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Interface reaction between oxide glasses
and Fe-Al-Si magnetic alloy
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The interface reactions between oxide glasses and magnetic alloy, Fe-Al-Si (so-called
Sendust), were analysed. The oxide glasses used were SiO,-PbO, SiO,—Na,0, SiO,-Li,O and
B,0;-Na,0 binary glasses. It was observed that the lattice constant of the alloy decreases and
the saturation magnetic-flux density of the alloy increases on reaction with the glasses. It was
found that the aluminium atoms in the alloy diffuse to the interface and dissolve into the glass
melt as AI** ions, leading to the iron-rich composition of the alloy. On the other hand, Pb2™,
Na* and H* ions in the molten glasses were reduced at the interface. Metallic lead particles
about 20 pm in diameter were found to be dispersed in the SiO,~PbO melt. Reduced sodium
was thought to evaporate from the SiO,~Na,O melt, and H, gas bubbles were observed at the
interface between B,0;-Na,O melt and the alloy. These reactions were analysed based on the
standard free energy diagrams of oxidation-reduction reaction, and expressed as
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1. Introduction

Most devices are composed of many materials. As the
chemical reactions at the interfaces affect the proper-
ties of the devices, it is important to determine the
mechanism of the interface reactions thoroughly in
order to develop composite devices with excellent
properties. Oxide glasses have been extensively used
for electromagnetic devices, such as integrated circuits
and magnetic heads.

There has been little attention dévoted to the chem-
ical reactions between oxide glasses and different
materials. Pask and co-workers [1-9] studied the
interface reaction between metals and glasses based on
the concept of wettability. Takashio [10-13] studied
the interface reactions between metals and glasses
from the view point of thermodynamics. Tanigawa et
al. [14, 15] reported the reactions of Mn—Zn ferrite
with lead silicate glasses and found PbO-2Fe,0, is
deposited during the heat treatment. Mino and Wa-
tanabe [16] studied the interface reaction between
Mn—Zn ferrite and lead silicate glasses and observed
that intermediate layers with many pores were formed
at the interface, depending on the surface condition of
the ferrite after polishing.

The interface reactions between SiO,-PbO glass
melts and various types of ferrites, such as Mn-Zn
ferrite and Ni-Zn ferrite which are soft magnetic
materials used for magnetic heads, were studied by
Nitta et al. [17-20]. They reported that Mn?* and
Zn*" jons in the ferrite dissolve into the melt as the
first step, but Ni?* ions had little solubility in the melt,
and this dissolution process determined the.whole
reaction rate. Nitta et al. [21] also studied the effects
of the third component in the glass melt on the
interface reactions; the reaction between SiO,-
PbO-MO (M = Mn, Zn and Fe) ternary glasses and
Mn-Zn ferrite was discussed based on the thermodyn-
amic concept.

The Fe-Al-Si alloy, which is called Sendust,
exhibits excellent soft magnetic properties and high
saturation magnetization and has been developed as
recording-head materials of metal-in-gap (MIG) type
[22-25]. There have been only a few studies on
the reactions of this alloy with the oxide glasses
[25, 26].

In the present study, the mechanisms of the inter-
face reactions between the oxide glasses and the-
Fe—Al-Si magnetic alloy (Sendust) were revealed using
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TABLE I. Glass composition, glass transition temperature, density and thermal expansion coefficient

Batch composition (mol %)

Glass 7, p
number SiO, PbO Na,O Li,O B,0, C) (gem™%) A (107K™Y)
SP64 60 40 456. 5.21 75
SP55 50 50 403 6.05 95
SP46 40 60 364 6.81 113
SN21 66 34 475 243 149
SL21 66 34 451 2.35 110
BN21 34 66 475 239 106
X-ray diffraction (XRD), electron probe microanalysis Py
(EPMA) and vibrating magnetometer.
. ° 900°C
2. Experimental procedure
The magnetic alloy, 72.3Fe-10.2A1-17.5Si (at %) was ¢ ¢
used in the present study. The glass compositions used .
are shown in Table 1. The glasses are denoted SP64,
SP55, SP46, SN21, SL21 and BN21, for convenience.
The raw materials, reagent-grade SiO,, Pb,O,, 800°C
Na,CO,;, Li,CO; and H;BO,, were placed in W

platinum crucibles and melted at 1400 °C for 2 h. The
melts were cast on to a hot steel.

The crushed powders (about 50 pm diameter) of
glasses were mixed with an equal weight of alloy
powder (about 70 pm diameter) and pressed to a
pellet. The pellet was heat treated under argon gas
flow for 1 h at a constant temperature between 500
and 900°C and cooled to room temperature at
2 K min . The crystals formed in the specimen were
analysed by X-ray diffraction.

In order to analyse the composition change of the
interface layer, rectangular alloy specimens of 5x 5
x 1 mm, were immersed in the glass melt in alumina
crucibles at a constant temperature between 700 and
900°C for 1 h. After heat treatment, the alloy and glass
in the crucible were cooled to room temperature at a
rate of 2 K min 1. They were cut out from the crucible
and polished into desired shapes for EPMA measure-
ments which were carried out with a wavelength-
dispersive X-ray spectroscopy (WDX). Owing to the
crystallization and high viscosity, it was impossible to
immerse the alloy specimens in SL21 melt.

The saturation magnetic-flux density was measured
with a vibrating sample magnetometer (VSM) at an
applied field of 15 kOe at room temperature, using
powder samples which were crushed after heat treat-
ment.

3. Results

Figs 1-4 show the XRD patterns of the powder mix-
tures of the magnetic alloy and the SP64, SN21, SL.21
and BN21 glasses heat treated at various temperatures
for 1 h. It is seen from Fig. 1 that metallic lead is
precipitated in the mixture with SP64 glass heated at
temperatures higher than 600°C. The metallic lead
was also found in the mixtures with SP55 and SP46
glasses. In the powder mixtures of the magnetic alloy
and SN21 glass heated at 500 and 700°C,
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Figure 1 X-ray diffraction patterns of Fe—Al-Si alloy heated with
SP64 glass at various temperatures for 1 h. () Fe-Al-Si, (@) Pb.

Na,0-28i0, crystal is precipitated, as shown in Fig. 2,
but in the mixture heated at 900°C,
Na,0-Al,04-28i0, crystal is a main phase, indicating
that aluminium atoms in the alloy were dissolved in
the glass melt. In the mixtures of the alloy and SL21
glass shown in Fig. 3, Li,O-28i0, crystal is a domi-
nant phase and small peaks of lithium aluminosilicate
crystals are found in the specimen heated at 900°C,
suggesting the slow dissolution rate of aluminium in
the melt. In the mixture of the alloy and BN21 glass
shown in Fig. 4, metallic iron seems to be present.

Fig. 5 shows the variation of the lattice constant of
the magnetic alloy with heat-treatment temperature.
The specimens were the powder mixtures with various
glasses and heated at each temperature for 1 h. Tt is
seen that the lattice constant decreases with the heat-
treatment temperature, suggesting that the alloy
composition was changed during the heat-treatment.
However, the lattice constant does not change with
temperature when the alloy is heated with SL21 glass,
suggesting that the alloy hardly reacts with SL21
glass.
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Figure 2 X-ray diffraction patterns of Fe-Al-Si alloy heated with
SN21 glass at various temperatures for 1h. (O) Na,Si,O;,
(®) Fe-Al-Si, (@) NaAlSiO,.
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Figure 3 X-ray diffraction patterns of Fe-Al-Si alloy heated with
SL21 glass at various temperatures for 1h. (O) Li,Si,Os,
(@) Li ALSi,_,Oq, () Fe-Al-Si.

Fig. 6 shows the lines traced by WDX for the
interface between the magnetic alloy and the SP64
glass heated at 750°C for 1 h. It is clearly seen that
aluminium concentrates at the interface, while other
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Figure 4 X-ray diffraction patterns of Fe-Al-Si alloy heated with
BN21 glass at various temperatures for 1h. (¢) Na,B,0,
(®) Fe-Al-Si, (V) Fe.
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Figure 5 Lattice constant of (----) Fe-Al-Si alloy heated with glas-
ses at various temperatures for 1h. (H) SP64, (A) SP55,
(<) SN21, (@) SP46, (O) SL21, (&) BN21.

components change smoothly through the interface.
Fig. 7 shows a scanning electron micrograph of the
polished cross-section of the alloy immersed in the
SP64 glass and heated at 900 °C for 48 h. Particles of
metallic lead, about 100-200 pm diameter, are seen in
the melt close to the interface.

Fig. 8 shows a scanning electron micrograph of the
interface between the alloy and BN21 glass heated at
800°C for 1 h. It is seen that the alloy surface is
corroded severely by the melt and according to
EPMA, the corroded layer contains only iron.
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Figure 6 EPMA of the interface between Fe—Al-Si alloy and SP64
glass heated at 750°C for 1 h.

Alloy

Figure 7 Scanning electron micrograph of the Fe-Al-Si alloy em-
bedded in SP64 glass and heated at 900 °C for 48 h. Arrows indicate
the lead metal.

6336

BN21

20 uym

Figure 8 EPMA of the interface between Fe-Al-Si alloy and BN21
glass heated at 800°C for 1 h.

Fig. 9a and b show the saturation magnetic flux
density of the alloy powders heated with glass pow-
ders at various temperatures for 1 h. The flux density
of the alloy itself without any glass powder is also
shown for a comparison. It is seen, in general, that the
flux density increases with the heating temperature,
but the density seems to be low when heated at 600 °C.

4. Discussion

It was reported that aluminium atoms in the alloy
migrate to the surface and concentrate at the surface
when the alloy-is heated in argon gas at high temper-
atures [23, 25]. In the present study, we also con-
firmed that Al,0; was deposited on the surface when
the alloy was heated at 900°C for 1h, even under
argon gas in which the partial pressure of oxygen is
very low. It has already been reported that the lattice
constant of Fe—Al binary alloy increases with increas-
ing aluminium content [27] and the lattice constant of
Fe-Si binary alloy decreases with an increase in sili-
con content [28-301].

Fig. 10 shows the standard free energy diagrams
[31] for the oxidation reaction of some elements. It is
seen that aluminium atoms would be oxidized more
easily than any other element in the present system
except lithium, and lead would be reduced more easily
than any other element.

As is seen from Fig.1, the Pb?* ions in the glass are
reduced to metallic lead during heat treatment with
magnetic alloy. At the same time, the aluminium
atoms in the alloy diffuse to the interface and dissolve
into the glass melt as Al1** ions. While the metallic
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Figure 9 Saturation magnetic flux density of (----) Fe-Al-Si altoy powder heated with powders of (a) SP glasses temperatures for 1 h and
(b) SN21, SL21 and BN21 glasses at various temperatures for 1 h. (a}) (A) SP64, (M) SP55,(®) SP46;(b) (A) SL21,(®) BN21, (W) SN21,

lead particles are found to disperse in the melt, as seen
from Fig. 7, the AI** ions accumulate at the interface,
as shown in Fig. 6. As seen from Fig. 5, the lattice
constant of the magnetic alloy powder decreases with
heating temperature when heated with SP glasses, and
this agrees with the dissolution of the aluminium
atoms in the melt, leading to the Fe-Si-rich composi-
tion of the alloy [23, 27]. This is also consistent with
the change of the saturation magnetic flux density
shown in Fig. 9a. The flux density shows an abnormal
decrease when heated at about 600 °C, and this may be
related to the softening of the glass powder.

It is seen in Fig. 2 that Na,0-A1,0;-258i0, crystal is
detected when the alloy is heated with SN21 glass,
indicating the aluminium atoms in the alloy dissolve
into the glass melt as Al1** ions. It is thouglht that,
according to Fig. 10, Na* atoms in the glass should be
reduced to Na. The reduced Na is supposed to evapor-
ate from the specimens, and the evaporation was
confirmed by EPMA detection of sodium deposited
on the platinum plate placed near the specimens. As
seen from Fig. 5, the lattice constant of the magnetic
alloy also decreases with heating temperature when
heated with SN21 glass. This is also consistent with
the change of the saturation magnetic-flux density
shown in Fig. 9b. The flux density increases sharply at
temperatures higher than 700.°C, and this may also be
related to the softening of the glass powder.

It is supposed that similar phenomena would occur
for the reaction of the alloy with BN21 glass. It was
observed, however, that bubbles were formed at the
interface. It is known already that borate glasses
generally contain a significant amount of water, nearly
0.2 mol %, when prepared by melting in air [32].
Based on the free-energy diagrams in Fig. 10, it is
considered that H™ in the glass is reduced to H, gas
and aluminium in the alloy is dissolved in the glass as
AI** jons. It is imagined that Na* ions may also be

reduced. It is supposed that the silicon atoms in the
alloy would also dissolve into the glass melt, leading to
the formation of an iron-rich phase as shown in Figs 4
and 8, and, therefore, the lattice constant of the alloy
does not change with heating temperature [27-29]
when heated with BN21 glass, while the saturation
magnetic-flux density increases with heating temper-
ature.

The lattice constant of the alloy is not changed by
the reaction with SL21 glass. Based on Fig. 10, lithium
tends to be oxidized more easily than aluminium.
Therefore, it is thought that the interface reaction
would not occur between the magnetic alloy and SL.21
glass, or that the reaction rate is very low. In addition,
itis well known that SL21 glass crystallizes very easily
at low temperatures near the glass transition temper-
ature [33, 34], and the reaction mechanism may be
different from that of other glasses.

5. Conclusions

The interface reactions between oxide glasses and
magnetic alloy, Fe-Al-Si (so-called Sendust) were
analysed using XRD, EPMA and a vibrating sample
magnetometer. It was found that aluminium atoms in
the alloy diffuse to the interface and dissolve into the
glass melt as AI**, and, at the same time, Pb**, Na™*
or H* ions in the melt are reduced. These results have
been discussed based on the themodynamics, and it
was concluded that the following reactions occur at
the interface between the magnetic alloy and the oxide
glasses when heated at high temperatures.

3Pb2k, + 2AlLy,, — 3Pb + 2AL3}

glass

3Nage + Alyey — 3Na + ALY

glass

6Hg-+iass + 2Alalloy g 3H2 + 2A1§l:ss
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Figure 10 Standard free-energy diagrams for the formation of oxide
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