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The hysteresis properties analysis of Fe-4 wt% Si prepared by
high purity metallurgy
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An investigation on the improvement in hysteresis properties of high purity Fe-4 wt% Si prepared by cold crucible levitation
melting was presented compared with a Fe-0.1 wt% C- 4 wt% Si alloy formed by the identical process. The results showed that
thin elongated carbon compounds were precipitated in both grains and grain boundaries of Fe-0.1 wt% C- 4 wt% Si sample
observed by means of Kerr effect microscopy and STEM, leading to an apparent degradation in coercivity, permeability and
hysteresis loss. With regard to hysteresis loss in Fe-4 wt% Si, it increases linearly with the increase of maximum magnetic
flux density below 1.4 T, whereas for Fe-0.1 wt% C- 4 wt% Si, it behaves nonlinearly even at low maximum magnetic flux
density and rises sharply with the increase of maximum magnetic flux density. Additionally, the precipitated carbon
compounds in the grain boundaries change the morphology of the grain boundaries.
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1. Introduction

The iron loss Poss of electrical steel can be divided into
three components: hysteresis loss A, classical eddy current
loss P, and anomalous loss P according to the equation:

Ploss = Ph + Pe + Pa (1)

Among the three components, hysteresis loss is the
fundamental loss in electrical steel, especially at high
magnetic flux density in the typical frequency range of
transformers. Hysteresis loss is typically associated with
obstacles to domain wall motion such as grain boundaries,
precipitates U and crystallographic orientations 2. The
improvement possibility in hysteresis loss of silicon iron alloy
by reducing impurities has been recognized clearly 3 4. Kaido
et al. ¥ gave a theoretical calculation about the effect of the
precipitates on the hysteresis loss by reducing impurities
further than commercial non-oriented steel 35H210, and
their results turned out that the influence can be decreased
substantially to 1/4. On the other hand, the eddy-current loss
is closely related to the domain size and mobility of domain
wall ®, which also can be significantly influenced by the
existence of precipitates, and its mechanism has been
reported by several authors 69,

Most of the precipitates are originated from exterior
impurities during a series of metallurgy processes and
reduction of impurities is running up against potency in the
conventional metallurgy processes. Therefore, in this current
study, a method called cold crucible levitation melting
(CCLM) was embraced to minimize the impurities in the
ingots. The most important feature of CCLM is that the

molten alloy can be levitated from the cold crucible by
magnetic force, so as to reduce the impurities apparently by
isolating the contamination from the crucible during melting
9, Meanwhile, highly pure raw iron and silicon with a purity
of 99.99 wt% and 99.999 wt% respectively were utilized to
prepare the alloys.

In this paper, to clarify the potential of improvement in
hysteresis properties by high purity, Fe-4 wt% Si alloy was
firstly prepared by CCLM. Another Fe-4 wt% Si alloy with
0.1 wt% carbon added was also prepared as a comparison to
reveal the effect of carbon on the magnetic properties and its
The permeability,
coercivity and hysteresis loss of both alloys were studied.

interaction with domain structures.

Additionally, the morphology of microstructure and the
demagnetized domain structure were investigated by means
of Kerr effect microscopy. The factors which influenced the
hysteresis properties were discussed in detail by taking the
domain structure and microstructure into consideration.

2. Materials and methods

Two kinds of Fe-4 wt% Si samples without and with
addition of 0.1 wt% carbon were used for this study, identified
as 4N and 3N. Two samples were both prepared from raw iron
and silicon with a purity of 99.99 wt% and 99.999 wt%
respectively in CCLM under high vacuum, except 3N with
addition of 0.1 wt% carbon (99.999 wt%), which can be
summarized as 4N (Fe-4 wt% Si) and 3N (Fe-0.1 wt% C-4 wt%
Si). The detail of the identical CCLM furnace and its effect of
impurities elimination, the homogeneity of element
distribution can be found in the papers 10 1V, Both the
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samples were maintained at melted condition and stirred for
about 20 min at approximately 1600 °C, then followed by
furnace cooling to room temperature (without subsequent
annealing).
Hysteresis  loops
magnetization from approximately 0.5 T to 1.5 T, and 5000
A/m applied field on both 5-mm-thick ring samples of 35 mm

were measured at maximum

inner and 45 mm external diameter. These tests were
performed under direct current (DC) using a magnetization
measurement instrument, and various hysteresis properties
were calculated based on the hysteresis loops.

The samples for domain observation were cut from the
ring samples. The thickness of both samples was 2.5 mm and
they were both finely grounded with an adequate finish
polish with 0.02 pum colloidal silica, so as to reduce the
agitation of surface stress. The demagnetized domain
structures were observed using Kerr effect microscopy. The
determination  of  crystallographic  direction  and
microstructure were performed by Electron Back-Scattered
Diffraction (EBSD) equipped in a SU-70 Scanning Electron
Microscopy and analyzed by Orientation Image Microscopy
(OIM) software. The morphology of precipitates in 3N sample
were observed by Scanning Transmission Electron
Microscopy (STEM) equipped in the FEI TECNAI-F20 TEM,
and its samples were prepared by ion milling after a

mechanical polish to about 30 um.
3. Results and Discussion

3.1. Hysteresis loop

The hysteresis loops in Fig. 1 show that 4N sample has
better hysteresis properties with lower coercivity of 18 A/m
compared with 76 A/m, and remanence of 0.32 T compared
with 0.48 T of 3N. All of the compared data are summarized
in Table 1. Additionally, 4N can be magnetized up to its
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Fig. 1 DC hysteresis loops measured in 3N and 4N ring
samples at maximum applied field HAm of 5000 A/m,
associated with an inset for clarity of the coercivity and low
magnetization part of hysteresis loops. Two arrows indicate
the ascending branch Hu(B) and descending branch Hp(B)
of hysteresis loops, respectively.

Table 1 Comparison of maximum magnetic flux density,
coercivity, remanence and permeability of two samples at Hn
= 5000 A/m

Hysteresis properties 4N 3N
Maximum magnetic flux density (T) 1.60 1.58
Remanence (T) 0.32 0.48
Coercivity (A/m) 18 76
Maximum permeability (H/m) 0.010 0.004
Relative maximum permeability 8000 3200

maximum permeability with value of 0.010 H/m at lower
applied field of 30 A/m with comparison to 0.004 H/m of 3N
at 120 A/m, which can be concluded that 4N sample can be
easily magnetized to higher magnetization at lower applied
field compared to 3N.

The hysteresis losses A in Fig. 2 are calculated from a
series of hysteresis loops measured at maximum magnetic
flux density Bm from approximately 0.5 T to 1.45 T, and its
relationship with each corresponding Bn are shown in Fig. 2.
It can be found that A, of 4N is significantly lower than that
of 3N in the whole range of Bu, especially at higher Bm.
Additionally, the increase of / in 4N has a linear connection
with Bn within the range of 0.5 and 1.45 T applied in the
experiment, whereas Fh of 3N increases gradually at the low
applied field and fast along with the increase of Bn.

During magnetization, it is generally agreed that 180°
domain wall displacement takes place at low applied field
which are mainly controlled by the second phases and grain
size 12, and 90° domain wall displacement needs a fairly large
magnetic field which are mainly controlled by the
crystallographic texture 2. The increment of hysteresis loss
of high purity 4N sample only linearly relates with Bm, which
is totally independent with the sample parameters such as
grain size, texture, regardless of whether on the condition of
180° or 90° domain wall displacement stage. However, the
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Fig. 2 Comparison of relationship of maximum flux density
Bn (less than 1.45 T) and hysteresis loss /i in 3N and 4N
samples.
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increment of hysteresis loss in 3N samples reveals its
significant sensitivity on the structural parameters. During
the 180° domain wall displacement stage at Bn lower than
0.6 T, the increment of hysteresis loss is linear without
relying much on the structural variation, but at the 90°
domain wall displacement stage, the energy loss dissipated
by the motion of domain wall increases aggressively.

As known, hysteresis loss for ferromagnetic material is
equivalent to the area of hysteresis loop, that is, P, = § HdB.
The integration can also be treated as the summation of slices
of width of hysteresis loop mathematically. Each individual
width Hce(B) of hysteresis loop can be defined as the
difference of the ascending branch Hu(B) and the descending
branch Ap(B) (see Fig. 1) at a specific magnetization B
according to Eq. 3 V:

Hcg(B = Hy(B) — Hp(B) (3

The variation of calculated Hcs(B) as a function of Bin
the hysteresis loops of the two samples are shown in Fig. 3.
It can be seen that Hcs(B) maintains constantly till
magnetization up to 1.2 T, then slightly increases and start
to decrease afterwards in 4N sample, which is in accordance
with the results of Fig. 2. As a comparison, Hes(B) of 3N
approximately maintains as a small constant below
magnetization of 0.6 T, then starts to grow gradually and
finally increases abruptly to a very large value and start to
decrease afterwards. This difference of hysteresis loop width
during magnetization between those two samples will be
discussed in the following sections by combining with the
morphology of precipitates, crystallographic texture, grain
and domain structure.

3.2. Effect of microstructure and phase

The phase, grain morphology and orientations of part of
the two rings samples are observed by EBSD and some of the
results are shown in Fig. 4. By summarizing all the results,
the structure of near equiaxed grains exist in both of the
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Fig. 8 Relationship of width Hcs(B) of hysteresis loop at
series of magnetic flux density Bin 3N and 4N samples.

Fig. 4 Orientation maps of (a) 4N and (c) 3N samples, grain
boundary maps and phase maps of (b) 4N and (d) 3N
samples observed by means of EBSD. In (b) and (d). The
areas surrounded by black lines represent base phases, and
the areas surrounded by red lines represent the second
phases.

samples and their average sizes are similar, which are
approximately 5 mm, and the orientations of grains are
random without any preferred orientations found (Fig. 4 (a)
and (c¢)). Therefore, the influence of grain size below 0.6 T
(180° domain wall displacement stage), and the influence of
crystallographic orientations on the difference of hysteresis
loop width above 0.6 T (90° domain wall displacement stage)
in Fig. 3 can be ignored. So the big differences on hysteresis
properties between the two samples are roughly considered
as a consequence of the existence of precipitates introduced
in by carbon concentration. The morphology of the grains in
4N (Fig. 4 (b)) is irregular polyhedron by the equilibrium
growth of adjacent grains, whereas near-polyhedron in 3N
(Fig. 4 (d)) with the addition influence of the carbon
precipitates. On the other hand, only A2 base phases exist in
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4N (Fig. 4 (b)) but many of the second phases are precipitated
in 3N indicated by the area surrounded by red lines in Fig. 4
(d). These phases are distributed in both grain and grain
boundaries. Therefore, it can be stated here that the second
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Fig. 5 The precipitates observed in the 3N by STEM high-
angle annular dark-field (HAADF). (a) Observation in a
wider area indicates high density of thin elongated phase,
and (b) one more specific observed area in (a). The middle
figure shows the EDS mapping of carbon element along the
line in (b).

phase is the main reason for the difference of hysteresis
properties of the two samples, as well as the morphology
difference of grain boundaries.

The specific morphology of the precipitates were
investigated by STEM and its results are shown in Fig. 5. The
overall view in Fig. 5 (a) indicates that the precipitates exist
at a state of thin elongated columnar structures and aligned
with each other in parallel. More specific observation in Fig.
5 (b) indicates that these precipitates grow in the grain as
insertions, with a similar width of approximately 50 nm. The
EDS results (center of Fig. 5) show that the carbon atoms are
enriched in the precipitates, which can be considered as
carbon compounds. These compounds can act as strong
pinning obstacles against the structures and motion of
domain wall, as demonstrated in the following section.

3.2. Domain structure

The hysteresis loss is the energy dissipated in the domain
wall motion, therefore, it is important to clarify the condition
of domain structures in both of the samples. Fig. 6 gives the
demagnetized surface domain structures in part of each
sample, from which it can be found that small complex lancet
domain patterns dominates in the observed areas, and size of
both surface domains are in the same order of magnitude.

Fig. 6 The demagnetized domain structures of (a) 4N and (b)
3N samples observed by means of Kerr microscopy. The
dark and bright areas indicate upward and downward
magnetization components, respectively. The area
surrounded by white dash lines in (b) indicate the carbon
precipitates.
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This proves that the precipitates dominate the difference in
the hysteresis loss of the two samples, regardless of the
influence of surfaces. The precipitates exist as non-magnet
because no domain structures are observed in them
(indicated by the arrows in Fig. 6). These non-magnetic
precipitates weaken the interaction between magnetic
components in the samples, resulting in the degradation of
the magnetization process, which leads to the increase of
hysteresis loss and reduction of permeability, which has been
described previously.

It can be also found that domain structures in each
individual grain of each sample differ. This kind of differences
are mainly dominated by the deviation angle of the closest
easy magnetization axis {001} from the sample surface, which
has been reported in detail by Williams et al ?.

4. Conclusions

The hysteresis properties, specifically the relationship
between hysteresis loss and maximum magnetic flux density,
and magnetic domain of high purity Fe- 4 wt% Si (4N) alloy
with comparison to Fe- 0.1 wt% - 4 wt% Si (3N) carbon
created by CCLM were investigated.

1. High purity 4N alloy has super low coercivity,
permeability and hysteresis loss than 3N, due to
pinning of domain 180° and 90° wall displacement by
the elongated thin carbon compounds which are
distributed in both of grains and grain boundaries.

2. By increasing the purity of Fe-4 wt% Si, the
relationship between hysteresis loss and maximum
flux density are correlated linearly, by comparison to
the nonlinear relationship in 3N.

3. The presence of carbon compounds precipitated in the
grain boundaries changes the morphology of the grain
boundaries. The compounds also retard the continuity

of the domain structures, thus finally resulting in
degradation of the hysteresis properties.
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