXS that would favour the inhibition layer breakdown in the experiments performed by
Leprétre [33] (higher value).

Table 7: Experimental data obtained for long immers ion time experiments ( touwurst COrresponds

to the time required to form the first outbursts on the steel samples in the zinc bath).
Authors [Ref.] Leprétre [33] | Jordan and Marder [24,70] Saito et al. [26]
Name Ti IF Low C Ti-added
P (10 wt.%) 10 2 13
Ti (10 wt.%) 53 8 82
Nb (10° wt.%) <5
Al (10° wt.%) 36 38 21
B (107 wt.%) <0.3
Ni (107 wt.%) 22
Cu (10°° wt.%) 6
Steel Mn (10° wt.%) 125 258 130
Si (10 wt.%) 8 3 14
S (10 wt.%) 6 4 10
N (10 wt.%) 4 1.2 unknown
C (10°° wt.%) 2 5 2
Cr (10 wt.%) 18
an*m (10'3 wt.%) [76] | 6.8 6.8 -25.2 -25.2 unknown | unknown
grain size ( pm) 20 20 15 85 unknown | unknown
W (Wt.%) 0.18 | 0.13 0.20 0.20 0.16 0.18
Galvanizing Tpath (T) 460 460 unknown unknown 450 450
toutburst (S) 1200 | 10 10 1200 5 60
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Kinetic data for the experiments with an annealing step performed after immersion in the zinc
bath and wiping [28,54] are presented in Table 8. As can be seen, there is no way to compare the
experimental results provided by Dionne et al. [54] and McDevitt and Meshii [28] (see comments in
Table 8), as too many key data are not specified in their publications (steel grain size, immersion time
and eventually bath temperature in the case of Dionne et al. [54] and steel grain size and its nitrogen
and sulphur contents in the case of McDevitt and Meshii [28]).

Table 8: Experimental data obtained for experiments
immersion in the liquid metal and wiping (outburst

with an annealing step performed after

formation occurs out of the zinc bath).

Authors [Ref.]

Dionne et al. [54]

McDevitt and Meshii [28]

Name SteelA | SteelB | SteelC | TiNbIF | PAGedT
P (10 wt.%) 12 9 59 15 46
Ti (10 wt.%) 68 35 36 20 62
Nb (10 wt.%) 0 32 39 15
Al (10° wt.%) 37 48 37
B (107 wt.%) <0.2 0.7
Ni (10 wt.%) 26 11 14
Steel Cu (10 wt.%) 27 14 19
Mn (107 wt.%) 203 180 220 170 340
Si (10 wt.%) 4 6 8
S (10 wt.%) 6 6 9 unknown unknown
N (10°° wt.%) 2.6 2.9 4.2 unknown | unknown
C (10 wt.%) 3 3.3 3.2 3 3
Cr (10°° wt.%) 27 20 20
V\Zn*ex(m (10° wt.%) [76] 19.5 -11.1 -96.1 unknown | unknown
grain size ( pm) unknown | unknown | unknown | unknown | unknown
Wa (Wt.%) 0.135 0.133 0.133 0.14 0.14
Galvanizing Thath (T) 470 unknown | unknown 460 460
t (s) Industrially galvanized samples 3 3
Galvannealin T (T) 475-480 | 475-480 | 475-480 500 500
9 t (s) 1.6 2.3 2 unknown | unknown
No Slower
important | Inhibition | kinetics but
Outbursts are alread attack of | breakdown not
Comments resent y the during substantially
P inhibition | heating to different
layer is 500C from the Ti-
observed Nb IF steel

1.3.2.3. Recapitulation

It can be summarized from this section that:

e The inhibition layer breakdown in the case of Ti IF steels very likely occurs through outburst
formation at the steel grain boundaries, due to the diffusion of zinc through the layer itself

towards these locations and subsequent nucleation of a Fe-Zn phase.

« Kinetics of this reaction is obviously affected by temperature but also by different parameters
such as the bath aluminium content, the steel grain size and its chemical composition.
Carbon, nitrogen, sulphur and phosphorous in the steel delay the inhibition layer breakdown
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and titanium and niobium accelerate it. Although numerous qualitative results, proving the
effect of these parameters, exist in the literature, very few kinetic data have been published. In
addition, these data are often inconsistent with each other.

[.3.3. The Fe-Zn alloying reactions

As the present work does not focus on the Fe-Zn alloying reactions taking place after the
inhibition layer breakdown, only a succinct summary of the main features of these reactions is
presented here, with the purpose that the reader can understand the complete development of a
galvannealed coating. For those readers especially interested in these reactions, a detailed critical
literature review is available in Appendix C.

1.3.3.1. Proposed mechanisms for the Fe-Zn alloying reactions

The Fe-Zn alloying reactions occur in two steps: 1) The outbursts first develop and grow by
consuming the liquid zinc; 2) the iron enrichment of the solid coating then occurs. As already shown in
Figure 9, the final microstructure of the coating consists in a layered structure composed of different
Fe-Zn phase layers.

1.3.3.1.1. Consumption of the liquid phase. Growth of Fe-Zn phases

When the inhibition layer is broken up by the outburst formation, new Fe-Zn phases nucleate
very rapidly on the top of the outbursts, which grow both laterally, towards the adjoining outbursts, and
in thickness, by consuming the liquid phase.

Although the precise reaction mechanisms accounting for the consumption of the liquid zinc are
not accurately known yet, some few authors have provided assumptions about these mechanisms
which are consistent with the experimental results found in the literature.

As advanced in section 1.3.2.1.2.3, a group of authors [27,30,33] has reported that the inhibition
layer is broken off by the growth of the I' phase in the case of GA baths. This phase can reach
thermodynamic equilibrium with the steel but not with the liquid zinc. In order to keep the liquid phase
at equilibrium, the system requires at least the nucleation of the & phase on the top of the outbursts
(paths V2, V2bis, 3, V3 and V3bis in Figure 28).

Mataigne [30] reported that when the ' phase gets in contact with the liquid zinc after the
inhibition layer breakdown, it gets dissolved and a very intense flux of iron is then established. This
sudden increase in the iron concentration is consumed by the formation of Fe-Zn compounds in the
liquid zinc side. At this stage, two different regimes for outburst development can be differentiated
depending on the galvannealing temperature and on the peritectic reaction temperature involving the ¢
phase (Figure 16):

« If the galvannealing temperature is higher than the peritectic reaction temperature, the coating
evolves under a solid state diffusion regime. The increase in the iron concentration at the I
phase / liquid zinc interface due to the dissolution of the " phase leads to the nucleation of the
0 phase. At this moment, thermodynamic equilibrium is reached along all the interfaces. This
implies that further development of the coating is controlled by solid state interdiffusion of iron
and zinc.

- If the galvannealing temperature is lower than the peritectic reaction temperature, the coating
development evolves under a dissolution regime. As in the previous case, the increase in the
iron concentration at the I phase / liquid zinc interface due to the dissolution of the " phase
should lead to the nucleation of the & phase. However, unlike the previous case, the & phase
cannot reach thermodynamic equilibrium along its interface with liquid zinc. Leprétre [33]
indicated that, at this moment, the & phase gets dissolved in the liquid, leading to the
simultaneous nucleation of a & phase with different composition and the ¢ phase.
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The mechanisms of liquid zinc consumption presented here above can be more easily
understood with the help of diffusion paths in the ternary Al-Fe-Zn phase diagram [30,33]. This
analysis is available in Appendix C.

1.3.3.1.2. Iron enrichment of the coating. Fe-Zn ph  ase distribution

When the liquid zinc has been fully consumed, the coating is already composed of a sequence
of stratified Fe-Zn phase layers. The different interfaces then evolve by reactive solid state diffusion of
iron from the steel matrix towards the coating. The " phase will grow to the detriment of the & phase
and the & phase will grow to the detriment of the { phase, if this latter phase has nucleated within the
liquid phase during the outburst development (dissolution regime when the galvannealing temperature
is less than the peritectic reaction temperature). Once the { phase has completely disappeared, if it
existed, with further iron enrichment of the coating, the I phase rapidly grows at the expense of the &
phase.

It should be noted that the counter-diffusion of zinc is neglected in the just proposed reaction
mechanisms. However, this assumption may be reasonably accepted as the zinc diffusion flux in
ferrite is expected to be very low at typical galvannealing temperatures (too low).

1.3.3.2. The Fe-Zn alloying reaction kinetics. Prop  osed models

Two different types of kinetic models have been identified in the literature: models describing the
evolution of the iron content in the coating [79,80] and models describing the evolution of the Fe-Zn
phase distribution within the coating [81,82]. Most of the few models found in the literature have been
developed in a global manner, without differentiating each of the phenomena involved in the
galvannealing process. It would be preferable to model the kinetics of each of these phenomena
separately, in order to obtain characteristic parameters with a strict physical sense which can be
perfectly extrapolated to other galvannealing conditions.

[.3.4. Conclusions

Key information on the just described galvannealing reactions is summarized here below:
The inhibition layer formation

Very controversial results have been found concerning the inhibition layer formed in GA baths. It
remains not clear whether this inhibition layer is constituted of metastable Fe,AlsZn,, stable & or both
(two-layer structure with & on top of Fe,AlsZn,). In addition, some authors have reported as well the
nucleation of metastable epitaxial ¢ crystals simultaneously to the one of the inhibition layer, especially
in the case of GA baths with low aluminium contents. However, it remains doubtful whether these
structures exert an inhibitory action or not.

Concerning the nature of the inhibition layer formed in zinc baths with an aluminium content
corresponding to the knee point B, very few studies have been found in literature. Nevertheless, they
agree with the fact that the inhibition layer can be described as a two-layer structure composed of
Fe,AlsZn, (lower layer) and & (upper layer).

Regardless the nature of the intermetallic(s) compound(s) formed on the steel surface, most of
the researchers agree with the mechanisms of formation of the inhibition layer. Those reaction
mechanisms can be divided into the following steps after the steel sheet enters the galvanizing bath:
wetting of the substrate by liquid zinc, iron supersaturation at the interface induced by the dissolution
of the former by the latter, nucleation and lateral growth of the crystals of the intermetallic compound
until forming a covering layer and thickening of this layer.
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Two different kinetic regimes can be differentiated during the inhibition layer formation. The
nucleation and lateral growth is characterized by its high reaction rate, assumed to be proportional to
the reaction time (linear kinetics). The thickening of the inhibition layer is characterized by slower
kinetics, assumed to be proportional to the square root of the reaction time (parabolic kinetics) as
controlled by the solid state diffusion of iron within the inhibition layer itself.

In a global manner, it has also been observed that the inhibition layer growth is favoured by
higher bath temperatures, longer immersion times and higher bath aluminium contents.

The inhibition layer breakdown

The inhibition layer breakdown very likely occurs through outburst formation at the steel grain
boundaries due to the diffusion of zinc through the layer itself towards these locations and subsequent
nucleation of a Fe-Zn phase.

The kinetics of the inhibition layer breakdown is affected by the bath conditions but also by some
steel features. It is generally admitted that low bath aluminium contents and high temperatures
accelerate the inhibition layer breakdown. Experimental results have shown that the time necessary
for the inhibition layer breakdown increases with increased steel grain sizes. The steel chemical
composition also plays an important role on the inhibition breakdown kinetics: it is well known that
elements such as carbon, nitrogen, sulphur and phosphorous in the steel delay the inhibition layer
breakdown and others as titanium and niobium accelerate it.

Although numerous qualitative results proving the effect of these parameters exist in the
literature, very few kinetic data have been published. In addition, these data are often inconsistent with
each other.

The Fe-Zn alloying reactions

The Fe-Zn alloying reactions occur in two steps: the liquid zinc consumption and the subsequent
iron enrichment of the solid coating. During the liquid zinc consumption, the outbursts develop
laterally, until joining each others, and in thickness. In the case of GA baths, the liquid zinc can be
consumed through two different regimes depending on whether the galvannealing temperature is
lower or higher than the peritectic reaction temperature involving the & and { phases. When the
galvannealing temperature is lower than this temperature, the liquid zinc consumption occurs under a
dissolution regime characterized by the nucleation of both & and ¢ phases on the top of the outbursts.
When the galvannealing temperature is higher than this temperature, the liquid zinc is consumed
under a diffusion regime characterized by the growth of the & phase without nucleation of the ¢ phase.
Once the liquid zinc has been consumed, the coating is composed of a sequence of Fe-Zn phase
layers whose common interfaces evolve by solid state diffusion of iron within the coating.

The precise reaction mechanisms accounting for the Fe-Zn alloying reactions, especially
concerning the consumption of the liquid phase, still remain quite unknown. Further investigation for a
better understanding of the involved phenomena is highly required. In addition, no studies on the
kinetics of each of the single Fe-Zn alloying reactions are available in literature.

l.4. Objectives of the present work

The main objective of this work is to better understand the formation of industrial galvannealed
coatings, in order to ensure or improve their quality. The first key steps of the galvannealed reactions
are the nucleation and growth of the inhibition layer in the galvanizing bath and the inhibition layer
breakdown in the annealing treatment performed at the exit of the bath.

It has been seen before that the bath operating parameters influence the nature of the inhibition
layer and consequently the kinetics accounting for its rupture. The remarkable influence of the steel
substrate on the inhibition layer breakdown kinetics has also been reported. However, the
experimental results presented in the literature are still subject to debate. As a result, a precise
knowledge on the kinetics of these reactions is still needed to manage accurately the development of
the coating during galvannealing and to obtain the targeted Fe-Zn phase distribution. The present
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work therefore focuses on the two first reactions involved in the development of a galvannealed
coating: the inhibition layer formation and its rupture.

First of all, the nature of the inhibition layer formed on Ti IF steel surfaces in GA baths with
different aluminium contents will be investigated in detail in terms of phase composition and structure
(chapter II). A reaction mechanism accounting for the final microstructure of this inhibition layer will be
proposed. Discussions about this mechanism will be tackled with the Al-Fe-Zn ternary phase diagram
at 450°C and assumptions to justify any deviation from thermodynamic equilibrium will be proposed.

The effect of the steel substrate and the bath aluminium content on the inhibition layer

breakdown kinetics will then be quantified in the case of Ti IF steels (chapter Ill). Modelling of this
reaction, taking into account these two effects, will be proposed as well.
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CHAPTER II: THE INHIBITION LAYER FORMED IN GA BATHS

From an industrial point of view, a precise knowledge of the structure and composition of the
inhibition layer is crucial to ensure or improve the quality of GA coatings for at least two reasons.

First of all, it has been seen in section 0 that, as the kinetics of the inhibition rupture is controlled
by diffusion mechanisms in the inhibition layer, its nature is expected to play a direct and important
role on the alloying degree and the homogeneity of the final coating: a discontinuous or
heterogeneous inhibition layer, either in thickness or in composition within the planes parallel to the
steel surface, may conduct to a heterogeneous final coating.

Secondly, the production of high-quality GA coatings demands an accurate bath management in
order to keep the bath composition at the targeted values. As the galvanizing bath is saturated in iron,
the main parameter to be controlled is the bath aluminium content, highly sensitive to the aluminium
uptake by the inhibition layer (i.e., the aluminium flux consumed by the growth of the inhibition layer).
Therefore, a fine knowledge of the nature of this layer would facilitate the management of industrial
galvanizing baths.

The facts presented above highlight the need for investigating in detail the nature of the
inhibition layer formed in GA baths, especially since this topic still remains today a subject of
controversy as shown in section 1.3.1.1.3. The aim of this work is therefore to provide new
experimental results in order to gain a better understanding on the nature of the inhibition interface
layer.

II.1. Experimental procedure

[1.1.1. Materials

Two commercial Ti IF steel samples, A and B, galvanized in industrial baths with different
aluminium contents (0.112 and 0.128wt.%<Al), have been selected for the present study. Industrial
samples were chosen to identify possible differences in the nature of the inhibition layer formed in GA
baths for different real industrial conditions.

The average chemical composition of steels A and B is presented in Table 9. The analysis was
performed by means of Combustion and Infrared Detection for nitrogen (HORIBA EMGA-620W) and
Spark-Optical Emission Spectrometry (Spark-OES, SPECTROLAB M10) for the other elements in
ArcelorMittal laboratories. As can be observed, the compositions of both steels are very similar. The
thicknesses of steels A and B are equal to 0.80 and 0.74 mm respectively.

Table 9: Average chemical composition (x 10 > wt.%) of the commercial Ti IF steels studied.

Steel C Mn P S N Si |Cu | Ni Cr |Sn |As |Nb Mo B Ti Al

A 1.6 | 103 | 11 6 | 34| 9 13 | 17 | 14 | <2 | <2 | <2 | <2 |<0.3| 53 | 39

B 2.0 (110.0) 9.1 | 90 | 21 | 40 |17.0|14.3|18.2| 5.7 - 01|18 | 0.0|67.3|49.1

Full-hard specimens of both steels were sampled in order to evaluate and compare their surface
state prior to galvanizing through surface profiling by means of a revamped profilometer from Taylor-
Hobson. The surface three-dimensional (3D) cartographies depicted in Figure 34 indicate that the
surface of steel A presents smaller patterns than the one of steel B. The roughness and waviness
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parameters R, and W, 10 given in Table 10 were calculated for both steels from five two-dimensional
profiles (17 mm in length, spaced of 500 um from each other). Unlike steel B, steel A has been
submitted to a surface rectification step during cold rolling which has reduced its surface roughness
and waviness. The influence of this difference in the surface roughness on the nature of the inhibition
layer will be discussed in section 11.3.1.3.
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Figure 34: 3D cartographies of the surface of steel s A (left) and B (right).

Table 10: Roughness and waviness parameters obtaine  d from five 2D profiles of steels A and B
(17 mm in length, spaced of 500 um from each other)

Steel Ra(um) 2 W, (um) °
A 0.38+0.01 | 0.13+0.02
B 0.54+0.06 | 0.31+0.05

% arithmetic mean deviation of the roughness profile obtained with a Gaussian filter of 2.5mm;
® arithmetic mean deviation of the waviness profile obtained with a Gaussian filter of 0.8 mm.

The process data used to galvanize both steels are depicted in Table 11. The influence of the
differences in the galvanizing conditions chosen, namely the bath aluminium content, the immersion
time t;, and the bath temperature, will be discussed later in section 11.3.1.2. In both cases, the
galvannealing furnace was off-line in order to prevent Fe-Zn alloying reactions, so that the studied
microstructures are supposed to be a representative result of the phenomena taking place in the GA
bath.

Table 11: Process data used to galvanize both steel  s.

Steel | v (m/min) * | wa Wt%) " | Toan (T) © | Lim (M) ° tin (S) © | €coang (M) '
A 120 0.112 + 0.004 450 + 2 2.7 14 5
B 130 0.128 + 0.002 460 + 2 4.0 1.9 9
% line speed; ® bath aluminium content; ¢ bath temperature; ¢ immersion length; © i, = Lim / V; f coating
thickness.

10 Parameter R, is defined as the arithmetic mean of the absolute deviations of the roughness profile from the mean line.
Parameter W, is defined as the arithmetic mean of the absolute deviations of the waviness profile from the mean line.
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[1.1.2. Experimental techniques

[1.1.2.1. Sample preparation techniques

Samples were first cleaned with ethanol to remove residual oil from former manipulations. They
were then prepared through different techniques depending on the type of characterization they were
going to be submitted to, namely surface (section 11.1.2.1.1) or cross section characterization (section
11.1.2.1.2).

11.1.2.1.1. Sample preparation techniques for surfa  ce characterization

11.L1.2.1.1.1. Electrochemical dissolutions

Specimens for surface characterization were cut into 32 mm diameter discs and submitted to a
controlled electrochemical dissolution protocol in order to remove zinc and Fe-Zn phases selectively.
The electrochemical cell used for these dissolutions is schematized in Figure 35. It is composed of
three electrodes: a standard calomel electrode (SCE) used as reference electrode, a platinum counter
electrode used as cathode and the sample to be dissolved (working electrode) used as anode. All the
electrodes were linked to a VMP3 multi-channel potentiostat from BioLogic Science Instruments. The
electrolyte used is an aqueous pH 4 solution composed of 200 g/L NaCl (Fisher Chemical), 40 g/L
ZnS0O,4*7H,0, 27 g/L CH;COONa and 11 mL/L CH;COOH (VWR BDH Prolabo).
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Figure 35: Schematic view of the experimental assem  bly used for electrochemical dissolutions.
The oxidation-reduction reactions involved during the dissolution process are the followingll:
Oxidation reaction (anode): Zn — zZn**+ 2¢’
Reduction reaction (cathode): 2H"+2e” — H,
The composition of the electrolyte was chosen to keep the pH and the Zn*? concentration

constant during dissolution, as both parameters may influence the dissolution potential of the sample
surface with respect to SCE [83-86]. The couple CH;COONa / CH;COOH is used as a pH 4 buffer

1 In addition to these reactions, the reduction of oxygen would also occur at very low current densities (20-30 pA/cm?).
However, for the much higher current densities recorded during dissolution, this reaction can be neglected.
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[83-85]. The ZnSO,+7H,0 compound allows the Zn*? concentration of the electrolyte to be kept at a
very high value almost constant during the dissolution process [85,86].

When a potential difference between the working electrode and the SCE (E) is imposed, all the
phases present at the sample surface whose dissolution potential with respect to the SCE is lower will
be dissolved. The electrochemical potentials to be imposed in order to achieve the selective removal
of the different phases were determined with accurate electrochemical studies. They were found to be:
-950 mV/SCE for zinc removal only, -800 mV/SCE for zinc and ¢ rod crystals removal and -
680 mV/SCE for zinc and all Fe-Zn phases removal. The last potential would keep Fe,AlsZn, at the
sample surface if present. These electrochemical studies are described in detail in section 11.1.2.2 but
also in section 1.2 as they represent a means of characterization of the inhibition layer.

The current density J is measured as a function of time during dissolution at the chosen
imposed potential. Controled dissolution is over when the current density falls to zero. At this moment,
the sample is taken out of the electrolyte in order to avoid any further dissolution, which would occur
naturally from this time on. A typical current density against time curve recorded during dissolution at -
950 mV/SCE is depicted in Figure 36.
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Figure 36: Current density against time during elec  trochemical dissolution at imposed
potential of -950 mV/SCE for zinc removal only.

11.1.2.1.1.2. Thin films extraction technique

An extraction technique was then applied to the samples submitted to the electrochemical
dissolution at -680 mV/SCE in order to obtain thin Fe,AlsZn, films for analysis in the Transmission
Electron Microscope (TEM). The dissolved surface of the samples was rinsed and cleaned with
ethanol, submitted to the deposition of a 40 to 50 nm-thick carbon film by an Edwards E306A thermal
evaporator coating device and dipped into a 10 vol.% aqueous solution of 65 wt.% HNO; (Merck).
Prior to dipping, the carbon film was carefully scarified in order to make the HNO; solution penetrate
between the steel surface and the intermetallic layer. The steel in contact with the acid solution was
dissolved, causing the separation from the steel matrix of the intermetallic layer embedded into the
carbon film. Floating carbon films were then rapidly collected at the surface of the solution, rinsed with
ethanol and transferred onto copper grids for TEM observations. TEM bright field images of such
carbon films containing the extracted intermetallic layer are available in Figure 37.
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Figure 37: TEM bright field images of the carbon fi  Ims containing the intermetallic compounds
extracted from steels A (left) and B (right) after electrochemical dissolution at -680 mV/SCE.

11.1.2.1.2. Sample preparation techniques for cross  section characterization

11.1.2.1.2.1. Cross Section Polishing (CSP) sample  preparation

Cross section specimens for Scanning Electron Microscope (SEM) analysis were prepared by
argon ion beam Cross Section Polishing (CSP) in a JEOL SM-09010 device. Prior to this operation, a
mechanical polishing step was performed on one side of the galvanized steel samples in order to
reduce the sample thickness to around 400 ym. lon beam polishing from the steel matrix towards the
coating was then accomplished at an accelerating voltage of 6 kV and an ion beam current around
150 pA during a processing time of 3 h. The result of this operation is shown in Figure 38.

Zn coating

100pm s | (1] pi11

Figure 38: Low magnification SEM micrographs of the polished area of the CSP samples
prepared from steels A (left) and B (right).

11.1.2.1.2.2. Mechanically polished sample preparat ion

In parallel, cross section samples for Electron BackScattered Diffraction (EBSD) analysis were
prepared by means of an automatic polisher (Struers RotoPol-22 with RotoForce-4 head) with
diamond slurries of decreasing diamond abrasive size at each polishing step until reaching 0.25 ym
and subsequently submitted to a final polishing on the same device for 30 s using a colloidal silica
suspension (OP-U suspension from Struers, 0.04 ym granularity). The force applied in each polishing
step was of 30 N.

11.1.2.1.2.3. FIB thin foils preparation

Cross section thin foils for TEM analysis were prepared by Focused lon Beam (FIB) technology,
using a SMI 3050TB device from SlI Nanotechnology Inc. In order to obtain high-quality foils, samples
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were previously submitted to an electrochemical dissolution at -950 mV/SCE in order to remove the
zinc overlay. In addition, a very thin gold layer was deposited on the sample surface for conductivity
reasons before it was entered in the FIB device. Once in the FIB device, a local platinum deposition
was first conducted on the sample surface in order to protect the foil against the ion beam. The main
and coarsest milling operation was conducted with a gallium ion beam. The foil was then extracted
from the bulk material by means of a needle and then carbon-welded on the top of one of the four
teeth of a comb-shaped copper grid. An argon ion beam was subsequently used for the final thinning
as well as a cleaning source to remove possible gallium ion implantations within the foil. A schematic
explanation of how the FIB device works and the foils are prepared is available in Appendix E. The
final dimensions of the foils, depicted in Figure 39, are around 14 pm x 7 pm x 50 nm.

lﬂ}-l?_hitin e Pt and Au depaosition
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Figure 39: Low magnification SEM micrographs of the FIB foils prepared from steels A (left)
and B (right).

11.1.2.2. Sample characterization techniques

At first, the general structure of the inhibition layer was characterized through a controlled
selective electrochemical dissolution protocol coupled with Energy Dispersive Spectroscopy (EDS,
Thermo Scientific) surface analysis in a SEM (LEO DSM 982) (section 11.2.1). The electrochemical
protocol was performed by means of the experimental assembly and the electrolyte described in
section 11.1.2.1.1.1. It consisted in two consecutive dissolution steps. First of all, most of the zinc
coating was removed b%/ applying a dissolution potential of -950 mV/SCE until the density current was
reduced to 1000 yA/cm®. The open-circuit potential (OCP) of the sample surface was then followed-up
during the dissolution of the residual zinc, the inhibition layer and the steel surface. In order to limit
possible external interferences, the electrochemical cell was systematically located into a Faraday
cage. An example of the electrochemical curves obtained by means of this protocol is available in
Figure 40. From the so-obtained potential against time electrochemical curves, the characteristic
dissolution potentials of the phases constituting the inhibition layer were identified and samples at
different dissolution stages were prepared by applying these key potentials and analysed by EDS
surface analysis.
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Figure 40: Current density against time curve obtai ned at imposed potential of -950 mV/SCE up
to 1000 pA/cm ? for removal of most of the zinc coating (left), fo  llowed by OCP against time
curve until reaching bare steel surface (right).

In parallel, the CSP cross section samples were analysed by EDS (Bruker AXS XFlash 4010
SDD) in a SEM (JEOL JSM-7001F) with the same purpose of characterizing the general structure of
the inhibition layer (section 11.2.1).

In order to determine the nature of the phases present in the inhibition layer, the FIB thin foils
and extracted films were analysed by EDS (Bruker AXS XFlash 5030T SDD) and Electron Diffraction
in a TEM (JEOL JEM-2100F) at an accelerating voltage of 200 kV (sections 11.2.2.1 and 11.2.2.2).
Possible epitaxial relationships with ferrite have also been investigated (section 11.2.3.1).

The aluminium, iron and zinc concentration distribution within the different phase layers of the
inhibition layer was then investigated through Secondary lon Mass Spectrometry (Dynamic SIMS,
CAMECA IMS 7f) (section 11.2.3.2). The operating conditions were: cesium ion source (source voltage
of +10 kV, sample voltage of +5 kV), primary current of 2.5 nA, analysis chamber pressure of 6x10°
% mbar, sputtered area of 500 x 500 um?, analysed field of 250 ym in diameter (only a smaller area
located within the sputtered area is analysed in order to avoid edge effects), field diaphragm of 1800,
contrast diaphragm of 150 and mass resolution of 400 (widely opened input, output and energy slots).

Interest was also given to the geometrical features of the inhibition layer (section 11.2.3.3). Thus,
the crystals size and surface homogeneity of the different layers were characterized through high
resolution SEM micrographs obtained during surface analysis of the electrochemically dissolved
samples. Their thicknesses were determined by means of high resolution SEM and TEM micrographs
obtained during the analysis of the CSP and FIB cross section samples respectively. In addition, the
surface coverage, in the case of discontinuous layers, was determined from the SEM micrographs of
the CSP samples.

The aluminium uptake by the inhibition layer was then calculated from the estimated values of
thickness and surface coverage and the experimentally determined aluminium contents for each
phase layer (section 11.2.3.4).

Finally, EBSD analysis was performed in SEM (JEOL JSM-7001F) on the mechanically polished
and CSP cross section samples in order to obtain the steel surface grains orientation (section 11.3.1.3).
The first type of samples was specifically prepared for such analysis because the length of the
interface between the steel and the inhibition layer was considerably longer in these samples than in
the CSP samples. The EBSD camera was a Nordlvs model (Oxford Instruments). The acquisition
software was HKL Fast acquisition 1.3 (Oxford Instruments) and the analysis software was Project
Manager 5.10 (HKL Technology). The acquisition conditions were: voltage of 20 kV, working distance
of 15 mm, tilted angle of 70 °and step of 0.2 um.
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II.2. Experimental results

[1.2.1. General structure

The Open-Circuit Potential (OCP) against time electrochemical curves obtained on steel
samples A and B are presented in the left-hand side of Figure 41. As can be seen, both curves start at
around -1000 mV/SCE, the corrosion potential of zinc. Once the residual zinc has been removed,
dissolution of the different phases constituting the inhibition layer occurs progressively. When the
dissolution of the inhibition layer is over, the OCP of the sample surface stabilizes around -
600 mV/SCE, the corrosion potential of the steel substrate.

The electrochemical curve obtained on sample B (blue curve) suggests that the inhibition layer
is composed of two different phase layers as two different dissolution stages (arrows 1 and 2) can be
easily differentiated between the residual zinc and the steel matrix. In the case of sample A (red
curve), only the dissolution stage corresponding to the phase layer in direct contact with zinc can be
identified (arrow 1’).
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Figure 41: OCP against time electrochemical curves (left) and average Al/Zn mass ratio against
imposed potential (right) for steels A and B (X-ray energies of lines K 4 for aluminiumand L , for
zinc used for EDS quantification).

EDS surface analysis in SEM after surface electrochemical dissolution at different imposed key
potentials, identified from the just commented electrochemical curves, is shown in the right-hand side
of Figure 41. As can be observed, two different Al/lZn mass ratio populations ** can be easily
distinguished in both cases depending on the imposed potential. It can be deduced from these results
that the inhibition layer of both steels is composed of two different phases, the one in direct contact
with the steel having a higher Al/Zn mass ratio than the one on its top.

The previous results can be confirmed through SEM analysis performed on the CSP samples
obtained from steels A (Figure 42) and B (Figure 43): the inhibition layer is in both cases composed of
a very thin aluminium-rich phase layer ¥ and a thicker zinc-rich phase layer on top of it. It is also

12 As the interaction volume in SEM (accelerating voltage of 10 kV) is high enough to include into analysis the iron contribution
from the steel matrix, the Al/Zn mass ratio only is considered to characterize the different phases of the inhibition layer. Steels A
and B do not contain zinc and their aluminium content (Table 9) is negligible compared to the one of the phases constituting the
inhibition layer (Table 5).

3 One could conclude from the EDS mapping analysis in the right-hand side of Figure 43 that, in the case of steel B, the
aluminium-rich layer is actually as thick as the zinc-rich layer on its top. However, a drift problem occurred during EDS analysis
and the thicknesses obtained by this analysis are overestimated. The real thicknesses of both layers can be appreciated in the
corresponding micrograph in the left-hand side of Figure 43: the aluminium-rich layer is much thinner than the zinc-rich layer.
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important to highlight that the aluminium-rich layer is discontinuous in the case of steel A and nearly
continuous in the case of steel B. This observation, evidenced along the whole length of the CSP
samples (usable length of around 430 and 220 um for samples A and B respectively), could explain
the differences observed in the shape of the electrochemical curves. In the case of sample B, the
dissolution stage of the aluminium-rich layer is very likely easily differentiable because of the continuity
of this layer. During its dissolution, the potential of the sample surface remains almost stable at the
corrosion potential of this phase as the electrolyte is in contact with a monophased surface. On the
contrary, in the case of sample A, the discontinuity of the aluminium-rich layer makes the electrolyte to
be at any time in contact with two different phases (the aluminium-rich and zinc-rich phases at the
beginning, and the aluminium-rich phase and the steel substrate later). As their dissolution rates are
different, the surface of each phase in contact with the electrolyte is constantly being modified and the
potential of the sample surface is evolving continuously up to the moment that the whole inhibition
layer has been removed and the electrolyte is only in contact with the steel matrix. This is probably the
reason why the dissolution stage of the aluminium-rich layer cannot be distinguished in the
electrochemical curve of steel A.
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Figure 42: Cross section SEM micrograph (left) and EDS element mapping (right) of the
inhibition layer performed on the CSP sample prepar  ed from steel A.

Figure 43: Cross section SEM micrograph (left) and EDS element mapping (right) of the
inhibition layer performed on the CSP sample prepar  ed from steel B.

In addition, other crystals have been seldom found in both CSP samples. These crystals have
not been investigated in detail here but they are supposed to be ¢ crystals, based on their rod shape.
As already commented in section 1.3.1.3.3.3, several authors in the literature have reported the
presence of such crystals together with the inhibition layer [27,28,30,33,54,68,69]. A few further
considerations concerning these ¢ crystals will be given in section 11.3.1.1.

The two-layer structure was also confirmed by EDS analysis of the FIB thin foils performed in
the TEM. As shown in Figure 44 and Figure 45, the inhibition layer is composed in both cases of an
aluminium-rich phase layer with a zinc-rich phase layer on its top. It should be reminded that the gold
and platinum layers come from the FIB sample preparation (section 11.1.2.1.2.3). Once again, the
discontinuity of the aluminium-rich layer can be appreciated in the case of steel A (Figure 44).
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Finally, it is important to note that both FIB foils have been locally damaged by the ion beam
milling operation during their preparation. “Blurred zones” can be distinguished in the EDS mapping
images, where the foils are mechanically damaged. At these places, the steel surface may have been
slightly polluted with the aluminium-rich layer and this latter with the zinc-rich layer.

e | 1011171

Figure 44: Cross section TEM bright field image (le  ft) and EDS element mapping (right) of the
inhibition layer performed on the FIB foil prepared from steel A.
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Figure 45: Cross section TEM bright field image (le  ft) and EDS element mapping (right) of the
inhibition layer performed on the FIB foil prepared from steel B.

[1.2.2. Phase identification

11.2.2.1. Elemental analysis

The elemental composition of the two layers constituting the inhibition layer was investigated by
EDS analysis performed on the FIB thin foils in the TEM. The experimental results obtained for steels
A and B (Table 12) can be compared with the composition of the & and Fe,AlsZn, phases in
thermodynamic equilibrium with the liquid phase published in the literature by Chen et al. [7] (Table 5).

Table 12: EDS analysis of the two layers constituti  ng the inhibition layer performed in the TEM
on the FIB foils prepared from steels A and B.

Elements Steel A Steel B

Top layer Bottom layer Top layer Bottom layer
Al (wt.%) 27+0.1 24.1+0.8 2.7+0.1 385+1.2
Fe (wt.%) 12.0+0.4 443+1.4 11.1+0.4 36.9+1.2
Zn (wt.%) 85.3+2.6 31.6+1.0 86.2£2.6 24.6 £0.8
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As can be observed, very similar results have been obtained for both steels. The composition of
the top layer is consistent with the composition found by Chen et al. [7] for the & phase. The
composition of the bottom layer given by EDS is very close to the stoichiometric one for the Fe,AlsZn,
phase given by Chen et al. [7] but with slightly higher iron and zinc contents. It has been reported
before that both FIB foils had been locally damaged by the ion beam milling operation during their
preparation. It is therefore very likely that some pollution of the aluminium-rich phase layer with the
zinc-rich phase overlay may have occurred at this time.

In order to validate the chemical composition of the aluminium-rich phase, EDS analysis was
performed in the TEM on the films extracted from the sample surface after electrochemical dissolution
at -680 mV/SCE. At this potential, zinc and Fe-Zn phases are removed and the aluminium-rich layer is
kept at the sample surface. The so-obtained results for steels A and B are summarized in Table 13.

Table 13: EDS analysis of the aluminium-rich layer of the inhibition layer performed in the TEM
on the films extracted from steels A and B after su rface electrochemical dissolution at -

680 mV/SCE.
Elements Steel A Steel B
Al (wt.%) 443 +1.4 493+15
Fe (wt.%) 36.4+1.2 36.7+1.1
Zn (wt.%) 19.3+0.7 14.0+0.5

The chemical composition of the aluminium-rich phase given by the EDS analysis performed on
the extracted films is consistent, especially in the case of steel A, with the chemical composition of the
Fe,AlsZn, phase given by Chen et al. [7]. It should be recalled that, according to the Al-Fe-Zn ternary
phase diagram at 450 C from Tang [10] (Figure 10), the Fe,AlsZn, phase can dissolve up to around
20 wt.% Zn. The composition of this phase given by Chen et al. [7] is actually the one at its zinc
solubility limit. Although the composition of the aluminium-rich phase given by EDS analysis in the
case of steel B slightly differs from the one reported by Chen et al. [7] for a zinc-saturated Fe,AlsZn,
phase, it falls within the composition domain for this phase in the Al-Fe-Zn ternary phase diagram.

It can be summarized that the compositions of the zinc-rich and aluminium-rich phase layers
constituting the inhibition layer given by the EDS analysis performed in the TEM on the FIB thin foils
and extracted films correspond to the stoichiometric ones for the & and Fe,AlsZn, phases respectively.
The assumption that the aluminium-rich phase layer is polluted with the & phase on its top in the case
of the FIB foils can be confirmed as well.

[1.2.2.2. Chemical nature

The chemical nature of the two layers constituting the inhibition layer was determined by
Electron Diffraction performed on the FIB foils for the zinc-rich layer and on the extracted films for the
aluminium-rich layer in the TEM. The diffraction patterns obtained are presented in Figure 46 and
Figure 47.
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Figure 46: Electron diffraction patterns of the zin c-rich phase of the inhibition layer performed
in the TEM on the FIB foils prepared from steels A (left) and B (right).

In Figure 46, the electron diffraction patterns obtained experimentally on both steels for the zinc-
rich layer are compared with the electron diffraction patterns calculated from the Joint Committee on
Powder Diffraction Standards (JCPDS) file #045-1186 for the & phase (hexagonal lattice, space group
P, lattice parameters a =b =1.2799 nm, ¢ = 5.759 nm) by means of the Diffraction-Workshop software
(version 2.1) *. The measured distances and angles of the zinc-rich layer are characteristic of the &
phase (in the [-2 2 -1] and [-3 -2 -1] incidence electron planes for the examples chosen).

o1

Figure 47: Electron diffraction patterns of the alu minium-rich phase of the inhibition layer
performed in the TEM on the films extracted from st eels A (left) and B (right) after surface
electrochemical dissolution at -680 mV/SCE.

In Figure 47, the electron diffraction patterns obtained experimentally on both steels for the
aluminium-rich layer are compared with the electron diffraction patterns calculated from the JCPDS file
#049-1381 for the Fe,AlsZny 4 phase (base-centered orthorhombic lattice, space group Cmcm, lattice
parameters a = 0.7656 nm, b =0.6407 nm, c =0.4241 nm) after slight adjustment of the lattice
parameters (a =0.767 nm, b =0.641 nm, ¢ =0.424 nm). The measured distances and angles of the

14 The Diffraction-Workshop software (version 2.1) is a software for the analysis of diffraction patterns developed by Prof.
Epicier from the INSA Lyon. From a database with different phases defined by their lattice system, angles and parameters, this
software proposes the phase and zone axis which matches the best with the experimental diffraction pattern and provides the
theoretical diffraction pattern. For the present study, the database was composed of all the Fe-Zn and Fe-Al compounds.
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aluminium-rich layer are characteristic of the Fe,AlsZn, phase (in the [3 2 1] and [0 O 1] incidence
electron planes for the examples chosen).

It can therefore be confirmed that the inhibition layer formed on steels A and B is actually
composed of a very thin layer of the Fe,AlsZn, phase on the steel substrate and a thicker layer of the &
phase on top of it. The main difference observed in the structure of both inhibition layers is the clear
discontinuity of the thin layer of Fe,AlsZn, in the case of steel A.

[1.2.3. Other features

Other important features of the inhibition layer formed in GA baths, such as possible epitaxial
relationships, element concentration distribution as well as geometrical features (thickness, surface
area fraction covered by Fe,AlsZn, or crystal size and homogeneity of its two constituting phases)
have been investigated. Finally, interest was also given to the aluminium uptake by the inhibition layer.

11.2.3.1. Epitaxial relationships

Brief literature review

Some researchers [23,33,43-45] have observed epitaxial relationships between steel and
Fe,AlsZn, in the field of hot-dip galvanizing.

Guttmann [23] reported that Fe,AlsZn, can grow in epitaxial relationship on certain ferrite grain
orientations: (311)FezAls I (110) and possibly (2 21)FezAls /l (110)Fe . When the epitaxial growth

is possible for a given ferrite grain orientation, the Fe,AlsZn, phase should form in colonies of crystals
with identical orientation separated by very low angle boundaries. Conversely, at the emergence of
steel grain boundaries, adjacent colonies of Fe,AlsZn, crystals with different orientations should meet
each other and form random boundaries, characterized by higher angles. A schematic representation
of the epitaxial Fe,AlsZn, inhibition layer suggested by Guttmann [23] is shown in Figure 48.
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Fe2AlS grain boundaries in Fe2Al5 : oxide
colony : low angle  high angle precipitate
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Figure 48: Proposed grain boundary structure of the Fe,AlsZn, inhibition layer due to epitaxial

nucleation on the steel (Guttmann [23]).

Several other orientation relationships between Fe,AlsZn, and ferrite can be found in the
literature:

« (130),,, /(201),, , [00d]., /|10l (=3
) (001)F92A'5 I (Oll)Fea ' I._léolFezAls Z |._100]Fea [44];
. (110, #[111,, . (001),,, #(011), and(110),, /#(211)., w3l
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The few orientation relationships between ferrite and Fe,AlsZn, found in the literature are
different from one reference to another. The main goal here is to contribute new experimental data on
these orientation relationships.

Present study

In the framework of the present study, electron diffraction in TEM was performed in the vicinity
of the steel / inhibition layer interface of the FIB foil prepared from steel A in order to evidence possible
epitaxial relationships between ferrite and Fe,AlsZn,. The experimental electron diffraction pattern
obtained in this zone is available in Figure 49.

Figure 49: Electron diffraction pattern of the stee |/ Fe,AlsZn, interface performed in the TEM on
the FIB foil prepared from steel A.

Some simulations were then carried out by means of CaRIne Crystallography 3.1 software in
order to reproduce as much as possible the electron diffraction pattern obtained experimentally. It
should be noted that the positions of zinc atoms in substitution of iron or aluminium atoms within the
unit cell of the Fe,AlsZn, phase still remain unknown and no model with the precise position of each
atom within this unit cell is therefore available in the literature. As a result, the Fe,Als unit cell models
from Burkhardt et al. [87] and Chen et al. [88] were used by default for the simulations. Data needed to
simulate the Fe,Als unit cell (base-centered orthorhombic lattice, space group Cmcm) are available
from Table 14 to Table 16. Table 14 contains the lattice parameters of Fe,Al; according to the two
previous models. As it can be seen, these values are very close to the ones used in section 11.2.2.2 to
simulate Fe,AlsZn, satisfactorily, which would mean that the lattice parameters of Fe,Al; are not
strongly influenced by the substitution of iron or aluminium atoms by zinc atoms. The atomic positions
in the Fe,Als unit cell, according to the model proposed by Burkhardt et al. [87] (resp. Chen et al. [88]),
are available in Table 15 (resp. Table 16). In order to simulate the ferrite unit cell (body-centered cubic
lattice), lattice parameters of a = b = ¢ =0.2866 nm have been considered (JCPDS file #006-0696).

Table 14: Lattice parameters of Fe ,Als according to the models of Burkhardt et al. [87] and
Chen et al. [88].

Lattice parameters (nm)  |Burkhardt et al. [87] Chen et al. [88]
a 0.7656 0.7653
b 0.6415 0.6411
c 0.4218 0.4229
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Table 15: Atomic positions in the Fe  ,Als unit cell according to the model of Burkhardt et al. [87].

Type of site  |Multiplicity Wyckoff letter Occupation factor ™ Coord;nates .
Fe 4 c 1 0 0.8277 0.25
Aly 8 g 1 0.1880 | 0.1467 0.25
Al, 4 b 0.32 0 0.5 0
Al; 8 f 0.24 0.5 0.034 0.830

Table 16: Atomic positions in the Fe  ,Als unit cell according to the model of Chen et al. [88].

Type of site  |Multiplicity Wyckoff letter Occupation factor x Coord;nates -
Fe 4 c 1 0 0.332 0.25
Aly 8 g 1 0.18 0.65 0.25
Al, 4 a 0.7 0 0.5 0

The results of the simulation work are shown in Figure 50 and Figure 51 together with the
experimental diffraction pattern. The calculated diffraction patterns of ferrite and Fe,Als are in blue and
red colour respectively. Figure 50 (resp. Figure 51) presents the simulation of the electron diffraction
pattern for the Fe,Als unit cell using the model from Burkhardt et al. [87] (resp. Chen et al. [88]). In
both cases, the following epitaxial relationship between ferrite and Fe,AlsZn, is very likely the one
which matches the best with the experimental electron diffraction pattern:

(221)Fe2AI5 // (110)Fea’ [314]F92AI5 // I._:I'Ol]Fea

Figure 50: Electron diffraction patterns of ferrite (in blue) and Fe ,Al5 (in red) corresponding to
the epitaxial relationship (2 21)Fe2A|5 I (110),, . [314]Fe2A|5 I [1 01]Fe simulated with CaRIne

Crystallography 3.1 software (Fe ,Als unit cell described by the model from Burkhardt et al.
[87]); superposition with the electron diffraction pattern obtained experimentally (grey
diffraction spots).
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Figure 51: Electron diffraction patterns of ferrite (in blue) and Fe ,Als (in red) corresponding to
the epitaxial relationship (2 21)Fe2A|5 I (ZI.lO)Fe , [314]FeZAIS Il [l 01er simulated with CaRlIne

Crystallography 3.1 software (Fe ,Als unit cell described by the model from Chen et al. [88]);
superposition with the electron diffraction pattern obtained experimentally (grey diffraction
spots).

As can be appreciated in Figure 50 and Figure 51, the simulated electron diffraction patterns are
quite in line with the experimental one. The position of the experimental spots matches very well with
the position of the calculated ones. However, in the case of the Fe,AlsZn, phase, the intensities of the
experimental diffraction spots (Fe,AlsZn,) are different from the simulated ones (Fe,Als). Indeed, the
intensities of the spots depend on the nature of the atoms present within the unit cell and, as told
before, the unit cell of Fe,Als was used for simulations instead of that of Fe,AlsZn,. It would be
interesting to know precisely how iron and / or aluminium atoms are substituted by zinc atoms in the
unit cell of Fe,AlsZn, in order to check whether or not the intensities of the spots given by simulations
when using the correct unit cell are in line with the experimental ones.

In any case, it can be confirmed that a precise epitaxial relationship between ferrite and
Fe,AlsZn, has been found in this study. Although this epitaxial relationship has never been reported
before in the literature, the same relationship between planes had already been suggested by
Guttmann [23].

[1.2.3.2. Element concentration distribution

SIMS work was conducted on samples of steels A and B after removal of most of the zinc
overlay in order to study the aluminium, iron and zinc concentration distribution within the two phase
layers of the inhibiting structure. The element concentration profiles given by SIMS for two trials
performed on steels A and B are presented in Figure 52.
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Figure 52: SIMS concentration profiles within the i nhibition layer of steels A (left) and B (right).

In both cases, the SIMS profiles are reproducible and the two phases of the inhibition layer can
be easily differentiated: the zinc-rich layer at the sample surface (sputtering time range of 0 - 10000 s)
and the Al-rich layer (sputtering time range of 8000 - 12000 s). The measured concentrations for the
top layer are those corresponding to the & phase (Table 5). However, the obtained concentrations for
the bottom layer are very different from those corresponding to the Fe,AlsZn, phase (Table 5). In
particular, the aluminium content is significantly lower than the stoichiometric one, especially in the
case of steel A. In order to explain this observation, it can be assumed that the Fe,AlsZn, phase layer
is so thin that, due to little surface irregularities, sputtering can occur in the three phases, namely
Fe,AlsZn,, & and steel, at the same time. The discontinuity of the Fe,AlsZn, phase (Figure 42) leads to

an aluminium content of this phase measured in the case of steel A substantially lower compared to
steel B.

In order to try to obtain the real concentrations within the Fe,AlsZn, phase, additional SIMS
profiles have been performed on both steels after removal of zinc and Fe-Zn phases. The results
obtained for two trials on steels A and B are available in Figure 53.
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Figure 53: SIMS concentration profiles within the F  e,AlsZn, layer of steels A (left) and B (right).
In this case, sputtering was expected to occur directly on the thin layer of Fe,AlsZn, kept on the

steel surface. From the sample surface (sputtering time of 0s), a thin oxygen-rich layer is first
identified, indicating that the sample surface has been oxidized or hydroxidized. The layer of Fe,AlsZn,
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identified previously can then be distinguished. Although its aluminium content is, as expected,
considerably higher than the one on the SIMS profiles of Figure 52, it still remains low, especially in
the case of steel A. This observation is supposed to be due to the discontinuity of the Fe,AlsZn, layer,
and will be discussed in detail later in section 11.2.3.3.2.

The SIMS profiles could be used to determine the thickness of the different intermetallic
compounds constituting the inhibition layer. However, this analysis is not possible for at least two
reasons. The two interfaces (6 / Fe,AlsZn, and Fe,AlsZn, / steel) are almost as extended as the
phases themselves. For instance, an increase in the aluminium concentration corresponding to the
sputtering of Fe,AlsZn, is detected at the same time as a high concentration of zinc corresponding to
the sputtering of & (Figure 52). In addition, the sputtering rates are significantly different from one
phase to another.

Although the previous element concentration profiles can provide valuable general information
(the two phases constituting the inhibition layer can be easily identified), it is important to highlight that
the SIMS technique presents important limitations for the current study and that any quantitative data
extracted by means of this technique must be taken with caution.

[1.2.3.3. Geometrical features

11.2.3.3.1. Thickness

In order to obtain reliable data, the average thicknesses of the two phases constituting the
inhibition layer were estimated from measurements performed on the CSP samples and FIB foils. &
thickness measurements on SEM micrographs taken on the whole length of the CSP samples were
carried out every 3-4 ym approximately (105 measurements for steel A and 66 for steel B). As will be
seen in section 1.2.3.3.2, these micrographs were also used to determine the steel surface area
fraction covered by Fe,AlsZn,. In parallel, Fe,AlsZn, thickness measurements were performed on TEM
micrographs throughout the length of the FIB thin foils (9 measurements for steel A and 15 for steel
B). Examples of these micrographs are available in Figure 54 for steel A and Figure 55 for steel B.
The results of the thickness measurements are shown in Table 17.
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Figure 54: Examples of cross section SEM micrograph performed on the CSP sample obtained
from steel A used to determine its & phase average thickness and Fe ,AlsZn, surface coverage
(top) and cross section TEM bright field image perf ~ ormed on the FIB foil prepared from the
same steel used to determine its Fe ,AlsZn, average thickness (bottom).
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Figure 55: Examples of cross section SEM micrograph performed on the CSP sample obtained
from steel B used to determine its & phase average thickness and Fe ,AlsZn, surface coverage
(top) and cross section TEM bright field images per ~ formed on the FIB foil prepared from the
same steel used to determine its Fe ,AlsZn, average thickness (bottom).

Table 17: Estimation of the & and Fe,AlsZn, average thicknesses from measurements
performed on the CSP and FIB micrographs.

Steel & (nm) ? Fe,Alszn, (nm) °
A 197 £ 61 24,1 +£3.8
B 248 £+ 77 23.2+11.0

% estimated from the SEM observations of the CSP samples;
® estimated from the TEM observations of the FIB samples.

As can be seen in Table 17, the thicknesses obtained are fairly the same in both steels: the
Fe,AlsZn, layer has been found to be around 20 nm-thick and the & layer around 200 nm-thick.

However, thickness measurements are subjected to some uncertainty. As far as the & layer is
concerned, measurements were relatively reliable. Indeed, & thickness measurements were
performed on the same type of SEM micrographs as depicted in the top of Figure 54 and Figure 55 at
a magnification such that 20 mm in the image corresponded to the real distance of 1 ym. The error
associated with the measurement itself may be estimated at around 0.5 mm, which corresponds to
25 nm in reality. If this approximate value is now compared to the standard deviations calculated from
measurements (61 and 77 nm for steels A and B respectively) and the average thicknesses obtained
are taken into account (197 and 248 nm for steels A and B respectively), one can conclude that the
thickness of the & layer varies substantially along the CSP samples. On the contrary, the thickness
measurements performed on the Fe,AlsZn, layer may be open to more criticism. The number of
measurements and the length through which they were taken are much smaller than in the case of the
0 layer. Measurements were performed on TEM bright field images, as the ones shown in the bottom
of Figure 54 and Figure 55, but at different magnifications. As for the © layer, the error in the thickness
measurement can be estimated at around 0.5 mm, which corresponds, for the range of magnifications
used, to about 2-3 nm in reality. Again, if this range of values is compared to the standard deviations
calculated from measurements (3.8 and 11.0 nm for steels A and B respectively) and the average
thicknesses obtained are taken into account (24.1 and 23.2 nm for steels A and B respectively), one
can conclude that the thickness of the Fe,AlsZn, layer changes along the FIB thin foils. This
appreciation, particularly tangible in the case of steel B, can be clearly evidenced in Figure 45, where
the thickness of the Fe,AlsZn, layer formed on this steel reaches about 55 nm.
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11.2.3.3.2. Surface coverage

The SEM observation of the CSP samples (Figure 42 and Figure 43) and the SIMS depth
profiles (Figure 52) are consistent with each other in the fact that they both indicate that the & phase
layer is a completely covering layer. The SEM observations of the CSP samples also indicated that
the Fe,AlsZn, layer is clearly discontinuous in the case of steel A but fairly continuous in the case of
steel B.

In order to obtain reliable data, the steel surface area fraction covered by Fe,AlsZn, was
estimated from the ratio between the total length of dark segments, corresponding to Fe,AlsZn,, and
the total length of interface (this ratio is called segment density) precisely measured on the CSP
samples by means of the same type of micrographs as depicted in the top of Figure 54 and Figure 55
for steels A and B respectively. Although the interface was generally flat, some interfacial curvatures
were occasionally present (Figure 54 top). As a result, the real length of interface was rigorously
considered in both cases. The estimation of surface coverage by Fe,AlsZn, is justified by the work of
geologists: Delesse [89] demonstrated in 1847 that the area density A, of randomly-oriented particles
measured in a random cross section of a sample is equivalent to their volume density Vy in the whole
sample; Rosiwal [90] demonstrated in 1898 that the segment density L, (i.e., the length of the
intersection of a line with the particles over the total length of the line) is equivalent to the volume
density, thus confirming and simplifying the principle put forward by Delesse [89]. These two
principles, depicted in Figure 56, justify the methodology chosen here to determine the surface
coverage by Fe,AlsZn,. More particularly, the principle applied is the one formulated by Rosiwal [90],
with the assumption that the thickness of the Fe,AlsZn, layer remains constant. It might also be seen
that the number of Fe,AlsZn,—free segments and their average measured lengths compared to the
total length of the interface is highly sufficient to consider that the so-obtained results of surface
coverage by Fe,AlsZn, are representative of both steel samples (Table 18).
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Figure 56: Schematic representation of the principl es from Delesse [89] and Rosiwal [90] ( Vv,
A, and L, are the volume, area and segment densities respect ively).

Table 18: Estimation of the surface coverage by Fe  ,AlsZn, from measurements performed on
the CSP micrographs.

Number of Average length of the
Steel Fe,AlsZn,-free Fe,Al SZ%X—freg segments Surface coveragoe by Total length
segments (|Jm) FeZAI San 1:S (A)) (p-m)
A 244 0.84 £0.70 52.1 428
B 33 0.82 +0.69 87.6 218

11.2.3.3.3. Crystal size and homogeneity

The crystal size and homogeneity of the two phase layers constituting the inhibition layer was
evaluated from surface SEM micrographs after selective electrochemical dissolution either of zinc and
¢ rod crystals at -800 mV/SCE, in the case of the & phase layer characterization, or of zinc and Fe-Zn
phases at -680 mV/SCE, in the case of the Fe,AlsZn, phase layer characterization.
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The general surface appearance of the & phase layer can be appreciated in Figure 57 for steels
A (left) and B (right). As can be seen, the crystals are well defined in both cases. As far as concerned
the homogeneity of this layer, two zones with different morphologies have been identified in both
cases: “compact zones” with small crystals and “porous zones” with slightly coarser crystals. These
two morphologies can easily be distinguished in the surface SEM micrograph of steel B, especially
with the zoomed area presented in Figure 58. The compact morphology only is present in the surface
SEM micrograph of steel A. No difference in the Al/Zn mass ratio given by EDS surface analysis in
SEM has been found between these two zones. It is very likely that the “porous zones” can be the
result of a deeper attack during the electrochemical dissolution (it seems that some intergranular
corrosion has occurred in the left-hand side of Figure 58). But, in any case, a substantial difference in
the crystal size between the two zones can be appreciated. Considering the thickness of the & layer
(Table 17) and the present micrographs, it can be deduced that the & layer is composed of pancake-
shaped crystals. The characteristic dimension of these crystals varies between 200 and 500 nm in the
compact zones and between 300 nm and 1 um in the porous zones (Figure 58).

Porous zone Compact zone

Figure 57: Surface SEM micrographs of the inhibitio n layer of steels A (left) and B (right) after
electrochemical dissolution at -800 mV/SCE.
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Figure 58: Zoomed area of the surface SEM micrograp  h of the inhibition layer of steel B after
electrochemical dissolution at -800 mV/SCE (Figure 57 right).

The overall surface appearance of Fe,AlsZn, is shown in Figure 59 for steels A (left) and B

(right). Fe,AlsZn, is corroded by the electrochemical dissolution at -680 mV/SCE, as shown by the
pitting corrosion in Figure 59 (see arrows). Even if Fe,AlsZn, was found to be discontinuous in the
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case of steel A, the steel surface is not visible after the electrochemical dissolution. It could be due to
the oxidation of Fe,AlsZn,, enlightened before by the SIMS analysis in the same conditions (Figure
53). Several experiments performed to improve the quality of the Fe,AlsZn, layer were undertaken
(electrochemical dissolution at -630 mV/SCE, immersion into fuming HNO3, Appendix F). The surfaces
obtained were similar as the ones presented in Figure 59 and the mean crystal size cannot be
measured from these experiments, probably due to the oxidation of Fe,AlsZn,.

Fitting corrosion
P

Figure 59: Surface SEM micrographs of the inhibitio n layer of steels A (left) and B (right) after
electrochemical dissolution at -680 mV/SCE.

11.2.3.4. Aluminium uptake by the inhibition layer

As stated at the beginning of this chapter, a fine knowledge of the nature of the inhibition layer
allows estimating the aluminium uptake by this layer (i.e., the aluminium flux consumed by the growth
of the inhibition layer) accurately and, consequently, to control easierly the bath aluminium content. In
order to calculate this quantity, the chemical composition (Table 12 and Table 13), thickness (Table
17) and surface coverage (Table 18) obtained experimentally for the two phase layers constituting this
inhibition layer have been used. The densities of the two phases at room temperature must also be

considered (0, = 7250 kg m™ for & [3] and Pre,nzn, = 4570 kg m’ for Fe,AlsZn, [32]).

— \aFEAIZN, J
My =Wy*° - Pre,azn, - fs -Cre, Az, Wy .05 -I,(l' fS)'eFezAlsznx +ea] (I.1)
where my is the aluminium uptake by the inhibition layer (Table 19), fg the surface area
fraction covered by Fe,AlsZn, (Table 18), e,:eZAISan and €; the thicknesses of the Fe,AlsZn, and &

layers (Table 17), W,':,ezA'5Z”* and Wi, the aluminium weigth fraction in Fe,AlsZn, (Table 13) and in
(Table 12).

The so-obtained results of aluminium uptake by the inhibition layer are available, for steels A
and B, in Table 19.

Table 19: Estimation of the aluminium uptake by the inhibition layer from the chemical
composition, thickness and surface coverage obtaine d experimentally for its two constituting
phase layers.

Steel |Aluminium uptake by the inhibition layer (g/m 2)
A 0.066 + 0.02
B 0.095 + 0.04
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As can be seen from Table 19, the inhibition layer formed on steel B consumes 40% more
solute aluminium mass than the one on steel A.

The values of aluminium uptake by the inhibition layer obtained in the present study can be
compared with those obtained by Isobe [55] (Figure 17 right). According to this author, the aluminium
uptake by the inhibition layer after 3 s of immersion (1.4 and 1.9 s for steels A and B respectivelzy) ina
galvanizing bath at 470 < (450 and 460 < for stee Is A and B respectively) is about 0.02 g m™, for a
bath aluminium content of 0.112 wt.% (steel A), and about 0.09 g m, for a bath aluminium content of
0.128 wt.% (steel B). In spite of the different galvanizing conditions, the aluminium uptake by the
inhibition layer in the case of steel B is totally in line with the results from Isobe [55]. However, the
aluminium uptake by the inhibition layer of steel A is considerably higher (3 times) than the one
reported by the previous researcher. This difference is difficult to evaluate because of the just reported
different galvanizing conditions. In any case, the results obtained here for both steels are of the same
order of magnitude than those published by Isobe [55].

[1.3. Discussions

In the following sections, a discussion is held concerning the mechanism of formation of the
inhibition layer in GA baths, its dependence on the steel surface state and the bath conditions (section
11.3.1) and its final structure and phase composition (section 11.3.2).

[1.3.1. Mechanisms of formation of the inhibition | ayer

[1.3.1.1. General mechanisms

It has been seen in section 1.3.1.3 that a general agreement exists in the literature concerning
the mechanisms accounting for the formation of the inhibition layer: wetting of the steel surface by the
liquid zinc, iron dissolution from the steel surface, iron supersaturation at the steel / liquid zinc
interface and nucleation and growth of the inhibition layer.

It has been demonstrated in this study that the inhibition layer formed in typical GA baths is
actually composed of two different phase layers: a Fe,AlsZn, layer, in epitaxial relationships with the
underlying ferrite grains, and a & layer on top of it. This microstructure is in agreement with the one
proposed by Yamaguchi and Hisamatsu [47] for this kind of baths (section 1.3.1.3.3.1). These authors
suggested that the Fe,AlsZn, layer nucleates first on the steel surface, followed by the subsequent
nucleation of the & layer at the Fe,AlsZn, / liquid zinc interface. The present study provides some
interesting elements allowing supporting this assumption. Figure 60 shows a high resolution cross
section micrograph of steel A, for which the Fe,AlsZn, layer was found to be discontinuous. As can be
observed, several “holes” appear along the steel / coating interface in those zones where Fe,AlsZny
has not nucleated. The mechanism proposed is therefore the following: Fe,AlsZn, would first nucleate
and grow at some places only on steel A. The iron dissolution would therefore be stopped in those
zones where Fe,AlsZn, is present while it would proceed in the adjoining areas, giving rise to the
observed “holes”, which would then be occupied by the subsequent nucleation of the d phase.

w000

Figure 60: High resolution cross section micrograph illustrating that the iron dissolution from
the steel surface lasts a longer time in those zone s where Fe ,AlsZn, is not present (presence of
“holes”) (steel A).
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Yamaguchi and Hisamatsu [47] assumed that the nucleation of the & phase layer at the
Fe,AlsZn, / liquid interface is due to a depletion of the aluminium concentration at this location. This
mechanism is evaluated here by the calculation of the orders of magnitude of two characteristic
lengths (Table 20): the Characteristic Diffusion Length (CDL) of aluminium in the galvanizing bath for
typical times necessary for the growth of a covering layer of Fe,AlsZn, (around tyown = 0.2 s according
to Giorgi [32]) and the critical length (L) in the bath including the quantity of aluminium necessary to
make such a covering layer with the measured thickness and composition for each steel:

CDL = /DA™ .tyoun (11.2)

Fe,AlsZn,
_ Wa

crit

'IOFezAlsznx . eFezAISZnx
pZn 'WAI

(11.3)

The diffusion coefficient of aluminium in liquid zinc D,f,”(L) has been chosen to be equal to

5x10° m?.s™ [91] and the density of liquid zinc 0., to 6525 kg m™ [73], both of them evaluated at
450 T in spite of the slight difference in the bat h temperature between both samples.

The Characteristic Length of Diffusion CDL is higher than the critical length L. It means that
the growth of the Fe,AlsZn, layer is not limited by the availability in aluminium in the galvanizing bath.
Neither the discontinuity of Fe,AlsZn, in the case of steel A nor the nucleation of & on top of Fe,AlsZn,
in the case of both steels should be explained by means of such depletion.

Table 20: Comparison between the Characteristic Dif ~ fusion Length ( CDL) and the critical length
(L¢rit) necessary for the growth of a complete layer of F e,AlsZn,.

Steel | Than (T) *| DAY (m¥s) [91] ® |tgrowen () °| CDL (M) ¢ |y (WL.%) © |Lerie (um) |
A 450 5x107° 0.2 31.6 0.112 6.7
B 460 5x10” 0.2 31.6 0.128 6.3

% path temperature; ® diffusion coefficient of aluminium in liquid zinc; © time of growth of a complete
layer of Fe,AlsZn,; 4 characteristic diffusion length; © bath aluminium content; "eritical length for the
nucleation and growth of the complete layer of Fe,AlsZn,.

It is therefore thought that the nucleation of the & phase after Fe,AlsZn, is due to the attempt of
the system to reach thermodynamic equilibrium along all interfaces. Metastable Fe,AlsZn, would
nucleate prior to the nucleation of stable & due to epitaxial relationships with ferrite, which lower the
surface energy for the nucleation of Fe,AlsZn, compared to 6. The Fe,AlsZn, / liquid zinc interface is
then out of equilibrium and the system requires the nucleation of the & phase to reach thermodynamic
equilibrium along its interfaces. These mechanisms can easily be understood by means of the
schematic path on the Al-Fe-Zn ternary phase diagram at 460 C of Figure 61. To be rigourous, the
representation of a diffusion path, real or virtual, in the ternary phase diagram only makes sense when
describing a microstructure whose all interfaces are at thermodynamic equilibrium. In spite of the
previous consideration, it has been decided to do so here in order to illustrate that Fe,AlsZn, cannot be
in thermodynamic equilibrium with a liquid zinc with an aluminium content typical of GA production
(that is the reason why this part of the path has be represented by a dotted line) and this leads to the
subsequent nucleation of & (the diffusion path obtained will be presented later in Figure 73). Once the
0 phase has nucleated on top of Fe,AlsZn,, the inhibition layer would grow. The & / liquid zinc interface
is expected to evolve by the consumption of the iron supersaturation first and then by diffusion of iron
from the steel matrix towards the liquid zinc together with the Fe,AlsZn, / d interface.
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Fe

Figure 61: Schematic path on the Al-Fe-Zn ternary p  hase diagram at 450 - 460 C showing a
non-equilibrium situation along the Fe  ,AlsZn, / liquid zinc interface in the case of GA baths
(bottom) and temporary corresponding microstructure (top).

It is important to mention that metastable ¢ rod crystals have also been observed within the
inhibition layer of both steels A and B. As detailed in section 1.3.1.3.3.3, the formation of these crystals
may have two origins: they can be formed as colonies of the same orientation during immersion in the
zinc bath due to epitaxial relationships with the underlying ferrite grains; or they are formed as
randomly orientated crystals called by Leprétre [33] as evanescents during the rapid solidification of
the coating at the exit of the bath after wiping from an iron supersaturated liquid zinc. The quantity of
crystals with the first origin is expected to increase when the bath aluminium content is lowered as
their metastability is reduced. On the contrary, the quantity of evanescent crystals should not depend
on the bath aluminium content but should depend on the immersion time.

Two C crystals can be distinguished in the cross section SEM micrographs of Figure 42 (steel A)
and Figure 43 (steel B). It is difficult to conclude from these micrographs what the origin of these
crystals is.

In order to characterize both the type and quantity of the  crystals present in the case of steels
A and B, SEM surface characterization of samples electrochemically dissolved at -950 mV/SCE has
been carried out. Only zinc is removed at this dissolution potential. Micrographs representative of the
so-obtained microstructures are shown in Figure 62. While several colonies of epitaxial ¢ crystals
combined with some evanescent ( crystals were observed in the case of steel A, very few epitaxial ¢
crystals and mainly evanescent C crystals (in similar quantity compared to steel A) were present on
steel B. It should also be noted how the epitaxial { rod crystals seem to nucleate and grow locally from
the steel surface, as their bottoms are hidden by the & layer, and how the evanescent { crystals
nucleate after the formation of the & layer, as they are clearly fully visible on top of this layer.
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Figure 62: Surface SEM micrographs of the inhibitio n layer of steels A (left) and B (right) after
electrochemical dissolution at -950 mV/SCE.

In addition, it can be deduced from this study that the epitaxial { rod crystals do not only
nucleate directly on the ferrite grains, but also on the Fe,AlsZn, layer. For instance, from the cross
section SEM micrograph in the right-hand side of Figure 63 corresponding to steel B, the very few
epitaxial ¢ crystals observed nucleate on top of the Fe,AlsZn, layer, the border between the ¢ rod
crystals and the Fe,AlsZn, and & layers being well defined. This local microstructure may also be
appreciated in the case of the ¢ crystal of Figure 43 (especially in the left-hand side of this crystal) and
could represent an additional element to support the epitaxial nature of this particular crystal. Similar
behaviour has been found in the case of steel A, as can be seen in the left-hand side micrograph of
Figure 63. The ion beam polishing during the preparation of the CSP sample from this steel seems to
have broken some of the epitaxial ¢ rod crystals away from their nucleation surfaces, revealing that
their nucleation occurs either on the Fe,AlsZn, layer or on the underlying steel grains. However, this
assumption needs to be confirmed by further characterizations. The Fe,AlsZn, layer, formed in epitaxy
with ferrite, could therefore act as a medium of crystallographic orientation transfer between ferrite and
C crystals.
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Figure 63: Cross section SEM micrographs of the inh ibition layer performed on the CSP
samples obtained from steels A (left) and B (right) showing the nucleation of epitaxial ¢ rod
crystals on the Fe ,AlsZn, layer.

The randomly-oriented ¢ rod crystals formed during solidification of the sample will obviously
nucleate on top of the d layer or within the liquid zinc. As advanced in section 1.3.1.3.3.3, these
crystals are expected to be an artefact of the experimental procedure applied to study the inhibition
layer so they will not be considered any longer in further discussions.
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As can be seen, the mechanisms of formation of the inhibition layer formed in typical GA baths
are more complex than expected, as ruled by the competition between the nucleation of epitaxial
metastable Fe,AlsZn, and ¢ and stable & on the steel surface. This competition will be obviously
influenced by the steel surface state and the galvanizing conditions.

11.3.1.2. Effect of the galvanizing conditions

The effect of the galvanizing bath temperature (11.3.1.2.1), its aluminium content (11.3.1.2.2) and
the immersion time (11.3.1.2.3) on the nature of the inhibition layer is discussed below on the basis of
the results obtained in the present study.

11.3.1.2.1. Effect of the bath temperature

The galvanizing bath temperature was of 450 C for steel A and 460 € for steel B (Table 11).
Figure 64 shows the zinc-rich corner of the Al-Fe-Zn ternary phase diagram at these two
temperatures, according to the modelling work performed by Tang [12] concerning the liquidus line in
the ¢, & and Fe,AlsZn, domains (section 1.2.2). The composition of the two galvanizing baths used for
steels A and B are also added in Figure 64.
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Figure 64: Zinc-rich corner of the Al-Fe-Zn ternary phase diagram at 450 and 460 T (Tang [12])
with the galvanizing bath composition in the case o f steels A (red point) and B (blue point).

As can be observed, the aluminium content of the knee points a (equilibrium between the ¢,
and liquid phases) and B (equilibrium between the 8, Fe,AlsZn, and liquid phases) is very slightly
influenced by temperature (Table 1), so that the metastabilities of the ¢ and Fe,AlsZn, phases, for a
given bath aluminium content between a and (, should not be affected by this difference in
temperature.
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However, the effect of temperature on the iron solubility in the liquid phase cannot be neglected.
As expected, the bath at 460 € is able to dissolve more iron than the one at 450 C. For instance, the
iron dissolution flux is given by equation (1.11), reminded here:

I = kdiss(clr:reﬂ _CiFné) (I1.4)

It depends on the driving force for dissolution given by the difference between the iron
concentration in the liquid phase in metastable equilibrium with ferrite and the iron concentration at the
interface, equal to the iron concentration in the liquid phase in thermodynamic equilibrium with the
stable compound (in this case the & phase) at the beginning of dissolution. The variation of this

difference between 450 and 460 € is of the order of magnitude of 5% only (WE‘(;at = 2.85wt.% at
450 T and 2.99 wt.% at 460 T [32]).

Three main galvanizing reactions are influenced by temperature: 1) the iron dissolution flux
J& (mol.m?s?), 2) the rate of heterogeneous nucleation | (m?s™) and 3) the flux of iron

consumed by the growth of the interfacial ally JZ%° (mol.m?.s™) [32,91]. All these reactions are

function of reaction rate constants (iron dissolution rate constant K, nucleation rate constant K., ,

rate constant for the growth of the interfacial alloy kngh) and physical parameters such as the

diffusion coefficients of iron and aluminium in liquid zinc, DFZQ(") and Dfdn(") , the diffusion coefficient

of iron in the interfacial compound Dg.'* and the interfacial tension between this compound and liquid

zinc a.Zn(L)/comp .

The variation of the reaction rate constants and the physical parameters with temperature is not
known. A parametric study for a model describing the galvanizing reactions in the case of Gl baths
was carried out by Giorgi [32], showing the influence of a variation of 10% of each parameter one by
one on the thickness of the interfacial layer formed after 3 s (Table 21). It should be noted that the

influence of constant K (Pa.m®) has not been specifically considered in this parametric study

because the variation of the nucleation rate has already been fully taken into account by the variation
the interfacial tension between the interfacial compound and liquid zinc. The small difference of 10 °C
in temperature between the two conditions tested here (450 and 460 C) should entail a slight
variation in the different physical parameters and reaction rate constants. If this variation is assumed
to be less than 10%, the variation of the thickness of the interfacial alloy is very low except in the case
of a variation of the interfacial tension between the interfacial compound and liquid zinc. Even then,
the variation of the thickness of the interfacial alloy of 23% is less than the dispersion found in the
measured thicknesses of the interfacial alloy (Table 17).

nucl

Table 21: Parametric study for a model describingt  he galvanizing reactions in the case of Gl
baths [32]. Influence of a variation of 10% of each physical parameter and reaction rate
constant on the thickness of the interfacial alloy obtained (Fe ,AlsZn, in this case).

Physical parameters and Variation of the thickness of
reaction rate constants the interfacial alloy (%)

DA (m2s™) -2
DM (m2s?) 0.1
D™ (m?s™) +1
o 2(L)/ comp @.m?) +23
K (M.5™) +2
Kyowtn (M-S™) +0.2
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Finally, to sum up, a slight variation in the galvanizing bath temperature is not expected to
change the chemical nature of the inhibition layer. It could have only a slight influence on its kinetics of
formation and final thickness for a difference of 10 T in the bath temperature.

11.3.1.2.2. Effect of the bath aluminium content

As stated in Table 11, steels A and B were galvanized in iron-saturated zinc baths with different
aluminium contents. While steel A was galvanized in a zinc bath containing 0.112 wt.% Al, steel B was
galvanized in a zinc bath containing 0.128 wt.% Al. The compositions of these galvanizing baths are
represented in Figure 64 by the red point, in the case of steel A, and the blue one, in the case of steel
B.

As shown previously (section 11.3.1.2.1), the influence of the bath temperature in the range of
450 — 460 T on the nature of the intermetallic com pounds found in the phase diagram at a given
aluminium content is negligeable. On the contrary, the bath aluminium content has a major influence
on these intermetallic compounds found in equilibrium with the liquid phase and therefore probably in
the inhibition layer. In particular, the Gibbs free energy of formation of metastable compounds such as
the ¢ and Fe,AlsZn, phases from the supersaturated bath could strongly vary as a function of the bath
aluminium content.

To go into further explanations based on Giorgi [32], because of the dissolution, the
concentration of iron at the interface between steel and liquid zinc increases and exceeds the
saturation limit with respect to an intermetallic compound denoted comp in the following (comp can be

d or Fe,AlsZn,). The degree of supersaturation, designated Seomp, is the driving force for
heterogeneous nucleation of comp on the surface of the sheet, and is given by:

Xeo" X X
,B - aFe aAI aZn (| | 5)
comp acomp,sal acomp, sat acorm, sat '
Fe Al Zn

where a.,, a, , a,, are the activities of iron, aluminium and zinc in the supersaturated bath,

comp, sat comp, sat comp,sat

ar, , Ay , Ay the activities of iron, aluminium and zinc in the saturated bath in
equilibrium with the intermetallic compound under consideration (stable equilibrium with & and

metastable equilibrium with Fe,AlsZn,), Xea©, Xa ", Xso'® the mole fractions of iron, aluminium and

zinc in comp (Table 5, [7]).

The intermetallic compound is formed by heterogeneous nucleation on the steel surface. The
nuclei are supposed to be hemispherical (Figure 65).

Interfacial tensions (J.m2):

liquid zinc N
k s gInllyeesn hatwaen liquid zinc and comp
(1 ZniLyeonp s g2nilbiset hatyween liquid zinc and steel
P intermetallic compound o rRtesitond hatween steel and comp
»
= Umemump/ Contact surfaces (m#)
steel s 5 EnLyeomp hetween liquid zinc and comp

o o fteelom hotween steel and comp

Figure 65: Interfacial tensions involved in the het  erogeneous nucleation on the steel surface of
an intermetallic compound denoted comp.

The Gibbs free energy AG{Y™of formation of an embryo containing n molecules of the

intermetallic compound comp from a supersaturated bath is given by:
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AG;;;W =AG$|mp + AG;:;r;p =-n kB T Inﬁmm + SZn(L)/corm a.Zn(L)/oomp + Ssteei/corm (a.steei/corm _O.Zn(L)/steei)
(11.6)
where g3&d/comp _ FZn(L)/sed — _ ;Zn()/comd ca59 g s the wetting angle, T the temperature,

ks the Boltzmann’s constant (1.38.10'23 J.K'l). AG ;™ is balanced by the energy gain of creating a

new volume AG ™ function of the degree of supersaturation B.omp and the energy cost due to the

creation of new interfaces AG;?{}D function of the interfacial tensions of the system.

In the case of steels A and B studied here, the first intermetallic compound to be formed will be

the one with the lowest Gibbs free energy of formation AGflgtmp. As & is the intermetallic compound in

equilibrium with the liquid phase in both cases, Bs5> Brecaszx and therefore AGS, < AGIA%™ | if

Fe,AlsZn, is formed, it can only be explained by the differences in the terms AGZ:® .

For high bath aluminium contents in the GA domain, when the bath composition is close to the

knee point B, Fe,AlsZn, could form easily out of equilibrium due to preferential epitaxial relationships

between this compound and the ferrite or better wetting than & which decreases AGE2ASZ

compared to AGZ,; . In this case, AG?, could become higher than AG/S?#**™. On the other hand,
the metastability of { remains high when the bath composition is far away from the knee point q, i.e.,
AGS, << AG{

vol *
phase and the ferrite. This is the reason why, in the case of steel B, only metastable Fe,AlsZn,
nucleates on the steel surface and almost no presence of epitaxial { is detected.

and cannot be overcame by the preferential epitaxial relationships between this

If the bath aluminium content is now progressively lowered, the metastability of Fe,AlsZn,

becomes higher and higher, i.e. AGf$?52™ increases, and that of ¢ lower and lower, i.e., AGS,

decreases. This is the reason why, in the case of steel A, the nucleation of Fe,AlsZn, is more difficult
and Fe,AlsZn, grows discontinuously on the steel surface either with stable & or epitaxial ¢ crystals,
which are now easily observed.

11.3.1.2.3. Effect of the immersion time

The immersion time will obviously have an important effect on the inhibition layer growth. A
longer immersion time gives rise to a thicker inhibition layer. The mean thickness of the inhibition layer
obtained on steel B is greater than the one obtained on steel A (Table 17). The immersion time could
be one of the parameters explaining this difference.

[1.3.1.3. Effect of the steel surface state

It is well known that the steel surface state can play an important role on the formation of the
inhibition layer.

For instance, the presence of external selective oxides may hamper the wettability of the steel
substrate by the liquid zinc leading to bare spots in the coating. Nevertheless, the steels investigated
here are Ti IF steel grades, so they are not in principle subjected to this problem as they are very poor
in those alloying elements with high affinity for oxygen such as manganese, silicon or aluminium which
may give rise to the commented oxides [56] (section 1.3.1.3.1).

One of the differences between the two steels investigated is the roughness and the waviness of
the surface (Table 10). The influence of these differences on the formation of the inhibition layer (e.qg.,
characteristic dimensions of the interfacial alloy) cannot be precisely deduced from our experiments.
However, the structure of the inhibition layer seems to be very similar on both steels (section
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11.2.3.3.3). As shown previously, the nature of the inhibition layer is probably not linked to the steel
roughness and waviness.

Finally, as detailed earlier in this chapter, the crystallographic orientation of the steel surface
grains has a major influence on the nature of the inhibition layer. Epitaxial metastable Fe,AlsZn, and ¢
crystals may nucleate, instead of stable 8, on the steel surface, depending on the grains orientation.
The cold rolled and annealed ferritic steels as the ones investigated here are textured steels, i.e., they
have grains with a precise and well-defined preferential cristallographic orientation [92]. As indicated in
section 11.1.2.2, EBSD characterizations were performed on the mechanically polished and CSP cross
section samples in order to check the surface grains orientation of the two steels studied. All the
Inverse Pole Figure (IPF) maps shown below correspond to crystal orientations according to the
scheme depicted in Figure 66a. Red, green, and blue colours are assigned to grains whose <001>,
<101> or <111> axes, respectively, are parallel to the projection direction of the IPF, in this case the
normal direction (designated hereinafter ND, and the rolling direction RD). The legend for the
understanding of misorientation angle distribution maps is available in Figure 66b.
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Figure 66: Key orientation color legends for the un derstanding of IPF maps (a) and
misorientation angle distribution maps (b).

The IPF maps and the misorientation angle distribution obtained in the case of the mechanically
polished cross section samples (length of the interface between the steel and the inhibition layer
around 1.2 mm) are presented in Figure 67, for steel A, and Figure 68, for steel B.
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Figure 67: IPF and misorientation angle distributio n maps corresponding to the mechanically
polished cross section sample prepared from steel A
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Figure 68: IPF and misorientation angle distributio n maps corresponding to the mechanically
polished cross section sample prepared from steel B

As can be observed, grains are recrystallized in both steels and, as expected, these latter
appear to be textured steels (their grains have a preferred crystallographic orientation, with their
<111> axe parallel to the normal direction) and no substantial difference can be reported between the
crystallographic orientations of the surface grains of both steels. However, in spite of the just reported
similar surface state, the Fe,AlsZn, layer has been found to be clearly discontinuous in the case of the
mechanically polished cross section sample prepared from steel A and fairly continuous in the case of
the one prepared from steel B (Figure 69), confirming the results obtained on the CSP samples
(section 11.2.1).

Figure 69: Cross section SEM micrographs of the inh ibition layer performed on the
mechanically polished samples prepared from steels A (top) and B (bottom).

Similar EBSD characterizations were performed on the CSP samples of both steels. Results are
shown in Figure 70, for steel A, and Figure 71, for steel B.
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Figure 70: IPF and misorientation angle distributio n maps corresponding to the CSP sample
prepared from steel A.
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Figure 71: IPF and misorientation angle distributio n maps corresponding to the CSP sample
prepared from steel B.

Once again, the grains are globally recrystallized in both steels (with the exception of the right-
hand side of the CSP sample from steel B). The inhibition layer was observed in those areas delimited
by the black rectangles on the IPF maps of Figure 70, for steel A, and Figure 71, for steel B,
corresponding to steel grains with the same crystallographic orientation, with their <001> axe parallel
to the normal direction. As can be observed in Figure 72, the Fe,AlsZn, layer on these grains is
discontinuous on steel A and continuous on steel B.
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Figure 72: Cross section SEM micrographs of the inh ibition layer performed on the CSP
samples prepared from steels A (top) and B (bottom)

It can therefore be concluded from all the results presented here above that the steel surface
grains orientation cannot explain the difference observed in the structure of the inhibition layer of
steels A and B. The difference in the continuity of the Fe,AlsZn, layer would be in principle not related
to the steel surface state but to the different galvanizing conditions applied to coat both steels.
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[1.3.2. Final structure and phase composition of th e inhibition layer

In order to simplify the analysis, the existence of epitaxial ¢ rod crystals will be neglected
because of their seldom presence within the inhibition layer, even at very low bath aluminium contents
in the GA domain, compared to the presence of the & and Fe,AlsZn, phases. In addition, as it has
been stated before, the evanescent ¢ crystals must not be considered as they would not be formed in
classical process conditions during galvannealed coatings production.

The previous considerations taken into account, it is important to highlight that although the
formation of the inhibition layer formed in typical GA baths may pass through a metastable state with
the nucleation of the Fe,AlsZn, phase at the steel / liquid phase interface, the subsequent nucleation
of the & phase at the Fe,AlsZn, / liquid phase interface allows the final whole microstructure to reach
the thermodynamic equilibrium along all interfaces. This microstructure can be described by means of
the concept of diffusion path in the Al-Fe-Zn ternary phase diagram at 450 - 460 C, as depicted in
Figure 73.

Al
Fe,Al,

FeAl,
Steel B

Steel A & 0N

Fe r & C £n

Figure 73: Schematic representation of diffusion pa  ths on the Al-Fe-Zn ternary phase diagram
at 450 - 460 T describing the thermodynamic equili  brium along all interfaces in the case of
steels A (real diffusion paths 1 and 2, locally, an  d virtual diffusion path 3, globally) and B (real
diffusion path 1) (bottom) and the corresponding mi crostructures (top).

The final microstructure of steel B consists of successive continuous ayers with planar
interfaces: steel / Fe,AlsZn, / & / zinc overlay (top right-hand side of Figure 73). Assuming
thermodynamic equilibrium along all interfaces, this microstructure can be represented by the real
(along tie lines through binary domains) diffusion path 1 in Figure 73.
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However, in the case of steel A, the Fe,AlsZn, layer is discontinuous and the successive
stratified layers can be locally either steel / Fe,AlsZn, / © / zinc or steel / & / zinc (top left-hand side of
Figure 73). Each of these local microstructures may be described by real diffusion paths 1 and 2 in
Figure 73. The global diffusion path corresponding to steel A can be represented by the virtual
diffusion path 3. Equilibrium along the steel surface is therefore a ternary equilibrium (steel, &,
Fe,AlsZn,).

In both cases, the nucleation and growth of the & phase allows all the interfaces to reach
thermodynamic equilibrium, temporarily stabilizing the inhibition layer.

[1.4. Conclusions

The following main conclusions can be drawn from this chapter:

The inhibition layer formed in GA baths is mainly biphasic and composed of a very thin layer of
Fe,AlsZn, and a thicker layer of & on top of it. Both observed microstructures (with continuous
Fe,AlsZn, for steel B and discontinuous Fe,AlsZn, for steel A) allow thermodynamic equilibrium to be
reached along all the interfaces and can be described by a diffusion path in the Al-Fe-Zn ternary
phase diagram at 450 - 460 <.

Proposed mechanism accounting for the formation of this inhibiting layer can be summarized in
the following steps: wetting of the steel surface by the liquid zinc, iron dissolution from the steel
surface into the liquid phase, iron supersaturation at the steel / liquid zinc interface, nucleation of
metastable Fe,AlsZn,, due to preferential epitaxial relationships with the ferrite and better wetting than
9, and nucleation and growth of the & phase, which allows all the interfaces of the final microstructure
of the inhibition layer to reach thermodynamic equilibrium.

Metastable epitaxial ¢ rod crystals have also been observed within the inhibition layer, although
in lesser quantity compared to the Fe,AlsZn, and & phases. These { crystals would nucleate during
immersion in the galvanizing bath on grains with the adequate crystallographic orientation of either the
steel substrate or the thin Fe,AlsZn, layer, which would have the ability to transfer the crystallography
of the steel substrate.

The thin layer of Fe,AlsZn, becomes discontinuous when decreasing the bath aluminium
content. Assumption to explain this observation is that, as the bath aluminium content is decreased,
the metastability of Fe,AlsZn, becomes higher and its nucleation less probable. Similarly, when the
bath aluminium content is decreased, the quantity of epitaxial ¢ crystals increases as their
metastability becomes lower and their nucleation more probable.
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CHAPTER IlI: THE INHIBITION LAYER BREAKDOWN

It has been seen in section 1.3.2 that the inhibitory action exerted by the so-called inhibition layer
is only temporary. Although the interfaces are in thermodynamic equilibrium in the coating, diffusional
phenomena will finally lead to the breakdown of this layer. The galvannealing heat treatment after the
galvanizing bath will favour the iron and zinc inter-diffusion through this layer:

e The iron diffusion flux from the steel substrate towards the coating is expected to make the
inhibition layer grow by consuming aluminium from the liquid phase. After wiping, if the
aluminium depletion in the liquid is high enough, the inhibition layer / liquid zinc interface will
be destabilized and aluminium-poor Fe-Zn compounds (¢ rod crystals) will nucleate.

» The zinc diffusion flux towards steel will induce zinc enrichment of the steel / inhibition layer
interface. As the temperature remains too low to favour zinc diffusion within the steel grains,
zinc atoms accumulate along the emerging lines of the steel grain boundaries. As a result, the
increasing zinc concentration at these locations will finally lead to the local nucleation of Fe-Zn
compounds. This nucleation induces local volume expansion that makes the inhibition layer
break up. This phenomenon is commonly known as outburst reaction and the Fe-Zn phase
nucleating at the steel grain boundaries predicted by the phase diagram is the I' phase.

Two different reaction mechanisms can therefore exist in competition. However, as stated in
section 1.3.2, experiments performed on Ti IF steel grades show that the inhibition layer breakdown
occurs in most typical process conditions through the outburst reaction controlled by zinc diffusion
towards the steel grain boundaries. In other words, this reaction is very often the one with the fastest
kinetics. The kinetics accounting for this reaction strongly depends on the steel substrate chemical
composition and the bath aluminium content (section 1.3.2.2).

Influence of the steel substrate chemical composition

As stated in section 1.3.2.2.2.2, the presence in the steel of some chemical elements such as
carbon, nitrogen, sulphur, phosphorous, titanium or niobium strongly influences the kinetics of the
outburst reaction. On the one hand, carbon, nitrogen, sulphur and phosphorous tend to segregate
towards the steel grain boundaries during continuous annealing (before galvanizing) and may act as a
barrier against diffusion of zinc at these sites. On the other hand, titanium and niobium will trap the
previous elements in the form of precipitates such as carbides and nitrides during continuous
annealing, reducing their segregation and promoting the cleanliness of the steel grain boundaries.
Therefore, while the presence of carbon, nitrogen, sulphur and phosphorous in the steel would a priori
slow down the kinetics of the inhibition layer breakdown, the presence of titanium and niobium would
accelerate it.

The definition of a parameter representative of the steel chemical reactivity with respect to the
inhibition layer breakdown is not evident. In the case of Ti IF steel grades, this key parameter could be

the weight fraction of excess solute titanium, Wy, i.e., the weight fraction of titanium in solution in
the ferrite structure. Very few authors have made a proposal for its calculation.

The most conventional equation to calculate the excess solute titanium is as follows:

. 48 48 48
W, =W

—— W, —— W ——W, .1
lexcess Tilola] 12 C 14 N 32 S ( )

where W, -, Wg, Wy and Wg are the weight fractions of titanium, carbon, nitrogen and

sulphur present in the steel. According to equation (l1l.1), the excess solute titanium is calculated as
the amount of titanium remaining in solution when the total amounts of carbon, nitrogen and sulphur in
the steel are stabilized as TiC, TiN and TiS respectively.
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Toki et al. [76] reported that the precipitation of phosphorous as FeTiP should also be taken into
account in the calculation of the excess solute titanium:

W, =W —ﬁgw —ﬁgw —ﬁgw —ﬁgw (111.2)
Toews T 127¢ 147 327° 317 '

where Wp is the weight fraction of phosphorous present in the steel. As can be observed in

equation (I1.2), Toki et al. [76] also supposed that the total amounts of carbon, nitrogen sulphur and
phosphorous are trapped by titanium during continuous annealing.

The above calculations found in the literature do not give precise estimations of the titanium
content in solution in the steel (e.g., it could be negative for a given steel composition) but can be
considered as a measure of the cleanliness of the steel grain boundaries and, therefore, of the
reactivity of the steel with respect to the inhibition layer breakdown.

In the present study, a different calculation of the excess solute titanium, proposed internally by
ArcelorMittal Global R&D, is also considered:

X _[W —4—8W —ﬁgw —4—8W jx 31 (11.3)
Tecs | "Tea 127 147N 3277 48w, '

As shown in equation (111.3), this alternative calculation considers, as the previous ones do, that
the total amounts of carbon, nitrogen and sulphur are trapped by titanium as TiC, TiN and TiS
respectively, but supposes that phosphorous could be partially trapped in FeTiP precipitates. Indeed,
this calculation represents the molar ratio between the solute titanium available after the supposed
precipitation of the total amounts of carbon, nitrogen and sulphur and the phosphorous content in the
steel. In other words, it represents the ability of titanium to trap phosphorous as FeTiP.

In addition, another parameter able to represent the steel chemical reactivity with respect to the
inhibition layer breakdown has been proposed by ArcelorMittal Global R&D as well. Contrarily to the
previous ones, it takes into account the silicon content in the steel. It has been nhamed Reactivity Index
and has been defined as follows:

(111.4)

Reactivity Index = [Wﬁm 48, - 38 48, -8 ij 28

——We ——— Wy ———=Wg W,
12 14 32 31 48wy
where Wy is the weight fraction of silicon present in the steel.

As it can be seen, this last parameter represents the molar ratio between the solute titanium
available after the supposed precipitation of the total amounts of carbon, nitrogen, sulphur and

phosphorous (parameter W*Tfem, proposed by Toki et al. [76] and defined by equation (Il.2)) and the
silicon content in the steel.

Influence of the bath aluminium content

As advanced in section 1.3.2.2.1.1 and demonstrated experimentally in the previous chapter, the
bath aluminium content has a major effect on the structure and phase composition of the inhibition
layer and, consequently, on the kinetics accounting for its breakdown.

However, it has been shown in section 1.3.2.2.3 that, although experimental evidence and
numerous qualitative results proving the effects reported above are available in the literature in the
case of IF steel grades, very few kinetic data have been published. Moreover, these data are often
quite inconsistent with each other.
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This chapter synthesizes the results of a study with the objective to evaluate the effect of the
steel chemical composition and the bath aluminium content on the kinetics of the inhibition layer
breakdown in the case of Ti IF steel grades. As will be seen, these results provide additional precious
information for a better understanding of the reaction mechanism for the inhibition layer breakdown,
which will be tackled in detail as well. Modelling work is also carried out.

l1l.1. Experimental procedure

[11.1.1. Materials

Four different commercial Ti IF full hard steel substrates, A, B, C and D, have been selected for
this study. Their average chemical composition is shown in Table 22. The analysis was performed by
means of Combustion and Infrared Detection for nitrogen (HORIBA EMGA-620W) and Spark-OES
(SPECTROLAB M10) for the other elements in ArcelorMittal laboratories. It should be pointed out that
steel C is actually the same full-hard steel substrate as steel B in chapter Il (Table 9). The thicknesses
of steels A, B, C and D are very similar and equal to 0.75, 0.70, 0.74 and 0.74 mm respectively.

Table 22: Average chemical composition (x 10 3 wt.%) of the commercial Ti IF steels studied.

Steel C Mn P S N Si | Cu | Ni Cr |[Sn |As |Nb Mo |B Ti Al
A 3.0 [100.2/12.4|14.1| 3.4 | 93 |255|17.4|218| 57 | 27 | 01 | 2.6 | 0.5 |57.4|44.6

| 201100 01| 90 | 21 | 40 |170]143)182| 57 | - | 0|18 | 00 l673]401

As shown in Table 23, the chemical reactivity of these steels with respect to the inhibition layer
breakdown was quantified by the parameters defined at the beginning of this chapter. The use of any
of these parameters leads to the same steel reactivity classification: A < B < C < D, where < means is

less reactive than (except for the reactivity of steels B and C when quantified by WEWS, which is the

only parameter that does not take the steel phosphorous content into account). When the chemical
reactivity parameter is less than 0, it means that there is not enough titanium in the steel to trap the
total amounts of carbon, nitrogen, sulphur and phosphorous.

Table 23: Chemical reactivity parameters of the com  mercial Ti IF steels studied.

Chemical Reactivity Parameter

*%

Steel  |wg  (10°wt%)| Wy (10° wt.%) X Reactivity Index

(equation ( 111.1)) | (equation ( 111.2)) | (equation ( 111.3)) (equation (111.4))

A 12.6 -6.6 0.7 -0.4

The experimental results obtained in the present study will be used to identify the most
appropriate parameter to quantify the chemical reactivity of the steel with respect to the inhibition layer
breakdown. In any case, steels A and D are expected to be the most different substrates in terms of
reactivity behaviour: the inhibition layer breakdown would in principle be achieved noticeably earlier in
the case of steel D when submitted to the same heat treatment.
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[11.1.2. Laboratory pilots and simulations

[11.1.2.1. The Rhesca Hot Dip Galvanizing simulato r

The commercial steel sheets received from the industrial lines were cut into samples with
dimensions of 210 x 99 mm®. These samples were cleaned with ethanol to remove residual oil from
former manipulations. Samples were then submitted to an annealing heat treatment and galvanized at
two different bath aluminium contents in a Rhesca Hot Dip Galvanizing simulator 2

General description

An illustration of this simulator can be appreciated in the left-hand side of Figure 74. A detailed
sketch of this pilot, where its different elements are clearly identified, is likewise shown in the right-
hand side of Figure 74. This pilot comprises a zinc melting pot, an infrared furnace and a cooling
section. The sample is introduced at the top of the pilot in front of the coolers. It is first lowered into the
infrared furnace to be heated to the continuous annealing holding temperature and maintained at this
temperature. It is then taken back to the cooling section to be cooled to the equalizing temperature
and lowered again into the infrared furnace to be maintained at this temperature. Then the sample
goes down to be immersed in the zinc pot, passes in front of the wipers to fix the coating thickness
and is finally cooled in two different stages (first cooling to 200 € just after wiping followed by final
cooling to room temperature in the cooling section).

The annealing treatment is performed in an atmosphere of N, and 5 vol.% H, with -60 T dew
point.

Sample
b
¥
Cooling
(M=, Ha
=
“'\-\._\____'_ e
IR IR
FLrmiEne Furnace

Gartz Tube

S

+ -

¢ Gatevalve
= i

Wiping - 7

Figure 74: lllustration (left) and sketch (right) o f the Rhesca Hot Dip Galvanizing simulator.

15 The Rhesca / later Iwatani Surtec Hot Dip Process Simulator was purchased from Rhesca in 1989, and underwent major
revamping by Iwatani Surtec in 2001, 2004 and 2011.
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Thermal homogeneity of the Rhesca samples

It is crucial in this study to ensure the thermal homogeneity within the sample. Figure 75 depicts
a schematic representation of a Rhesca sample. In order to check the thermal homogeneity, the
temperature was measured by means of three type-K thermocouples spot-welded at different
locations on the sample. The thermal homogeneity area is delimited by the red rectangle. The thermal
homogeneity criterion is +5 C.

15 mm

i 99 mm

30 mm

Thermocouple 1

210 mm

Thermocouple 2

Thermocouple 3

Figure 75: Schematic view of a Rhesca sample withi  ts thermal homogeneity area in red.
Thermal cycles performed in the present study

All the samples were submitted to the same programmed Rhesca thermal cycle. The different
setpoints of the thermal cycle were as follows:

« Heating to a soaking temperature of 800 T at a he ating rate of around 20 C/s;

¢ Soaking at 800 T for 40 s;

¢ Cooling to an overaging temperature of 460 T at a cooling rate of around 50 C/s;

* Overaging at 460 € for 35 s;

e Immersion (15 mm coated length) in the zinc bath at 460 C (immersion time of 0.7 s at the
mid-length of the coated part of the sample);

« Wiping (150 L/min N,°);

¢ Cooling to 200 T just after wiping (150 L/min (N, + 5 vol.% H,));

* Final cooling to room temperature in front of the coolers (1000 L/min N,).

The temperature was measured by means of a type-K thermocouple placed in the thermal
homogeneity area of the sample, more precisely in its right-hand upper side, as depicted by the

16 All the flow rates correspond to temperature and pression conditions of 295.85 K and 100 kPa.
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position of thermocouple 1 in Figure 75. An example of a real thermal cycle together with the sample
position within the Rhesca pilot is shown in Figure 76.

900 2500
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Rapid cooling
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200 4 Final
. caoaling
Galvanizing
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Wiping
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Figure 76: Example of a real thermal cycle performe  d on the Rhesca pilot simulator (blue)
together with the sample position within the pilot with respect to ground level (red).

The cooling phase after hot-dip galvanizing in the Rhesca simulator is very important because
the diffusion of zinc through the inhibition layer leading to its breakdown already takes place during
immersion in the galvanizing bath and the cooling step and must be taken into account when
determining the inhibition layer breakdown kinetics. The hot-dip galvanizing time is accurately
controlled and special attention was therefore paid to the subsequent cooling phase. Figure 77 shows
the temperature profiles obtained during the cooling step for four different samples of steel B. An
almost instantaneous cooling of around 20 T induce d by the wiping operation, the slow cooling up to
200 T and the fast cooling up to room temperature can be easily distinguished on these temperature
profiles, found to be highly reproductible (£ 2 C) .

It should also be noticed that variations in the cooling after the exit of the zinc bath could be
expected, depending on the sample thickness. However, as seen in section Ill.1.1, the thicknesses of
the different steel substrates are very close to each other and no substantial variations in the cooling
are observed (+ 5 C, Figure 78).

In addition, as it will be argued in section 111.3.2.2.2, zinc diffusion towards the steel grain

boundaries, responsible for the inhibition layer breakdown, can be neglected below 400 € and
coolings until reaching this temperature are in most cases nearly identical (£ 1 C).
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Figure 77: Reproductibility of the temperature prof iles obtained (4 trials) during the cooling
step performed on the Rhesca pilot simulator (steel B).
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Figure 78: Cooling performed on the Rhesca pilot si mulator for the different steels.
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Control of the galvanizing bath composition and temperature

The composition of the zinc bath must also be extremely well controlled as it influences the
nature of the inhibition layer and is therefore expected to have a substantial effect on the inhibition
rupture kinetics. Two trials campaigns with different bath compositions were carried out. The targeted
bath compositions were those of the steels samples studied in the previous chapter in order to obtain
comparable inhibition layers. The first campaign was thus planned to be done in an iron-saturated zinc
bath containing 0.128 wt.% Al and the second one in an iron-saturated zinc bath containing
0.112 wt.% Al.

In order to ensure that no significant variations of the bath composition took place, bath samples
were regularly taken and analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
SPECTROBLUE) throughout the trials. The ICP-MS analysis uncertainty was of +0.003 wt.% for
aluminium and + 0.001 wt.% for iron.

Figure 79 shows the evolution of the bath composition during the first Rhesca trials campaign
(hot-dip galvanizing of 48 samples, 12 for each of the 4 Ti IF steel substrates during 5 days). Taking
into account the analysis uncertainty, this composition can be assumed as steady on the targeted
values during the whole trials campaign. The average bath composition throughout this campaign was
of 0.127 + 0.001 wt.% Al and 0.029 + 0.001 wt.% Fe.
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Figure 79: Evolution of the bath aluminium (blue) a  nd iron (red) contents throughout the first
Rhesca trials campaign (the error bars representth e ICP-MS analysis uncertainty around the
measured values and the continuous lines the target  ed bath composition).

Analogously, the evolution of the bath composition the during second Rhesca trials campaign
(hot-dip galvanizing of 48 samples, 12 for each of the 4 Ti IF steel substrates during 5 days, as for the
first campaign) is represented in Figure 80. As can be observed, this composition can be considered
as steady although slightly lower but acceptably close to the targeted values. The average bath
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composition throughout this campaign was of 0.111 + 0.003 wt.% Al and 0.027 + 0.002 wt.% Fe.
Therefore, the bath is not strictly saturated in iron but reasonabily close to the solubility limit (around
0.030 wt.% Fe at 460 C, Table 1).

Only one analysis relatively far from the average bath aluminium content has been identified.
However, it is very likely that some dross particles (in principle of an aluminium-rich & phase) may
have been integrated within the bath specimen uptaken for this analysis. Indeed, the aluminium
content given by this analysis is higher than expected and both the preceding and subsequent
analyses are in line with the targeted value of the galvanizing bath.
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Figure 80: Evolution of the bath aluminium (blue) a  nd iron (red) contents throughout the
second Rhesca trials campaign (the error bars repre  sent the ICP-MS analysis uncertainty
around the measured values and the continuous lines the targeted bath composition).

The temperature of the zinc bath is likewise expected to influence the nature of the inhibition
layer. This is the reason why it is controlled separately by a type-K thermocouple immersed in the
melting pot, the targeted temperature being fixed to 460 . During the whole trials, the temperature of
the zinc bath ranged between 458.9 and 461.6 C, which is widely acceptable.

The results obtained through the follow-up of the zinc bath temperature and composition allow
us to make the assumption that the inhibition layer is identical for all the samples coated during the
same trials campaign. It is extremely important to meet this objective because it can therefore be
assumed that any difference in the kinetics of the inhibition rupture can only be due to a difference in
the chemical composition and/or in the grain size of the steel extreme surface. As will be seen in
section 111.2.3.1, the extreme surface grain size measurements have been carried out for the different
substrates after galvanizing in order to determine whether this parameter can be neglected or not.

As a conclusion, the use of the Rhesca simulator offers some great advantages compared to the
use of samples from industrially galvanized steel sheets. First of all, it makes possible to perform the
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same process (bath conditions and thermal cycle) on the desired steel substrates. Secondly, the
thermal cycle is known accurately and is highly reproducible. And finally, the cooling of the sample can
be performed with higher rates than typical industrial ones, which allows higher flexibility when
performing any further heat treatment to provoke the inhibition layer breakdown.

111.1.2.2. The Gleeble 3500 simulator

The samples galvanized in the Rhesca simulator were then cut into samples with dimensions of
120 x 30 mm?® in order to be submitted to isothermal heat treatments in the Gleeble 3500 pilot
simulator. From each Rhesca sample, two Gleeble samples were obtained such that the centre of
these samples corresponds to the mid-length of the coated part of the Rhesca sample and falls within
its thermal homogeneity area. A schematic view of this sampling procedure is depicted in Figure 81.

Thermocouple 1

75 mm

Same immersion time
Same cocling

150 mm
120 mm

Figure 81: Schematic view of the position of the tw o0 Gleeble samples taken from each Rhesca
sample (coated area in light grey, thermal homogene ity area in red).

An illustration of the Gleeble 3500 pilot simulator can be appreciated in Figure 82. This pilot is a
polyvalent thermomechanical device, able to perform different mechanical tests (e.g., torsion, traction)
with simultaneous heat treatments, and to provide water quench or gas flow for the sample cooling.
For the present study, only the thermal properties of the Gleeble 3500 have been used. The great
advantage of this pilot is to provide very high heating and cooling rates in order to perform controlled

isothermal treatments.
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Figure 82: lllustration of the Gleeble 3500 pilot s  imulator.

The configuration of the Gleeble 3500 enclosure is illustrated in Figure 83. The sample is fixed
between four copper jaws and is heated by Joule effect to the targeted temperature for a targeted
holding time. The sample temperature is measured by means of a type-K thermocouple, welded in the
centre of the sample on the opposite face to the one studied. Rapid cooling of the sample is achieved
by spraying this same face with ultracooled helium gas, as shown schematically in Figure 84.

Thermocouple

He inlet

Cooler not linked to He

sample )
Coaler linked ta He

Cu jaw

Figure 83: Configuration of the Gleeble 3500 enclos  ure.

The galvanized samples for Gleeble 3500 must be prepared in a particular way. Prior to the heat
treatment in this pilot, the coating is removed from the edges of the sample (to prevent pollution of the
copper jaws) but also from the opposite face to the one studied (in order to enhance the thermocouple
welding). The coating is removed by chemical attack with a 33 vol.% aqueous solution of 37 wt.% HCI
(Fisher Chemical) containing 2 g/L HMTAY (Fisher Scientific) to avoid the steel attack. The coating
present on the part of the sample to be studied is protected from the chemical attack by covering it
with an adhesive tape (Nichiban, No. 533). After this preparation, the samples were washed in tapping
water, rinsed with ethanol and dried with pressured air. A schematic representation of a sample ready
for the Gleeble treatments is depicted in Figure 84.

17 Organic compound HexaMethyleneTetrAmine, (CH;)sN4, used as corrosion inhibitor.
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Figure 84: Schematic representation of a Gleeble 35 00 sample.

The Gleeble isothermal treatments were performed on each steel substrate at holding
temperatures of 430, 445 and 460 € and for several times in order to determine accurately the time
needed to achieve the inhibition rupture at each of these temperatures. In the case of steel C
galvanized at 0.128 wt.% Al (first Rhesca trials campaign), supplementary holding temperatures of
425, 438 and 452 T have been tested. As an exemple, the real Gleeble isothermal heat treatments
performed on this galvanized steel corresponding to the extreme targeted holding times tested are
shown in Figure 85. In addition, detailed data of all the Gleeble isothermal treatments performed on
this material are summarized in Table 24.
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Figure 85: Example of real isothermal heat treatmen  ts performed on the Gleeble 3500 pilot
simulator (steel C galvanized at 0.128 wt.% Al).
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Table 24: Detailed data of all the isothermal heat
pilot simulator in the case of steel C galvanized a

treatments performed on the Gleeble 3500
t0.128 wt.% Al

Target Thold,exp (‘C) : thold,exp (S) ° Vheat (‘C/S) § Veool (‘C/S) ° (theat + tcool) /thold,exp (%) ¢
425C-26s | 423.4+0.9 26.0 132.5 132.9 1.3
425C-29s | 423.4+0.9 29.0 151.7 239.3 1.0
425C-34s | 423.4+0.8 34.0 131.7 231.4 0.9
430C-20s | 428.5+0.6 20.0 146.6 170.1 1.8
430C-23s | 429.1+0.7 23.0 158.2 233.4 1.3
430C-25s | 429.5+0.7 25.0 155.9 221.7 1.3
430C-30s | 429.4+0.7 30.1 161.9 298.0 1.0
430C-40s | 429.5+0.6 40.1 167.6 248.6 0.7
438C-14s | 437.2+1.8 14.1 217.9 98.9 4.2
438C-17s | 436.6+1.6 17.0 137.8 118.7 3.4
445C-10s | 4446+1.2 10.0 178.7 1155 6.3
445C-12s | 444.4+0.8 12.0 150.2 155.2 4.8
445C-14s | 444.3+0.7 14.0 182.1 101.9 4.8
452C-6.5s | 452.9+1.6 6.6 212.0 352.8 6.3

452C-7s 452.8+1.3 7.0 168.3 227.7 7.5
452C-8s 452.8+1.4 8.1 204.0 288.3 5.8
452C-9s 452.7+2.3 9.0 222.7 104.0 8.7
460C-4s 461.2 £ 0.7 4.1 201.1 171.9 16.0
460C-5s 460.6 £ 0.8 5.0 177.1 167.9 13.9
460C-5.5s | 460.9+0.9 5.6 191.3 118.8 14.8
460C-6s 461.3+1.8 6.1 211.7 172.2 11.0

% average experimental holding temperature and standard deviation; b experimental holding time; ©
heating rate from 400 T to the holding temperature ; d cooling rate from the holding temperature to
400 T; ° ratio between the time spent during heating from 400 T to the holding temperature and
cooling from the holding temperature to 400 T and the holding time.

As it can be appreciated in Table 24, the Gleeble 3500 simulator provides a great accuracy in
the holding time. The values of the average holding temperature and standard deviation are also
acceptable considering the accuracy of a type-K thermocouple (x 2 C). Little deviations (less than or
equal to 1 C) of the average holding temperature with respect to the targeted holding temperature
have been identified. As the determination of the average experimental holding temperature for each
heat treatment represents a tedious task given the large number of heat treatments performed in this
study and as its deviation from the target is reproducible in all cases, a constant holding temperature
will be considered for each targeted holding temperature. These considered holding temperatures are
shown in Table 25.

Table 25: Experimental holding temperature consider  ed for each of the targeted holding

tem peratures.
Thold,tarqet (QC) Thold,exp (CC)
425 423.5
430 429
438 437
445 444.5
452 453
460 461

As already advanced, it is also important to highlight the very high heating and cooling rates that
can be performed. The objective of the Gleeble simulator is to perform isothermal heat treatments and
then to limit as far as possible the time needed to heat and to cool the samples. The ratio between the
time spent during heating from 400 T to the holding temperature and cooling from the holding
temperature to 400 T (as has been stated and will be justified later, zinc diffusion can be neglected
below 400 ) and the holding time is generally quite low (Table 24). Considering steady heating and
cooling rates, this ratio increases when the holding temperature increases and the holding time
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decreases. The most limitant case in Table 24 corresponds to a targeted isothermal heat treatment of
460 € and 4 s, for which the time spent during heating and cooling represents 16% of the holding
time. Taking into account that the zinc diffusion kinetics during heating and cooling is slower than at
the holding temperature, the previous value is still acceptable. In addition, it will be seen in section
111.2.3 that the holding times at 460 C performed in the framework of this study on steels A and B are
not shorter than those presented in Table 24 for steel C. Only the Gleeble heat treatments performed
on steel D galvanized at 0.112 wt.% Al (second Rhesca trials campaign) should be taken with some
reserves as the holding times are very short.

Finally, it is important to clarify that the thermal homogeneity area on the Gleeble samples has
been initially defined on the basis of a thermal homogeneity criterion of £5 €T which corresponds to a
squared area of 10 x 10 mm? with the thermocouple placed in the centre of this area (Figure 81). It is
obviously in this area of the sample that the characterizations have been done. However, the so-
defined thermal homogeneity criterion becomes too large when performing isothermal treatments at
holding times close to the time needed for the inhibition rupture at the targeted holding temperature. It
has sometimes been observed in these cases that the inhibition rupture had been achieved in the
centre of the thermal homogeneity area but not on the extreme zones of this area, at lower
temperature. In these cases, priority is given to the characterization of the centered zone of the
thermal homogeneity area, i.e., the zone corresponding to the thermocouple location.

[11.1.3. Sample preparation and characterizationte  chniques

The samples annealed in the Gleeble 3500 simulator have then been characterized in order to
determine whether the inhibition layer breakdown has been achieved or not. The appearance of this
phenomenon is identified through SEM (LEO DSM 982) observations of the sample surface after
electrochemical dissolution at -800 mV/SCE by means of the experimental assembly and the
electrolyte described in section 11.1.2.1.1.1. With this potential, zinc and aluminium-free Fe-Zn phases
are selectively removed while the whole inhibition layer (aluminium-saturated & and Fe,AlsZn,) is kept
at the surface of the sample because of its higher aluminium content. The inhibition layer breakdown
has occurred when holes in the inhibition layer, created by outbursts formation at the steel grain
boundaries, are observed.

The determination of the inhibition layer breakdown by surface SEM observations is illustrated
below with an example corresponding to steel B galvanized at 0.128 wt.% Al in the Rhesca simulator
and subsequently heated in the Gleeble 3500 device at 430 € for 30 and 35 s.

Figure 86 shows the inhibition layer after the 30 s heat treatment. It can be seen that this layer is
continuous over the whole sample surface, which indicates that the inhibition rupture has not occurred
yet.

;s

— ][] H r[.'|

Figure 86: Surface SEM micrograph of an intact inhi  bition layer (steel B heated in the Gleeble
3500 pilot simulator at 430 < for 30 s).
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However, longer heat treatments at the same temperature will lead to the local breakdown of the
inhibition layer by outburst formation at the steel grain boundaries. Figure 87 shows the inhibition layer
after the 35s heat treatment at 430 C. Holes are visible within this layer and the steel grain
boundaries can be observed at their bottom. In addition, one can appreciate that this layer still covers
quite effectively the interior of the ferrite grains (as will be seen in section II1.2.3.1, the mean
characteristic size of the extreme surface grains of steel B is around 10 ym, which corresponds very
properly to the centered area of the micrograph depicted in Figure 87 where the inhibition layer
remains intact).

Figure 87: Surface SEM micrograph of a broken inhib ition layer (steel B heated in the Gleeble
pilot simulator at 430C for 35 s).

EDS analysis (Thermo Scientific) performed at the same location (Figure 87) confirms that the
inhibition layer has been locally broken: the presence of either aluminium or zinc is not detected in the
zones corresponding to the steel grain boundaries (Figure 88).

—— ] |:||_|rr'| iy —— ]|:||_|r'r|

Figure 88: Aluminium (left) and zinc (right) EDS ma  pping corresponding to the micrograph
shown in Figure 87.

It can therefore be considered that, in the case of a Gleeble isothermal heat treatment at 430 C
on steel B, the inhibition layer breakdown occurs at a holding time in the 30 - 35% range.

In addition, some CSP cross section samples, prepared in the same way as described in section
11.1.2.1.2.1, were characterized in SEM in order to check whether or not the inhibition layer of the
samples galvanized in the Rhesca pilot simulator had a similar structure to that of the industrially
galvanized samples of the previous chapter.

Finally, in order to study the mechanisms accounting for the inhibition layer breakdown in a
more accurate way, mechanically polished cross section specimens have been prepared as described
in section 11.1.2.1.2.2 from well-chosen samples. For these samples, after the heat treatment
performed by the Gleeble 3500 device, the inhibition layer breakdown has been achieved only in the
thermal homogeneity area but not elsewhere (Figure 81, lower temperature compared to the centre of
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the sample). The mechanically polished specimens were taken at different positions along the
longitudinal direction (more precisely, along the dotted line parallel to this direction, Figure 84). The
so-obtained cross section samples were then characterized by EDS (Bruker AXS XFlash 4010 SDD)
in a SEM (JEOL JSM-7001F).

[11.1.4. Experimental protocol

Figure 89 depicts an exemple of the global thermal cycle undergone by each of the steel
samples used for this study by means of the Rhesca and Gleeble 3500 procedures explained above.
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Figure 89: Exemple of the global thermal cycle unde  rgone by the steel samples used for this
study (steel B galvanized at 0.128 wt.% Al inthe R hesca simulator and subsequently heated in
the Gleeble 3500 pilot simulator at 460°C for 30% ).

As stressed previously, all the steel samples have been submitted to the same targeted Rhesca
thermal cycle (Figure 76) but to different holding temperatures and times in the Gleeble 3500 device.
For each holding temperature Thoqexp IN the Gleeble device, several samples were heated for different
holding times and characterized in SEM in order to narrow down as much as possible the gap in
holding time between the observation of an intact inhibition layer and the observation of a broken
inhibition layer. The holding time necessary to achieve the inhibition layer breakdown tyogexp has then
been considered as the time in the middle of this gap and its uncertainty as the length of the gap.

Once the holding time to perform in the Gleeble 3500 pilot simulator necessary to achieve the
inhibition layer rupture has been accurately determined for each holding temperature, a correction of
this time has to be done. As stated earlier in this chapter, the diffusion of zinc towards the steel grain
boundaries leading to the inhibition layer breakdown occurs not only during the heat treatment in the
Gleeble 3500 device but also during the immersion in the galvanizing bath and the subsequent cooling
down to 400°C in the Rhesca simulator (thermal pat h delimited by the dotted lines in Figure 89). In
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order to characterize the inhibition layer breakdown kinetics correctly, the diffusion of zinc taking place
during this thermal path must be considered to correct the holding time performed in the Gleeble 3500
pilot simulator. As seen before, all the Rhesca thermal cycles were extremely reproducible, which will
make the correction task easier. Further details about this correction will be given in section 111.3.2.2.2.

[11.2. Experimental results

[11.2.1. Characterization of the inhibition layer

As advanced above, the nature of the inhibition layer formed on the steel samples galvanized in
the Rhesca pilot simulator has been first characterized in order to verify that it is comparable to that of
the industrially galvanized samples of chapter Il. For this purpouse, CSP cross section samples of
steel A galvanized during the two Rhesca trials campaigns (galvanizing bath containing 0.128 and
0.112Wt.%°Al) have been prepared and characterized in SEM (Figure 90).
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Figure 90: Cross section SEM micrographs of the inh ibition layer performed on the CSP
samples obtained for steel A galvanized during the first (0.128 wt.% Al, left) and second
(0.112 wt.% A\, right) Rhesca trials campaigns.

As can be observed in the left-hand side micrograph of Figure 90, the structure of the inhibition
layer formed on steel A when galvanizing during the first Rhesca trials campaign (0.128 wt.% Al) is
perfectly comparable to the one investigated in the previous chapter for a commercial steel galvanized
in a zinc bath with the same aluminium content (Figure 43). Indeed, the inhibition layer is in both cases
composed of a very thin layer of Fe,AlsZn, fairly continuous and a thicker layer of d on its top.

The right-hand side micrograph of Figure 90 shows the inhibition layer of steel A galvanized
during the second Rhesca trials campaign (0.112 wt.% Al). The structure of this layer is the same as
that of the steel galvanized industrially in a zinc bath with the same aluminium content studied in the
previous chapter (Figure 42). The main difference compared to the inhibition layer formed in a zinc
bath containing 0.128 wt.% Al is that the Fe,AlsZn, layer is now clearly discontinuous.

Nevertheless, it should be noted that the thickness of the inhibition layer, although similar,
appears to be slightly smaller in the case of the samples galvanized in the Rhesca pilot simulator
(around 200 and 150 nm for the first and second trials campaigns at 0.128 and 0.112 wt.% Al
respectively), probably because the immersion time (0.7 s) was shorter than for the industrial samples
(1.4t01.95).

In addition, it should be highlighted that no effect of the Ti IF steel chemical composition on the
structure of the inhibition layer can be reported here nor can be found in the literature. In spite of their
different chemical composition, the inhibition layer of the steel samples galvanized by means of the
Rhesca pilot simulator can therefore be considered equivalent to the one investigated in the previous
chapter for the commercial steels galvanized in the same conditions.
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In the following, some results aiming to facilitate the precise understanding of the mechanisms
accounting for the inhibition layer breakdown will be shown. The raw experimental results obtained on
the kinetics of this reaction will then be presented and special attention will be paid to the effect of the
steel chemical composition and the bath aluminium content.

[11.2.2. Mechanisms accounting for the inhibition |  ayer breakdown

As detailed in section 1.3.2 and recalled at the beginning of this chapter, the inhibition layer
breakdown occurs in most cases through the so-called outburst reaction at the steel grain boundaries.
This reaction is controlled by zinc diffusion through the inhibition layer towards the steel grain
boundaries so that its kinetics is expected to depend on the nature of this layer. In agreement with the
phase diagram, this layer should be fully composed of the & phase in the case of GA baths. Different
authors in literature [27,30,33] have proposed a mechanism accounting for the inhibition layer growth
and breakdown in total agreement with thermodynamics (sections 1.3.1.1.3 and 1.3.2.1.2.3). However,
it has been seen in chapter Il that the inhibition layer formed in GA baths is actually more complex
than predicted by thermodynamics.

In order to try to clarify how the coating microstructure evolves from the inhibition situation
showed in chapter Il towards the inhibition layer breakdown situation, some cross section samples
have been prepared, as explained in section 111.1.3, from specimens taken at different locations along
the longitudinal direction of one of the samples heated in the Gleeble 3500 device used to study the
inhibition layer breakdown kinetics. Figure 91 shows a SEM micrograph and its EDS mapping for
aluminium for each of the cross section samples extracted from a Gleeble sample of steel A
galvanized in a zinc bath containing 0.128 wt.% Al in the Rhesca simulator and subsequently heated
in the Gleeble 3500 device at 430 C for 60 s. A gr adient of temperature exists from top left-hand side
micrograph (a) to the top right-hand side micrograph corresponding to the location at 430 C (d). The

precise temperature corresponding to each micrograph was not measured.
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Figure 91: Cross section SEM micrographs and corres  ponding EDS mappings for aluminium
for each of the samples taken at different location s along the longitudinal direction of a Gleeble
sample, from the outermost position (a) to the cent re of the sample (d) (steel A galvanized at
0.128 wt.% Al in the Rhesca simulator and subsequen tly heated in the Gleeble 3500 device at
430 T for 60 s).

The top left-hand side micrograph and associated EDS mapping (a) correspond to the
outermost position, which has met the lowest temperature. In accordance with the results presented in
chapter Il, they represent an intact inhibition layer composed of a very thin continuous layer of
Fe,AlsZn, and a thicker layer of & on its top. This microstructure will be considered as the initial or
reference state. It can be assumed that, at this location of the Gleeble sample, the temperature is so
low that no effect of diffusion phenomena can be observed.
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The second micrograph from the left (b) corresponds to a location of the Gleeble sample closer
to its centre than that of micrograph (a). The temperature is therefore slightly higher and the effect of
the diffusion (of iron mainly) can already be observed by the growth of Fe-Zn intermetallic phases on
top of Fe,AlsZn, and & (shown by the larger thickness of the interfacial layer). The temperature can be
assumed to be below the melting point of zinc (419.5 ) because the EDS mapping for aluminium
corresponding to micrograph (b) is very similar to the EDS mapping for aluminium corresponding to
micrograph (a). If the temperature is supposed to be below the melting point of zinc, the nature of the
Fe-Zn phase formed at this step could be . Indeed, if zinc is in solid state, the aluminium supply at the
0 / zinc interface is very limited and the diffusion flux of iron from the steel matrix cannot be consumed
to make the & phase grow. Aluminium-free Fe-Zn compounds, ¢ crystals, instead nucleate and grow
on the inhibition layer, consuming this flux of iron. This comment is only an assumption because the
interface between the & and { phases is not visible in the micrographs of Figure 91.

The third micrograph from the left (c) corresponds to a location even closer to the centre of the
Gleeble sample than that of micrograph (b). The temperature at this location seems to be higher than
the melting point of zinc (419.5 <C). Aluminium can now diffuse faster to the & / zinc interface, allowing
the growth of the & phase. In addition, the thin layer of Fe,AlsZn, has completely disappeared on the
SEM micrograph. The signal for aluminium associated to the inhibition layer is therefore thicker than
that of the EDS mappings corresponding to micrographs (a) and (b) due to the growth of the & layer
but less intense due to the disappearance of the Fe,AlsZn, layer. This observation represents a key
result and will be recalled in section 111.3.1 when a logical sequence of mechanisms accounting for the
inhibition layer breakdown will be proposed. As in the case of micrographs (a) and (b), no presence of
outbursts could have been observed. It is also to note that a large amount of intermetallic compounds
is present on the top of the inhibition layer. These intermetallic compounds could correspond to
evanescent ( crystals formed during the rapid cooling performed in the Gleeble 3500 pilot simulator.

The top right-hand side micrograph (d) corresponds to the centre of the Gleeble sample, where
the thermocouple has been welded and which has met the highest temperature within the sample
(targeted holding temperature of 430 C, real avera ge holding temperature of 429 ). It clearly shows
an outburst.

Finally, it should be remarked that the results presented in Figure 91 show that the thin
Fe,AlsZn, layer may disappear before the outburst formation but do not demonstrate that an outburst
cannot break the Fe,AlsZn, layer (and the & layer) off.

[11.2.3. The inhibition layer breakdown kinetics

The experimental results obtained in the framework of the study on the inhibition layer
breakdown kinetics are presented here below.

[11.2.3.1. Steel grain size measurements

As shown in section 1.3.2.2.2.1, the steel grain size influences the kinetics of the inhibition layer
breakdown [24,25,70,76]. To be sure that this parameter can be neglected, size measurements of the
steel extreme surface grain have been carried out after galvanizing in the Rhesca pilot. The uncoated
part of the Rhesca samples prior to any Gleeble heat treatment was used (Figure 81). Measurements
were performed according to the linear intercept procedure of the 1SO 643 standard [93]. The results
obtained for the ASTM grain size number G [94] (equation (1.12)) are presented in Table 26.

Table 26: ASTM grain size number G corresponding to the extreme surface of the Ti IF steels
studied after heat treatment in the Rhesca pilot si  mulator.

Steel G

A 10.6
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Based on the above values and taking into account that the uncertainty in the determination of
the ASTM grain size number is of £ 0.5, it can be assumed that all the substrates have equivalent
ASTM grain size number, which corresponds to a grain size comprised between 9 and 11 ym. The
effect of this parameter on the kinetics of the inhibition layer breakdown can therefore be neglected
and any difference in kinetics could only be explained by the different chemical composition of the
steels or by the different aluminium content of the galvanizing baths used in this study.

111.2.3.2. Effect of the steel chemical compositio n

The effect of the steel chemical composition on the kinetics of the inhibition layer breakdown has
been mainly investigated from the results obtained during the first Rhesca trials campaign, for which
the targeted bath aluminium content was of 0.128 wt.%. The raw experimental results for this
campaign, obtained through the protocol described in section 11l.1.4, are presented in Figure 92,
where the experimental holding time performed in the Gleeble 3500 device necessary for the inhibition
rupture tngiq,exp is plotted as a function of the holding temperature Tyq,exp fOr the four steels studied.
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Figure 92: Experimental holding time needed for the inhibition layer breakdown against
experimental holding temperature performed in the G leeble 3500 pilot simulator (first Rhesca
trials campaign).

Firstly, it should be highlighted that the temperature range to study the inhibition layer
breakdown is very narrow. On the one hand, holding temperatures higher than 419.5 C are needed to
ensure that zinc is in liquid state. On the other hand, too high holding temperatures lead to
experimental holding times for the inhibition rupture too short to be performed by the Gleeble 3500
device without a considerable uncertainty. These are the reasons why targeted holding temperatures
of 430, 445 and 460 C only have been performed on all the steel substrates. Holding temperatures of
425, 438 and 452 € have been added in the case of steel C in order to confirm the tendency
observed for all the steels in the range of temperatures studied.
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As stated previously, the uncertainty in each point in Figure 92 represents the difference
between the highest holding time for which the inhibition rupture has not occurred yet and the lowest
time for which the inhibition rupture has been observed. The time for inhibition rupture has been
chosen as the point in the middle of the interval defined by these two times. It is obvious that the
smaller this interval is, the more accurate the determination of the time for inhibition rupture is, but a
compromise between accuracy and number of trials has to be found.

At least in the range of temperatures tested, steel D is more reactive (the inhibition layer
breakdown is achieved faster) than steel C and this latter is more reactive than steel B, steel A being
the less reactive one.

[11.2.3.3. Effect of the bath aluminium content

The effect of the bath aluminium content on the kinetics of the inhibition layer breakdown has
been studied by comparison of the kinetic data obtained during the first and second Rhesca trials
campaigns. The raw experimental results for the second campaign, for which the targeted bath
aluminium content was of 0.112 wt.%, are available in Figure 93. As can be observed, only the
extreme steel substrates in chemical reactivity, A and D, have been finally investigated, due to a lack
of time. The raw experimental results obtained on these two steels galvanized during the first
campaign (0.128 wt.%) are presented again in Figure 93 as well.
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Figure 93: Experimental holding time needed for the inhibition layer breakdown against

experimental holding temperature performed in the G leeble 3500 pilot simulator (second
Rhesca trials campaign).

As it can be seen, the experimental holding times necessary for the inhibition layer breakdown
are shorter than for the first Rhesca trials campaign, especially in the case of steel D. While the
holding time for rupture is slightly shorter in the case of steel A for the second Rhesca trials campaign,
a great difference in this holding time is observed between the two campaigns in the case of steel D.
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It is also to note that, even if the same targeted holding temperatures of 430, 445 and 460 C
have been applied for the Gleeble heat treatments on both steel substrates, the average experimental
holding temperatures were found to be higher in the case of steel D when performing the targeted
holding temperatures of 445 and 460 €. A little ov ershoot in temperature usually took place at the
beginning of the holding step of each heat treatment. In the case of the heat treatments performed on
all the other steels investigated in this study, this overshoot had almost no influence on the average
holding temperature as the holding times performed were very long. However, in the case of steel D
galvanized during the second Rhesca trials campaign, the holding times performed in the Gleeble
device for the targeted holding temperatures of 445 and 460 C were very short and the overshoot in
temperature cannot be neglected in these conditions. For this steel substrate, the corresponding
average experimental holding temperatures were found to be 448 and 465 T respectively.

Although the previous experimental holding times must still be corrected in order to take into
account the diffusion of zinc during immersion in the galvanizing bath and cooling performed in the
Rhesca simulator, it can be already advanced that the steel chemical composition and the bath
aluminium content have an important effect on the kinetics of the inhibition layer breakdown. As shown
in section 111.1.2.1, no substantial differences were observed on the thermal profiles performed in the
Rhesca simulator for the different steel substrates and it is very unlikely that the tendencies observed
above can be inversed after correction. Moreover, as it will be seen later in section 111.3.2.2, it is very
important for the present study that all the samples corresponding to each couple steel-campaign
have been submitted to an equivalent Rhesca thermal profile. All the Rhesca thermal profiles have
therefore been checked, and samples with slightly different profile have been eliminated from the
study.

To go further into a deep understanding of the inhibition layer breakdown kinetics, modelling of
this phenomenon is absolutely necessary to quantify the diffusion flux of zinc through the inhibition
layer towards the steel grain boundaries prior to the isothermal heat treatments carried out by means
of the Gleeble 3500 device. Modelling of this phenomenon will then be proposed (section 111.3.2.1)
before correcting the experimental times in order to take into account this diffusion (section 111.3.2.2).

[11.3. Discussions

At first, a sequence of mechanisms accounting for the inhibition layer breakdown will be
proposed (section 111.3.1). Then the discussions about the inhibition layer breakdown kinetics will be
tackled (section 111.3.2).

[11.3.1. Mechanisms accounting for the inhibition |  ayer breakdown

As for the inhibition layer formation, the mechanisms accounting for the inhibition layer
breakdown can be explained by means of the concept of diffusion paths in the Al-Fe-Zn ternary phase
diagram at the holding temperature. The proposed mechanisms are based on the hypothesis
extracted from the results presented in section II1.2.2. In order to simplify the analysis, the
explanations will be given in the case of a steel galvanized in a bath containing 0.128 wt.% Al, for
which the Fe,AlsZn, layer is expected to be fairly continuous. The presence of C rod crystals will be
neglected as well.

The reference state of the inhibition layer is schematized in Figure 94a. As stated in chapter I,
all interfaces (steel / Fe,AlsZn,, Fe,AlsZn, / 8, & / liquid zinc) are in thermodynamic equilibrium and the
microstructure can be described by the real diffusion path 1 in Figure 95.

During the galvannealing heat treatment, the inhibition layer grows by iron diffusion towards the
zinc, provided that this later is in liquid state (temperature higher than 419.5 ). At the same time,
zinc diffuses towards the steel matrix. The steel / Fe,AlsZn, interface gets progressively enriched in
zinc or, what is the same, impoverished in aluminium. At a given moment, this interface is no longer
thermodynamically stable: the diffusion path crosses the ternary domain involving iron, Fe,AlsZn, and
0. Further zinc enrichment rapidly leads to the consumption of Fe,AlsZn, and the formation of 8. The
microstructure of Figure 94b is therefore represented by the real diffusion path 2 in Figure 95. At this
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time, the Fe,AlsZn, phase has completely disappeared and the steel / & and & / liquid zinc interfaces
are planar and at thermodynamic equilibrium.

During all this time, the steel grain boundaries are short-circuit diffusion paths for zinc and
become preferentially enriched in this element. When the zinc concentration at these locations is high
enough, the steel / & interface is locally destabilized: the diffusion path crosses the ternary domain
involving iron, & and . The ' phase therefore nucleates at the steel grain boundaries. Its volume
expansion breaks the & layer off locally and the ' phase gets in direct contact with liquid zinc. This
microstructure is depicted in Figure 94c and could be represented by path 3 in Figure 95, where the
dotted line indicates that no equilibrium is possible between the I' phase and liquid zinc. This non-
equilibrium situation leads to the dissolution of the I phase surface and the nucleation of new Fe-Zn
phases on its top. This microstructure, illustrated in Figure 91d, commonly known as outburst, has not
been depicted here because the analysis in this document focuses only on the phenomena taking
place until the inhibition layer breakdown occurs.
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Figure 94: Schematic representation of the mechanis  ms accounting for the inhibition layer
breakdown through outburst formation by zinc diffus ion towards the steel grain boundaries
(case of a steel galvanized in a bath containing 0. 128 wt.% Al).

Fe

Figure 95: Schematic representation of diffusion pa  ths on the Al-Fe-Zn ternary phase diagram
at the holding temperature describing the mechanism s accounting for the inhibition layer
breakdown through outburst formation by zinc diffus ion towards the steel grain boundaries

(case of a steel galvanized in a bath containing 0. 128 wt.% Al).

It should be recalled that it has not been possible to obtain incontrovertible experimental
evidence of the existence of all the phenomena described above and that some assumptions had to
be made. As commented in section I1.2.2, although the evolution of the Fe,AlsZn, layer prior to the
outburst formation has been observed (Figure 91c), no experimental proof can be provided to rule out
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the possibility that this phase can still be present on the steel grain boundaries when the inhibition
layer is broken at this location. In addition, the fact that the I' phase is the one nucleating at the steel
grain boundaries and responsible for the inhibition layer breakdown has neither been demonstrated.

[11.3.2.The inhibition layer breakdown kinetics

A simplified model aiming to predict the inhibition layer breakdown kinetics will be first proposed
(section I11.3.2.1). The constants of this model will be determined from the raw experimental kinetic
results (section 111.3.2.2). In order to determine these constants, the diffusion of zinc during immersion
and cooling in the Rhesca pilot simulator needs to be taken into account to correct the experimental
holding times performed in the Gleeble 3500 device necessary for the inhibition rupture. Once these
times have been corrected and the constants of the model obtained, the effect of the steel chemical
composition (section 111.3.2.3) and the bath aluminium content (111.3.2.4) on the inhibition layer
breakdown kinetics will be analysed in detail.

111.3.2.1. Modelling of the inhibition layer break  down kinetics

A model aiming to describe the inhibition layer breakdown kinetics through outburst formation is
presented here below. Due to the complexity of this reaction, some strong simplifications have to be
made with respect to the mechanisms proposed in section I11.3.1 in order to facilitate the modelling
work. The following assumptions are considered:

¢ The iron diffusion is very slow compared to the zinc diffusion so that the thickness of the
inhibition layer can be considered constant (the growth of the inhibition layer is assumed to be
negligible even if, as shown in section 111.2.2, this growth has been observed experimentally).

* There is no zinc concentration increase along the steel grains surface: the outburst reaction
occurs along the emergence lines of steel grain boundaries, the rate of zinc diffusion from the
middle of the steel grains towards the grain boundaries (i.e., diffusion parallel to the steel /
inhibition layer interface) is assumed to be infinite. The considered zinc diffusion flux therefore
depends only on one space variable in the z direction, perpendicular to the plane of the steel
surface. This is also a strong assumption: if zinc is only accumulated locally at the steel grain
boundaries, the destabilization of the steel / Fe,AlsZn, interface leading to the subsequent
disappearance of the Fe,AlsZn, phase should only be observed at these locations. However,
Fe,AlsZn, disappears from the steel surface in a global manner and not only in the vicinity of
the steel grain boundaries (section I11.2.2). This hypothesis allows supposing that the zinc
concentrations along all interfaces, assumed to be those at thermodynamic equilibrium
(diffusion paths 1 and 3 in Figure 73), remain constant during the diffusion process.

Under the previous assumptions, the reaction mechanism really considered by the model should
be described as shown in Figure 96.

() (b) (c)
Figure 96: Schematic representation of the mechanis  ms accounting for the inhibition layer
breakdown through outburst formation by zinc diffus ion towards the steel grain boundaries

according to the assumptions of the model (case of a steel galvanized in a bath containing
0.128 wt.% Al).

132



Based on these assumptions, a simplified diffusion model will be proposed from Fick’'s law in
steady state. The zinc diffusion flux in the inhibition layer (er'1 (mol m* s'l) can be expressed as
follows in the direction from liquid zinc to ferrite (Figure 97):

Zn(L)/o _ A0/ FeyAlgZn _ O/ Fey,AlsZn FeZAISZn [ ferrite _
5 Cn (% +) Czn “(x, )_ Fe,Alszn, Czn “(x, +) - Cz (x5 -)
qDIZ - DZn - DZn
€ €re,AlsZn,

(I11.5)

where Dgn and DFezAlsznx (m2 s'l) are the diffusion coefficients of zinc in & and Fe,AlsZn, and

CI -~ (Xk ) and C} /'Z(Xk +) (mol m*) the zinc concentrations at the two sides of the three I, / I,

mterfaces, namely liquid zinc / 8, & / Fe,AlsZn, and Fe,AlsZn, / ferrite. These concentrations are those
of the |; and |, phases at thermodynamic equilibrium. The expression proposed for this flux is open to
criticism since, strictly speaking, it should be based on the activities in the compound and it should be
used only for diffusion in a binary system [95]. In a given phase of a ternary system, the general
equations for diffusion are function of four diffusion coefficients D;;, defined as diffusion coefficient
relating flux of component i (i.e., Zn or Fe) to chemical potential gradient of component | (i.e., Zn or
Fe). Considering the uncertainties in the diffusion coefficients and based on our experimental results,
a simplified model of diffusion (neglecting the cross diffusion coefficients D, and D, ) was used

in order to obtain an estimation of the direct diffusion coefficients.

Ferrite Fe,AlsZn o zn(L) 1 ¢,

n

n(L)/ 5

Czn (Xl _)

Zn(L)/J(

X +)

ol Fe,AlsZn,
o (Xz _)

ol Fe,AlsZ
CFez San/femte(X _) /.Czn €Al5ZNy (X2 +)
3
3

7 eFeZAISan ed
X3 X %

Co,

Figure 97: Schematic representation of the zinc con  centration profiles in the two layers
constituting the inhibition layer.

The diffusion coefficients involved in equation (II1.5) are not precisely known. To our knowledge,
the diffusion coefficient of zinc in & has not been measured yet and there is only one measure for the

diffusion coefficient of zinc in pure Fe,Als DZ‘:?A'S at 460 C (=5x 10 P mist [74]). The tie lines in the

Al-Fe-Zn phase diagram are not known either. Finally, in order to be able to use the data obtained in
this work, we decided to write the zinc diffusion flux in the inhibition layer as a function of temperature

only with a global zinc concentration gradient in the inhibition layer, denoted DCZn (molm )
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dhy =-Dyy O, = D3t [

(111.6)

— -E, il
=D, exp{ =T j‘DcZn

where D'Zr: (m?s™) is the diffusion coefficient of zinc in the inhibition layer, whose variation with

temperature T (K) has been expressed through an Arrhenius equation, D, (m® s™) being the pre-

exponential factor, E, (J mol™) the activation energy for diffusion and R (J mol™ K™) the universal

gas constant. As the zinc concentrations along all common interfaces of the inhibition layer and its
thickness are assumed constant in the model, the zinc concentration gradient in the inhibition layer

il .
Oc,, is also constant.

With equation (l11.6), the diffusion of zinc through the inhibition layer has been modelled globally.
Instead of considering the diffusion of zinc through the Fe,AlsZn, and & phases separately, a global

diffusion coefficient Der|1 taking into account the zinc diffusion in the entire layer has been defined.

This new approach allows a very practical determination of the constants of this simplified model from
the experimental results.

It is also to comment that for a given nature of the inhibition layer (structure, phase composition
and thickness), D, and E, are expected to be constant. In the present study, the nature of the

inhibition layer is only dependent on the bath aluminium content, the bath temperature being fixed at
around 460 T for all the Rhesca trials.

The critical time at which the inhibition layer breakdown is achieved t_ (s) is such that a critical

quantity of zinc Q, (mol m?) diffuses through the inhibition layer at the steel grain boundaries. For a

given steel substrate (chemical composition and grain size), this critical quantity is expected to be
constant, independent of time and temperature:

e ' t, _E
— 1. — il a
Q.= [y dt=D,|0ch tf eXQ or jdt (111.7)

tgrowth growth

where tgrowth (s) is the time necessary for the growth of a covering inhibition layer (around 0.2 s
after the steel strip enters the galvanizing bath [32]).

As the thermal cycle undergone by the steel strip is an input data, it could then be possible to
calculate the time needed to reach the inhibition layer breakdown according to the following law:

tc —
j' ex;{ E""] dr=— % (111.8)
o RT

Do |Clc,
However, in order to estimate this time, the parameters E_ and Qc/(DO‘DCiZ'L'

) need to be

obtained experimentally.

Finally, as can be realised, strong simplifications have been applied to build this model, both in
the reaction mechanisms and in the modelling work itself. The approach chosen therefore presents
important scientific limitations but is the one allowing determining the parameters of the model without
too much experimental workload. It will be evaluated below whether this level of modelling is enough
to describe with acceptable accuracy the inhibition layer breakdown kinetics or not.
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[11.3.2.2. Experimental kinetic data processing

The raw kinetic results presented in section 111.2.3 are used to determine the model parameters
E, and Q,/(D,|cys))

111.3.2.2.1. Experimental determination of E,

As stated above, the activation energy E_ corresponding to the diffusion coefficient of zinc in

the inhibition layer DIZrI1 is expected to be unique for a given bath aluminium content. It can be

determined directy from the isothermal heat treatments carried out in the Gleeble 3500 device
provided that all the samples have met equivalent immersion and cooling thermal profiles during
galvanizing in the Rhesca pilot simulator, what has been carefully checked. For an isothermal

treatment at T, lasting from 0 s to t the kinetic law given by equation (111.8) can be

hold exp hold exp’

rewritten as follows:

t t
hold ,exp _ E _ E hold ,exp y

exg —2— |dt =exp —2—| |dt :QL""“if’ (11.9)
RT, Ocy,

hold ,exp hold ,exp 0 Do

where Q4 ey IS the part of the critical quantity of zinc Q, that diffuses through the inhibition
layer to the steel grain boundaries during the isothermal treatment. Equation (111.9) leads to:

Qh Id E
Togid o = — T €X =T a (111.20)
Do DCZn hold ,exp
And:
Q E
Int =Ln| —Xdee _jy  —a (11.12)
hold exp il RT
Do DCZn hold ,exp

The experiments performed on the Gleeble 3500 pilot will give directly the activation energy E,

when plotting In t against ]/Th (the slope of the straight line is equal to E, /R).

hold exp old ,.exp

The parameter Qc/(D0 ‘DC'Z:1 ) cannot be determined yet for the reason that Q,q exp does not

take into account the quantity of zinc which has already diffused in the Rhesca pilot simulator (during
immersion in the zinc bath and cooling). The real time for the inhibition layer breakdown t, is therefore

underestimated when represented by t As a result, this latter needs to be corrected by taking

hold exp *
into account the Rhesca thermal cycle. This correction is detailed in section 111.3.2.2.2.

The results obtained for the experimental holding time necessary for the inhibition layer

breakdown showed in Figure 92 for the first Rhesca trials campaign (0.128 wt.% Al) are represented in
logarithmic scale against the reciprocal of experimental holding temperature in Figure 98.
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Figure 98: Experimental holding time needed for the inhibition layer breakdown (logarithmic

scale) against the reciprocal of experimental holdi ng temperature performed in the Gleeble
3500 pilot simulator (first Rhesca trials campaign)

The activation energy E_ can be directly obtained from the results shown in Figure 98 and its
value is presented, for each steel, in Table 27.

Table 27: Values of the activation energy  E_ for the Ti IF steels studied (first Rhesca trials
campaign).

Steel Slope= E./R (K) E. (J/mol)
A 29526 245500

23850 198300

It can be seen that the value of the activation energy varies from one steel substrate to another.
In addition, it will be seen that this parameter seems to be correlated to the steel chemical
composition. This unexpected behaviour will be discussed in section 111.3.2.3.

Analogously, the experimental holding times needed for the inhibition layer breakdown showed

in Figure 93 for the second Rhesca trials campaign (0.112 wt.% Al) are represented in logarithmic
scale against the reciprocal of experimental holding temperature in Figure 99.
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Figure 99: Experimental holding time needed for the inhibition layer breakdown (logarithmic
scale) against the reciprocal of experimental holdi ng temperature performed in the Gleeble
3500 pilot simulator (second Rhesca trials campaign ).

The values of activation energy E_ obtained from the results shown in Figure 99 are presented,

for steels A and D, in Table 28. As in the case of the first Rhesca campaign, the value of the activation
energy varies from one steel substrate to another.

Table 28: Values of the activation energy ~ E_ for steels A and D (second Rhesca trials
campaign).

Steel Slope= E,/R (K) E. (3/mol)
A 31744 263900

As already commented, the experimental holding times necessary to achieve the inhibition layer
breakdown at the different experimental holding temperatures have been determined through a trial
and error method. Only these times are presented here. Nevertheless, all the Gleeble 3500 trials
through which these times have been obtained are available in Appendix G.

111.3.2.2.2. Experimental determination of Q ./ (Do.|dCz"])

As told before, the determination of the parameter Qc/(DO‘Dc;L-) requires a previous

estimation of the zinc quantity which has diffused in the Rhesca pilot in order to calculate the real time
for inhibition layer breakdown t,. The applied procedure is explained here below.
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First of all, the following equation has been integrated along the Rhesca thermal cycle

(immersion in the galvanizing bath and cooling) in order to calculate QRhesca/(DO [l]]c'z:1 )

j exp{_EaJ.dt: Qrtesca (I11.12)
RT

D, ic

where Qgpa 1S the part of the critical quantity of zinc Q. that diffuses through the inhibition

t

tgm\mh

layer to the steel grain boundaries during the Rhesca thermal cycle and t,, icmerma IS the duration of
this thermal cycle from the immersion in the galvanizing bath to the end of the cooling.

The Rhesca thermal cycles were discretized (step of 0.4 s) for integration, which was performed
by means of the trapezoidal method.

It has been noted that, in all cases, the value of this integration does not almost evolve below
400 T (its evolution is estimated in most cases le ss than 4%, and in all cases less than 7%, of the
integration value from 400 ). This means that the zinc diffusion can be neglected below this
temperature.

As already stated, the Rhesca thermal profiles of the samples considered in the present study
for each couple steel-campaign are nearly identical above the temperature of 400 C. This fact allows
integrating equation (111.12) alon? the Rhesca thermal cycle of a unique sample for each couple steel-

D, tfcit|)

other samples of the same couple. Nevertheless, the Rhesca thermal profiles of all the samples have
been obviously checked in order to indentify any possible deviation from the reference sample.

and to consider that this calculation is valid for all the

campaign to calculate Qgreen /

The objective of our calculation is to estimate the critical quantity of zinc Q, that diffuses
through the inhibition layer to the steel grain boundaries during an isothermal treatment at Ty g oy,-

When the isothermal treatment begins, there is already a quantity of zinc Qg Present in the steel
grain boundaries. Therefore, once Qwﬁca/(D0 [l]]c'ZL) has been calculated, the equivalent time

t

treatment at a given experimental holding temperature T,

Rhesca NECESSary to make the same quantity of zinc Qg diffuse during an isothermal heat

old exp 1S Calculated according to the following

equation:

E
QRhaca @X a

trescn = _
T Dy |e| (RT

(11.13)
hold exp

The real time (corrected time) necessary for the inhibition layer breakdown t, during an

isothermal heat treatment at the experimental holding temperature T, is calculated as follows:

old exp

t =t +t (I11.14)

c hold ,exp Rhesca

It should be noticed that the time correction requires the previous determination of the activation
energy E, through the raw results obtained on Gleeble 3500 device (section 111.3.2.2.1).

In order to put forward the weight of t and t compared to t,, the ratio between

Rhesca hold ,exp

treca @nd 1, is available in Table 29 for each couple steel-campaign. As it can be seen, tg., is
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lower than t with the exception of steel D galvanized during the second Rhesca trials campaign

hold ,exp*
(0.112 wt.% Al). The former ratio between t. ., and t_ is, according to the modelling work done,

independent of the value of T,y o, and is equal to the ratio between Qg and Q. , provided that

D, and ‘DC'ZL remain constant.

Table 29: Ratio between 1., and t_ for each couple steel-campaign.

tRhes,ca / tc (%)
1% campaign (0.128 wt.% Al) | 2™ campaign (0.112 wt.% Al)

A ~17 ~21

~30 -

Steel

As seen before, the following equations can be written for a given holding temperature T,

old ;axp:
E
t. = Lﬂ exp —2— (111.15)
D0 ‘DCz'n' F\)Thold exp
E
Int, =In Q. — |+ a (111.16)
Do ‘Dcz'n. RThoId exp

The value of the parameter QC/(D0 ‘DC'ZL) can then be obtained directly when plotting In t,

against 1/T, (the y-intercept of the straight line obtained is equal to In D chh ). This
hold ,exp [ 0 Zn

parameter represents the real time necessary for the inhibition layer breakdown when an isothermal
heat treatment at infinite temperature is performed.

The real time necessary for the inhibition rupture in the case of the first Rhesca trials campaign
(0.128 wt.% Al) is plotted in logarithmic scale against the reciprocal of experimental holding
temperature in Figure 100.
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Figure 100: Real holding time needed for the inhibi  tion layer breakdown (logarithmic scale)

against the reciprocal of experimental holding temp erature performed in the Gleeble 3500 pilot
simulator (first Rhesca trials campaign).

The value of the parameter Qc/(D0 ‘DC'Z,'1 ) is presented, for each steel substrate, in Table 30.

Table 30: Values of the parameter Qc/(DO ‘DC'ZL ) for the Ti IF steels studied (first Rhesca trials

campaign).
Steel Qc/(DolOcz"|) (5)
A 3.2x10™"

5.7 x 10

As it happens with the activation energy, the value of the parameter Q, / (Do ‘DC'Z,'1 ) varies from

one steel substrate to another and seems to be also correlated to the steel chemical composition.
Assumptions aiming to explain these observations will be proposed in section 111.3.2.3.

The results presented in Figure 100 could be compared with the kinetic data reported in the
literature (Table 7 and Table 8). However, among these kinetic data only the results provided by
Leprétre [33] (Table 7) can be used for comparison because the other authors have done their
experiments in much different conditions to the ones performed in this study and, in addition, they did
not mention some important data on the steel chemical composition or the galvanizing and
galvannealing conditions. Leprétre [33] performed long immersion time experiments in a bath
containing 0.13 wt.% Al at 460 T (0.128 wt.% Al and same temperature in this work) and found that a

steel with grain size of 20 ym (between 9 and 11 ym in this study) and parameter V\L*,_Texcem equal to 6.8
(between -6.6 for steel A and 18.0 for steel B, Table 23) meets the inhibition rupture after 10 s of
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immersion. The times {_ obtained for steels A and B at 460 C are 7.5 and 9.5 s respectively. The

time reported by Leprétre [33] is therefore slightly longer than the previous times, but in the same
order of magnitude. The fact that this author has found a longer time may be due to the higher grain
size of the steel used for its experiments, which delays the inhibition layer breakdown (1.3.2.2.2.1).

In any case, the effect of the steel chemical composition on the inhibition layer breakdown
kinetics reported in section 1.3.2.2.2.2 can be appreciated in Figure 100: the steel with the highest
amount of titanium and the lowest amounts of carbon, nitrogen, sulphur and phosphorous (steel D,
Table 22) is the one which meets the inhibition rupture the earliest.

Analogously to Figure 100, the real time necessary for the inhibition layer breakdown in the case
of the second Rhesca trials campaign (0.112 wt.% Al) is plotted in logarithmic scale against the
reciprocal of experimental holding temperature in Figure 101.

100
80 1 2™ Rhesca trials campaign { 0.112 wt.% Al)
B0

40 A
Steel D

20 4

R =0.999

1 1 1 1 1
0.00134 0.00136 0.00133 0.0014 0.00142 0.00144

1/ T.'?m'n',exp {Hﬂ}

Figure 101: Real holding time needed for the inhibi  tion layer breakdown (logarithmic scale)
against the reciprocal of experimental holding temp erature performed in the Gleeble 3500 pilot
simulator (second Rhesca trials campaign).

The value of the parameter QC/(D0 ‘DC'ZL ) for steels A and D is presented in Table 31.

Table 31: Values of the parameter Qc/(D0 ‘DC'Z,'1 ) for steels A and D (second Rhesca trials

campaign).
Steel Qc/(Dol0cz0"]) (s)
A 1.4x10™"°
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111.3.2.3. Effect of the steel chemical compositio n

In this section, the arguments in order to choose the parameter which accounts the best for the
steel chemical composition with regard to the inhibition layer breakdown kinetics will be first exposed.

Experimental evidence of the influence of this parameter on E, and QC/(DO‘DC;L') will then be

reported and discussed in detail. Assumptions aiming to explain the effects observed will also be
proposed. As advanced previously, this analysis will be made on the results obtained for the first
Rhesca trials campaign (0.128 wt.% Al).

[11.3.2.3.1. Selection of the most relevant chemica | reactivity parameter

Four different chemical reactivity parameters describing the excess solute titanium were
proposed at the beginning of chapter Ill. The value of each of these parameters was calculated in
section 111.1.1 for the four Ti IF steel substrates used for the present study (Table 23). These values
are presented again in Table 32 together with the steel substrates chemical composition and the

values of E, and Q, / (D0 ‘DC'ZL ) obtained experimentally.

)

Table 32: Chemical composition, chemical reactivity parameters and E, and Q, / (D0 ‘DC'ZL

values for the different Ti IF steels studied (firs  t Rhesca trials campaign) (a reference
industrially galvanized steel is included).

Steel

C (107 wt.%)

P (10°° wt.%)

S (107 wt.%)

N (10 wt.%)

Si (107 wt.%)

Ti (10 wt.%)

Wi (10° wt.%)
(equation 111.1)

*%

Wy (107 wt.%)
(equation 111.2)

XTi@(C
(equation 111.3)

Reactivity Index
(equation 111.4)

E. (3/mol)

Qc/ (Do Ocz™" ) (s)

As can be observed, a new steel substrate has been added in Table 32. This steel is a
reference steel, galvanized in an industrial bath at 460 C containing 0.128 wt.% Al (the same
aluminium content as in the first Rhesca trials campaign). For this reference steel, the industrial
galvannealing furnace was off-line. The samples obtained were then annealed by means of the

Gleeble 3500 device in a previous study [96] in order to estimate the values of E_ and
QC/(DO‘EICEL' ) As already explained in section 111.3.2.2.1, E_ can be precisely determined from

Gleeble 3500 experiments. On the contrary, the accurate determination of Q, / (D0 ‘DC'ZL ) requires a

precise knowledge of the thermal cycle undergone by the steel substrate during immersion in the
galvanizing bath and cooling to room temperature. In the case of industrially galvanized samples, the
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knowledge of this thermal cycle is submitted to a higher uncertainty compared to samples galvanized

in the Rhesca pilot simulator. As a result, the value of QC/(DO‘DCiz':{ ) estimated in the case of the

reference steel should be taken with some reservations. But, in any case, this steel is extremely close

to steel B in terms of reactivity behaviour, i.e., E, and QC/(D0 ‘DC'ZL ) (this is the reason why both of

them are presented in the same colour) and their comparison will contribute to identify the most
pertinent chemical reactivity parameter.
As a complement to Table 32, Figure 102 depicts the difference in the values of E, for the

different steel substrates. The values of the chemical reactivity parameters W*nexm, V\Zn*m& and X,
as well as the phosphorous and silicon contents for each steel are also shown.

300000
2a0000 -
) Effect of Si negligible
soooon {1246 | Yn, ;
? 6.6 | W e
= 150000 - :
= 0.7 | xp
uJ 24.5
12.4
100000 4 P Effect of P 27
93 | si \‘ 9.1
S0000
4.0
I:I T T T T
P B C D reference
Ti IF steel

Figure 102: Comparison of ~ E_ values for the different Ti IF steels studied (fir ~ st Rhesca trials
campaign) (a reference industrially galvanized stee | is included).

A first sorting of the chemical reactivity parameters will be done on the basis of the data
presented in Table 32 and Figure 102.

As can be appreciated in equation (lll.1), the parameter W*ﬁexcx considers that solute titanium
stabilize carbon, nitrogen and sulphur in the steel as TiC, TiN and TiS respectively. The parameter
W;iws is generally admitted in the literature for the precipitation phenomena in Ti IF steels. However,

concerning the inhibition layer breakdown kinetics, the values of E, and Qc/(D0 ‘DCIZL ) obtained for

steels B and C are substantially different, even if the value of the parameter W;exm is the same (Table

32 and Figure 102). In addition, for steels B and C, the silicon content is the same but the
phosphorous content is different. The comparison of steels B and C allows concluding that the
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parameter V\[nem is not complete enough and that phosphorous precipitation should also be
considered.

The parameters V\Lﬁem and X (equations 11.2) and (111.3) respectively) as well as the

Reactivity Index (equation (111.4)) take all of them into account the phosphorous precipitation. In
addition, the Reactivity Index considers a possible effect of silicon. The comparison between steel B
and the reference steel leads to the conclusion that this effect can be neglected, at least for silicon
contents in the steel up to 13 x 10" wt.%. Indeed, steel B and the reference steel present very close

as well as very

inhibition layer breakdown kinetics (very close values of E_ and Qc/(DO‘DC;{)

similar values of V\l*nem and phosphorous content. However they present very different values of the

Reactivity Index, which is due to a substantial difference in the silicon content (4 x 10 wt.% for steel B
compared to 13 x 10” wt.% for the reference steel). It can therefore be concluded that no effect of the
silicon content on the inhibition layer breakdown kinetics is observed for the Ti IF steels used for this
study. However, it would be interesting to check whether an effect of this element exists or not when
present in the steel in higher amounts. Pending further results, the Reactivity Index will be rejected for
the time being.

A final selection must be made between the parameters V\L*,—l*exc&.s and X;_ _ . The only difference
between them is that they take into account the phosphorous precipitation in a different way. The
parameter Wﬂems considers that phosphorous fully precipitates as FeTiP provided that there is

enough solute titanium in the steel while the parameter X considers that the precipitation of the

whole amount of phosphorous is not assured even if the amount of solute titanium is
stoechiometrically high enough to make the whole amounts of carbon, nitrogen, sulphur and

phosphorous precipitate. The higher the value of X is, the higher the probability of phophorous
precipitation is.

It has been seen in section 111.3.2.2 that E, and Qc/(DO‘DCE:{ ) seem to be correlated to the

steel chemical composition. As the good choice between Wﬂems and X; _ cannot be made from the
elements of Table 32 and Figure 102, the criterion that will be taken to identify the most relevant

parameter is its capacity to better correlate E, and Q, / (D0 ‘DC'Z,'1 )

Figure 103 depicts the evolution of E, as a function of chemical reactivity parameters V\L*,—l*exc&.s

(blue) and X (red). It can be seen that X provides a better representation than Wﬂem on the
basis of the correlation coefficient of the linear regression (closer to 1).
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Figure 103: E, against chemical reactivity parameters W*T:;m (blue) and X (red) for the

different Ti IF steels studied (first Rhesca trials campaign) (unfilled points correspond to the
reference steel).

In the same way, Figure 104 represents the evolution of Qc/(DO‘DCiZ'r']') as a function of

chemical reactivity parameters V\L*,—l*exc&.s (blue) and X (red). As happens with E_, X provides a

better representation than Wﬂem on the basis of the correlation coefficient of the linear regression
(closer to 1).
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Figure 104: QC/(D0 ‘DC'Z,'1 ) against chemical reactivity parameters Wy (blue) and X

(red) for the different Ti IF steels studied (first Rhesca trials campaign) (unfilled points
correspond to the reference steel).

In addition, crucial information can be obtained when comparing steel B with the reference steel.
i

These steels present the same reactivity behaviour (same E_ and QC/(DO ‘Dcz'n' )). However, while

the value of the parameter X for both substrates is the same (filled and unfilled points are

superposed in Figure 103 and Figure 104), the parameter WHMS for these steels adopts different

values.

According to the previous observations, the parameter X which considers that FeTiP

precipitation is not completely assured, will be selected as the most relevant chemical reactivity
parameter. It is important to comment here that this is a quite arbitrary decision with the clear objective
of determining an industrial indicator to evaluate the steel chemical composition with regard to the

inhibition layer breakdown kinetics. For instance, there is no physical reason for E_, and

Q. /(Do [Ty

laws respectively. This selection is also strongly supported by the fact that the parameter \I\Znems may

) to vary with the chemical reactivity parameter according to linear and exponential

eventually have negative values (case of steel A) and, from a physical point of view, a negative value
of excess solute titanium makes no sense. On the contrary, the parameter Xt e has a positive value

in the whole range of chemical compositions of commercial Ti IF steel grades according to Mardyck
databases (from 0 to 7).
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111.3.2.3.2. Effect of the steel chemical compositi  onon E,and Q. / (Do.|EICZn""|)

Now that parameter X; _ has been choosen to describe the steel chemical composition, the

effect of this parameter on E, and Qc/(D0 ‘DC'Z:1 ) will be analyzed in detail.

Figure 105 illustrates the effect of parameter X;  on E, and Q. / (DO‘DCiZ'L') (data from

Figure 103 and Figure 104, respectively, recolted in a unique graph). These results are presented
again in Table 33.
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Figure 105: E, (circles) and Q, / (D0 ‘DC'Z:] ) (squares) against chemical reactivity parameter

X for the different Ti IF steels studied (first Rhes  ca trials campaign) (unfilled points

correspond to the reference steel).

Table 33: Values of X, _, E,and Qc/(D0 ‘DC'Z:1 ) for the different Ti IF steels studied (first

Rhesca trials campaign).

Steel X5, (equation 111.3) | E, (J/mol) | Q./(DolTcz™"[) ()

A 0.7 245500 3.2x 10"
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) are very well correlated to X; . The higher the

s

As can be seen, both E, and Qc/(Do ‘DclzL

X5, is, the lower the E, is and the higher the value of parameter Qc/(D0 ‘DC'ZL

111.3.2.3.3. General discussion

Pertinence of the hypothesis of the model proposed for the inhibition layer breakdown kinetics

The modelling of the inhibition layer breakdown kinetics assumes that the rate of zinc diffusion
from the middle of the steel grains towards the grain boundaries (diffusion along the steel / inhibition
layer interface) is infinite and that the structure of the inhibition layer only depends on the galvanizing

and cooling conditions (section 111.3.2.1). Under these assumptions, the experimentally obtained E,

and D, should only depend on the diffusion of zinc through the inhibition layer, with the same values

for all the steel substrates galvanized in the same conditions (same bath temperature and composition
in the first Rhesca trials campaign) as, up to now, there is no reason to think that the nature of the
inhibition layer can be dependent on the Ti IF steel substrate. The difference in reactivity was then
expected to be linked to a different value of the quantity of zinc present at the steel grain boundaries

necessary for the inhibition layer breakdown Q.. The expected graph for Figure 100 would therefore
be characterized by parallel straight lines with the same slope, i.e., same E, (equation (I11.16)) and

different y-intercept values (this difference expected to be associated with a different value of Q,).

As shown in Figure 100, the slope of the straight lines linking In t. to the reciprocal of holding
temperature is different for each steel substrate. This means that the value of E_ varies from one

steel substrate to another and indicates that E_ takes into account not only the diffusion of zinc

through the inhibition layer but also the diffusion of zinc at the steel / inhibition layer interface and at
the steel grain boundaries. As commented in section 111.3.2.1, the initial assumption that the diffusion
of zinc along the steel / inhibition layer interface can be considered as infinite may be open to criticism.

In addition, the fact that the value of E, has been found to be correlated to Xy, ... indicates that it is

defined by the diffusion of zinc in the steel grain boundaries. The higher X; _ s, the lower E, is,

i.e., the cleaner the steel grain boundaries are, the easier the diffusion of zinc in these locations is
(with some reservations, as the evolution of the pre-exponential factor of the diffusion coefficient of

zinc D, with X could not be evaluated in the present study). A higher diffusion rate in the grain
boudaries (corresponding to lower E_) would reduce the increase in the zinc activity along the steel /

inhibition layer interface while a slower diffusion in the grain boundaries (higher E_) would let it
increase a bit more. The initial assumption that the zinc concentration gradient is kept constant is less
true when E_ is high.

The parameter QC/(DO‘DCiZ',']') increases with increased X _ (Figure 105). It can be

explained by supposing that the cleanliness of the steel grain boundaries could slow down the
accumulation of zinc at these locations. If there is no substantial segregation of alloying elements at
these sites, zinc atoms are less accumulated (they are more able to diffuse deeper into the grain
boundaries). The zinc local concentration necessary for the nucleation of the I phase leading to the

inhibition layer breakdown would require a higher quantity of zinc atoms Q, . It should be noted that

the pre-exponential factor of the diffusion coefficient of zinc D, is included in the parameter

Q./(Do|ocy:

experimentally. However, it has been supposed above that the higher X is, the faster the diffusion

). As told before, the evolution of this factor with X could not be obtained
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of zinc at the steel grain boundaries is. Under this hypothesis, one could accept that D, increases

) . It has been

when increasing Xy _, which would lower the value of the parameter QC/(D0 ‘[]c'z:1

found that the higher X _ is, the higher parameter QC/(DO ‘DC'Z,'1 ) is. Although, stricly speaking, it

) when

cannot be guaranteed, it will be supposed that the increase in the parameter QC/(D0 ‘DC'Z:1

increasing Xy is due to an increase of Q.
excess

Finally, when X;; _increases, the diffusion of zinc towards the steel grain boundaries becomes

faster and the quantity of zinc diffusing to these locations necessary for the inhibition layer breakdown
Q. will be higher.

Effect of holding temperature on Q, and t_

If the slope of the straight lines linking In t, to the reciprocal of holding temperature is different

for each steel substrate (Figure 100), it means that the straight lines will cross each other. When
comparing two given steel substrates, the relative reactivity with regard to the inhibition rupture will be
reversed from a given temperature. For instance, this relative reactivy between steels B and C is
reversed at a holding temperature of about 460 T (Figure 100). Higher holding temperatures
(between 470 and 510 C) would be needed in order to observe this behaviour in the case of all the

other couples of steels. For such holding temperatures, times for inhibition rupture t. would be

extremely short and, as already commented, performing an accurate isothermal heat treatment by
means of the Gleeble 3500 device is not possible. These are the reasons why clear evidence of the
existence of this effect can not be proved at laboratory scale.

Steel C is characterized by a higher X; _, alower E, and a higher QC/(D0 ‘DC'ZL ) than steel

B. At temperatures lower than 460 C, steel C is more reactive than steel B, i.e., the inhibition rupture
is achieved earlier while, at temperatures higher than 460 C, steel B becomes more reactive than
steel C. As the activation energy obtained for steel C is lower than the one for steel B, the difference

between the diffusion coefficient of zinc D'Z'n in steel C and the one in steel B is positive and increases

with temperature. This would mean that, at low temperatures, the flux of zinc atoms into the grain
boudaries is so small in steel B that the outburst formation occurs first in steel C, more able to
accumulate the critical amount of zinc in the required volume for the nucleation of I'. At higher
temperature, zinc diffusion is accelerated within the grain boundaries for both steels. For steel C, the

faster diffusion (lower E_) delays the accumulation of the critical amount of zinc in the required
volume for nucleation of I, and steel B, exhibiting a slower zinc diffusion in its grain boudaries (larger
E. ), is the first one able to accumulate this critical amount of zinc.

No evidence exists in the literature or in industrial practice that the inversion of inhibition layer
breakdown kinetics described before can exist. The observations in Mardyck HDGA lines always show

that the higher the value of X is, the more the Fe-Zn alloying reactions are favoured, this

phenomenon being associated with an earlier inhibion layer breakdown. In the industrial process, the
heat treatment is not isothermal and the inhibition layer breakdown generally occurs during the heating
step in the induction furnace (Figure 7), due to the diffusion of zinc in the steel grain boundaries
occurring during immersion in the galvanizing bath, wiping (which induces a non-negligible drop in
temperature), natural cooling between the wipers and the inductor entry and induction heating. For two
given steels, this switch in reactivity (i.e., the inhibition layer breakdown achieved earlier in the steel

with the lowest Xﬁem) may be observed in industrial conditions only if the inhibition rupture occured
for both steels at a temperature much higher than the switch temperature obtained with the isothermal
heat treatments (460 T for steels B and C and high er temperatures for all the other couples of steels

studied in the present study, Figure 100). But, even then, this reversed behaviour cannot probably be
observed in industrial conditions, taking into account typical line speeds and equipment dimensions.
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Most of the quantity of zinc atoms necessary for the inhibition layer breakdown would have already
diffused at the moment when this temperature has been reached.

Prediction of the effect of steel chemical composition on the inhibition layer breakdown kinetics

) presented

The model correlations between X; _ and the parameters E, and Q, / (DO‘DCiZ'r']'

in Figure 105 can be applied to predict the isothermal kinetics laws accounting for the inhibition layer
breakdown in the whole range of parameter X for commercial Ti IF steel grades (from 0 to 7, in

Mardyck databases):
Int, =In Q. — |t E, (111.17)
Do ‘Dcz.n. RThoId exp
E, = —19920XTiexoas + 259150 (1n.18)
L_I = 35010 B> H eces (I11.19)
D, [Oc,

The results obtained are presented in Figure 106. The time t. necessary for the inhibition

rupture is predicted by the model as a function of holding temperature and X
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Figure 106: Holding time needed for the inhibition layer breakdown (logarithmic scale) against
the reciprocal of holding temperature for a wide ra nge of X values according to the model

correlations shown in Figure 105 for a bath contain ing 0.128 wt.% Al.

At temperatures less than 482.5 C, t_ is found to increase when X;; _ decreases, as reported

in the literature. For this domain of temperature, the results provided by the model are quite in line with
the kinetic laws of steels A to D (Figure 100) and the reference steel. These results were totally
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expected because the parameters of the model were estimated using these experimental results. But,
at the same time, it is a reassuring result.

It can also be seen in Figure 106 that all the straight lines cross each other at the same point,
corresponding to a temperature of 482.5 € and a time of 2.9 s. This observation is inconsistent with
the experimental results (in Figure 100 the different straight lines would cross each other at different
points). As proven in Appendix H, this behaviour is the result of a mathematical artifact coming from

the description of the parameters E_ and Qc/(DO‘DC;{) as linear and exponential functions of

parameter Xy respectively.

Results of the model in the case of an industrial galvannealing treatment

In order to confirm that the results of the model are in agreement with industrial practice,
calculations have been carried out for different galvannealing cycles. The process conditions
performed in Mardyck Galma 1 line of ArcelorMittal were chosen in the case of Ti IF steel grades
galvanized in an iron-saturated zinc bath containing 0.125 wt.% Al, i.e. with an aluminium content
close to the one for which the model calculations are valid (0.128 wt.% Al). These cycles are depicted
in Figure 107. The schematic representation of a typical HDGA tower depicted in Figure 7 may
facilitate the understanding of the galvannealing cycles.
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Figure 107: Industrial galvannealing cycles perform ed in Mardyck Galma 1 line of ArcelorMittal
in the case of Ti IF steel grades galvanized ina b  ath containing 0.125 wt.% Al.

As can be seen in Figure 107, the galvannealing cycles have been represented only up to the
end of the slow cooling, as the inhibition layer breakdwown always occurs before this point and
generally during induction heating. It can be observed as well that the galvannealing cycles differ in
the line speed (varying from 60 to 150 m/min) but also in the temperatures measured by the two
pyrometers placed in the line at the end of the induction heating and slow cooling steps. In fact, the
setting of these temperatures is associated with the line speed (the higher the line speed is, the higher
these temperatures are). From here onwards, these galvannealing cycles will just be differentiated by
the line speed. However it should be kept in mind that not negligible variations in temperature exist
from one to another. It is also to comment here that the evolution of temperature between the bath exit
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and the induction furnace entry is unknown in the industrial line and had to be supposed. Concerning
the drop in temperature generated by the wiping process, a constant instantaneous drop of 5 C has
been assumed for the model calculations. Concerning the natural cooling between the wipers and the
induction furnace entry, a constant cooling rate of 3 C/s has been supposed.

Regarding the steel chemical composition, the same range of X ... as applied in Figure 106

(from 0 to 7) has been used as it covers the whole Ti IF steel grades production in Galmal industrial
line. The results, depicted and commented here below, show that the model is respectful with
industrial observations.

Figure 108 represents the model predictions of the time for inhibition rupture when performing
the galvannealing cycles depicted in Figure 107 on Ti IF steel grades with different values of X
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Figure 108: Model predictions of the effect of para  meter X and the galvannealing cycle

(Figure 107) on the time necessary for the inhibiti  on layer breakdown in the case of a bath
containing 0.128 wt.% Al.

As can be seen, the time necessary for the inhibition layer breakdown in the case of typical
industrial galvannealing cycles is reduced when increasing the parameter X The model

predictions also indicate that increasing the line speed reduces the difference in reactivity. These
results are related to the switch in reactivity behaviour depicted in Figure 106. When the line speed is
increased, the residence times are reduced and the heating rate in the induction furnace is increased.
This makes the inhibition layer breakdown to be achieved at higher temperatures and, consequently,
the reactivity behaviour at temperatures higher than 482.5 C, which counterbalances the one at low
temperatures, will take more importance.

This behaviour can also be appreciated in Figure 109, where the temperature and time for
inhibition rupture obtained for each of the steels (Xﬂem ranging from 0 to 7) is represented on the

seven galvannealing cycles. No legend for the parameter X is shown in this case because it has
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just been mentioned that for each of the present galvanneling cycles, the higher X is, the faster
the inhibition rupture is achieved (Figure 108). As can be seen in Figure 109, the most important
difference in relative reactivity corresponds to a line speed of 60 m/min, for which the quantity of zinc
necessary for inhibition rupture fully diffuses, with the exception of the steel with X e equal to 0, in
the domain of low temperature (less than 482.5 C). This difference in reactivity is reduced when
increasing the line speed because the diffusion of zinc in the domain of high temperatures becomes
more and more important. For a line speed of 150 m/min, the zinc diffusion behaviour in the domain of

high temperatures would have counteracted the one in the domain of low temperatures and, according
to the model, all the steels would meet the inhibition layer breakdown at almost the same point of the

galvannealing cycle. As a result, the effect of the parameter X5 ... on the inhibition layer breakdown

kinetics would be expected to be reversed in such industrial galvannealing cycles at line speeds
higher than 150 m/min. In the case of very low line speeds (60 and 75 m/min) those Ti IF steel grades

with high value of parameter X ... May meet the inhibition rupture before entering the induction

furnace.
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Figure 109: Model predictions of the effect of the parameter X, and the galvannealing cycle

(Figure 107) on the time necessary for the inhibiti  on layer breakdown in the case of a bath
containing 0.128 wt.% Al.

Finally, it should be highlighted that around 80 % of the Galma 1 line production is obtained at
line speeds comprised between 120 and 135 m/min, and that this last line speed is the highest one
performed in the current production of this industrial line (the speed line of 150 m/min is extremely rare
and has just been performed in the framework of industrial trials). It can therefore be advanced that
the results provided by the model are in line with the observation in industrial conditions that the higher

the value of parameter X is, the more reactive the Ti IF steel grade is with respect to the inhibition

layer breakdown. In addition, it is important to recall that in industrial lines the inhibition layer
breakdown generally occurs during heating in the induction furnace. As it can be seen in Figure 109,
this behaviour is also predicted by the model in most cases.
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111.3.2.4. Effect of the bath aluminium content

As advanced in section 111.2.3.3, the effect of the bath aluminium content on the inhibition layer
breakdown kinetics has been evaluated through the comparison between the experimental results
obtained for steels A and D galvanized in the first Rhesca trials campaign (0.128 wt.% Al) and those
obtained for the same steels galvanized in the second Rhesca trials campaign (0.112 wt.% Al).

Figure 110 shows in a unique graph the results of inhibition layer breakdown kinetics for steels A
and D galvanized in both Rhesca trials campaigns already presented in Figure 100 and Figure 101.
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Figure 110: Real holding time needed for the inhibi  tion layer breakdown (logarithmic scale)
against the reciprocal of experimental holding temp erature performed in the Gleeble 3500 pilot
simulator (steels A and D galvanized in the firsta  nd second Rhesca trials campaigns).

As can be observed in Figure 110, while the reactivity of steel A with respect to the inhibition
rupture remains almost the same when decresing the bath aluminium content from 0.128 to
0.112 wt.% (it is just very slightly faster when galvanizing at 0.112 wt.% Al), a great difference in the
inhibition layer breakdown kinetics can be appreciated in the case of steel D. Indeed, in the range of
temperature tested, steel D becomes globally much more reactive when decreasing the bath
aluminium content from 0.128 to 0.112 wt.%. Only for the lowest experimental holding temperature
tested (429<C), the reactivity of this steel remains unchanged when the bath aluminium content is
lowered.

111.3.2.4.1. Effect of the bath aluminium contento n E, and Q. / (Do.|0cz""|)

Although it is not possible to report a clear effect of the bath aluminium content on the model
parameters E, and Q, / (DO‘DCiZ':]')

contents could have been performed, it appears that decreasing the bath aluminium content would

as only two Rhesca campaigns with different bath aluminium
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make E, increase and Qc/(DO‘DCiZ'r'{) decrease. As commented above and can be observed in

Figure 111 and Table 34, these differences are much less noticeable in the case of steel A as the
kinetic laws obtained for both bath aluminium contents are very close to each other. In the case of

steel D, the gap in parameters E_ and Qc/(DO‘DC;{ )

between these two bath aluminium contents

is very important.
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Figure 111: E, (circles) and Qc/(D0 ‘DC'ZL ) (squares) against bath aluminium content for

steels A and D.

Table 34: Values of E_and Qc/(DO ‘DC'ZL ) for steels A and D galvanized in the first and sec  ond

Rhesca trials campaigns.

Steel W (WE.%) E. (3/mol) | Qc/(DolTczy"™") (S)
A 0.128 245500 3.2x 10"
A 0.112 263900 1.4x10™®

111.3.2.4.2. General discussion

Any difference observed in the inhibition layer breakdown kinetics when galvanizing the same
steel substrate in baths with different aluminium content should be, in principle, related to a difference
in the nature (structure, phase composition and thickness) of the inhibition layer only.

As shown in chapter Il and verified for the samples galvanized in the Rhesca pilot simulator
(section 111.2.1), the main difference between the inhibition layers formed in iron-saturated zinc baths
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containing 0.128 and 0.112 wt.% Al is the surface coverage by the Fe,AlsZn, phase layer. While this
layer appeared to be fairly continuous for galvanizing in the bath containing 0.128 wt.% Al, it was
clearly discontinuous for the same trial in the bath containing 0.112 wt.% Al.

In the case of steel A, no difference in the inhibition layer breakdown kinetics between the two
Rhesca trials campaigns could have been observed in spite of the just reported difference in the

inhibition layer structure (for both raw experimental data in Figure 93 and calculations of t. in Figure
110). As depicted in Figure 112, the grain boundaries of this steel (the one with the lowest value of
X . among the steels studied) are polluted with alloying elements (red points), which hinder the

diffusion of zinc in these locations. The zinc diffusion in the grain boundaries is the rate-determining
step of the inhibition rupture, i.e., the lowest diffusion rate compared to the diffusion in the inhibition

layer in both cases. The time t, necessary for the inhibition rupture is therefore the same, whether the
inhibition layer was continuous or not.

Figure 112: Microstructure through which zinc diffu ses towards the steel grain boundaries for
the inhibition layer breakdown in the case of steel A (low X polluted grain boundaries) and

bath aluminium contents of 0.128 (fairly continuous Fe,AlsZn, layer, left) and 0.112 wt.%
(discontinuous Fe ,AlsZn, layer, right).

In the case of steel D (the one with the largest value of X ... among the steels studied), the
grain boundaries are very clean (Figure 113) so that the diffusion of zinc in these locations is faster
than in steel A. The zinc diffusion rate in the grain boundaries is now of the same order of magnitude
as the zinc diffusion rate in the inhibition layer in both cases. The time t_. necessary for the inhibition

rupture therefore depends on the structure of the inhibition layer. The main difference between the
investigated inhibition layers is the discontinuity of the Fe,AlsZn, layer in the case of the bath
containing 0.112 wt.% Al. As explained earlier (section 1.3.2.2.1.1), the diffusion of zinc is expected to
be faster in the & phase, as mainly composed of zinc, than in the Fe,AlsZn, phase. This leads to times

| P exp (Figure 93) and t_ (Figure 110) lower in the case of the discontinuous Fe,AlsZn, layer than in
the case of a continuous Fe,AlsZn, layer.

Figure 113: Microstructure through which zinc diffu ses towards the steel grain boundaries for
the inhibition layer breakdown in the case of steel D (high X clean grain boundaries) and

bath aluminium contents of 0.128 (fairly continuous Fe,AlsZn, layer, left) and 0.112 wt.%
(discontinuous Fe ,AlsZn, layer, right).
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Let’s now consider the values of E, and QC/(D0 ‘DC'ZL ) in Table 34. The comparison between

steels A and D galvanized in a bath containing 0.128 wt.% Al has already been discussed in section
111.3.2.3.3. The other results obtained are difficult to explain:

« When the bath aluminium content is decreased from 0.128 to 0.112 wt.% Al, E_ is increased,

a
meaning that the global diffusion coefficient D'Zr: is decreased (equation (l11.6)), especially in

the case of steel D. As the Fe,AlsZn, layer is discontinuous, the opposite behaviour was
expected.

« For the bath aluminium content equal to 0.112 wt.% Al, E_ is higher for steel D than for steel

a
A, meaning that the global diffusion coefficient D'Zr: is decreased (equation (l11.6)), when the
grain boundaries are cleaner (case of steel D). The opposite behaviour was also expected.

Three explanations of these unexpected results could be proposed:

* At first, the kinetic law corresponding to steel D galvanized in the bath containing 0.112 wt.%Al
should be taken with some reservations. As advanced in section I11.1.2.2, in this case, the
experimental holding times needed for the inhibition rupture at the holding temperatures of
445 and 465 T were very short, leading to some unc ertainties in the determination of the
kinetic law.

» Secondly, the global model proposed for industrial purpouses (equation (I11.6)) is perhaps too
simplified to account for the complex mechanisms involved in the inhibition layer breakdown.
This one-dimensional model needs to describe two-dimensional mechanisms, such as the
discontinuous Fe,AlsZn, layer or the accumulation of zinc atoms in the steel grain boundaries.
As shown in Figure 91, the gradient of zinc concentration used in equation (l11.6) is probably
not constant as the local zinc activity along the steel / inhibition layer interface likely increases
(disappearance of the Fe,AlsZn, layer) and the thickness of the inhibition layer evolves during
the diffusional process. In addition, the fact that the phase composition of the inhibition layer

evolves before outburst formation would imply that the global diffusion coefficient D'Zr: is

probably not constant during zinc diffusion either. The steady state condition is therefore
questionable.

« Thirdly, the approach based on equation (I11.6) consists in determining a single value of E_

for the complex mechanisms involved in the inhibition layer breakdown. Even if it seems to
work well, especially in the study of the effect of the steel chemical composition on the kinetics
of this reaction (section 111.3.2.2), this approach is questionable in that the experimental range
of temperatures investigated is narrow (from 425 to 460 C) due to the zinc melting
temperature equal to 420 C and the high rate of the inhibition layer breakdown at
temperatures higher than 460 <.

Finally, the results obtained show that the inhibition layer breakdown kinetics would be always
faster in a galvanizing bath at low aluminium content (0.112 wt.%) than at high aluminium content
(0.128 wt.%). This behaviour is in line with the industrial experience, showing that decreasing the bath
aluminium content enhances the kinetics for Fe-Zn alloying reactions.

[11.4. Conclusions

The following conclusions can be drawn from this chapter:

The inhibition layer breakdown by outburst formation occurs through the diffusion of zinc in the
steel grain boundaries and the nucleation of a Fe-Zn phase at these locations. A sequence of reaction
mechanisms accounting for this inhibition rupture has been proposed (section I11.2.2) and explained by
means of the concept of diffusion paths in the Al-Fe-Zn ternary phase diagram at the galvannealing
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temperature (section I11.3.1). The diffusion of zinc towards the steel enriches the inhibition layer / steel
interface in this element. As a result of this enrichment, the disappearance of the Fe,AlsZn, layer if
present is expected to occur first, replaced by &. Further enrichment of the steel grain boundaries in
zinc leads to the nucleation of the I' phase at these locations which breaks the inhibition layer off
locally.

A simplified model has been developed in order to describe the inhibition layer breakdown
kinetics (section 111.3.2.1). The modelling work has been done in a global manner, without
differentiating the various zinc diffusion steps involved (through the & layer, through the Fe,AlsZn,
layer, at the interface with the steel and in the steel grain boundaries). Some strong assumptions were
needed in order to facilitate as much as possible the experimental determination of the parameters of
the model. Although some of these assumptions and the modelling work itself may be open to
criticism, the model fits quite well to the experimental results and allows the understanding of some
interesting effects.

The effect of the steel chemical composition on the inhibition layer breakdown kinetics has been
investigated. Based on the results obtained, among all the chemical reactivity parameters initially

proposed, the parameter X (equation (111.3)) has been found to describe the best the cleanliness

of the steel grain boundaries and, consequently, the reactivity of the steel with respect to the inhibition
layer breakdown (section 111.3.2.3.1). This parameter represents the molar ratio between the solute
titanium available after the supposed precipitation of the total amounts of carbon, nitrogen and sulphur
and the phosphorous content in the steel and gives an idea of the ability of titanium to trap
phosphorous as FeTiP. The experimental results obtained at temperatures from 425 to 460 C have

shown that the higher the parameter X is, the faster the inhibition layer breakdown occurs (section
1.2.3.2).

Using the simplified model described earlier, it was found that two opposite phenomena are
expected to influence the inhibition layer breakdown kinetics: the rate of zinc diffusion in the steel grain
boundaries and the ability to accumulate zinc atoms there (section 111.3.2.3.3). Two different
behaviours are predicted by the model depending on the temperature (Figure 106). At low

temperatures, the steel with the highest value of X corresponding to clean grain boundaries, will

be the most reactive steel with respect to the inhibition rupture, because it is characterized by the
highest diffusion coefficient in the steel grain boundaries, leading to the accumulation of zinc atoms
there the fastest. On the contrary, at high temperatures, the same steel with clean grain boundaries
will meet the inhibition rupture the latest. Indeed, in this steel, the critical amount of zinc atoms
necessary for the nucleation of the I' phase is now accumulated the slowest in a required volume due
to a too high zinc diffusion coefficient in the steel grain boundaries. In comparison, in the steel with
polluted grain boundaries, the critical amount of zinc atoms necessary for the nucleation of the I
phase is accumulated faster in a required volume, due to the presence of impurities in the grain
boundaries and a larger zinc diffusion coefficient compared to low temperature. In typical industrial
galvannealing cycles, the inhibition layer breakdown generally occurs in the domain of low

temperatures and, consequently, the steel with the highest value of X will be the most reactive
one.

The effect of the bath aluminium content on the inhibition layer breakdown kinetics has also
been studied (section 111.3.2.4). For the two aluminium contents investigated, the only difference was
the structure of the inhibition layer composed of Fe,AlsZn, and & in both cases: the Fe,AlsZn, layer is
discontinuous for the bath with 0.112 wt.% Al and continuous for the bath with 0.128 wt.% Al (section
111.2.1). It has been found that, in the typical range of temperatures of industrial galvannealing heat
treatments, a decrease in the bath aluminium content increases the inhibition layer breakdown
kinetics. The magnitude of such increase in kinetics depends on the steel chemical composition

(Figure 93 and Figure 110). In the case of a steel with a low value of X i.e., with polluted grain
boundaries, the zinc diffusion in the grain boundaries is the rate-determining step of the inhibition
rupture, i.e., the lowest diffusion rate compared to the diffusion in the inhibition layer. The time t_
necessary for the inhibition rupture is therefore almost the same, whether the inhibition layer was
continuous or not. In a steel with a high value of X; ., ie., with clean grain boudaries, the zinc
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diffusion rate in the grain boundaries is of the same order of magnitude as the zinc diffusion rate in the
inhibition layer, whether continuous or discontinuous. The time t, necessary for the inhibition rupture
therefore strongly depends on the structure of the inhibition layer.
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CHAPTER IV: GENERAL CONCLUSIONS AND PERSPECTIVES

The production of galvannealed coatings requires an accurate control of the process conditions
performed in industrial lines. Indeed, the final microstructure of this kind of coatings is composed of a
sequence of different stratified Fe-Zn phases and its in-use properties highly depend on the
distribution of these phases within the coating. The development of a galvannealed coating passes
through complex reaction mechanisms involving different reactions in series: the inhibition layer
formation, the inhibition layer breakdown, the consumption of the liquid zinc through the formation of
Fe-Zn phases and the further enrichment of the solid coating in iron. Contrarily to typical galvanized
coatings production, the steel strip is heated, after immersion in the zinc bath and wiping, into an
induction furnace in order to transform, through the previous reactions, the liquid zinc coating into a
solid Fe-Zn coating. In order to improve the quality of galvannealed coatings while minimizing
production costs, the mechanisms and kinetics of these reactions should be well known as they play a
key role on the microstructure of the final coating.

The present work focused in the study of the two first reactions: the inhibition layer formation
and its breakdown. These reactions have been investigated in the case of Ti IF steel grades.

The inhibition layer formation

The nature of the inhibition layer will obviously depend on the galvanizing conditions. In
industrial galvanizing lines, the bath is usually iron-saturated at a temperature of around 460 T and its
aluminium content is expected to play a key role on the nature of the inhibition layer. The zinc-rich
corner of the Al-Fe-Zn ternary phase diagram proposed by Tang [12] at different temperatures,
generally accepted by the galvanizers, can be used to determine the composition of the inhibition layer
if it were in thermodynamic equilibrium with the galvanizing bath (section 1.3.1.1.1): this phase diagram
suggests that the galvanizing temperature has almost no effect on the nature of this layer and that the
galvanizing bath aluminium content is the parameter determining the nature of the intermetallic
compound(s) constituting the inhibition layer. Considering an iron-saturated zinc bath at 460 C, the
inhibition layer should be fully composed either of the Fe,AlsZn, phase, in the case of typical Gl
production (bath aluminium contents at around 0.2 wt.%), or of the & (FeZn;) phase, in the case of
typical GA production (bath aluminium contents ranging between 0.1 and 0.135 wt.%). For bath
aluminium contents lower than 0.1 wt.%, the stable compound would be the { (FeZn;3) phase.
Nevertheless, so low bath aluminium contents are rarely performed in industrial galvanizing lines, due
to an uncontrolled growth of Fe-Zn phases in these conditions.

In agreement with the phase diagram proposed by Tang [12], most of the researchers in the
literature have reported that the inhibition layer formed in typical Gl baths is composed of the
Fe,AlsZn, phase only. However, in the case of typical GA baths, the nature of the inhibition layer is still
a subject of controversy today. It remains not clear whether the inhibition layer in such baths is
composed of metastable Fe,AlsZn,, stable ® or both (section 1.3.1.1.3 and 1.3.1.1.4). In addition, some
authors have also observed the presence of metastable epitaxial ¢ crystals together with the inhibition
layer, especially in the case of GA baths with low aluminium contents (section 1.3.1.3.3.3).

The nature of the inhibition layer formed in GA baths has been investigated in detail in the
present work. The results obtained for the two steel samples studied (steel A, galvanized in a zinc
bath containing 0.112 wt.% Al, and steel B, galvanized in a zinc bath containing 0.128 wt.% Al) clearly
show that this layer is composed of a very thin layer of Fe,AlsZn, (around 20-30 nm) and a much
thicker layer of & on top of it (around 200 nm) (section 11.2). A substantial difference in the continuity of
the Fe,AlsZn, layer has been observed between both samples: while this layer has been found to be
fairly continuous in the case of steel B, it was clearly discontinuous in the case of steel A.
Nevertheless, both observed final microstructures allow thermodynamic equilibrium to be reached
along all the interfaces and can be described by a diffusion path in the Al-Fe-Zn ternary phase
diagram at 460 < (section 11.3.2).

A logical reaction mechanism accounting for the formation of the inhibition layer observed in the

framework of this study can be proposed on the basis of the general mechanism found in the
literature. It can be summarized in the following steps: wetting of the steel surface by the liquid zinc,
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iron dissolution into the liquid phase, the iron supersaturation at the steel / liquid zinc interface,
nucleation of metastable Fe,AlsZn,, favoured by preferential epitaxial relationships with the ferrite, and
nucleation and growth of the & phase, which allows all the interfaces of the final microstructure of the
inhibition layer to reach thermodynamic equilibrium (section 11.3.1.1). The nucleation of metastable
Fe,AlsZn,, instead of stable & can be justified by the nucleation of this intermetallic compound in
epitaxy with ferrite. Different researchers have reported preferential epitaxial relationships between
Fe,AlsZn, and ferrite. In this study, an epitaxial relationship between Fe,AlsZn, and ferrite, which was
never reported before, has also been found (section 11.2.3.1).

In addition, metastable epitaxial ¢ rod crystals have also been observed within the inhibition
layer, in much lesser quantity compared to the presence of the Fe,AlsZn, and & phases (section
11.3.1.1). These C crystals would nucleate during immersion in the galvanizing bath on grains with the
adequate crystallographic orientation of either the steel substrate or the thin epitaxial Fe,AlsZn, layer.
Different epitaxial relationships between ¢ and ferrite are available in the literature. This topic could not
be investigated in this study. Electron diffraction in TEM at the ferrite / ¢ rod crystals interface would
have been very interesting and is kept in perspective as a possible future work.

The inhibition layer breakdown

The inhibition layer breakdown represents a key step in the galvannealing process of Ti IF steel
grades as, contrarily to the other following reactions involved in the development of a galvannealed
coating, its kinetics varies strongly with the steel chemical composition and grain size (section
1.3.2.2.2). In addition, the kinetics accounting for this reaction depends also on the nature of the
inhibition layer, which, as stated earlier, mainly depends on the bath aluminium content. It is therefore
very suitable to understand the mechanisms accounting for this reaction and to evaluate the effect of
the previous parameters on the inhibition layer breakdown kinetics.

As far as the mechanisms accounting for the inhibition layer breakdown are concerned, the
literature review carried out in the framework of the present work leads to the conclusion that the
inhibition layer breakdown occurs in most cases through an outburst formation reaction at the steel
grain boundaries due to the diffusion of zinc through the layer itself and the subsequent nucleation of a
Fe-Zn phase (section 1.3.2.1.2). This phase would be the I' phase according the Al-Fe-Zn phase
diagram (section 1.3.2.1.2.3).

In galvanizing line practice, as the steel strip enters the induction furnace, the rise in
temperature activates the interdiffusion of iron and zinc through the inhibition layer. The diffusion of
iron towards liquid zinc will make the inhibition layer grow. This growth may be limited by the
aluminium supply from the liquid phase after wiping. Zinc diffuses simultaneously towards the steel
grain boundaries and is responsible for the inhibition rupture through the mechanism evoked here
above.

In the present work, an additional stage was highlighted in the mechanism accounting for the
inhibition rupture (section 111.2.2). It begins with the disappearance of the Fe,AlsZn, layer at the
inhibition layer / steel interface as a result of the enrichment of this interface in zinc. The outburst
formation then occurs with the local nucleation of the ' phase at the steel grain boundaries, breaking
the inhibition layer (composed at this precise instant of the & phase only) off, when the zinc
concentration at these locations has become high enough. This reaction mechanism, controlled by the
diffusion of zinc towards the steel grain boundaries, can be described by means of the concept of
diffusion paths in the Al-Fe-Zn ternary phase diagram at the galvannealing temperature (section
11.3.1).

It should be pointed out here that no experimental evidence could be provided in this work
proving that the nature of the first Fe-Zn phase nucleating during the outburst formation is the I phase.
This is only an assumption based on thermodynamic considerations: the stable intermetallic
compound nucleating at the & phase / steel interface as a result of the enrichment of this interface in
zinc should be the I' phase. This assumption, stated earlier by different authors in the literature
(section 1.3.2.1.2.3), has never been confirmed experimentally. Hence, it would be very interesting to
obtain irrefutable proof of this assumption. In this sense, electron diffraction in TEM on a FIB thin foil
containing the root of an outburst is kept in mind as a future work. The microstructure to be kept in the
FIB foil should be the one corresponding to a just nucleated I phase at the emergence of a steel grain
boundary before the inhibition layer breakdown. It is not evident at all whether this microstructure can
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be easily obtained or not as the time between the nucleation of this phase and the local rupture of the
inhibition layer is expected to be extremely short.

Concerning the kinetics of the inhibition layer breakdown, it is obviously enhanced by higher
temperatures (section 1.3.2.2.1.2). In addition, the literature review advanced that it is also influenced
by other parameters. Different authors reported that this kinetics is favoured by lower bath aluminium
contents (section 1.3.2.2.1.1). The effect of the Ti IF steel substrate has also been stated by different
researchers. On the one hand, some studies indicate that the smaller the steel surface grain size is,
the more the kinetics accounting for this reaction is favoured (section 1.3.2.2.2.1). On the other hand, a
strong effect of the steel substrate chemical composition on the inhibition layer breakdown kinetics has
also been evoked: while elements such as carbon, nitrogen, sulphur and phosphorous in the steel
pollute the steel grain boundaries, delaying the inhibition layer breakdown, others as titanium and
niobium, promote the cleanliness of the steel grain boundaries, accelerating the inhibition layer
breakdown (section 1.3.2.2.2.2).

Nevertheless, although different studies available in the literature show the effects reported
above in a qualitative way, very few kinetic data quantifying them have been published. In addition,
these data are often inconsistent with each other (section 1.3.2.2.3). The kinetics accounting for the
inhibition layer breakdown has then been investigated in detail in this study with the aim of evaluating
the effect of the steel chemical composition and the bath aluminium content, not only in a qualitative
but also in a quantitative way. These two parameters were chosen first and foremost as their variability
in industrial galvannealing lines is important. The effect of the steel grain size has not been
investigated because, for the process conditions typically performed during the continuous annealing
prior to galvanizing, very little variability exists in the grain sizes of Ti IF steel grades.

In addition, a diffusion-based model aiming to predict the inhibition layer breakdown kinetics has
been developed (section 111.3.2.1). Although different diffusion steps are involved in this reaction
(diffusion of zinc through the & layer, through the Fe,AlsZn, layer, along the interface with the steel and
at the steel grain boundaries), this model remains quite simple and describe the inhibition layer
breakdown reaction with a single global zinc diffusion coefficient taking into account the different steps
of zinc diffusion. The decision to proceed in this way lies in the compromise between the accuracy of
the model for industrial applications and the experimental workload needed to determine the
parameters of the model. In spite of the simplifications done, the model represents the experimental
results successfully and facilitates the understanding of the effects of the Ti IF steel grade chemical
composition on the inhibition layer breakdown kinetics.

At first, the kinetic results obtained in the framework of this study lead to the conclusion that the
effect of the Ti IF steel chemical composition on the inhibition layer breakdown kinetics would be ruled
by the competition between two opposite phenomena (section 111.3.2.3.3): the rate of zinc diffusion in
the steel grain boundaries and the ability of the steel to accumulate the zinc atoms at these locations.
As commented above, the steel chemical composition is representative of the cleanliness of its grain
boundaries. The cleaner the steel grain boundaries are, the faster the rate of zinc diffusion in the steel
grain boundaries at a given temperature is but the more difficult the accumulation of zinc at these
locations becomes as no alloying elements prevents the diffusion of zinc atoms deeper in the grain
boundaries. The results obtained show that an effect of temperature on the competition between these
two phenomena can also be assumed. At low temperatures, the inhibition layer breakdown kinetics
mainly depends on the rate of zinc diffusion in the steel grain boundaries. In this case, a steel with
clean grain boundaries will be more reactive than other with polluted grain boundaries. However, at
high temperatures, the kinetics accounting for this reaction mainly depends on the ability of the steel to
accumulate zinc at the steel grain boundaries. In this case, the steel with the polluted grain boundaries
will be more reactive. However, in spite of this different behaviour depending on the temperature
regime, the predictions of the kinetic model when used for typical industrial galvannealing cycles are in
line with the industrial observations that the steel with the cleanest grain boundaries is the most
reactive one. Indeed, most of the zinc quantity needed to be accumulated in the steel grain boundaries
for the inhibition layer breakdown has diffused at these locations in the domain of low temperatures.

Regarding the effect of the bath aluminium content on the inhibition layer breakdown kinetics
(section 111.3.2.4), it should be noted that it is associated with the nature of the inhibition layer and,
more precisely in the case of GA baths, to the surface coverage by the thin Fe,AlsZn, layer: for the two
bath aluminium contents investigated, the only difference was the structure of the inhibition layer
composed of Fe,AlsZn, and & in both cases: the Fe,AlsZn, layer is discontinuous for the bath with
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0.112 wt.% Al and continuous for the bath with 0.128 wt.% Al (section 111.2.1). According to the results
obtained, a decrease in the bath aluminium content increases the inhibition layer breakdown kinetics.
The magnitude of such increase in kinetics strongly depends on the Ti IF steel grade chemical
composition, i.e., on the cleanliness of its grain boundaries. Thus, in the case of a steel with polluted
grain boundaries, the zinc diffusion in the grain boundaries is the rate-determining step of the inhibition

rupture, i.e., lower diffusion rate compared to the diffusion in the inhibition layer. The time t_

necessary for the inhibition rupture is therefore almost the same, whether the Fe,AlsZn, layer was
continuous or not. In contrast, in the case of a steel with clean grain boundaries, the zinc diffusion rate
in the grain boundaries is of the same order of magnitude as the zinc diffusion rate in the inhibition

layer whether continuous or discontinuous. The time t, necessary for the inhibition rupture therefore
strongly depends on the structure of the inhibition layer.

Finally, it should be pointed out that only two different bath aluminium contents could have been
tested in the framework of the present study. Although the results obtained in this study show how this
parameter influences the inhibition layer breakdown kinetics, additional trials with other aluminium
contents should be performed in order to obtain a precise quantification of this effect. In this sense, the
determination of the minimum bath aluminium content needed to ensure the continuity of the
Fe,AlsZn, layer would be a key result. For bath aluminium contents in the GA domain higher than this
value, no significant decrease of the inhibition layer breakdown kinetics is expected to be observed
even for those Ti IF steels with very clean grain boundaries.
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APPENDICES

Appendix A: The inhibition layer formation in Gl baths

A.1. Nature of the inhibition layer

Most of the investigations on the nature of the inhibition layer focused on Gl bath compositions,
more precisely on bath aluminium contents around 0.20 wt.%. For such galvanizing baths, it is
generally admitted that the main component of the inhibition layer is the Fe,AlsZn, phase [23-43], in
agreement with the phase diagram.

Nevertheless, a small group of researchers has suggested the presence of other compounds
within the inhibition layer which forms in Gl baths. Table 35 summarizes the studies carried out by
these authors.

Table 35: Summary of studies which reported the pre  sence of other compounds that Fe ,AlsZn,
within the inhibition layer in Gl baths.

Authors [Ref.] Analysis techniques vt.% Al Nature o f the inhibition layer
Harvey and 0.18 Fe,AlsZn,
Mercer [50] XRD, TEM, EPMA 0.15 Fe,AlsZn, or Fe-Al-Zn ternary compound
Ghuman and
Goldstein [51] XRD 0.25 Fe-Al-Zn ternary compound
Nitto et al. [49] Fe,Al,Zn ternary compound
McDevitt et al. [44] SEM, TEM, XRD 0.20 Fe,AlsZn, and FeAlsZn,
Chen et al. [45] EBSD 0.20 Fe,AlsZn, and transient FeAl;Zn,
Urednicek and i Fe,AlsZn, and transient FeAl;Zn,,
Kirkaldy [46] Low angle XRD 0.15-1.10 FeAlZn,
Nishimoto et al. El?ctron Back-Scattering 0.16 5 over an Fe-Al layer
[48] Mdossbauer spectroscopy

Some of the previous authors have reported the presence of Al-Fe-Zn ternary compounds within
the inhibition layer which forms in GI baths [49-51].

Thus, Harvey and Mercer [50] investigated the interfacial layer formation on industrial samples
using a combination of XRD, TEM and Electron Probe Micro-Analysis (EPMA). They observed a
continuous inhibition layer composed of Fe,AlsZn, in a zinc bath containing 0.18 wt.% Al. In a zinc
bath containing 0.15 wt.% Al, an aluminium-rich inhibition layer composed of either Fe,AlsZn, or an Al-
Fe-Zn ternary compound was observed.

According to Ghuman and Goldstein [51], after galvanizing in a zinc bath containing
0.25 wt.% Al at 450 C, Fe ,Al;Zn, was not detected by XRD whereas two Fe-Al-Zn ternary compounds
would have been observed: a “primary” one, which would be replaced locally by a “secondary” one.

As well as the previous author, Nitto et al. [49] have mentioned a purely ternary intermetallic
compound (Fe,Al,Zn) as the main constituent of the inhibition layer.

However, the high solubility of zinc in Fe,Als (up to 20 wt.%, Figure 10) can explain, as

advanced by Guttmann [23], that these ternary inhibiting compounds, which are inexistent in the Fe-
Al-Zn equilibrium phase diagrams, are nothing else than zinc-containing Fe,Als (Fe,AlsZn,).
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In addition, other authors [44-47] have reported the presence of other Fe-Al intermetallic
compounds in coexistence with the Fe,AlsZn, phase for aluminium contents corresponding to Gl
baths.

McDevitt et al. [44] have analysed by SEM, TEM and XRD the inhibition layer which forms in a
zinc bath containing 0.20 wt.% Al at 470 . They found this layer to be composed of Fe,AlsZn, and
metastable FeAl;Zn,.

By their side, Chen et al. [45] have also found via EBSD phase determination a transient
FeAl;Zn, phase in the inhibition layer in coexistence with Fe,AlsZn, in the earlier stages of immersion
in galvanizing baths containing 0.20 wt.% Al at temperatures varying from 450 to 480 <.

Utednitek and Kirkaldy [46] investigated the nature of the inhibition layer formed on pure iron by
metallography and low angle XRD. They tested different immersion times (10 s, 1, 3, 10 and 30 min)
and aluminium contents (0.15, 0.22, 0.32 and 1.10 wt.% Al) in galvanizing baths at 450 . In all
cases, they found the inhibition layer to be composed by a transient FeAl;Zn, phase and Fe,AlsZn,.
According to the authors, these latter two phases form the bulk of the inhibition layer but may
occasionally be accompanied by particles of the FeAl,Zn, phase. We have no elements to criticize
these results but it should be appropriate to revise in detail the experimental procedure and the
obtained diffraction lines of this work, especially for the FeAl;Zn, and the FeAl,Zn, phases.

Finally, Yamaguchi and Hisamatsu [47] submitted the assumption that, for bath aluminium
contents between 0.15 and 0.30 wt.%, FeAlsZn, forms on the steel substrate in coexistence with
Fe,AlsZn, in the earlier stages of immersion, but rapidly transforms into Fe,AlsZn,.

However, the domain of existence of the FeAlsZn, phase in equilibrium with the liquid zinc is far
away from the typical aluminium contents used in industrial galvanizing baths. The minimum
aluminium content in the zinc bath allowing its thermodynamic equilibrium with FeAlsZn, is 1.3 wt.% Al
[10]. Therefore, the presence of metastable FeAlsZn, seems quite doubtful in the inhibition layer which
forms in Gl baths. The lack of accuracy of the analysis techniques used by some of these authors, as
EBSD [45], could be responsible of this strange presence of FeAl;Zn,. Even less probable appears the
presence of the FeAl,Zn, phase suggested by Ufedni¢ek and Kirkaldy [46].

On the other hand, Nishimoto et al. [48] observed a “fine granular” structure over a Fe-Al layer
as constituents of the inhibition layer formed in a zinc bath containing 0.16 wt.%Al at 470 C. They
confirmed by Electron Back-Scattering Modssbauer spectroscopy that this “fine granular” structure is
mainly composed of the & phase. Yamaguchi and Hisamatsu [47] have also proposed such an
inhibition layer in the case of bath aluminium contents between 0.09 and 0.15 wt.%.

These last two studies should be highlighted as the only ones which suggest the presence of the
d phase in the inhibition layer for a so high aluminium content in the galvanizing bath (0.15 wt.% or
higher).

A.2. Experimental data on the inhibition layer grow  th kinetics

A.2.1. Effect of the bath aluminium content

Giorgi [32] developed a model describing the nucleation and growth of the inhibition layer which
forms in Gl baths. In order to fit some parameters and validate her model, she made a compilation of
experimental growth data obtained by other researchers and published in the literature. These
experimental data are quite in agreement with each other, as can be appreciated in Figure 114. The
author made the approach that the aluminium uptake by the inhibition layer and its thickness are
proportional. This approach would be inconsistent with the contributions made by other authors that
the structure (degree of compaction) of the inhibition layer varies through its thickness [31,45] or, as
will be seen later, with the bath aluminium content [34]. As can be seen in Figure 114, the aluminium
uptake by the inhibition layer increases with an increase of the bath aluminium content in the case of
zinc baths with 0.15, 0.16 and 0.20 wt.% Al. However, there is a point, corresponding to a bath with
0.3 wt.% Al, which is out of this tendency. Indeed, for a 6 s immersion time, the aluminium uptake by
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the inhibition layer is considerably lower in a bath containing 0.30 wt.% Al than in a bath containing
0.20 wt.% Al. This unexpected behaviour has been explained by Faderl et al. [34].
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Figure 114: Effect of the bath aluminium content on the inhibition layer growth kinetics
(compilation of experimental data carried out by Gi orgi [32]).

Faderl et al. [34] studied as well the effect of the bath aluminium content on the inhibition layer
growth kinetics. Their research was carried out on Gl baths at 470 T but with higher aluminium
contents than in the previous cases. Figure 115 illustrates the unexpected effect reported above. An
increase in the bath aluminium content from 0.2 to 0.4 wt.% leads to a significant decrease of the
aluminium uptake by the inhibition layer. This behaviour drove the authors to propose the following
mechanism for this domain of bath aluminium content. Due to the better supply of aluminium, as a
result of a higher aluminium content in the zinc bath, an accelerated formation of a dense interfacial
layer acting as a strong diffusion barrier occurs. As a consequence of the reduced diffusion time, a
thinner Fe,AlsZn, inhibition layer is formed.
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Figure 115: Effect of the bath aluminium content on the inhibition layer growth kinetics (Faderl
et al. [34]).

On the contrary, in zinc baths with lower aluminium contents (less than 0.2 wt.%), the aluminium

supply from the zinc bath is limited and after the nucleation step there is not remaining aluminium
enough to make the inhibition layer grow.
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According to the authors, a turning point can be fixed at 0.20 wt.% Al. For bath aluminium
contents lower than or equal to 0.20 wt.%, the aluminium supply from the zinc bath is limited and,
consequently, an increase of the bath aluminium content will result in a higher growth rate of the
inhibition layer. This is the reason why the development of the inhibition layer increases with increased
bath aluminium content. For higher bath aluminium contents, the aluminium supply becomes high
enough to lead to the nucleation of a dense inhibition layer. In this case, further growth of the inhibition
layer is limited by solid state diffusion of iron through this layer. This is the reason why the
development of the inhibition layer decreases with increased bath aluminium content.

A.2.2. Effect of the bath temperature

The effect of the bath temperature on the inhibition layer growth kinetics has been studied by
Chen et al. [45] and Giorgi [32].

During the development of her model, Giorgi [32] also collected published experimental growth
data at different bath temperatures. These data are shown in Figure 116, in the case of zinc baths
containing 0.19 to 0.20 wt.% Al
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Figure 116: Effect of the bath temperature on the i  nhibition layer growth kinetics (compilation
of experimental data carried out by Giorgi [32]).

As could be expected due to the fact that diffusion is activated by temperature, the aluminium
uptake by the inhibition layer increases with an increase of the bath temperature.

Chen et al. [45] had also proposed a kinetic model (section A.3) which specifically describes the
growth of the inhibition layer in 0.20 wt.% Al containing zinc baths as a function of the reaction time
and the bath temperature. Calculations of their model compared to their own experimental growth data
are shown in Figure 117 and indicate, in agreement with Giorgi [32], that the inhibition layer develops
more rapidly when the bath temperature is increased.
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Figure 117: Effect of the bath temperature on the i  nhibition layer growth kinetics (Chen et al.
[45]).

A.2.3. Effect of the immersion time

In addition, it can be seen, as expected, that the longer the immersion time is, the higher the
aluminium uptake by the inhibition layer is (Figure 114, Figure 116 and Figure 117).

To sum up, the growth of the inhibition layer is favoured by higher bath temperatures [32,45],
longer immersion times [32,45] and higher bath aluminium contents [32,34], provided that this last
parameter does not exceed a threshold value, fixed at 0.20 wt.% [34].

A.3. Mechanisms of formation of the inhibition laye r

It has been seen in section 1.3.1.3 that, regardless the nature of the intermetallic compound
formed, the mechanisms of formation of the inhibition layer could be generalized and summarized in
the following steps: wetting of the steel suface by liquid zinc, iron dissolution from the steel surface
into the liquid and nucleation and growth of the inhibition layer. In this section, focus is only given to
the mechanisms of nucleation and growth of the intermetallic compound which forms in the case of Gl
baths. A review of the models proposed in the literature for this type of baths is also presented.

Thermodynamic considerations

Although very few authors have reported the presence of metastable phases in the inhibition
layer which forms in GI baths (the proposed mechanisms accounting for the formation of these phases
will be seen later), the nucleation and growth of the Fe,AlsZn, phase in thermodynamic equilibrium
with both the steel and the liquid zinc is widely accepted in such baths (section 1.3.1.1.2).

Leprétre et al. [27,33] used the idea of diffusion paths in the Al-Fe-Zn ternary phase diagram
proposed by UfedniCek and Kirkaldy [46] as a powerful tool to detail the mechanisms of formation of
the inhibition layer.

As the obtained microstructure consists of a layer with planar interfaces at thermodynamic
equilibrium, the inhibition by Fe,AlsZn, in Gl baths can be represented by a real diffusion path (path 4
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in Figure 118). Consequently, the system does not require the nucleation of any other intermetallic
compound. Even if the Fe,AlsZn, phase acts as a strong barrier against zinc and iron diffusion, the
interdiffusion process can then go ahead with the growth of the Fe,AlsZn, layer, which corresponds to
the inhibiting period during the first times of galvanization. This mechanism is also supported by
Guttmann [23], Mataigne [30] and Giorgi [32].

\

Figure 118: Schematic representation of the isother ~ mal Al-Fe-Zn phase diagram at 450 C
illustrating the diffusion path corresponding to th e Fe-Zn inhibition in Gl baths (path 4)
(Leprétre [33]).

Final structure

Concerning its final structure, some researchers [31,45] have pointed out that this Fe,AlsZny
inhibition layer is characterized by a two-layer structure: a compact thin layer in contact with the steel
substrate (lower layer) and a coarser non-compact upper layer. This difference in coarsening can be
explained by the difference in iron and aluminium supply, necessary for the growth of the inhibition
layer. This two-layer structure is shown in Figure 119.

Ty

Lower layer Upper layer

o ST —

Figure 119: Structure of the Fe ,AlsZn, inhibition layer formed in Gl baths (Guttmann et al. [31]).

Modelling of the nucleation and growth of the inhibition layer
In 1993, Linarés [64] proposed the first overall model for the galvanizing process, involving the

resolution of the equations of iron and aluminium diffusion in the zinc bath. The results depend on time
and on a space variable in the direction perpendicular to the plane of the steel sheet. The boundary
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conditions at the steel / zinc bath interface involve the iron dissolution according to zero order kinetics
(dominant term) and the growth of Fe,AlsZn, at the interface. In this model, growth is assumed to be
limited by the diffusion of iron through the Fe,AlsZn, layer in course of formation. However, this model
does not account for the nucleation of Fe,AlsZn,.

Subsequently, Tang [65] considered the nucleation and growth of the Fe,AlsZn, layer. The
nucleation rate employed by the author depends in particular on the mole fraction of aluminium at the
steel / liquid zinc interface and on the number of iron atoms per unit area on the steel surface, which
was considered to be equal to the number of nucleation sites. Growth was assumed to be controlled
by the diffusion of aluminium in the zinc bath.

Later, Toussaint et al. [66] proposed two modifications to the model developed by Tang [65]:

*The nucleation rate takes into account the surface roughness of the steel and the average
number of iron atoms involved in the formation of an embryo.

*Growth is controlled by the diffusion of iron through the just nucleated Fe,AlsZn,. This
assumption, considered also by Linarés [64], seems more probable than that of Tang [65].

Giorgi [32] improved and completed the kinetic laws for the reactions at the steel / liquid zinc
interface in order to identify the rate controlling step in the growth of the interface layer at short times.
She developed a model based on the assumption that growth starts once nucleation is over. She also
supposed the formation of a monolayer intermetallic compound. For the nucleation phenomenon, she
introduced a classical law where the Gibbs free energy of formation of a nucleus of critical size is a
function of the iron supersaturation at the solid / liquid interface. The author introduced as well a first
order law for the iron consumption flux (mol.m'z.s'l) by the growth phenomenon in order to take into
account the deviation from saturation:

cons — int2 sat
JFe - kgrowth (CFe - CFe ) (A-l)

where kgrowth (m.s™) is the interface alloy growth rate constant, CiF"et2 (mol.m™) is the iron

concentration at the interface alloy / liquid zinc interface and C,iaet (mol.m'3) the iron concentration in
the liquid zinc in equilibrium with the interface alloy.

The kinetic model from Giorgi [32] is based on the resolution of the equations of iron and
aluminium diffusion in the zinc bath. The boundary conditions at the interface between the steel and
the molten zinc involve iron dissolution, nucleation and growth of Fe,AlsZn, and iron diffusion in the
Fe,AlsZn, formed. The solid state diffusion of aluminium within the interfacial layer is neglected. A
schematic representation of the considered phenomena is shown in Figure 120.
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Figure 120: Schematic representation of the reactio  ns in the galvanizing bath (Giorgi [32]).
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Figure 121 shows the crystal growth kinetics prediction of the model [32] in the case of a zinc
bath containing 0.20 wt.% Al at 450 T. dcysa IS the edge length of the crystals assumed to be in the
form of cubes. As it can be seen, the iron dissolution takes place during an incubation period of less
than 0.1 s. At this moment, the iron supersaturation of the liquid zinc at the interface is such that the
nucleation phenomenon starts. Small nuclei of the intermetallic compound begin to appear at the steel
surface and grow laterally until forming a continuous layer after 0.2 s. At this point in time, the crystal
size has reached 50 nm.
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Figure 121: Kinetics of crystal growth against imme rsion time (Giorgi [32]).

Figure 122 illustrates the kinetics of aluminium pick-up by the inhibition layer against the
immersion time. The initial rapid increase corresponds to the nucleation and lateral growth
represented in Figure 121. Then, the growth kinetics slows down as controlled by solid state diffusion
of iron through the just formed continuous layer.
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Figure 122: Kinetics of aluminium pick-up against i mmersion time (Giorgi [32]).
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More recently, Liu and Tang [62] reviewed the model developed by Tang [65] in order to make it
valid also for GA baths, but the main assumptions of the new version of the model remain unchanged.

By their side, Chen et al. [45] proposed a model aiming to describe the inhibition layer growth
kinetics in the case of a zinc bath containing 0.20 wt.% Al as a function of the reaction time and the
bath temperature. However, unlike the model developed by Giorgi [32], the authors do not take into
account the early stages of formation of the interfacial layer, i.e., the incubation period, during which
iron dissolution takes place, and the nucleation stage. The authors reported that the inhibition layer
microstructure coarsening has significant effect on the effective diffusion coefficient of iron through the
layer itself, calculated as the weighted sum of lattice and grain boundary diffusion, and on the growth
rate of this layer, which was found to be non-parabolic. So, the model developed by Chen et al. [45]
calculates instantaneous variations of the interfacial layer grain size (considered by the authors to be
proportional to time) and accounts for instantaneous variations in the value of the effective diffusion
coefficient and the non-parabolic growth rate. Aluminium uptake calculations of their model compared
to experimental data are shown in Figure 117.

Finally, Mandal et al. [63] also proposed a model accounting for the reactions taking place at the
steel / liquid zinc interface during immersion in the galvanizing bath. This model considers the
dissolution of iron, the nucleation of the Fe,AlsZn, inhibiting layer and its growth, assumed to be
controlled by solid state diffusion of iron towards the liquid.

Particular mechanisms involving phases different from Fe,AlsZn,

As shown in section A.1, some authors found intermetallic compound(s) different from Fe,AlsZn,
at the steel / liquid zinc interface in the case of Gl baths. Even if the interface alloy is most likely
composed of Fe,AlsZn, only, the mechanisms of formation of the other intermetallic compounds
proposed in the literature are described here below.

McDevitt and Meshii [28] studied the inhibition layer which forms in a zinc bath containing
0.14 wt.% Al at very short dipping times. They found this layer to be primarily composed of Fe,AlsZn,.
However, they observed, just in the case of P-added steel grades, that the inhibition layer went
through a transition from “a Fe-Al solid solution or ordered phase” to the Fe,AlsZn, phase. No other
author reported such an observation.

As advanced in section A.1, a group of researchers [44-47] affirmed to have observed the
FeAl;Zn, phase in coexistence with Fe,AlsZn, within the inhibition layer which forms in GI baths. The
mechanisms of formation of this layer remain controversial:

» McDevitt et al. [44] confirmed by TEM that metastable FeAl;Zn, forms first on the steel
surface. Then Fe,AlsZn, nucleates at the steel / FeAlsZn, interface with preferential
orientations with regard to the steel surface and grows by consuming FeAlzZn,.

» Chen et al. [45] pointed out, in agreement with the previous authors, that the first phase
nucleating on the steel surface is FeAl;Zn,, forming a finely crystalline, compact layer. In
opposition to McDevitt et al. [44], they reported that the FeAl;Zn, layer transforms into
Fe,AlsZn, from the liquid to the steel by a diffusive reaction mechanism given by:

FeAl, + 2 Al (bath) + Fe(substrate) + X Zn(bath) - Fe, Al .Zn, (A.2)

Simultaneously to this transformation, the Fe,AlsZn, crystals already formed continue their
development and form a non compact, coarser Fe,AlsZn, upper layer. Finally, the metastable
FeAl;Zn, phase disappears and the two-layer structure of the inhibition layer is completely
composed of Fe,AlsZn,. According to the authors, both FeAlsZn, and Fe,AlsZn, phases showed
preferred crystallographic orientations with respect to the steel. A schematic representation of
their mechanism is shown in Figure 123.
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Figure 123: Mechanism of formation of the inhibitio n layer suggested by Chen et al. [45].

Uredni¢ek and Kirkaldy [46] were pioneers in the use of diffusion paths in the Al-Fe-Zn ternary
phase diagram in order to propose a detailed description of the reaction mechanisms in galvanizing
and galvannealing. Concerning the inhibition layer, they found experimentally that the phase initially
formed on the steel surface is Fe,AlsZn,, followed immediately by the nucleation of FeAlzZn,. This
stage is represented by diffusion path Fe-IJKD'C” in Figure 124.

Zinc in wt. %

Figure 124: Schematic representation of the isother  mal Al-Fe-Zn phase diagram at 450 T
illustrating diffusion paths proposed by U fedniéek and Kirkaldy [46].

The authors [46] indicated that the aluminium concentration gradient in the liquid zinc can be
dispersed to allow the initial activity of this component, minor in the bulk liquid, to be maintained at a
high level at the solid / liquid interface, thus favouring the stability of aluminium-rich Fe-Al compounds.
So, according to the authors, it could be reasonably assumed that even if the aluminium content in the
bulk liquid corresponds to Gl baths, where Fe,AlsZn, should be thermodynamically stable, the
aluminium content in the liquid zinc at the interface with steel can be high enough to allow the
nucleation of FeAlsZn,. But the question now is why Fe,AlsZn, nucleates first on the steel surface.
Assumptions on epitaxial relationship between the steel and Fe,AlsZn, (Guttmann [23]) lowering its
nucleation barrier can be made to try to explain this behaviour. Once the Fe,AlsZn, phase is formed,
FeAl;Zn, nucleates at the interface with liquid zinc. Therefore, it could be presumed that the
crystallographic properties of the steel surface, which are thought to favour the epitaxial nucleation of
Fe,AlsZn,, are not transferred to the next layer.
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According to Ufednigek and Kirkaldy [46], it is very likely that the interface compositions evolve
by aluminium depletion to those defined by virtual diffusion path Fe-IDHC. Instabilities are to be
expected next to the liquid since this path crosses both two and three-phase domains. This path
implies a local equilibrium surface involving three phases, Fe,AlsZn,, FeAl;Zn, and liquid zinc, in
contact with a two-phase domain Fe,AlsZn,-liquid zinc. The microstructure corresponding to this path
exhibits a nearly planar interface between FeAls;Zn, and liquid zinc along with a very limited number of
protruding small crystals of Fe,AlsZn,.

In locations where instability has become critical, the zinc-saturated FeAl;Zn, has been
penetrated by columns of the zinc-containing Fe,AlsZn, phase, which grow into the liquid zinc. The
aluminium required for the growth of this phase can be supplied by the zinc bath and by the
dissolution of the FeAl;Zn, phase. The first of these processes will result in a decrease in the amount
of liquid zinc residing between the columns of Fe,AlsZn,. Thus, the point H will be displaced toward H'.
At the same time, the aluminium concentration in the liquid zinc in the vicinity of the Fe,AlsZn, growing
tips will decrease towards point C'. The second of these processes will result in a decrease in the
amount of FeAlsZn, and the subsequently displacement of the point D towards L. At this stage, the
microstructure is therefore represented by virtual diffusion path Fe-ILH'C’.

If the aluminium content in the zinc bath is not maintained, further growth of the Fe,AlsZn, phase
would continue until complete consumption of the FeAlsZn, phase. Correspondingly, the diffusion
profile would swing towards diffusion path Fe-IFA. At this moment, further columnar growth of the
Fe,AlsZn, phase would receive its aluminium supply from the zinc bath only.

Yamaguchi and Hisamatsu [47] were greatly interested in the work carried out by Ufedniéek and
Kirkaldy [46] and, based on their methodology, proposed a set of diffusion paths whose evolution
enables the description of all the successive morphologies observed during galvanization for different
aluminium contents in the zinc bath. The diffusion paths proposed by the authors as well as their
corresponding microstructures are shown in Figure 125.

As far as concerned in this section, the authors consider that the inhibition layer evolves with
reaction time towards its final structure as the result of a local aluminium depletion in the bath
consecutive to its nucleation, as reported by Ufedni¢ek and Kirkaldy [46].

However, contrary to Ufedniéek and Kirkaldy [46], Yamaguchi and Hisamatsu [47] found the
inhibition layer to be different depending on the aluminium content in Gl baths. For Gl baths with an
aluminium content between 0.15 and 0.30 wt.%, the authors reported the same mechanisms, present
phases and final structure as Ufedni¢ek and Kirkaldy [46]. For Gl baths with an aluminium content
lower than 0.15 wt.%, they reported the initial nucleation of Fe,AlsZn, on the steel surface and the
subsequent drop of aluminium at the solid / liquid interface, likely due to the formation of this
aluminium-rich interfacial layer. As a result, the aluminium content at the interface cannot be
maintained and, consequently, the & phase nucleates over the Fe,AlsZn, phase.

Nishimoto et al. [48] also reported this last mechanism for the inhibition layer which forms in a
zinc bath containing 0.16 wt.% Al. The authors identified “fine granular” crystals, mainly composed of
the & phase, on the Fe-Al interfacial layer and attributed their nucleation to an aluminium depletion in
the liquid zinc as well.
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Figure 125: Set of diffusion paths proposed by Yama  guchi and Hisamatsu [47] and their

corresponding observed microstructures.

182



Appendix B: The inhibition layer breakdown in Gl baths

As seen in Appendix A (section A.3), Leprétre et al. [27,33] used the concept of diffusion paths
in the Al-Fe-Zn ternary phase diagram to explain the mechanism of formation of the inhibition layer in
Gl baths. These authors have also used this tool to explain their experimental results concerning the
inhibition layer breakdown through outburst formation.

According to the phase diagram (Figure 11), the inhibition layer in Gl baths is composed of
Fe,AlsZn, phase and the different interfaces (steel / Fe,AlsZn, / liquid zinc) can be described by
diffusion path 4 in Figure 126. The diffusion of zinc through the Fe,AlsZn, inhibition layer leads to a
local enrichment in zinc of the steel / Fe,AlsZn, interface, at the steel grain boundaries. The
representation of this enrichment consists in a displacement towards higher zinc contents (see arrow
from point A) of the tie-line corresponding to the equilibrium satisfied at this interface. The zinc
concentration at the steel grain boundaries increases progressively and, after a while, it finally reaches
the critical content corresponding to the three-phase equilibrium domain involving the & phase. The
diffusion path is then no longer real but virtual (path V4 in Figure 126) and represents the local
nucleation of the & phase at the steel / Fe,AlsZn, interface, which is consistent with the mechanism
proposed by Hisamatsu [25] in the case of a zinc bath containing 0.16 wt.% Al (Figure 26). This
process could go ahead until path 5 (superposed layers of I, & and Fe,AlsZn,). However, the authors
indicated that the microstructure corresponding to this path is not observable as the volume expansion
associated with the local nucleation of & leads to the immediate detachment of the Fe,AlsZn, layer and
subsequent formation of outbursts, which corresponds to path V6 in Figure 126. A perfect illustration
of the microstructure corresponding to this path is given in Figure 127.
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Figure 126: Schematic representation of the isother ~ mal Al-Fe-Zn phase diagram at 450 C
illustrating diffusion paths representing the evolu tion of the microstructure of coatings in Gl
baths (Leprétre [33]).
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Figure 127: Detailed cross section of an outburstf ~ ormed in a Gl bath (Leprétre et al. [27]).
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Jordan and Marder [24] studied the breakdown of the inhibition layer in the case of a zinc bath
containing 0.20 wt.% Al. They reported a two-phase layer outburst structure which perfectly
corresponds to that of Figure 127. In addition, they indicated that the & phase forms first at the steel
grain boundaries, followed by the nucleation of the I phase at the steel / & interface, which is in total
agreement with the mechanism proposed by Leprétre et al. [27,33].
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Appendix C: The Fe-Zn alloying reactions

In the following paragraphs, the development of the galvannealed coating from the precise
instant when the inhibition layer is broken up by the outburst formation until the final coating
microstructure is achieved will be described.

First of all, the mechanisms through which this development occurs will be approached. In this
framework, the representation of diffusion paths on the Al-Fe-Zn ternary phase diagram will be used
again to explain some of these suggested mechanisms.

Secondly, the kinetics of the Fe-Zn alloying reactions will be discussed through the presentation
of different models proposed in the literature. As it will be seen, two different types of models have
been identified: kinetic models describing the evolution of iron content in the coating and other models
describing the evolution of the phase distribution within the coating.

C.1. Proposed mechanisms for the Fe-Zn alloying rea  ctions

During the development of the galvannealed coating, two stages are clearly differentiated: the
growth of Fe-Zn phases until total consumption of the liquid zinc overlay and the subsequent iron
enrichment of the solid coating.

C.1.1. Consumption of the liquid phase. Growth of F  e-Zn phases

C.1.1.1. Experiments

It is well known that once the outbursts form, they develop by consuming the liquid zinc, both
laterally, joining the adjacent outbursts, and in thickness. However, few authors have proposed logical
reaction mechanisms considering this observation.

By their side, Gomi et al. [77] performed in-situ time XRD measurements in order to understand
the galvannealing phenomena. After determining the diffraction peaks of the ¢, & and ' phases,
measurements were conducted to study the effect of the aluminium in the coating, the galvannealing
temperature and silicon and manganese additions into the base steel on the development of Fe-Zn
phases during galvannealing. The authors tested two different aluminium contents in the coating (0.12
and 0.17 g Al/m? for 35 g Zn/m® in both cases), two different steel substrates (ultra-low carbon steel
and 0.2 wt.% Si-1.0 wt.% Mn ultra-low carbon steel) and three different galvannealing temperatures
(440, 470 and 500 ). However, the authors did not clearly specify in their paper the aluminium
content of the zinc bath, so it remains unknown whether it belongs to the Gl or GA domain.
Nevertheless, interesting conclusions can be drawn from their work.

The XRD measurements obtained by Gomi et al. [77] allowed them to propose, for each case, a
logical sequence for the galvannealing reaction, as depicted in Figure 128. As it can be seen, once the
outbursts formed, they grew laterally until joining all together in all cases. Furthermore, while the ¢
phase grew within the outbursts in the case of the 440 (cases ¢ and e) and 470 C (cases a and b)
galvannealing temperatures, no presence of this phase was observed in the case of the 500 T (case
d) galvannealing temperature.

In addition, the results obtained by the present authors indicated that the ¢ phase formed first,
followed by the & phase and finally by the I phase. As it has been already reported, the phase
nucleating at the steel grain boundaries responsible for the inhibition layer breakdown is the & phase,
in the case of Gl baths (Appendix B), or the I" phase, in the case of GA baths (section 1.3.2.1.2.3).
According to the authors, it is quite likely that, due to the X-ray penetration factor, other Fe-Zn phase
nucleates before the { phase but it would be at this point too little to be detected.
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Figure 128: Schematic cross-sectional presentation of the Fe-Zn growth behaviour during
galvannealing proposed by Gomi et al. [77].

In addition, results from Gomi et al. [77] showed that all the Fe-Zn compounds continue to grow
until total consumption of the liquid zinc.

In relation with the total consumption of the liquid phase, Mataigne [30] submitted that, as after
wiping, limited amount of liquid zinc is available, it may happen that zinc is fully consumed before all
the outbursts join together. As a result, small holes in the coating can subsist at grain interior which
makes the coating surface roughness increase. According to the author, this is particularly true for
reactive steel grades with strong inhibition. Mataigne [30] reported as well that holes in the coating can
also be the result of the epitaxial nucleation of C crystals on the steel substrate, as can be observed in
Figure 129.

—, T — ;T

Figure 129: Surface micrographs of a GA coating sho  wing holes with epitaxial g crystals at
their bottom (Mataigne [30]).

During the Fe-Zn alloying reactions, outbursts do not propagate along those areas where
epitaxial ¢ crystals are present. As a result, local available liquid zinc is consumed along surrounding
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areas, where outbursts are growing. Zones with depressed coating weight (holes) are clearly
noticeable in the left-hand side micrograph in Figure 129 and the higher magnification of the right-
hand side micrograph confirms the presence of unchanged epitaxial { crystals at the bottom of the
holes. This experimental evidence would definitely rule out the fact that these epitaxial ¢ crystals
disappear for longer reaction times, as Leprétre [33] had suggested.

C.1.1.2. Proposed mechanisms

The proposed mechanisms accounting for the growth of Fe-Zn phases until the liquid zinc is fully
consumed will be discussed for both GI and GA baths.

Growth of Fe-Zn phases until total consumption of the liquid zinc in Gl baths

According to Ufedni¢ek and Kirkaldy [46], once the three-phase equilibrium is established
between Fe,AlsZn,, & and liquid zinc, the system will tend to minimize its Gibbs free energy through
the following reaction:

Zn;, + F&, Al (Zn) - o (C.1)

This stage is characterized by a very rapid lateral growth of the & phase, encouraging the
peeling of the Fe,AlsZn, layer, which is ultimately dissolved during upward growth of the & phase. At
the locations where the & phase is first formed, the nucleation of I' phase at the steel / & phase
interface follows within a short time (in order to reach the thermodynamic equilibrium at the steel /
coating interface, path FeOGN in Figure 124, Appendix A). The authors consider that aluminium
depletion at the interface with the liquid zinc allows the thermodynamic equilibrium with the & phase
and, consequently, a diffusion controlled development of the coating. Thus, solid state interdiffusion of
iron and zinc induces the displacement of the interfaces until total consumption of the liquid phase.
The diffusion of iron from the steel substrate towards the liquid zinc induces the growth of the I phase
at the expense of the & phase and the growth of & phase at the expense of the liquid zinc. On the
other hand, the diffusion of zinc from the liquid towards the steel would induce the growth of the &
phase to the detriment of the ' phase and, possibly, the growth of the I phase to the detriment of the
steel substrate.

McDevitt and Meshii [28] investigated the Fe-Zn alloying reactions by performing galvannealing
treatments at 500 C and different times on samples galvanized in a zinc bath containing 0.14 wt.% Al
at 460 C. As commented in the previous chapter, th e authors have reported that the inhibition layer
began to disappear during reheating, probably due to a dissolution process. Concurrently with this
phenomenon, the nucleation and growth of the & phase was observed. However, this growth was not
characteristic of an outburst structure. In addition, simultaneously to the growth of the & phase, the
nucleation of the I' phase at the interface with the steel substrate was also noticed. With continued
annealing treatment, both & and I phases grew until total consumption of the liquid zinc. The present
authors are quite in agreement with the mechanisms proposed by Ufedni¢ek and Kirkaldy [46] for the
development of the coating until total consumption of the liquid zinc.

Leprétre et al. [27,33] have also proposed a mechanism based on diffusion paths accounting for
the evolution of the coating microstructure after the inhibition layer breakdown. The authors indicated
that the & phase (with the eventual presence of the I' phase, as supposed in Figure 127) which
induces the inhibition layer breakdown in the case of Gl baths cannot reach the thermodynamic
equilibrium with the liquid phase. Indeed, this phase can only be in equilibrium with a liquid zinc with
lower aluminium content and higher iron content. As a result of this non-equilibrium situation, Leprétre
[33] submitted that the contact of the & phase with the zinc bath, once the inhibition layer is broken up,
causes its dissolution. It has been already seen that, at this point, the presence of outbursts is still
localized and the microstructure of the coating can be represented by path V6 in Figure 126. As the
reaction goes further, outbursts propagate towards the grain interior and the latest inhibited zones
disappear. At this point, further development of the coating occurs in a stratified way, as described by
path V7 in Figure 126. Nevertheless, the interface with the liquid phase will be non-planar as the
dissolution process proceeds, being the Fe,AlsZn,, & and liquid zinc phases expected to coexist until
total consumption of the liquid phase. The system evolves therefore into a stratified structure similar to
that observed in the pure zinc baths, with the difference that, the thermodynamic equilibrium with the
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liquid phase being modified by the presence of aluminium, the final diffusion path is not real but virtual
and the structure of the coating in the vicinity with the liquid zinc will be also modified in order to satisfy
the different thermodynamic equilibria.

Thus, while Uredni¢ek and Kirkaldy [46] seem to indicate that the development of the coating,
from the moment when the inhibition layer has been completely peeled off to the moment when liquid
zinc has been fully consumed, is diffusion controlled, Leprétre et al. [27,33] support that it occurs
through a dissolution process.

Finally, as depicted in Figure 25, Nishimoto et al. [48] have proposed that once the just
nucleated d phase penetrates through the inhibition layer at the steel grain boundaries (stage b), it will
then transform into ¢ phase at the cooling stage of the strip through the peritectic reaction:

Zn, +0 - ¢ (C.2)

The ¢ phase will rapidly grow in thickness over the steel grain boundaries. The authors indicated
that since the reaction rate at grain interior is lower than at the steel grain boundaries, a transition of
alloy phases from Fe-Al compounds to Fe-Zn compounds is considered to take place at a later stage
of reaction in these locations (stage c). The formation of outburst structures does not occur at the
centre of surface grain interior, and only sidewise growth of the { phase, consuming the liquid
available, is observed at the latest stage (stage d). However, the reaction described by equation (C.2)
is not expected to occur only in the cooling stage of the strip, as the authors indicated, but at every
moment (heating or cooling) provided that the temperature remains below the peritectic reaction
temperature involving the ¢ phase (see Figure 16 and comments below in section 1.2). In addition, as
will be seen below, this reaction of dissolution of the & phase in the liquid zinc gives as products not
only a ¢ phase but also a & phase with different composition. On the other hand, according to
Nishimoto et al. [48], the [ phase does not nucleate while liquid zinc is available, contrary to that
reported by the previous authors [27,28,33,46].

Growth of Fe-Zn phases until total consumption of the liquid zinc in GA baths

Uredni¢ek and Kirkaldy [46] have reported no substantial difference between the Fe-Zn alloying
reaction mechanisms in Gl and GA baths.

However, as advanced in section 1.3.2.1.2.3, a group of authors [27,30,33] has reported that the
I phase breaks the inhibition layer off in the case of GA baths. This phase can reach the
thermodynamic equilibrium with the steel but not with the liquid zinc. In order to keep the liquid phase
at equilibrium, the system requires at least the nucleation of the & phase (paths V2, V2bis, 3, V3 and
V3bis in Figure 28).

According to Mataigne [30], as the ' phase cannot reach thermodynamic equilibrium with liquid
zinc, it gets dissolved and a very intense flux of iron into the liquid is then established. This sudden
increase in the iron concentration is consumed by the formation of aluminium-free Fe-Zn compounds
in the liquid zinc side. At this stage, two different regimes for outburst development can be
differentiated depending on the galvannealing temperature and on the peritectic reaction temperature
(according to the author, this temperature would vary with the liquid phase aluminium content).

If the galvannealing temperature is higher than the peritectic reaction temperature, the coating
evolves under a solid state diffusion regime. The increase in the iron concentration at the I phase /
liquid zinc interface due to the dissolution of the I phase leads to the nucleation of the & phase. At this
moment, thermodynamic equilibrium is reached along all the interfaces. This implies that further
development of the coating is controlled by solid state interdiffusion of iron and zinc. The diffusion path
representing this diffusion regime is depicted in detail in Figure 130. Similar diffusion paths
corresponding to diffusion regime are observable in Figure 28. While the virtual diffusion path V2
describes the microstructure where the outburst development is not very advanced and a portion of
the steel surface is still occupied by the & phase inhibition layer, the diffusion path 3 represents a
microstructure where outbursts have already joined the adjacent outbursts at grain interior and,
consequently, the steel / I" phase and I phase / & phase interfaces have become planar. But, in both
cases, the outburst growth occurs through a diffusion regime and is characterized by planar interfaces
between the & phase within the outbursts and the liquid zinc.
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Figure 130: Zinc-rich corner of schematic Al-Fe-Zn phase diagram illustrating the diffusion path
representing the outburst / liquid interface in the case of diffusion regime (Mataigne [30]).

On the contrary, if the galvannealing temperature is lower than the peritectic reaction
temperature, the coating development evolves under a dissolution regime. As in the previous case,
the increase in the iron concentration at the I' phase / liquid zinc interface due to the dissolution of the
I" phase should lead to the nucleation of the & phase. However, unlike the previous case, the
thermodynamic equilibrium along the & phase / liquid zinc interface cannot be reached. As indicated
by Leprétre [33], the aluminium content of the & phase in equilibrium with the I" phase is too low to
allow its thermodynamic equilibrium with the liquid zinc and the ¢ phase must also appear. As a result,
the & phase gets dissolved in the liquid, leading to the simultaneous nucleation of a & phase with
higher aluminium content and the ¢ phase. The exact composition of each of these phases should in
principle be given by the vertices of the triangle corresponding to the three-phase domain in question
(6, ¢ and liquid zinc). The diffusion path representing this dissolution regime can be appreciated in
detail in Figure 131. However, alternative mechanisms to the one from Leprétre [33] are envisageable
to describe the evolution of the coating towards the microstructure described by path in Figure 131.
One can suppose that it is the liquid phase which reaches the thermodynamic equilibrium first and,
consequently, that the nucleation of the & and ¢ phases occur without any other dissolution process
that the one of the I" phase.

Fe,

Figure 131: Zinc-rich corner of schematic Al-Fe-Zn phase diagram illustrating the diffusion path
representing the outburst / liquid interface in the case of dissolution regime (Mataigne [30]).

Similar diffusion paths corresponding to dissolution regime are also observable in Figure 28.
While the virtual diffusion path V2bis describes the microstructure where outburst formation has just
occurred and a portion of the steel surface is still occupied by the & phase inhibition layer, the diffusion
path V3 represents a microstructure where outbursts have already met each other at grain interior.
But, in both cases, the outbursts growth occurs through a dissolution regime and is characterized by
non-planar solid / liquid interfaces. Leprétre [33] even suggested the possibility of considering a
microstructure consisting in a complete ¢ phase layer with a planar & / { interface, but at the interface
with the liquid, crystals of the & phase should necessarily be present, as represented by path V3bis in
Figure 28. However, the author reported the impossibility to observe such a continuous { phase layer.
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As can be seen, a dissolution process occurs due to a non-equilibrium situation and gives rise to
non-planar interfaces. Consequently, it is always represented by a virtual diffusion path.

It is to highlight that in both diffusion and dissolution regimes, the & phase nucleating within the
outbursts has a lower average aluminium content and higher average iron content than the & phase
which constitutes the inhibition layer. This is easily noticeable by comparing path 2 (corresponding to
the inhibition situation) with paths V2, V2bis, 3 and V3 in Figure 28.

On the other hand, in relation with the shift from dissolution regime to diffusion regime,
Guttmann [23] has stressed that it takes actually place at a temperature slightly lower than the
peritectic reaction temperature and hence that the diffusion reaction occurs in metastable conditions
within a narrow range of temperature. So, in order to be rigorous with this contribution, it will be
henceforth used “threshold temperature”, and not anymore “peritectic reaction temperature”, to refer to
the temperature at which the switch of regime takes place.

Contributions made by Mataigne [30] and Guttmann [23] would be consistent with the results of
the experiments performed by Gomi et al. [77] that have been described in section C.1.1.1. For the
440 and 470 € galvannealing temperatures, lower than the threshold temperature, the outburst
development occurs under a dissolution regime which requires the nucleation of the ¢ phase.
However, for the 500 C galvannealing temperature, no dissolution of the & phase is required and
outbursts grow under a solid state diffusion regime.

C.1.2. Iron enrichment of the solid coating. Fe-Zn phase distribution

For both Gl and GA baths, once the liquid zinc has been fully consumed, the diffusion path
describing the microstructure of the coating is not expected to move anymore and just the
displacement of the interfaces, induced by reactive solid state diffusion of iron, is expected to occur.

As will be seen later, Lamberigts et al. [82] developed a model accounting for the evolution of
Fe-Zn phase distribution within the coating. The authors explained the evolution of all the interfaces on
the basis of the iron flux through each of the moving interfaces. Thus, once the liquid zinc is fully
consumed, a part of the total iron diffusion flux through the steel / I phase interface is consumed by
the growth of the I' phase leading to the displacement of the " / & interface perpendicular to the sense
of diffusion and the rest will constitute the iron diffusion flux through this latter interface itself. Finally,
this flux is totally consumed by the growth of the & phase leading to the displacement of the & /
interface.

Thus, the I phase will grow to the detriment of the & phase and the & phase will grow to the
detriment of the  phase provided this latter phase had nucleated within the liquid phase during
outburst development, fact which occurs when the dissolution regime governs. In the case that ¢ rod
crystals grow on top of the outbursts (Figure 132 left), further iron enrichment of the coating will induce
the transformation of these crystals into & rod crystals different in morphology (Figure 132 middle)
from the & crystals nucleating within the outbursts (Figure 132 right). This morphological difference
has been submitted by Mataigne [30] and is illustrated in Figure 132.

——T] HIm — (] HIm

Figure 132: Micrographs showing g rod crystals on the left, & rod crystals on the middle (& has
nucleated within {) and isotropic & crystals on the right (& has nucleated within the liquid zinc)
(Mataigne [30]).
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As can be appreciated in Figure 132, while the d phase nucleated within the { phase appears as
rod crystals, morphologically similar to ¢ crystals, but with lesser sharp edges, the & crystals nucleating
on top of outbursts appear as isotropic small crystals.

Once the ¢ phase has completely disappeared, if it existed, further iron enrichment of the
coating through solid state diffusion will just make the I phase grow at the expense of the & phase.
This behaviour is easily noticeable in Figure 133, which represents the evolution of the & phase as a
function of the iron content in the coating obtained by Vallim Fonseca et al. [80] in the case of a Ti IF
steel galvanized in a zinc bath containing 0.12 wt.% Al at 470 T and subjected to galvannealing
treatments at 470, 520 and 570 € and different tim es. At the beginning, the & phase grows as the
coating gets enriched in iron. However, this tendency is reversed at an iron content in the coating
close to 12 wt.%. This is very likely due to the full consumption of the ¢ phase. Further iron enrichment
of the coating leads to the consumption of the & phase to the benefit of the I phase.
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Figure 133: Evolution of the presence of & phase (counts per second) as a function of theiro  n
content in the coating (Vallim Fonseca et al. [80]).

The just explained evolution of interfaces can be appreciated in the schematic representation of
the Fe-Zn growth behaviour proposed by Gomi et al. [77] (Figure 128). This evolution is also clearly
observable in Figure 134, which shows the micrographs obtained by Vallim Fonseca et al. [80] for the
different galvannealing treatments tested in the framework of the work described above.
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Figure 134: Micrographs showing the evolution of th e coating microstructure with time for
galvannealing treatments at 470, 520 and 570 T (Va llim Fonseca et al. [80]).

As can be seen in Figure 134, for the 470 T galvan nealing temperature, after a 5 s-treatment,
the liquid zinc has not been consumed yet and outbursts are still under development. The { phase is
clearly differentiable on top of outbursts as the temperature is low enough to allow the dissolution
regime to occur. After a 10 s-treatment, the liquid zinc has been totally consumed. It is not clear in the
corresponding micrograph whether the ¢ phase has also been fully consumed or residual ¢ crystals
remain at the extreme surface of the coating. For longer galvannealing times, just the & and I' phases
exist and the displacement of their common interface towards the free surface of the coating is
noticeable. For the 520 and 570 T galvannealing tr eatments, no remaining liquid zinc is observed
even for the 5 s-treatment. In addition, no presence of the  phase can be appreciated. Looking at the
corresponding micrographs, it is difficult to discern whether the { phase has already been consumed
or it has never existed. However, due to the high galvannealing temperatures, it is almost sure that
liquid zinc consumption has occurred through the diffusion regime and the ¢ phase has never existed
within the outbursts. For increased galvannealing times, the " phase grows to the detriment of the &
phase. For the 80 s-treatment at 570 T, more than half the coating is already composed of the I
phase.
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C.2. The Fe-Zn alloying reactions kinetics. Propose  d models

C.2.1. General considerations on the kinetic laws

C.2.1.1. Consumption of the liquid phase

Case of Gl baths

Concerning the consumption of the liquid phase in the case of Gl baths, the kinetics behaviour is
not clear as the regime through which it occurs remain quite doubtful. As already commented,
Leprétre [33] reported that liquid zinc gets completely consumed through a dissolution regime,
independently of the galvannealing temperature, as indicated by paths V6 and V7 in Figure 126. The
kinetics of this stage should therefore be considered linear with time. However, according to Ufednicek
and Kirkaldy [46], this stage would be diffusion controlled, thus characterized by parabolic kinetics.

Case of GA baths

Regarding to the consumption of the liquid phase in the case of GA baths, the kinetics of this
stage will depend on the regime through which it occurs. As advanced by Mataigne [30], when the
liquid zinc is consumed through a dissolution process, the kinetics can be considered proportional to
time (linear), as governed by atoms exchanges along interfaces. However, when the consumption of
the liquid phase proceeds by solid state diffusion, the kinetics becomes proportional to the square root
of time (parabolic), so slows down compared to dissolution kinetics. This difference in kinetics is easily
noticeable in Figure 135, which illustrates the iron content in the coating as a function of the
galvannealing temperature in the case of Ti IF and Nb-Ti IF steel samples galvanized in zinc baths
containing 0.135 (black points) and 0.125 wt.% Al (red points) respectively. The galvannealing time is
the same for all samples.
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Figure 135: Iron content in the coating against gal ~ vannealing temperature (Mataigne [30]).

Taking a look at the values of iron content in the coating presented in Figure 135 and
considering typical zinc coating weights around 40-60 g/m?, one can conclude that in most cases, the
stage of consumption of the liquid phase has already taken place and further iron enrichment of the
coating has occurred.

As can be observed in Figure 135, in the domain of low galvannealing temperatures, where the
dissolution regime governs, the reaction rate is favoured by the increased temperature. However,
when the galvannealing temperature reaches the threshold temperature, kinetics is suddenly slowed
down because controlled by diffusion. Once in the diffusion regime domain, further increase of the
temperature favours as well the reaction rate. So, in the temperature domain of both dissolution and
diffusion regimes, the reaction rate is favoured by the increased temperature. However, for the same
increment of temperature, kinetics is expected to be more enhanced in the case of the dissolution
regime.
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From the results presented in Figure 135, Mataigne [30] extracted that this kinetic shift occurs at
a different galvannealing temperature for each of the two presented cases. Indeed, the author
suggested that the zinc bath aluminium content has an influence on the threshold temperature.
According to him, while for the zinc bath containing 0.135 wt.% Al the threshold temperature is around
490 C, in the case of the zinc bath containing 0.125wt.% Al this temperature seems to be
somewhere around 500 . However, while this observ ation is quite clear in the case of the zinc bath
containing 0.135 wt.% Al, it is not so clear in the case of the one containing 0.125 wt.% Al. One can
suppose that all the red points in Figure 135 belong to the diffusion regime. Under this assumption, the
threshold temperature would be in this case lower than supposed by Mataigne [30]. In order to remove
all doubt about a possible effect of the bath aluminium content on the threshold temperature, it would
be interesting to complete the Figure 135 with new points at lower temperatures and additional bath
aluminium contents. In any case, it should be reminded here that, according to the Fe-Zn binary phase
diagram from Kubaschewski [22] (Figure 16), the peritectic reaction temperature involving the ¢ phase
is 530 € and different galvannealing experiments, as the one from Gomi et al. [77], have shown that
the ¢ phase is already unstable at lower temperatures. Guttmann [23] had assumed that the diffusion
regime for liquid zinc consumption occurs in metastability in a narrow range of temperature below the
peritectic reaction temperature. It is likely that the previous author has based on the peritectic reaction
temperature involving the ¢ phase in the Fe-Zn binary system to report this metastability and has not
taken into account a possible effect of the aluminium content when considering the Al-Fe-Zn ternary
system.

It is also to highlight in Figure 135 that, for a given galvannealing temperature, the iron content
in the coating is generally lower in the case of the Ti-Nb IF steel substrate galvanized in the zinc bath
containing 0.125%t.% Al. This is not in principle related to a difference in the liquid zinc consumption
kinetics but to a difference in the inhibition layer breakdown kinetics. It has been seen in section
1.3.2.2.2.2 that Ti IF steels are more reactive, with respect to the inhibition rupture, than Ti-Nb IF
steels. On the other hand, as commented in section 1.3.2.2.1.1, the higher the zinc bath aluminium
content is, the slower the inhibition layer breakdown kinetics is. It can be therefore concluded that, at
least in the present case, the effect of the steel chemical composition overtakes the effect of the bath
aluminium content.

In any case, this shift in the kinetic behaviour can have an important impact in industry. In
industrial HDGA lines, the reaction time is fixed by the line speed and the galvannealing tower
dimensions. Very little variations of the alloying temperature can be responsible of under-alloyed or
over-alloyed products. Thus, a precise control of the alloying temperature is highly needed in order to
prevent modifications in the degree of alloying in the coating.

C.2.1.2. Iron enrichment of the solid coating

As stated above for both Gl and GA baths, once the liquid zinc has been fully consumed, further
development of the coating occurs through solid state diffusion of iron. This stage is so characterized
by parabolic kinetics.

C.2.1.3. Recapitulation

To sum up, the Fe-Zn alloying kinetics are globally favoured by temperature, but a backward
leap can eventually be observed at a given temperature in the case of GA baths (Figure 135),
corresponding to the switch of regime governing the consumption of the liquid zinc.

In spite of this difference in kinetics depending on the reaction through which the coating
develops, most of the few models found in the literature have been developed in a global manner,
without differentiating the possible regimes discussed above.

As already advanced, two different types of kinetic models have been identified. Both of them
will be discussed here below. First, kinetic models describing the evolution of the iron content in the
coating will be presented, followed by the models which describe the evolution of the Fe-Zn phase
distribution within the coating.
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C.2.2. Evolution of the iron content in the coating

Claus et al. [79] and Vallim Fonseca et al. [80] have each of them developed a kinetic model
aiming to describe the evolution of the iron content within the coating.

By their side, Claus et al. [79] performed thirty different galvannealing treatments on Ti IF steel
samples, galvanized in a zinc bath containing 0.18 wt.% Al (Gl bath) by combining six different
galvannealing temperatures (430, 450, 470, 490, 510 and 530 ) and five different times (5, 10, 15,
20 and 30 s). After determining the iron content in the coating for each sample, these measurements
were fitted to mathematical equations using multiple regression analysis. The basic equation chosen
by the authors for the fit was an Arrhenius-type equation for kinetic processes with activation control:

Z = At"exp(-B/T) (C.3)

where Z (wt.%) is a quantitative parameter, A, B and n the regression parameters, T (K)
the galvannealing temperature and t (s) the galvannealing time.

As can be seen in equation (C.4), the iron content in the coating is directly related to the
galvannealing temperature and time by the Arrhenius equation. After regression, the authors found the

following relation between the galvannealing parameters and the iron weight fraction W, in the
coating:

W, (Wt.%) =5790.t°% exp(-6015/T) (C.4)

Equation (C.4) is illustrated, together with the experimental results, in Figure 136. The exponent
of this equation is equal to 0.28 and this value is close to half the value for a diffusion controlled
process for which N is equal to 0.5. According to the authors, this fact shows that galvannealing is
rather a diffusion reaction process. However, as has been stated before, the present authors have
modelled in a global manner a process which passes through different phenomena: solid state
diffusion of zinc until the inhibition layer breakdown (time for inhibition rupture can be assumed as a
delaying time with regard to the evolution of the iron content in the coating), the consumption of the
liquid zinc and further iron enrichment of the coating through solid state diffusion (considering the
values of iron content in the coating depicted in Figure 136 and taking into account that the zinc
coating weight for all the galvanized samples varied between 45 and 50 g/mz, it can be accepted that
this stage has already started in most of the cases). It would be more suitable to model each of these
stages separately instead of determining just a set of regression parameters A, B and n, which,
strictly speaking, lacks of physical sense.
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Figure 136: Iron content in the galvannealed coatin g for a Ti IF steel according to an Arrhenius-
type equation, as a function of galvannealing time and temperature (Claus et al. [79]).
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Vallim Fonseca et al. [80] also performed different isothermal galvannealing cycles in a pilot
simulator in order to study the effect of time and temperature on the Fe-Zn alloying kinetics. Different
temperatures (470, 520 and 570 ) and times (5, 10, 20, 40 and 80 s) were tested by the authors on
Ti IF steel samples, galvanized in a zinc bath containing 0.12 wt.% Al at 470 T (GA bath). The
authors measured the iron content in the coating for each galvannealing treatment and modelled the
evolution of this parameter by using two different mathematical equations: the same Arrhenius-type
equation as used by Claus et al. [79] (equation (C.3)) and the Rios equation.

This latter equation, typical of irreversible first-order kinetics, can be written as follows:
W =W, + (W, -W, )J(1-exp-kt)) (C.5)

where W (wt.%) is the instantaneous iron content in the coating, W, (wt.%) the initial iron
content in the coating, Wy (wt.%) the iron content in the coating at saturation, t (s) the galvannealing
time and K (s™) the kinetic constant, which is a function of temperature. As in the Arrhenius equation,
the iron content in the coating described by the Rios equation is related to temperature and time.

Experimental results obtained by the authors, compared to both of the above equations with
fitted parameters, are shown in Figure 137. As can be seen, the iron enrichment rate increased rapidly
at the beginning of the galvannealing treatments, after which this rate began to decrease.
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Figure 137: Galvannealing kinetics for a Ti IF stee | according to an Arrhenius type equation
(left) and Rios equation (right) (Vallim Fonseca et al. [80]).

196



According to Figure 137, the Arrhenius equation represents very well the experimental results
for the 520 and 570 T galvannealing temperatures. Experimental results for the 470 C galvannealing
temperature are better represented by the Rios equation.

As Claus et al. [79] have done, the present authors have modelled the galvannealing process
globally, as if just one phenomenon occurred. Thus, for each temperature, they proposed a unique set
of parameters for the whole process, which is not physically consistent. In addition, for both equations,
the values of these global parameters change with each of the three tested temperatures. While in the

case of the Rios equation, the fitted parameters W and K are expected to vary with temperature, no

reason exists to think that the parameters in the Arrhenius equation vary with temperature.
Parameters A and B in this equation are included in the kinetic constant, whose variation with
temperature is already taken into account (see equation (C.3)). Parameter N is neither expected to
vary with temperature. Therefore, in the case of the Arrhenius equation, it would have been better to
use for the fit the experimental results all together, independently of temperature, as Claus et al. [79]
have done. On the other hand, the fact that the authors have obtained a different set of Arrhenius
parameters for each of the galvannealing temperatures would confirm that the galvannealing process
passes through different phenomena and that the relative weight of each phenomenon on the global
kinetics of the process varies with temperature and time.

C.2.3. Evolution of the Fe-Zn phase distribution in the coating

Jordan and Marder [81] and Lamberigts et al. [82] have both developed kinetic models aiming to
describe the evolution of the Fe-Zn phase distribution within the coating.

Jordan and Marder [81] performed hot-dip galvanizing laboratory trials on IF steel samples in a
zinc bath containing 0.20 wt.% Al at 450 C (Gl bat h) for different immersion times (5, 30, 60, 120 and
300 s). Based on cross section micrographs, as the one shown in Figure 138, the authors determined
the evolution with time of the thickness of each of the Fe-Zn phases.
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Figure 138: Cross section micrograph showing Fe-Zn phases formed during hot-dip
galvanizing: T phase (1), & phase (2) and { phase (3) layers with the zinc overlay (Jordan and
Marder [81]).

The experimental results obtained were then fitted to the following simple power law equation:
Y=kt" (C.6)

where Y (um) is the thickness of the phase layer under analysis, t (s) the reaction time and N
a time constant for individual I', & and { phase layers which constitute the total alloy layer.
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The growth data for the I, & and C phase layers, precisely measured on the micrographs
depicted in Figure 139, are represented in Figure 140, together with the results of the linear regression
analysis performed on these data.

Figure 139: Cross section micrographs representing the Fe-Zn alloy layer development during
hot-dip galvanizing in a zinc bath containing 0.20 wt.% Al at 450 < for different immersion
times: 60 (A), 120 (B) and 300 s (C) (Jordan and Ma rder [81]).
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Figure 140: Evolution of individual layer thickness with time during hot-dip galvanizing in a
zinc bath containing 0.20 wt.% Al at 450 T (Jordan and Marder [81]).
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The time constant values (N) determined by the authors for the layers of I, d and ¢ phase were
found to be 0.16, 0.32 and 0.39, respectively. These values are lower than the time constant value of
0.5, typical of a growth controlled by solid state diffusion.

However, as stated for the previous models, different phenomena are taken into account in
these time constants. Thus, at least both the inhibition layer breakdown, considered as a delaying
phenomenon with regard to Fe-Zn phase development, and the continued consumption of the liquid
zinc are included in these global parameters. In addition, as no wiping was used, liquid zinc remained
unlimited and it is very likely that, subsequently to the dissolution process, further Fe-Zn growth may
have occurred through solid state diffusion of iron from the steel substrate towards the liquid zinc. The
above parameters would also include this phenomenon. The joint consideration of all these
phenomena gives rise to the above values of time constants.

Lamberigts et al. [82] developed a model accounting for the evolution of all common interfaces
of the Fe-Zn compounds, in the basis of the normal flux of iron through each of the moving interfaces.
This model was developed from the results obtained with galvanizing laboratory trials on Ti-Nb IF steel
samples in a zinc bath containing 0.13 wt.% Al (GA bath) and subsequent galvannealing treatments.
The progress of the Fe-Zn alloying reactions was monitored in-situ by Hot X-Ray Diffraction (HXRD)
when galvanized specimens were reheated to the galvannealing temperature by Joule effect inside
the diffractometer. Diffraction spectra were recorded every 5s. According to the authors, over the
galvannealing temperature range considered in these trials (400-650 ), the isochronous curves of
the Fe-Zn phase distribution showed:

a. the progressive disappearance of the { phase,

b. the fast growth of the & phase to its maximum volume fraction at around 500 C, and its
subsequent decrease, once step ¢ begins.

c. the rapid growth of the I phase, initiated from the { phase disappearance temperature
(530 C).

The authors considered that the Fe-Zn alloying reactions can be fully explained by the reactive
diffusion of iron from the steel substrate into the coating. The created phases are supposed to grow
into the liquid zinc at distinct rates as perfectly stratified I, d and ¢ layers in an orderly way. They
supposed as well that the transformation proceeds exclusively by interface chemical exchanges, with
no limiting effect from solid state diffusion of iron inside the various phases. Their model aims to
account for the experimentally observed alloying behaviours, based on two successive steps: the
concurrent stratified growth of the I, & and ¢ phases (a) and the consumption of the ¢ phase to the
benefit of the & phase once the liquid zinc has disappeared (b). In addition, for those treatments
carried out at high galvannealing temperatures, solid state diffusion of iron may further proceed, once
the d phase has reached the free surface, leading to dramatic growth of the ' phase (c). However, as
commented for the previous models, this model does not take into account other phenomena which
experimentally occur. Particularly in this case, the inhibition layer breakdown and the outburst
development until the coating acquires a stratified structure are not considered.

As closure of this section, it can be summarized that the precise reaction mechanisms
accounting for the Fe-Zn alloying reactions, especially in regard to the consumption of the liquid
phase, still remain quite unknown. Further investigation for a better understanding of the involved
phenomena is highly required. In addition, it would be more interesting to model the kinetics of each of
these phenomena separately, and not globally as done in the models presented above, in order to
obtain characteristic parameters with a strict physical sense which can be perfectly extrapolated to
other galvannealing conditions.

199



200



Appendix D: Representation of microstructures by means of the
concept of diffusion paths in the ternary phase diagram
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Figure 141: Schematic ternary phase diagram illustr  ating the representation of different kinds
of microstructures by means of diffusion paths (Cla rk [67]).
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Appendix E: FIB device operation for the preparation of thin foils
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Figure 142: Schematic representation of the FIB dev  ice.

As can be seen in Figure 142, the system is composed of a SEM column, a gas injection column
for carbon or platinum deposition, the so-called FIB column for gallium ion beam milling and an argon
ion beam column for the final thinning and cleaning of the sample. It is also equipped with an EDS
detector for chemical analysis. The preparation of the thin foils is detailed here below in Figure 143.

Figure 143: Different steps during the preparation of FIB thin foils.

1, deposition of carbon or platinum on the defined location; 2, milling with gallium ion beam; 3,
deposition of a carbon chimney; 4, bottom cut; 5, n eedle approach; 6, carbon-welding of the
needle to the sample; 7, side cut; 8, sample pick-u  p; 9, deposition of the sample on a comb-

shaped copper grid; 10, carbon-welding of the sampl e to the copper grid; 11, separation of the
sample from the needle; 12, thinning of the sample with gallium ion beam, 13, final thinning

and cleaning of the sample with argon ion beam.
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Appendix F: Additionnal experiments performed to improve the
surface state of the Fe,AlsZn, layer

As shown in section 11.2.3.3.3, the surface characterization of the Fe,AlsZn, layer was performed
on samples electrochemically dissolved at -680 mV/SCE. Additional experiments have been carried
out in order to improve the surface quality of this layer: electrochemical dissolutions at -630 mV/SCE
and immersion into fuming HNO:..

The first option did not lead to better results. As it can be seen in Figure 144, the surface state of
Fe,AlsZn, after electrochemical dissolutions at -630 mV/SCE is not substantially different from those
corresponding to -680 mV/SCE (Figure 59).

Figure 144: Surface SEM micrographs of the inhibiti ~ on layer of steels A (left) and B (right) after
electrochemical dissolution at -630 mV/SCE.

As for the second option, samples of steels A and B were immersed into fuming HNO; (100%
purity, MERCK) for 15 min. This treatment is supposed to allow the removal of zinc and Fe-Zn phases
while conserving the Fe,AlsZn, phase at the steel surface. As an example, the result of this treatment
on a reference Gl steel is shown in the right-hand side micrograph of Figure 145. This micrograph can
be compared to the left-hand side micrograph of Figure 145, corresponding to the sample surface
state after eclectrochemical dissolution at -680 mV/SCE. As it can be observed, the zinc coating has
been fully removed by means of the two types of sample preparation (in the reference Gl steel no ©
layer is expected to grow on the Fe,AlsZn, layer) and well defined crystals of the Fe,AlsZn,
intermetallic layer are present at the sample surface in both cases. It is also to note that some
oxidation of the sample surface has occurred in both cases, especially when using fuming HNO3.

Figure 145: Surface SEM micrographs of the Fe  ,AlsZn, phase layer of the inhibition layer of a
reference Gl steel after electrochemical dissolutio  n at -680 mV/SCE (left) and after immersion in
fuming HNO ; for 15 min (right).
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The same 15 min-treatment in fuming HNO; was then performed on steels A and B. As can be
observed in Figure 146, the surface state of the samples after acid attack is not substantially different
from those after electrochemical dissolution at -680 (Figure 59) and -630 mV/SCE (Figure 144).

Figure 146: Surface SEM micrographs of the inhibiti ~ on layer of steels A (left) and B (right) after
immersion in fuming HNO 3 for 15 min.
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Appendix G: Results of all the Gleeble 3500 trials through which the

inhibition layer breakdown kinetics has been determined

The results obtained in the case of the steel substrates galvanized during the first Rhesca trials
campaign (0.128 wt.% Al) are presented here below in Figure 147.
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Figure 147: Experimental holding times (logarithmic scale) against inverse experimental
holding temperature performed in the Gleeble 3500 p  ilot simulator to determine the inhibition
layer breakdown kinetics (steels A to D, first Rhes  ca trials campaign).
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Analogously, the results obtained in the case of the steels A and D galvanized during the
second Rhesca trials campaign (0.112 wt.% Al) are available below in Figure 148.
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Figure 148: Experimental holding times (logarithmic scale) against inverse experimental

holding temperature performed in the Gleeble 3500 p  ilot simulator to determine the inhibition
layer breakdown kinetics (steels A and D, second Rh  esca trials campaign).
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Appendix H: Mathematical proof that the switch in relative reactivity
with respect to the inhibition layer breakdown between two different
Ti IF steels galvanized in the same conditions predicted by the
model occurs at the same temperature independly of their chemical
composition (Figure 106)

It has been seen in section 111.3.2.2.2 that the kinetic law accounting for the inhibition layer
breakdown can be written, in the case of isothermal heat treatments, as follows:

Lnt, =Ln Q — |t E, (H.1)
D, ‘DCE,{ R
or:
y =a+bx (H.2)
with:
E
y=Lnt,;a=Ln Lu b=—"2;x= ! (H.3)
D, EIDCZ'n' R Thoia

If now the intersection of two given lines representing two given steel substrates with different
chemical composition galvanized in the same conditions is considered (line and line’):

y=y';atbx=a'+b'x (H.4)
a-a
X = —b e (H.5)

According to the results depicted in Figure 105, the following linear equations can be written:

Q
L —c —g= ) .
"5 e a=ax, +a, (H.6)
E, =bR=Dbx; +Db, (H.7)
So that:
_ a-a _ (aleiexc%I-'- az)_ (aleiems + az) _ al(xﬁexms - ﬁem;) - _ aR (H.8)
-n 1 '
b-b R [(blxﬁem + bz)_ (bleiem '+b, )] E(Xﬁem ~ X ) &
and:

211



_al_Rj =a, - ab,R (H.9)

1
y=atbx=ax; +a, +E(blx'ﬁme.§ +b2{ b, b,

According to equations H.8 and H.9 and taking into account that &, a,, b, and b, are
constants of the model with fixed value whatever the steel chemical composition, the intersection point
(X, y) is always the same. Intersection time and temperature constant values can be directly obtained

by substituting the values of constants a,, a,, b, and b, in equations H.8 and H.9:

X = —%R = Tl LT, =4825°C (H.10)
hold
y:az—albzR:Lnt ~ t.=29s (H.11)
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ABSTRACTS

Mechanisms and kinetics of the galvannealing reacti ons on Ti IF steels

Hot-Dip GalvAnnealed (HDGA) coatings are produced by the immersion of the steel strip into an
iron-saturated liquid zinc bath at around 460 C co ntaining small amounts of aluminium (from 0.1 to
0.135 wt.%, normally) and its subsequent heating (up to temperatures around 500-530 C for about
10 s, typically) in order to trigger the alloying reactions between iron and zinc. The final microstructure
of this kind of coatings is composed of a sequence of stratified Fe-Zn phase layers and its in-use
properties are directly related to the phase distribution within the coating. The process parameters to
be performed in industrial lines must therefore be optimized in order to obtain a successful coating
microstructure with the minimum costs. The development of such a coating passes through different
and complex reactions: the inhibition layer formation, the inhibition layer breakdown, the liquid zinc
consumption and the iron enrichment of the solid coating. The kinetics accounting for these reactions
must be studied and modelled separately in order to accurately control the evolution of the coating
along the heat treatment performed in the industrial line. In the present work, the two first reactions
were investigated in the case of Ti IF steel grades.

The kinetics of the inhibition layer formation is extremely fast and has therefore not been
investigated in detail. Concerning this reaction, the focus was given to the nature of this inhibition layer
and to the mechanisms accounting for its formation. It has been found that the inhibition layer formed
in typical baths for galvannealed coatings production is composed of a very thin layer of the Fe,AlsZn,
phase (20-30 nm) on the steel surface and a thicker layer of the ® (FeZn,) phase (around 200 nm) on
its top. As the steel strip enters the zinc bath, iron dissolution from the former into the latter leads to an
iron supersaturation at the solid / liquid interface. As a result, a very thin layer of metastable Fe,AlsZn,
nucleates on the steel surface favoured by preferential epitaxial relationships with ferrite.
Subsequently, & nucleates on the Fe,AlsZn, layer allowing the final microstructure of the inhibition
layer to become thermodynamically stable. The effect of the bath aluminium content on the nature of
this inhibiting structure has also been studied. As the bath aluminium content is lowered, the Fe,AlsZny
layer becomes discontinuous: the lower the bath aluminium content is, the higher the metastability of
Fe,AlsZn, is and the less probable its nucleation on the steel surface is.

The inhibition state is only transient and continued heat treatment will lead to the inhibition layer
breakdown and the development of the further Fe-Zn alloying reactions. The present work has allowed
proposing a particular mechanism accounting for the rupture of the observed inhibition layer. This
reaction mechanism, controlled by the diffusion of zinc towards the steel grain boundaries, can be
explained using the Al-Fe-Zn ternary phase diagram and summarized in two steps: the disappearance
of the Fe,AlsZn, layer at the inhibition layer / steel interface as a result of the enrichment of this
interface in zinc, and the local nucleation of the I (FesZn,g) phase at the steel grain boundaries,
breaking the inhibition layer off, when the zinc concentration at these locations becomes high enough.

The kinetics accounting for this reaction strongly depends on the Ti IF steel chemical
composition, representative of the cleanliness of its grain boundaries, and on the nature of the
inhibition layer, which is in turn closely related to the bath aluminium content. The effects of these two
parameters on this kinetics have been investigated in this work. On the one hand, it has been found
that the effect of the steel chemical composition on the inhibition layer breakdown kinetics would be
ruled by the competition between two opposite phenomena: the rate of zinc diffusion at the steel grain
boundaries and the ability of the steel to accumulate the zinc atoms at these locations. The cleaner
the steel grain boundaries are, the faster the rate of zinc diffusion in these sites is but the most difficult
the accumulation of zinc at these locations becomes as no alloying elements hamper the diffusion of
zinc atoms. An effect of temperature on this competition could also be assumed. At low temperatures,
the inhibition layer breakdown kinetics is controlled by the rate of zinc diffusion in the steel grain
boundaries while at high temperatures it is controlled by the ability of the steel to accumulate zinc at
the steel grain boundaries. However, in typical industrial cycles, most of the zinc quantity needed for
the inhibition layer breakdown diffuses in the domain of low temperatures, so that the steel with the
cleanest grain boundaries is the most reactive one. On the other hand, decreasing the bath aluminium
content favours the discontinuity of Fe,AlsZn,, which accelerates the inhibition layer breakdown as zinc
is expected to diffuse faster through & (mainly composed of zinc) than through Fe,AlsZn,.

Keywords: Al-Fe-Zn ternary system; interfacial reactions; galvannealing; inhibition layer;
inhibition breakdown; intermetallic compounds;
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Mécanismes et cinétiques des réactions de galvannea  ling dans des aciers IF Ti

Les revétements galvanisés alliés sont produits par immersion a chaud d’'une bande d'acier
dans un bain de zinc fondu a environ 460 C, saturé en fer et contenant de faibles quantités
d'aluminium (de 0,1 a 0,135% poids), suivie d'un traitement thermique (jusqu'a des températures
voisines de 500-530 € pendant environ 10 s) afin d e déclencher les réactions d'alliation entre le fer et
le zinc. La microstructure finale de ce type de revétement est composée d'une succession de couches
stratifiées de phases Fe-Zn et ses propriétés d'usage sont directement liées a la distribution de ces
phases dans le revétement. Les parameétres process a appliquer sur ligne industrielle doivent donc
étre optimisés pour obtenir la microstructure de revétement souhaitée avec des colts minimaux. Le
développement d'un tel revétement passe par différentes réactions complexes : la formation de la
couche d'inhibition, la rupture de cette couche, la consommation du zinc liquide et I'enrichissement en
fer du revétement solide. Les cinétiques de ces réactions doivent étre étudiées et modélisées
séparément afin de contrdler avec précision I'évolution du revétement au cours du cycle thermique.
Dans ce travail, les deux premieres réactions ont été étudiées dans le cas des aciers IF Ti.

La cinétiqgue de formation de la couche d'inhibition est extrémement rapide et n'a par
conséquent pas été étudiée. L'attention a été portée sur la nature de cette couche et sur les
mécanismes responsables de sa formation. Il a été démontré que la couche d'inhibition formée dans
des bains classiques pour la production de ces revétements est composée d'une premiére couche
trés mince de Fe,AlsZn, (20-30 nm) sur la surface de 'acier et d’'une seconde couche plus épaisse de
0 (FeZn,) (environ 200 nm) au-dessus. Lorsque l'acier est immergé dans le bain de zinc, la dissolution
du premier dans le second conduit a une sursaturation en fer a l'interface solide / liquide. Une trés fine
couche de Fe,AlsZn, métastable germe alors sur la surface de l'acier favorisée par des relations
préférentielles d’'épitaxie avec la ferrite. Par la suite, une couche de & germe sur la couche de
Fe,AlsZn, ce qui permet a la microstructure finale de devenir thermodynamiquement stable. L'effet de
la teneur en aluminium du bain sur la nature de la couche d'inhibition a également été étudié. Quand
la teneur en aluminium du bain diminue, la couche de Fe,AlsZn, devient discontinue car cette phase
devient plus métastable et sa germination sur la surface de I'acier moins probable.

Cette étape d'inhibition n'est que transitoire et un traitement thermique prolongé conduira a la
rupture de la couche d'inhibition et au développement des réactions Fe-Zn. Ce travail a permis de
proposer un mécanisme de rupture compatible avec la nature biphasée de la couche d'inhibition. Ce
mécanisme réactionnel, contr6lé par la diffusion du zinc dans les joints de grains de l'acier, peut étre
expliqué a l'aide du diagramme de phase ternaire Al-Fe-Zn et résumé en deux étapes : la disparition
de la couche de Fe,AlsZn, a l'interface couche d’inhibition / acier résultant de I'enrichissement de cette
interface en zinc, et la germination de la phase I' (FesZny) aux joints de grains de l'acier lorsque la
concentration en zinc y devient suffisante. C’est cette germination qui va provoquer localement la
rupture de la couche d'inhibition.

La cinétique de cette réaction dépend fortement de la composition chimique de I'acier IF Ti, qui
va conditionner la propreté de ses joints de grains, et de la nature de la couche d'inhibition, qui est
quant a elle étroitement liée a la teneur en aluminium du bain. Les effets de ces deux paramétres sur
cette cinétique ont été étudiés dans ce travail. D'une part, il apparait que l'effet de la composition
chimique de l'acier sur la cinétique de rupture d'inhibition est contrbélé par la compétition entre deux
phénoménes opposés : la vitesse de diffusion du zinc dans les joints de grains de I'acier et la capacité
de l'acier a y accumuler les atomes de zinc. Plus les joints de grains de l'acier sont propres, plus la
vitesse de diffusion du zinc dans ces sites est élevée mais plus I'accumulation de zinc y devient
difficile car aucun élément d'alliage n’empéche la diffusion des atomes de zinc. Un effet de la
température sur cette compétition a également été proposé. A basse température, la cinétique de
rupture de la couche d'inhibition est contrélée par la vitesse de diffusion du zinc dans les joints de
grains de l'acier tandis qu'a haute température elle est contr6lée par la capacité de I'acier a accumuler
du zinc aux joints de grains. Cependant, pour des cycles industriels classiques, la plupart de la
quantité de zinc nécessaire pour la rupture d'inhibition diffuse dans le domaine de basses
températures, de sorte que l'acier avec des joints de grains propres est le plus réactif. D'autre part, la
diminution de la teneur en aluminium du bain favorise la discontinuité de la couche de Fe,AlsZn,, ce
qui accélére la rupture de la couche d'inhibition car le zinc est supposé diffuser plus rapidement dans
0 (constitué essentiellement de zinc) que dans Fe,AlsZn,.

Mots-clés: systéeme ternaire Al-Fe-Zn; réactions interfaciales; galvannealing; couche
d’inhibition; rupture d'inhibition; composés intermétalliques;
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