Glass Film Structure of Grain-Oriented Silicon Steel .
Using Aluminum Nitride as an Inhibitor
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The composition and structure of glass (silicate) film formed during secondary recrystallization anneal-
ing of grain-oriented 3% Si steel using aluminum nitride as an inhibitor was investigated. The glass film
consisted of spinel (MgO - A1>03) and forsterite [2(MgO) - Si02]}, and the Al,03 component of spinel origi-
nates from aluminum generated by the decomposition of aluminum nitride. From the location and the
morphology of the spinel, it was concluded that aluminum reacts with forsterite to form spinel.
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1. Introduction

GRAIN-ORIENTED silicon steel is covered with a glass
(silicate) film. This film is produced by the reaction between
silica (Si0,) formed during decarburization annealing and
magnesia (MgO) applied to the surface prior to secondary re-
crystallization annealing. It is industrially important to form
the glass film uniformly and without defects in order to ensure
the adhesion of a tension coating on the glass film and the elec-
trical insulation of the surface. It is well accepted that the main
component of the glass film is forsterite [2(MgO) - SiO,].

Previous studies (Ref 1, 2) have focused on the effects of the
glass film on magnetic properties. Few investigations, how-
ever, have dealt with the structure of the glass film—especially
the glass film (Ref 3) on silicon steel when aluminum nitride
(AIN) is used as an inhibitor for the secondary recrystallization.
The main objective of the present work was to characterize the
glass film and its process of formation during secondary recrys-
tallization annealing of 3% Si steel using AIN as an inhibitor.
The composition, morphology, and elemental distributions in
the glass film were studied.

2. Experimental Procedure

2.1 Test Materials and Heat Treatment

Sample preparation for characterization was as follows.
Sheets of silicon steel (Fe-0.080C-3.28Si-0.074Mn-0.028Al-
0.0255 — 0.025S) were cold rolled to a thickness of 0.26 mm.
The cold-rolled sheets were annealed at 850 °C (1123 K) for 60
s in a 25N,-75H, atmosphere containing H,O (H,O/Hj, ratio of
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0.44). Prior to secondary recrystallization annealing, an an-
nealing separator composed mainly of a MgO slurry was ap-
plied to the surfaces. The cycle of the secondary recrystal-
lization annealing consisted of a 15 °C/h heating rate from
room temperature to a soak temperature of 1200 °C (1473 K) in
a 25N,-75H, atmosphere, an isothermal soak for 20 h in 100%
H,, and cooling from the isothermal soak temperature to near
room temperature. During this annealing, both secondary re-
crystallization and formation of the glass film occurred.

To investigate the effect of aluminum concentration on the
glass film composition, sheets with various aluminum contents
were cold rolled to a thickness of 0.225 mm. The contents of
acid-soluble aluminum in the samples were 22, 201, 322, and
457 ppm. Sheets were annealed at 850 °C (1123 K) for 150 s in
a 25N,-75H, atmosphere containing H,O (H,O/H, ratio of
0.44). These samples had a slurry of MgO applied to the surface
and were annealed under the same conditions outlined above.

2.2 X-ray Diffraction Analysis

The glass films were extracted from the steel by the poten-
tiostatic electrolysis method using a nonaqueous solution (at
around —200 mV versus a saturated calomel electrode [SCE] in
10% acetylacetone plus 1% tetramethylammonium chloride-
methanol) (Ref 4) and were collected by filtration from the so-
lution using filters with a pore diameter of 0.2 um.

2.3 SEM/EPMA Analysis

Before observing the morphology by scanning electron mi-
croscopy (SEM) and analyzing the element distribution by
electron probe microanalysis (EPMA), samples polished in the
cross section were etched by the potentiostatic electrolysis
method using a nonaqueous solution (at 150 mVggin 4 C fora
sample size of 20 by 10 mm) (Ref 5). After drying and evapora-
tion of carbon, the sample was examined by SEM/EPMA (Shi-
madzu™, Shimadzu Scientific Instruments, Inc., Columbia,
MA, EPMA-8705).

2.4 Chemical Analysis of Glass Film Composition (Ref 6)

The glass films were extracted in the same manner pre-
viously described. After flux additions of Na,B,0, Na,COs3,
and CaCOs, the extracts were fused in platinum crucibles for
vitrification. A homogeneous aqueous solution was prepared
from the vitrified extracts with HCI and was quantitatively ana-
lyzed using the inductively coupled plasma method.
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Fig. 1 X-ray diffraction pattern of the glass film extracted from
3% Si steel using AIN as an inhibitor to grain growth during sec-
ondary recrystallization (Cu Kg)

Tablel Comparison between observed data and JCPDS
of x-ray reflections of spinel(a)

d/A d/A
hkl (observed) (JCPDS)
1 4.66 4.66
220 2.858 2.858
311 2.436 2.437
400 2022 2.020
422 1.650 1.650
511 1.556 1.5554
440 1.429 1.4289

{a) Observed data were calibrated using forsterite reflections (the Joint
Committee on Powder Diffraction Standards:34-189) as an internal stand-
ard.

3. Experimental Results

3.1 X-ray Diffraction Analysis

Figure 1 shows a typical x-ray diffraction pattern of the
glass film extracted from a sample. The broad peak at around
20 =15°is ascribed to the filter used for the extraction. Diffrac-
tion peaks identified with solid circles are ascribed to forsterite
(Ref 7). Peaks identified with open circles are ascribed to man-
ganese sulfide. In addition to these diffraction peaks, other
peaks (open triangles) were observed. Comparison of these
peaks with those of many compounds identified them as de-
rived from spinel. Until now, there have been no reports of the
existence of spinel in glass films. In order to confirm this iden-
tification, the observed reflection values were compared with
standard values (Table 1). The observed values of the peaks
supposedly derived from spinel were calibrated using the re-
flection peaks of forsterite as internal standards. The observed
values were in good agreement with the standard values (Ref
8). Consequently, the newly observed reflection peaks have
been identified as being derived from cubic-type spinel. From
these results, it has been concluded that, in addition to for-
sterite, spinel is a constituent of the glass film.
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Fig. 2 Secondary electron image and characteristic x-ray im-
ages of cross sections of the glass film

3.2 SEM/EPMA Analysis

Figure 2 shows the secondary electron image observed by
SEM and the characteristic x-ray images detected by EPMA of
the cross section of the glass film. The secondary electron im-
age shows that the glass film is composed of two parts: (1) a
filmlike structure covering the surface and (2) particles or parts
protruding from the filmlike structure. Color mapping of ele-
ment distribution detected the characteristic x-ray of silicon
from the filmlike structure and that of aluminum from protrud-
ing particles. Forsterite consists of magnesium, silicon, and
oxygen; spinel consists of magnesium, aluminum, and oxygen.
Therefore, the region in which silicon is detected is forsterite
and the region in which aluminum is detected is spinel. It was
concluded that the filmlike structure is forsterite and that the
particles or the parts protruding from forsterite into the matrix
are spinel.

3.3 Influence of Aluminum Concentration on Glass
Film Composition

The molar ratio of aluminum to magnesium was calculated
from the results of chemical analysis of the glass film. Figure 3
shows the influence of initial acid-soluble aluminum concen-
tration on the composition of the glass film. The molar ratio of
aluminum to magnesium in the glass film increases steadily
with increasing acid-soluble aluminum concentration. X-ray
diffraction analysis has shown that the aluminum component
constitutes the spinel in the glass film. Accordingly, the results
shown in Fig. 3 reveal that the amount of spinel in the glass film
increases with increasing acid-soluble aluminum concentra-
tion.

4. Discussion

4.1 Structure of the Glass Film

The primary component of the glass film is forsterite, which
consists of silica and magnesia. The origin of the MgO compo-
nent of forsterite is magnesia powder applied to the surface
prior to secondary recrystallization annealing. The origin of the
SiQ, component of forsterite is silica formed during decarburi-
zation annealing. Previous studies have shown that silica
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Fig. 3 Influence of initial acid-soluble aluminum concentration
on the composition of the glass film

formed during decarburization annealing is amorphous (Ref 9).
However, peaks in the region of low-diffraction angle were not
observed in the x-ray diffraction pattern of the glass film (Fig.
1), which shows that an amorphous component does not exist in
glass film. Also, an infrared spectrum of the glass film showed
no peaks identified as silica. These results indicate that neither
noncrystalline nor crystalline silica remains after secondary re-
crystallization annealing. Therefore, it can be concluded that
silica formed during decarburization annealing is entirely con-
sumed through the formation of the glass film.

X-ray diffraction analysis has shown that the glass film con-
tains spinel in addition to forsterite. Spinel consists of magne-
sia and alumina. In both oxides, the MgO component is
expected to originate from magnesia powder. On the basis of
the results shown in Fig. 2, the origin of the Al,0; component
of spinel was considered. The molar ratio of aluminum to mag-
nesium increases steadily with increasing acid-soluble alumi-
num concentration. Accordingly, the Al,O; component
contained in spinel originates from acid-soluble aluminum or
AIN.

4.2 Mechanism of Spinel Formation

During secondary recrystallization annealing, AIN in steel
decomposes to aluminum and nitrogen (Ref 10):

AIN = Al+N (Eq D)

As the secondary recrystallization starts from 950 °C (1223 K),
it could be presumed that the reaction shown in Eq 1 starts from
950 °C (1223 K) (Ref 11). The decomposition of AIN causes
aluminum to dissolve in the matrix. It could easily be expected
that aluminum dissolved in the matrix begins to diffuse out to
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the surface. On the other hand, the reaction of forsterite forma-
tion on the surface remarkably proceeds from 950 °C (1223 K)
(Ref 12):

2AMgO) + Si0, — 2(MgO0) - Si0, (Eq2)

Accordingly, it could be expected that aluminum comes into
contact with forsterite. Therefore, it has been concluded that
aluminum that diffuses to the surface and forsterite formed on
the surface react with each other to form spinel:

2(MgO) - Si0, + 4Al — 2(MgO - Al,03) + Si (Eq3)

These reaction schemes are consistent with the glass film struc-
ture. The location and the morphology of spinel—that is, spinel
is protruded from the forsterite film into the matrix—support
the mechanism that spinel is formed by the reaction between
the forsterite film and aluminum diffused from the matrix.

5. Conclusions

e  The glass film consists of forsterite and spinel when AIN is
used as an inhibitor for the secondary recrystallization of
3% Si steel.

e Spinel in the glass film is located just under the forsterite
film.

e Spinel in the glass film is formed by the reaction between
the forsterite film and aluminum decomposed from AIN
during secondary recrystallization annealing.
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