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Surface crystallization of amorphous 
Fe-B-Si alloy annealed in a gas 
atmosphere containing organic vapour 

N, MORITO,  Y. KITANO 
Technical Research Division, Kawasaki Steel Corporation, Kawasaki-cho, Chiba 260, Japan 

The relationship between the annealing atmosphere and the magnetic properties of 
Fe78.sB13Sie.5 amorphous alloy has been studied, showing that annealing in an inert gas at- 
mosphere containing a borosiloxane resin significantly improves the core loss of the amorph- 
ous ribbon, and that annealing in an inert gas without any organic resins, gives much better 
results than annealing in an inert gas atmosphere containing cellulose and vinyl acetate resins. 
A boron-depletion zone was detected by Auger electron spectroscopy under the oxide film 
formed during annealing in the inert gas atmosphere containing cellulose and vinyl acetate 
resins. Annealing of the amorphous ribbon in the cellulose and vinyl acetate resins selectively 
oxidizes boron in the alloy to form a B203 film and a boron depletion zone; the alloy in this 
zone is then crystallized into o~-Fe. This surface crystalline layer induces out-of-plane magnetic 
anisotropy in the amorphous ribbon and thus deterioration of the core loss. On the other hand, 
annealing in the borosiloxane resin results in neither selective oxidation of boron nor surface 
crystallization of the amorphous ribbon 

1. Introduction 
The development of superior soft magnetic properties 
in iron-based amorphous alloy ribbons requires an- 
nealing below the crystallization temperature and 
cooling in a magnetic field. To obtain low core losses 
and low excitation, annealing must be performed at a 
temperature high enough to relieve the residual 
stresses resulting from the casting operation, but not 
so high as to cause crystallization of the amorphous 
alloy [1]. 

Partial surface crystallization of amorphous ribbon 
surfaces has been reported to take place during cast- 
ing, due to segregation of the alloy composition or to a 
slow cooling rate [2-41, and also during annealing, 
even at temperatures well below the normal crystal- 
lization temperature [5-7]. Further, some amorphous 
ribbon surfaces exposed to an annealing atmosphere 
have been reported to crystallize easily because of the 
change in alloy composition resulting from reactions 
with components of the annealing atmosphere, and 
because of the oxidation reaction upon annealing 
[7-101. 

We have reported [1 l] the effect of annealing atmo- 
spheres on the magnetic properties of amorphous 
FeTs.sB13Si8.5 alloy ribbon, when the core loss of the 
amorphous alloy was improved significantly upon 
annealing in nitrogen, hydrogen, oxygen and argon 
atmospheres, but increased on annealing in H2 H20. 
It was found that annealing in an H2-H20 atmo- 
sphere selectively oxidizes boron in the amorphous 
alloy to form a B20 3 film and a boron depletion zone 
immediately below the surface oxide layer; the alloy in 
this zone then crystallizes into u-Fe, even at temper- 

atures below the normal crystallization temperature. 
Because the density of this ~-Fe is higher than that of 
the amorphous alloy, the surface crystalline layer 
generates a compressive stress in the amorphous, alloy 
ribbon bulk and thus induces out-of-plane anisotropy 
through high magnetostriction of the amorphous 
Fe-B-Si alloy, causing deterioration of the core loss. 

Because amorphous Fe-B-Si alloys annealed in a 
magnetic field have an excellent ultra-low core loss, a 
high saturation magnetic flux density and a practical 
heat stability, much active research and many devel- 
opment programmes are being promoted to apply the 
amorphous Fe-B Si alloy ribbons to iron cores of 
electric power transformers [121, for which grain- 
oriented silicon steel sheets are widely used. The thick- 
ness of amorphous alloy ribbons is usually 20-30 lain, 
so the process of winding these ribbons into an iron 
core shape requires a lot of machine time. In order to 
alleviate this problem, many new manufacturing tech- 
niques for thick amorphous alloy sheets have been 
reported, including an improved casting process [131, 
a technique which allows more than one amorphous 
alloy ribbon to be joined by rolling [141, and a 
technique which allows the piling of several amorph- 
ous alloy ribbons with adhesives. These techniques, 
however, have not been widely accepted because of 
some difficulties in applying them to industrial pro- 
duction. Amorphous alloy ribbons sometimes come 
into contact with organic adhesives in piling up and 
impregnating treatments, and also with organic com- 
pounds such as insulation oil for transformer cooling. 
Some kinds of transformer oil have been reported to 
deteriorate the magnetic properties of amorphous al- 
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loy ribbons [15], but this mechanism is not so clear. 
The purpose of this work was to clarify both surface 
oxidation and surface crystallization, and their influ- 
ence on the magnetic properties of amorphous 
Fe-B-Si alloy annealed in an argon gas atmosphere 
containing organic vapour. 

2. Experimental procedure 
An amorphous alloy with a nominal composition of 
Fe78.sBt3Sis. 5 was prepared by rapid quenching from 
the melt. The resulting ribbon was 50 mm wide and 
approximately 21 • 10-3 mm thick. 

The alloy's magnetic properties were measured us- 
ing a single sheet of the ribbon, 150 mm long and 
50 mm wide, which had previously been sandwiched, 
bundled between two stainless steel plates and wrap- 
ped together with stainless steel sheets with an organic 
adhesive in aluminium foil, as shown in Fig. 1, and 
then annealed in a flowing argon gas atmosphere. The 
adhesives used here were vinyl acetate, cellulose and 
borosiloxane resins. 

Thin-film X-ray diffraction with CuK= radiation at 
a fixed incidence angle of 2 ~ (Seemann-Bohlin geo- 
metry) was employed to identify the thin surface 
crystalline phases formed during annealing. Fourier 
transform infrared reflection spectroscopy at an in- 
cidence angle of 80 ~ was used to identify the oxide 
films formed on the ribbon surfaces during annealing. 
Auger electron spectroscopy with an argon-ion 
sputtering system was used to study the composition 
profiles in the surface layer of the annealed ribbons. 
The sputtering rate of an iron plate by argon ions was 
approximately 0.04 nm s- 1 under the conditions used 
here. 

y-ray absorption M6ssbauer spectroscopy with 
57Co(Rh) of about 27 mCi was used to study the 
magnetic anisotropy in the amorphous alloy ribbon 
bulk. The measurements Were made at room temper- 
ature and ct-Fe was used for the correction of speed. 

Gas chromatography with a thermal decomposi- 
tion apparatus was used to identify the thermal de- 
composition gases generated from organic resins dur- 
ing heating. 

3. Results 
3.1. Magne t i c  propert ies 
The core loss, W1.3/so, at 1.3 T and 50 Hz, and the 
magnetic flux density, B1, at 100 A m- 1, of amorph- 
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Figure 1 Sample preparation for annealing, a, Amorphous alloy 
ribbons; b, stainless steel sheets with an adhesive; c, stainless steel 
sheet; d, stainless steel wire; e, aluminium foil. 
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Figure 2 Annealing temperature dependence of magnetic properties 
of Fe78.sB13Sis. s amorphous alloys annealed for 3.6 ks in argon gas 
atmospheres containing various resins. 

ous Fe78.sB13Si8.5 alloys annealed in argon gas atmo- 
spheres, containing various organic resins at various 
temperatures, for 3.6 ks are shown in Fig. 2. By an- 
nealing in an argon atmosphere containing borosilox- 
ane resin at 673 K, the core loss improves to approx- 
imately 0.18 W kg-1, which is equal to the core loss of 
the amorphous alloy ribbons annealed in nitrogen and 
dry hydrogen [10]. However, annealing in vinyl acet- 
ate and cellulose resins at temperatures higher than 
648 K results in increased core loss compared with the 
borosiloxane resin. The magnetic flux density, B1, 
increases sharply on annealing at temperatures higher 
than 648 K, but this improvement is independent of 
the annealing atmospheres used. 

When the amorphous Fe-B-Si alloy ribbons, an- 
nealed in an inert gas atmosphere containing cellulose 
resin at 673 K, were chemically polished to remove 
about 0.3 gm of the ribbon surface, the core loss 
recovered to the level Obtained by annealing in a dry 
hydrogen atmosphere. 

The magnetic properties induced by annealing in 
the argon atmosphere containing a borosiloxane resin 
are similar to those of amorphous Fe78.sB13Si8. 5 alloy 
ribbon annealed in argon, nitrogen and dry hydrogen 
[10]. The annealing temperature dependence of mag- 
netic properties, after annealing in vinyl acetate and 
cellulose resins, is analogous to the behaviour in wet 
hydrogen. The deterioration of the core loss, due to 
annealing in a wet hydrogen atmosphere, results from 
the generation of biaxial compressive stress in the 
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amorphous bulk, due to the surface =-Fe crystalline 
layer, as previously described in detail [10,11]. There- 
fore, the deterioration of the core toss, which resulted 
from annealing in the argon atmosphere containing 
vinyl acetate and cellulose resins at around 673 K, also 
seems to be due to the formation of the surface 
crystalline layer. 

3.2. Surface crystal l ization 
According to X-ray diffraction, no crystalline phases 
were observed on the amorphous Fe78.sB13Sis. 5 alloy 
ribbons annealed for 3.6 ks in the argon atmosphere 
containing a borosiloxane resin at 673 K. This result 
agrees with that from the amorphous alloy annealed 
in nitrogen and dry hydrogen atmospheres [10]. 

On the other hand, the X-ray diffraction pattern 
from the amorphous alloy annealed in the argon 
atmosphere containing a vinyl acetate resin at temper- 
atures higher than 623 K, indicates the formation of 
an e~-Fe crystalline phase in addition to the halo 
pattern based on an amorphous structure, as shown in 
Fig. 3. The intensity of the ~-Fe (1 1 0) peak increased 
with higher annealing temperatures. These results in- 
dicate that the crystallization temperature in the sur- 
face layer of the amorphous alloy ribbon, annealed in 
the argon atmosphere containing vinyl acetate resin, is 
more than 50 K lower than that in dry hydrogen and 
in the argon atmosphere containing borosiloxane re- 
sin. This crystallization, shown in Figs 3 and 4, is 
considered to take place at the surface of the amorph- 
ous Fe-B-Si alloy ribbon, because the ~-Fe diffraction 
peak disappears after chemical polishing which re- 
moves about 0.5 I~m of the ribbon surface. 

Fig. 4 shows the influence of the annealing temper- 
ature on X-ray diffraction patterns from amorphous 
Fe78.sB13Sis.5 alloy ribbon annealed in an argon 
atmosphere, containing cellulose resin, for 3.6 ks. In 
this case, no diffraction peaks of crystalline phase were 
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Figure 3 Change in X-ray diffraction patterns from FeTs.sB]3Sis.5 
amorphous alloys annealed for 3.6 ks in an argon gas atmosphere 
containing a vinyl acetate resin upon annealing at various temper- 
atures. 
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Figure 4 Change in X-ray diffraction patterns from Fe78.sBlaSis. s 
amorphous alloys annealed for 3.6 ks in an argon gas atmosphere 
containing a cellulose resin upon annealing at various temperatures. 

detected from the amorphous ribbon annealed at 
623 K, but, obviously, annealing at 673 K resulted in 
diffraction peaks of ~-Fe. These results mean that the 
crystallization temperature in the surface layer of 
amorphous Fev8.5B13Si8. 5 alloy ribbon, annealed in 
the argon atmosphere containing cellulose resin, is 
between that of vinyl acetate resin and that of borosil- 
oxane resin. 

3.3. Surface oxidation 
Infrared reflection spectra (Fig. 5) from amorphous 
Fe78.sB13Sis. s alloy ribbons, annealed at 673 K for 
3.6 ks, show that annealing in the argon atmosphere 
containing organic resins causes the formation of 
B20 3 in the main. The intensity of the absorption 
peak of BzO3, i.e. the thickness of the oxide film, 
depends heavily on the kind of organic resins coexist- 
ing in the annealing atmosphere. The oxide film of 
B20 3 on the amorphous alloy ribbon, annealed in 
argon atmospheres containing vinyl acetate and cellu- 
lose resins, is much thicker than that of borosiloxane. 
As shown in Fig. 6, the film thickness of B20 s de- 
creases with decreased annealing temperatures, and 
the annealing atmosphere dependence of the film 
thickness formed at 573 K is insignificant. 

3.4. Depth profiles in the surface layer 
As described above, thick B203 films are formed on 
the surface of amorphous Fe B Si alloy ribbons an- 
nealed in argon atmospheres containing vinyl acetate 
and cellulose resins. Fig. 7 shows the depth profiles of 
iron, boron and silicon in the surface layer of amorph- 
ous Fe-B-Si'alloy ribbons annealed at 673 K for 
3.6 ks in borosiloxane resin. The depth profiles of iron, 
boron and silicon in the alloy beneath the thin oxide 
film were almost flat and their concentration were the 
same as the nominal alloy composition. These tenden- 
cies were also observed in the ribbons annealed in 
nitrogen and dry hydrogen atmospheres [10]. 
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Figure 5 Infrared reflection spectra from Fevs.sB ~ 3Sis.s amorphous 
alloys annealed at 673 K for 3.6 ks in argon gas atmospheres 
containing various resins. 

g 

Borosiloxone 

Vinyl acetate 

Cellulose 

B203 SiOz 

I I I ~ I I 

2000  1600 1200 800 

Wove number (cm -1) 

Figure 6 Infrared reflection spectra from Feva.sBlsSis. 5 amorphous 
alloys annealed at 573 K for 3.6 ks in argon gas atmospheres 
containing various resins. 

On the other hand, the amorphous alloy ribbons 
annealed in argon atmospheres containing vinyl acet- 
ate and cellulose resins had thick oxide films with a 
remarkably high concentration of silicon. Further, 
below the oxide layer a boron depletion zone with an 
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Figure 7 Depth profiles of iron, boron, silicon and oxygen at the 
surface of Fe78.sB13Sis. 5 amorphous alloy annealed at 673 K for 
3.6 ks in an argon gas atmosphere containing a borosiloxane resin. 
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Figure 8 Depth profiles of iron, boron, silicon and oxygen at the 
surface of Fevs.sB13Si8. 5 amorphous alloy annealed at 673 K for 
3.6 ks in an argon gas atmosphere containing a vinyl acetate resin. 

extremely low concentration of boron was observed 
over a thickness of several tens of nanometres, as 
shown in Figs 8 and 9. The boron depletion zone, 
formed on the amorphous ribbon annealed in the 
argon atmosphere containing a cellulose resin, was 
thicker than that in a vinyl acetate resin. The alloy in 
the boron depletion zone, formed by annealing in the 
argon atmosphere containing a vinyl acetate resin, 
contained 6-9 mol % Si and 2-4 mol % B, while the 
boron depletion zone, with an alloy composition of 
4-8 mol % Si and 1-4 mol % B, was formed with a 
cellulose resin. 

3.5. Thermal decompos i t ion  gas 
As described above, the oxidation reaction, the boron 
depletion behaviour and the surface crystallization 
behaviour in the amorphous Fe B-Si alloy ribbon 
change remarkably with the kind of organic resins 
which are contained in the annealing atmosphere. 
These differences are considered to be due to the kinds 
and the amount of gases generated from organic resins 
by the thermal decomposition during annealing. 

Fig. 10 shows a gas chromatograph of gases gener- 
ated from a borosiloxane resin held for 60 s at 673 K. 
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Figure 9 Depth profiles of iron, boron, silicon and oxygen at the 
surface of Fev85B13Si8.5 amorphous alloy annealed at 673 K for 
3.6 ks in an argon gas atmosphere containing a cellulose resin. 
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Figure 10 Gas chromatograph of gases generated from various 
resins held for 60 s at 673 K. 

Only a small quantity of CO2 gas was observed. The 
small amount of gas generated by the thermal de- 
composition of borosiloxane resin at around 673 K 
was also recognized by the thermal gravimetric ana- 
lysis (TGA). 

A vinyl acetate resin, decomposed thermally at 
673 K, generated CO2 and H 2 0  (Fig. 10), which are 
oxidizing gases. TGA showed a weight loss of about 
75 % during the heating of a vinyl acetate resin up to 
673 K. 

A cellulose resin, decomposed thermally at 673 K, 
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generated a large amount of CO2, but not H20.  TGA 
showed a weight loss of about 90 % during the heating 
of a cellulose resin up to 673 K. This implies that a 
cellulose resin generates large quantities of oxidizing 
gases in the heating process as well as a vinyl acetate 
resin. 

4. Disscussion 
4.1. Annealing atmosphere dependence of 

oxidation behaviour 
As shown in the infrared reflection spectra of Fig. 5, 
the oxidation products and the thickness of oxide 
films formed on the amorphous Fe-B-Si alloy ribbon 
surface, during annealing at 673 K in the argon atmo- 
sphere containing a borosiloxane resin, are almost the 
same as those of oxide films formed in inert gases, 
reducing gases and the N 2 -t- 20 % 0 2 atmospheres 
reported previously [10]. In other words, small quant- 
ities of hydrocarbon and CO 2 gases evacuated 
through thermal decomposition of a borosiloxane 
resin are considered to be insignificant in promoting 
oxidation reactions in amorphous Fe-B-Si  alloys. 

On the other hand, when vinyl acetate and cellulose 
resins were heated in an inert gas atmosphere, oxidiz- 
ing gases such as  H 2 0  and CO2 were generated in 
addition to CO and hydrocarbon gases such as pro- 
pylene and butane. As shown in the infrared reflection 
spectra of Fig. 5, B 2 0  3 is mainly formed to grow into a 
fairly thick film on the amorphous Fe B-Si alloy 
ribbon surface, when it is annealed at 673 K in the 
argon atmosphere containing vinyl acetate and cellu- 
lose resins. These features are similar to that of the 
previously described [10] oxide film formed on 
amorphous FeTs.sB13Sis. s alloy ribbon annealed in a 
wet hydrogen gas atmosphere. This implies that the 
oxidizing force of the argon atmosphere, containing 
vinyl acetate and cellulose resins, on amorphous 
Fe-B-Si  alloy at 673 K, is almost the same as that of a 
wet hydrogen gas atmosphere with a dew point of 
323 K. 

4.2. Formation of a boron depletion zone 
and surface crystallization 

When amorphous Fe78.sB13Sis.s alloy ribbons are 
annealed in an argon atmosphere containing vinyl 
acetate or cellulose resins, below the oxide layer, a 
boron depletion zone with an extremely low boron 
concentration was observed over a thickness of several 
tens of nanometres. The thickness of the boron deple- 
tion zone in the ribbons annealed in the argon atmo- 
sphere containing a cellulose resin is larger than that 
in a vinyl acetate resin. The decrease of boron concen- 
tration in the boron depletion zone is also larger in the 
amorphous ribbon annealed in the cellulose resin. The 
alloy composition in the boron depletion zone formed 
during annealing in the vinyl acetate resin is approx- 
imately 6 9 mol % Si and 2 4  mol % B, while that in 
the cellulose resin is 4-8 mol% Si and 1-4 mol% B. 

The composition dependence of the crystallization 
temperature of the amorphous Fe B-Si alloy system 



has been reported by Luborsky et al. [16], who indi- 
cated that the crystallization temperature of the alloy 
composition in the boron depletion zone, formed by 
annealing in the argon atmosphere containing the 
cellulose resin, is lower than that in the vinyl acetate 
resin. On the other hand, it is considered that the 
crystallization temperature upon annealing in the 
borosiloxane resin is the same as the nominal com- 
position. These findings correspond well with the 
results of X-ray diffraction patterns shown in Figs 3 
and 4. Surface crystallization was not detected on the 
amorphous ribbon annealed at 673 K in the argon 
atmosphere containing the borosiloxane resin. On the 
other hand, surface crystallization was observed clear- 
ly in the vinyl acetate and cellulose resins. 

4.3. Magnetic properties 
The effect of the annealing temperature on the mag- 
netic properties of amorphous Fe78.sB13Sis. 5 alloy 
ribbon, annealed in an argon atmosphere containing a 
borosiloxane resin, can be understood in the same way 
as annealing in an inert gas atmosphere. Namely, the 
improvement of the magnetic properties by annealing 
at temperatures lower than 673 K is due to the relaxa- 
tion of the stress introduced during casting, and the 
deterioration at temperatures higher than 673 K is 
due to a decrease of the in-plane magnetic anisotropy 
by annealing in a paramagnetic state and by corn- 

pressive stress from the crystalline a-Fe surface layer 
formed during annealing [1]. 

As shown in Fig. 2, when the amorphous alloy 
ribbons are annealed in argon atmospheres containing 
cellulose and vinyl acetate resins, a remarkable deteri- 
oration in core loss has been observed at temperatures 
higher than 648 K. According to X-ray diffraction, it 
corresponds with the temperature range in which the 
surface crystallization takes place. Therefore, the de- 
terioration in core loss is considered to result from an 
out-of-plane anisotropy of magnetic moment due to 
the generation of biaxial compressive stress intro- 
duced by the formation of the higher density crystal- 
line surface layer. 

Fig. 11 shows transmission M6ssbauer spectra of 
amorphous FeTs.sB13Sis. 5 alloy ribbon annealed at 
673 K. The numerical values in Fig. 11 represent the 
ratio A2, JAI ,  6 which is closely related to the direc- 
tion of the magnetic moment [17], where A,,,, is the 
average area of the nth and the mth peaks of 
M6ssbauer spectra. When the amorphous alloy rib- 
bon was annealed in an argon atmosphere containing 
the cellulose resin, the A2, 5/A1, 6 ratio decreased to 
0.64. This means that the magnetic moment is fairly 
randomized in comparison to that of the ribbons 
annealed in borosiloxane and vinyl acetate resins. This 
is the reason why annealing in the argon atmosphere 
containing the cellulose resin results in a remarkable 
deterioration in core loss. 
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Figure 11 M6ssbauer spectra from Fe78.sB13Sis. 5 amorphous 
alloys annealed at 673 K for 3,6 ks in argon gas atmospheres 
containing (a) cellulose, (b) vinyl acetate and (c) borosiloxane. 

5. Conclusions 
Annealing of an amorphous Fe-B-Si alloy ribbon in 
an inert gas atmosphere containing a borosiloxane 
resin results in a core loss similar to that of the 
amorphous ribbon annealed in an inert gas without 
any organic resins. On the other hand, annealing in an 
inert gas atmosphere, containing cellulose and vinyl 
acetate resins, results in a deteriorated core loss. 

1. Annealing at 673 K in the argon atmosphere 
containing cellulose and vinyl acetate resins resulted 
in the selective oxidation of boron, and a B20 3 oxide 
film was formed preferentially on the amorphous alloy 
ribbon. 

2. A boron depletion zone was formed at the sur- 
face of the amorphous alloy ribbon through the selec- 
tive oxidation of boron. The thickness of the boron 
depletion zone is larger in the argon atmosphere 
containing the cellulose resin than that containing the 
vinyl acetate. 

3. Annealing at 673 K in the argon atmosphere 
containing the borosiloxane resin resulted in no sur- 
face crystallization. On the other hand, annealing in 
the argon atmosphere containing the cellulose and the 
vinyl acetate resins resulted in surface crystallization. 

4. The orientation of the magnetic moment in 
amorphous alloy ribbon bulk is remarkably random- 
ized mostly by annealing in the argon atmosphere 
containing the cellulose resin. The extent of the deteri- 
oration in core loss due to organic resins coexisting in 
the annealing atmospheres, depends on the degree of 
the randomness in the orientation of the magnetic 
moment in the amorphous alloy ribbon. 

2939 



References 
1. Y. KITANO,  C. MAEDA, M. SHIMIZU,  S. KOBAYASHI 

and N. MORITO,  J. Jpn Inst. Met. 53 (1989) 258. 
2. C. KAIDO,  T. YAMAMOTO,  Y. OKAZAKI ,  

M. TATSUKAWA and K. OHMORI ,  in "Proceedings of the 
4th international Conference on Rapidly Quenched Metals", 
Sendai, edited by T. Masumoto  and K. Suzuki (Japan Institute 
of Metals, 1982) p. 957. 

3. H .C .  FIEDLER,  IEEE Trans. MAG-18 (1982) 1388. 
4. N. MORITO, S. KOBAYASHIandY.  KITANO,J.  JpnInst. 

Met. 52 (1988) 733. 
5. H .N.  OK and A. H. MORRISH,  Phys. Rev. B 23 (1981) 2257. 
6. G. HERZER and H. R. HIL Z INGE R ,  d. Magn. Mater. 62 

(1986) 143. 
7. U. KOSTER,  Mater. Sci. Engng 97 (1988) 233. 
8. H. G. WAGNER,  M. AC KE R M ANN,  R. GAA and 

U. O O N S E R, in "Proceedings of the 5th International Confer- 
ence on Rapidly Quenched Metals", Amsterdam, edited by S. 
Steeb and H. Warl imont (North-Holland, 1985) p. 247. 
M. ACKERM ANN,  H. G. WAGNER and U. GONSER,  
Hyperfine Int. 27 (1986) 397. 
N. MORITO,  C. MAEDA, T. S UZ UKI  and 
T. YAMASHITA, J. Jan Inst. Met. 52 (1988) 420. 

9, 

10. 

11. N. MORITO,  T. SUZUKI ,  C. MAEDA, T. YAMASHITA 
and Y. KITANO,  J. Mater. Sci. 25 (1990) 5166. 

12. L. L O W D E R M I L K ,  M. P. SAMPAT and W. D. NAGEL, 
"Amorphous  Transformer Symposium", CRIEPI/EPRI,  
Tokyo (Central Research Institute of Electric Power Industry, 
1989) p. 174. 

13. T. SATO. H. OTAKE and T. MIYAZAKI,  J. Magn. Mater. 
71 (1988) 263. 

14. D. RAYBOULD and A. C. DIEBOLD,  J. Mater. Sci. 21 
(1986) 193. 

15. H. IKEDA, T. OHMURA,  S. HAYASHI and Y. OHTA, 
IEEE Trans. Magn. Jpn. MAG-83--96 (1983) 53. 

16. F. E. LUBORSKY,  J. J. BECKER, J. L. WALTER and 
H. H. LIEBERMAN, IEEE Trans. MAG-15 (1979) 1146. 

17. N. SAEGUSA and A. H. MORRISH,  J. Magn. Mater. 31 
(1983) 1555 

Received 29 January 
and accepted 7 June 1991 

2940 


