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Abstract—The effects of each electrolytic condition on current efficiency, Vickers hardness, crystal struc-
ture and crystal morphology were studied with respect to the electrodeposited iron films obtained from
iron(II) chloride solution. The temperature of the solution was varied from 20 to 60°C, the pH value of
the solution varied from 0 to 2, and the applied current density varied from 5 to 100mA cm ~2. Higher
current efficiency was obtained at a higher solution temperature, higher pH value of the solution and
lower applied current density. The films thus obtained showed a lower Vickers hardness and a preferred
orientation of the (110) plane. Lower current efficiency was obtained at a lower solution temperature,
lower pH-value of the solution showed a higher Vickers hardness, and a preferred orientation of the (211)
plane. It is thought that these tendencies are related to the contribution of the hydrogen evolution reac-

tion as a side reaction.
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1. INTRODUCTION

Electrodeposited films of iron, nickel and cobalt
have been studied extensively for electroforming,
decorative . coating and magnetic films. Recently
these iron group metals were prepared by sputtering
as well as by electrodeposition and other wet
methods. The purpose of these studies is to find valu-
able  magnetic  characteristics and  their
applications[1-4]. Electrodeposited magnetic films
of iron alloys, cobalt alloys and nickel alloys con-
taining non-magnetic elements are frequently used
for practical applications[5-11]. These studies were
made with respect to the composition of alloys,
crystal structure and magnetic properties. Recently,
we have been studying electrodeposited iron films.
The electrodeposited iron films have been studied
with respect to corrosion mechanisms[12-15] and
electrochemical behavior by Mukai[16], Mukai and
Moriguchi[17] and McGeough and Thomson[18],
but have not yet been studied in detail with respect
to crystal structure and crystal orientation. Con-
sidering this background, we prepared electro-
deposited iron films and the materials thus obtained
were studied with respect to crystal structure and
magnetic properties, for the purpose of finding valu-
able magnetic characteristics and other applications.

In the present work, the effects of each electrolytic
condition on current efficiency, Vickers hardness,
crystal structure and morphology were studied with
respect to the electrodeposited iron films from
iron(II) chloride solution.

2. EXPERIMENTAL

Unless otherwise noted, the solutions for electro-
deposition contained 1.57 M iron(Il) chloride as the
main component and 2.04 M calcium chloride as a
supporting electrolyte, and the pH was adjusted by
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hydrochloric acid. The substrate for deposition was
a 99.99% oxygen-free copper plate (electrode area,
4.0cm?). The copper plate was previously treated by
polishing with emery paper (# 1500) and emery cloth
(aluminum oxide, 0.06 um), electrocleaning by alka-
line solution (Maxclean #3200, 20hdm 3, Kizai
Co. Ltd.) and etching by acidic solution (ansol,
CU-304). The properties of electrodeposited iron
were investigated after conducting 1440 coulombs
using a stabilization direct current power supply
(Kikusui Electric; Model PAD 35-5). The tem-
perature of the solution varied from 20 to 60°C, pH
of the solution varied from 0 to 2 and the applied
current density varied from 5 to 100mAcm™2
Current efficiency was estimated by comparing the
amount of theoretical electrodeposits with the weight
difference before and after electrodeposition. Vickers
hardness was measured with a load of 25g by the
Vickers hardness testing machine (Akashi; Model
MVK-EIl). Crystal structure was determined by
X-ray diffraction apparatus (Rigaku Denki) under
Cu—Ka radiation, with the diffraction beam of the
tube voltage at 40kV, the tube current at 20mA and
the diffraction angle in the 84-42° region. The
crystal structure was identified by JCPDS cards. The
crystal grain size was calculated on the basis of
Sherrer’s expression by means of measuring the half-
life width of the diffraction peak of the (110) plane.
The orientation index was calculated as follows[19],
for example, the (110) plane is

IFR(110) = IF(110)/{IF(110) + IF(200) + IF(211)}
(1)
IF(110) = I(110)/{I(110) + I(200) + I(211)} (2)
M(110) = IF(110)/IFR(110) 3)

where IF(110) is X-ray diffraction intensity in the
JCPDS cards, I(110) is X-ray diffraction intensity in
the experimental data and M(110) is the calculated



590

orientation index. Further, the surface of the sample
was also observed by scanning electron microscopy
(JOEL; Model JST-Y100). The hydrogen content of
the electrodeposited iron films was measured by
determination analyzer (LECO; Model RH-404).

3. RESULTS AND DISCUSSION

Effects of electrolytic conditions on each property of
deposits

Figure 1 shows the effects of applied current
density on current efficiency, Vickers hardness,
crystal orientation and crystal grain size of
electrodeposits at pH 2, 40°C. Current efficiency was
poor when the applied current density was larger
than 20mAcm~2 This finding implies that a
hydrogen evolution reaction will also take place as a
side reaction on the cathode surface at such a high
applied current density. Vickers hardness increases
with the increasing applied current density. With
increasing applied current density, the crystal
orientation index of the (110) plane decreased, but
the crystal orientation index of the (200) and (211)
planes increased. And the crystal grain size of the
electrodeposits also decreased from 480 A

Figure 2 shows scanning electron microscope
photographs of the same surface as shown in Fig. 1.
It was observed that the surface morphology of the
deposits varied drastically to powdery and dendritic
with increasing applied current density. These
tendencies of the crystal morphology of the deposits
suggested that increasing applied current density
depressed the crystal growth and promoted the
crystal nucleus generation.

100 600
*
z g
g o T
o g
:: =
@
-~ 92F 4200 ¢
< ]
Pt [¥]
£ ] S
3 o" 1 i A L L “0
F 3 F
600
208 (1) o<
-LOO @
x N
3 1.5F "]
£ :
(200) T° s
S 10b -
B —
2 B
c (1moy —° 9
S ok S
0 1 1 1 i 1
5 10 20 50 100

Applied current density (mA-cm2)
Fig. 1. Effects of applied current density on current
efficiency, Vickers hardness, crystal orientation and crystal
grain size of electrodeposits at pH 2, 40°C. Each symbol in
the lower figure denotes the orientation index of (211); (4),
(200); (@), (110); (O).
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Figure 3 shows the effects of temperature of the
solution on each property of the electrodeposits at
pH2, SmAcm™2 Current efficiency increased from
96% at 20°C to 99.5% at 60°C. This tendency
implies that the diffusion of the iron(II) ion has been
accelerated in accordance with the temperature
increase of the solution. Vickers hardness markedly
decreased with the increasing temperature of the
solution. Orientation indexes of each plane were
nearly in agreement with those of JCPDS cards in
the range of 20-40°C, but above the 50°C the (110)
plane becomes a preferential orientation plane, and
orientation indexes of (200) and (211) planes
markedly decreased in such a temperature region.
Crystal grain size of the deposits increased from
350 A at 20°C to 745 A at 60°C.

Figure 4 shows scanning electron microscope
photographs of the same surface as shown in Fig. 3.
It was observed that the surface morphology of the
deposits varied from a fine grain structure to a large
grain structure with the increasing temperature of
the solution. It is concluded that the increasing
temperature of the solution accelerated the diffusion
rate of the ion and depressed the adsorption of
hydrogen gases on the deposits. Further, the
increasing temperature of the solution promoted the
growth of crystal grains, as shown in Fig. 3. The
deposits of large crystal grains shown in Fig. 4 must
be a preferred orientation index plane (110)
suggested in Fig. 3. These results suggested that the
electrolytic conditions suitable for large grain
structure were lower applied current density and
higher temperatue of the solution, and that, under
these conditions, the film structure will show a low
orientation index plane such as (110).

Figure 5 shows the effects of pH of the solution on
each property of electrodeposits at SmAcm™2 and
20°C. Current efficiency increased with the
increasing pH value of the solution. This finding
implied that the hydrogen evolution reaction had
been depressed when the pH value of the solution
was relatively higher. Vickers hardness decreased
with an increase of the pH value of the solution. The
orientation index of the (200) plane increased with
increasing pH value of the solution, and disappeared
at pHO. Those of the (110) and (211) planes did not
vary appreciably in the range of pH 0 to 2. In this
case, the crystal grain size of the deposits increased
with the increasing pH value of the solution.

Figure 6 shows scanning electron microscope
photographs of the same surface as shown in Fig. 5.
It is observed that the surface morphology of the
deposits varied from an irregular crystal surface to a
fine crystal grain structure with the decreasing pH
value of the solution. It is thought that decreasing
the pH value was allowed to decrease the
overvoltage of hydrogen generation and to promote
hydrogen generation, so that crystal growth of the
deposits was depressed on the cathode surface, and
finally a fine grain structure was obtained.

Consideration of crystal structure and morphology

As noted above, current efficiency, Vickers
hardness, crystal structure and crystal morphology
of electrodeposited iron films were significantly
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Fig. 2. Scanning electron microscope photographs of the same surface as shown in Fig. 1. (a) 5SmA cm™2;
(b} 1I0mAcm™2;(c) 20mAcm~%;(d) S0mAcm™~?%; (¢} 100mA cm ™2,

influenced by each electrolytic condition of the
temperature of the solution, the pH value of the
solution and the applied current density. These
results lead to the conclusion that each of the
foregoing electrolytic conditions affected the crystal
growth and generation rate of hydrogen gases, so
that the crystal structure of the electrodeposits
varied drastically. From the relationship between
crystal orientation and crystal grain size in Figs 1, 3
and 5, the large crystal grain is made of a
preferential orientation of (110) plane.

Until now, the theory for controlled structure of
electrodeposited films has been mentioned by
Erdy-Gruz and Volmer[20], who proposed the

kinetics of crystal nucleus generation and crystal
growth, and by Pangarov[9, 10]. For the kinetics,
the generation rate of the crystal nucleus is
represented by the following formula.

J = K exp{—AG/RT) = K exp(—nhy>V/RTzFn)
= K exp(—K'y*/n), @

where J is the generation rate of the crystal nucleus,
n is the overpotential, y is the potential function and
K and K’ are constants. Formula (4) suggests the
next items.

(1) At a lower overpotential, the crystal growth
proceeds because nucleus generation is depressed.
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Fig. 3. Effects of temperature of the solution on current

efficiency, Vickers hardness, crystal orientation and crystal

grain size of electrodeposits at pH2, 5SmAcm~2 Each

symbol in the lower figure denotes the orientation index of’:
(211) (B); (200) (@); (110) (O).

(2) At a higher overpotential, the nucleus
generation is accelerated.

(3) When nucleus generation takes place once, the
step site growth of the crystal takes place at the same
time because the edge site of the nucleus furnishes
the step site at crystal division.

In the present experiment, the electrolytic
conditions producing lower overpotentials were the
higher temperature of the solution and the lower
applied current density, so that by the above theory
it is thought that the crystal morphology of the
electrodeposited iron films indicated large crystal
grains with the preferred orientation of the lower
orientation index plane of (110) promoting crystal
growth. Electrolytic conditions producing high
overpotential were lower temperature and higher
applied current density, so that it is thought by the
above theory that the crystal morphology of the
electrodeposited iron films indicated the small
crystal grains were preferred orientation of higher
orientation index planes of (200) and (211)
promoting nucleus generation.

These experimental results nearly agreed with the
theory of crystal nucleus generation and crystal
growth described above, however, the actual
reaction involved the hydrogen evolution reaction as
a side reaction besides the electrodepositing reaction
of iron. Hydrogen generation reactions are
influenced by electrolytic conditions, furthermore,
the extent of the hydrogen generation reaction is
rapidly confirmed from the result of current
efficiency in Figs 1, 3 and 5. Figure 7 shows the
hydrogen content of the deposits under each
electrolytic condition. These results pointed out the
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co-deposition of hydrogen into the iron deposits.
The hydrogen content in the deposits increased with
the increasing applied current density, and decreased
with the increasing temperature and pH value of the
solution. The increase of the applied current density
and decrease of pH value and temperature of the
solution were brought about by the promotion of
the hydrogen generation reaction rather than the
electrodepositing reaction of iron, so that current
efficiency decreased and hydrogen content in the
deposits increased. Those electrolytic conditions
producing high overpotentials promote the
hydrogen evolution reaction as a side reaction and
increases the hydrogen generation sites. It is thought
that the hydrogen generation sites induce generation
of the nucleus of the electrodeposition of iron. It is
thought that the co-deposition of hydrogen into the
iron deposits. acted as what is called the “Pinning
Effect”, inhibiting the diffusion of adatoms on the
surface and the crystal growth for the crystallization
process, and that varied the small crystal grains. As a
matter of fact, in Fig. 7 the electrolytic conditions
producing high hydrogen content were higher
solution temperature and lower applied current
density, with the resultant crystal grains.

These results lead to the conclusion that the
generation of hydrogen gases under each electrolytic
condition influenced the generation of the crystal
nucleus for electrodeposition of iron, thereby, each
electrolytic condition influenced the crystal structure
and crystal morphology.

4. SUMMARY

The effects of each electrolytic condition on
current efficiency, Vickers hardness, crystal structure
and crystal morphology were studied with respect to
the electrodeposited iron films obtained from iron(II)
chloride solution. Higher current efficiency was
obtained at higher temperature and pH-value of the
solution, or lower applied current density. Under
these conditions, the Vickers hardness turned out to
be lower. Such a crystal was made of relatively large
grains with preferred orientation of the (110) plane.
Lower current efficiency was obtained at lower
temperature and pH value of the solution, and
higher applied current density. Under these
conditions, Vickers hardness turned out to be higher,
such a crystal being made of fine grains with a
preferred orientation of the (211) plane. These results
lead to the conclusion that each of the foregoing
electrolytic conditions affected the crystal growth
and generation rate of hydrogen gases, so that the
crystal structure of the electrodeposits varied
drastically.

Increasing applied current density and decreasing
the pH value and temperature of the solution were
brought about by promotion of the hydrogen
generation reaction rather than the electrodepositing
reaction of iron, so that the current efficiency
decreased and the hydrogen content of the deposits
increased. These results lead to the conclusion that
the generation of hydrogen gases under each
electrolytic condition influenced the generation of
the crystal nucleus and the crystal growth for
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Fig. 4. Scanning electron microscope photographs of the same surface as shown in Fig. 3: (a) 20°C; (b)
30°C; (c) 40°C; (d) 50°C; (e) 60°C.
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Fig. 5. Effects of pH-value of the solution on current efficiency, Vickers hardness, crystal orientation and
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Fig. 6. Scanning electron microscope photographs of the same surface as shown in Fig. 5: (a) pH2,
SmAcm™2; (b) pH1, SmAcm™2; (c) pHO, SmA cm™2; (d) pH2, 50mA cm™2; (¢) pH2, 50mAcm™3; (f)
pH2, 50mA cm™2,
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Fig. 7. Hydrogen content of the deposits vs. applied current density, temperature and pH value of the
solution.

electrodeposition of iron, thereby, each electrolytic
condition influenced the crystal structure and crystal
morphology.
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