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The deposition of aluminium on iron leads initially to the formation of a solid solution which may
be useful to protect the iron substrate from oxidation. This incorporation can be carried out at high
temperature by electrochemical reduction of aluminium ions in a fused electrolyte (LiCI-KCI-AICl;).
In the present investigation linear sweep voltammetry is used to study the interdiffusion process which
controls the metal incorporation. The results are interpreted within the framework of a theoretical
treatment previously described. However it is shown that a more refined analysis is required to take
into account the predominant role of the thermodynamic properties of the alloys and the influence

of the movement of the electrode-electrolyte interface during the electrolysis.

1. Introduction

Aluminium is a prospective alloying element to pro-
tect iron from oxidation by forming a protective alu-
mina film [1]. A significant amount of research has
been devoted to the metal incorporation into a sub-
strate by fused salt electrolysis [2]. The kinetics of
growth of diffusion layers plays an important role in
the determination of optimum operational parameters.
The aim of the present paper is to show that the
electrochemical techniques are convenient not only to
prepare protective coatings but also to give funda-
mental information about the metal interdiffusion
which controls the formation of the alloy layers.

Recently we presented a theoretical interpretation
of cyclic voltammograms carried out on an alloy elec-
trode [3]. This technique was used here to study alu-
minium incorporation into an iron matrix. Some
experiments using the potential step technique will be
also described.

2. Experimental details

The principle of the linear sweep voltammetry experi-
ments is simple: the electroreduction of aluminium
ions dissolved in a fused electrolyte was carried out on
a working electrode which was a rod (diameter ca
1 mm) of pure iron (Johnson Matthey, 15ppm total
metallic impurities); then the alloyed aluminium was
reoxidized. The potential variations were such that the
alloy composition remained in the concentration
range of the solid solution (o phase: 0 < X4 < 0.5,
X, being the mole fraction of aluminium).
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These processes were performed by use of a trian-
gular potential sweep. The counter electrode and the
reference eclectrode were rods of pure aluminium
(Johnson Matthey, 20 ppm total metallic impurities).
The potential and current variations were recorded on
a digital oscilloscope (Nicolet 3091). The same device
was used for the potential step experiments.

The electrolyte was a fused LiCI-KCl eutectic mix-
ture. The aluminium ions were introduced to the bath
at a concentration C*¥ ~ 0.1 moll™' by anodic oxi-
dation of a plate of pure aluminium. For more experi-
mental details see our previous description [4].

3. Linear sweep voltammetry
3.1. Description of the voltammograms

A typical voltammogram is represented in Fig. 1. It is
characterized by a sharp maximum which occurs at the
most negative potential, Ey, and by a bump appearing
during the oxidation process. The potential of this
maximum of the oxidation current is denoted E; E;is
the most positive potential.

3.2. Interpretation

As the diffusion coeflicient, D,,, of the aluminium ions
is far greater than the metal interdiffusion coefficient,
D,.;, the change of the concentration, C,, at the elec-
trode surface can be considered negligible. Under
these conditions it has been shown [3] that when

the potential window is large enough with respect to
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Fig. 1. Voltammogram for the reaction AI** + 3¢ — Alonaniron
electrode (S = 1.42cm?) in an LiCl-KCl eutectic mixture contain-
ing AICL (C#;, = 0.286molel™"). Temperature: 747 K. Potential
window: E; = 0,425V, E, = 0.278V vs Al/AI’* electrode. Sweep
rate: v = 0.147Vs™'.

RT/nF the voltammogram obeys the equations

forward sweep
I = iyexp(—¢) ()
backward sweep

i = iylexp (&) erfe(¢") ~ 2n P Daw(l'™)] (2)

erfc and Daw are respectively the complementary
error function and the Dawson integral [5]. A similar
equation has been used by Schiffrin [6] to describe the
reversible clectrodeposition of insoluble products; ¢ is
an adimensional parameter representing the potential
&= F(E — E,)with F = nF/RT; iy is the current
density at £y,

v = —nF(CE/frd)DeaF )P exp (&) (3)
v is the potential sweep rate and &% is # (E° — Ey).
The value E° of the standard potential of the redox
couple is deduced from our previous experiments [7].
C% is the bulk concentration of the oxidized species.
Equation 1 indicates that a maximum, #,, of the
oxidation current occurs at a potential, £, [3]. These
two values should obey the relations

infiy = —0.194 (@)

En = F(E, — Ey) = 1367 (5)

The activity factor, f,.q [8], of the reduced species
(aluminium) is deduced from the thermodynamic
properties of the aluminium-iron system [9]. Here a
mean constant value is chosen which corresponds to
the composition of the alloy in the region of the cur-
rent maximum.

In order to obtain a potential window large enough
to apply the preceding analysis the potential, £, has to
reach values for which a slight oxidation of the iron
substrate is observed. This contribution can be easily
calculated from our previous experiments concerning
the Fe/Fe’* system [3].

The interdiffusion coefficient, D, is calculated by
a least squares procedure in order to obtain the best fit
of the curves deduced from Equations 1, 2 and 3 to the
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Fig. 2. Calculated voltammograms for the experimental values
given in Fig. 1. Full line: theoretical voltammogram deduced from
Equations 1 and 2. Dotted line: results of the numerical calculations
taking into account the concentration dependence of the activity
factor, f,.4, and the movement of the electrode-electrolyte interface.

experimental curves. An example of theoretical and
experimental curves is shown in Figs 1 and 2. The
values of the interdiffusion coefficients deduced from
the different experiments are reported in Table 1. In
this table are also reported the values of the potential
difference, ¢, = & (E, — Ey), and of the current
ratio, i,/iy; most of these experimental values are
greater than the theoretical values {(Equations 4 and 5).
This departure could be due to the approximations
in the theoretical treatment. Indeed in establishing
Equations 1 and 2, we assumed that the activity factor,
Jrea» remained constant in the experimental concentra-
tion range. Moreover the movement of the electrode-
clectrolyte interface due to the metal incorporation
during the electrolysis was neglected. The influence of
these two phenomena was examined following the
procedure described hereafter. Under the moving
boundary conditions the diffusion equation diffusion
becomes

ACgfdt = Dogd?Cegfdx® — udCyyfdx  (6)

where u is the velocity of the movement of the inter-
face. The integration of this equation has already been
carried out [10] only under galvanostatic or potentio-
static conditions. We use here the numerical integration
technique [11]. The concentration, C,4(0, f), at the
electrode surface is given by Nernst’s law

Cua0, 1) = %ﬁexp[—f(E— EY ()

red

The activity factor, f,4, is deduced from the thermo-
dynamic data [9]; a polynomial expansion is used to
express the dependence of the activity coefficient, 7,4,

on the mole fraction, X4, of the alloy

Inyey = a + a;(1 — Xq)

+ ol — X + a(1 = X) (8)
The values of the coefficients q; are: a, = 21.545,
a; = —94.196, a, = 102.62, a, = —41.495. The
activity factor, f,.4, is linked to y,.4 through the equation

ﬁed yrcd[X'eered + (1 - A/red)Als]/(7 (9)

M4 and M, are the atomic masses of the electroactive
metal and of the substrate; o is the specific mass of the
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Table 1. Characteristic points of the experimental voltammograms.: potential window E;, E,, vs AI>* |Al electrode (C%5, = 0.286 moll "),
potential difference, £, = nF(E,, — E,)/RT and current ratio, i, /iy v: sweep rate. X;: Alat% at E,;. D,,,: interdiffusion coefficient in the
system Al-Fe (iron-rich side, a-phase) calculated from the theoretical representation (Equations 2 and 3). Temperature: 747 K

Exp. Experimental values Dy
No. 072 em’s™)
v Ei Em XM ém - im/iM
rs™) ) " (%)
1 0.244 0.425 0.303 4.3 0.886 0.266 1.7
2 0.289 0.425 0.280 8.1 1.147 0.449 1.2
3 0.147 0.425 0.278 8.6 1.406 0.340 0.62
4 2.117 0.482 0.270 10.3 2.143 0.651 1.1
5 0.448 0.491 0.267 11.1 1.886 0.500 0.48
6 0.226 0.491 0.265 11.6 1.710 0.364 0.32
7 0.383 0.425 0.233 20.7 3.392 0.786 0.23
8 0.195 0.425 0.230 21.9 3.014 0.617 0.13

alloy. The interdiffusion coefficient, D, is chosen in
order to obtain the best representation of the experi-
mental curves. An example of these results is shown in
Fig. 2. The values of the interdiffusion coefficients,
D,4, of the potential difference, ¢, = # (E, — Ey)
and of the current ratio, i, /iy, are reported in Table
2. It is shown that taking into account the concen-
tration dependence of the activity factor and the
movement of the interface improves the represen-
tation of the voltammograms. The calculated current
ratios are greater than the classical value (Equation 4),
but these ratios remain smaller than the experimental
results. This observation is linked to the shape of the
experimental voltammograms which indicates that the
current at the beginning of the reducing period is
always greater than the theoretical and calculated
currents (Figs 1 and 2). The shape of the oxidation
part of the experimental voltammograms being sim-
ilar to that obtain from Equation 2, this effect induces
a greater value for the current maximum, i,. As
indicated in Table 2 a more detailed analysis reveals
the predominant influence of the activity coefficient.
This observation is in agreement with our previous
conclusions [3] which indicated the high sensitivity of
this analysis to the thermodynamic properties of
the system, for example a change of +3mV of the
stangard potential, E®, induces a variation of +30%
on D,

red

Table 2. Results of the numerical calculations taking into account the
concentration dependence of the activity factor, f,,;, and the influence
of the movement of the electrode-electrolyte interface

Exp ém - im /1M Dred D~*

No. 10~ emts™h) 107 2em?s™h)
1 1.345 0.224 2.2 2.4

2 1.753 0.245 2.7 3.1

3 1.849 0.250 1.3 1.5

4 2.006 0.257 3.1 3.7

5 2.157 0.261 1.3 1.6

6 2.073 0.260 0.80 0.95

7 2.558 0.278 1.2 1.8

8 2.639 0.282 0.99 L5

* Values obtained without taking into account the movement of the
electrode-electrolyte interface.

Moreover as usual [10] the calculations performed
without taking into account the movement of the
interface overestimate the values of the diffusion coef-
ficients. However this influence remains small with
respect to the perturbations created by the variations
of the activity coefficients.

4. Chronoamperometry

Two complementary experiments were carried out
using the potential step technique. In order to obtain
a current response not too small with respect to the
current noise (~ 0.1 mA) a sufficiently large potential
jump was required; the concentration range was then
greater than that examined during the voltammetry.
The recorded chronoamperograms reported in Fig. 3
were exploited according to the Cottrell law

i = nF( rtd _" Cred)Drle/g(nt)_llz

(10)

The bulk concentration, C¥;, and the surface con-
centration, C,.q4, are calculated (Equation 7) from the
values of the starting potential, E*, and of the poten-
tial during the pulse, E, = E* + AE, AE being the
potential step. These calculations are performed
taking into account the thermodynamic properties of
the alloys as indicated by Equation 8. The crude
results from Cottrell’s law are corrected from the
influence of the movement of the interface according
to the procedure already described [10]. This correc-
tion becomes important when the aluminium concen-
tration increases. The results (Fig. 2) are of the same
order of magnitude as those deduced from the linear
sweep voltammetry. As already pointed out [12] it
seems that in the studied concentration range the
aluminium concentration does not influence the value
of the interdiffusion coefficient very much.

5. Conclusion

Our results concerning the interdiffusion of aluminium
and iron in the concentration range of the o solid
solution are in agreement with the previous measure-
ments of Fellner et al. [12]. These authors studied the
interdiffusion in the system Fe—Al either by determin-
ing the distribution of aluminium by means of an
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electron microprobe or by determining the thickness
of the diffusion layer by anodic dissolution. The
results given by these two techniques are in good
agreement. For very thin layers the method of anodic
_dissolution was found to be more sensitive than
the determination using the electron probe. At 757K
Fellner et al. [12] indicate D, = 5.4 x 10" 2cm?s™!;
our mean value is smaller: D, = 1.50 x 10" cm?s™".
This difference remains in the range of accuracy of the
experiments. Moreover this difference is relatively
small when we consider the value D, ~ 10~ cm?s™!
(25at% Al) at 747K extrapolated from diffusion—
penetration curves carried out in the temperature
range 800-1100°C [13]. This departure probably
reflects the influence of the contribution of the grain
boundary diffusion which becomes important at low
temperature.

The present study indicates that the transient elec-
trochemical techniques provide a rapid and convenient
means of studying the formation of alloy coating on a
metallic electrode. This is all the more interesting as
these coatings can also be built up by electrochemical
deposition.

The much used linear sweep voltammetry technique
may be used to obtain suitable information about the
interdiffusion process which controls the formation of
the alloy coating. The theoretical analysis previously
given [3] provides a convenient interpretation of the
experimental voltammograms; so the order of mag-
nitude of the interdiffusion coefficient is rapidly
obtained. However by using a more refined analysis it
is shown in the present paper that important features
of the metal interdiffusion have to be taken into
account. This mainly concerns the thermodynamic
properties of the alloys and the departure from ideal-
ity which occurs during the concentration changes
inherent in the electrolytic process. To a less extent

Fig. 3. Chronoamperogram for the reduction of
aluminium ions in an LiCl-KCl eutectic mixture
(Csy = 0.095molel™") at 747K. Curve a: E* =
0.452V vs AP*/Al electrode, n = —0.35V,
Xy = 42 Alat%, calculated D4 = 045 x
10~ %cm?s™!. Curve bi E* = 0.5V vs AP*/Al
electrode, 7 = —0.35V, X, = 30Alat%,
Drg = 1.3 x 107 2cm?s™!.

this detailed analysis indicates that the movement of
the interface due to the dissolution or to the deposi-
tion of the electroactive metal should also be taken
into account; neglecting this influence overestimates
the values of the interdiffusion coefficients. These
phenomena may be of some importance when the
metal deposition under cyclic or pulsed potentials is
considered.
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