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ABSTRACT

Magnetic properties of silicon steels (1.26 % silicon)
coated by cobalt of varying thickness were studied. Cobalt
ranging from 11 to 68 pum in thickness was deposited on silicon
steel substrates (0.5 mm thick, 0.4 mm wide and 55.0 mm long)
cut from sheets of recycled transformer cores. By
electrodeposition in CoSOs electrolyte with 90 mA applied
current at pH 1.86, the deposition rate was 1.11 pm/min.
Although deposition of cobalt increased saturation induction of
silicon steels, it also increased hysteresis loss signified by wider
hysteresis loops with larger remanent induction and coercive
field. Since the magnetoimpedance (MI) is related to the
magnetic softness of materials, the MI ratio decreased with
increasing thickness of the cobalt layer. Although the cobalt
coating did not enhance the MI ratio of silicon steels, it
expanded the peak of frequency-dependent MI curves.
Therefore, the frequency range with large MI ratio in silicon
steels can be extended by the deposition of a cobalt layer. From
microscopic images, grains and magnetic domains of the silicon
steel were of the order of 10 um whereas smaller domain size
was observed in the cobalt layer.

Keywords: Silicon steel, electrodeposition, magnetic properties,
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INTRODUCTION

Silicon steel, also called electrical steel or transformer steel, is a
special type of iron that has 1 - 4 % silicon. The addition of silicon increases
electrical resistivity and grain size but decreases the Curie temperature and
anisotropy of the iron. When the silicon content is higher than 4 %, the steel
becomes very brittle [1]. Silicon steel is a very important soft magnetic
material that is easily magnetized and demagnetized whose most common
application is as transformer cores. The desirable core has low energy loss.
The core loss arises from (1) eddy current loss by the change in magnetic flux,
(2) hysteresis loss from the domain wall movement and (3) acoustic loss due
to magnetostrictive deformation of the core. These losses can be minimized by
decreasing thickness, domain size and magnetostriction as well as increasing
the resistivity of the core [2].

Besides its use in transformers, silicon steel can also be used as a
sensor because of its demonstration of the magnetoimpedance (MI) effect. The
MI is a reduction of electrical impedance of soft ferromagnetic conductors
under the application of a magnetic field [3]. The applied magnetic field
modifies the permeability which, in turn, influences the skin depth (o)
according to Eq. (1).

O=\p/Hu (1)

where f is the frequency of the AC driving current, p is the electrical
resistivity, u is the relative permeability of the conductor. Since the skin

depth is the depth at which the current density reduces to 37 % of the value at
the surface, it regulates the impedance of the materials. The high sensitivity of
MI to the applied field and frequency of driving current makes MI materials
especially convenient for sensor applications. Carara and co-workers reported
a maximum of 150 % MI in silicon steels measured at 100 kHz and 4 mA
driving current [4]. In our previous work, the MI ratio was studied as a
function of the width of silicon steels. A maximum of 300 % MI was observed
at a frequency of about 200 kHz for a 0.5x1.064x35.0 mm’® sample [5]. Silicon
steels were then implemented as sensing elements in a slot key switch, a
position sensor, a current sensor and an angular velocity sensor [6].

Due to its vast commercial applications, there have been several
attempts to improve the magnetic properties of silicon steel. Recently, Sheiko
and co-workers increased the permeability and reduced energy loss of silicon
steels by coating them with a layer of 1 - 10 um iron-silicon by the sputtering
technique [7]. In this paper, we study the effect of cobalt coating on silicon
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steels by the electrodeposition technique. By applying electrical current
between electrodes, metal ions can be deposited onto substrates of various
sizes and appearances at the cathode. This technique offers several advantages
including its simplicity. In particular, it does not require a vacuum system or
other high-cost equipment. Cobalt is chosen because, when added to iron, it is
the only element which increases its saturation induction [8]. After the
deposition, the effect of cobalt thickness on magnetic properties is studied.

MATERIALS AND METHODS
Preparation of cobalt-coated silicon steel

Silicon steel samples were cut from sheets of recycled transformer core
by a linear precision saw (Buchler Isomet 4000) into 0.5%x0.4x55.0 mm’
pieces. A laminated layer was removed by acetone in an ultrasonic bath (Kerry
KC3) and the silicon steel samples were then polished by a grinder/polisher
(Buehler Phoenix Beta). Cobalt was electrodeposited onto the sample in an
electrodeposition system shown in Figure 1. The anode was a 5 mm-diameter
cobalt rod (Sigma Aldrich, 99.95 %) and a piece of silicon steel was used as a
cathode. Both electrodes were immersed in a jar of CoSOj4 electrolyte prepared
from CoSO4.7H,0 in distilled water. During the deposition, the cathode was
rotated at 8 rpm by a motor in order to achieve a uniform cobalt deposition on
a silicon substrate. To study the effect of applied current, three values of
constant current (80, 90 and 100 mA) supplied by a programmable current
source (Kiethley 220) were tested at the pH of 1.86 maintained by sulfuric
acid. After the optimum current was obtained, samples with varying thickness
(11 - 68 pm) were fabricated by varying time.

Power Supply
Motor
Silicon steel
Cobalt
Current source

Electrolyte

(a) (b)

Figure 1 Photographs of (a) electrodes and (b) an electrodeposition system.
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Characterization of cobalt-coated silicon steel

Silicon steels before and after the deposition were characterized by
energy dispersive spectroscopy (EDS). Photographs of a sample in a block of
resin were taken by an optical microscope (Nikon Eclipse ME600OL) in two
different planes. From the length-width plane, the thickness of a cobalt layer
was averaged from measurements at 20 different points. For the grain
inspection, the silicon steel was polished and etched with Natal solution.
Arrangements of the magnetic domain in a demagnetized state were revealed
by the Bitter pattern technique. Magnetic colloid (Sigma Hi-chemical A-07)
was dropped on a polished surface and the resulting pattern was recorded by
the microscope. Hysteresis loops were obtained by the fluxmetric induction
method illustrated in Figure 2. The flux induced in a copper-wound sample
was measured by a flux meter (Lakeshore 480) and plotted against an applied
magnetic field in a digitizing oscilloscope (Agilent 54622A). From these
loops, magnetic parameters such as saturation induction (B;g), remanent
induction (B;) and coercive field (H.) were evaluated.

Fluxmeter

'Y Oscilloscope
X  XY-mode

Voltmeter

Sample

Current
source

(a) (b)

Figure 2 (a) Schemetic diagram and (b) photograph of the fluxmetric induction
magnetometer.

The auto balancing bridge method was implemented in room
temperature to obtain MI measurements. Samples were placed in a variable
magnetic field supplied by an electromagnet in a longitudinal direction. Its
impedance as a function of the magnetic field was measured from 1 kHz to
IMHz by an LCR meter (HP 4284A) with a four-terminal pair connection
technique. The MI ratio was calculated by the formula 100%(Z¢—Zmax)/Zmax
where Z, corresponds to the zero field and Zymax corresponds to the maximum
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2 kOe-field. According to MI studies in silicon steels [4,5], a magnetic field of
2 kOe is enough to saturate the impedance.

LCR meter Power supply
1(de)

ple | Helmholtz coil
—l ]— or Electromagnet
D
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Figure 3 (a) Schemetic diagram and (b) photograph of the MI measurement system.

RESULTS AND DISCUSSION
Composition, surface imaging and thickness

According to the EDS spectra in Figure 4, the silicon steel before
coating is composed of 98.74 % iron and 1.26 % silicon. Figure 5 shows a
micrograph of a polished surface of silicon steel in a length-width plane.
Varying sizes of these polygons of grains were averaged by drawing 15 lines
along the width and the length of a picture. The number of grains along each
line was counted and the average grain size was then calculated as 30 pm.
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Figure 4 EDS spectra of silicon steel before deposition.
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Figure 5 Etched surface of a silicon steel sample before deposition obtained by an
optical microscope.

E

’ 1 - JC.I“' ' ' j l ' IJ\L‘ i IIJ ' | ' ’ |IE

Figure 6 EDS spectra of cobalt film on the silicon steel.

After the deposition, the composition analysis of the surface in Figure
6 shows only cobalt and no other elements beyond a 0.1 % detection limit.
Figure 7 shows the micrographs of cobalt on silicon steels in two different
planes. From these micrographs, the quality of the coating can also be
inspected. Using 100 mA-applied current gave rise to the highest deposition
rate but the quality of the coating was deteriorated due to a large amount of
hydrogen gas during the deposition. Figure 8 compares results between
depositions with applied currents of 90 and 100 mA after 30 min. Judging
from these figures, the optimum current of 90 mA was selected for the
preparation of samples with different thickness.
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Figure 7 Micrographs in (a) a thickness-width plane and (b) a length-width plane of a
cobalt- silicon steel sample.

(a) (b)

Figure 8 Micrographs of (a) 90 mA-coated sample and (b) 100 mA-coated sample in
a length-width plane.

100 pm

The average thickness of cobalt layers is plotted against the deposition
time in Figure 9. The slope of corresponds to the linear fitted graph gives a
deposition rate of 1.11 pum/min. This result agrees with the value predicted by
Faraday’s law of electrodeposition which states that the thickness of the

deposit (7') is linearly proportional to the deposition time (¢) as described in
Eq. (2).
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Here 7 is the applied current, 7 is the current efficiency defined as the ratio of

current responsible for metal dissolution to total current, s is the
stoichiometric coefficient, M is the molecular weight, p is the electrical

resistivity, n is the number of transferred electrons, 4 is the area of deposit
and F is Faraday’s constant (96485 C/equiv) [9].
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Figure 9 Thickness of cobalt layer on silicon steels according to the deposition time
with 90 mA-applied current at pH 1.86.

Domain imaging

Microscopic images of magnetic domain patterns of silicon steel and
cobalt before deposition are shown in Figure 10. Since ferromagnetic particles
from the colloid are accumulated by stray fields from the domain walls, the
magnetic domain pattern can be visualized. In the demagnetized state, both
silicon steel (Figure 10a) and cobalt (Figure 10b) have maze patterns of
randomly oriented domains. The domain size of silicon steel is of order of the
10 um whereas that of cobalt is much smaller.
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(a) (b)

Figure 10 Bitter pattern showing magnetic domains of (a) silicon steel and (b) cobalt
in a demagnetized state obtained by an optical microscope.

After the deposition, the Bitter pattern of a sample with 45 pm-cobalt
on silicon steel is shown with its corresponding surface image in Figure 11.
In Figure 11a, the interface of silicon steel and cobalt is somewhat smooth but
the surface of the cobalt film is rather rough. The Bitter pattern image in
Figure 11b resembles those before the deposition by having large silicon steel
domains and small cobalt domains. Such cobalt domains make the material
hard to saturate in a magnetic field. Since this Bitter pattern technique does not
separate the domain image from the surface topography, the roughness of the
surface affects the domain imaging in some areas.
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Figure 11 Micrographs of (a) surface image and (b) Bitter pattern image from a
cobalt layer on silicon steel substrate.

Hysteresis loops

Examples of hysteresis loops of cobalt-coated silicon steel and
uncoated silicon steel are shown in Figure 12 and the following relevant
parameters are summarized in Table 1; saturation induction (Bs), remanent
induction (B;) and coercive field increase (H;) with increasing cobalt thickness
from 0 to 45 pum. It follows that hysteresis loss is also increased by cobalt
coating. Although the permeability can not be precisely obtained from this
setup, the shape of the hysteresis loops implies that the permeability of silicon
steel is reduced after coating.
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Figure 12 Room temperature hysteresis loops of (a) uncoated sample and (b) 45 um-

coated sample.

Table 1 Saturation induction (B;), remanent induction (B;) and coercive field
(Hc) from samples of varying cobalt thickness.

Co thickness (um) B; (kG) B (kG) H. (Oe)
0 15.2 4.7 2.4
11 18.9 5.0 2.5
20 20.0 5.9 2.8
34 21.5 6.0 3.1
45 22.4 6.9 33
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Magnetoimpedance

Figure 13 shows the dependence of electrical impedance for an 11
um-coated sample on the frequency of an AC driving current. Both in zero
magnetic field and 2 kOe-field, the impedance is not sensitive to the change of
frequency below a value called the critical frequency. Beyond the critical
frequency, the impedance rapidly rises because the skin depth is reduced to a
smaller value than half of the sample width. For the 11 um-coated sample in
Figure 13, the critical frequency is 3 kHz in the case of zero field and
becomes 100 kHz in the 2 kOe-field because the skin depth in Eq. (1) is not
only dependent on the frequency but also on the magnetic permeability. The
permeability is modified by the application of a magnetic field and the
difference between the impedance with and without field is a demonstration of
the MI effect.

Z (Ohm)
054

04 1 —w— Zero Field
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Figure 13 Frequency dependence of the impedance in a zero field (full symbols) and
in 2 kOe-applied field (open symbols) for an 11 pum-coated sample.
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Figure 14 shows frequency-dependent MI curves of samples with
different cobalt thickness. Every graph has a peak of maximum MI ratio at a
frequency called the characteristic frequency. According to our previous work
in uncoated silicon steel [5], the width of samples influences the characteristic
frequency and MI ratio. In this work, the characteristic frequency is also
dependent on the size of samples. With increasing cobalt thickness, the
characteristic frequency shifts to a smaller value because the skin depth is
comparable to the width of sample at a lower frequency. The MI ratio is also
reduced in the case of thick cobalt because of the reduction of the permeability
by the coating confirmed by hysteresis loops. Modest permeability tends to be
insensitive to the applied magnetic field and hence the MI ratio is diminished.
Nevertheless, the coating of cobalt expands the peak of frequency-dependent
MI curves and the range of frequency with large MI ratio is therefore
extended. This broadening can be explained in terms of the difference between
impedance of the cobalt layer and the silicon substrate. In the case of thick
cobalt layer, its impedance is not much higher than that of silicon steel. The
MI is therefore not very sensitive to the frequency change around the
characteristic value.
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Figure 14 Frequency-dependent MI curves of cobalt-coated silicon steels of varying
thickness.
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CONCLUSIONS

By electrodepositing in CoSO4 with 90 mA applied current at pH 1.86,
the cobalt thickness is proportional to the time with a factor of 1.11 pum/min.
Grain and magnetic domain of the silicon steel were observed with average
sizes in the order of 10 um. The cobalt layer also possesses randomly oriented
domains in a demagnetized state with smaller size. Magnetic properties of
cobalt-coated silicon steel are dependent on the thickness of cobalt layer
ranging from 11 to 45 pm. By increasing the thickness of cobalt on silicon
steel, hysteresis loss is increased and the MI ratio is decreased. The cobalt
coating also has advantages such as the increase of saturation induction and
the extension of a frequency range with large MI ratio.
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