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Composite materials with unique properties can be produced by codepositing an inert phase during a
cathodic metal deposition process. The feasibility of codeposition is mainly determined by the inter-
action of the inert phase and the cathodically deposited metal. When both the inert phase and the cath-
ode or the cathodically deposited metal are ferromagnetic substances, codeposition can be promoted
by magnetizing the inert phase prior to codeposition. Codeposition of Zn with Ni particles on a steel
cathode from a weakly acidic zinc chloride based bath was investigated. The increased interaction
between the magnetically remanent Ni particles and the steel cathode resulted in substantially higher
percentages of Ni included in the deposit layer, especially at low concentrations of Ni particles in the
bath. The model of Guglielmi, modified for conducting particles, proved to be valid; the value of
adsorption parameter k,q changed with magnetic remanency. Cathodic Zn deposition efficiency
decreased with increasing concentration of Ni particles in solution and increasing Ni content in the
deposit. The principle outlined can also be applied to systems with nonferromagnetic inert phases

by coating these with ferromagnetic substances.

List of symbols

Ag constant (Guglielmi) (V™)

Bg constant (Guglielmi) (V™!)

B magnetic field flux density (T)

B, remanent magnetic field flux density (T)
¢,  concentration particles in bath (kg m™?)
dg  deposit layer thickness (m)

F  Faraday’s constant (Cmol ™)

H  magnetic field strength (A m™)

i current density (A m2)

ip  exchange current density (A m™?%)

k.q Langmuir adsorption constant

M  magnetization (A m_l)

M. remanent magnetization (A m—l)

n  valence of deposited metal

1. Introduction

Composite materials with unique properties can be
produced by codepositing an inert phase during a
cathodic metal deposition process. The composite
obtained possesses combined properties of the two
deposited materials. Several combinations have
proved to exhibit enhanced wear resistance (e.g.,
Ni—SiC), corrosion (e.g. Ni—Si3Ny, Zn—-Al,O3) or
lubrication properties (e.g., Ni/PTFE).

The electrolytic codeposition process is affected by
a large number of process parameters [1]. The exact
influence of each of these parameters is not clear;
contradictory results have been reported. However,
the electrostatic interaction between the inert phase
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V, volume of particles deposited per area of
electrode surface (m)

W molecular weight (kgmol™")

X, weight percentage of Ni in deposit

Y, volume percentage particles in bath

Greek symbols

a, volume fraction of Ni in deposit

n  overpotential (V)

n. cathodic efficiency

Lo magnetic permeability of vacuum (VsA™m™")
v,,0 constant for particle deposition (m s7h

pm  density of metal matrix (kgm™>)

#  degree of strong adsorption coverage

o degree of loose adsorption coverage

and the cathodically deposited metal matrix seems
to be one of the key factors determining the feasibility
of the codeposition [2, 3]. An inert particle with a
negative surface charge will hardly codeposit on the
negatively charged cathode. To improve codeposition
by means of changing the inert particle surface charge,
surfactants and specific ions have been used [2, 4, 5].
The use of surfactants especially influences the struc-
ture of the composite layer adversely, because the
surfactants are also included during the codeposition
process. We have developed a new method that
greatly improves the interaction between inert phase
and cathode or cathodic layer, without using addi-
tives. The method is based on magnetically charging
the inert phase.
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When a magnetic field H is applied to a ferromag-
netic material, the magnetic flux density B induced
in the material is amplified as a result of magnetiz-
ation M of the sample, and is expressed by [6]

B = uy(H + M) (1)

On removing the applied field H, B shows a hysteresis
effect; a certain remanent magnetic flux density B,,
which is proportional to the remanent magnetization
M., remains in the ferromagnetic material. From
Equation 1 and for H = 0:

M, = Br/P'O (2)

Codeposition increases to a great extent using a
magnetically remanent inert phase and a cathode or
cathodically depositing metallic matrix of a material
with high magnetic permeability. Increased affinity
of the magnetized particles to the cathode is caused
by two effects. First, it is energetically favourable for
the particles to close their magnetic field lines going
through a medium with a high magnetic permeability
such as a steel cathode (or a depositing Fe or Ni
matrix). Secondly, a magnetic dipole—dipole inter-
action between already included particles and free
particles in solution is present. Because of the short
range character of magnetic forces, the method
outlined will not enhance transport of particles to
the cathode to a large extent, but will have the effect
of adsorbing the particles more strongly to the
cathodic surface once arrived there.

We chose Zn deposition with Ni particles on a
ferromagnetic steel cathode as a model system for
this new method. Besides its experimental suitability,
the main criterion for its selection, this system also
has practical relevance: Zn—Ni layers with approxi-
mately 12% Ni exhibit excellent corrosion resistant
properties and can serve as a corrosion protective
layer on steel. However, these are difficult to electro-
chemically deposit at high speed as an alloy because
deposition is of the anomalous type [7-9]. Codeposi-
tion of Ni particles with Zn, followed by heat treat-
ment could be an interesting alternative route for
obtaining Zn--Ni alloys.

Nickel powder was magnetized before codepositing
it in a Zn-matrix on a steel cathode. The increased
interaction between the magnetically remanent Ni
particles and the highly magnetically permeable steel
cathode resulted in substantially higher weight per-
centages of Ni in the deposit. This effect was most
pronounced at low concentrations of Ni particles in
the bath. A slightly modified form of Guglielmi’s
model for codeposition [10] was used to fit the experi-
mental results.

2. Experimental details
2.1. Reagem"s and experimental setup
All plating experiments were performed in a 600 ml

beaker using a three-electrode setup and electro-
chemical interface (Autolab PGSTAT20, Eco Chemie

Utrecht). A Zn bar (10 cm? surface area) was used
as the anode. The reference electrode was a saturated
calomel electrode (SCE) connected to the cell by a
Luggin capillary. A strip of steel (Bonder Priifbleche
EN10130 FePO,, Chemetall GmbH Frankfurt) with
an exposed area of 4cm® was used as the working
electrode (cathode), and was positioned vertically
and opposite the anode at a distance of 7cm. Prior
to plating, the steel cathode was degreased in a
solution of 151<:gm73 Alfecu SF600 (Akzo Nobel),
0.53m NaOH, 0.084m Na,COj;-10H,0, 0.059M
Na,HPO, - 12H,O and 0.01m sodium dodecylsul-
phate at 50°C for 10min. Thereafter, it was rinsed
with distilled water, etched for 5min in 4m HCI,
and rinsed again with distilled water. '

A zinc chloride bath was prepared by dissolving
0.22M ZnCl, and 3.36 M NH,CI in millipore filtered
water. The pH was adjusted to 5.8 by addition of
concentrated ammonia. All experiments were carried
out at room temperature. Before codeposition experi-
ments, the zinc chloride bath was purified by potentio-
static preelectrolysis using a ribbed Ti-cathode of
9cm? and applying a potential of —1.2V vs SCE for
15min. Commercially available Ni-powder (Merck)
with a size distribution of 1 to 10 um was used. The
mean particle diameter was 4 ym, as determined on
a particle size analyser (Coulter LS). Prior to codepo-
sition, the Ni-powder was magnetized in a rectangular
copper solenoid. Particle size distribution was not
seen to have changed after magnetization treatment
(no clustering of particles). During codeposition
experiments, the solution was stirred mechanically
to keep the Ni particles in suspension. The stirring
rate was kept constant to ensure that the hydro-
dynamic conditions were identical for every experi-
ment. Codeposition experiments were started
immediately after addition of (magnetized) Ni
powder to the zinc chloride bath. In every figure
that will be presented, the total charge consumed at
the cathode is identical for each sample; the actual
layer thickness is, however, a function of both
cathodic efficiency and amount of particles included.

The field strength produced by the solenoid used
was measured with a Hall probe. Nickel powder
magnetization curves were measured at room
temperature on a vibrating sample magnetometer
(Princeton model 155): starting with a sample with
magnetization M =0, a certain field H was first
applied and then removed. After the remanent mag-
netic moment was determined the sample was again
forced into the unmagnetized state by applying a H
field with diminishing amplitude (going to zero) and
alternating polarity. This procedure was repeated
while H was increased.

2.2. Analysis of Zn—Ni layers

The Zn—Ni composite layers deposited were dissolved
in concentrated HNO3, in which the underlying steel
cathode surface passivates. Using an atomic absorp-
tion spectrophotometer (Perkin—Elmer 4995), both
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Fig. 1. Dependence of remanent (volume) magnetization of Ni
powder, M,, on the strength of the applied magnetizing field H.

Ni** and Zn*" concentrations were analysed to calcu-
late composition of the deposited layers and current
efficiency. Both surface and cross-sectioned scanning
electron microscopy photographs of the deposited
Zn-Ni layers were taken. Cross sections were
prepared by first cutting the samples transversely,
then embedding them in a Perspex/Cu matrix,
polishing and carefully etching. A Cambridge stereo-
scan 200 scanning electron microscope was used.

3. Results and discussion
3.1. Ni powder remanent magnetization curve

Nickel powder remanence as a function of H is
depicted in Fig. 1. The initial nonlinearity of the
curve is a result of the reversible character of the
magnetization process at low fields. It appears that
remanence, M., is of the same order of magnitude as
the strength of the applied A field (during application
of H magnetization M of the Ni sample is of course
much higher). Although remanent magnetization is
presented here as a bulk property, it is in fact depen-
dent on the size and structure of each particle. From
the fact that the magnetic moment did not decrease
over a period of two hours, it was concluded that it
was justified to regard the remanent magnetization
as being a static property.

3.2. Effect of Ni powder magnetization on
codeposition

After magnetization, the Ni powder was codeposited
with Zn in the Zn plating bath. The Ni content of
the deposited composite layer as a function of both
concentration of Ni powder in the bath and remanent
magnetization of the powder is depicted in Fig. 2.
Although the data points show some scatter, the
effect of remanent magnetization is undoubtedly
there. The shape of the curves drawn resembles Lang-
muir type adsorption isotherms, as predicted by the
model of Guglielmi [10]. This model, one of the
earliest on codeposition, has proved to be very
useful for practical applications, although several
parameters influencing codeposition are not taken
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Fig. 2. Dependence of weight percentage included Ni in the Zn-Ni
composite layer, X,, on Ni particle concentration in the bath.
Several data points are averaged values of two or three measure-
ments. The Ni particles have remanent magnetizations M, of:
(+) 0, (&) 3300, (®) 8600, (O) 17200 and () 34000 Am™;
i=300Am™2; ¢ = 420s. Lines are drawn for M, =0, M, =3300
and M, > 3300Am™!,

into account. The model was originally set up for
non-conducting particles, but because of the high elec-
trical conductivity of the Ni particles used, a slightly
modified version of the model is developed in this
study. Guglielmi’s model is based on the assumption
that codeposition is a two-step adsorption process;
the first step is a physical (loose) adsorption of the
particles, the second a field-assisted strong adsorp-
tion. Guglielmi supposes the dependence of loose
adsorption ¢ on the concentration (volume percen-
tage Y},) of particles in the bath to resemble Langmuir
isotherms:

— Kaa Yp

The term (1 — 6) describes the fraction of the surface
available for establishment of the particle’s strong
adsorption equilibrium. Although a conducting
particle, after being strongly adsorbed to the
cathode, can immediately be covered by depositing
metal and, therefore, is available for establishment
of the equilibrium again, the term (1 —#) is main-
tained in the case of conducting particles. This is
because, due to hydrodynamic forces, strong adsorp-
tion of a particle on top of another strongly adsorbed
particle will hardly occur unless that particle is almost
fully embedded in the growing metal matrix and is not
a high spot on the electrode surface any longer (this is
confirmed by the absence of both dendritic growth
and clustering of particles on SEM-photographs,
Section 3.3).

The adsorption constant, k.4, essentially depends
on the intensity of particle/cathode interaction and
normally has a fixed value for a specific type of inclu-
sion particle in a specific codeposition system. In our
experiments, k,y changes by inducing magnetic
remanency in the Ni particles. The method outlined
by Guglielmi is based on the assumption that strong
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Fig. 3. Modified Guglielmi plot for determination of adsorption
constant k,q. All data are taken from Fig. 2, restricted to
op < 0.08; (+) M, =0, (8) 3300, (#) 8600, (O) 17200 and ()
34000 Am-". Lines are drawn for M, =0, M, = 3300 and M, >
3300Am .

adsorption of the particles to the cathode is an electric
field dependent process. By analogy with Butler—
Volmer electrode kinetics, this dependence is con-
sidered to be exponential:

dr,
—2 — gy, gefor

di P 4
Different from Guglielmi’s model for nonconducting
particles, the term (1 — 6) is dropped in Tafel’s law
since the whole electrode surface is available for
metal deposition:

i = ige” (5)

Combination of Equations 3, 4, 5 and Faraday’s law
leads to

op nFpmv, o

(B~ gy Kaa ¥p(1 — )
Wiy

1+ kg ¥y

6
s (6)
Assuming spherical particles or particles of reason-
ably regular shape, ¢ has almost the same value as
ap. Rearranging Equation 6 then yields:

) .
Yo(l —ayp) W e(4c —Bo)n <i + Yp> (7
kad

oy nFpuvy o

Under the galvanostatic conditions used in the present
experiments, overpotential 7 remains fairly constant
if the amount of strongly adsorbed conducting par-
ticles is small. For small o, k Kaa can be found graphi-
cally by plotting Y,(1 — ap) ap against Y,,. This is
depicted in Fig. 3 for the data of Fig. 2. The cutoff
at the x-axis equals —(1/k,q). Note that one line has
been drawn for the data with M, = 8600, 17 000 and
34000 Am™".

The slopes of the drawn lines are expected to be
equal. However, it may be possible that the para-
meters 1,9 and Bg, which influence the slope,
change with M,. The model of Guglielmi is not
straightforward with respect to the physical meaning
of these parameters. In Table 1, values for k,4 and
the loose adsorption coverage, o, of the cathodic
surface for a Ni particle concentration of 2kg m > is
calculated using Equation 3 and assuming 6 = a,.

Table 1. Values of k4 for Ni powders with different magnetic reman—
ency M, and degrees of loose adsorption, o, at c, =2 kgm™
i= 3004 m™; £ = 4205

M, /Am™! kaa o
atcy, =2kg m3
0 13.3 0.23
3300 23.8 0.34
8600-34000 90 0.64

Figure 4 shows the dependence of the codeposition
process on current density at different values of
powder magnetization. Experiments with current
densities below 100 Am ™ were not carried out but a
maximum in the curve is likely to arise. The literature
[11] reports the occurrence of such a maximum at an
overpotential (and accordingly current density)
where the surface charge of the cathode is minimized.
This results in minimum ordering of water dipoles at
the electrode which benefits codeposition.

To study the role of the steel cathode on the
magnetic phenomena observed, the following experi-
ment was conducted. On a series of steel cathodes,
pure Zn layers with increasing thicknesses dz, were
electrodeposited. On top of these layers, 8 um of
Zn—Ni composite layer was deposited. In this way, a
fixed distance initially separated the steel surface
from the solution. The pure Zn layer served as a
barrier for interactive magnetic effects. The effect of
this distance on weight percentage Ni in the composite
layer is given in Fig. 5. Note that the inclusion percen-
tages are mean values over the layers of 8 um thick.
The influence of the steel cathode on the inclusion
process appears to extend over a distance of approxi-
mately 15 um. The magnetic attraction force perpen-
dicular to the electrode surface, decreasing with
increasing layer thickness, increases the residence
time of Ni particles at the cathode surface and, conse-
quently, promotes inclusion. It is expected that a
gradient in particle concentration develops in the
deposit: a decrease in particle concentration with
increasing distance to the steel surface.

0
10br . “
8%+ . .
6%
&
><c.\.

4% *

N . a
2% \
O% 1 I 1 T 1 1 J

0 100 200 300 400 500 600 700
il Am?
Fig. 4. Dependence of the weight percentage included Ni in the Zn—
Ni composite layer on plating current density for three differently
magnetized Ni 3powders (+) M, =0, (2) 3300 and (#) 8600 Am™',
e =12kgm™; ir=168000Asm™ 1 (corresponding to a layer
thickness of about 8 um).
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Fig. 5. The weight percentage Ni in the Zn—Ni composite layer as a
function of the thickness of a pure Zn layer deposited on a steel
cathode. The composite layer was deposited on top of a pure Zn

layer w1th i=400Am™ % 1=420s; o = 1.2kgm™ and M, =
8600 Am™"

3.3. Mechanistic information from SEM-photo analysis
and current efficiency measurements

There are a large number of processes playing a role in
the inclusion of magnetized Ni particles. The fact that
these are electrically conductive contributes to the
complexity of the codeposition process. Only a few
publications on codeposition of electrically conduct-
ing particles can be found in the literature [12, 13].
Surface and cross-section SEM-photo analysis reveal
qualitative information. Figure 6 shows a typical
example of the surface of a plated composite Zn—Ni
layer. Since the sample was thoroughly rinsed, all
particles that are still visible are immobilized and
strongly adsorbed on the Zn matrix. The upper
surface of some Ni particles is totally uncovered,
while others are covered with a mossy Zn deposit.
This mossy, open Zn structure is probably caused by
competitive hydrogen gas evolution. In addition,
passivation of the Ni particles may prohibit the
formation of sound Zn deposits on the Ni particles.
As a consequence, the mechanical bonding between
particles and matrix is not expected to be very
strong.

Fig. 6. Surface photograph of Zn~N1 composite layer i=
250Am™> t = 1600s; ¢, = 0. 6kgm™; M, = 3300 Am™!, magnifi-
cation 660><

Fig. 7. Cross-section photograph of Zn—Ni composite layer upper
layer is steel i=400Am™%; =1317s; Cp —2kgm ; M=

8600 Am™'; magnification 2040x.

Detailed analysis of Fig. 6 and similar photographs
shows a small gradient in concentration of holes over
the deposit layer: higher concentrations are found
closer to the steel surface. Clustering of particles
seems to be absent; it appears that magnetic dipole—
dipole interactions between Ni particles are not pre-
dominant, but the attraction between the remanent
particles and the highly magnetically permeable steel
substrate is. This is supported by the fact that the
magnetic permeability of the steel is much higher
than that of Ni powder [6].

The places where Ni particles were situated origin-
ally, appear as holes in the cross-section photograph
of Fig. 7. Due to the weak mechanical anchoring,
the particles have been torn out of the composite
layer during polishing. When breaking out of the
layer, it is possible that the particles take along part
of the (mossy) Zn deposit around them.

Cathodic current efficiency measurements show a
decrease in cathodic efficiency as a function of the
concentration of Ni particles in the bath (. decreases
from about 100% to about 85% when ¢, increases to
7kgm™3). A clear correlation between cathodic effi-
ciency and magnetic remanency M, was not found.
Both ¢, and M, influence X, the weight percentage
of Ni codeposited (), decreases from about 100% to
about 85% when X, increases to 10%). Several
processes affect efficiency. Firstly, hydrogen will
evolve very much faster on a Ni particle in the Zn—
Ni deposit than on Zn due to the low exchange
current density on the latter. This process is expected
to be linearly related to X, (and consequently to ¢,
and M)). Secondly, cathodic efficiency, as determined
by dissolution of the obtained composite layer, can be
lowered by Zn deposition and hydrogen evolution on
Ni particles that are temporarily strongly adsorbed
(make electrical contact) at the cathode, that is, par-
ticles that are not included but again move into
suspension after a certain time. Zn present on these
detached Ni particles will corrode. This process influ-
ences efficiency, particularly at high ¢, and M.,.
Thirdly, cenducting particles colliding with an elec-
trode will be charged and, due to their capacitance,
will discharge in the electrolyte when the contact
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between particle and electrode is broken. As a result
of the dependency of the variables in question, it is
difficult to clarify the process, or processes, causing
reduced cathodic efficiency.

4. Final remarks

In the present work, compared to conventional
codeposition methods, several extra parameters influ-
encing the inclusion process are encountered. The
magnitude of magnetic remanency of the particles,
deposit thickness (determining the distance between
free particles and cathode supporting material) and
magnetic properties of the cathodic substrate and
depositing matrix metal are additional factors to be
considered.

Nickel was used successfully in this study, although
it is classified as a soft magnetic material and, conse-
quently, is expected to exhibit only negligible
magnetic remanency. It is known, however, that
small particles possess magnetic properties different
from the bulk material [6]. This is believed to result
from the high degree of shape and/or crystal aniso-
tropy that these small particles possess, which
prevents magnetic domain walls to return to their
original energetically most favourable positions after
the removal of an externally applied magnetic field.

The principle outlined in this paper can be applied
to any system with an at least partially ferromagnetic

inert phase that exhibits magnetic remanency. The
inert phase can be a ferromagnetic pure element (INi,
Fe, Co), but aiso an alloy or other magnetic
compound (e.g., FesO4 or Fe;Si). Further, nearly
every type of inert phase can be coated electrolessly
with a ferromagnetic metal layer (using, for
example, N,H, as a reductor) to make it sensitive to
magnetization so that electrolytic codeposition can
be influenced beneficially.
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