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A variety of metal oxides were coated by sol-gel process from their metal alkoxides on the ribbons of Co-based
and Fe-based amorphous alloys, and the effects of surface oxide coating on the magnetic properties of the alloy
are investigated. The core loss is found to be reduced significantly by the oxide coating, the loss reduction becoming
more prominent at higher frequencies. The shape of the hystersis loop is also dependent ﬁpon the kind of the coated
metal oxide. The coatings of MgO, SiO,, MgO-SiO; and MgO-ALO; induce tensile stress into the Fe-based ribbon
whereas those of BaO, AlO;, CaO-ALO; SrO-ALO; and BaO-ALO; induce compressive stress. These results may
be explained by the modification of domain structures via magnetoelastic interactions with the shrinkage stress induced

by the sol-gel coating.

Introduction

Interest in the sol-gel process of inorganic oxide materials
began as early as the mid-1800s with Ebelman and Graham’s
‘studies on silica gels.! Since then, the sol-gel process has

been developed to prepare thin films, monoliths, fibers and
monosized powders of metal oxides.!™® It has some potential
profits for good homogeneity, ease of chemical composition
control, high purity, low temperature processing, and large
area and versatile shaping over vacuum deposition techni-



622 Bull. Korean Chem. Soc. 1996, Vol. 17, No. 7

ques. Thin films (normally <1 um in thickness) formed by
dipping or spinning benefit from most of the advantages of
the sol-gel process and are one of the few successful comme-
rcial applications. Since the early applications for sol-gel films
were optical coatings,’ many new. uses for sol-gel films or
coatings have appeared in electronics, protection, membrane
and sensor applications.'?

Here we can extend the sol-gel process to the fabrication
of coatings on magnetic materials, especially amorphous alloy
ribbons that exhit excellent soft magnetic properties and are
currently used in electromagnetic switching devices at high
frequencies. Since the core loss (W.) increases exponentially
with the frequency, it becomes quite large at hundreds kHz,
and increases the temperature of the core itself and neighbo-
ring parts deteriorating the performance of them. The most
common way of reducing the core loss at high frequencies
is to coat an insulating layer on ribbon surface so that eddy
currents can be confined within the ribbon. A conventional
coating method is to dip a ribbon into the mixture of fine
oxide powders in water or organic solvents.>” This method,
however, has some difficulties to control the thickness and
uniformity of oxide films as soon as it applies to thinner
ribbon-type magnetic materials.

In this paper, we applied the sol-gel process to coat various
metal oxide layers on the ribbons of a Co-based amorphous
alloy and an Fe-based amorphous alloy, and investigated the
effects of the oxide coating on the magnetic properties of
the amorphous alloys.

Experimental

Materials and Metal Alkoxides. The ribbons of amor-
phous alloys, the Co-based 2714A(CogFe NiB;,Sijs) with zero
magnetostriction and Fe-based 2605S3A(Fers5CreBi6SisCos)
with the saturation magnetostriction of 20 ppm were supplied
by AlliedSignal Co., USA. The width and thickness of the
ribbons are 4.48 mm and ca 20 um, respectively. The synthe-
sis of metal alkoxide precursors is described in detail else-
where® The solution of magnesium methoxyethoxide [Mg
(OCH,CH,0CH3),] for MgO coating was prepared by reaction
of excess (8 mol) 2-methoxyethanol (CH;OCH3;CH;OH, Ald-
rich) with one mole of magnesium ethoxide [Mg(OCH,CHy).,
Aldrich]. Similarly, the other precursor solutions for single
metal oxides were prepared by the exchange reaction of me-
tal alkoxides with excess 2-methoxyethanol. For bimetallic
precursors, a solution of one metal alkoxide was added equi-
valently to a solution of the other metal alkoxide, and the
mixed solutions were then refluxed. Hydrolysis was carried
out by adding a solution of water and alcohol to the precur-
sor.

Film Preparation. A variety of metal oxides which
were coated on the amorphous alloy ribbons by sol-gel dip-
ping process are shown in Scheme 1: MgO, BaO, Al;Os;, SiO,,
MgO- Al,Os, SrO-ALQOs, BaO-AlLO; and MgO-Si0O,. The rea-
sonable thickness (um) of the coated layer can be adjusted
by the concentrations of metal alkoxides and water in the
precursor solution. The speed of dipping the alloy ribbon
into the precursor solution was 4.33 cm/sec. After dipping,
the ribbon was dried at 200 C. It is noted here that all
the coating procedures were carried out in a dry nitrogen
atmosphere.
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Table 1. The results for the average thickness of the coated
oxides on the Fe-based ribbon

Types of Precursor Concentration  Average
oxide solution in of metal thickness of
layer 2-methoxyethanol alkoxide  coated layer

M) (pm)
MgO Mg(OCH.CH,OCHs), 0.5 0.70
BaO Ba(OCH,CH;OCHs), 0.5 0.40
ALO; Al(OCH,CH,OCHjs); 0.5 0.39
Si0, Si(OCH,CH,OCH,), 0.5 0.65
MgO-ALO; MgAlL(OCH,CH,OCHa)s 0.5 0.75
Ca0-ALO; CaAlL(OCH.CH,OCH,)s 05 1.92
Sr0-AlL,O;  SrAl(OCH,CH,OCH:)s 0.5 : 1.68
BaO-ALO; BaAl(OCH,CH,OCH;)s 0.5 1.80
Mg0O-Si0, MgSi(OCH,CH,OCHz3)s 0.5 1.39

Furnace
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Scheme 1. Schematic diagram of sol-gel dip coating process,
showing the sequential stages of dipping and drying at 200 T.
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Measurements of Magnetic Propeties. The thick-
ness of a coated layer was measured by using a digital mic-
rometer. In order to increase the accuracy of the measure-
ment, a stack consisting of about 10-20 ribbons was first
measured and the thickness of each ribbon was then obtai-
ned by dividing the total stack thickness by the number of
ribbons in the stack. The winding tension was hand tight.
The results for the average thickness of coated oxide layer
are reported in Table 1. The measured thickness ranges
from 0.39 to 1.92 pm. It is worth noting that the thickness
of single oxides is generally much smaller than that of oxide
mixtures.

The ribbons were wound onto toroidal cores with inner
diameter of 19 mm. The cores were annealed at 400 C for
30 min or 1 hr for the Co-based ribbon and at 435 C for
2 hr for the Fe-based ribbon under N, gas atmosphere, and
then air-cooled. The dc magnetic properties were measured
with a hysteresis loop tracer. The core loss (W,) was measu-
red by using a B-H analyzer (Iwatsu Co. Model No. SY-8216)
at frequencies up to 500 kHz with magnetic flux densities
of 0.1, 0.2, 0.3 and 04 T for the Co-based ribbon, and up
to 200 kHz with magnetic flux densities of 0.1, 0.3, 0.5, 0.7
and 10 T for the Fe-based ribbon.

Results and Discussion

In the case of the Co-based ribbon, Figure 1 shows the
results for core loss (W., watts/kg) at 200 kHz and 0.3 T
as a function of thickness (¢) of the oxide coated film. The
values of W, for the samples annealed for 1 hr (indicated
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Figure 1. The value of WL of the Co-based ribbon at 200 kHz
and 0.3 T as a function of oxide thickness (¢). The results for
the sample heat-treated for 1 hr at 400 C are indicated by filled
circles and those for the sample heat-treated for 30 min are
indicated by open circles.

by filled circles) and 30 min (indicated by open circles) are
similar to each other. The value of W, decreases rather sig-
nificantly with ¢ until =04 pm and then remains nearly
constant with ¢#. The loss reduction with t becomes more
prominent as frequency (f) increases, indicating the importa-
nce of the effect of coating at high frequencies. It is interes-
ting to note that the scattering in the measured values of
W, is very large when the ribbon is not coated or coated
only slightly (¢(<~0.1 um), but the data scattering becomes
smaller at higher values of ¢ except for £=1.25 pm. This
result may be explained as follows. Even uncoated ribbon
is considered to have an oxide layer on the surface formed
guring melt-quenching, but the oxide layer is so thin (~100
A) that it may not provide a complete insulation between
the ribbon layers. As the thickness of the film is over 1
um, the insulation may be affected by the winding tension
or the defect of the film. Generally the thin layer by sol-
gel process may be cracked over =1 ym. The reason for
a large data scattering, however, is not understood presently.

Figure 2 shows the results for W, of the Co-based ribbon
as a function of f at fixed values of B=0.1, 0.2, 0.3 and
04 T. At each B, the results for uncoated ribbons (indicated
by open symbols) and coated ribbons with #=0.40 um (indi-
cated by filled symbols) are shown. A well-known linear rela-
tionship between the two values is observed to exist in the
log-log plot, except for the results at the high flux density
of B=04 T where the values of Wy at high f are deviated
upward from the linearity. The values of W, for coated rib-
bons are lower than those for uncoated ones in the whole
frequency range and at all the measured flux densities, as
expected. The difference in W, between uncoated and coated
ribbons increases with B, indicating that the need for an
insulation coating increases as the operating magnetic flux
density increases.

Since the Co-based ribbon was zero magnetostriction, the
. stress effect was considered to be mainly elastic. It is expec-
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Figure 2. The value of W, of the Co-based ribbon as a function
of frequency (f). The results measured at B=0.1, 0.2, 0.3 and
04 T are indicated by circles, squares, triangles and diamonds,

respectively. The uncoated and coated samples are indicated by
open and filled symbols, respectively.

Table 2. The dc magnetic properties of the uncoated ribbon
and the ribbons coated with the oxides

Type of coated

oxide i Mo B,/Byw  H. (mQOe)
uncoated 20766 44761 0.4021 67.13
MgO 9425 66364 0.7429 80.00
BaO 12176 14773 0.2012 82.50
ALO; 27679 38808 0.3380 51.25
SiO; 18902 50506 0.5662 88.75
MgO-ALO; 10318 77692 0.7115 90.00
Ca0-AlLO; © 2334 29679 0.3421 85.00
SrO-ALO; 10000 12383 0.1571 68.75
Ba0-AlLO;, 8603 11268 0.1674 80.00
MgO-Si0, 15368 48991 0.4951 68.75

ted that, if the coating is made on a ribbon with large mag-
netostriction, the effect of the coating on the magnetic prope-
rties are considered to be even more pronounced. It is the-
refore of interest to investigate the effects of surface coating
on the magnetic properties of an Fe-based amorphous alloy
with large magnetostriction. The dc magnetic properties of
the Fe-based amorphous ribbon coated with a variety of me-
tal oxides are measured and the results are summarized
in Table 2.  The results for the hysteresis graph itself are
also shown in Figure 3(a)-(e) for some typical cases, viz.,
for the uncoated ribbon and the ribbons coated with MgO,
MgO-ALO; BaO, BaO-Al,Qs, respectively. The values of coe-
rcive force (H,) given in Table 2 were obtained by applying
the maximum field of 1 Oe. A very large difference in the
dc magnetic properties is observed, which is most vividly
represented by the shape of the hysteresis graphs. The hys-
teresis loops for the ribbons coated with MgO, SiO,, MgO-
Si0; and MgO-ALO; are square-shaped (more squared than
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Figure 3. The dc hysteresis loops of the Fe-based ribbon: (a)
the uncoated ribbon and the ribbons coated with (b) MgO, ()
MgO-ALO,, (d) BaO, (¢) BaO-AlO;.

uncoated ribbon) with a large value of remnant magnetic
flux(B,)/maximum magnetic flux(Byp) and maximum permea-
rhility (u,) but a small value of initial permearbility (u). The
squared-shape (and hence large B,/By) may be related to
the fact that more domains are aligned in the same direction
of applied magnetic field H?® The low value of p; may be
related to low domain density, since magnetization by do-
main wall movement and domain wall bending is expected
to be small when domain density is small. From this, the
ribbons coated with these metal oxides are considered to
have a large proportion of the domains aligned in the same
direction of H. The shape of the hysteresis graphs for the
ribbons coated with BaO, Al,Os; Ca0-AlO; SrO-ALO; and
BaO-Al,O; is very much inclined with a small value of B,/Bu.
The values of , and y; are small as is well expected. Here
it is important to note that the difference in the values be-
tween |, and ; is small for these ribbons. These dc results
may indicate that more domains are aligned in the trans-
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verse direction of H. Detailed information on the domain
density cannot be drawn from the present dc results, but
domains of these ribbons are considered to be more refined
than for the ribbons with squared hysteresis loops from the
geometrical consideration, among other things, since large
domain width result in a very large magnetostatic energy
when domains are aligned in the transverse direction. In
some cases, the value of coercive force is increased appre-
ciably by the oxide coating with the exception of the ALO;
coating.

The present results indicate that the surface oxide coating
not only provides an insulation between the layers but also
modifies the domain structure. The core loss due to eddy
currents, which constitutes the major component of the total
loss at high frequencies, may be divided into the classical
eddy current loss due to macroscopic eddy currents and the
anomalous loss due to microscopic eddy currents.”® Macro-
scopic eddy currents induced from homogeneous magnetiza-
tion are originally attempted to reduce by confining eddy
currents within each layer with the help of the insulation
coating. Microscopic eddy currents are induced from the dy-
namic movement of domain walls, and are proportional to
the wall velocity. Since the wall velocity is proportional to
the domain wall width under the assumption that all walls
are mobile, the anomalous loss is reduced by the domain
refinement. The core loss reduction achieved in the present
work is considered to result from the decrease in both the
macroscopic and the microscopic eddy currents, although the
relative importance of the two is not known presently.

It would be also of interest to consider the reason behind
the large change in the magnetic properties by the surface
coating. The main reason is considered to result from the
magnetoelastic effect which is caused by coupling magnetost-
riction to the stress induced by the sol-gel coating. In the
sol-gel process, the most obvious physical change that occurs
when the pore liquid is removed by thermal evaporation
(drying) is “shrinkage” with weight loss. The shrinkage is
dependent upon the kind of metal alkoxide, the existence
of the catalyst and the reaction condition, and generally bri-
ngs a compressive stress on the substrate. But Brinker and
Scherer show that it is indeed the difference in shrinkage
rate between inside and outside of a drying body that results
in a tensile drying stress. According to Dwivedi, the gel
shrinkage was primarily perpendicular to the surface at dried
thickness less than 80 um and it was both radial and perpen-
dicular at thickness more than 80 um.* There are therefore
two kinds of stresses on the substrate that can exist during
the drying stage: tensile or compressive. Since the present
Fe-based amorphous alloy has positive saturation magnetost- .
riction (whose value is relatively high being 20 ppm), tensile
stress in the horizontal direction of H causes to align do-
mains in the same direction of H, thus resulting in a square-
shaped hysteresis loop with a high value of B,/Bj,."* Similar-
ly, compressive stress leads to an inclined hysteresis graph
with a low value of B,/By. The tensile stress of the Fe-based
ribbon, however, can be modified by the effect of the sol-
gel coating. It may be reduced by compressive stress of the
oxide layer or increased by tensile stress of the oxide layer
when the pore liquid evaporates in the oxide film. It is there-
fore considered that the coatings of BaO, Al,0; CaO-AlO;,
SrO-ALQO; and BaO-ALO; induce compressive stress. The
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other oxides seem to induce some amount of tensile stress.

The induced stresses with physical properties which are
obtained depending on the type of coated oxides may be
of practical importance. The effects of coatings on the mag-
netic properties play a similar role to those of magnetic field
and/or stress annealing on the magnetic properties. Consi-
dering that the formation of induced anisotropy in the trans-
verse direction by magnetic field annealing is known to be
not easy and the resulting induced anisotropy energy is
small in the case of Fe-based amorphous alloy, the inclina-
tion of the hysteresis loop by the sol-gel coating is particula-
rly important. In applications such as choke cores of swit-
ching-mode power supply devices, constant permeability over
a wide applied field is an important property, which may
be achieved by inducing anisotropy in the transverse direc-
tion. A rough estimate shows that the energy of induced
anisotropy achieved by the present sol-gel coating is about
100 J/m® A magnetic field annealing of coated ribbons in
the transverse direction is expected to increase the induced
anisotropy energy further. Work in this direction is under
way and will be published elsewhere.
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The cobalt-substituted polyoxotungstate [(CoPW;,0s)°~ ] has been used as a catalyst in olefin epoxidation and alkane
hydroxylation reactions. The epoxidation of olefins by iodosylbenzene in CH;CN yielded epoxides predominantly with
trace amounts of allylic oxidation products. cis-Stilbene was streoselectively oxidized to cis-stilbene oxide with small
amounts of irans-stilbene oxide and benzaldehyde formation. The epoxidation of carbamazepine (CBZ) by potassium
monopersulfate in aqueous solution gave the corresponding CBZ 10,11-oxide product. Other transition metal-substituted
polyoxotungstates (M=Mn?*, Fe?", Ni?*, and Cu?*) were inactive in the CBZ epoxidation reaction. The cobalt-substitu-
ted polyoxotungstate also catalyzed the oxidation of alkanes with m-chloroperbenzoic acid to give the corresponding
alcohols and ketones. The presence of CH.Br; in the hydroxylation of cyclohexane afforded the formation of bromocyc-
lohexane, suggesting the participation of cyclohexyl radical. In the ¥O-labeled water experiment, there was no incorpo-
ration of O into the cyclohexanol product when the hydroxylation of cyclohexane by MCPBA was carried out in
the presence of H,®0. Some mechanistic aspects are discussed as well.

Introduction

The controlled and selective oxidation of hydrocarbons un-

der mild conditions has been a tantalizing challenge for che-
mists to develop new technologies for industrial applications.!
Often-used catalysts for the oxidation reactions are transition



