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The paper presents a study of the effect of constant magnetic field (CMF) on the basic processes of
Co-Mo, Co-W, Co-Mo-W alloys and Co electrodeposition. The applied research methods included
scanning electron microscopy (SEM), energy dispersive X-ray (EDX) microanalysis, cyclic
voltammetry (CV), coulometry (C), scanning tunneling microscope (STM) and X-ray diffraction
(XRD). SEM images of Co-Mo, Co-W, Co-Mo-W alloys revealed numerous fractures on the samples
surface, formed as a result of residual stress during alloy deposition without CMF. In CMF such
fractures disappeared. Under CMF conditions some crystal planes were deflected at angles ranging
from 15 to 20°. The exposure to CMF caused also an increase of the volume fraction (by about 10 %
by volume) of the dominant phase in the alloys. The reason for these changes was the fact that the
Lorentz force, generated in CMF, caused the magnetohydrodynamic (MHD) effect. This induced
movement of the electrolyte. The Nernst diffusion layer was depleted, whereas a new Navier-Stokes
hydrodynamic layer appeared, which determined the velocity of electroactive molecules flow to the
working electrode under CMF conditions.
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1. INTRODUCTION

Cathodic electrodeposition of alloys based on elements belonging to the ferrous metals group
(Fe, Co, Ni) is still an important problem in electrochemistry. Studies on alloys have focussed on what
are known as functional metallic layers characterised by specific physicochemical properties, including
mechanical, electrical, magnetic and optical. Codeposition of the mentioned elements with metals such
as chromium, molybdenum and tungsten, or non-metals such as phosphorus and boron is an interesting
issue. They are elements which cannot be deposited from aqueous solutions alone, but only in the
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presence of ferrous metals by the so-called induced codeposition. Hamid [1] studied the optimal
conditions for cobalt-tungsten alloy electrodeposition process, such as temperature, current density,
concentration of metal ions or surfactants. Then, he investigated the morphology of alloy surfaces,
their microhardness and resistance to corrosion. With tungsten content ranging from 3 to 10% by
weight, the alloy had a fine-grained structure, whereas when tungsten content increased to 15% by
weight, the structure of the alloy was fibrous with even finer grains. Chang et al. [2] demonstrated that
higher tungsten content in cobalt-tungsten alloys improved their corrosion resistance. Shobba et al. [3]
studied the corrosion resistance of alloys exposed to sulfuric acid (V1) and potassium hydroxide. The
study was carried out in the context of applicability of these alloys as anode materials. It had been
observed earlier that magnetic field may affect electrochemical processes [4-6]. The obtained data
indicated that such changes are due to magnetohydrodynamic (MHD) effect. The MHD effect is based
on the Lorentz force, inducing movements of the electrolyte and increasing or decreasing transport of
the electroactive molecules to the electrode. Koza et al. [7] studied the effect of constant magnetic field
(CMF) with magnetic induction value ranging from zero do 1 T, in various configurations in relation to
the electrode surface. They observed that CMF applied parallel to the electrode surface increased the
limiting current density and the deposition rate. This was due to the MHD effect, induced by maximal
Lorentz force generated in the hydrodynamic layer. They deposited electrochemically cobalt, iron and
cobalt-iron alloy [7-9]. Matsushima et al. [10] reported that grains of Fe electrodeposited without the
influence of a magnetic field had sharp ends, and their sizes were larger than grains
electrodeposited in a magnetic field, the latter being rounded. Msellak et al. [11] proved that Ni-Fe
alloys deposited in a magnetic field with an induction of 0.9 T were smoother, had a uniform structure
and featured a preferential grain orientation. Coey and Hinds [12] confirmed that CMF increased
significantly copper electrodeposition rate. Then, they observed increased transport of cationic mass,
both diamagnetic (Ag*, Zn?*, Bi*") and paramagnetic (Cu®*, Ni**) under CMF conditions. O'Reilly et
al. [13] found that under the influence of a CMF, an increase in the current density (j) occurred, caused
by the decreasing thickness of the diffusion layer (Jp). Lioubashevski et al. [14, 15] developed a
theoretical hydrodynamic model demonstrating the influence of a magnetic field on electrochemical
processes. Moreover, they defined an empirical formula for calculating the value of current depending
on the magnetic induction applied: i =~ C¥*.BY%. Ragsdale and White [16,17] showed microscopic
images confirming magnetohydrodynamic flow in the electrolyte, demonstrating that the flow is
more intense when the direction of vector (B) is parallel to the working electrode surface than
when it is perpendicular to the working electrode surface. In this paper, the effect of CMF on
electrodeposition of Co-Mo, Co-W, Co-Mo-W alloys and Co has been studied. The results obtained
show that the application of CMF causes changes in the kinetics of alloy deposition reactions, changes
in the chemical composition of the alloys and their surface morphology, as well as changes in the
crystallographic parameters of the alloys.

2. EXPERIMENTAL PART

Co-Mo, Co-W, Co-Mo-W alloys and Co were prepared by electrodeposition using three-
electrode system. The three-electrode electrochemical cup, in which the alloys were deposited,
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consisted of a working electrode (gold, disc-shaped) with 0.1 cm? surface area, an auxiliary electrode
(platinum, mesh) and a reference electrode (saturated, calomel) (SCE).

Co-Mo-W

Co-W

i/ pAsem?

-1500 -300 100 100 300 500
-5000
-10000 |
-15000
Co-Mo-W
20000
U/mVgy

Figure 1. Cyclic voltammogram of Co-Mo, Co-W, Co-Mo-W alloys and Co.
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Figure 2. Electrochemical cup with three-electrode measurement system, placed between the N and S
pole pieces of a laboratory electromagnet, (a) with the magnetic induction B perpendicular to

the current density j, and (b) with the magnetic induction B parallel to the current density j. F
denotes the Lorentz force.
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The galvanic solution prepared to obtain Co-Mo, Co-W, Co-Mo-W alloys and Co contained
0.1M cobalt sulfate (CoSO47H,0), 0.1M sodium molybdate (Na,MoO4-2H,0), 0.1M sodium tungstate
(Na2WO4'2H20), 0.6M sodium citrate (N8.3C6H507'2H20), 0.05 M EDTA (C10H1408N2N8.2'2H20) and
0.1M sulfuric acid (H2SO,). The Co-Mo, Co-W, Co-Mo-W alloys and Co electrodeposition potential
was determined on the basis of the dependence of current on potential - cyclic voltammetry methods
(CV) (Figure 1).

The Co-Mo, Co-W, Co-Mo-W alloys and Co were deposited without and in CMF produced by
the N and S pole pieces of an ER 2525 laboratory electromagnet. The magnetic induction B, used in
the study within the value range from zero to 1200 mT, was directed either parallel to the surface of
the working electrode (i.e. perpendicular to the current density j direction, B L j configuration), or
perpendicular to the surface of the working electrode (i.e. parallel to the current density j direction,
B || j configuration), as presented in Figure 2.

The morphological structure of the alloys was studied by SEM using a Philips XL 30
instrument. Images were recorded in the backscattered electron or secondary electron mode at 10 keV
or 20 keV primary beam energy. The chemical composition of the alloys was determined by energy
dispersive X-ray (EDX) microanalysis using an Oxford Instruments ISIS system. The crystallographic
structure of the alloys was studied by XRD using a Bruker D8 Discover X-ray diffractometer with a
Cu K, radiation. By STM topography of the surface alloys was analyzed. The parameters of the STM
test were as following: the measurements were made in air; the Pt (90) Ir (10) needle was an
electrochemically etched; the voltage ‘needle — test sample’ was Er =+ 0,2 V; tunnel current was Iy =
+10 nA.

3. RESULTS AND DISCUSSIONS

Electrodeposition is a remarkably versatile (and inexpensive) method of preparing metallic
films and nanostructures, including those made of ferromagnetic metals and alloys. There are two
possible sources of the magnetic force acting on the electrochemical system and responsible for the
observed magnetic field effects. The first is related to the movement of charged species and the second
is related to the magnetic properties of the electrochemically active substrate. The first type of
magnetic body force is the Lorentz force, F (1), acting on the unit volume of charge-carrying ions and
resulting in a momentum transfer to the solvent that could result in the field driven solution flow:

F=jxB (@)

where j is the current density and B is the magnetic induction.

On the basis of the coulometry (C) measurements, the relationship between the charge (Q)
flowing in the electrolyte and magnetic induction (B) were determined for Co, specific Co-Mo, Co-W
and Co-Mo-W alloys. Figure 3 indicates that the more complicated the structure of the metallic
coating, i.e. Co, Co-Mo, Co-W, Co-Mo-W, the higher the value of magnetic induction (B) required to
achieve maximum effect of the CMF on the charge (Q).
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Figure 3. The relationship between the charge (Q) and magnetic induction (B) during the
electrodeposition reaction of Co and Co-Mo, Co-W and Co-Mo-W alloys.

For the fluid that contains electroactive para- or diamagnetic species, the magnetization, M,
induced by the field, B, depends on the local value of the applied magnetic field as well as on the
molar magnetic susceptibility, ym, of these species, which is proportional to their concentration. A
concentration gradient of the magnetic species, created as a result of the heterogeneous electrochemical
reaction, produces a spatial variation in the magnetization through the molar magnetic susceptibility,
and therefore results in the spatially nonuniform magnetic body force density. This magnetic body
force can promote or inhibit convection in a manner similar to the gravitational body force. The
density of the magnetostatic energy of the electrolyte containing magnetic species in the magnetic field
is given by the following Eq. (2)

Enag =—1/244,MB =—1/2 14, ,,.CB? 2

where M is the magnetization induced by the field B, xo is the magnetic permeability of free
space, and ym, is the molar magnetic susceptibility of the species involved. To calculate the force
associated with this magnetic energy, we have to take a spatial derivative of the energy (3)

Foog =—VE =1/2V(z,CB?) 3)

Magnetic force acting on the electrolyte, that contains magnetic species, due to the magnetic
energy gradient, is given by Eq. (4)
_ x.B?*VC . ZnCBVB
T 2u n

where VB is the magnetic field gradient. This force includes two terms: the concentration
gradient force, Fc (Kelvin body force) and the field gradient force, Fg. The concentration gradient
force, Fc, is directed toward areas with higher concentration of the paramagnetic species and the field
gradient force, Fg, is directed toward areas with higher values of the magnetic field strength, Eq. (5)

F (4)
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Frag =Fc +Fs (5)

An induced ion transport direction depends on the sign of the product of the magnetic
susceptibility and the concentration gradient, defined by which electroactive component possesses
magnetic properties, the substrate or product of the electrochemical reaction. The negative sign means
that the flow directed toward the electrode surface and the positive sign means the outward flow. The
direction of the magnetic field is irrelevant to the direction of Fc because the magnetic flux density in
equation (4 and 5) relates to the second power of the strength of the magnetic field, B2 The field
gradient force, Fg, has the direction defined by the product of the magnetic field and the gradient of the
magnetic field and the magnetic susceptibility of the ions.

The morphology of the alloys was studied using SEM. The Co-Mo, Co-W, Co-Mo-W alloys
and Co were obtained electrochemically either with no exposure to magnetic field or under CMF
conditions. Such studies ran Msellak et al. [11], but for the Ni-Fe alloy, in CMF of the magnetic
induction B = 0.9 T. The SEM studies showed the presence of numerous fractures in the central portion
of the samples surface, formed as a result of residual stress during alloy deposition without CMF
(Figure 4). With CMF value B = 1200 mT and B L j configuration, such fractures disappeared.
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Figure 4. Reduction in fracture widths on the surface of Co-Mo, Co-W and Co-Mo-W alloy under the
influence of a CMF.
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Lioubashevski et al. [14] has formulated a quantitative theoretical model that accounts for the
constant magnetic field effect on electrochemical reactions. The cornerstone of the model is relation
between the thickness of the Nernst diffusion layer (6p) and magnetic induction (B). The equation 6 is
a modification thereof:

5D z1.59(pRV2/3D1/3)1/3(nFFCB)_1/3 6)

where R is radius of the working disk electrode, n is the number of electrons involved in the
Faradaic process, Fr = 96487 C-mol " is the Faraday’s number, C is the concentration of electroactive
ions in the body of the electrolyte, D is the electrolyte diffusivity, v is the bulk flow velocity and p is
the fluid specific density.

Co-W

300

800~
300-
000~ X frm)

1 | ' 1 1 |
20 400 50

B=1200 mT

Figure 5. STM. Surface topography of gold plate electrodes electrochemically coated with Co-W over
scanning area (462x462nm) in presence of magnetic induction B = 0 and B = 1200 mT.
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Figure 6. STM. Surface topography of gold plate electrodes electrochemically coated with Co-Mo
over scanning area (462x462nm) in presence of magnetic induction B = 0 and B = 1200 mT.
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Figure 7. STM. Surface topography of gold plate electrodes electrochemically coated with Co-Mo-W
over scanning area (462x462nm) in presence of magnetic induction B = 0 and B = 1200 mT.

Consequently, the concentration of electroactive ions (Cg) at the electrode increased and a
larger amount of the alloy was deposited:

m =~ 0.63(pR)—l/3V72/9 D8/9 (nFFCB)1/3 (7)

where m is mass of alloy.

Leventis et al. [18] examining the effect of magnetic field in the electrochemical reactions, in a
magnetic field having a remanence of from 0.8 to 1.8 T, tagged weight gain of organic compounds by
using CMF.

The magnetic field applied during the deposition of alloy layers from the electrolyte, reduces
the layers internal stress. The tensile stress in alloys films obtained with applied magnetic field is lower
than in those deposited in the absence of a magnetic field. When a magnetic field is applied parallel to
the electrode surface, the deposits look more homogeneous than those deposited without field. It is also
visible that the deposits obtained in the parallel magnetic field are more densely packed and possess
smaller porosity (Figures 5-7). This was confirmed in his research Matsushima et al. [10].
Electrochemically deposited on iron during operation CMF with magnetic induction from0to 5 T. On
the basis of the data recorded with EDX microanalysis in the scanning electron microscope (SEM), the
percentage contents of cobalt, molybdenum and tungsten in the investigated alloys were determined.
They were deposited with no exposure to magnetic field and in CMF with magnetic induction values B
=200, 600 and 1200 mT. The obtained results are presented in Figure 8.

The phase structure and crystalline lattice parameters of the investigated alloys were
determined by the XRD method. The phases were identified on the basis of the experimental data
recorded using the XRD technique in asymmetric geometry 26-scan, with EVA software [19] as well
as the data obtained from ICDD crystallographic database. The analysis of dominant phase texture
(phase volume fractions) in the alloy coatings was based on experimental so-called pole figures with
application of thin layer correction. Decreased intensity of the reflected beams indicated that under
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CMF conditions some crystal planes were deflected at a specific angle during the alloy formation
process. The higher the value of magnetic induction, the more significant deflection of some crystal

planes took place.
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Figure 8. Composition of alloys obtained from these electrolytes both with and without a CMF,
examined using EDX.
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Figure 9. The relationship between Ac and B of Co and Co-Mo, Co-W, Co-Mo-W alloys.
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The lattice parameter ¢ was taken into account in the conducted measurements as a
characteristic parameter for the studied case. As a result of the exposure to CMF, Co and Co-Mo, Co-
W, Co-Mo-W alloys crystals were more flattened, which is confirmed by the decreasing lattice

parameter ¢ of the dominant phase (Figure 9). Calculated change network parameter c as:

Ac=Se 8)

CO
where: cg - crystalline lattice parameters ¢ in a CMF,
Co - crystalline lattice parameters c¢ without field

The spatial disposition for example of CosW and Co;Ws phase crystallites in the analyzed
coating layers demonstrated a tendency towards formation of {0 0 0 1} type (basal) lattice planes,
slightly deflected - by 15° — 20° - in relation to the external sample surface plane. The precise
orientation of crystallites should be described as a {0 -1 1 3} type plane, parallel to the external sample
surface. The above tendency was the most pronounced in sample 1 (B = 0) and weaker in samples 2,

i.e. in those exposed to CMF (B = 1200 mT) had been used with B L j (Figure 10).
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Figure 10. Pole figures for the basal planes of {0 0 0 1} type (top), prismatic ones of {1 1 -2 0} type
(center) and pyramidal ones of {11-2 2} type (bottom) of the hexagonal phase CosW in
cobalt-tungsten alloy samples 1 and 2.
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The most important effect of CMF on electrochemical processes is the MHD effect. The
driving force of that effect is the generated Lorentz force F (1). In the case of configuration B L j, this
is a macroscopic effect. It causes additional convection, resulting in an increase of mass transport
towards the working electrode. Consequently, a laminar flow of electrolyte near the working electrode
surface occurs, reducing the diffusion layer thickness and causing an increase of potential-generating
ions concentration. It causes a change of grain size in the deposited alloy, affects its texture and
formation of various phases. Such effects are caused by additional convection, as well as by the
magnetic properties of ions. Hinds et al. studied the formation of additional diffusion under the
influence of CMF about magnetic induction from 0 to 6 T. Deposition of Cu from CuSQ, a solution of
with a concentration of 0.75 M. How to they wrote in their paper [20], effect of the CMF on the
morphology of the deposited copper can be directly related to the modified mass transport rate. lonic
mass transfer can be extended by convection and consequently one can define the phenomenon as
convective diffusion. There is a solution layer of thickness Jp (Nernst diffusion layer) between the
working electrode surface and the electrolyte mass, the mass transfer through which occurs only as a
result of diffusion and migration. The layer thickness dp is dependent on hydrodynamic conditions and
viscosity of the solution.

Il
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Figure 11. Reduction in the Nernst diffusion layer thickness Jp near the working electrode surface
under the influence of CMF, and formation of the Navier-Stokes hydrodynamic layer Jy.

There is a gradient of concentrations (C — Cq) in the aforementioned diffusion layer dp; thus,

the mass diffusion transfer Jgisr can be written as:
‘]diff = D(C _Ce|)/5D (9)
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The rate of reduction of electroactive ions on the working electrode surface is higher than the
rate of reagents supply, thus mass transport in the diffusion layer can be expressed as follows:

C,=0|,, and C, =C| (10)

where z is the perpendicular direction from the electrode surface.

The force F generated as a result of the exposure to CMF caused electrolyte movements. The
Nernst diffusion layer dp was depleted, while a new Navier-Stokes hydrodynamic layer Jy appeared
(Figure 11). In accordance with theoretical considerations, the Lorentz magnetic forces under the
experimental conditions resulted in the motion of the electrolyte being tangential to the working
electrode surface and perpendicular to the magnetic induction vector, B. A laminar and unidirectional
(x-direction) flow of electrolyte was assumed. A Navier-Stokes hydrodynamic layer (o) was formed,
resulting in a reduction in the diffusion layer (dp). The presented considerations concerned obviously
the flat surface of the working electrode, and the CMF was parallel to the working electrode surface.

It was also calculated that the velocity of electroactive molecules v increases with increasing
magnetic induction B, as suggested in the article Lioubashevski et al. [15]. This relationship is
represented by the equation 11:

v ~ ("F.CD**Bp**s,, )/(0.627*?) (11)

where 7 is the dynamic viscosity.

With increasing magnetic induction B, the thickness of Navier-Stokes hydrodynamic layer oy,
which determines the electrolyte flow under the exposure to CMF, also increases. A primary effect of
magnetic fields on the electrochemical reaction is the MHD effect acting in the bulk electrolyte (B L |
configuration), which reduces the diffusion layer thickness and thus, the limiting current densities and
deposition rates are increased with a superimposed magnetic field. The nucleation process is affected
by the magnetic field when it is applied parallel to the electrode surface (maximal Lorentz force). This
influence is attributed to the MHD effect. This is confirmed in their studies Bund and Kuehnlein [21].
They investigated oxidation and reduction reactions of Cu with 0.5 M CuSO4 solution, with the
involvement CMF by magnetic induction from 0 to 0.8 T. No significant effect of magnetic fields on
the electrochemical system was observed when they were applied perpendicular to the electrode
surface. The investigation of magneto-electrolysis is of significance from both the industrial and
fundamental points of view. It may open up a novel method of modifying the microstructure, in
particular the particle content, by controlling the magnetic fields with no need to adjust additives and
electrolyte composition.

Z—>0

4. CONCLUSION

The effect of CMF on the electrodeposition process of Co-Mo, Co-W, Co-Mo-W alloys and
Co has been investigated. The results obtained show that the application of CMF causes changes in the
kinetics of alloy deposition reactions, changes in the chemical composition of the alloys and their
surface morphology, as well as changes in the crystallographic parameters of the alloys.

At present it seems that all the various effects of magnetic fields in electrochemistry are
somehow related to mass transport. In the process of Co-Mo, Co-W, Co-Mo-W alloys and Co
electrodeposition, the Lorentz force was generated as a result of the exposure to CMF. This force
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induced MHD effects in the solution, thus causing electrolyte movements, with the resultant depletion
of the Nernst diffusion layer and appearance of a new Navier-Stokes hydrodynamic layer, which
determined the velocity of electroactive molecules flow to the working electrode. The coulometry
method demonstrated that the more complicated the structure of metallic coating, the higher the
value of magnetic induction (B) required for the CMF to achieve maximum influence on the charge
value (Q). Under CMF conditions some crystal planes were deflected at a specific angle (ranging from
15 to 20° depending on the value of magnetic induction) during the alloy formation process. The
exposure to CMF changed also the volume fraction of the dominant phase in the alloy. It has been
clearly demonstrated that the superimposition of magnetic fields influences significantly the resulting
layer properties. A pronounced impact on the layer morphology has been observed. The layers
deposited under the influence of the parallel-to-electrode magnetic field are denser and more
homogeneous than those obtained without a magnetic field. New magnetic nanostructures can be
produced using electrochemical scanning probe methods and a new level of control may be exerted
over industrial catalytic and electroplating processes by appropriately designed field patterns.
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