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The effect of suspended Si particles on Fe deposition from a FeCl, solution was investigated. The
conductivity of a FeCl, solution in the presence of suspended Si particles was found to be consistent
with the Bruggeman theory and its viscosity shows Newtonian behaviour. The Fe’* mass transfer to
a rotating disc electrode in the presence of Si particles increases with Si content in the solution at
higher rotation speeds. The cathodic polarization curves shift to slightly lower potentials and the Fe
deposition current efficiency increases with increasing Si concentration. These changes are related to
an increase in the rate of Fe deposition on Fe with Si particle content in the solution. Finally, Si
embedment in the Fe increases with current density between 0.25 and 2kA m—2.

List of symbols

cr;  bulk concentration of species i (molm~?)

D; diffusion coefficient of species i (m?s~!)

E electrode potential (V)

S F/RT (V)

F Faraday constant (C mol™!)

j current density (A m™2)

Jo exchange current density (A m2)

Jjii  limiting current density of species i (A m~2)

Jm modified current density, j/(1 —exp(anf|y|))
(Am~2)

n number of electrons transferred for the
oxidation or reduction of an ion

Do exponent to w for particle volume fraction ¢

q charge (C)

R gas constant (J K~' mol™")

Ro ohmic resistance (Q2)

T temperature (K)

Zre  real part of electrode impedance (Q)

1. Introduction

Iron core transformers suffer appreciable magnetic
energy losses due to eddy currents. Using stacks of
thin sheets (< 0.1 mm) of highly pure Fe alloyed with
5-7 wt % of Si as the transformer core may minimize
these losses. Although Fe-Si alloys can be easily
prepared, they are too brittle to be rolled to thin
sheets. Since, electrodeposition allows the production
of very thin sheets of high purity, electrochemical
codeposition of Si particles in an Fe matrix is inves-
tigated as a method of making transformer sheet. In a
subsequent heat treatment the dispersion of Si in Fe
interdiffuses to produce a homogencous alloy. A
similar method has been reported by Bazzard and
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Greek letters

cathodic transfer coefficient

current efficiency

overpotential (V)

conductivity (Sm™!)

viscosity (Pas)

intrinsic viscosity

particle volume fraction

maximum particle volume fraction
angular velocity of rotating disc electrode
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=
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subscripts

c continuous phase
s suspension

r reduced

- cathodic

+ anodic

Boden for the preparation of Ni—Cr alloys [1] and by
Smith et al. for Fe-Ni—Cr [2] alloys.
Electrochemical codeposition of particles in a
metal matrix involves the incorporation of inert
particles, suspended in a metal plating solution, in an
electrochemically grown metal [3-5]. Although, a
wide range of particle-metal systems has been in-
vestigated, the mechanism of the codeposition pro-
cess is still not fully understood [3-5]. In all the
proposed mechanisms the metal deposition is con-
sidered to be unaffected by the presence of particles.
However, several researchers have reported marked
changes in the metal deposition behaviour on addi-
tion of particles, which are closely coupled to code-
position features [6—12]. Among others a shift in the

756



IRON DEPOSITION FROM A FeCl, SOLUTION CONTAINING Si PARTICLES 757

cathodic polarization curve, changes in cathodic Ta-
fel slopes and decreases in metal deposition current
efficiency have been observed. Further investigations
on metal deposition in the presence of suspended
particles are required to obtain a better understand-
ing of these effects and their relation to the codepo-
sition mechanism. Knowledge of such effects is also
necessary for successful industrial application of
codeposition systems. In the present work the phys-
ical and electrochemical behaviour of a Fe plating
bath in the presence of suspended Si particles has
been determined.

2. Experimental details

A 3 M FeCl, solution, operating at 90 °C and pH 1,
was used as the Fe plating bath. Before each series of
experiments a fresh solution was prepared with
FeCl,.4H,0O (Merck, extra pure) and Fe powder
(Goodfellow, 99% pure) was added. This solution
was allowed to stand in the presence of Fe powder to
reduce ferric ions, present as impurity in the salt.
Despite this pretreatment, traces of ferric ions, about
3-5mwm, were still present in the FeCl, solution dur-
ing the measurements. Two types of anisotropic Si
particles were used. Their specifications are given in
Table 1. Type I was used to measure all reported
parameters. Additionally, the electrochemical exper-
iments were repeated using type II.

The conductivity of the suspensions was deter-
mined under continuous stirring using a conductivity
cell (Philips PW9550/60) and a conductivity meter
(Radiometer CDM?2). A viscosity meter (Ubbelohde,
type Oc) was used to measure the viscosity.

The electrochemical experiments were performed
in a three-compartment cell consisting of a 150 cm?
thermostated vessel for the working electrode, a
counter electrode compartment and a Luggin capil-
lary compartment for the reference electrode. A gas
inlet and outlet were connected to the working elec-
trode compartment. Two types of rotating disc elec-
trodes (RDE), namely a Pt-RDE and a RDE holding
interchangeable Ti cups, were used both having an
active surface area of 0.38 cm”. A low alloy steel plate
was used as the counter electrode in the experiments
involving Fe deposition, while a Pt-plate counter
electrode was used in the mass transfer measure-
ments. All potentials are referred to a saturated ca-
lomel electrode (SCE), which was used as reference.

Before the experiments the electrolyte was satu-
rated with nitrogen and electrochemically pretreated
for 90 min at —0.1 A using a 10 cm? Ti cathode and a

Table 1. Properties of the Si particles

Type Purity Average size

/% Si /pm
I 97.5 1.1 (by number)
11 99.3 3.2 (by volume)

low alloy steel anode. During the experiments nitro-
gen was passed over the electrolyte to exclude oxygen.
In the period between successive measurements a
magnetic stirrer was used to maintain the Si particles
in suspension. The time scale of the measurements
was such that during measurements the electrode
rotation was sufficient to prevent particle settlement.
All measurements were controlled and registered by a
computer coupled to an Autolab/PGSTAT20 (ECO
Chemie). Impedance measurements were carried out
with a Solatron 1250 frequency response analyser and
a Solatron electrochemical interface 1286.

The current efficiency of Fe deposition, ', was
obtained by measuring the charge, ¢g_, consumed
during 30 min of cathodic polarization and subse-
quently the charge, ¢, , necessary for complete anodic
dissolution of the deposited Fe. The charge ¢ was
corrected for the charge ¢_ g+ used for reduction of
Fe'™ to Fe*™ and I're = ¢4 /(q- — q_pes+) was cal-
culated. It was found that during the potentiostatic
deposition a steady current was reached within a few
minutes. The dissolution was carried out a 0 V vs SCE
to exclude interference of hydrogen evolution and
Fe?* oxidation. Side reactions, like the reduction of
traces Fe3t, were negligible at this potential. The Fe
deposition was preceded by a conditioning period of
10min at 0 V vs SCE and a short nucleation pulse
(1s) at —0.85V vs SCE.

Cathodic polarization curves for Fe deposition
and limiting currents for Fe’* reduction were ob-
tained by cyclic voltammetry. Before each measure-
ment a conditioning potential of 0V vs SCE was
applied for 5 min. Some irreproducibility was noticed
in the cathodic polarization curves and in the Fe’*
reduction limiting currents. Therefore, the effect of
particles was investigated by progressively adding
fixed quantities of Si powder to the same solution.
After each addition of Si powder the solution was
magnetically stirred for 5Smin to obtain a homoge-
neous suspension. After each measurement of a ca-
thodic voltammogram, potentiostatic impedance
spectra were recorded at several cathodic potentials
in the frequency range 1 to 65000 Hz to obtain the
ohmic solution resistance.

Galvanostatic deposition experiments using the Ti-
RDE were performed to determine the Si incorpo-
ration in Fe as a function of the current density. The
deposits were weighed and dissolved in dilute HNO;
in a Pt crucible. After evaporation to dryness the Si
was dissolved in 12g NaCO; and 04¢g
NaB4O7.10H,0 at 1000 °C for 30 min. The resulting
mixture was dissolved in 2m HCI and spectropho-
tometrically analysed for Si using the heteropoly blue
method [13].

3. Results and discussion
3.1. Conductivity and viscosity

Experiments on suspensions of glass beads containing
a broad range of particle sizes carried out by De La
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Rue and Tobias [14] indicate that Bruggeman’s
equation, namely,
Ks

=(1-¢)" (1)

represents the dependence of the suspension con-
ductivity, ks, on the particle volume fraction, ¢, sat-
isfactorily. The conductivity of the continuous phase
is indicated by k.. The experimental results for the
reduced conductivity k; = Ks/k. of the 3 M FeCl,-Si
suspensions are given in Fig. 1. The solid line in this
Figure represents the Bruggeman relation, which fits
the experimental values for ks/k. very well. Hence,
the 3 M FeCl, solution containing Si particles behaves
like a suspension of nonconducting particles.
Dispersed particles often cause non-Newtonian
viscous behaviour, which influences the hydrody-
namics and mass transfer in suspensions. The reduced
suspension viscosity (u,), that is the suspension vis-
cosity divided by the viscosity of the continuous
phase, is given by the Krieger—Dougherty equation

[15]:
—[Udm
Ky = (1 - (,Zsi) (2)

where [u] = (u, — 1)/¢ is the intrinsic viscosity, which
is 2.5 for spherical particles and ¢, is the maximum
particle volume fraction. In Fig. 2 the experimental
results for u, against ¢g; are given. These results fit
the Krieger—Dougherty equation taking [u] = 3.2 and
¢m = 1.05, which is represented by the full line in
Fig. 2. The value of [u] being higher than 2.5 agrees
with the fact that the Si particles are anisotropic [15].
Since the investigated suspensions are relatively dilute
the value of ¢,, cannot be determined accurately and
has an unrealistic value. It can be concluded that the
3m FeCl,-Si suspension behaves as a Newtonian
fluid.

Kc

3.2. Particle type

Two types of Si particle were used in the electro-
chemical experiments (Table 1) The type I particles
have a much broader range of particle size than the

e85 .
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Fig. 1. Reduced conductivity «, (@) of a 3M FeCl, solution at

363 K as a function of Si particle volume fraction. Solid line re-
presents Bruggeman equation.
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Fig. 2. Reduced viscosity . (@) of a 3 M FeCl, solution at 363 K

as a function of Si particle volume fraction. Solid line represents
fitted Krieger—Dougherty equation.
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type II particles. Both types of particle showed the
same effect on the parameters reported below.
Therefore, only the results obtained for the type II
particles will be shown.

3.3. Mass transfer

It is well-known that suspended inert particles can
enhance ionic mass transfer to electrodes [16-21]. The
mass transfer enhancement may play a role in the
effects of particles on metal deposition. The effect of
Si particles on the ionic mass transfer in a 3 M FeCl,
solution was determined using Fe** as indicator ion.
In a series of experiments voltammograms at various
rotation speeds of a Pt-RDE were measured to de-
termine the limiting current for Fe’* reduction in a
3m FeCl, solution containing a small quantity of
FeCl; and various amounts of Si particles.

Starting with a particle-free 3m FeCl, solution
containing 0.037 M FeCls, the open-circuit potential
(o.c.p.) of the Pt-electrode became more positive after
each addition of Si particles due to a decrease in Fe3*
concentration. This decrease is caused by the reaction
of Fe’* with metallic Fe, present as an impurity in the
Si powder. The Fe’* concentration became constant
at a lower level soon after addition of Si particles.
Hence, to determine the effect of Si particles on the
Fe’* mass transfer accurately, a correction for the
decrease in Fe’* concentration was made. The rela-
tion between the o.c.p. and ¢, g~ was determined in
a particle-free 3 M FeCl, solution and it was found
that the o.c.p. was given by the Nernst equation.
Hence, the Fe’* concentration in the presence of
particles was calculated from the measured o.c.p.

It was found that the limiting current density,
JL e for Fe3* reduction is proportional to w”¢. The
values for p, were obtained from the slope of
log j; pes+ against log w curves and are presented in
Table 2. In the absence of Si particles p, = 0.5, the
same value as for the Levich equation [22]. Applying
the Levich equation it was found that Dpg+ =
1.2 x 102 m2s~! in 3 M FeCl, at 363 K.

In Fig. 3 ji e+ /cype+ s plotted against ¢g; for
various rotation speeds. This shows that at rotation
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Table 2. Exponents of the  dependence of the Fe** limiting current
density in a 3 M FeCl, solution at 363 K in the presence of various
amounts of Si particles

dsi Py

0 0.50
0.004 0.50
0.009 0.50
0.021 0.51
0.043 0.53
0.086 0.54
0.172 0.60

speeds @ < 16 rps the Fe’* mass transfer coefficient is
practically independent of ¢g and at w > 161ps it
increases almost linearly with ¢g;. This is the typical
behaviour reported for ionic mass transfer in the
presence of suspended particles [16-21]. However, the
increase in Fe’™ mass transfer coefficient is clearly
smaller compared to values reported in the literature
[16-21]. Furthermore, an increase in the exponent p
with ¢ similar to that shown for ¢g; in Table 2, was
reported by Sonneveld et al. [19] and Caprani et al.
[16].

3.4. Current efficiency for Fe deposition

Figure 4 shows I'g. as a function of the current
density for various Si concentrations and a rotation
speed of 16 rps. All curves in Fig. 4 show an increase
in efficiency up to 0.5 kA m~2. Taking into account
the inaccuracy of the results it can be concluded that
the Fe deposition current efficiency is practically
constant in the current density range 0.5 to
2.5kAm~2. T'f. increases slightly with increasing Si
concentration. In contrast to the observations for Ni—
SiC [9, 12] and Ni-Al,Os3 [11] the Si particles have no
dramatic effect on the Fe deposition current efficien-
cy. Moreover, an increase, rather than a decrease in I
is observed in the presence of suspended particles.

3.5. Polarization behaviour

Voltammograms on a Pt and Ti-RDE were measured
in a 3M FeCl; solution with various Si particle con-
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Fig. 3. Concentration normalized limiting current density for Fe3*
reduction at a Pt-RDE in a 3m FeCl, solution at 363K as a
function of ¢g; at different RDE rotation speeds, w: 4 (+), 9 (A);
16 (O); 25 (©) and 36 rps (O).
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Fig. 4. Fe deposition current efficiency as function of current den-
sity in a 3 M FeCl, solution at 363 K containing various amounts of
Si particles, ¢g;: 0 (+), 0.004 (O) 0.086 () and 0.172 ().

tents. The obtained current densities were very high
up to about 10kA m~2. A correction for the ohmic
potential drop was necessary to obtain correct elec-
trode potentials. It was found that the impedance
method was the most reliable to effect this correction.
Corrections obtained with the current interruption
method led to overcompensation at high current
densities.

Results of impedance measurements were plotted
on Nyquist diagrams, which show inclined well-
shaped semicircles with their centres above the real
axis. Inclination of semicircles in impedance plots has
often been observed and is attributed to nonunifor-
mity of the electric field at rough electrode surfaces
[23, 24]. The ohmic solution resistance between the
working electrode and the tip of the Luggin capillary
is given by the distance between Zg. = 0 and the in-
tersection point of a semicircle with the Zg. axis
[23, 24]. It was found that within experimental ac-
curacy the ohmic solution resistance, Rq, does not
change with potential within the scan range of the
voltammograms.

Figure 5 shows voltammograms on a Ti and Pt-
RDE rotated at 16 rps. For both electrodes the po-
tential was scanned at a rate of 2.5mVs~' from
—0.5V to a more negative potential and back. The
ohmic potential drop was taken into account to ob-
tain the correct electrode potentials for the volta-

0.2
0.0

Evs SCE/V

Fig. 5. Voltammograms for Fe deposition on a Pt-RDE (+) and a
Ti-RDE (O) from a particle-free 3m FeCl, solution at 363 K.
Potential scan rate 2.5mV s~!'; RDE rotation speed 16 rps. Arrows
indicate scan direction.
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mmograms. Both voltammograms show a strong
hysteresis between the cathodic and anodic scan, in-
dicating the occurrence of a crystallization overpo-
tential. This is supported by current efficiency
measurements. It was found that, at —0.75V, Fe
deposits on Ti with 2.5% current efficiency, while
after a nucleation pulse Fe deposits on Fe with 50%
current efficiency. It follows from Fig. 5 that the
current density in the cathodic scan remains constant
from —0.50 V to —0.72V and —0.77 V, for Pt and Ti,
respectively. At more cathodic potentials the Fe
deposition current rises sharply. This shows that
there is a clear difference in crystallization overpo-
tential for Fe deposition on Pt and Ti.

Addition of various amounts of Si to the 3 M FeCl,
solution does not significantly change the value of the
crystallization overpotential for Fe deposition on Pt
as well as on Ti. Thus, a strong decrease in the
crystallization overpotential, as reported for Ni—SiC
[9] and Ni—Cr [10] codeposition, does not take place
in the Fe-Si system.

The anodic scans measured on Pt at various vol-
ume fractions of Si particles are plotted in Fig. 6. On
addition of Si particles the cathodic polarization
curve for Fe deposition shifts to slightly lower over-
potentials. This was found for both the anodic and
cathodic scans on Pt as well as on Ti. A similar de-
polarization has been reported for several metal
particle systems [6—10]. Taking into account the in-
crease in I're with ¢g; (Fig. 4), it can be concluded
that the presence of Si particles in the 3 m FeCl; so-
lution decreases the overpotential for Fe deposition
on Fe compared to the particle-free solution. Since it
is unlikely that the Fe deposition reaction is mass
transfer controlled in the current density range con-
sidered and Si particles hardly affect the mass trans-
fer, the depolarization is not due to Fe** mass
transfer enhancement by Si particles. The decrease in
overpotential indicates a slight change in the kinetic
parameters for Fe deposition with ¢g;.

To determine the kinetic parameters for Fe depo-
sition on Fe modified Tafel plots were used. By re-
arrangement of the Butler—Volmer equation it can be

shown that jmpe = jre/(1 — exp(—nf|n|)) = jo,re eXp

_10-0.85 -0.80 -0.75 -0.70 -0.65 -0.60

Evs SCE!V

Fig. 6. Voltammograms for Fe deposition on a Pt-RDE froma 3 m
FeCl; solution at 363 K containing various amounts of Si particles.
Potential scan rate 2.5mV s~'; RDE rotation speed 16 rps. ¢g;: 0
(@), 0.004 (+), 0.009 (<), 0.043 (A), 0.086 (O) and 0.172 (V).

0.157
0.12f
> 0.00f
Z0.06}
0.03]

0.00 0.1 ]

J kKA m*?

Fig. 7. Modified Tafel plots for Fe deposition on a Pt-RDE from a
3Mm FeCl, solution at 363 K containing various amounts of Si
particles. RDE rotation speed 16 rps. ¢g;: 0 ((J), 0.004 (+), 0.086
(©) and 0.172 ().

(anf|n|). The current density for Fe deposition
Jjre = I'rej. In Fig. 7 the modified Tafel plot of log
Jm,Fe against |n| is given. Fig. 7 shows that the mod-
ified Tafel slope increases with increasing overpo-
tential. This dependence may be explained either by
the crystallization potential or the activation polar-
ization due to the electron transfer reaction. In the
latter case a change in the nature of the electrode
surface may be occurring, for example caused by the
formation of iron hydrides.

The modified Tafel slope is practically independent
of the Si particle content. The observed modified Tafel
slope at || <0.075V, namely 0.062 V agrees with the
results reported for Fe deposition from FeSO4 solu-
tions [25, 26]. Assuming n = 1 it can be calculated that
o = 1.1, which deviates from a = 0.5 usually found for
a slow one-electron electrode reaction [25, 26]. Linear
extrapolation of the modified Tafel curve to =0
gives jore if the electron transfer is the rate-deter-
mining step. In this case jore = 0.015kA m~ for the
particle free solution and jo r. increases slightly with
increasing ¢g;. Thus, Si particles enhance the rate of
Fe deposition on Fe, which results in higher deposi-
tion current efficiencies and lower overpotentials.

3.6. Codeposition

The Si codepositing with Fe in a 3 M FeCl, solution
containing 0.086 volume fraction Si particles was
determined for various current densities using a Ti-
RDE rotating at 16 rps. In Fig. 8 the amount of Si
embedded in the Fe matrix is given as a function of
the current density and is seen to increase with cur-
rent density. In contrast to various other codeposi-
tion systems [3—6, 11] no maxima are found for Si
embedment within the investigated current density
range. At a current density of 2kA m~2 the desired
Fe—Si composite containing ~ 5 wt % Si particles can
be obtained.

Webb et al. [11] observed marked changes in the
deposition current efficiency and cathodic polariza-
tion curves for Ni-Al,O3 codeposition, which depend
on the amount of embedded Al,Os particles. Taking
into account the practically constant value of I'g
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Fig. 8. Si particle embedment in Fe deposited on a Pt-RDE from a
3 M FeCl, solution at 363 K containing 0.086 volume fraction Si
particles as a function of current density. RDE rotation speed
16 rps.

above 0.5 kA m~2, the amount of Si embedded in Fe
does not affect the Fe deposition current efficiency.
Moreover, there is no effect of the amount of em-
bedded Si particles on the polarization curves for Fe
deposition. The observed effects on I'g, and the ca-
thodic polarization curves are relatively small and are
related to the amount of suspended Si particles.
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