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ABSTRACT

The effects of a superimposed magnetic field B on the structure of nickel electrodeposits prepared from a quiescent
Watts solution were studied by scanning electron microscope and transmission electron microscopy investigations. It was
observed that B can induce a change of the surface morphology and of the preferential growth direction of the nickel
grains. In the absence of organic inhibitor, it is shown that these effects result from an inhibition of nickel electrocrys-
tallization in relation to the mass-transport enhancement of H* ions promoted by the magnetic field. The phenomenon is
much more important in the presence of a strong inhibitor such as 2-butyne-1,4-diol, the activity of which is also under
mass-transport limitation. The presence of the magnetically induced convective flow is directly illustrated by the pertur-
bations of the relief of the deposit in the vicinity of attached bubbles. These results demonstraté that most structural mod-
ifications of nickel electrodeposits observed in the presence of a magnetic field are consequences of convection phenom-

ena induced by a magnetohydrodynamic effect.

Introduction
According to several review papers, an imposed magnet-
ic field presents various effects on electrolytic processes and
in particular on the morphology and structure of metals or

alloys prepared by electrodeposition.’? For example, It was -

observed that the shape of zinc or lead dendrites grown by
electrodeposition can be strongly modified in the presence
of a magnetic field and that, in some cases, the dendritic
growth can be totally inhibited to give smooth deposits,
with an increase of the metal deposition efficiency.*®

These results are currently attributed to the Lorentz force
exerted by the electromagnetic field B on the ions of charge
g moving at the velocity v within an electric field E 2

F=qg(E+ v XB) [1]

During the electrolysis, the Lorentz force would induce a
convective flow of the electrolytic solution. Therefore, the
resulting mass-transport enhancement can reduce or sup-
press the usual consequences of the diffusion control, such
as the strong tendency to form dendritic outgrowths. The
magnetohydrodynamic (MHD) effect on mass-transport has
been evaluated by measuring the limiting current of various
electrochemical processes. Several semi-empirical expres-
sions of the dependence of i;, vs B were derived.®® It is gen-
erally admitted that i, is proportional to B*%.

It has also been suggested that magnetic fields could
have kinetic effects by inducing an overpotential, by de-
creasing the hydration number of cations, or by modifying
chemisorption at the interface.®*! However, Fricoteaux
et al,'”” by using radiotracer elements, demonstrated that
the apparent current exchange variations which were ex-
perimentally observed during copper electrodeposition in
the presence of an imposed magnetic field would result from
modifications of the morphology of the metallic coating.

Here, an experimental investigation is presented, of the
effects of a magnetic field on the structure and on the pre-
ferred growth orientation of nickel electrodeposits pre-
pared from a Watts bath which contained, in some cases,
small quantities of a strong organic inhibitor.

* Electrochemical Society Active Member.

In an early paper, Yang® studied the influence of the
deposition parameters on the fiber axis of Ni, Fe, or Co
electrodeposits by using reflection high-energy electron
diffraction (RHEED). He concluded that an imposed mag-
netic field had no significant effect on their preferred ori-
entations. Chiba et al.* observed minor variations in the
quality of the preferred orientations of nickel electrode-
posits especially when deposits were prepared at low cur-
rent density. These authors suggested that B could modify
the crystal growth orientations in relation to the easy mag-
netic axis. This effect would be more pronounced at low
current densities, where the influence of the magnetic field
would be larger than that of the electric field.

In spite of these contradictory results, nickel electrode-
position from a concentrated electrolyte such as the usual
Watts bath appears to be a good experimental system for
the identification of the specific effects of a magnetic field
on electrocrystallization, owing to the considerable amount
of knowledge which has been accumulated. It is known
that the overall deposition rate is governed by interfacial
reactions;"* thus, nickel ion transport has practically no
influence on the deposition process. Moreover, the specific
structures and surface morphologies of all textures were
identified.”®* The growth axis of the grains depends on
operational parameters such as the pH of the bath and the
applied potential. For example, in the Watts bath and for
moderately acidic pH, four growth textures are succes-
sively observed when the potential is moved toward more
negative values: the <110> texture at very low current den-
sity, the <211> texture at low current density, the <100>
texture for medium and high current density, and finally a
second <110> texture for a very high current density. It
was demonstrated that the direction of preferential
growth is determined by a competitive adsorption of vari-
ous species (especially hydrogen species) on the crystal
faces of the growing nickel crystals.'*!® Therefore, the tex-
ture axis as well as the microstructure of nickel coatings is
very sensitive to any modification of the state of adsorp-
tion, resulting, for example, from the addition of small
quantities of organic compounds, or from the use of pulsed
currents,” and they can be considered to be a sensitive test
for the detection of an effect of a magnetic field.
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Fig. 1. SEM image of a nickel electrodeposit prepared at —0.800
V/SCE in a pure Watts solution in the presence of magnetic field.
(B = 0.6 T) Characteristic morphology of a <2115 texture.

Experimental

Nickel thin films (typically 10 wm thick) were electrode-
posited under potentiostatic control on a horizontal titani-
um substrate (area = 1 cm?) from a quiescent Watts solu-
tion (NiSO, 7H,O 300 g/1, NiCl,, 6H,0 35 g/1, H,BO, 40 g/l;
pH 4.5) maintained at 30 °C. The counterelectrode was a
large planar nickel sheet parallel to the cathode. The
100 cm® cell was plunged in a uniform magnetic field (up to
1.0 T) delivered by an electromagnet (Drusch EAM 20G). B
was parallel to the electrode surface. Most experiments
were carried out in two potential ranges, —0.800 V/SCE
(with respect to a saturated calomel reference electrode),
and —0.920 to —1.1 V/SCE, respectively. The first potential
corresponds precisely to the transition between the <211>
and the <100> preferred orientations. The second potential
range corresponds to the experimental domain where a
strong <100> texture is established. In a full set of experi-
ments, small amounts (typically 5 X 10* M) of 2-butyne-
1,4-diol, an organic additive which is known to be a strong
brightener,* were added to the Watts solution.

The preferred orientations of the deposits were deter-
mined by X-ray powder diffraction and by RHEED. The
morphology was studied by SEM, and the microstructure
was observed by TEM.

Results

Nickel electrodeposition in pure Watts solution.—At a
low cathodic potential (V= —0.800 V/SCE), in the absence
of magnetic field, X-ray diffraction (XRD) diagrams indi-
cated that nickel deposits exhibit a mixture of weak <211>
and weak <100> textures. This structure was also identi-
fied on the SEM images, where the characteristic mor-
phologies of the two textures, which are randomly distrib-
uted, are easily recognized. When a magnetic field was
superimposed, the current density decreased slightly (a
few percent), and the <211> preferred orientation became
predominant as compared to the <100> texture. For exam-
ple, for a magnetic induction B = 0.6 T, most grains had a

lozenge shape which is characteristic of the <211> growth
texture (Fig. 1). The quality of this texture increases with
the intensity of the applied magnetic field.

At a more negative potential (—=1.0 to —1.1 V/SCE), a
very strong <100> preferred orientation was revealed by a
single sharp [200] diffraction peak on the XRD diagrams
(Fig. 5a). The superimposition of the magnetic field (0.1 to
1 T) had no significant effect on the preferred orientation
(Table I). On Fig. 2, one can observe that the RHEED dia-
gram which is characteristic of a good <100> texture is
symmetric with respect to the normal of the surface. There
is no evidence that the preferential growth direction, indi-
cated by the position of the [200] spot on the diffraction
diagram, would be distorted by the magnetic field. The
characteristic grain morphology, irregular square pyra-
mids (Fig. 3), as well as the internal grain structure (Fig. 4)
as observed by TEM are not affected by the magnetic field.
Few oblique {111} stacking faults were observed, as usual.

Nickel electrodeposition in the presence of 2-butyne-1,4-
diol.—The effects of the magnetic field became very sig-
nificant when a few 107* M of this organic inhibitor were
added to the Watts electrolyte. They were particularly
spectacular for deposits prepared under a very negative
potential (—0.920 to —1.100 V/SCE). The first consequence
was a significant decrease (25% for B = 0.78 T) of the cur-
rent intensity, which is symptomatic of the inhibition of
the growth kinetics. But the effect on the structure of the
deposit was even more evident. In Fig. 5, one can observe
the evolution of the XRD diagrams for a constant inhibitor
concentration (c = 5 X 10~* M) and for increasing value of
the magnetic field intensity. For B = 0, as mentioned
above, a sharp and intense [200] peak indicates a strong
<100> texture. For B = 0.3 T, this texture is drastically
weakened, and the presence of the other diffraction peaks
reveals the apparition of a mixture of a weak <100> tex-
ture with a weak <110> texture (Fig. 5b). For more intense
magnetic fields, the <110> texture revealed by the [220]
peak becomes predominant and more intense, whereas the
other textures completely disappear (Fig. 5c and d), as for
a nickel deposit prepared on a rotating disk electrode
(Table I)." The inhibition effect by the 2-butyne-1,4-diol
was so intense in the presence of B = 0.6 T that the nickel
surface became very bright and it was no longer possible
to identify the morphology of the individual grains (Fig. 8).
However, on TEM images, the specific features of the tex-
tures are still well apparent. In particular, for deposits pre-
pared in the presence of an intense magnetic field, the
mean grain size d was drastically reduced (from d = 2 pm
for B=0tod = 0.07 um for B = 0.9 T). Nevertheless, the
arrangement of parallel vertical twin planes, which is
characteristic of the <110> texture,*” was still visible in all
grains (Fig. 6).

Effect of B on bubble tracks.—A dramatic effect of the
magnetic field during nickel electrodeposition involves the
shape of the pits usually observed on the surface of the
metallic coating, which are due to the attachment of bub-
bles resulting from hydrogen evolution. In the absence of
any forced convection (quiescent electrolyte, no magnetic
field), the bubble pits had the appearance of spherical
caps with a perfectly circular rim even in the presence of

Table I. Schematic presentation of the texture domains of nickel electrodeposits prepared from a Watts electrolyte at 30 °C in various
experimental conditions.
Abbreviations: BD = 5 X 10> M 2-butyne-1,4-diol; VS = very strong, S = strong, M = medium, W = weak.

Potential — (V/ECS) -0.7 -0.8 -0.9 —-1.0 —-1.1
Quiescent B=0 -W <211> + W <100>  —mommoeeeo VS <100>----—-—-
Pure Watts sol. B#0 ——-M <211>- | W <100>  ———mmmmeeen VS <100>----——-
Quiescent B=0 ---M <211>-- | W <100> S <100
Watts solution + BD B=03T cas T #1105 4 W 1005~ s s
B=06T M <110
B=09T S <110
Watts solution + BD B=0 S <110

on a RDE
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Fig. 2. RHEED pattern of a nickel electrodeposit prepared at
—1.1 V/SCE in a pure Watts solution in the presence of magnetic
field (B = 0.6 T). Typical <100> texture diagram.

\

Fig. 3. SEM image of a nickel electrodeposit prepared at
—1.00 V/SCE in a pure Watts solution. This characteristic morphol-
ogy off the <100> texture is independent of the presence of a mag-
netic field.

2-butyne-1,4-diol (Fig. 7). In the simultaneous presence of
the inhibitor and a magnetic field, the shape of the bubble
pits was completely modified. The rim of the depression
was no longer circular, and a long “tail” normal to the
direction of B became apparent (Fig. 8). The length of this
tail, which increased with B and the current intensity,
reached several millimeters, sufficiently long to be visible
to the naked eye on bright electrodeposits. From SEM

» 90.1um "
' il e

Fig. 4. Transmission electron micrography of a nickel electrode-
posit prepared from a pure Watts electrolyte at —1.0 V/SCE. Typi-
cal grain structure for the <100> texture observed indifferently in
the absence or in the presence of a magnetic field.

1.00 A
) \
<
P
&
&)
0 25/
(111)
A .
a L_____/\__,\______,/
oog- —— T T T T T T
15.00 25 00 35 00 45 00

20 diffraction angle

Fig. 5. X-ray diffraction diagrams of nickel electrodeposits pre-
pared at —1.00 V/SCE from a Watts solution containing 5 X
10~ M 2-butyne-1,4-diol for various intensities of the superim-
posed magnetic field. (Mo K, X-ray source, vertical axis in a square
root scale). a- B = 0: very strong <100> texture; b- B = 0.3 T: mix-
ture of <100> and <2115 textures; c- B = 0.6 T: medium <110>
texture; and d- B = 0.9 T: strong <110> texture.

Fig. 6. Transmission electron micrography of a nickel electrode-
posit prepared at —1.0 V/SCE from a Watts olyte containing 5 X
107% M 2-butyne-1,4-diol in the presence of magnetic field (B = 0,9T).
Very small grains with the characteristic structure of the <110> texture.

observations at a low incidence angle, it appeared that this
tail is a narrow depression on the nickel surface. Con-
versely, at the opposite side of the bubble pit, an over-
thickness was always present. It is evident that these fea-
tures come from an enhancement of the inhibition along
the tail and a decrease of it on the overthickness. This phe-

B P oo T i S S e T N TG

Fig. 7. SEM image of a bubble track on a stuﬁona?' nickel
deposit prepared at V = —1.1 V/SCE from a Watts electrolyte con-
;oining 5 X 107 M 2-butyne-1,4-diol in the absence of magnetic
ield.
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Fig. 8. Bubble track on a stationary nickel deposit prepared at
—1.00 V/SCE from a Watts electrolyte containing 5 X 107> M 2-
butyne-1,4-diol in the presence of a magnetic field (B = 0.6 T).

nomenon is very similar to that commonly observed on
nickel electrodeposits prepared on a rotating disk elec-
trode in the presence of an inhibitor like 2-butyne-1,4-diol
(Fig. 9). The only difference is that, in the last case, the tail
was not rectilinear but had a helical shape. In both cases,
the features result from the forced convection of the elec-
trolyte along the electrode surface. The inert spherical
body constituted by an attached bubble induces behind it
a turbulent drag which enhances the transport of the
inhibitor toward the nickel surface and therefore reduces
the growth rate. Conversely, as illustrated in Fig. 10, on
the front side of the bubble, the deviation of the stream
creates a stagnation point which reduces locally the effect
of the inhibitor. This reduction can be sufficient to cancel
the texture change. In this case, one can observe on the
overthickness the morphology of the <100> texture, which
is characteristic of the weakness of inhibition. The same
phenomenon occurs on the rim of the pit, where the liquid
blocked under the bubble is practically motionless.

In the absence of inhibitor, the effect of B on the bubble
tracks is negligible in the full potential range. At very neg-
ative potential, the faradaic efficiency is close to 100%,
and the crystal growth is independent of the electrolyte
flow. At low or moderate potential (V > —0.9 V/SCE), the
MHD effects are expected to be weak because of the low
current density. Nevertheless, in a few cases, we observed
behind the bubble pit (with respect to the B direction) a
small variation of the surface morphology which can also
be attributed to a local enhancement of the flow rate.

Fig. 9. Bubble track on a bright nickel deposit prepared on a
rotating disk electrode (Q = 2000 rpm) from a Watts solution con-
taining 1 X 107> M 2-butyne-1,4-diol. Note the helical tail.

s
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Fig. 10. Schematic representation of the convective electrolyte
flow in the vicinity of an attached hydrogen bubble. The inhibition
effect of the organic additive is reduced on the front side and below
Lhebtrbble where it is enhanced by the turbulent drag behind the
ubble.

Discussion

The data presented here demonstrate that a superim-
posed magnetic field parallel to the substrate can disturb
the structure and the morphology of nickel electrode-
posits, especially when they are prepared in the presence
of an inhibitor, even though the reduction rate is not under
mass-transport control of Ni** ions. One might deduce that
the magnetic field would be involved in the exchange
process at the interface or would modify the crystal
growth pattern according to the easy axis of magnetiza-
tion of this metal, as was previously suggested.*'’ In fact,
in agreement with our knowledge on the electrocrystal-
lization mechanism, it appears that B acts indirectly on
nickel electrodeposition through the perturbation of sec-
ondary processes, namely, the hydrogen evolution and the
inhibitor adsorption.

During the nickel electrodeposition, a part of the cur-
rent is consumed by the hydrogen evolution reaction. At
low or moderate overpotential, the partial hydrogen cur-
rent iy is under the diffusion control of H' ions, and there-
fore the faradaic efficiency of nickel electrodeposition
depends on the total current and on the hydrodynamic
conditions.”*** In the absence of forced convection, the
surface concentration of hydrogen species is reduced to
zero. In other respects, according to Amblard et al.,'” the
preferential growth of nickel along a <211> or a <110> axis
is determined by the specific adsorption at the interface
respectively, of Ni(OH), and atomic hydrogen H,,. Since
Ni(OH), comes from the interfacial pH shift, these two
adsorbed species are provided by the hydrogen reduction
reaction. The transition from the <100> texture into the
<211> texture and the small decrease of the current inten-
sity which were observed at —0.8 V/SCE under the effect
of B are therefore ascribed to the increase of the surface
inhibition owing to the larger mass transport of H' ions
thanks to the MHD effect. However, the current intensity
decrease was too small to evaluate its dependence vs B. It
is worth noting that another perturbation method of the
adsorption/desorption equilibrium includes the use of
pulsed current. During the rest times, the inhibiting
species H, 4 or Ni(OH), can desorb, and a correlative tran-
sition of the texture was observed," in agreement with the
interpretation of the control of the textures by the surface
inhibition.

In the presence of 2-butyne-1,4-diol, a similar process is
involved. This acetylenic alcohol is consumed at the
cathodic interface by the catalyzed hydrogenation of the
—C = C— unsaturated bond. The surface concentration of
this compound at the cathode is controlled by mass trans-
port and can be reduced to zero in the absence of convec-
tion. The structural changes which were observed as soon
as a magnetic field was applied are due to the enhance-
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ment of the transport of the inhibitor toward the cathode
by MHD convection and are in agreement with the texture
diagram of Ref. 18, which was obtained with a rotating
disk electrode. As described above, the effect is even more
visible in the vicinity of attached bubbles. The perturbation
of the convective flow by these obstacles modifies the distri-
bution of the surface concentration of the inhibitor. In par-
ticular, in the turbulent drag behind the obstacle, the com-
ponent of the flow velocity normal to the surface increases
the rate of arrival of the organic compound and reduces
locally the nickel growth rate, creating a depression.

Conclusion

In this study, all the observed structural and morpholog-
ical changes result from the increase of the surface con-
centration of inhibiting species caused by the mass-trans-
port enhancement by the MHD effect.* There is no
evidence of any effect on the kinetics of nickel electrode-
position, although this hypothesis can not be totally ex-
cluded. However, the mechanism by which the MHD forces
are able to induce a convection of the liquid phase is com-
plex. According to a new model which is derived by
Chopart et al.” these forces result from the interaction
between the magnetic field and the intense electric field.?
They are developed in the narrow region of the diffuse
layer, where the overall electric charge differs from zero
and also where the adsorption phenomena are localized.
The convective flow generated by these processes is ex-
tended by viscous effects at a distance from the surface by
at least the order of magnitude of the bubble diameter
(=200 pm), as is demonstrated by the deformation of the
bubbles.

Manuscript submitted June 11, 1997, revised manuscript
received September 2, 1997.
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