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OF SURFACE OXIDE LAYER ON MAGNETIC PROPERTIES OF
Fe—3.259%, Si SINGLE CRYSTALS

By S. SzyMURA AND B. WYSEOCKI

Institute of Physics, Technical University, Czestochowa*
( Received January 24, 1977)

During the decarburization of Fe—3.25% Si single crystals with (110) surface orienta-
tion in a moist (313 K dew point) hydrogen atmosphere at 1123 K an oxide layer is formed.
In the early stages of the process the layer consists of fine round particles of SiO, which
during more prolonged annealing grow in the [100] direction. Already after short annealing
(1 min.) the silicon content in the layer increased and that of iron decreased. The layer
reduced the anisotropy of the coercive force H, and magnetostriction 4 in the [100] direction
and increased them in the other crystallographic directions.

1. Introduction

Magnetic properties of FeSi alloys are adversely affected by a number of impurities
including carbon [1]. IrrespectiVe of the method of melting, the carbon content in molten
steel of this type (0.03—0.07 %) is much higher than the permissible carbon concentration
(<50.005 %) in the finished material [1, 2]. This is why the problem of solid state decarburi-
zation of FeSi alloys is so important. Decarburization treatment is carried out generally
at 1073—1173 K in a moist nitrogen-hydrogen atmosphere. Existing data [3-6], concerned
mainly with effects of time and temperature of annealing and composition of the atmosphere
on decarburization of Fe—3 %Si alloys, indicate that irrespective of the atmosphere the
rate of decarburization is initially high and then drops to a constant value. This effect
is probably connected with formation of a compact oxide layer on the surface of the plates.
Examinations of such layers on polycrystalline specimens of FeSi alloy [4, 7-9] show
that depending on the dew point of the atmosphere and temperature of annealing the
products of oxidation consist of amorphous silica, fayalite (2FeQ-Si0,) or ferrous oxide.
In order to obtain satisfactory final magnetic properties the treatment should reduce the
carbon content without oxidation of iron. This can be done if decarburization is carried
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out in an atmosphere with a dew point not exceeding 333 K [4, 7, 8]. Under such conditions,
selective oxidation of grain surface takes place (Fig. 1) with the formation of an amorphous
silica layer. It should be noted that the morphology of oxidation products is different
in each grain; this is presumably related to the crystallographic orientation of grain
surfaces. Hitherto structure and composition of the oxide layer has been investigated on
the surface of specimens only. It seems that the investigation of the distribution of elements
in the oxide layer and alloy matrix could advance our knowledge of the'kinetics of decarburi-
zation. 3 2% - ‘ 2 o

Surface layer of oxides 1nﬂuences magnetic propertles of grain or1ented polycrystallme
Fe—3%Si specimens [8, 10] by reducing magnetbstnctron and losses in the direction of
rolling and by increasing these values in other directions. Another work [11] using single
crystal FeSi alloy with (110) orientation of the surface confirmed that the surface oxide
layer did increase the magnetic anisotropy of coercive force, magnetostriction and losses
in comparison with specimens without such layer Tt should be noted, however, that
neither of the [10, 11] works was concerned with structure and chemical composition
of the oxide layer and its influence on the magnetic properties of FeSi alloy.

This paper is concerned with: (/) checking whether the structure of surface silica layer
was affected. by the crystallographlc orientation of the matrix ;(if) checking whether
during decarburrzatlon there was any .redistribution of irom.and. srhcon in the oxide layer
or in the adjacent alloy matrix; (iii) evaluation of the effect of surface silica layer on the
anisotropy- of coercive force and magnetostriction.

2. Experimental procedure

The material was in the form of Fe—3.25%Si single crystals with (110) surface
orientation, O 35 mm th1ckness and initial composmon (%): C= 005 Si = 3.25; Mn
= 014 P = 0.015; Cr = 0.012; Ni = 0.02; Cu = 0.017; total Al = 0.008; S = 0008
Ti = 0.01. The specunens were decarburlzed in mmst hydrouen (dew point 313 K) at
1123K 1 and 5 min. Carbon content of the alloy was determined by the conductometrlc
method using Wosthoff apparatus Tn order to obtain as complete as posslble data on the
structure of the oxide layer the exammatlons included optical and electron mlcroscopy
of both surface and cross-sections of the specrmens Compos1t10n of the oxidation products
Was determined by nieans of the X—ray method X—ray mrcroanalys1s was used to determine
the d1str1butlons of 1ron and silicon along a line running at a rlght angle from the matrix
_ to the zone of surface oxrdamon Distribution of carbon along thrs line was not determlned
owm g ‘to the high detection limit of light elements in the available 1nstrument Magnetlc
measurements were carried out on 18 mm diameter smgle crystal disks covered with
oxide film (average thlckness 4 pum) formed durmg 5 min. decarburization treatment
(ﬁnal carbon concentratlon 0.003 ‘7) ot with the film removed by etching in 30% aqu. HCI;
Coercive force H, was determined at various angles to the [001] direction by means of
a Forster apparatus. Magnetostriction was determined by the strain gaugé method [12]:
Strain gauges were cemented within 0.5° to the three principal crystallographic directions
[001], [i10}, [111]; the magnetizing field was always parallel to the [001] direction.



Fig. 1. Oxide layer on the surface of a polycrystalline specimen of Fe-3.25%Si with (110)[001] texture
after 3 min. annealing at 1123 K in a moist hydrogen atmosphere (dew point 293 K)

Fig. 2. Structure of the oxide layer on the (110) surface of Fe—3.25%Si single crystal annealed at 1123 K
in a moist hydrogen atmosphere (dew point 313 K) for 1 min.— (a, b) and 5 min.— (¢, d); a, c—subsurface
regions, b, d — oxidized surfaces
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3. Results, discussion- and -conclusions

Metallographic examinations of the annealed specimens showed that the thickness
of the oxide film was strbllgly dependent on the duration of annealing (Fig. 2a, ¢). By
X-ray methods it was found that oxidation products formed in annealing atmospheres
with dew points as used in this study, consisted principally.of amorphous silica; this
was in agreement with sarlier investigations [4,7-9]. In the initial stages of oxidation
SiO, had the form of fine round particles distributed randomly on the surface of the
specimens as can be seen in electron micrographs of extraction replicas (Fig. 2b). During
more prolonged annealing the particles increased in number and grew in the [001] direction
(Fig. 2d). As a result, after 3—5 min. annealing, the specimens were covered with a compact
=yer - of elongated SiO, particles oriented in the [001] direction.
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Fig. 3. Distribution of silicon and iron along a line perpendicular to the surface: oxide layer on
a Fe—3.25%Si single crystal specimen annealed for 1 min. — (a) and 5 min. — (b)

By qualitative point analysis along a line perpendicular to the surface of the specimens
it was found that the concentration of silicon in the oxide layer increased toward the surface
whereas that of iron decreased (Fig. 3a, b). It should be noted that these differences in the
distribution of silicon and iron were already apparent after short annealing (1 min) and
remained more or less stable during further treatment (Fig. 3a). Such redistribution of
silicon contradicts the earlier suggestions [6] that the first stages of decarburization involve
the oxidation of silicon on the surface producing favourable conidtions for the difﬁision
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Fig. 4. Anisotropy of the coercive force H, in Fe—3.25%Si single crystal with (110) surface orientation:
1 — without oxide layer, 2 — with oxide layer
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Fig. 5. Magnetostriction A" ([zkl] = [100], [110], [T11]) in a Fe-3.25% Si single crystal vs. strength of
magnetic field parallel to [100] direction for specimens with (AT") and without (A**4) oxide layer
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of carbon from high-silico\h to low-silicon zones. It seems that in order to improve our
understanding of the kinetics of decarburization it is necessary to include in future investi-
gations examination of distribution of other clements which could influence diffusion of
carbon and also to determine the distribution of carbon in the alloy.

The results show once more that the rate of decarburization of FeSi alloy is highest
in the initial stages (C = 0.009% after 1 min. and C = 0.003 9, after 5 min.) when the
surface of the specimens is still not covered with compact layer of SiO,. It seems that de-
carburization is controlled by two processes: 1 diffusion of carbon from deeper layers
to the surface, and 2 removal of carbon from the surface by interaction with the oxidizing
atmosphere. In the latter process chemical reactions seem to play an important role. .

Surface silica layers exert a significant influence on the anisotropy of the coercive
force H, (Fig. 4). For angles @ between the direction of the applied magnetic field and the
[001] crystallographic direction not exceeding 17°, the coercive force was reduced by the
presence of such on oxide layer. On the other hand, the coercive force grew with increasing ¢.

In Fig. 5, magnetostriction for the principal crystallographic directions [001], [110]
and [111] was plotted vs. external magnetic field parallel to the [001] direction. Tt can be
seen that the oxide layers decreased to a large extent magnetostriction in the [001] direction
(at 20 A/m the decrease was approximately tenfold; up te 8 A/m magnetostriction was
small and negative) and increased it the other two directions.

This increase of the anisotropy of coercive force and magnetostriction by the action
of surface oxide films is evidence of stronger magnetic anisotropy and facilitation of
magnetization in the [001] direction.
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