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Abstract The effects of a magnetic field (5 T) on crystal
orientation and surface morphology were investigated
for iron films electrodeposited in ferrous aqueous solu-
tion. XRD measurements for the iron films showed that
the preferred orientation parallel to the substrate was
determined by the current density and not influenced by
the magnetic field. By X-ray pole figure measurements,
however, the crystal texture of the iron films electrode-
posited at 10 mA cm™ and 30 mA cm™> was found to
be controlled by the magnetic field. That is, the (110)
planes were orientated in same direction of the magnetic
field vector at angles of 30° and 35° to the direction
normal to the substrate plane at 10 mA cm™> and
30 mA cm 2, respectively. When the morphology was
observed by SEM, iron grains at 30 mA cm > changed
from a triangular pyramid shape at 0 T to a complex
star-like shape at 5 T.
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Introduction

To pursue wider applications of electrodeposition, the
authors consider that the superimposition of a magnetic
field is very promising. A number of researchers have
reported that some unique phenomena appeared when a
magnetic field was superimposed on an electrodeposition
process [1, 2, 3,4,5,6,7,8,9].
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In our previous study, it was newly found that the
crystal texture of an iron film electrodeposited at
10 mA cm™ was controlled by a magnetic field
(0.5-5 T) [10]. That is, the (110) plane was oriented in
the same direction as the magnetic field vector at an
angle of about 30° to the direction normal to the sub-
strate plane. This result could not be explained by
magnetocrystalline anisotropy since the axis of easy
magnetization is (100) for iron. In addition, the result
was inconsistent with the previous report of Li and
Szpunar [11, 12], in which the (100) plane oriented in the
same direction of the magnetic field vector.

Based on the previous results, the effects of a magnetic
field on iron electrodeposition were further investigated
over a wider range of current density (3-100 mA cm ?)in
the present study. The relations between the effective
current density of iron electrodeposition and the crystal
orientation, as well as the surface morphology of the iron
deposits, were newly investigated.

Experimental

Electrochemical experiments were carried out with a three-elec-
trode system as illustrated in Fig. 1. The electrode assembly was
composed of a short rectangular channel (10x10x30 mm?, poly-
styrene) with two open ends and the assembly was immersed in a
300 mL electrolytic bath. The cathode was a sheet of copper
(10x10x0.2 mm3, 99.99% Cu, Nilaco). The anode was a sheet of
pure iron (10x10x0.2 mm?®, 99.99% Fe, Nilaco). The reference
electrode was Ag/AgCl with a saturated KCl aqueous solution.
The electrolyte composition was 0.90 mol L' FeSO4e7H,0,
0.15 mol L™" FeCl,e4H,0 and 0.43 mol L' NH,CIl. The pH of
the electrolyte was adjusted to 1.5 with H,SO4. The solution
temperature was maintained at 298 K. Iron film samples were
prepared by galvanostatic electrolysis at various current densities
(3-100 mA cm™?) until the amount of electrical charge reached
150 C em™2. Electrodepositions were conducted in a static and
uniform magnetic field parallel to the electrode surface with a
magnitude of 5 T. The magnetic field was generated by a helium-
free resistive magnet (CSM-6T, Sumitomo Heavy Industries) at the
High Field Laboratory for Superconducting Materials, Institute for
Materials Research, Tohoku University.

The preferred orientation of the electrodeposited iron film was
measured by XRD using the Cu-Ko line (Multiflex, Rigaku, 40 kV,
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Fig. 1 Schematic illustration of
the electrode assembly. A4,
cathode (Cu, 1 cm?); B, anode
(Fe, 1 cm?); C, channel
(10x10x30 mm?); D, reference
(Ag/AgCl); E, Luggin probe; F,
plastic screw; G, magnetic flux
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40 mA; X’Pert, Philips, 50 kV, 40 mA). The morphology of the
electrodeposited film was observed by SEM (S-2600H, Hitachi).

Results and discussion

Iron electrodeposition in the absence
of a magnetic field

Iron electrodeposition was investigated in the absence of
a magnetic field prior to the experiments in a magnetic
field. In the first place, polarization curves were mea-
sured for total current density (it), iron electrodeposit-
ion current density (ig.) and hydrogen evolution current
density (in,), since the applied current is partially con-
sumed by hydrogen gas evolution in the case of iron
electrodeposition in acidic solution. Iron electrodeposi-
tions were conducted by potentiostatic electrolysis at
-0.7V to —1.35V (vs. Ag/AgCl) until the amount of
electrical charge reached 150 C cm 2. A polarization
curve for it, shown in Fig. 2, was obtained from the
stationary current observed at the end of each electrol-
ysis. Then, the iron current efficiency (1g.) was calcu-
lated from the weight of the iron deposits. The deviation
from unity was considered to be due to hydrogen evo-
lution (ny, = 1 — ng.). The values of ig. and iy, were
calculated by irxng. and itXny,, respectively, assuming a
constant ratio of i, to iy, during each electrolysis. As
shown in Fig. 2, ig. values were lower than iy, from
—0.7 V to —0.8 V. At values more negative than —0.9 V,
ire increased with it while iy, slightly increased to reach
a limiting value of approximately 14 mA cm™. These
results indicate that iron electrodeposition is mainly
controlled by electric charge transfer, but that hydrogen
evolution is controlled rather by mass transfer.
Secondly, in order to investigate the crystallographic
orientation, iron film samples were electrodeposited at 3,
5, 10, 30, 50 and 100 mA cm™? and were analyzed by
XRD. Figure 3 shows three representative X-ray dif-
fraction patterns of iron films electrodeposited at (a) 5,
(b) 10 and (c) 30 mA cm 2. It was found that the XRD
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Fig. 2 Polarization curves for it, i, and iy, in ferrous aqueous
solution (pH 1.5, 7=298 K) in the absence of a magnetic field

patterns depended on the current density, that is, the
strongest peaks in (a), (b) and (c) were the (110), (211)
and (222) planes, respectively. In order to evaluate
quantitatively the preferred orientation parallel to a
substrate plane, the orientation index, M, was calculated
as follows [13]:

I(hkl)

B NCTE0)

M (hkl) = S (1)

IO(h’k’I/)

where I(hkl) is the X-ray diffraction intensity from the
experimental data, Iy(hkl) is X-ray diffraction intensity
from JCPDS cards, and M(hkI) is the calculated orien-
tation index. > I(A’k’I')in the present case is the sum of
the intensities of three independent peaks: (110), (211)
and (222). Figure 4 shows the dependences of M(110),



600 [ (a) 5 mA cm?2
= § .
400 | S ~ -
|| ) i
200 | g = = Q-
- 2 ERE
= ) i - M
600 (1) 10 mA cm ’
172] - -
(= =
Q —
< 400 - S -
2 L & i
z ) —_ —_
8 200 |2 S S .
=] ° Q | 0
= F © J\ 2 B
0 k! . L N
i : : 1
600 " (¢) 30 mA cm? ]
400 | g
- = S
200 [ = Q
3 2 A
o b= N ]

40 60 80 100 140

20 (Cu-Ka)/deg.

120

Fig. 3 X-ray diffraction patterns of electrodeposited iron films in
the absence of a magnetic field: (a) 5 mA cm™2, (b) 10 mA cm™>
and (¢) 30 mA cm™
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Fig. 4 Dependence of orientation index M on the current density
for iron films electrodeposited in the absence of a magnetic field.
Circles: (110) plane; squares: (211) plane; triangles: (222) plane

M(211) and M(222) on the current density. M was
about unity for each crystal plane at 3 mA cm > and
5 mA cm™“, which means random growth of the crystal
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Fig. 5 Polarization curves for it, ir. and iy, in ferrous aqueous
solution (pH 1.5, T=298 °K) in a magnetic field of 5 T

planes. At 10 mA cm™2, the (211) plane was the pre-
ferred orientation. At current densities higher than
30 mA cm 2, the (222) plane was significantly oriented.
Pangarov and Vitkova [14] reported that the electric
overpotential for iron electrodeposition determines the
axis of the preferred orientation, and that it is explained
by the theory of two-dimensional nucleation. The
dependence of M on the overpotential observed in this
study agrees well with Pangarov and Vitkova’s results.

Iron electrodeposition in the presence
of a magnetic field

Similar experiments on iron electrodeposition were
conducted in a magnetic field of 5 T. Figure 5 shows
polarization curves for i, ig. and ig,. In the potential
range of —0.7 V to —-1.05V, ig. was lower than iy,.
Compared to the absence of a magnetic field (Fig. 2), iy,
was larger at all potential regions. In addition, iy, did
not show a limiting value, even at —1.35 V. The current
efficiency of iron electrodeposition was 69% at —1.35 V,
which is approximately 20% less than the efficiency in
the absence of a magnetic field. The reduction of the iron
current efficiency may be explained by magnetohydro-
dynamic (MHD) convection. That is, the MHD con-
vection enhances mass transfer of H™ ions, resulting in
an increase of the hydrogen evolution current.

The iron film samples electrodeposited in a magnetic
field were also analyzed by XRD. The orientation index,
M, was calculated using Eq. 1. Figure 6 shows the
dependence of M on the current density. No distinct
difference was observed between the presence and ab-
sence of a magnetic field. This result is different from the
reported result for nickel electrodeposition [5], in which
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Fig. 6 Dependence of orientation index M on the current density
for iron films electrodeposited in a magnetic field of 5 T. Circles:
(110) plane; squares: (211) plane; triangles: (222) plane

the preferred orientation parallel to the substrate plane
changed with the intensity of the magnetic field. In [5],
the change of preferred orientation was explained by the
difference of the pH change near the cathode surface due
to the MHD convection which affects the hydrogen
evolution. This explanation seems to be reasonable,
since a solution of pH 4.5 was used and the pH value
was likely to change significantly in [5]. On the other
hand, a solution of pH 1.5 was used for the present iron
electrodeposition, in which the pH change should be
smaller than the above nickel case. Thus, it is explained
that the preferred orientation parallel to the substrate is
influenced by the electric effect (overpotential) and not
by the small pH change induced by the magnetic field
(MHD convection).

In order to investigate the crystal textures, X-ray pole
figure measurements were conducted for the iron films
electrodeposited at 10 mA cm 2 and 30 mA cm 2. The

Fig. 7 Pole figures of iron (110)
plane electrodeposited at

10 mA cm™ (a) in the absence
of a magnetic field and (b) in a
magnetic field of 5 T. The arrow
shows the magnetic field
direction

pole figure can reveal crystal orientation not seen in a
0-260 diffractometer. The figure is plotted in polar
coordinates consisting of the tilt and rotation angles
with respect to a given crystallographic orientation [15].
It should be noted that the thickness of the iron film
obtained at 5 mA cm™> was too thin to investigate the
crystal texture due to a quite low current efficiency
(~15%) of iron electrodeposition.

Figure 7 shows pole figures of the iron (110) plane
electrodeposited at 10 mA cm™ in (a) the absence of
magnetic field and (b) a magnetic field of 5 T. The
magnetic field was applied parallel to the substrate sur-
face and its direction is indicated by an arrow in Fig. 7.
In (a), there was a circle pattern at an angle of 30° to the
direction normal to the substrate plane. The angle of 30°
indicates that the (211) plane was oriented parallel to the
substrate, which is consistent with the result in Fig. 6.
This circle pattern shows that the (110) planes faced
arbitrary directions randomly. On the other hand, in (b),
there was an obvious crystal orientation in same direc-
tion as the magnetic field vector.

Figure 8 shows pole figures of the iron (110) plane
electrodeposited at 30 mA cm 2. In the absence of a
magnetic field (Fig. 8a), there was a circular pattern at
an angle of 35°. This angle means that the (222) plane
was oriented parallel to the substrate, which is consistent
with the result in Fig. 6. On the other hand, in a mag-
netic field of 5 T (Fig. 8b), there was a crystal orienta-
tion in same direction as the magnetic field vector.
However, the circular pattern was more concentric and
the crystal orientation did not appear clearly, compared
with the result in Fig. 7. The unclear anisotropic pattern
suggests that the crystal orientation of the (110) plane
was influenced by the electric field in addition to the
magnetic field at higher current density.

From the above results, it is found that the iron
crystal orientation is controlled by a magnetic field at
10 mA cm™2 and 30 mA cm™2. Although a definite
explanation for the crystal orientation of the (110) plane
cannot be given at present, the convection induced by
MHD might be responsible for the orientations. The
orientation of iron has been reported to be influenced by




Fig. 8 Pole figures of the iron
(110) plane electrodeposited at
30 mA cm™ (a) in the absence
of a magnetic field and (b) in a
magnetic field of 5 T. The arrow
shows magnetic field direction
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Fig. 9 SEM images of iron films electrodeposited at 3, 10 and
30 mA cm™ (a) in the absence of a magnetic field and (b) in a
magnetic field of 5T

specific adsorptions of hydroxides and atomic hydrogens
[12, 13]. In the present case, it is considered that the
hydroxides decrease and the atomic hydrogens increase
on the lateral surfaces of iron facing the MHD convec-
tion, since the H' ion transportation is enhanced.
Therefore, the crystal orientation might be influenced by
a magnetic field.

In order to study the surface morphology, SEM
observations were also conducted. Figure 9 shows SEM
images of iron films electrodeposited at 5, 10 and
30 mA cm™ in (a) the absence of a magnetic field and in

(b) a magnetic field of 5 T. At 5 mA cm™, the surface
morphology of iron grains did not seem to be affected by
a magnetic field according to the present SEM images.
However, at 10 mA cm %, the morphology of iron
grains electrodeposited in the magnetic field appeared to
be smoother. Such changes were more clearly shown by
the atomic force microscopy (AFM) images reported in
a separate paper [10]. At 30 mA cm™, the shape of the
iron grains was significantly changed by the magnetic
field. That is, in the absence of the magnetic field, the
shape was a triangular pyramid that is characteristic of
the (222) preferred orientation. On the other hand, in the
magnetic field, the iron grains showed a complex star-
like shape and the microscopic roughness was higher.
The change of morphology might be related to the for-
mation of hydrogen gas bubbles. According to Fig. 5,
hydrogen evolution was enhanced in the magnetic field.
It is considered that the gas bubbles clung to iron grains
and inhibited free growth of the grains, resulting in the
formation of complex morphology in the magnetic field.

Conclusions

Iron was electrodeposited in a magnetic field of 5 T in a
ferrous aqueous solution (pH 1.5, T=298 K). In the
magnetic field, MHD convection enhanced hydrogen
evolution that was controlled by mass transfer. The
preferred orientations parallel to the substrate plane
were the (211) plane at 10 mA cm™ and the (222) plane
at higher than 30 mA cm >, regardless of the magnetic
field. By X-ray pole figure measurements, however, it
was found that the crystal texture of the iron film elec-
trodeposited at both 10 mA cm™ and 30 mA cm ™2 was
controlled by the magnetic field. That is, the (110) planes
were oriented in the same direction as the magnetic field
vector at angles of about 30° and 35° to the direction
normal to the substrate plane at 10 mA cm > and
30 mA cm 2, respectively. The shape of the iron grains
at 30 mA cm > was changed from a triangular pyramid
in the absence of the magnetic field to a complex star-
like shape in the magnetic field.
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