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The effect of final annealing temperature and time on the core loss, magnetic
permeability, and magnetic anisotropy of a temper-rolled, semi-processed 0.5
wt.% Si non-oriented electrical steel was investigated. The magnetic proper-
ties of the steel sheets at 50—400 Hz and 0.5-1.50 T were measured by the
Epstein frame method on strips cut along both the rolling (RD) and transverse
directions (TD). Optimal magnetic properties were obtained when the
annealing temperature was at 800—825°C, and the annealing time was 2—4 h.
Relatively large magnetic anisotropy between the RD and TD was observed in
samples after recrystallization (~ 10% in core loss and ~ 70% in relative
permeability), while deformed and non-recrystallized samples showed small
anisotropy in magnetic properties. Regardless of the processing state of the
steel, i.e., temper-rolled, recovered, or recrystallized, the core loss followed
quadratic polynomial functions with respect to both the frequency and mag-
netic flux density, while the relative magnetic permeability followed cubic
polynomial functions with respect to both the frequency and magnetic flux
density. The microstructure and texture of selected samples were character-
ized by electron backscatter diffraction, which revealed the correlations be-
tween the magnetic properties of the steel and the microstructure and texture.

INTRODUCTION

Decarbonization through electrification has been
recognized as an effective pathway to slow climate
change and mitigate global warming caused by
burning fossil fuels.! The generation of electricity
from clean and renewable sources, e.g., wind, hydro,
solar thermal power, tide, etc.,” and the use of
electricity to drive electrical machines (e.g., electric
vehicles, appliances, power tools, etc.), all rely on the
use of non-oriented electrical steel (NOES) to fabri-
cate lamination cores for the generators and electric
motors. NOES is normally either fully processed
which can be used directly without further process-
ing, or semi-processed which requires final annealing
by the user (usually after the steel sheets are cut into
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laminates).® Fully processed electrical steel must
possess the required microstructure and texture to
meet the specifications on magnetic properties, e.g.,
low core loss and high magnetic permeability, before
itis delivered to the final user. Semi-processed NOES
is usually subjected to a temper-rolling process (skin
pass) before it is delivered to the user. Temper rolling
increases the strip flatness, improves surface finish,
accuracy, and mechanical properties for downstream
processing, and eliminates defects such as edge
wrinkles. After temper rolling, a final annealing step
is always needed to achieve optimal magnetic prop-
erties in the lamination core. Proper operational
conditions for the final annealing may be recom-
mended by the steel manufacturer or determined by
the final user. Although the thickness reduction rate
of temper rolling is usually small (2-10%), the plastic
deformation (normally with tension)* plays a crucial
role in determining the microstructure, texture, and
magnetic properties of the steel after final annealing.
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It is well known that all the thermomechanical
processing steps employed to produce NOES sheets,
from casting, hot rolling, and cold rolling to anneal-
ing, will influence the final microstructure, texture,
and magnetic properties of the steel. Many papers
can be found in the literature addressing the
optimization of the final magnetic properties of
NOES in all the thermomechanical processing
steps.® 2 However, even if the electrical steel sheets
were produced to possess very good magnetic prop-
erties, the common lamination core manufacturing
processes (e.g., stamping, interlocking, assembling,
etc.) may deteriorate these properties, since they
may induce stress, heat, and microstructure/texture
changes in the material, thus affecting the magnetic
properties of the lamination core.'® As a result, the
lamination core is preferably annealed after it is
manufactured, which not only releases the stresses
induced in the manufacturing processes but may
also improve the final magnetic properties by opti-
mizing the microstructure and texture through
recrystallization.

Semi-processed NOES is an alternative electrical
steel type which is normally more cost-effective to
produce than fully processed NOES, since the final
annealing process is not performed in the steel
manufacturing stage. Semi-processed NOES is usu-
ally delivered to the final user after temper rolling,
and always needs a final annealing treatment to
release the stresses generated during temper roll-
ing. Annealing after temper rolling may also result
in significant changes in the microstructure and
texture, since the plastic deformation during temper
rolling induces stored energy in the microstructure,
which provides the driving force for recovery and
recrystallization.'* The final annealing may lead to
very different microstructures and textures (and
thus magnetic properties) from the steel after
temper rolling. While there is plenty of literature
addressing the processing of fully processed NOES,
the investigations of semi-processed NOES are
much fewer.'>'® Several papers have investigated
the effect of the temper-rolling reduction rate,'%'”
tension,'® and the final annealing conditions'® on
the magnetic properties of temper-rolled NOES.
Nevertheless, most of these studies have overlooked
the magnetic anisotropy between the rolling direc-
tion (RD) and the transverse direction (TD) since
normally only the averaged magnetic properties
measured on samples from both RD and TD are
required according to standards for semi-processed
NOES.?° On the other hand, the magnetic proper-
ties were usually measured only at a frequency of
50 Hz or 60 Hz, which are not suitable for motors
that work at higher frequencies.

In this study, the effect of the final annealing
conditions such as temperature and time on the
magnetic properties, magnetic anisotropy, and
microstructure/texture of a low-silicon (0.5 wt.%
Si) NOES was studied using commercially produced
electrical steel sheets. Optimal final annealing

conditions were determined by varying the anneal-
ing temperature and time. The magnetic property
measurements were carried out using the Epstein
frame method on strips cut along both the RD and
TD. The measuring frequency was varied from 50—
60 Hz up to 400 Hz and the magnetic flux density
was varied from 0.5 T to 1.5 T. The relationships
between the magnetic properties (core loss and
relative magnetic permeability) and the frequency
and magnetic flux density were established. Anneal-
ing experiments included both recovery and recrys-
tallization (different annealing temperatures) so
that the effect of stress releasing (recovery, without
microstructure, and texture change) on the mag-
netic properties could also be investigated. The
correlations between the magnetic properties and
the microstructure, texture, and magnetocrystalline
anisotropy energy were evaluated.

EXPERIMENTAL

The material investigated in this study was a
commercially produced NOES containing 0.5% Si,
0.30% Al, and less than 0.003% C (all in weight
percentages). The sheet thickness was 0.5 mm after
cold rolling. After batch annealing (775°C for 24 h),
it was further reduced to 0.47 mm (6% thickness
reduction) by temper rolling (without tension).
Epstein frame strips (28 cm x 3 cm) were cut from
batch-annealed and temper-rolled sheets, and the
magnetic properties were measured at a series of
frequencies of 50 Hz, 60 Hz, 100 Hz, 200 Hz, and
400 Hz. Temper-rolled Epstein frame strips were
annealed at different temperatures (500°C, 600°C,
700°C, 750°C, 775°C, 800°C, 825°C, 850°C, and
900°C) and times (0.5 h, 1.0 h, 2.0 h, 4.0 h, 12 h,
and 24 h) in the laboratory using a tube furnace,
and the magnetic properties were remeasured.
During annealing, argon was injected into the tube
to prevent oxidation. The furnace was first heated to
the designated temperature and then the steel
strips were quickly inserted into the furnace and
held for the designated time. After reaching the
annealing time, the furnace was turned off and the
steel strips were cooled in the furnace (with argon
flowing) to room temperature. The magnetic prop-
erties were measured on 8 steel strips consisting of
all RD and all TD to evaluate the magnetic
anisotropy, and a mix of 4 RD and 4 TD (standard
measurement according to ASTM A726)*° using a
SMT-700 Epstein frame system (Magnetic Instru-
mentation, USA). The core losses and relative
permeabilities at different flux density (B) levels,
ie, 05T, 0.75T, 1.0T, 1.25T, and 1.5 T, and
various frequencies (50 Hz, 60 Hz, 100 Hz, 200 Hz,
and 400 Hz) were recorded.

The microstructures and textures of selected
samples (batch-annealed, temper-rolled, annealed
at 600°C, 800°C, and 900°C for 2 h, and annealed at
800°C for 24 h) were characterized by electron
backscatter diffraction (EBSD) techniques in a Nova



1052

NanoSEM (FEI) scanning electron microscope
(SEM) equipped with an EDAX OIM system
(V8.1). EBSD samples were prepared using conven-
tional metallographic procedures plus a final pol-
ishing step using a 0.05-um colloidal silica
suspension. The EBSD scans were performed on
the RD-TD planes (at mid-thickness) of the sheets.
The textures are represented by orientation distri-
bution functions (ODF's) calculated from the EBSD
orientation data using a harmonic series expansion
method with a series rank of 22 and a Gaussian
half-width of 5°. The ODFs were plotted on the
@9 = 45° section of the Euler space (Bunge nota-
tion). The magnetocrystalline anisotropy energy
(MAE) was evaluated using the anisotropy factor
calculated in both the RD and TD from the ODFs,
which was compared to the measured magnetic
properties such as core loss and relative permeabil-
ity to reveal the correlations between them.

RESULTS

Magnetic Properties After Annealing
at Different Temperatures

The measured core losses at 1.5 T and 60 Hz for
samples after different processing conditions are
shown in Fig. 1. The core losses of the steel after
batch annealing (before temper rolling) are 6.24,
6.53, and 6.34 W/kg for the RD, TD, and mixed
samples, respectively (Fig. la). The core loss is
about 5% lower in the RD than in the TD (Fig. 1b).
After temper rolling, the core losses increase signif-
icantly to 9.50 (RD), 9.88 (TD), and 9.69 (mix) W/kg,
respectively, with a 53% increase in the mixed
samples. It is also noted that, after temper rolling,
the core loss in the RD becomes about 4% higher
than in the TD, due to a 58% increase in the RD and
only a 45% increase in the TD. Apparently, temper
rolling not only increases the overall core loss but
also reverses the direction of anisotropy in core loss.

He, Zhang, Zhou, Lee, Cathcart, and Badgley

After annealing at 500°C for 2 h, the core losses
were only slightly reduced but the difference
(anisotropy) in core loss between the RD and the
TD is significantly reduced to less than 0.4% (from
4% after temper rolling), and the core loss in the RD
is now again lower than that in the TD. Increasing
the annealing temperature to 600°C further reduces
the core losses, and the difference in core loss
between RD and TD increases to 1.6%. Further
increasing the annealing temperature to 700°C
continues to reduce the core losses, but at a smaller
rate; the anisotropy in core loss further increases to
3.0%. After annealing at 750°C for 2 h, the core loss
in the RD is reduced to 6.68 W/kg (from 6.84 W/kg),
but that in the TD is increased to 7.36 W/kg (from
7.04 W/kg). As a result, the core loss in the mixed
samples slightly increases. In this case, the aniso-
tropy in core loss between the RD and the TD
reaches 10% (Fig. 1b).

When the annealing temperature is increased to
775°C, the core losses in both the RD and TD are
reduced, and the anisotropy between RD and TD is
decreased to 7%. When the annealing temperature
is raised to 800-825°C, the core losses are reduced
to 5.6 (RD), 5.9-6.0 (TD), and 5.8 (mix) W/kg (the
lowest), respectively; the anisotropy in core loss
after annealing at 825°C is slightly higher (7.7%)
than that after annealing at 800°C (5%). Further
increasing the annealing temperature to 850°C or
900°C increases the core losses again, and the
anisotropy in core loss is also increased. Thus, if
the annealing time is fixed at 2 h, the optimal
annealing temperature is 800-825°C and annealing
at 800°C gives rise to a slightly lower anisotropy in
core loss between the RD and TD.

The relative permeabilities of the steel measured
at 1.5 T and 60 Hz are shown in Fig. 2. The relative
permeabilities after batch annealing (before temper
rolling) are not very high (1357-1500) (see Fig. 2a).
There is a 10% difference between the RD and the
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Fig. 1. The variation of core loss (1.5 T and 60 Hz) of the electrical steel with respect to the processing conditions: (a) core losses in the RD, TD,
and mixed samples, (b) differences in core loss between the RD and TD samples: (TD-RD)/RD x 100%.
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Fig. 2. The variation of relative permeability (1.5 T and 60 Hz) of the electrical steel with respect to the processing conditions: (a) relative
permeabilities in the RD, TD, and mixed samples, (b) difference in relative permeability between the RD and TD samples: (RD-TD)/TD x 100%.

TD (Fig. 2b), with RD having a higher permeability
than TD. Temper rolling not only significantly
increases the core losses (as shown before) but also
largely reduces the relative permeabilities of the
electrical steel (40—46% reduction). It is noted that
the anisotropy in relative permeability between the
RD and the TD is essentially reduced to 0% after
temper rolling. Annealing at increasing tempera-
tures, e.g., 500°C, 600°C, and 700°C, gradually
increases the relative permeabilities (to 2452 in
the mixed samples) and the anisotropy in relative
permeability (from 0% to 25%). When the annealing
temperature is increased to 750°C and 775°C, the
relative permeabilities drop again while the aniso-
tropy significantly increases to 65% and 36%,
respectively. When the annealing temperature is
800 °C, the relative permeability increases to 2508
in the mixed samples and the anisotropy is
decreased to 27%. After annealing at 825°C and
850°C, the relative permeabilities drop again, and
the anisotropy increases again. Annealing at 900°C
gives rise to the highest relative permeabilities of
3640 (RD), 2474 (TD), and 2703 (mix), but at this
temperature, the core losses are higher than those
annealed at 800°C and 825°C, as shown before.
Thus, the optimal annealing temperature for this
steel after temper rolling is 800°C where the core
losses are the lowest, the relative permeability is
high, and the anisotropy in magnetic properties is
small. Thus, the annealing temperature has been
selected as 800°C for experiments with different
annealing times.

Effect of Annealing Time on Magnetic
Properties

When the annealing time is increased from 0.5 h
to 4 h at a fixed annealing temperature of 800°C,
the core loss (in the mixed samples) at 1.5 T and
60 Hz gradually decreases from 6.58 W/kg to
5.74 W/kg (a 13% reduction) (see Fig. 3a); however,
the anisotropy in core loss increases from 5.8% to

12.2% (Fig. 3b). After annealing for 4 h, although
the core loss in the mixed samples is slightly lower
than that after annealing for 2 h, the core loss in the
TD is higher than that after annealing for 2 h,
indicating a large anisotropy between the RD and
the TD. Further increasing the annealing time to
12 h and 24 h slightly increases the core losses. The
smallest anisotropy in core loss (5%) is observed
after annealing for 2 h. Thus, the optimal annealing
time is 2 h when the annealing temperature is
800°C if the core loss is considered.

The relative permeability essentially shows an
opposite trend to the core loss when the annealing
time is gradually increased (Fig. 4a). The relative
permeability in the mixed samples increases from
2476 to ~ 2903 (a 17% increase) when the anneal-
ing time is increased from 0.5h to 12 h; after
annealing for 24 h, the relative permeability drops
to 2402. The smallest anisotropy (27%) in relative
permeability is observed after annealing for 2 h,
while the largest anisotropy (71%) is seen after
annealing for 4 h. Considering both the core loss
and relative permeability, 800°C for 2 h can be
determined as the optimal annealing condition for
the 0.5 wt.% Si steel after temper rolling.

Magnetic Properties at Different Magnetic
Flux Densities

Non-oriented electrical steels may be utilized at
different levels of magnetic induction depending on
the application; thus, it is of interest to assess the
magnetic properties of the steel at different mag-
netic flux densities. In addition, it is also of interest
to examine the effect of residual stress on the
magnetic properties at different magnetic induc-
tions. Thus, the core loss and relative permeability
of the samples after temper rolling and annealing at
different temperatures have been plotted against
the magnetic flux density. The Steinmetz equation
states that the core loss is proportional to the power
functions (with powers smaller than 3) of the peak



1054
10 ‘a) —=— Mix
B -/ -RD —_
s A TD 2
s s
N 9 <
2 2
2 2
~ -
n 8 g
o (8]
b c
2 £
S A :
g & ..... A g
o\, A L
O 6oy A £
.. - ®--q----- L - _-e
o-|- -
Annealing Temperature: 800 °C
5
0 5 10 15 20 25

Annealing Time (h)

He, Zhang, Zhou, Lee, Cathcart, and Badgley

1.00
(I)) ° —m—TD-RD (Wlkg) e[ 125
™ ~'®=(TD-RD)/RD (%) o=
i . ~ —_
0.75 ; = — Tf100 S
! » \'\, /‘/ / §
0.50 . ! < St L7s5 9
S v o
‘ N/ \:/ 5
L L50 O
0.25 p
L25 &
c
0.00 o
Foo
[=]
-0.25
-2.5
Annealing Temperature: 800 °C
-0.50 -5.0
0 5 10 15 20 25

Annealing Time (h)

Fig. 3. The variation of core loss (1.5 T and 60 Hz) of the electrical steel with respect to the annealing time (at 800°C): (a) core losses in the RD,
TD, and mixed samples, (b) difference in core loss between the RD and TD samples: (TD—-RD)/RD x 100%.

4000

a) —=— Mix
3500 —— ':'RD
- —eilg ] Ja-TD
A0 Y A 0 i e 3 -~
30001 o0 ¢ - e
//-\\
2500 ..,=/k A —
.A. -
g,

2000

1500

1000

Relative Permeability at 1.5 T/60Hz

ling Temperature: 800 °C

A
Ar

500

0 5 10 15 20 25
Annealing Time (h)

Difference in Relative Permeability

s

1400 (1) l\r —=—RD-TD 0

/ » = @="(RD-TD)/TD (%) 2

\ . =3

1200 o . 60 3

A% P | 3

1000 : — 50 £

v > =

\“ / ,\\\ / &,

800 \ /" Ny - 409

\ [ N - 2

A\ - K4 -

. ©

600 1 ‘e 30 2

L4 14

c

400 20 £

@

o

c

200 10 @

]

£

0 . —1o O
Anneahqg Temperature: 800° C

10 15
Annealing Time (h)

20 25

Fig. 4. The variation of relative permeability (1.5 T and 60 Hz) of the electrical steel with respect to the annealing time (at 800°C): (a) relative
permeabilities in the RD, TD, and mixed samples, (b) difference in relative permeability between the RD and TD samples: (RD-TD)/TD x 100%.

magnetic flux density and frequency.?>?* Thus, in
this study, the core loss data is fitted using polyno-
mial functions (with a maximum order of 2) when
either the frequency or the magnetic flux density is
fixed. Figure 5a shows the variation of the core
losses of the mixed samples at different magnetic
flux densities from 0.50T to 1.5 T (at a fixed
frequency of 60 Hz). It can be seen that the trends
for all the samples are the same, and that they can
all be almost perfectly fitted (with adjusted RZ
values greater than 0.99) using quadratic polyno-
mial functions:

P =co+c1B+coB? (1)

where cg, c¢1, and co are the coefficients of the
polynomial. This relationship holds for all the
samples no matter if the material is plastically
deformed (after temper rolling), recovered, or
recrystallized. The anisotropy in core loss, on the
other hand, is highly dependent on the state of the
steel (Fig. 5b). If the steel is temper-rolled or the

annealing temperature is low (500-700°C), the core
loss in the RD is normally higher than that in the
TD, especially when the magnetic induction level is
low (0.5-1.25 T). The largest difference in core loss
between the TD and the RD is 18% when the steel is
temper-rolled at a magnetic flux density of 0.5 T.
With the increase of the annealing temperature, the
anisotropy gradually decreases. When the anneal-
ing temperature is at or higher than 750°C, the
anisotropy in core loss changes its direction, i.e., the
core loss in the RD becomes smaller than that in the
TD at all magnetic flux densities. The largest
anisotropy in core loss between the RD and the TD
is 10% when the steel is annealed at 750°C for 2 h
(B = 1.5 T). Apparently, the release of the residual
stress in the material and the change of the
microstructure and texture by annealing not only
reduces the overall core loss but also reduces the
anisotropy and changes its direction.

While the prediction of core loss using empirical
equations has been extensively studied, investiga-
tions on the dependence of magnetic permeability
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on magnetic flux density and frequency are rarely
seen in the literature. The magnetic permeability
itself is nonlinear to the magnetic field and is
assumed to mainly depend on the material. How-
ever, it has been found in this study that, within the
examined magnetic flux density levels (0.5-1.5T)
and frequencies (50-400 Hz), the relative magnetic
permeability shows clear dependence on both the
magnetic flux density (when the frequency is fixed)
and the frequency (when the magnetic flux density
is fixed). The variation of the relative permeability
(mixed samples) with respect to the magnetic flux
density is shown in Fig. 6. The relative permeabil-
ities follow cubic polynomial functions with respect
to the magnetic flux density (adjusted R? values
range from 0.96 to 1), again, no matter if the
material is deformed, recovered, or recrystallized:

p=do+diB+dyB*+d3B? (2)

Where dy, di, d2, and d3 are coefficients of the
polynomial. Increasing the annealing temperature
gradually increases the relative permeability at all
the magnetic flux densities until the temperature
reaches 800-825°C at which the highest relative
permeabilities are achieved for all magnetic induc-
tion levels except 1.5 T (where annealing at 900°C
achieves the highest relative permeability). Further
increasing the annealing temperature generally
decreases the relative permeability. For all the
samples except those after temper rolling and
annealing at 500°C, the maximum relative perme-
ability is observed at a magnetic induction of 1.0 T.
When the magnetic induction reaches 1.5 T, the
relative permeability significantly reduces, with the
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lowest occurring
samples.

The anisotropy in relative permeability also
changes direction when the temper-rolled steel is
annealed. When the steel is deformed or annealed at
relatively low temperatures (up to 700 °C), the
relative permeabilities in the TD are larger than
those in the RD at low magnetic flux densities (0.5—
1.25 T), with the largest difference (24.5%) at 0.75 T
for the temper-rolled steel. Increasing the annealing
temperature generally decreases the anisotropy;
when the annealing temperature is 750°C or higher,
the anisotropy changes direction, i.e., the relative
permeability in the RD becomes larger than that in
the TD. At 1.5 T, all the samples show larger
relative permeabilities in the RD than those in the
TD and the anisotropy in relative permeability
reaches 65% when the annealing temperature is
750°C. It is also noted that the anisotropy in relative
permeability for samples annealed at temperatures
of 750°C or above is relatively small (below 12%) if
the magnetic induction is between 0.5 T and 1.25 T;

in the plastically deformed

He, Zhang, Zhou, Lee, Cathcart, and Badgley

when the magnetic induction increases to 1.5 T, the
anisotropy increases to more than 27%.

Magnetic Properties at Different
Magnetization Frequencies

The core losses of the electrical steel measured at
50 Hz, 100 Hz, 200 Hz, and 400 Hz are illustrated
in Fig. 7. The data for all the samples can be
perfectly fitted (adjusted R? = 1) using quadratic
polynomial functions at both high (B = 1.5 T) and
low (B = 1.0 T) magnetic inductions:

P =rFko+kif +kaof? (3)

Again, this is independent of the state of the steel
(deformed, recovered, or recrystallized). Although
the plastic deformation increases the core loss, it
does not change the correlation between the core
loss and the frequency. Annealing at different
temperatures reduces the core loss, but it also does
not alter the correlation. When the magnetic induc-
tion is low (B = 1.0 T), the discrepancies in core loss
between the deformed and annealed samples
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Effect of Annealing Temperature and Time on the Magnetic Properties and Magnetic 1057
Anisotropy of a Temper-Rolled, Semi-processed Non-oriented Electrical Steel

increase significantly from 2.2 W/kg to 23.7 W/kg
with the increase of frequency from 50 Hz to 400 Hz
(Fig. 7a). If the magnetic induction is high
(B=1.5T), the discrepancies also increase with
frequency, but at a much smaller rate, i.e., from
3.3 W/kg to 14.4 W/kg (Fig. 7b). This means that the
effect of plastic deformation on the core loss is
reduced if the frequency and magnetic flux densities
are high.

The anisotropy in core loss is affected by the
magnetization frequency, magnetic flux density,
and the material state. When the magnetic flux
density is low (B = 1.0 T), plastic deformation (tem-
per rolling) causes large differences between the RD
and TD (up to 13%); the core losses in the RD are
larger than those in the TD. However, the aniso-
tropy is essentially not affected by the frequency
(Fig. 7c). Annealing generally decreases the aniso-
tropy and, when the annealing temperature is
higher than 700°C, the direction of the anisotropy
is changed, i.e., the core losses in the RD are smaller
than in the TD. The maximum anisotropy is
reduced to below about 5% at all frequencies. When
the magnetic induction is high (B =15T), the
anisotropy caused by the plastic deformation (tem-
per rolling) is much smaller than at low inductions,
i.e., smaller than 5% (Fig. 7d). Again, the anisotropy
is essentially not affected by the frequency. Anneal-
ing reduces the anisotropy at all frequencies and
changes the anisotropy direction; at a relatively low
annealing temperature of 600°C, the anisotropy
direction is changed for all frequencies. The aniso-
tropy generally decreases with increasing fre-
quency. At 50 Hz, the maximum anisotropy
reaches more than 10%, while at 400 Hz, the
maximum anisotropy is less than 5%.

The correlation between the relative permeability
and the magnetization frequency is shown in Fig. 8.
In all the cases, the relative permeability can be
perfectly fitted (adjusted R% = 1) using cubic poly-
nomial functions with respect to the frequency:

p = ho +hif +hof* + haf® (4)

Generally, with increasing frequency, the relative
permeability decreases at both high (B = 1.5 T) and
low (B = 1.0 T) magnetic flux densities for almost all
the samples. The only exception is that, when the
magnetic flux density is 1.5 T, the relative perme-
abilities of the temper-rolled sample and the sample
annealed at 500°C slight increase when the fre-
quency is increased from 50 Hz to 100 Hz. At a low
magnetic flux density of 1.0 T, the samples
annealed at 800°C and 825°C show the highest
relative permeability at all frequencies, while at
1.5 T, the sample annealed at 900°C shows the
highest relative permeability at all frequencies. At
1.0 T, the largest discrepancy in relative permeabil-
ity between the deformed and annealed samples is
5941 when the frequency is 50 Hz and is signifi-
cantly reduced to 1270 when the frequency is

400 Hz (Fig. 8a). At 1.50 T, the discrepancies in
relative permeability between the deformed and
annealed samples are much smaller, 1906 at 50 Hz
and 820 at 400 Hz. This means that, at higher
magnetic flux densities, the decrease of relative
permeability caused by deformation is largely
reduced.

Microstructure and Crystallographic Texture

The microstructure and texture of the steel after
batch annealing and temper rolling are shown in
Fig. 9. After batch annealing at 775°C for 24 h
(Fig. 9a), the steel is composed of non-uniformly
distributed grains with diameters ranging from
about 3 ym to more than 260 ym (average grain
size ~ 82 um). The texture (Fig. 9c) is quite differ-
ent from the typical texture of electrical steel after
cold rolling and annealing, i.e., there is no contin-
uous a-fiber (<110> //RD) or y-fiber (<111> //ND),
although a rotated cube ({001} <110>) and a
{111} <110> are noticed. There are two compo-
nents, {112} <285> and {110} <112> (brass), that
are rarely seen in electrical steels after cold rolling
and annealing. This might be caused by the indus-
trial batch annealing process which is different from
continuous annealing or laboratory-scale annealing
usually reported in the literature. Nevertheless,
these unconventional textures need to be confirmed
using other methods, e.g., X-ray diffraction, on
statistically large number of grains, since the
textures measured by EBSD in this study only
covered a small number of grains. After temper
rolling (with 6% thickness reduction), the
microstructure and texture are only slightly chan-
ged (Fig. 9b and d). The average grain size is
slightly decreased to ~ 80 ym, and the major tex-
tures are still the {112} <285> and {110} <112>.
The rotated cube ({001} <110>) is slightly shifted to
{115} <110>, and the ({111} <110> is slightly
moved to {5653} <110>.

The microstructure and texture of samples after
annealing at different temperatures for 2 h are
shown in Fig. 10. Annealing of the temper-rolled
steel at a relatively low temperature (600°C, 2 h)
only slightly increases the average grain size,
from ~ 80 um (Fig. 9b) to ~ 85 um (Fig. 10a). The
main features of the texture essentially do not
change (Figs. 9d and 10c), i.e., the {112} <285> and
{110} <112> orientations remain as the main tex-
tures, although the {001} <110>, {115} <110> and
{653} <110> components are weakened, which
indicates that very little recrystallization has
occurred. If the annealing temperature is increased
to 800°C (2 h), not only is the grain size significantly
increased to 165 um (Fig. 10b) but the texture is
also remarkably changed (Fig. 10d). The texture is
randomized (with the maximum intensity reduced
to 2.7) and the main components now include
{221} <598>, {110} <100> and {111} <110>. Other
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components such as {001} <140>, {115} <110> and
{112} <576> are also noticed.

If the annealing temperature is kept at 800°C, but
the annealing time is increased to 24 h, the grain
size is only moderately increased from 165 ym to
195 yum (Fig. 1la). However, the texture has
changed significantly, i.e., a <001> /ND fiber
(without the cube though) is formed while the
y-fiber components are mostly eliminated (Fig. 11c).
The intensity of the texture is again significantly
reduced. Some uncommon components such as
{331} <783>, {112} <132>, and {114} <221> are
also noticed. If the annealing time is fixed at 2 h but
the annealing temperature is increased to 900°C
(Fig. 11b), a significant increase in grain size is
noticed (from 165 to 347 um). The texture is also
changed, i.e., the <001> //ND fiber is mostly elim-
inated (Fig. 11d). Again, some uncommon compo-
nents such as {225} <232> and {332} <596> are
seen in the texture. However, it should be noted
that the grain size of this sample is very large, so
the number of grains covered by the EBSD scan is

small. Thus, the texture may not be statistically
representative.

DISCUSSION

The magnetization process in ferromagnetic
materials (e.g., electrical steels) mainly takes place
through the movements of magnetic domain walls,
which are discontinuous in nature and give rise to
the magnetic Barkhausen noise.?*?> The composi-
tion, microstructure, stress configuration, crystallo-
graphic texture, etc. all affect the magnetic domain
configurations and domain wall movements, thus
influencing the magnetization process and the mag-
netic properties. The magnetization loss, i.e., the
dampin% of the domain wall motion by eddy cur-
rents,?>?6728 ig highly dependent on the microstruc-
ture, texture as well as the stress state of the
material.

It has been shown in this study that even a 6%
thickness reduction during temper rolling signifi-
cantly increases the core loss by more than 50%.
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Fig. 9. Microstructure and crystallographic texture of the steel after batch annealing and temper rolling: (a and b) EBSD inverse pole figure (IPF)
maps of batch-annealed and temper-rolled samples, respectively, (c) and (d) textures of the batch-annealed and temper-rolled samples,

respectively.

This is mainly caused by the dislocations created
during plastic deformation. The slip during plastic
deformation increases the number of dislocations
(dislocation density) in the material. Near the
dislocations, strain fields are generated, which
contribute to the redistribution of strain within
grains and change the volume of the magnetic
domains. The created strain fields increase the
number of magnetic domains,?® leading to the
increase of domain walls. Dislocation pileups and
tangles also act as pinning sites to domain wall
movement. As a result, the core loss increases since
larger resistance must be overcome during magne-
tization. After rolling, residual stresses (elastic in
nature) will remain in the deformed material, which
increases the wall energy gradient and the magnetic
field required to move domain walls,?>?° also lead-
ing to higher core loss.

Annealing at a relatively low temperature (e.g.,
500°C) does not cause obvious change of the
microstructure since only recovery (no recrystal-
lization) has occurred in the material. However,
recovery reduces the dislocation density and
changes the dislocation structure through disloca-
tion annihilation and rearrangement, which
reduces the number of magnetic domains and the
number of pinning sites, leading to the decrease of
the core loss. Recovery also partially releases the

residual stress, which also decreases the core loss.
When the annealing temperature is increased to
600°C or above, recrystallization occurs in the
microstructure, which not only alters the
microstructure (as evidenced by the increase of the
average grain size) and releases the residual stress
but also changes the crystallographic texture (as
evidenced by the increase in maximum texture
intensity), leading to a further decrease of the core
loss. Increasing the annealing temperature to 700°C
or higher significantly changes the microstructure
(much larger grain size) and crystallographic tex-
ture (very different textures), which changes the
core loss. After recrystallization, the (macroscopic)
residual stress is assumed to be completely released
and the core loss is mainly determined by the
microstructure and texture. As a result, the core
loss does not any more decrease linearly with the
increase of the annealing temperature. Similarly,
changing the annealing time at a fixed temperature
that is high enough to cause recrystallization will
also result in different microstructures and tex-
tures, again leading to different magnetic
properties.

The variation of the relative permeability with
respect to the steel processing state is mainly
caused by the changes in residual stress and
texture. The large residual stresses in the steel
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Fig. 10. Microstructure and crystallographic texture of the steel after temper rolling and annealing: (a) and (b) EBSD inverse pole figure (IP 3,
maps of samples after annealing at 600 and800°C, respectively, (c) and (d) textures of the samples after annealing at 600 and 800°C,’

respectively.

after temper rolling cause a large decrease in
relative permeability since the equivalent magnetic
field due to stress (H,) is proportional to the stress
(0) according to Jiles and Atherton’s theory:*—32

3o di

7 2 Ho dM

where A is the bulk magnetostriction, M is the
magnetization, and g, is the permeability of free
space. The measured permeability at a given B
(u = B/H) thus decreases with the increase of the
residual stress in the material. Annealing releases
the residual stress, therefore increasing the relative
permeability. However, annealing at a relatively
low temperature (where only recovery occurs), e.g.,
at 500°C, cannot completely release the residual
stress or change the microstructure; thus, the
relative permeability is lower than those after
recrystallization. Once the (macroscopic) residual
stress has been completely removed (annealing at
700°C or above), the determining factor of the
relative permeability is assumed to be the crystal-
lographic texture (magnetocrystalline anisotropy
energy); the relative permeability shows significant
variations since the texture and microstructure
generated at these annealing temperatures are

(5)

significantly different. It is also noted that, after
the steel is recrystallized, the anisotropy in relative
permeability between the RD and the TD increases
significantly (Fig. 2).

The anisotropy of ferromagnetic materials mainly
comes from two sources: the magnetocrystalline
anisotropy (orientation dependence) and the Jmag-
netoelastic anisotropy (strain dependence).?** The
reverse of the anisotropy direction in core loss after
temper rolling, i.e., the core loss in the TD becomes
smaller than that in the RD, may be attributed to (1)
residual stresses and dislocations that alter the
magnetic domain configurations, (2) the formation
of crystallographic texture that changes the mag-
netization easy axis, and (3) the microstructural
inhomogeneities induced during plastic deformation
that change the magnetic domain configurations.
All of them affect the domain wall dynamics and
contribute to magnetic anisotropy. Under stress, the
direction of domain magnetization is determined by
both the MAE and the magnetoelastic energy.

The MAE is determined by the crystallographic
texture of the material, which can be calculated
using the angles («, f3, y) between the magnetization
vector (H) and the crystal easy axes (<001 > for bcc
iron). Two parameters have been frequently used to
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Fig. 11. Microstructure and crystallographic texture of the steel after temper rolling and annealing at 800°C for 24 h'® and at 900°C for 2 h,

respectively: (a) and (b) IPF maps, (c) and (d) textures.

characterize the magnetic quality of the texture,
i.e., the texture factor,®> Ay, and the anisotropy

factor,”! A(ﬁ):

Ao = [ fl@min(s p.7)dg. A € [0°,54.7]  (6)

A (h) = cos?a cos?f + cos?y cos?f + cos?a cos?y,

A(Z) € [0,0.333]
(7)

The texture factor directly evaluates the average
minimum angle between the magnetization vector
and the easy axes of all the crystals in the material.
Apparently, the smaller the texture factor, the
closer the magnetization vector to the easy axes,
and the better the magnetic quality. The anisotropy
factor is directly related to the MAE as:?1:33

Eyar = KiA (Z) + K, (cos2oz cos2ﬁcos2y) (8)

where K; and Ky are the anisotropy constants.
Apparently, the smaller the anisotropy factor, the
smaller the MAE. Using the orientation data (and
the calculated ODFs) from the EBSD scans, the
anisotropy factor can be calculated using Eq. 7. The
results are then compared to the measured core loss
and relative permeability, as shown in Fig. 12 (for
annealed samples only).

For ferromagnetic materials with a positive mag-
netostriction (e.g., electrical steel), a tensile stress
(in the elastic region) tends to align the magnetic
domains (the easy magnetization axis) along the
stress direction and enhances magnetic properties
in the stress direction, while a compressive stress
tends to align the domains perpendicular to the
stress direction and thus disfavors the magnetiza-
tion in the stress direction.?>**=37 However, plastic
stress induces much more complicated changes to
the magnetic domain configuration, microstructure,
and texture, which significantly affect the magnetic
properties, but are very difficult to model. The
residual stresses after plastic deformation also
affect the magnetic properties. The change of the
anisotropy direction in core loss after temper rolling
may be attributed to the residual stresses in the
steel (which are not accounted for in the anisotropy
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Fig. 12. The relationships between the magnetic properties and the anisotropy factor and average grain size: (a) core loss and (b) relative
permeability at 60 Hz and 1.5 T. Note that annealing at 775°C for 24 h is after cold rolling, while all the other annealing is after temper rolling.

factor calculations), since the anisotropy factor
caused by the texture is almost identical in the RD
and the TD (0.196 and 0.200, respectively), while
the anisotropy in core loss is not zero.

For annealed samples (Fig. 12), when the grain
size is smaller than about 200 yum, the core loss
generally follows a similar trend to the anisotropy
factor, i.e., the smaller the anisotropy factor, the
smaller the core loss. However, if the grain size is
very large (347 um), the core loss is increased

although the anisotropy factor is decreased. As
mentioned before, due to the large grain size, the
texture (and thus the anisotropy factor) of this
sample may not be statistically representative,
which may have caused the deviation from the
general trend. On the other hand, the difference in
core loss between the RD and the TD is not reflected
in the difference in anisotropy factor between the
RD and the TD since the difference in core loss is
always negative (core loss in the RD is lower than in
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the TD), while the difference in anisotropy is not
always negative (only annealing at 600°C for 2 h
and 800°C for 2 h gives rise to lower anisotropy
factors in the RD than in the TD).

The relative permeability generally follows a
similar trend to the grain size but does not follow
the trend of the anisotropy factor (Fig. 12b). How-
ever, when the grain size is 165 ym (annealing at
800°C for 2 h) or larger, a smaller (mixed) aniso-
tropy factor normally corresponds to a larger
(mixed) relative permeability. The difference in
relative permeability between the RD and the TD
is also not reflected in the difference in anisotropy
factor. In all the cases, the relative permeability in
the RD is higher than that in the TD, but the
anisotropy factor in RD is smaller than that in TD
only when the annealing is at 600°C for 2 h and at
800°C for 2 h. These discrepancies may be caused by
the micro-scale residual stresses®® which are pre-
sent in the recrystallized materials,® but are not
considered either in the MAE or the magnetoelastic
energy (recrystallization is assumed to completely
release the residual stress).

It is well known that the core loss of electrical
steel is also closely related to the grain size.
Hysteresis loss decreases with the grain size while
eddy current and excess losses increase with the
grain size.***! As a result, there is an optimal grain
size at which the total core loss is the lowest, which
has been observed to be ~ 165 um (close to the
150 um found in Ref. 41) for the NOES in this study
(Fig. 12a). Annealing at 800°C for 2 h after temper
rolling gives rise to the lowest anisotropy factors
and an optimal grain size, leading to the lowest core
losses.

The relationships between the core loss and the
magnetic flux density (B) and frequency (f) as
observed in this study may be explained by the
“Best Fit” model frequently cited in the literature.
The total core loss (P) is composed of three compo-
nents, i.e., the hysteresis loss (P},), the classical eddy
current loss (Pg), and the excess (anomalous) loss
(P,), and can be modeled as:?%*2

P =Py + Py + Po = kpBLf + kaB2f? + kBL 2 (9)

where ky, kg, and k. are the coefficients for hys-
teresis, classical eddy current, and excess loss
components, respectively, B,, is the peak flux den-
sity, and o is the exponent of the flux density
(¢ = 1.6-1.8 for NOES).*>** It should be noted that
these coefficients do not possess physical meaning.
It is seen that all three loss terms are related to the
magnetic flux density, B, and the frequency, f. The
correlation between the core loss and the magnetic
flux density (when the frequency is fixed) as
observed in this study, i.e., a quadratic polynomial
function, agrees with the above relationship since
the maximum power on the flux density is also 2. It
has been shown that this relationship does not
change even if the material is under different

processing states, i.e., deformed, recovered, or
recrystallized. Similarly, if the magnetic flux den-
sity is fixed, the relationship between the core loss
and the frequency can also be modeled as a
quadratic polynomial function, which again agrees
with the above equation since the maximum power
on the frequency is 2. Similarly, the processing state
of the material does not affect the correlation
function although the coefficients are different
under different conditions.

The relationships between the relative permeabil-
ity and the magnetic flux density and frequency in
NOES have rarely been reported in the literature.
The results from this study show that, when the
frequency is fixed, the relative permeability first
slightly increases with the flux density as a cubic
polynomial function when the flux density is low; it
then rapidly drops when the flux density is high.
When the flux density is fixed, the relative perme-
ability generally decreases with the frequency also
according to a cubic polynomial function. It is noted
that these functions apply to all the samples
regardless of the processing states, i.e., deformed,
recovered, or recrystallized. Again, the coefficients
of these polynomials do not possess physical mean-
ing. However, these functions are simple to use for
the evaluation of magnetic properties of the electri-
cal steel under different magnetization conditions.

CONCLUSION

A semi-processed, low-silicon non-oriented elec-
trical steel was temper-rolled and annealed at
different temperatures (with a fixed time of 2 h)
and times (with a fixed temperature of 800°C). The
magnetic properties in both the RD and the TD were
measured using the Epstein frame method, and the
anisotropies in both core loss and relative perme-
ability were evaluated, which were compared to the
grain size and anisotropy factor obtained from
microstructure and texture analysis. The findings
are summarized as follows:

(1) The optimal annealing condition for the tem-
per-rolled steel was found to be 800-825°C for
2-4 h, which give rise to the lowest core loss,
very high relative permeability, and small
anisotropy in both core loss and relative
permeability.

(2) Temper rolling not only increases the core loss
and reduces the relative permeability, but also
reverses the anisotropy direction in core loss,
i.e., makes the core loss higher in RD than in
the TD, which is opposite to that after anneal-
ing; temper rolling reduces the anisotropy in
relative permeability between the RD and the
TD to almost 0.

(83) The core loss follows quadratic polynomial
functions with respect to both the magnetic
flux density (when the frequency is fixed) and
frequency (when the magnetic flux density is
fixed); this relationship applies to the NOES
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regardless of the processing state, i.e., de-
formed, recovered, or recrystallized.

(4) The relative permeability follows cubic poly-
nomial functions with respect to both the
magnetic flux density (when the frequency is
fixed) and frequency (when the magnetic flux
density is fixed), again regardless of the
processing state of the material.

(5) The core loss generally follows a similar trend
to the anisotropy factor, i.e., a higher aniso-
tropy factor leads to a higher core loss, while
the relative permeability generally does not
correspond to the anisotropy factor; the opti-
mal grain size (where the lowest core loss is
obtained) is 165 um, which is obtained after
annealing at 800°C for 2 h.

(6) The anisotropy in magnetic properties (core
loss and relative permeability) between the
RD and the TD cannot be accounted for by the
anisotropy factors calculated in these direc-
tions from the texture data, even after the
material has been fully recrystallized (macro-
scale residual stresses have been released);
micro-scale residual stress in the material
might have played a role in determining the
anisotropy.
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