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Evolution of the magnetic domain structure
of oriented 3% SiFe sheets with plastic strains
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Observations of the magnetic domain structure using a colloid method of strained grain
oriented 3% SiFe alloy are reported. Density of the supplementary structure rises
dramatically with small increases (about 2%) in plastic deformation. Transverse domain
patterns suddenly appear around 4-5% of plastic strain. Close to the rupture of the alloy,
zigzag lines and dissociation of main domain walls are observed. A statistical analysis of the
different magnetic domain patterns has been made. An evolution in three distinct linear

stages of the superficial densities of main and secondary structures is shown. Domain
wall spacing of the main structure markedly decreases between 0 and 3% of strains

and monotonous fall of domain wall spacing of the transverse patterns occurs.

These experimental results establish that the transverse domain structure allows

a compensation of the increase of the magnetoelastic energy that results from cold drawing

of the alloy.

1. Introduction

Magnetic properties of materials are highly sensitive
to lattice defects: non-magnetic inclusions, precipi-
tates, dislocations, grain boundaries. In particular,
strong alterations of magnetic characteristics are gen-
erated by plastic strains that result from the increase
of the dislocation density and modifications of their
configurations into the metallic matrix [1-6].
A change of the magnetic domain structure is there-
fore expected on account of the very large increase of
the total magnetoelastic energy.

The observation of magnetic domains of ferromag-
netic materials which contain a lot of dislocations
remains very difficult and often limited to grain-
ortented SiFe alloys which initially have a very small
dispersion of the angular orientation of their grains.
Weak misorientation of 180° domain configurations
results.

The primary objective of this paper is to show
several observations of magnetic domains on poly-
crystalline 3% SiFe oriented sheets which have under-
gone various cold drawing. The experimental proced-
ure is given in Section 2. Section 3 describes the
evolution of the magnetic domain patterns with plas-
tic deformations. A statistical analysis of the different
domain patterns is presented in Section 4. This allows
us to show more precisely the influence of each class of
domain walls on the magnetic degradation process.
A discussion of our different outcomes is reported in
Section 5.
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2. Experimental procedure

2.1. Working out of the colloidal solution
The Bitter figure technique was the first method used
to visualize magnetic domains of materials. It is still
used today [7-9] because it 1s the simplest method as
far as equipment is concerned.

The colloid solution was prepared using the
methods of Elmore [10] and Bitter [11]. The first
stage is the production of magnetite Fe;O, by the
Lefort method; a solution of 2g FeCl,"4H,O and 5.4 g
FeCl;-6H,0 in 300 cm? is heated and stirred. Sodium
hydroxide solution (5 g in 50 cm® H,O) is then added
drop by drop to product a heavy and black precipitate
of magnetite. Next, this precipitate is filtered off and
washed in distilled water. The filtrate is then washed
using 0.01 N HCI and added to a solution of sodium
oleate and distilled water (Elmore’s method). The
quantity of water varies between 300 cm® and 11 for
more and less diluted colloidal solutions. The pH of
the solution is an important parameter. Indeed, Gar-
rood pointed out that a critical point does exist on the
graph of mobility of particles = f(pH). Stability of the
solution is obtained for pH < 5.2 [12]. Dispersion of
the solution is eventually obtained by ultrasonic agita-
tion.

The colloidal solution which contains particles
of all sizes must be filtered. It gives good results
but needs to be regularly activated using a strong
magnetic field strength or an adequate boiling
method.
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2.2. Preparation of specimens for the study
of domain patterns
Specimens of 20 x 10 mm? were cut in the centre of
plastically deformed samples of grain-oriented 3%
SiFe. The sheet studied was 0.35 mm thick. The sam-
ples were all stressed along the rolling direction. To
avoid introduction of internal stresses into the die and
the obtention of “maze patterns” [13], an acid etch
(HF + HCI) was followed directly by electropolishing
with the acid solution: 700 ml ethanol + 120 ml distil-
led water + 100 ml glycerol + 80 ml perchloric acid

[14]. A stainless steel cathode is used and a potential

at about 30V is applied. The time of electropolishing
is 30 s on average.

2.3. Obtention of magnetic domain patterns
The formation of a thin layer of colloid between the
surface of the alloy and a cover slip is obtained

=

Colloid Sample Non-magnetic

\ stand
[

Objective of

Excitation coil microscope Cover slip

Figure 1 Magnetization apparatus for the observation of magnetic
domains.

through a few drops of the solution. Patterns may be
visualized using an optical metallurgical microscope.
Specimens can be submitted to a d.c. magnetization,
whose field strength range from 0 to 800Am™1
A schematic illustration of the magnetization equip-
ment is shown in Fig. 1. The directions of magnetiz-
ation in domains are determined using the method of
“striations of colloid” [157] and a scratch technique
[15,16]. Scratches are obtained with the diamond of
a microhardness apparatus, before electropolishing of
samples.

3. Evolution of magnetic domain
patterns of oriented 3% SiFe alloys
with plastic deformations
Figs 2 to 8 show the evolution of magnetic domain
structure for the oriented 3% SiFe alloy, with increas-
ing plastic strains.

3.1. Initial configuration of magnetic domain
structure

The configurations of magnetic domains more fre-
quently observed on non-deformed samples are illus-
trated in Figs 2, 3 and 4. Basic patterns consist of
boundaries of 180° domains roughly parallel to the
easy direction {00 1) (slab domains or main domains,
Fig. 2). Grain-oriented sheets have a theoric Goss
texture {110} (001). In fact some weak misorienta-
tion does exist so 180° boundaries are slightly mis-
oriented with respect to the rolling direction. 180°
domains are often continuous across grain bound-
aries, or reverse spikes of opposite magnetization are
created (Fig. 4). We also observed lancet networks in
slab domains for more misoriented grains (Fig. 3).
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Figure 2 Magnetic domain structure of unstrained grain-oriented 3% SiFe. Slab domains and “fir-tree” patterns (arrows indicate direction of

magnetization into domains, RD: rolling direction).
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Figure 3 Magnetic domain structure of unstrained grain-oriented 3% SiFe. Lancet network into main domain structure is shown.

Figure 4 Magnetic domain structure of unstrained grain-oriented 3% SiFe. Main domains and reverse spikes of opposite magnetization on

a grain boundary are shown.

Such domain patterns (reverse spikes and lancets) we
term “secondary domain structures”.

Here and there, strongly disrupted domain config-
urations appear which are impossible to identify with
our experimental device. We will call these patterns
“chaotic domain structures”. These are few in number
for undeformed samples.

3.2. Evolution of the magnetic domain
structure with plastic deformations
When the plastic deformation €, ranges from 0 to 2%,
the density of the supplementary structure rises dra-
matically. Furthermore, strongly perturbated domain
patterns can be seen next to grain boundaries (Fig. 3).
180° walls are more and more misoriented across
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Figure 5 Magnetic domain structure of strained grain-oriented 3% SiFe. Degradation of magnetic domain patterns close to a grain

boundary and formation of a “chaotic” domain structure are shown.
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Figure 6 Magnetic domain structure of strained grain-oriented 3% SiFe showing transverse domain patterns and echelon structure.

grain boundaries. Around 4-5% of plastic strains, the
180° walls are frequently decorated by “fir-tree” pat-
terns. These domains minimize the density of free
poles on the surface of the sample. Transverse do-
mains also become visible at some grain boundaries
(Fig. 6). This last structure also appears suddenly into
slab domains (Fig. 7) but 180° domain walls remain
linear as far as the grain boundaries. Bowing of main
domain walls across grain boundaries is observed
beyond g, = 8%.
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Close to the rupture of the samples, this bowing
tends to propagate itself along all the length of 180°
domain walls. On fractured test pieces, three classes of
magnetic domains may be recognized: transverse do-
mains which can exist in all the area of grains (Fig. 8);
zigzag lines and “A-domain structure” [17] at grain
boundaries (Fig. 9); bowing of slab domain walls oc-
curring on the total surface of several grains (Fig. 10).
This last phenomenon is due to the strong pinning
power of dislocation tangles which exist at this rate of



Figure 7 Magnetic domain structure of strained grain-oriented 3% SiFe showing a transverse domain pattern which suddenly appears into

the main domain structure.
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Figure 8 Magnetic domain structure of fractured grain-oriented 3% SiFe. Transverse domain patterns covering the total area of a grain are

shown.

deformation. The density of the main domain struc-
ture which is not affected by cold drawing is approx-
imately 8% of the investigated surface.

4. Statistical analysis of the magnetic
domain patterns observed on strained
grain-oriented 3% SiFe

4.1. Methodology

In an attempt to better understand the magnetoelastic

coupling inside the ferromagnetic alloy studied, a stat-

istical analysis of the magnetic domain structures ob-
served has been realized. To this end, we may define
these representative parameters:

e D, domain wall spacing for main domain struc-
tures;

e D, domain wall spacing for transverse domain
structures;

e Q,,Q,: medium superficial density of main
and secondary domain structures, respectively,
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Figure 9 Magnetic domain structure of fractured grain-oriented 3% SiFe showing transverse domains and echelon patterns.

Figure 10 Magnetic domain structure of fractured grain-oriented 3% SiFe. This shows the zigzag of main 180° boundary walls under the

strong pinning effect of the tangles of dislocations.

according to Shilling and Houze’s terminology

[18].

Domain wall spacing is a function of the length of
grains [19,20]. Consequently, D,,,, and D, have been
measured on grains of similar diameters. The densities
of domain structures have been shaked using a com-
puter imaging analysis. Results are given as a function
of the total investigated surface.
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4.2. Experimental results

4.2.1. Superficial densities 2; and 2,

An examination of unstrained grain-oriented 3%SiFe
samples shows that main domain structure appears at
about 65% of the investigated surface. The other 35%
contains reverse spikes and a lancet network. A few
grains of small diameter exhibit a chaotic domain
structure. Neither transverse domains nor echelon
patterns appear.
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Figure 11 Variation of the densitites of main and secondary do-
main structures as a function of plastic strains. A Q,; AQ,.

For ¢, ranging from 0 to 2%, Q, decreases mark-
edly to 37% of the total observed area. The flux
closure domain walls are essentially reverse spikes and
greatly perturbated zones at grain boundaries, con-
stituted of echelon structures.

Transverse domains suddenly appear around 3% of
plastic deformation. Furthermore, we also notice
a relative stabilization of Q, and Q, after this strain
rate. For ultimate values of deformations, Q, increases
again at the expense of Q; because bowing of slab
walls occurs. Q reaches 8% of the total area for the
fractured samples.

The course of ; and Q, with g, is shown graphi-
callyin Fig. 11. Plastic deformation of the alloy causes
a variation of superficial densities of magnetic do-
mains in three distinct linear stages:

o Important degradation of the magnetic structure
for g, € 0-3%;

o Stabilization of the superficial densities between
3 and 8%;

e Bowing of 180° domain walls which again cause
a destruction of magnetic structure beyond
g, = 8%.

4.2.2. Domain wall spacings Dn., and D,
Plotting D, and D, against &, shows the same trend
as before (Fig. 12). Domain wall spacing for the main
domain structure strongly decreases between 0 and
3% (73 pm for g, = 0%; 40 um for €, = 3.5%). Beyond
3-4% of plastic strain, a relative stagnation of
D,y OCCUTS.

On the other hand, transverse domains suddenly
appear with an initial domain wall spacing of magni-
tude D,, = 33 um. Monotonous decrease of D, then
occurs up to a final value of 10 pm.

5. Discussion

Variations of the representative parameters of the
microscopic magnetic state of grain-oriented 3%SiFe,
as illustrated in Figs 11 and 12, must be considered as
general tendencies. Measurements of D, Dy, ©; and
Q, has been made on about 50 grains for each defor-
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Figure 12 Variation of the domain wall spacing for main and trans-
verse domain structures as a function of plastic strains. O Dyy;
®D,.

mation rate. These grains have been chosen as the
more representative of the magnetic domain state of
the samples.

Doy and D, are mean values of a hundred experi-
mental measurements for each strain rate. Likewise,
the two densities Q; and Q, are mean values of 50
measurements. Furthermore, D, and D, are distrib-
uted according to a Gaussian statistical law but
Q; and Q, strongly fluctuate around their mean
values.

Consequently, D,,,, and D,, are the more represen-
tative parameters of the micromagnetic state of the
samples. Q, and Q, just give us qualitative informa-
tion about the repartitions of the different magnetic
domain structures on the surface of the samples.

Nevertheless, these experimental results show the
importance of transverse domain structures. These
domains try to compensate for the increase of mag-
netoelastic energy due to the cold drawing of the
material. Their sudden creation around 3% of plastic
deformation implies the relative stabilization of the
density of flux closure domain patterns. As we have
shown elsewhere, magnetic properties of oriented SiFe
alloys (magnetization curve, coercive strength and
core losses) are then less sensitive to plastic deforma-
tion [2].

The metallurgical state of the material between
0 and 0.5% of plastic strains is characterized by the
Liiders strain state, which involves an important het-
erogeneous dislocation structure inside the metal die.
After this, dislocation structure remains more or less
homogeneous up to 8% strain (small tangles and
isolated dislocations). These two dislocation struc-
tures are the more harmful for the magnetic properties
of the alloys. From g, = 8% to the rupture, disloca-
tion configuration becomes progressively in-
homogeneous and walls of high density are created
but any supplementary magnetic damage is observed
[21].

The strong degradation of magnetic properties of
the 3% SiFe alloys occurring in the first stage of
plastic deformation can therefore be related to the
increasing of the density of the spike domains due to
the structure of the dislocations at the Liiders state.
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6. Conclusion

The domain patterns of grain-oriented 3% SiFe alloys
submitted to various plastic strains have been ob-
served. We state the following conclusions in view of
our experimental results:

1. The main domain structure constitutes about 65%
of the investigated surface of unstrained specimens.
The other part contains reverse spikes and lancet
network. Neither transverse domains nor echelon pat-
terns appear.

2. For plastic deformation ranging from 0 to 2%, the
density of the main domain structure decreases mark-
edly to 37% of the total observed area. Flux closure
domains are essentially reverse spikes, lancet networks
and greatly perturbated zones at grain boundaries,
constituted of echelon structures.

3. Transverse domains suddenly appear around 3%
of plastic deformation. As a result, stagnation of the
density of main and secondary domain structures oc-
curs. These patterns compensate for the increase of
magnetoelastic energy due to cold drawing of the
material. This results in relative stabilization of the
densities of the flux closure domain patterns.

4. For plastic deformations close to the rupture of the
material, the density of the secondary structure still
increases at the expense of the density of the slab
domains. Few unaffected main domains are visible on
the fractured samples because a bowing of 180° main
domain walls occurs.

The observation of the domain structure of strained
specimen then gives some indications about the tex-
ture of cold drawing which appears during plastic
deformation and about the resulting residual stress
state of the alloy. More work needs to be done in this
area. Nevertheless, continuing research may provide
more understanding about the degradations of mag-
netic properties, especially energy losses, in laminated
cores of electromechanical systems during manufac-
ture.
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