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In the galvannealing process, steel strips are immersed in molten zinc containing 0.100 to
0.135 wt pct Al at 450 °C. The coating obtained is composed of a thin intermetallic compounds’
layer called the inhibition layer (200 nm) covered with a thick zinc layer (10 um). The nature of
this inhibition layer has been investigated here for a galvanizing bath with a low Al content. The
inhibition layer formed on industrial low-alloyed steels was characterized by transmission
electron microscopy and atom probe tomography. The inhibition layer is composed of a thin
Fe,AlsZn, layer (20 nm), covered with a thicker ¢ layer (200 nm). The Fe,AlsZn, layer is
discontinuous at the lowest bath Al content. Small precipitates (20 nm in diameter) with a
stoichiometry corresponding to Fe;Al-containing Zn were also found for the first time in the §
phase. The microstructure of the inhibition layer can be described with diffusion paths drawn in
the Al-Fe-Zn ternary section at 450 °C. This means that all interfaces of the inhibition layer are
at thermodynamic equilibrium. The Fe,AlsZn, layer is formed on the steel surface before the o
layer. The nucleation and growth of the Fe;Al-Zn particles probably occur in the liquid metal at
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I. INTRODUCTION

STEEL strip is often coated with a layer of zinc in
order to protect it against corrosion. One of the most
commonly used coating processes is continuous hot-dip
galvanizing. In this process, the steel strip is immersed in a
molten zinc bath containing small amounts of aluminum
at about 450 °C. Aluminum is added to the liquid zinc
bath in order to cause the growth of a very thin
Al-containing alloy layer, generally called inhibition layer,
as it prevents, although temporarily, the uncontrolled
growth of solid Fe-Zn intermetallic compounds. When
the strip exits the bath, the thickness of the dragged
molten metal film is too high and set at its final value by
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gas wiping. The coated sheet is then either cooled by
forced air (Galvanlzed or GI products) or subjected to an
in-line heat treatment called galvannealing (GalvAn-
nealed or GA products). The objective of this additional
step is to activate very well-controlled Fe-Zn alloying
reactions in order to obtain a final coating fully composed
of a sequence of Fe-Zn intermetallic compounds.!! To
enhance the kinetics of these reactions, the Al content in
GA baths (around 0.1 wt pct) is lowered compared to the
one in GI baths (around 0.2 wt pct).

The study presented here will focus on the reactions
that occur in GA bath, i.e., Fe-saturated Zn bath with
Al content ranging from 0.10 to 0.135 wt pct.

In GA baths, the inhibition layer acts as a transient
barrier that is destabilized during the galvannealing heat
treatment when Fe and Zn interdiffusion is accelerated
by higher temperatures. This phenomenon, commonly
known as inhibition rupture, represents a key point in
the GA process.'!

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, as the
kinetics for the inhibition rupture is controlled by
diffusion mechanisms in the inhibition layer, its nature
is expected to play a direct role on the quality of the final
coating: a discontinuous or heterogeneous inhibition
layer, either in thickness or in composition, may conduct
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to a heterogeneous final coating. Secondly, the produc-
tion 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 Al content, highly sensitive to Al-uptake by
the inhibition layer. Therefore, a fine knowledge of the
nature of this layer would facilitate the management of
industrial galvanizing baths.

The facts presented hereinabove highlight the need to
study this inhibition interfacial layer in detail, especially
since this topic still remains controversial with regard to
the exact nature of the intermetallic compounds that
compose it.

With the composition chosen, the GA baths are
composed of a ternary Al-Fe-Zn liquid phase in
thermodynamic equilibrium with an intermetallic com-
pound rich in iron and zinc, the & phase® ! (measured
composition of about 2.8 wt pct Al, 9.0 wt pct Fe and
88.2 wt pct Zn'). Very few authors have suggested that
the GA inhibition layer could be composed of this
thermodynamically stable ¢ phase and none of them has
provided experimental evidence of the presence of this
phase within its structure.”®! Most researchers have
supported that this layer is mainl?/ composed of
metastable Fe,AlsZn, (0 < x < 1).[2’10’ 1 Some of them
have reported the transient presence of other
metastable phases, like FeAl%1 113151 apd FeAlzw[“]
in coexistence with Fe,AlsZn,. A biphasic interfacial
layer composed of Fe,AlsZn, with ¢ on its top was also
reported.l'®) Metastable epitaxial { (FeZn,5 containing
less than 1 wt pct Al rod crystals may also appear,
especially for low bath Al contents in the GA domain
(slightly higher than 0.1 wt pct), together with the
inhibition layer.®>!"181 Ags can be seen, studies con-
cerning the nature of the inhibition layer for GA
coatings are few and the conclusions are very different
from one study to another.

The purpose of the work presented here is first to
precisely analyze the nature of the inhibition layer, then
to provide theoretical tools based on thermodynamics
and to propose reactions mechanisms to explain the
results obtained.

The work is divided into the following stages:

(1) In the first stage, a precise characterization of the
inhibition layer formed on steel samples galva-
nized in industrial conditions was performed;

II. EXPERIMENTAL PROCEDURE
A. Materials

Two commercial Titanium-stabilized Interstitial-Free
(Ti-IF) steels A and B have been selected for the present
study. Their chemical composition is presented in
Table I. The analysis was performed by means of
Combustion and Infrared Detection for N (EMGA
620 W from Horiba) and Spark-Optical Emission Spec-
trometry (Spark-OES, SpectroLab M10 from Spectro)
for the other elements in ArcelorMittal laboratories.
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.

Steels A and B were galvanized in industrial baths
with different Al contents (0.112 and 0.128 wt pct Al)
and saturated in iron. The operating conditions used to
galvanize both steels are depicted in Table II.

Our aim was to study the formation of the inhibition
layer under galvannealing conditions. Industrially, the
galvannealing coating is heated to about 530 °C after
the exit of the bath. During this heat treatment, the
inhibition layer disappears completely and the final
coating is composed only of thick Fe-Zn compounds.
For this reason, the inhibition layer formed in galvan-
nealing baths is generally studied in laboratory devices.
To prove that our results are representative of industrial
practice, we have chosen to work on steels galvanized in
a continuous hot-dip galvanizing line as described
above. To this end, the operating conditions have been
defined in such a way as to maintain the integrity of the
inhibition layer, i.e., with the galvannealing furnace
offline. The studied microstructures were then represen-
tative of the reactions mechanisms taking place in the
molten metal bath.

The disadvantage of this type of approach is that
we are dependent on industrial conditions. We chose
two process windows that were as similar as possible.
Both commercial steels belong to the same family,
namely low-alloyed Titanium-stabilized Intersti-
tial-Free steels. Their behavior is known to be the
same with regard to immersion in liquid zinc.!”! The
process window for industrial galvannealing condi-
tions in the liquid metal bath is narrow and very well
described by the two conditions examined (Table II).
The influence of differences in galvanizing conditions,
namely bath temperature, bath Al content and

‘ o ) . immersion time will be discussed later (Sec-
(2) In the second stage, key mechanisms accounting tions IV-A—2 and TV-A-3)
for the formation of this layer will be proposed. )
Table I.  Average Chemical Composition (X 10~ Wt Pct) of the Two Commercial 7i-IF Steels Studied
Steel C Mn P S N Si Cu Ni Cr Sn Nb Mo B Ti Al
A 1.6 103 11 6 34 9 13 17 14 2 <2 <2 <03 53 39
B 2.7 113 9 8 2.3 4 18 14 20 6 <2 2 <03 67 46
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Table II. Process Data Used to Galvanize Both Steels

Steel v (m/mln)* WAl (Wt PCt)** Wre (Wt PCt)** Tbath (OC)T Lim (m)I lim (S)$ €coating (Mm)r
A 120 0.112 £+ 0.004 0.027 £ 0.002 450 + 2 2.7 1.4 5
B 130 0.128 + 0.002 0.029 £ 0.001 460 + 2 4.0 1.9 9

*Line speed.

**Bath Al and Fe content.
"Bath temperature.
‘Immersion length.

$tim = Lim/ V.

Zn coating thickness.

B. Experimental Techniques

1. Sample preparation techniques

a. Sample preparation techniques for surface character-
ization Specimens for surface characterization were cut
into 32 mm diameter disks and submitted to a con-
trolled electrochemical dissolution protocol in order to
remove Zn and Fe-Zn phases selectively. The electro-
chemical cell used for these dissolutions was composed
of three electrodes: a standard calomel electrode (SCE)
used as reference electrode, a Pt 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 ZnSO, 7H,0,!"”! 27 g/L
CH3;COONa, and 11 mL/L. CH3;COOH (VWR BDH
Prolabo). The electrochemical potentials to be imposed
are -950 mV for Zn removal only and — 680 mV for Zn
and Fe-Zn phases removal which would keep Fe,AlsZn,
at the sample surface if present. An extraction
technique was then applied to the samples submitted
to the electrochemical dissolution at — 680 mV in order
to obtain thin Fe,AlsZn, films for analysis in the
transmission electron microscope (TEM). The extrac-
tion protocol is described in detail in Reference 20.

b. Sample preparation techniques for cross-section char-
acterization Cross-section specimens for Scanning
Electron Microscope (SEM) analysis were prepared by
Ar ion beam cross-section polishing (CSP, JEOL
SM-09010). Prior to this operation, a mechanical polish-
ing step was performed on one side of the galvanized steel
samples in order to reduce the sample thickness to around
400 pm. Ion 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 hours. Cross-section
thin foils for TEM analysis and tips for Atom Probe
Tomography (APT) were prepared by Focused lon Beam
(FIB) technology (SII Nanotechnology Inc SMI1 3050 TB
for thin foils and FEI Helios 600 Nanolab for tips).
Samples were previously submitted to an electrochemical
dissolution at — 950 mV to remove the Zn overlay. A very
thin Au (respectively, Ni) layer for thin foils (respectively,
tips) was then deposited by means of a sputter coater
(Balzers SCDO050, respectively, Quorum Q150TS) on the
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sample surface for conductivity reasons. Once in the FIB
device, a Pt layer was deposited on the sample surface in
order to protect the foil. The milling operations were
conducted with a Ga ion beam. The final dimensions of
the foils (respectively, tips) are around 14 ym x 7 um x
50 nm (respectively, 50 nm x 50 nm x 100 nm).

2. Sample characterization techniques

The CSP cross-section samples were analyzed by
Energy Dispersive Spectroscopy (EDS, Bruker AXS
XFlash 4010 SDD) in a SEM (JEOL JSM-7001F) with
the purpose of characterizing the general structure of the
inhibition layer.

In order to determine the nature of the phases present
in the inhibition layer, the thin FIB foils and extracted
films were analyzed by EDS (Bruker AXS XFlash 5030T
SDD) and electron diffraction in a TEM (JEOL
JEM-2100F) at an accelerating voltage of 200 kV.

The local composition of the inhibition layer was
determined by APT (CAMECA LEAP 3000XHR) in
voltage mode with a pulse fraction of 20 pct. During
analysis, the temperature of the specimen was main-
tained at 70 K. APT data were reconstructed using the
software IVAS 3.6.14 from CAMECA.

Interest was also given to the geometrical features of
the inhibition layer for steels A and B. Their thicknesses
and surface coverage, in the case of discontinuous
layers, were determined by means of high resolution
SEM and TEM micrographs obtained during the
analysis of the CSP and FIB cross-section samples.

III. RESULTS

A. General Structure

SEM results obtained on the CSP samples (430 um
for steel A and 220 um for steel B) show that the
inhibition layer is composed of two different layers. The
Al content in the bottom layer (in direct contact with the
steel substrate) is higher than the Al content in the top
layer (blue signal in Figure 1). This two-layer structure
was also confirmed by EDS analysis of the FIB
cross-sections performed in the TEM (Figure 2). In the
case of steel A, galvanized in a Zn bath with
0.112 wt pct Al, the Al-rich layer is discontinuous
(Figures 1, left and 2, top, whereas in the case of steel
B, galvanized in a Zn bath with 0.128 wt pct Al, this
layer is continuous (Figures 1, right and 2, bottom). For
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Fig. 1—Cross-section micrographs (top) and EDS mappings (bottom) performed in the SEM (Zn in red, Al in blue, and Fe in green) on the
CSP samples prepared from steels A (left), galvanized in a Zn bath containing 0.112 wt pct Al, and B (right), galvanized in a Zn bath containing
0.128 wt pct Al. The inhibition layer is composed of two layers: a very thin Al-rich layer (discontinuous in the case of steel A and continuous in
the case of steel B) covered with a thicker continuous Al-poor layer. Adapted from Ref. [20] (Color figure online).

both steels, { rod crystals are also present in agreement
with the results reported in the literature.l 1718

The average thickness of these two phases in the
inhibition layer was estimated from measurements
performed on the CSP and FIB samples (Table III).
The thicknesses obtained are fairly the same in both
steels: the bottom Al-rich layer is around 20 nm thick
and the top Zn-rich layer around 200 nm thick.

Finally, the surface coverage of the Al-rich layer was
estimated from the linear fraction occupied by this layer
(ratio between the lengths of the interface between steel
and the Al-rich layer and the total length of the interface
for the CSP samples).?") It was found to be around
52 pct for steel A and 88 pct for steel B.

B. Nature of the Inhibition Layer

1. Elemental analysis

The elemental composition of the two layers consti-
tuting the inhibition layer was determined by EDS
analysis performed on the FIB cross-sections for the top
layer and the extracted films for the bottom layer in the
TEM (Table IV). The experimental results obtained for
steels A and B are compared with the composition of ¢
and Fe,AlsZn, involved in the thermodynamic equilib-
rium with « ferrite found in the literature!® (composi-
tions given under Table IV). Due to the shape of the
ternary Al-Fe-Zn phase diagram (Figure 7), this com-
position is very close to the composition of ¢ and
Fe,AlsZn, involved in thermodynamic equilibria with
the liquid phase.*® The composition of the bottom

(respectively, top) layer corresponds to the composition
of Fe,AlsZn, (respectively, o).

2. Crystal structure

The crystal structure of the two layers constituting the
inhibition layer was determined by electron diffraction
performed on the FIB cross-sections for the top layer
and the extracted films for the bottom layer in the TEM.
The diffraction patterns obtained are presented in
Figures 3 and 4.

In Figure 3, the experimental electron diffraction
patterns obtained for the top layer are compared with
the electron diffraction pattern calculated (colored
circles) for the 6 phase (hexagonal lattice, space group
P63;/mmc, lattice parameters ¢ = b = 1.28297 nm, ¢ =
5.72860 nm®?). The theoretical electron diffraction
pattern was simulated using JEMS software!*”! and the
CIF file no. 192095 for Fe|3Zn 5 from the Inorganic
Crystal Structure Database ICSD.***) The measured
distances and angles of the top layer are characteristic of
the o phase, in the [3 1 1] and [4 2 1] incidence electron
planes for the examples chosen. It should be noted that a
few reflections are not predicted by the simulated
electron diffraction pattern (e.g., black stars). This
may be due to the presence of Al in the ¢ phase
(Table IV). The influence of Al is not known and is not
taken into account in the cell structure of ¢ used for the
simulation.””) However, this is more likely due to the
double diffraction reflections. Since our objective was to
determine the exact nature of the compounds and not to
measure precise lattice parameters, we chose a
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Fig. 2—Cross-section micrographs and EDS mapping performed in
the TEM (from bottom to top, Fe in green, Al in dark blue, Zn in
red, Au in yellow, and Pt in light blue) on the FIB foils prepared
from steels A (top), galvanized in a 0.112 wt pct Al-containing Zn
bath, and B (bottom), galvanized in a 0.128 wt pct Al-containing Zn
bath. The inhibition layer is in both cases composed of two layers
(Au and Pt comes from the preparation of the FIB foils) (Color
figure online).

Table III. Estimation of the 6 (Top Layer) and Fe,AlsZn,
(Bottom Layer) Average Thicknesses from Measurements
Performed on the CSP and FIB Micrographs

Steel Top Layer (nm)* Bottom Layer (nm)**
A 197 + 61 24.1 + 3.8
B 248 + 77 232 £ 11.0

*Estimated from the SEM observations of the CSP samples (105
measurements for steel A and 66 for steel B).

**Estimated from the TEM observations of the FIB samples (9
measurements for steel A and 15 for steel B).

pseudo-convergent beam electron diffraction (CBED)
approach to obtain a single compound per diffraction
pattern to facilitate their analysis. But this mode, where
the transmitted beam is focused and intense, favors the
defect of double diffraction. Calculations with JEMS
software including double diffraction predict that the
double diffraction spots, if they exist, are found at the
locations indicated by the black stars in Figure 3.

In Figure 4, the experimental electron diffraction
patterns obtained for the bottom layer are compared
with the electron diffraction pattern calculated (colored
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circles) for the Fe,Als phase (orthorhombic lattice, space
group Cmcm, lattice parameters a = 0.76559 nm,
b = 0.64154 nm, ¢ = 0.42184 nm®>*). The theoretical
electron diffraction pattern was simulated using JEMS
softwarel®’! and the CIF file no. 105132 for Fe,Als
from the Inorganic Crystal Structure Database
ICSD.***) The measured distances and angles of the
bottom layer are characteristic of the Fe,Als phase, in
the [3 1 2] and [0 0 1] incidence electron planes for the
examples chosen. The influence of Zn is not known and
is not taken into account in the cell structure of Fe,Als
used for the simulation.”®! However, it seems that Zn
has little influence on the electron diffraction pattern.
It can therefore be confirmed that the inhibition layer
formed on steels A and B is composed of a very thin
layer of the Fe,AlsZn, phase on the steel substrate and a
thicker layer of the 6 phase on top of it. The main
difference observed in the structure of both inhibition
layers is the discontinuity of the thin layer of Fe,AlsZn,
in the case of steel A. This microstructure is in
agreement with the one proposed by Dionne et all'®
deduced from EDS analysis performed in the TEM.

3. Concentration profiles measured by APT

a. Complementary analyses were performed by means of
APT (Figure 5) 1D concentration profiles were
obtained in the direction perpendicular to the steel
surface. The results are similar for both steels
(Figure 5(a)) and in good agreement with the results
shown before. The inhibition layer is confirmed to be
constituted by a two-layered structure. The mean
composition of each layer was calculated from the
quantitative analysis of several tips (top layer: 2 tips for
steel A and 4 tips for steel B; bottom layer: 1 tip for each
steel). The mean composition of the top layer is close to
the composition of the § phase (Table IV). The mean
composition of the bottom layer is close to but slightly
different from the composition of Fe,AlsZn, (the
stoichiometry estimated by APT measurements is Fe/
Al = 0.54 compared to 0.4 in Reference 6, Table IV).
This difference could be attributed either to a peak
overlap between *’Al" and **Fe*" around the 27 amu
mass or to inaccuracy in the composition measurement
for a few nm-thick layer. Peak overlap plays a minor
role since the 2’Al" and **Fe*" peaks are minor peaks
in the mass spectrum.

Interface broadening is usually observed on the depth
profiles measured by APT even if the interface is
atomically sharp and perfectly flat. This interface
broadening may have several causes, including classical
phenomena such as interface roughness and information
depth, but also phenomena related to atom probe such
as preferential evaporation, differences in the evapora-
tion field, or other causes linked to data analysis
(positioning of the sub-volume, binning, etc.).?” The
interface broadenin% linked to APT can be estimated to
be of a few nm.*”**! In Figure 5(c), the thickness of
Fe,AlsZn, is in the order of 4 to 5nm and the
measurement of the Al, Fe and Zn concentrations in
Fe,AlsZn, can be affected by both interfaces, namely 6/



Fe,AlsZn, and Fe,AlsZn,/steel. The composition gra-
dient observed in these interfaces is mainly a conse-
quence of the interface broadening and does not mean
that the compositions of § and Fe,AlsZn, are not
constant up to the vicinity of the interfaces. It was
also discovered that small particles of about 20 nm in
size are present in the inhibition layer of both steels.
These particles are preferentially located in the ¢ phase
and are rich in Fe (Figures 5(b) and (d)). Their mean
composition calculated from the quantitative analysis of
3 tips (I for steel A and 2 for steel B) is
12.8 £ 2.9 wt pct Al, 68.1 £+ 3.1 wt pct Fe,
19.1 £ 5.7wtpct Zn (or 22.8 & 5.2 mol pct Al,
58.4 £ 2.7 mol pct Fe, 14.0 & 4.2 mol pct Zn). This
phase could therefore be Fe;Al-containing Zn.

IV. DISCUSSION

The main results of our study will now be discussed:
i.e., (i) the inhibition layer is composed of Fe,AlsZn,
and O (Section IV-A); (ii)) small precipitates with a
stoichiometry corresponding to Fe;Al-containing Zn
were also found in the § phase (Section IV-B).

A. Formation of Fe>AlsZn, and 6

1. Thermodynamics of the inhibition layer

The final microstructure of the inhibition layer can be
visualized with the aid of the so-called diffusion
paths?%3%in the Al-Fe-Zn ternary phase diagram.”” %'
The diffusion path is a line representing the locus of the
average composition in planes parallel to the original
steel/liquid zinc interface, throughout the diffusion zone.
If two phases are separated by a planar interface that is
in local equilibrium, the diffusion path crosses the
single-phase regions and the two-phase region parallel to
a tie line. The composition of the phases in contact at
the interface is given by the tie-line ends and the tie line
in question is represented by a dashed-dotted line (in
agreement with the conventions in Reference 29).

Figure 6 is a schematic representation of the
Al-Fe-Zn ternary phase diagram at 450 to 460 °C.”
This representation is not at scale. The different phases’
regions are larger than in reality (Figure 7) to facilitate
the understanding of the diffusion paths presented. The
regions that are not useful for understanding the
formation of Fe,AlsZn, and o6 were deliberately
excluded from this representation (e.g., FeAl;-Zn, Fe;Al
and FeAl). The formation of FesAl particles will be
discussed in Section IV-B-1.

The inhibition layer formed in the galvanizing bath on
steel B consists of two layers with planar interfaces: steel/
Fe,AlsZn,/o/liquid zinc bath (Figures 1, right and 6, top
right). This microstructure can be represented on the
isothermal section by the diffusion path 1 between point
b (representing the liquid phase in the galvanizing bath)
and the Fe corner (Figure 6, bottom). In this case, the
diffusion path is equivalent to the concentration profile
that could be measured in the direction perpendicular to
the steel surface. The first part of the diffusion path from
point b indicates that the mass balance requires a slight

depletion of the bath in aluminum (the diffusion path
therefore crosses the straight line joining the terminal
compositions of the diffusion couple Fe and b***"). In
the single-phase regions, the diffusion path is generally
not a straight line. The shape of the diffusion path is
related to four diffusion coefficients Dg in each phase

defined as diffusion coefficient relating flux of component
i (i.e., Zn and Al) to concentration gradient of compo-
nent j (i.e., Zn and Al) in solvent k (i.e., «-Fe, Fe,AlsZn,,
or 0). These four diffusion coefficients are not available
for the single-phase regions of the Al-Fe-Zn ternary
phase diagram. We then decided to approximate the
diffusion path in single-phase regions by a straight line.

In the case of steel A, Fe,AlsZn, is discontinuous
(Figure 1, left) and the inhibition layer locally consists
of one or two phases with planar interfaces: steel/d/
liquid zinc or steel/Fe,AlsZn,/d/liquid zinc (Figure 6,
top left). These local microstructures can be described
by the concentration profiles 2 and 1, respectively, on
the isothermal section (blue and orange solid and
dotted-dashed lines, Figure 6, bottom). In some places,
the steel/inhibition layer interface is composed of three
phases at equilibrium (steel, J, Fe,AlsZn,) and one can
think that there may be a concentration gradient of Al,
Fe and Zn at the interface between Fe and Fe,AlsZn, or
0, towards the triple points where the three phases
coexist (blue and orange arrows and dotted lines 1 and
2, Figure 6, top left and bottom). The corresponding
diffusion path can be represented by the diffusion path 3
with the three-phase equilibrium on the steel side and
the two-phase ¢/Fe,AlsZn, equilibrium on the coating
side (black dotted-dashed line, Figure 6, bottom).

As a conclusion, the microstructures observed for the
inhibition layer can be described with diffusion paths
drawn on the Al-Fe-Zn ternary isothermal section. This
suggests that all interfaces of the inhibition layer formed
on both steels are at thermodynamic equilibrium.

2. Reaction mechanisms

a. General mechanisms A general agreement exists in
the literature concerning the mechanisms accounting for
the formation of the inhibition layer: at the moment
when the steel sheet penctrates the galvanizing bath, the
iron concentration increases at the steel/liquid zinc
interface due to the iron dissolution. This leads to the
establishment of an iron supersaturation, which is the
driVing force for nucleation and growth of the inhibition
layer.!™% The immersion time of the steel strips in
the galvanizing baths is of the order of a few seconds
(Table II). As was shown in References 31 and 32 for a
GI bath (0.2 wt pct Al) at 460 °C, 90 pct of the
thickness of the inhibition layer is formed very rapidly
(less than 0.4 second) and depends on the kinetics of
iron dissolution and intermetallic compound growth
and on liquid state diffusion, the remaining 10 pct of the
thickness is formed when growth is controlled by
solid-state diffusion. This behavior can be explained by
a high initial dissolution rate of iron when the steel strip
enters the galvanizing bath (0.3 g/m* in 0 sec-
ond??). In GA baths (0.12 wt pct Al), the reaction
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Table IV. Quantitative Analysis of the Two Sublayers Constituting the Inhibition Layer: EDS Analysis Performed in the TEM
Obtained for Steels A, Galvanized in a Zn Bath Containing 0.112 Wt Pct Al, and B, Galvanized in a Zn Bath Containing
0.128 Wt Pct Al; Mean Composition Obtained by Means of APT (Using Tips from Steels A and B)

Steel A (EDS-TEM) Steel B (EDS-TEM) APT
Elements Top Layer Bottom Layer Top Layer Bottom Layer Top Layer Bottom Layer
Al (Wt Pct) 2.7+0.1 443+ 1.4 2.7+0.1 493 £ 1.5 1.3+0.3 394 + 3.1
Fe (Wt Pct) 120+ 0.4 364+ 1.2 1.1 £0.4 36.7 £ 1.1 9.5+ 1.7 438 £ 1.5
Zn (Wt Pct) 853+ 2.6 19.3 £ 0.7 86.2 + 2.6 14.0 £ 0.5 89.2+ 1.7 16.7 + 1.8
Al (Mol Pct) 6.2+04 63.4 £ 4.1 6.2+04 67.7 £ 4.1 3.0 £ 0.7 56.8 £4.5
Fe (Mol Pct) 133 +09 252+ 1.6 123 £ 0.8 244+ 1.5 9.1+ 1.6 30.5+ 1.0
Zn (Mol Pct) 80.6 + 5.0 114+ 0.8 81.5+ 5.0 79 £ 0.5 858 + 1.8 10.0 £ 1.1

The composition of the bottom (respectively, top) layer corresponds to the composition of the Fe,AlsZn, (respectively, §). The measurements in
the table can be compared to the composition of two intermetallic compounds (Chen er all®): § (2.8 & 0.3 Wt Pct Al, 9.0 + 0.6 Wt Pct Fe,
88.2 £ 0.7 Wt Pct Zn) and Fe,AlsZn, (43.1 £ 1.1 Wt Pct Al, 36.0 = 0.6 Wt Pct Fe, 20.9 + 1.7 Wt Pct Zn).

mechanisms and kinetics are the same. The weight of
iron dissolved per unit area is about 0.5 g/m* under
similar galvanizing conditions as the ones employed here
(immersion for 2 seconds in a Zn bath containing
0.12 wt pct Al at 465 °CP3)). This value is larger than
the weight of iron per unit area in the inhibition layer,
estimated at 0.15 g/m**. Therefore, the iron in the

*The inhibition layer was found to be composed of Fe,AlsZn,
(about 20 nm thick) and 6 (about 200 nm thick) (Table 3). With the
densities taken in the CIF files already used to index the electron
diffraction patterns (Section 3.2.2), namely N° 105132 for Fe,Als
(4210 kg m™) and N° 192095 for Fe;3Zn 56 (7290 kg m™), the weight
of iron per unit area of inhibition layer is 0.15 g m

inhibition layer mainly comes from the initial iron
dissolution and the formation of the inhibition layer is
mainly related to reaction kinetics and liquid state
diffusion.

b. Inhibition layer growth The inhibition layer is com-
posed of Fe,AlsZn, covered by ¢ (Section IIT). The
question now is which intermetallic compound,
Fe,AlsZn, or 0, is first formed after the initial step of
iron dissolution. The experimental liquidus in the
Zn-rich corner of the Al-Fe-Zn ternary phase dia-
gram!®*! corresponds to the equilibrium between the
liquid phase and ¢ when the Al content is in the range
[0.10, 0.134 wt pct]™ ([0.07, 0.134 wt pet] in Reference
5) and Fe,AlsZn, when the Al content is higher than
0.134 wt pct, regardless of temperature (450 or 460 °C).
Therefore, J is the equilibrium intermetallic compound
whereas Fe,AlsZn, is metastable in the galvanizing
baths containing 0.112 and 0.128 wt pct Al studied here
(Table II). If 6 were formed first, thermodynamic
equilibrium could be reached at all the interfaces, i.e.,
Fe/o/liquid Zn (diffusion path 2, Figure 6). The subse-
quent nucleation and growth of Fe,AlsZn, in between
ferrite and o by solid-state diffusion is less likely than the
growth of ¢ by consumption of the Fe supersatura-
tion. It can be deduced that metastable Fe,AlsZn, is
probably formed first on the steel surface instead of
stable 6 phase. Fe,AlsZn, nucleation could be favored
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by epitaxial relatlonshlps with ferrite, already reported
by different authors>?-*+3%;

(311)1%2/“5//(110)Fe and possibly (221)g, A;,//(110)g, ;

(130)F32A15//(101)Fe and [()()1]1~137A1;//[T

(001)ge,a1,//(011)g, and [130]g, 5, //[10

(001) pe,ar,// (011, , (110)pe a1 // (211,
and [110]ge, a1,/ /11 e, -

]Fe,;

]Fex;

However, Fe,AlsZn, is not in thermodynamic
equilibrium with liquid zinc. With the subsequent
nucleation and growth of the ¢ phase, thermodynamic
equilibrium is reached at all the interfaces of the system,
i.e., Fe/Fe,AlsZn,/d/liquid zinc (Figure 6, path 1). The §
phase growth is mainly due to the consumption of the
iron supersaturation. This reaction mechanism,
namely Fe,AlsZn, formation before 6, was already
proposed by Yamaguchi and HlSdmdtSUlS] in 1979,
deduced from the shape of the ternary Al-Fe-Zn phase
diagram. They explained that J nucleation is caused by
an Al depletion due to the formation of Fe,AlsZn,.
However, the characteristic diffusion length of Al in
liquid Zn is high enough to ensure that the growth of
Fe,AlsZn, is not stopped by a lde of Al (Supplemen-
tary Materials A). Chen ez al.l' have proposed another
mechanism for the formation of the Al-rich layer: FeAl;
appears first and forms a continuous layer of small
crystals of a few tens of nm. FeAls is then transformed
into Fe,Als by solid-state reactive diffusion of Fe and
Al. This mechanism was proposed on the basis of the
EBSD analysis, which mainly detected FeAl; up to
2 seconds of galvanizing and then Fe,Als (after 5 sec-
onds). This means that the transformation of FeAl; into
Fe,Als would take about 3 seconds. To assess the
relevance of this mechanism, the characteristic time
required to transform the FeAl; layer into Fe,Als can be
estimated and compared to these 3 seconds: t = ¢*/D
where e is the thickness of the FeAl; layer (assumed to
be 20 nm, Table 11) and D is the diffusion coefficient of
Fe or Al or the interdiffusion coefficient in FeAls;. To
our knowledge, there is no measurement of the diffusion
coefficients in FeAl;. But measurements can be found



Steel A
[311]

5 nm-1

Fig. 3—Diffraction patterns of the Zn-rich phase of the inhibition
layers of the FIB foils prepared from steels A (top), galvanized in a
0.112 wt pct Al-containing Zn bath, and B (bottom), galvanized in a
0.128 wt pct Al-containing Zn bath. The experimental electron
diffraction patterns are characteristic of the ¢ phase (in the [3 1 1]
and [4 2 1] incidence electron planes for the examples chosen).
Missing diffraction spots in the theoretical diffraction pattern (red
points), indicated by black stars, are predicted by JEMS calculations
by including double diffraction (Color figure online).

for Fe,Als at temperatures above 550 °C: these mea-
surements extrapolated to 460 °C allow to esnmate the
diffusion coefficient of Fe in Fe,Als at 5 x 1077 m?/s*”!
and the interdiffusion coefficient in Fe,Als at
2.7 x 107" m?/s.%! As in the Fe/Al diffusion couples
only Fe,Als is formed while FeAls is also thermody-
namically stable, one of Naio and Kajihara’s

Steel A
[312]

Steel B
[001]

Fig. 4—Diffraction patterns of the Al-rich phase of the inhibition
layers extracted from steels A (top), galvanized in a 0.112 wt pct
Al-containing Zn bath, and B (bottom), galvanized in a 0.128 wt pct
Al-containing Zn bath. The experimental electron diffraction
patterns are characteristic of the Fe,AlsZn, phase (in the [3 1 2] and
[0 0 1] incidence electron planes for the examples chosen) (Color
figure online).

conclusions™®® is that diffusion in FeAl; is much slower

than in Fe,Als. The characteristic time t required to
transform the 20 nm-thick FeAls layer into Fe,Als is
therefore higher than the characteristic time calculated
using the diffusion coefficients in Fe,Als, ie., 8 or
140 seconds and of course also higher than 3 seconds.
Finally, we did not include FeAl; formation in the
proposed mechanism for the following reasons: (i) the

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—Composition of the inhibition layer measured by APT: (¢) The inhibition layer is a two-layered structure, with a very thin Al-rich layer
covered with a thicker Zn-rich layer; (b) small particles rich in Fe are present in the inhibition layer; (¢) and (d) Al, Fe and Zn concentration
profiles measured in the directions indicated by the arrows in (a) and (b), respectively (Color figure online).

characteristic time 7 is greater than 3 seconds, (ii) the
presence of FeAls in the inhibition layer was measured
only by EBSD (the thickness of the inhibition layer
being only a few tens of nm, EBSD is not the most
appropriate technique to analyze its nature), (iii) we did
not find FeAl; in our analyses. In addition, the Al
present in the interfacial layer (called Al-uptake) is
estimated at about 77 mg/m? (considering a thickness of
20 nm of Fe,AlsZn, and 200 nm of ¢ (Table I1I) with
compositions in Table IV and densities in Sec-
tion IV-A-2). This Al-uptake value is in very good
agreement with the chemical analysis performed by
Chen et al. (Figure 13b in Reference 10) at 460 °C for a
reaction time of 7 seconds (2 seconds in bath and about
5 seconds of cooling before solidification in our case).
The chemical analysis of the interfacial layer presented
by Chen is therefore in good agreement with the
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microstructure of the inhibiting layer presented here,
i.e., a double layer composed of Fe,AlsZn, and ¢.

3. Effect of the galvanizing conditions

Steels A and B were galvanized in iron-saturated zinc
baths with different aluminum contents and tempera-
tures: 0.112 wt pct Al and 450 °C for steel A and
0.128 wt pct Al and 460 °C for steel B. (Table II).

The composition of the galvanizing baths used for
steels A and B is located in the liquid—¢é domain. The Al
content range of this two-phase region hardl%/ depends
on temperature: [0.10,  0.134 wt pct]¥  ([0.07,
0.134 wt pct] in Reference 5) regardless of temperature
(450 or 460 °C). Therefore, the small difference of 10 °C
in temperature between the two conditions tested here
(450 and 460 °C) is not expected to change the chemical
nature of the inhibition layer.



Zn1i4(0.128 wt.% Al)

7010 (0.112 wt.% Al)

FezAISZnX ; : FCzAlsznx
Steel A (D @ Steel B ©)
Al

Fe,AlsZn,

Fe& r & ¢ Zn

Fig. 6—Final microstructure of the inhibition layer (top) visualized
by diffusion paths in the Al-Fe-Zn ternary phase diagram at 450 to
460 °C (bottom: this representation is not at scale and the different
phases’ regions are larger than in reality (Fig. 7) to facilitate the
understanding of the diffusion paths presented): local concentration
profiles 1 and 2 and diffusion path 3 for steel A and diffusion path 1
for steel B (Color figure online).

Kattner and Burton [40]

{-FeAl,-Zn,)

n-{Fe, Al,-Zn,)
8-(FeAl;-Zn,)

Zn 50 Al

s Urednicek and Kirkaldy [11] = Chen et al. [6]
e Perrot et al. [44]

Fig. 7—Al-Fe-Zn ternary diagram proposed by Tang?®# compared
with experimental points from the literature in the Fe-rich
corner 16113840441 The mean composition of the small particles
found in the § phase of the inhibition layer (small stars) corresponds
to FesAl-containing Zn (blue line). Adapted from Ref. [3] (Color
figure online).

Due to initial dissolution, the concentration of iron at
the interface between steel and liquid zinc increases and
exceeds the saturation limit with respect to ¢ (stable com-
pound) or Fe,AlsZn, (metastable compound). This
supersaturation is the driving force for heterogeneous
nucleation of ¢ or Fe,AlsZn, on the steel surface. The
Gibbs free energy AG; P of formation of a nuclei from

the supersaturated bath is given by Reference 36:
AGcomp — AGcomp + AGcomp [1]

nucl vol surf

where comp stands for intermetallic compound (é or
Fe,AlsZn,), AG"™ is the Gibbs free energy change

vol
for the formation of the intermetallic compound from

the supersaturated liquid phase and AG: ' is the

surf
Gibbs free energy due to the creation of new inter-

faces, namely comp/liquid Zn and comp/steel.
Therefore,
AG™ <0 and AGE™ > 2]

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 AG; "
As ¢ is the intermetallic compound in equilibrium with
the liquid phase in both cases,

AG(S <AGF€2A15ZnX [3]

vol vol )

However, as shown in Section IV-A-2, Fe,AlsZn, is
probably formed first. This means that the wetting of
oFe by Fe,AlsZn, is better than the one by d, probably
due to epitaxial relationships between Fe,AlsZn, and
oFe 1291034331 leading to:

AG?urf > AGl:frzfAISZnX [4]
and
AGB > AGFezAl5an [5]

nucl nucl

For steel A, the Fe,AlsZn, layer is discontinuous. The
Al content in the bath (0.112 wt pct) is lower than in the
case of steel B (0.128 wt pct) where the Fe,AlsZn, layer
was observed to be continuous. The liquid phase is in
equilibrium with 6 when the Al content is in the range
[0.10, 0.134 wt pct] and Fe,AlsZn, when the Al content
is higher than 0.134 wt pct. When the Al content is
lowered, AGFEA™ becomes less negative. This is the
reason why, in the case of steel A, the nucleation of
Fe,AlsZn, becomes more difficult and the final
Fe,AlsZn, layer is discontinuous.

B. Other Phases in the Inhibition Layer

1. Small particles of Fe;Al-containing Zn
a. Are the Fe3Al particles in thermodynamic equilib-
rium? Small particles rich in Fe are present in the ¢

phase of the inhibition layer formed on both steels
(Figure 5(b)). The stoichiometry of these small particles
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corresponds to Fe;Al (blue line in Figure 7) containing
Zn  (Fe/Al~2.6 with 22.8 & 52 mol pct Al
58.4 £ 2.7 mol pct Fe, 14.0 &+ 4.2 mol pct Zn, Sec-
tion III-B-3). Their mean compositions are located
outside the oFe region in the ternary diagram used by
the galvanizers (yellow stars, Figure 7.5:4).

As one would have expected these small particles to
be in equilibrium with J, two questions can be discussed,
(i) the mechanism of Fe;Al formation and (ii) the
reliability of the Al-Fe-Zn diagram in the Fe-rich corner.

b. Mechanisms of Fe;Al formation The small particles
analyzed by APT (Section III-B-3) could be iron
particles detached from the steel substrate during the
first step of dissolution in liquid zinc. These suspended
particles could then be enriched in Al and Zn by
solid-state diffusion. The diffusion coefficient of Al in
solid iron D#e at 450 °C is equal to 9.1 x 10°** m?/s
(extrapolated from measurements performed at temper-
atures higher than 900 °CE™). The Al characteristic
diffusion time in an «Fe spherical particle of radius r =

2 . .
10 nm, fgi = ﬁ, is about 31 hours. As tgir is much

higher than the immersion time £, (~ 2 second,
Table II) in the galvanizing bath, the proposed mech-
anism, i.e., solid-state diffusion of Al in Fe particles, can
be ruled out.

Another mechanism based on solid-state transforma-
tions can be proposed. Fe;Al particles may not be
present at 450 °C but may form during cooling of the
coating. The solubility of iron in ¢ decreases by about
2.5 wt pct (based on the Fe-Zn binary diagramP®*)
when the temperature decreases from 450 °C to room
temperature. An order of magnitude of the average
number of Fe;Al particles in the tips analyzed by APT
can then be estimated. The mass of iron per unit area
released by & during cooling is 3.9 x 107> kg/m? max-
imum (given by 0.025 - p; - es, where ps is the o density
and ez its thickness with the values given in Sec-
tion IV-A-2). The mass of iron present in a single
particle of FezAl assumed spherical is about
2.4 x 107°° kg, estimated by pr,a - ZD? - wia", where
Presal 1S the FesAl density (6650 km/m?®, CIF file no.
57793223 D is the mean particle diameter (about
20 nm, Section 111-B-3) and wp" is the weight fraction
of Fe in Fe;Al (86 wt pct)). Finally, there could be
1.6.10"° Fe;Al particles per m” in § and 4 particles on
average in each APT tip. Fe;Al particles could therefore
be found and analyzed by APT in all tips and thus be
formed during cooling. However, this estimate of 4
particles per tip is overestimated by the calculation
assumptions. In particular, it is assumed that ¢ is at
thermodynamic equilibrium, even at low temperature,
to estimate the iron released by 6 during cooling. This
leads to an overestimation of the amount of Fe
precipitating in Fe3Al. Furthermore, with such a mech-
anism, the small particles should preferentially be
located in the ¢ region containing the highest amount
of Fe, i.e., at the steel/d or Fe,AlsZn /o interfaces, which
is not the case.
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Finally, mechanisms involving solid-state reactions
may be excluded. The formation of FesAl in the liquid
metal at the same time as ¢ is more likely. As told
before, the establishment of an iron supersaturation at
the steel/liquid zinc interface leads to the nucleation and
growth of the inhibition layer. The Fe content in ¢ is low
compared to the Zn content. The Fe supersaturation
could therefore be consumed by the formation of
a(Fe,Al) particles together with 9, the system studied
tending to reach thermodynamic equilibrium between
both phases. The Al content is also high in the particles
(~ 13 wt pct). Al can come from the liquid Zn bath as
for the Fe,AlsZn, growth and from the partial dissolu-
tion of Fe,AlsZn, which is metastable at the liquid zinc
bath interface.

In conclusion, if the particles are formed in the liquid
phase together with 6 rather than by solid-state reactive
diffusion, thermodynamic equilibrium between FesAl
and J could be achieved, facilitated by the high diffusion
rate in liquid state. This led us to study the reliability of
the Al-Fe-Zn diagram in the Fe-rich corner.

¢. Reliability of the Al-Fe-Zn diagram in the Fe-rich
corner A discussion on the construction of the Fe-rich
corner of the Al-Fe-Zn diagram is summarized here. In
the Fe-rich portion of the Al-Fe binary system, the
body-centered cubic (bcc) phases are ordered o FeAl
(B2), ordered o”’Fe;Al (D03), and disordered «Fe
(A2).4042 At 450 °C, the stable phases are «Fe, oFe
in equilibrium with o«”Fe;Al, o Fe;Al, and o’ FeAl when
the Al content is increased from 0 to 30 wt pct. For the
Fe-Zn binary system, the solubility of Zn in the
body-centered cubic (bcc) aFe (A2) is about 5 mol pct
(5.8 wt pet) at 450 °C.B%2%43] The most recent Al-Fe-Zn
ternary phase diagram at 450 °C** was constructed in
agreement with the experimental data available in the
Fe-rich corner!®¥4%4! (Figure 7). The first measure-
ment of the Zn solubility in a(Fe,Al) (red triangle in

Figure 7)!'"" was high compared to the subsequent
measurements'®*? and for this reason rejected by
Tang.4

However, the composition of the small particles
(yellow stars, Figure 7) measured in this work is similar
to that reported by Ufedni¢ek and Kirkaldy."'! These
similar results suggest that the phase diagram currently
used in the galvanizing community could be wrong in
the Fe-rich corner and that Fe;Al could dissolve much
more zinc than reported in Tang’s diagram (which relies
on very little experimental data in the Fe-rich corner).
With such an assumption, the small particles of
Fe;Al-containing Zn should then be at thermodynamic
equilibrium with 9.

2. { rod crystals

Metastable { rod crystals have also been observed
within the inhibition layer of both steels (Figure 1). Two
mechanisms were proposed in the literature to explain
their formation: { crystals can be formed due to epitaxial
relationships with Fe,AlsZn, during immersion in the
zinc bath®%1718): or randomly orientated { crystals can



be formed from the Fe supersaturation of the liquid zinc
coating during its rapid solidification.””’ Our observa-
tions and characterizations do not allow us to decide
between these two mechanisms or a new one (such as
epitaxial relationships with §). Understanding the for-
mation mechanisms of { requires additional character-
izations that were outside the scope of the work
presented here.

V. CONCLUSION

In the galvannealing process, the steel strip is
immersed in a molten zinc bath containing 0.100 to
0.135 wt pct Al at 450 °C. The coating formed is
composed of a thin intermetallic compounds’ layer
called the inhibition layer (~ 200 nm) covered with a
thick zinc layer (~ 10 um).

The inhibition layer formed on industrial low-alloyed
steels was characterized by complementary analysis
techniques, in particular transmission electron micro-
scopy and atom probe tomography. Two Al contents in
the bath were investigated: 0.112 and 0.128 wt pct.

In both cases, the inhibition layer is composed of a
very thin layer of Fe,AlsZn, and a thicker layer of 6 on
top of it. The main difference observed in the structure
of both inhibition layers is the discontinuity of
Fe,AlsZn, in the case of the lowest bath Al content.
The microstructure of the inhibition layer can be
described by diffusion paths drawn on the Al-Fe-Zn
ternary isothermal section. It means that all interfaces of
the inhibition layer are at thermodynamic equilibrium.

The formation of the inhibition layer is proposed to
occur with the following reaction mechanisms: Fe
dissolution, Fe supersaturation at the steel/liquid Zn
interface, and nucleation of metastable Fe,AlsZn, due
to epitaxial relationships with ferrite and nucleation and
growth of .

Small particles of about 20 nm in size are present in
the ¢ phase and were analyzed to be Fe;Al-containing
Zn. These small particles are proposed to nucleate in the
liquid phase at the same time as ¢ from the Fe
supersaturation (coming from the Fe dissolution step).
With this mechanism occurring in the liquid state,
thermodynamic equilibrium between Fe;Al and ¢ could
be reached. This led us to question the reliability of the
Al-Fe-Zn diagram in the Fe-rich corner (which relies on
very little experimental data in the Fe-rich corner).

From an industrial point of view, the results obtained
are general for the galvannealing treatment of low-al-
loyed Interstitial-Free Titanium steels. Research in our
group has shown that, in the case of Advanced High
Strength Steels, the inhibition layer formed is also
composed of a Fe,AlsZn, layer (which can be contin-
uous or discontinuous depending on the Al content in
the galvannealing bath) and a ¢ layer. In the case of
these steels, oxide particles, formed by selective oxida-
tion in the continuous annealing furnace located before
the lic!luid metal bath, are embedded in the inhibition
layer.*”! Knowledge of the exact nature of the inhibition
layer can lead to robust models to improve the man-
agement of industrial galvanizing/galvannealing lines.

The first model could describe the kinetics of reactions
occurring in the GA galvanizing bath (as already exists
for coatings obtained in liquid zinc containing higher
levels of Al*')) and thus help to better control the Al
content of liquid zinc. The second model could describe
the growth of Fe-Zn phases in the galvannealing furnace
located at the exit of the liquid metal bath. This growth
begins with the breakdown of the inhibition layer and
this breakdown, for example, the time required for
breakdown, is highly dependent on the continuity or
discontinuity of the Fe,AlsZn, layer. The first equations
of such a model can be found in Reference 48.
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