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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
aluminium (less than 1 wt%).

A model has been developed describing the kinetics of the galvanizing reactions that
occur at the steel/liquid zinc interface (dissolution of iron, heterogeneous nucleation and
growth of the intermetallic phase designated Fe2Al5Znx ).

The model has been validated using experimental data available in the literature for a
classical galvanizing treatment that lasts three seconds. C© 2005 Springer Science +
Business Media, Inc.

Nomenclature
acrystal Side of the crystals assumed to be in

the form of cubes (m)
aFe, aAl, aZn Activities of iron, aluminium and zinc

in the supersaturated bath
asat

Fe , asat
Al , asat

Zn Activities of iron, aluminium and zinc
in the saturated bath

cFe, cAl Concentrations of iron and aluminium
in the bath (mol · m−3)

c◦ liq
Fe , c◦ liq

Al Concentrations of iron and aluminium
in the liquid phase in equilibrium with
Fe2Al5Znx (mol · m−3)

cmeta
Fe Concentration of iron in the liquid

zinc in metastable equilibrium with
pure iron (mol · m−3)

Dcomp
Fe Diffusion coefficient for iron in the

compound (≈ 10−14 m2 · s−1) [12,
29]

DZn(L)
Fe , DZn(L)

Al Diffusion coefficient for iron (= 9.8 ×
10−10 m2 · s−1) [29] and aluminium in
liquid zinc (m2 · s−1)

hdiff Thickness of the interface layer (m)
I Nucleation rate (m−2 · s−1)
kB Boltzman’s constant (1.38 × 10−23

J · K−1)
kdiss Dissolution rate constant (m · s−1)
kgrowth Rate constant for the growth of

Fe2Al5Znx (m · s−1)

∗Author to whom all correspondence should be addressed.

knucl Nucleation rate constant (knucl/η =
1031 Pa · m−2) [26, 27]

Mcomp Molar weight of Fexcomp
Fe

Alxcomp
Fe

Znxcomp
Fe

(39 × 10−3 kg · mol−1)
nnucl Number of moles of compound per unit

surface area contained in the nuclei
(mol · m−2)

Nnuclei Total number of nuclei per unit
surface area (≈4×1014 m−2) [12]

r∗
mean Mean critical radius of the hemispher-

ical embryos (m)
T Temperature (K)
t Galvanizing time (s)
tnucl Time when nucleation begins (s)
Vm Volume of a molecule of

Fexcomp
Fe

Alxcomp
Fe

Znxcomp
Fe

(≈1.374 ×
10−29 m3) [12, 31]

xcomp
Fe , xcomp

Al , Mole fractions of iron (= 0.252), alu-
minium (= 0.623) and zinc (= 0.125)
in the interface compound Fe2Al5Znx

[18]

xcomp
Zn

xcov Surface area fraction covered by
crystals

xfree Surface area fraction in direct contact
with liquid zinc (1− xcov)

z Space variable in the direction perpen-
dicular to the plane of the sheet (m)

β Degree of supersaturation

0022–2461 C© 2005 Springer Science + Business Media, Inc. 2263



PROCEEDINGS OF THE IV INTERNATIONAL CONFERENCE/HIGH TEMPERATURE CAPILLARITY

δ Thickness of the boundary diffusion
layer (≈20 µm) [12]

�ccomp
Fe Maximum difference in the concentra-

tion of iron in the intermetallic com-
pound Fe2Al5Znx (≈ − 1100 mol.m−3)
[12, 19]

�G∗ Gibbs free energy of formation of a
hemispherical embryo of critical size (J)

η Dynamic viscosity of the liquid zinc
(Pa·s)

ρcomp Density of Fex comp
Fe

Alx comp
Fe

Znxcomp
Fe

(4720
kg · m−3) [12, 31]

σ Zn(L)/comp Interfacial tension between interface
compound and liquid zinc (J · m−2)

1. Introduction
Steel is often coated with a layer of zinc in order to
protect it against corrosion. One of the most com-
monly used coating processes is hot dip galvanizing,
frequently performed in a continuous treatment line.
The steel strip is immersed in a bath of molten zinc-
aluminium alloy [1, 2]. The present study considered
baths containing less than 1 wt% Al, which are the most
frequently employed.

In this case, two reactions occur at the interface be-
tween the steel and the liquid zinc alloy (Fig. 1), cor-
responding to dissolution of iron and nucleation and
growth of an intermetallic phase designated Fe2Al5Znx

(0 < x < 1). The final coating is therefore composed
of a thin layer of solid Fe2Al5Znx about 0.1 µm thick
(Fig. 2), covered with a 10 µm layer of Zn.

Figure 1 Schematic representation for the galvanizing reactions.

Figure 2 Layer of solid Fe2Al5Znx (after selective dissolution of the
layer of zinc).

Part of the iron dissolved diffuses into the bath where
it contributes to the formation of Fe2Al5Znx precipi-
tates, called dross, about twenty microns in diameter.
The liquid zinc bath thus contains 0.025 to 0.06 wt%
of unwanted iron from the steel. In order to facilitate
the management of industrial galvanizing baths, and in
particular to limit as far as possible the formation of
dross, which can cause defects in the final coating, it is
necessary to be able to evaluate the variation in iron flux
at the steel/zinc bath interface as a function of process
parameters.

Since measurements are difficult to make in indus-
trial plants, it has been sought to develop a model for
the kinetics of the galvanizing reactions. The approach
employed involved the following steps:

(1) a survey of existing models for the galvaniz-
ing process, together with published experimental
data concerning growth of the intermetallic compound
Fe2Al5Znx ;

(2) construction of a model for the kinetics of the gal-
vanizing reactions, based on the results of the literature
review;

(3) validation of the model based on the experimental
data available in the literature.

2. Galvanizing reactions described in the
literature

The literature survey was limited to the galvanizing
conditions most commonly employed (bath saturated
in iron, with 0.16 to 0.2 wt% aluminium, at 450 to
480◦C).

2.1. Modelling
In 1993, Linarès [3] proposed the first overall model
for the galvanizing process, involving solution of the
diffusion equations for iron and aluminium in the bath.
The results depend on time t and on a space variable
in the z direction perpendicular to the plane of the steel
sheet. The boundary conditions at the steel/zinc bath
interface involve the dissolution of iron according to
zero order kinetics (dominant term) and growth of the
intermetallic compound at the interface. In this model,
growth is assumed to be limited by the diffusion of iron
through the compound in the course of formation.

Subsequently, Tang [4] considered the nucleation and
growth of the Fe2Al5Znx intermetallic phase layer. The
nucleation rate employed depends in particular on the
mole fraction of aluminium at the steel/liquid zinc in-
terface 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
bath.

More recently, Toussaint et al. [5, 6] proposed two
modifications to Tang’s model: (1) the nucleation rate
allows for the surface roughness of the steel and the av-
erage number of iron atoms involved in the formation of
an embryo; (2) growth is controlled by the diffusion of
iron through the compound in the course of formation.
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In conclusion, existing models for the galvanizing
process do not take into account all the phenomena
occurring at the steel surface; two do not consider the
kinetics of iron dissolution [4, 5] and none of them
allows for the growth kinetics of the Fe2Al5Znx phase.
In all cases, a prior assumption is made concerning the
diffusion process that controls the reaction rate [3–5].

It was therefore sought to improve and complete the
kinetic laws for the reactions at the steel/liquid zinc
interface, for example, in order to identify the rate con-
trolling step in the growth of the interface layer at short
times.

2.2. Experimental data for the Fe2Al5Znx
compound formed at the interface

Numerous studies have been made on galvanized coat-
ings to determine the nature, composition and morphol-
ogy of the interface layer, including both laboratory
materials [7–13] and industrial products [14–17].

These investigations reveal a thin layer of intermetal-
lic compound, rich in iron and aluminium, which the
majority of authors identify as Fe2Al5Znx [7–10, 14,
15].

The precise composition of this interface layer is
still the subject of controversy. For example, the mea-
sured zinc content varies in the different studies from
4 to 28 wt% for similar galvanizing conditions (0.10
to 0.23 wt% Al, temperature from 450 to 470◦C) [7,
10, 11, 14, 16, 17]. Thus, since the composition of the
interface layer is not accurately known, in the present
work it was assumed to be uniform and equal to the
composition of Fe2Al5Znx in equilibrium with the gal-
vanizing bath (20.9 wt% Zn), i.e. x ≈1 [18]. The precise
composition of this compound, which will be written
Fexcomp

Fe
Alxcomp

Al
Znxcomp

Zn
in the equations describing nucle-

ation (Equations 6–9) and growth (Equations 11 and
14), is given in nomenclature.

The thickness of the interface layer is generally es-
timated from the weight of aluminium present in the
compound per unit surface area (g.m−2), for either sta-
tionary [6, 8, 9] or moving steel samples [6, 9, 17].
Using a laboratory device, Toussaint [6] showed that
the growth of the interface layer is slower under turbu-
lent conditions than in a laminar flow regime. His ex-
perimental points for the turbulent regime are in good
agreement with measurements performed on industrial
samples [17] and will therefore be used for validating
the model (Section 4).

Recent experiments [12] have shed new light on the
interface layer growth mechanisms. During the initial
stages of nucleation and lateral crystal growth, a con-
tinuous layer of Fe2Al5Znx compound, composed of
small crystals with sizes varying from 20 to 50 nm,
forms in less than a second. Growth then continues
at the grain boundaries of the underlying ferrite and
then in the grain centres. At the end of the galvaniz-
ing process (3 s) [8,9,12–14,16], the interface layer is
composed of different colonies of crystals: (1) small
equiaxed crystals with sizes ranging from 50 to 300 nm,
and (2) larger elongated crystals (300 to 1000 nm) be-
tween which smaller crystals about 50 nm in diameter

appear in places. The simplifying assumptions for mod-
elling the growth will be based on these observations
(Section 3.3).

3. Construction of the model for the kinetics
of the galvanizing reactions

The model for the kinetics of the galvanizing reactions
is based on solution of the generalized equations for
the diffusion of iron and aluminium in the bath (the
notation used here is defined above):

DZn(L)
Fe

∂2cFe

∂z2
= ∂cFe

∂t
(1)

DZn(L)
Al

∂2cAl

∂z2
= ∂cAl

∂t
(2)

With the initial and boundary conditions described be-
low, the model enables calculation of the concentration
profiles cFe and cAl as a function of time t and of a
space variable in the direction z perpendicular to the
plane of the sheet. The value of z lies between 0, the
abscissa of the interface between the steel and the liquid
zinc, and δ the thickness of the boundary diffusion layer
(Fig. 1). The differential equations are solved using the
well-known finite difference method.

It is assumed that the diffusion coefficients for iron
and aluminium in liquid zinc do not vary with con-
centration, since the currently available data are insuf-
ficient to define them more accurately. Furthermore,
since studies of the effect of temperature on the gal-
vanizing reactions are still rare, the analysis was es-
sentially restricted to isothermal galvanizing conditions
(the temperatures of the bath and the immersed sheet
are taken to be equal).

3.1. Initial conditions
At the moment when the sheet penetrates the bath, the
concentrations of iron and aluminium in the boundary
diffusion layer are assumed to be constant and corre-
spond to the composition of the liquid phase in thermo-
dynamic equilibrium with the Fe2Al5Znx surface dross
[19]. The concentration of aluminium does not vary as
long as nucleation has not begun:

cFe(z ≤ δ, t = 0) = c◦ liq
Fe

(3)
cAl(z ≤ δ, t < tnucl) = c◦ liq

Al

3.2. Boundary conditions at the boundary
diffusion layer/zinc bath interface

It is assumed that the composition of the liquid phase
does not vary during galvanizing (steady state regime).
The boundary conditions at the interface between the
boundary diffusion layer and the molten zinc bath can
therefore be written:

cFe(z = δ, t) = c◦ liq
Fe

(4)
cAl(z = δ, t) = c◦ liq

Al
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3.3. Boundary conditions at the steel/liquid
zinc interface

3.3.1. Before nucleation of the Fe2Al5Znx
compound

The dissolution of iron is the only reaction that occurs at
the interface between the steel sheet and the galvanizing
bath. Theoretical studies of the dissolution of a solid
metal in a liquid metal always consider a first order
reaction rate, falling to zero when the bath is saturated
in the dissolving species [20, 21]. This approach will
therefore be adopted for the dissolution of iron in liquid
zinc, so that the boundary condition at the interface
between the steel and the molten zinc can be written
(Fig. 3a):

−DZn(L)
Fe

(
∂cFe

∂z

)
z=0

= kdiss
(
cmeta

Fe (z = 0, t) − cFe(z = 0, t)
)

(5)

where cmeta
Fe is the concentration of iron in the liquid

zinc in metastable equilibrium with pure iron, and is
calculated using the model for the Gibbs free energy
of formation of the ternary liquid zinc-aluminium-iron
phase described previously [22].

3.3.2. Nucleation [23]
Because of the dissolution, the concentration of iron
at the interface between the steel and the liquid zinc
increases and exceeds the saturation limit with respect
to Fexcomp

Fe
Alxcomp

Al
Znxcomp

Zn
. The degree of supersaturation,

designated β, is the driving force for heterogeneous
nucleation of the intermetallic compound on the surface
of the sheet, and is given by:

β =
(

aFe

asat
Fe

)xcomp
Fe

(
aAl

asat
Al

)xcomp
Al

(
aZn

asat
Zn

)xcomp
Zn

(6)

The determination of β involves two calculations: the
composition of the bath at saturation using the equilib-
rium diagram [19], and the activities of iron, aluminium
and zinc in the saturated and supersaturated baths, us-
ing the model for the Gibbs free energy of formation of
the ternary liquid phase [22].

In agreement with theoretical and experimental stud-
ies of nucleation in liquid metals [24–27], the expres-
sion chosen for the rate of heterogeneous nucleation is
as follows:

I = knucl

η
exp

(
−�G∗

kB T

)
(7)

where �G∗ is the Gibbs free energy of formation of a
hemispherical embryo of critical radius r∗.

�G∗ = 8 π V 2
m

(
σ Zn(L)/comp

)3

3 (kB T ln β)2
and

r∗ = 2 σ Zn(L)/compVm

kB T ln β
(8)

To simplify the problem, it is assumed that nucleation
and growth of the compound represent two distinct

Figure 3 Schematic representation for the boundary conditions at the
steel/liquid zinc interface before (3a) and after (3b, 3c) nucleation of
Fe2Al5Znx . The crystals are assumed to grow in the form of cubes (3b)
and to extend laterally until they completely cover the surface (3c).

steps fully separated in time. This assumption might ap-
pear restrictive, since it neglects the growth of the first
nuclei formed. In fact, it is justified by the shape of the
nucleation rate curve (Equation 7). Nucleation ceases
at the instant tnucl when the total number of nuclei per
unit surface area becomes equal to Nnuclei (≈4.1014 m−2

[12]) †. The time tnucl is then given by:

Nnuclei =
∫ tnucl

0
I (t) dt (9)

† Nnuclei is estimated assuming that the surface is covered with a layer of
crystals in the form of cubes of side 50 nm (first stage of lateral growth
Section 2.2).
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For the growth stage, as an approximation, all the
hemispherical nuclei are considered to have the same
size, equal to the mean critical radius r∗

mean of all the
nuclei formed (calculated conserving nnucl (mol · m−2),
the number of moles of intermetallic compound per unit
surface area contained in the nuclei).

3.3.3. Growth
In agreement with the observations described above
(Section 2.2), and introducing the simplifying as-
sumptions to facilitate the calculations, the growth of
Fe2Al5Znx is assumed to occur in two steps. First of all,
the crystals grow in the form of cubes of side acrystal and
extend laterally until they completely cover the surface
(acrystal is then equal to 50 nm). Growth then contin-
ues in a uniform manner perpendicular to the plane of
the sheet. These two growth stages correspond to two
different boundary conditions at the interface for iron
(Fig. 3b and c):

Before the formation of a complete interface layer,
the boundary condition involves (1) the iron dissolution
flux from the sheet surface, in direct contact with the
liquid zinc, (2) the iron flux diffusing through the crys-
tals already formed, and (3) the iron flux consumed by
growth of the crystals (Fig. 3b). Finally, at any time t ,

−DZn(L)
Fe

(
∂cFe

∂z

)
z=0

= kdiss
(
cmeta

Fe (z = 0, t) − cFe(z = 0, t)
)
xfree

− kgrowth
(
cFe(z = 0, t) − c◦ liq

Fe

)
xcov

− Dcomp
Fe �ccomp

Fe

acrystal
xcov (10)

The flux of iron diffusing in the intermetallic compound
depends on the maximum difference �ccomp

Fe in the con-
centration of iron through Fe2Al5Znx [19] and on the
diffusion coefficient of iron in this compound Dcomp

Fe
(whose estimation allows for diffusion in the grains
and in the grain boundaries). The expression proposed
for this flux is open to criticism since, strictly speaking,
it should be based on the activities in the compound.
However, considering the uncertainties in the diffusion
coefficients, it remains acceptable.

In order to express the flux per unit area of iron con-
sumed by the formation of Fe2Al5Znx , a first order law
was chosen, taking into account the degree of satura-
tion (to the authors knowledge, no experimental law
for the growth of intermetallic compounds involving
an interaction between a solid metal and a liquid metal
exists).

The total quantity of compound ncomp (mol · m−2)
present on unit area of the sheet surface can be used to
determine the crystal size and hence the area fraction
of surface covered as a function of time t :

ncomp = nnucl + kgrowth

xcomp
Fe

×
∫ t

tnucl

(
cFe(z = 0, t) − c◦liq

Fe

)
dt = ρcomp

Mcomp
Nnucleia

3
crystal

(11)

xcov = a2
crystal Nnuclei and xfree = 1 − xcov (12)

From the equations used for the nucleation stage (Equa-
tion 8), the initial surface area fraction covered by the
crystals is π (r∗

mean)2 Nnuclei.
The crystals meet in the first layer when xcov = 1

(Fig. 3c). The thickness of the interface layer is then
hdiff and the boundary condition for any time t is given
by:

−DZn(L)
Fe

(
∂cFe

∂z

)
z=0

= − Dcomp
Fe �ccomp

Fe

hdiff
− kgrowth

(
cFe(z = 0, t) − c◦ liq

Fe

)

(13)

The diffusion of aluminium in the interface layer al-
ready formed is neglected. During growth of the com-
pound, the boundary condition for aluminium at the
interface therefore depends only on the aluminium flux
necessary to form the compound (Fig. 3b and c), so that
for any time t :

DZn(L)
Al

(
∂cAl

∂z

)
z=0

= xcomp
Al

xcomp
Fe

kgrowth
(
cFe(z = 0, t) − c◦ liq

Al

)

(14)

4. Predictions of the galvanizing kinetics
model

The model was applied to galvanizing in a bath con-
taining 0.2 wt% aluminium and saturated in iron (T =
460◦C).

Four physical parameters involved in the model
were unable to be determined accurately, i.e., DZn(L)

Al ,
kdiss, kgrowth, σ Zn(L)/comp. These parameters were ad-
justed, starting from an initial estimation [12], by
comparing the results of the calculation with Tous-
saint’s experimental measurements [6]. The values ob-
tained in this way are: DZn(L)

Al = 5.0 · 10−9 m2 · s−1,
kdiss = 1.7 · 10−5 m · s−1, kgrowth = 1.7 · 10−4 m · s−1,
σ Zn(L)/comp = 0.245 J · m−2.

Fig. 4 shows the weight of aluminium per unit area
of intermetallic compound on the surface as a function
of galvanizing time. After an incubation period corre-
sponding to the establishment of the supersaturation β,
the compound growth rate is very rapid, but slows sig-
nificantly after 0.4 s of immersion (growth is then con-
trolled by the diffusion of iron through the compound).
The calculation is in good agreement with Toussaint’s
experimental points [6]. The differences between the
experimental points and the calculation at the shortest
contact times can be the result of both causes: (1) Tous-
saint’s experimental measurements at 0.1 s are probably
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Figure 4 Weight of aluminium per unit area of interface compound on
the surface as a function of galvanizing time: The calculation is in good
agreement with Toussaint’s experimental points [6].

overestimated, due to the cooling time of his samples,
during which the interfacial layer is likely to grow, and
(2) the calculation could be underestimated because
some parameters of the model are not well-known.

The model is capable of calculating the following pa-
rameters as a function of time: the concentration pro-
files for iron and aluminium in the boundary diffusion
layer, the nucleation rate, the time tnucl (= 0.09 s), the
average critical embryo radius (r∗

mean = 0.82 nm), the
degree of supersaturation β (= 2.3) and the time nec-
essary to form a continuous layer (= 0.2 s).

The calculation program also predicts the right order
of magnitude for the weight of iron dissolved, albeit
slightly overestimated (0.3 g · m−2 after 3 s, compared
to 0.2 g · m−2 [28]).

5. Conclusions
A model has been developed to describe the kinetics
of galvanizing reactions that occur at the steel/liquid
zinc interface (dissolution of iron, heterogeneous nu-
cleation and growth of the intermetallic phase desig-
nated Fe2Al5Znx ). The model has been validated using
experimental data available in the literature for a three-
second galvanizing treatment.

The model is capable of calculating the follow-
ing parameters as a function of time: the concentra-
tion profiles for iron and aluminium in the bound-
ary diffusion layer, the nucleation rate, the average
critical embryo radius, the establishment of supersat-
uration and the time necessary to form a continuous
layer.

More results and a study of the sensitivity of the
model to variations of four important physical pa-
rameters involved in the model (DZn(L)

Al , kdiss, kgrowth,
σ Zn(L)/comp) will be given elsewhere.
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