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Fe-Ni films were electroplated in a citric-acid-based plating bath, focusing on the current efficiency
of the plating process. We prepared the plating baths with various citric acid contents, and
evaluated the magnetic properties of the films and the current efficiency. The film with Fe content
of approximately 22 at. % was obtained by adjusting the iron sulfate content in the plating bath,
and we found that the Fe-Ni films with low coercivity (<30 A/m) could be obtained in the baths
with various citric acid contents. For the current efficiency, we found that the baths with low citric
acid content are effective to obtain high efficiency. The bath with the citric acid content of 10 g/l
showed high current efficiency (85%), and the high efficiency enables us to increase the plating
rate. The maximum plating rate was 186 lm/h, and we obtained 1.3 times higher rate compared to
that for our previous study. Therefore, we concluded that the bath with low citric acid content is a
C 2015 AIP Publishing LLC.
suitable plating bath to obtain thick Fe-Ni films in a short time. V
[http://dx.doi.org/10.1063/1.4917190]

I. INTRODUCTION

II. EXPERIMENTAL PROCEDURES
1,2

Fe-Ni alloys have good soft magnetic properties, and
their films have been applied to various magnetic devices,
such as inductors and sensors.3–7 In particular, the thick films
(20 lm) with Fe content of approximately 22 at. % have
been widely used as the core and the shield in the sensor
components due to their good soft magnetic properties.
Electroplating method is one of hopeful methods to obtain
the thick films since the process has high economic advantages and a high plating rate, and there have been many
reports on electroplated Fe-Ni films.8–10
When considering the mass production of the soft magnetic thick films for applications as described above, the current efficiency as well as the good soft magnetic properties is
one of important factors since the high efficiency enables us
to obtain the films in short plating time. Although many plated
Fe-Ni films with good soft magnetic properties have been
reported, the efficiency are relatively low (60–70%)11,12 compared to that for plated Ni films (>95%).13 Recently, we have
reported the Fe-Ni films with good soft magnetic properties
prepared in a citric-acid-based plating bath.14–16 The efficiency for our process was also low (65%) and we need to
improve the efficiency.
In present study, we focused on the citric acid content in
the bath. The citric acid forms complex with nickel ions and
affects the efficiency and the properties of the films.13 In
order to improve the efficiency of the electroplating process,
we plated the Fe-Ni films in plating baths with various citric
acid contents, and evaluated the effect of the citric acid content on the magnetic properties and the current efficiency.
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A. Preparation of electroplated Fe-Ni films

We carried out the electroplating to obtain the Fe-Ni films
by using a direct current. The contents of electrolyte are
shown in Table I. In order to investigate the effect of the citric
acid content on the current efficiency of the electroplated FeNi films, we varied the citric acid content in the bath. We also
varied the iron sulfate content to control the composition of
the Fe-Ni films. 500 lm-thick and 5 mm-wide Ni and Cu
plates were used as the anode and the cathode electrodes,
respectively. The distance between the electrodes was set at
25 mm, and Fe-Ni films were plated on the 75 mm2-Cu plate.
The current density and the plating time were controlled by a
computer-aided dc current source. Conditions of the electroplating are shown in Table II.
B. Measurements

The thicknesses and the dc-hysteresis loops of the electroplated Fe-Ni films were measured with a micrometer
(Mitutoyo CPM15-25 MJ) and a B-H tracer (Riken Denshi
BHS-40) operated at a field sweep rate of 50 mHz. The maximum excitation field of approximately 4 kA/m was used for
TABLE I. Electrolytes in plating bath.
Components
NiSO46H2O (nickle sulfate)
FeSO47H2O (iron sulfate)
NaCl (sodium chloride)
C6H8O7H2O (citric acid)
C7H4NNaO32H2O (saccharin)
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Concentration
275 g/l
15–65 g/l
50 g/l
10–30 g/l
5 g/l
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TABLE II. Electroplating conditions.
Conditions
Bath temperature
Current density
Plating time

Values
50  C
200 mA/cm2
2–10 min

the B-H measurements, and the coercivity was determined
from the loop. The compositions and the crystal structures of
the films were analyzed by means of SEM-EDX (Hitachi
High-technologies S-3000) and XRD (Rigaku Rint 2000),
respectively. Both the thicknesses and the compositions of the
films were measured at different nine points and determined
by averaging the measured values. The current efficiency was
calculated from the actual weight of electroplated Fe-Ni films
and the theoretical weight obtained by Faraday’s law. All
measurements were carried out for the Fe-Ni films in an asplated state.
III. RESULTS AND DISCUSSION

Figure 1 shows the Fe content of the films as a function
of the iron sulfate content in the plating baths. The results for
the baths with the citric acid content of 10, 20, and 30 g/l are
shown in Fig. 1. The Fe contents all increased proportionally
with increasing the iron sulfate, indicating that the composition of the Fe-Ni films can be readily controlled by adjusting
the iron sulfate content. Figure 2 shows (a) the coercivity
and (b) the current efficiency of the as-plated films. It is
well-known that the magnetic properties of the Fe-Ni alloys
are affected by the alloy’s composition. We, therefore,
described the results in Fig. 2 as a function of the Fe content
of the films. The coercivity shows a dramatic decrease with
increasing the Fe content from 0 to 20 at. % followed by a
moderate increase in the higher Fe contents. We obtained the
Fe-Ni films with low coercivity (<30 A/m) around the Fe
content of approximately 22 at. %. The current efficiency
values were almost constant, indicating that the efficiency
was not affected by the film composition.

FIG. 1. Fe content of the films as a function of the iron sulfate content in the
plating baths. The results for the baths with the citric acid contents of 10, 20,
and 30 g/l were shown in the figures.

FIG. 2. (a) Coercivity and (b) current efficiency of the films as a function of
the Fe content of the films. The results for the baths with the citric acid contents of 10, 20, and 30 g/l were shown in the figure.

In order to discuss the effect of the citric acid content on
the current efficiency, we re-arranged the results in Fig. 2(b).
Figure 3 shows the current efficiency as a function of the citric acid content in the baths. The thickness of the films was

FIG. 3. Current efficiency as a function of the citric acid content in the plating baths. The thickness of the films was adjusted at 17 6 2 lm by varying
the plating time. The Fe contents of the films were controlled at approximately 20, 30, and 40 at. % by varying the iron sulfate content in the bath.
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adjusted at 17 6 2 lm by varying the plating time. The Fe
contents of the films were controlled at approximately 20,
30, and 40 at. % by varying the iron sulfate content in the
bath. It is clear that not the Fe content but the citric acid content affects the current efficiency. The current efficiency was
decreased by increasing the citric acid content, and the high
current efficiency was obtained from the bath with low citric
acid content. The efficiency of 85% for the Fe20Ni80 film is
1.3 times as high as 65% for our previous-reported films.15
Quemper et al. and Spada et al. have been reported that the
current efficiency of the films with Fe content of approximately 20 at. % prepared in boric-acid-based baths were
56% and 72%, respectively.11,12 The efficiency of our electroplating process shows higher value compared to both
groups. As described in Sec. I, the citric acid forms the complex with the nickel ion, and changes the deposition potential
of the nickel. The result that the bath with high citric acid
content showed low efficiency implies that the deposition
potentials of nickel and/or iron ions were decreased.
From above-mentioned results, we found that the reduction in the citric acid content is effective to improve in the
current efficiency.
In Fig. 2(a), despite the fact that the intrinsic magnetocrystalline anisotropy and the magnetostriction constants of
the films are expected to become large, the films with high
Fe content (>30 at. %) showed relatively low coercivity.
This result implies that the grain size is sufficiently small
enough to reduce the effective magnetocrystalline anisotropy. In order to confirm the structure of the films, we carried
out the XRD analysis. Figure 4 shows the XRD patterns of
the Fe-Ni films. Although the Fe content affected the diffraction patterns, the citric acid content did not affect the patterns. When the Fe content is high, the diffraction angle was
shifted to the lower angle side, and broadening of the peaks
was observed. The shift of the diffraction angle reflects the
change of the lattice parameter of the Fe-Ni crystalline
phase, and the broadening indicates the reduction in the grain
size. Since the effective magnetocrystalline anisotropy could
be reduced by grain refinement, the relatively low coercivity
values of the films with high Fe content (>30 at. %) are attributable to the grain refinement effect. These results are

FIG. 4. XRD patterns of the Fe-Ni films prepared with various citric acid
contents in the bath and Fe contents of the films. The thickness of the films
was adjusted at 17 6 2 lm.
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FIG. 5. Thickness of the Fe22Ni78 films as a function of the plating time.
The result for our previous study of Ref. 14 is also shown in the figure.

consistent with the previously-reported ones by Theis et al.
and Cheung et al.8,17
As a high current efficiency is expected to enhance the
plating rate, we estimated the plating rate for our process.
Figure 5 shows the thickness as a function of the plating
time. In order to obtain the Fe-Ni thick film with low coercivity and high current efficiency, the contents of the iron
sulfate and the citric acid were selected at 40 g/l and 10 g/l,
respectively, based on Figs. 1 and 3. The result for our previous study under the same electroplating conditions14 is also
shown in Fig. 5. As shown in Fig. 5, the slope of the liner fitting line for present study is larger than that for our previous
one (137 lm/h). The plating rate estimated from the slope is
186 lm/h and we confirmed the enhancement in the plating
rate by the improved efficiency.
From above-mentioned results, we concluded that a plating bath with low citric acid content is suitable to obtain the
Fe-Ni thick films with good soft magnetic properties since
high current efficiency can be obtained.
IV. CONCLUSIONS

In present study, we have investigated the effect of the
citric acid content on the magnetic properties and the efficiency of the electroplated Fe-Ni films prepared in citric-acidbased baths. The obtained results are summarized as follows:
(1) The Fe-Ni films with low coercivity were obtained from
the baths with various contents of the citric acid by optimizing the iron sulfate contents.
(2) The plating bath with low citric acid content is one of
effective plating baths to obtain the Fe-Ni films with
good soft magnetic properties (Hc < 30 A/m) and high
current efficiency (85%).
(3) The relatively low coercivity values in the films with
high Fe content are attributable to the grain refinement
effect.
(4) The plating rate of our process is 186 lm/h and this
rate is 1.3 times higher than that for our previous study.
The enhanced plating rate shows good agreement with
the improved current efficiency.

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
133.45.129.57 On: Sun, 12 Apr 2015 10:46:17

17A326-4
1

Watanabe et al.

R. M. Bozorth and J. G. Walker, Phys. Rev. 89, 624 (1953).
Y. Shimada, Magn. Jpn. 4, 246 (2009).
3
E. Delevoye, M. Audoin, M. Beranger, R. Cuchet, R. Hida, and T. Jager,
Sens. Actuators, A 145–146, 271 (2008).
4
S. Liu, D. Cao, L. Tang, H. He, S. Peng, and J. Tang, Sens. Actuators, A
197, 62 (2013).
5
W. P. Taylor, M. Schneider, H. Baltes, and M. G. Allen, Solid State Sens.
Actuators 2, 1445 (1997).
6
X.-Y. Gao, Y. Cao, Y. Zhou, W. Ding, C. Lei, and J.-A. Chen, J. Magn.
Magn. Mater. 305, 207 (2006).
7
C. L. Kang, G. Liu, J. Z. Yang, L. H. Liu, Y. Xiong, and Y. C. Tian,
Microsyst. Technol. 15, 413 (2009).
8
M. Theis, S. Ediger, M. T. Schmitt, J.-E. Hoffmann, and M. Saumer, Phys.
Status Solidi A 210, 853 (2013).
9
Y. Kamo and T. Miyamoto, IEEE Trans. Magn. Jpn. 1, 502 (1985).
10
D. Flynn and M. P. Y. Desmulliez, IEEE Trans. Magn. 46, 979 (2010).
2

J. Appl. Phys. 117, 17A326 (2015)
11

J.-M. Quemper, S. Nicolas, J. P. Gilles, J. P. Grandchamp, A.
Bosseboeuf, T. Bourouina, and E. Dufour-Gergam, Sens. Actuators 74, 1
(1999).
12
E. R. Spada, L. S. de Oliveira, A. S. da Rocha, A. A. Pasa, G.
Zangari, and M. L. Sartorelli, J. Magn. Magn. Mater. 272–276, e891
(2004).
13
T. Doi, K. Mizumoto, S. Tanaka, and T. Yamashita, Met. Finish. 102, 104
(2004).
14
T. Shimokawa, T. Yanai, K. Takahashi, M. Nakano, K. Suzuki, and H.
Fukunaga, IEEE Trans. Magn. 48, 2907 (2012).
15
T. Yanai, T. Shimokawa, Y. Watanabe, M. Nakano, K. Suzuki, and H.
Fukunaga, IEEE Trans. Magn. 50, 200703 (2014).
16
T. Yanai, T. Shimokawa, Y. Watanabe, T. Ohgai, M. Nakano, H.
Fukunaga, and K. Suzuki, J. Appl. Phys. 115, 17A325 (2014).
17
C. Cheung, F. Djuanda, U. Erb, and G. Palumbo, Nanostruct. Mater. 5,
513 (1995).

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
133.45.129.57 On: Sun, 12 Apr 2015 10:46:17

