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Dissolution kinetics of iron in liquid zinc
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In hot dip galvanizing, steel strip is coated by immersion in a bath of molten zinc. The
principal reactions that occur at the steel/liquid zinc interface are (1) dissolution of iron and
(2) nucleation and growth of intermetallic compounds. In order to improve the
management of industrial galvanizing baths, it is essential to evaluate the flux of dissolved
iron that diffuses into the bath from the sheet. For this purpose, a rotating disk device has
been developed to study the dissolution and diffusion of iron in pure liquid zinc at the
temperature usually employed in galvanizing baths (465°C). Since the dissolution reaction
is controlled by diffusion under these conditions, the diffusion coefficient of iron in liquid
zinc has been measured and found to be:

DY = (9.84+0.1) x 107 m?.s~"

© 2004 Kluwer Academic Publishers

Nomenclature

c® concentration of metal i in the bath
(mol-m~3)

cf“’ saturation limit of metal i in the bath
(mol-m~3)

Dg: @ diffusion coefficient of iron in liquid zinc
(m*s~h)

D; diffusion coefficient of dissolved metal
i in the liquid (m?-s~!)

kror overall dissolution rate constant (m-s~")

mgissolved mags of iron dissolved per unit surface
area (g-m_z)

S surface area of the solid specimen (m?)
t contact time between the two metals (s)
tiotal cumulative galvanizing time for the
bath (s)
|% volume of the liquid bath (m?)
v kinematic viscosity of the bath
(5 x 1077 m2-s~! for Zn at 465°C [21])
w angular velocity )
Re Reynolds number (= wr?/v where r is the
disk radius)
Sc Schmidt number (=v/Dy)

1. Introduction
Steel is often coated with a layer of zinc in order to
protect it against corrosion. One of the most com-
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monly used coating processes is hot dip galvanizing,
frequently performed in a continuous treatment line.
The steel parts or strip are immersed in a bath of
molten zinc or zinc alloy. Batch treatments are gen-
erally employed for galvanizing finished parts in pure
zinc, while continuous treatments are used for coiled
products (strip, wire and tubing), in zinc/aluminium al-
loy baths [1-3]. For this reason, the present study con-
sidered baths containing less than 1 wt% Al, which are
the most frequently employed.

The principal reactions that occur at the steel/liquid
zinc interface are (1) dissolution of iron and (2) nu-
cleation and growth of intermetallic compounds [1-3].
Part of the iron dissolved diffuses into the bath where
it contributes to the formation of intermetallic particles
about twenty microns in diameter, known as dross. The
zinc bath thus typically contains 0.025 to 0.06 wt% of
unwanted iron from the steel. The dross is in thermody-
namic equilibrium with the liquid phase and its nature
depends on the composition and the temperature of the
bath (e.g., §-FeZng and n-Fe, AlsZn, for 0.15 wt% Al,
0.04 wt% Fe, at 450°C) [3-7].

In order to facilitate the management of galvaniz-
ing baths, and in particular to limit dross formation as
far as possible, it is essential to evaluate the flux of
iron resulting from dissolution of the steel and diffu-
sion into the bath. For this purpose, the main aim of
the present study was to develop a rotating disk device
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for determining the iron diffusion coefficient in liquid
zinc.

The work comprised the following stages:

(1) a brief review of the literature concerning the
study of dissolution of a solid metal in a liquid metal us-
ing the rotating disk technique, and Levich’s approach
to the solution of the diffusion equations [8];

(2) the development of an appropriate rotating disk
device and definition of the experimental protocol for
measuring the dissolution and diffusion of iron in liquid
zinc;

(3) measurement of the dissolution constant and dif-
fusion coefficient for iron in liquid zinc.

2. The rotating disk technique

2.1. Basic principles

The rotating disk technique is often used to study re-
actions between a solid metal and a liquid, particularly
in the field of electrochemistry, and the solution of the
diffusion equations is well known for this configuration
[8].

The specimen is composed of a vertical cylinder with
an inert wall. The reactions take place on the lower
disk-shaped face, which is immersed in the liquid. The
specimen rotates about its axis with a variable angular
velocity w.

2.2. Previous studies in the field

of liquid metals
Rotating disk devices have already been used to study
the dissolution of a solid metal in a liquid metal [9-15].
These empirical studies have shown that the dissolution
kinetics are governed by the following law:

dCloo S sa
ar kalv(q I_C?o) (D

where the metal in the course of dissolution is desig-
nated i (the notation used here is defined above). This
relation remains valid even when intermetallic com-
pounds form in the substrate [10, 11, 13, 15]. The ex-
perimental value of k,,; makes it possible to determine
an overall value of the dissolution rate without consid-
ering the details of the interface phenomena involved
(growth of alloy layers, diffusion in the liquid and solid
states).

When dissolution is controlled by diffusion of the
metal i in the liquid, by solving the diffusion equations,
it can be shown that the dissolution constant is described
by arelation whose form depends on the Schmidt num-
ber Sc for the system concerned [8, 9]:

2 11
kit = 0.62D} v sw? for Sc > 1000 2)
ki = 0.554f5' DIv sw? for4<Sc<1000 (3)

where fs. is a function of the Schmidt number Sc tab-
ulated in reference [9]. Equations 2 and 3 are valid for
laminar flow (i.e., for a Reynolds number Re less than
10° in the configuration considered [8, 9]).
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Figure 1 Schematic diagram of the rotating disk apparatus (the cylin-
drical specimen is composed of a disk of the steel under study, a mullite
tube and a stainless steel lid fitting onto the top of the mullite tube).

Several experimental studies have demonstrated the
validity of Equations 2 and 3 for initially pure liquid Al
baths [10, 11, 13]. In these conditions, the intermetallic
compounds formed are not stable and enhance the rate
of dissolution of the metal into the liquid bath.

2.3. Experimental system
The rotating disk device comprises four main compo-
nents (Fig. 1 and Table I):

e The galvanizing furnace (a muffle furnace) melts
the zinc (about 6 kg contained in an alumina cru-
cible) and maintains the required bath temperature.

e A mechanical stirrer with a digital display rotates
the specimen at a precise speed, chosen within two
ranges: 40 to 400 or 200 to 2000 rpm.

e The cylindrical specimen has three distinct parts:
a disk of the steel under study; a mullite tube
(3A1,05-2510,) whose vertical walls remain inert
in contact with the zinc bath; a stainless steel lid
that fits onto the top of the mullite tube. The edge
effects are negligible because the boundary layer
thickness 8¢ is small compared to the disk radius
[8]: 80 (=3.6 V*3 w™0) varies from 3.5 x 107*
to 7.9 x 10~* m with the chosen rotation speeds
(from 100 to 500 rpm).

e A stainless steel tube serves as the rotation axis. A
notch near the bottom of the tube enables the steel
disk to be attached. A rotating joint allows a N,/H,
(5 to 10 vol%) gas mixture to be fed onto the rotat-
ing specimen. The gas stream, with a flowrate of

TABLE 1 Dimensions of the rotating disk system

Alumina Mullite Steel
Component  crucible tube specimen
Shape Cylinder Cylinder Disk
Dimensions Inside diameter: Inside diameter: 39 Diameter: 40
(mm) 105 Outside diameter: 45

Height: 110 Height: 33
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Figure 2 Specimen and bath temperature profiles (5 min galvanizing).

1 m*-h~!, limits the presence of oxygen in contact
with the disk specimen (to avoid oxidation).

The variation in temperature of a stationary spec-
imen is measured with a thermocouple welded to
the top face of the substrate protected by the mullite
tube. The profile obtained includes several stages
(Fig. 2):

e Before galvanizing, the specimen is held about 10
centimetres above the surface of the molten zinc,
and is heated by radiation: its temperature rises
slightly to about 60°C.

e Immersion of the specimen into the molten bath
causes a rapid rise in temperature to 430°C in 5 s.
The temperature of the sample is low (i.e., less than
430°C), only for a very short time compared to the
galvanizing time (from 30 s to 5 min). The entry
temperature is therefore believed to have a negli-
gible effect on the data obtained. The temperature
of the substrate stabilises at 454°C in 13 + 1 s (for
an initial bath temperature of 465°C).

e During galvanizing (5 min in this case), the tem-
perature of the steel remains stable at 453 + 3°C.

e Finally, on removal from the bath, the steel cools
at 5°C-s~!, the rate being enhanced by the gas flow
inside the mullite tube. The temperature recording
also reveals the coating solidification shelf and the
interruption of the N»/H, gas flow.

The temperature reached by the steel is about
ten degrees less than that of the bath. However, the
thermocouple measures the temperature on the top
face of the disk, which is cooled by the gas. It can be
assumed that the other face attains the temperature
of the molten zinc. During galvanizing, because
of the thermal inertia of the specimen, the bath
temperature decreases slightly, by not more than
6°C for the longest immersion times (5 min).

3. Experimental protocol

3.1. Experimental material

The dissolution experiments were performed on a com-
mercial interstitial-free steel containing titanium, des-
ignated IF Ti, in the form of 0.8 mm thick cold rolled
strip. It represents one of the grades most commonly
coated in industrial continuous galvanizing lines. The

TABLE II Composition of the /F Ti steel used (x 1073 wt%)

C Mn Ti Nb P S Si Al Ni Cr Cu N

33 99 56 <1 13 5 14 41 16 19 9 2.7

steel composition is given in Table II. The galvaniz-
ing baths were produced from ingots of pure zinc
(99.995 wt%, the principal impurities being Pb, Cd,
Sn, Cu) and pure aluminium (99.7 wt%, the principal
impurities being Si, Cu, Pb, C).

3.2. Galvanizing conditions

The galvanizing bath chosen contains relatively lit-
tle aluminium (0.05 wt%) and only traces of iron
(0.003 wt%), in order to promote the dissolution of
iron [1, 16—18]. The aluminium prevents excessive 0x-
idation of the bath surface by forming a thin film of
alumina.

The temperature of the molten zinc was measured at
the bottom of the crucible before and after each galva-
nizing treatment, and was shown to be 465 £+ 4°C.

The specimen rotation speed was chosen in the range
100 to 500 rpm.

3.3. Galvanizing procedure

In order to reduce any iron oxides present on the disk
surface, the latter is prepared in several steps. Ultra-
sonic degreasing is first of all performed in chloroform
to clean off storage oils. The sheet is then pickled for
10 min in a 0.5 mol-1~! hydrochloric acid solution con-
taining a corrosion inhibitor (2 g:1~! C¢H|,Ny), in order
to remove oxides. Finally, it is immersed in a fluxing
solution (136 g-17! ZnCl, and 107 g-1~! NH4Cl, 50°C,
10 min) and dried (100°C, 20 min). This fluxing treat-
ment has three beneficial effects: it completes the re-
moval of iron oxides, subsequent oxidation is prevented
by a thin film of flux, and good wetting by the molten
zinc is ensured.

After this surface preparation, the specimen assem-
bly is mounted on the rotation axis of the rotating disk
device and immersed to a depth of 15 mm in the galva-
nizing bath before starting the rotation.

3.4. Measurement of iron dissolution from
galvanized specimens

Iron dissolution is measured using a gravimetric
method involving several steps: (1) weighing of the
initial specimen (mass m); (2) pickling, fluxing, gal-
vanizing and solidification of the coating; (3) complete
dissolution of the coating in a 1 mol-1~! hydrochloric
acid solution containing a corrosion inhibitor (4 g-1~!
of C¢H|2Ny); (4) weighing of the final specimen (mass
my). The mass of iron dissolved per unit surface area is
given by the equation:

dissolved __ 11 — M2 (4)

mFe - S
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Analysis of the hydrochloric acid solution by opti-
cal emission spectroscopy using an inductively cou-
pled plasma (ICP) is used to determine the masses

. « e . . coatin
of iron and aluminium in the coating, mp, ¢ and
coating
My .

3.5. Analysis of the galvanizing bath

The analysis of regular samples taken from the bath
after each series of six galvanized specimens, corre-
sponding to a total immersion time of 15 min, enables
the iron and aluminium contents of the bath to be mon-
itored as a function of the total time during which the
bath has been used (%;o141).

4. Experimental results
4.1. Iron matter balance for a given

rotation speed
Fig. 3 shows the variation of three parameters with spec-
imen immersion time in the zinc bath, for extreme ro-
tation speeds of 100 and 500 rpm:

° mg’g‘mlve‘i, total mass of iron dissolved per unit sur-
face area;
coating . . . .
mg. -, mass of iron in the coating per unit surface
area;
diffusi . .
° mpléﬁ'”"", mass of iron per unit surface area that

diffuses into the bath, given by:
diffusion __ dissolved coating
Mg, = ME, — Mg o)

The diffusion of iron into the bath can be seen to
increase with rotation speed.

4.2. Variation of the bath composition

Fig. 4a and b show the variation of the iron and alu-
minium concentrations of the bath with cumulative
galvanizing time, f,,;, estimated using two methods:
(1) analysis of bath samples (Section 3); and (2) calcu-
lation of the total mass of iron that has diffused into the
bath and that of aluminium that has diffused to the steel

50
—— Substrate dissolution (weighing)
—=—Coating (chemical analysis)
«~ 40 r -=- Diffusion (balance)
g
2 50 L 17=465C
=
3
=
S 20 t
&
<
S ol
§ .- a} - Disk rotation speed: 100 rpm
() 1 1 L 1 1 1
0 100 200 300

t(s)

TABLE III Calculated errors due to the experimental procedure

Experimental step Type of error Error (g.m™2)

1. Degreasing with Reproducibility of the —0.1to +0.1
chloroform measurements (accuracy of
the balance)
2. Pickling Variability of etching —0.2to —0.1
of the steel
3. Fluxing Initial surface more —-0.6 £ 0.2

or less oxidised
4. Coating dissolution Dissolution of the iron substrate —0.1 £ 0.2
in HCl1 or oxides reoxidation after
leaving the solution

surface (and is therefore present in the coating) during
successive hot-dip galvanizing treatments.

The two measurement techniques give consistent re-
sults. For aluminium, the slight differences observed
after one hour of cumulative galvanizing treatment can
be explained by the formation of an alumina-rich film
on the bath surface, which is skimmed off before each
new specimen immersion. Only the bath samples take
into account this secondary phenomenon of aluminium
depletion in the bath.

The amount of iron in the liquid phase increases
significantly with time (Fig. 4a). In order to exploit
the experimental results, allowance must be made for
the fact that dissolution of the steel substrate depends
on the concentration of iron dissolved in the bath
(Equation 1).

4.3. Calculation of the error on the weight
measurements

The scatter of the experimental values of the mass of
iron dissolved is £0.9 g-m~2. The uncertainty due to the
experimental technique can be estimated by weighing
without galvanizing (Table III). In the steps prior to
galvanizing (1 to 3), the error determined after each step
includes all those from previous steps and takes into
account any possible compensation of certain errors.
The uncertainty of the experimental measurements of
the mass of iron dissolved is essentially associated with
the fluxing step.

50

—e— Substrate dissolution (weighing)
| —=— Coating (chemical analysis)
40 | - =- Diffusion (balance)

E
B 5 L T=465C
=
S
=]
B 20
2
=
20
3 4 Disk rotation speed: 500 rpm
O 1 1 1 1 1 1
0 100 200 300

t (s)

Figure 3 Iron matter balance as a function of immersion time for rotation speeds of 100 rpm (left) and 500 rpm (right).
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Figure 4 (a) Iron content of the bath. (b) Aluminium content of the bath.

5. Determination of the diffusion coefficient
for iron in liquid zinc
5.1. Assumption concerning the iron
dissolution law
In agreement with Equation 1, the iron dissolution re-
action in the liquid is considered to be given by:

o0
deg?

S
= kipr—
a 1ot

% (C;Zt - CFe) (6)
where ¢l and ¢’ are respectively the concentration of
iron in the bath and the saturation value with respect
to equilibrium with an iron-zinc compound (¢ [6] or §
[7]). Neglecting variations in the mass and volume of
the bath, this gives:

Wi —Wie) 7

where wi and wyy (=0.04 wt% at 465°C [6, 7])
are the mass fractlons of iron in the bath and that at
saturation.

Since the amount of iron in the liquid phase varies
with time, this equation must be integrated for each

specimen between the galvanizing times ¢, , and ttio-‘;all
(Fig. 4a):

sat i

1 Wit = wie (1) —k S L ]

n sat i+1 - "’IV( total ~ total) ®)
WEe — WEe (ttotal )

0.02
Speed (rpm) r= 0.998
° 100 200 —
L = 0.997
0016 5300 = 400 ¥ = 0,998
- 500
0.012 F r = 0.996
£
= =
£ o008 | r = 0.985
L .
0.004 °
0 1 1 L 1 1 1 1 1 1
0 100 200 300 400 500

e = i)
v mmI -1, total

with K, = {w — wis (e )}/ {wie = win (i)}

Figure 5 Validation of the first order dissolution law.

5.2. Validation of the iron dissolution law
The relation

Wsar_woo(tioa) S . ,'
In ( f:t = (ttt-lt-ll)) = f(V([to—:‘_all - ttotal)) (9)

total

is plotted for different rotation speeds in Fig. 5. Good
straight line correlations are obtained (coefficient r
close to 1), validating the proposed dissolution law. The
slope determined by linear regression analysis is equal
to the overall dissolution constant k;,;.

5.3. Diffusion coefficient of iron
in liquid zinc

The overall dissolution constant k;,, varies linearly with
the square root of the disk rotation speed (Fig. 6). This
proves that, for the galvanizing conditions studied, the
iron dissolution reaction is controlled by diffusion in
the liquid phase. In all the experiments, laminar flow
conditions prevailed (8 x 10° < Re < 4 x 10%). The
diffusion coefficient for iron in liquid zinc at 465°C can
be determined from Equation 3:

DA®P = (9.8+0.1) x 10710 m>.s~

(with Sc &~ 510 and fs. =~ 0.928) (10)

This value is close to that obtained by extrapolating
to 465°C the measurements made by M. Kato and
S. Minowa [19, 20] between 600 and 900°C. These au-
thors brought into contact two zinc liquid phases con-
taining different amounts of iron and determined the
iron concentration profile established after a few hours
(Equation 11, Fig. 7):

33600 -
) (m°-s7") (11)

D%n(L) 2% 10~ 7 exp (_W
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Figure 6 Variation of the overall dissolution constant k;,; with the square
root of the rotation speed.
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Figure 7 Comparison of the present result with data from the literature.

6. Conclusions and future prospects
Experiments using the rotating disk technique have
demonstrated that the dissolution of iron in liquid
zinc containing only small amounts of aluminium
(0.05 wt%) and iron (0.003 wt%) is controlled by the
diffusion of iron in the liquid phase. The method in-
volves monitoring the dissolution of iron from steel
disks, by weighing and chemical analysis, as a func-
tion of immersion time and disk rotation speed. The
diffusion coefficient of iron in liquid zinc determined
in this way is:

DA = (9.8+0.1) x 10710 m?.s!

This diffusion coefficient is a key parameter for the
hot-dip galvanizing of steels, since it determines the
flux of dissolved iron from the strip that diffuses into
the zinc bath. This is important for improved bath man-
agement, enabling quantification of the exchanges of
iron between the steel and the liquid zinc. This infor-
mation cannot be obtained directly during the industrial
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process and is accessible only by modelling the kinet-
ics of the galvanizing reactions [22]. The iron diffusion
coefficient measured in the present study is an essential
parameter for modelling.
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