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Abstract: Optimum grain size and effects of crystallographic textures on magnetic properties of
Fe-0.65%Si non-oriented electrical steel produced by compact strip production (CSP) process were
investigated by optical microscope, electron backscatter diffraction (EBSD), and X-ray diffraction
(XRD) techniques. Magnetic induction and core loss show a decreasing trend with the increase
of grain size, and grain sizes for optimal magnetic properties are in the range of 26–30 µm. Core
loss would be mainly affected by grain size, whereas crystallographic texture would primarily
affect magnetic flux density. Magnetic properties increase with increasing of texture factor (volume
fraction ratio of {100}/{111}) and magnetic texture factor (volume fraction ratio of <100>/<111>), and
increasing with the decrease of A-parameter (minimum angle between magnetization direction and

the closest <100> direction) and A(
→
h ), respectively. Simultaneously, with increasing of A-parameter

and A(
→
h ), a linear decrease of B50 was obtained.

Keywords: non-oriented electrical steel; texture; microstructure; magnetic properties; magnetic
anisotropy parameters

1. Introduction

Non-oriented electrical steel is an extremely important Fe-Si soft magnetic alloy with
many factors affecting its magnetic properties, among which alloy composition, grain size,
and texture component content have the greatest influence [1–3]. As the grain size of the an-
nealed sheet increases, the magnetic domain size would also increase and hysteresis loss
(Ph) decrease, but both eddy current loss (Pe) and the abnormal eddy loss (Pa) considering
the magnetic domain structure would increase [4–7]. Meanwhile, grain size of the optimum
magnetic properties would obviously be correlated with composition and cleanliness of
the steel.

Due to the magneto-crystalline anisotropy of ferromagnetic materials where the <100>
crystal directions are the easy magnetization axes of bcc iron, texture of non-oriented
electrical steels has a profound effect on the magnetic properties, especially on core loss and
magnetic induction. Hence, ideal crystal texture of <100> crystal directions is always sought
for improving magnetic properties of non-oriented electrical steel [2,3]. In order to correlate
the crystallographic texture to magnetic properties, texture factor (ratio of {001}<uvw> to
{111}<uvw>), magnetic texture factor (ratio of <100> to <111>), A-parameter (minimum
angle between magnetization direction and the closest <100> direction), and E (magnetic
anisotropic properties) have been proposed, which usually evaluate the relative volume
factions of specific orientations in the complete texture [8–15]. Magnetic properties and
texture factor, magnetic texture factor, A-parameters, and E are directly related. Therefore,
the magnetic properties of non-oriented electrical steel could be quantified by analyzing
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the content of different textures. K.M. Lee et al. [9] showed that magnetic properties and
magnetic anisotropy parameters which were determined by the texture have a strict linear
relationship. While the grain size and alloy element content were equivalent, Sidor J.J.
et al. [13] studied the influence of the microstructure and texture of non-oriented silicon
steel on the magnetic properties through model establishment and texture data analysis,
and concluded that there is a strict corresponding relationship between texture components
and magnetic properties.

Simultaneously, non-oriented electrical steel in the CSP process has the advantages
of high efficiency and low energy consumption [16–19], and the fine and developed
columnar crystals themselves belong to the <001> direction and the hot-rolling rough-
rolling process is omitted, which makes it beneficial to higher content of favorable texture
components [20–22] and which is especially suitable for improving the magnetic properties.
However, due to the large difference between CSP process and the conventional slab pro-
cess, there are few systematic and in-depth studies on the influence of the microstructure
and texture of non-oriented electrical steel in CSP process on the magnetic properties. There-
fore, this research carried out experiments on CSP non-oriented electrical steel cold-rolled
sheets and annealed sheets. The detailed relationship between the magnetic properties,
microstructure, and texture of non-oriented electrical steel in the CSP process were studied,
with the aim to provide the theoretical basis of optimization magnetic properties of CSP
process non-oriented electrical steel.

2. Materials and Methods

The chemical composition of Fe-0.65%Si non-oriented electrical steel produced by CSP
process with 70 mm in thickness used in the present study is given in Table 1 [18]. Hot rolled
bands were plastically deformed from 2.5 mm to 0.5 mm with cold rolling. Afterwards,
the cold rolled sheets were annealed in 30%H2 + 70%N2 atmosphere. The initial annealing
temperature was set to 700 ◦C, increasing to 980 ◦C every 20 ◦C, and the annealing time
was set to 3 min and 5 min according to the situation of the continuous annealing furnace
on site. In order to ensure the accuracy of annealing test, each annealing process adopts
four rolling direction and four transverse samples.

Table 1. Main chemical composition of non-oriented electrical steel.

Elements C Si Mn P S Al N Cu Ti

Content, wt % 0.0030 0.65 0.25 0.075 0.0040 0.30 0.0035 0.030 0.0030

In order to study effects of texture on the magnetic properties, the annealed Fe-0.65%Si
non-oriented electrical steel plate in the CSP process was sampled, and the rolling direction
was sheared at 0◦ (rolling direction RD), 30◦, 60◦, and 90◦ (transverse TD) to make a 30× 300
mm sample for microstructure, macro-texture and micro-texture inspection. The sampling
diagram is shown in Figure 1.

Figure 1. Schematic diagram of Fe-0.65%Si annealed sheet.
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Microstructure was optically observed on the longitudinal section as defined by the RD
and the ND using ZEISS-Axio Scope A1 optical microscope. Macro-textures were measured
at surface, quarter, and center thickness layers using PANalytical EMPYREAN SERIES
2 X-ray diffraction with a radiation source of Co K-alpha. Micro-textures of the samples
also were analyzed by ZEISS SUPRA 55VP field emission scanning electron microscope
equipped with EDAX OIM electron backscatter diffraction (EBSD) system. The measure-
ments were made on the cross sections defined by the rolling and normal directions.
The area fractions of various textures were calculated using OIM Analysis 6.1 software.
Magnetic properties of final-annealed sheets with 30 mm in width and 300 mm in length
were tested by MPG100D equipment. In order to ensure the accuracy of magnetic properties
testing, three annealed sheets in transverse and rolling directions were selected to take
the average value of magnetic properties by single sheet test.

3. Results and Discussions
3.1. Microstructure

Microstructure and grain sizes of Fe-0.65%Si non-oriented electrical steel in the CSP
process under different annealing processes are shown in Figures 2 and 3.

Figure 2. Cont.
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Figure 2. Microstructure of Fe-0.65%Si non-oriented electrical steel TD samples in different annealing
processes.

Figure 3. Change trend of grain sizes (TD samples) with annealing temperature of Fe-0.65%Si
non-oriented electrical steel.

As the annealing temperature increases, the grain size of the annealed sheet gradually
becomes larger. Nonetheless, after annealing temperature is increased to 920 ◦C, grain
size increases to a smaller extent, and the increase of grain size is reduced by extending
annealing time.

3.2. Correlation of Microstructure and Magnetic Properties

At power frequency, hysteresis loss (Ph) is inversely proportional to the grain size D,
and eddy current loss (Pe) is directly proportional to D. There is an optimal critical grain
size to minimize core loss of the annealed sheet [23,24]. Therefore, in the case of a fixed
cold rolling reduction rate, the reasonable annealing temperature and time are particularly
critical to the grain size of the annealed sheet. The variation trend of magnetic properties of
Fe-0.65%Si annealed sheet with annealing temperature and grain size are shown in Figure 4.
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Figure 4. Trend of magnetic properties of Fe-0.65%Si non-oriented electrical steel with annealing
temperature and grain size.

Core loss (P15/50 was determined at induction of 1.5 T and 50 Hz) of Fe-0.65%Si
annealed sheet shows a downward trend with the increase of annealing temperature, and
the downward trend is smaller after 880 ◦C and slightly increases after 940 ◦C. Magnetic
induction (B50 was determined at a magnetic field strength of H = 5000 A/m) shows
a downward trend with the increase of annealing temperature, and drops rapidly after
reaching 920 ◦C. Therefore, a proper annealing process is a prerequisite for improving
the magnetic properties. Relationship between grain size and magnetic properties shows
as formula (1) [25]

D3/4 = lg
(
γ

K1

) δ
1.32

(1)

where D is grain size, γ is the domain wall energy per unit domain wall area, K1 is
the magneto-crystalline anisotropy constant, and δ is the magnetic domain width.

With the increase of D, the number of grain boundaries decreases, the area occupied
by grain boundaries decreases, and the hysteresis loss decreases. Meanwhile, under
the condition of power frequency, Ph usually accounts for 60–80% of PT (total core loss)
in non-oriented electrical steel [1–3]. Therefore, P15/50 of the annealed sheet decreases
as the annealing temperature increases. Because of the eddy current loss would increase
with the magnetic domain width [1–3], it is speculated that as the annealing temperature
continues to increase, the grain size of the annealed sheet exceeds the critical grain size,
causing the eddy current loss to be greater than the reduction in hysteresis loss, and thus
the core loss of the annealed plate increases. With the increase of grain size, the magnetic
induction intensity and core loss decreased. Taking into account annealing temperature,
annealing time (as shown in Figure 3), P15/50 and B50 of the Fe-0.65%Si non-oriented
electrical steel annealed sheet, as shown in Figure 4, grain size for optimal magnetic
properties is 26–30 µm.

3.3. Textures and Magnetic Properties

Measurement the magnetic hysteresis loop at 50 Hz and 5000 A/m and the mag-
netization curve at 50 Hz of samples at 0◦, 30◦, 60◦, and 90◦ with the rolling direction
(in subsequent studies, they will be named: 0◦ sample, 30◦ sample, 60◦ sample, and 90◦

sample) of Fe-0.65%Si which were annealed in 30%H2 + 70%N2 atmosphere at 880 ◦C are
shown in Figures 5 and 6. The order of the area enclosed by the hysteresis loop of samples
is 60◦, 30◦, 90◦, and 0◦ sample, so the hysteresis loss is also in this order at 50 Hz and
5000 A/m. The magnetization curve shows that the order of the degree of difficulty of
magnetization in each sample is 60◦ (difficult)→30◦→90◦→0◦ (easy).
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Figure 5. Hysteresis loops of Fe-0.65%Si non-oriented electrical steel at 50 Hz, 5000 A/m and
Magnetization curves at 50 Hz.

Figure 6. In-plane variation of Magnetic properties for Fe-0.65%Si non-oriented electrical steel
annealed sheet.

Magnetic properties of Fe-0.65%Si non-oriented electrical steel annealed sheet samples
at different angles with the rolling direction are shown in Figure 6. Changing trend of mag-
netic induction and core loss are opposite, and magnetic properties change in the order of
60◦ (the worst)→30◦→90◦→0◦ (the best), which corresponds exactly to hysteresis loops at
50 Hz, 5000 A/m in Figure 5. Since samples are from the same annealed sheet, the influence
of chemical composition and grain size on the magnetic properties could be excluded, thus
the changing trend of magnetic properties in Figure 6 is caused by changing of texture.

In order to study effects of texture on magnetic properties in detail, the EBSD inverse
pole figure (IPF) maps and ODF cross-sectional view of ϕ2 = 0◦ and ϕ2 = 45◦ are shown
in Figure 7. The particular texture component was defined in a deviation angle of 15◦.
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Figure 7. EBSD inverse pole figure (IPF) maps, ϕ2 = 0◦ and ϕ2 = 45◦ ODF section of Fe-0.65%Si
annealed sheet with different angles to rolling direction, (levels: 1, 2, 4, 8).

As shown in Figure 7, texture in the thickness direction of different angles to the rolling
direction is mainly γ-fiber texture with {111}<110> and {111}<112>, and most of the grains
are {111} plane-oriented grains (blue part) and {100} plane-oriented grains (red part).
Figure 8 shows the statistics of the main texture volume fractions involved in different
annealed sheet samples.
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Figure 8. Texture in each direction of Fe-0.65%Si non-oriented electrical steel annealed sheet.

As seen from Figure 8, the content of each texture changes regularly with changing
of the angle with the rolling direction. <100>/η-fiber texture and {001}/λ-fiber texture
in different sample does not change much. The content of {001}/λ-fiber texture in of 0◦ and
90◦ samples is relatively high, reaching 11.73% and 11.51%, respectively. The content of
α-fiber texture varies greatly, and the maximum content is 38.71% in 0◦ sample. The content
of magnetically harmful <111> texture in the 60◦ sample is the highest, reaching 15.21%.
The volume fractions of γ-fiber texture in each plate is between 41.63% and 43.73%. With
the change of the angle to the rolling direction (0–90◦), {411}<148> and {001}<120> decrease
first and then increase, and the content in 0◦ sample are the largest (19.40% and 6.49%,
respectively), that of 60◦ sample are the smallest (3.70% and 1.48%, respectively).

According to the volume fractions of each texture of the samples at different angles to
the rolling direction, favorable textures of 0◦ sample is the highest, and magnetic harmful
textures is the lowest. However, texture distribution of 60◦ sample is opposite to that of
0◦ sample. The texture distribution in the thickness directions of 30◦ and 90◦ samples are
similar. Therefore, changing trend of magnetic properties in Figure 6 is caused, that is,
the rolling direction magnetic properties are the best, and 60◦ sample magnetic properties
are the worst.

3.4. Correlation of Texture and Magnetic Properties

BCC crystal has the lowest magneto-crystalline anisotropy in the <001> direction
which is the easy magnetization direction and the <111> direction has maximum magneto-
crystalline anisotropy energy which is the direction of difficult magnetization, thus {100}
texture with the most <001> easy magnetization directions is the most ideal texture for non-
oriented electrical steel [2,3]. However, in industrial products, {100} texture is too difficult
to obtain. With aim to study the relationship between different textures and magnetic
properties, texture factor, magnetic texture factor, A-parameter and E, etc. could be used to
quantitatively analyze the relationship between texture and magnetic properties.

Texture factor is better compared to magnetic properties measured in all the directions
in the steel sheet as it cannot ‘distinguish’ the individual directions in the sheet plane, but
this parameter is an incomplete analysis of the easy magnetization directions in the tex-
ture. Thus, magnetic texture factor is a higher value represents a better magnetic quality.
A-parameter and anisotropy parameter [26] are very similar in that they both evaluate
the angles between the magnetization direction and the three easy <001> axes of each
orientation present in the sample. Anisotropy parameter is a reduced form derived from
the basic magneto-crystalline anisotropy energy equation, and can also be averaged over
the measured texture (ODF or discrete orientations).
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For magnetically soft materials, correlation of anisotropic magnetic properties with
texture data is often based on analysis of the magneto-crystalline anisotropy energy E and
A-parameter, which, in a cubic crystal, is defined by [13,14]

E = K0 + K1

(
h2

1h2
2 + h2

2h2
3 + h2

3h2
1

)
+ K2

(
h2

1h2
2h2

3

)
+ . . . (2)

A =
∫

f (g)A(g)dg (3)

Here, crystallographic direction is expressed by the vector
→
h = [h1h2h3], which is

a unit vector of the rolling direction RD = [u v w]. The first term, K0, is independent
of textures and is usually ignored. In pure iron at ambient temperature, the anisotropy
constants are K1 = 4.8 × 104 J/m3 and K2 = ± 0.5 × 104 J/m3 [11,14]. Let the angles
between the magnetization direction (e.g., RD) and the three ([100], [10], and [1]) easy axes
of a crystal be α1, α2, and α3, respectively. The f (g) is the orientation density function
(ODF) calculated from the measured pole figures. Accordingly the third (and higher) terms
in Equation (2) can be neglected, and there is a linear dependency of the magneto-crystalline

anisotropy energy E on the anisotropy parameter A(
→
h ) =

(
h2

1h2
2 + h2

2h2
3 + h2

3h2
1
)
.

In rotating applications, the angle θ changes constantly, and therefore, the direction

averaged A-parameter and A(
→
h ) of non-oriented electrical steel are expressed as (4) and

(5) [11,13,14]

A =
∫

Aθdθ (4)

A(
→
h ) =

∫
A(
→
h )θdθ (5)

Magneto-crystalline anisotropy energy E expresses the energy required for magne-
tization in the direction away from the easy magnetization direction <001>. If multiple
magnetization directions are tested, this can be repeated for each magnetization direction
and an average over all the directions can be obtained. It should be noted that the value of
A(g) for an arbitrary crystal orientation falls in the range of 0–54.7◦, while the value of h(g)
is between 0 and 0.333. When one of the <001> directions is aligned in the magnetization
direction, A(g) = 0◦ and h(g) = 0; when one of the <111> directions is in the magnetization
direction, A(g) = 54.7◦ and h(g) = 0.333. Apparently, a low value of the A-parameter or
the anisotropy parameter corresponds to a high magnetic quality of texture, as it implies
that the <100> directions are aligned closer to the magnetization direction.

As calculating the texture factor and magnetic texture factor, OIM Analysis 6.1 analysis
software was used to calculate the content of specific orientation grains and 15◦ of deviation
angle is selected. Since the calculation of the A-parameter and the magnetic anisotropy pa-

rameter A(
→
h ), the content of the specific texture needs to be considered as comprehensively

as possible (mainly considering the texture components in the ODF cross-sectional view
of ϕ2 = 0◦ and ϕ2 = 45◦). Therefore, when calculating the A-parameter and the magnetic

anisotropy parameter A(
→
h ), a deviation angle of 10◦ is mainly used in the calculation of

the distribution of specific orientation grains and the quantitative analysis.
Calculating texture factor, magnetic texture factor, A-parameter, and magnetic anisotropy

parameter A(
→
h ) of Fe-0.65%Si non-oriented electrical steel annealed sheets in the thickness

direction of different samples are shown in Figure 9.
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Figure 9. Variation trend of Texture Factor, Magnetic Texture Factor, A-parameter and magnetic

anisotropy parameter A(
→
h ) of Fe-0.65%Si non-oriented electrical steel annealed sheet.

As shown in Figure 9, texture factor, magnetic texture factor, A-parameter, and mag-

netic anisotropy parameter A(
→
h ) show regular changes with the angle of the rolling

direction. The minimum texture factor and magnetic texture factor is 60◦ sample (0.142 and

2.30, respectively), nonetheless A-parameter and magnetic anisotropy parameter A(
→
h ) are

the largest (39.42◦ and 0.244, respectively). However, texture factor, magnetic texture factor,

A-parameter, and magnetic anisotropy parameters A(
→
h ) of 0◦ sample are opposite to those

of 60◦ sample (0.281, 3.685, 24.3◦, and 0.191, respectively). Texture factor is not much
different in the thickness direction of 0◦ (rolling direction) and 90◦ (transverse direction),
and magnetic texture factor is also not much different between 30◦ and 60◦ samples.

Combining variation tendency of texture-related parameters (shown in Figure 9)
and magnetic properties (shown in Figure 6), magnetic properties of Fe-0.65%Si non-
oriented electrical steel increase with texture factor and magnetic texture factor and decrease

with increasing of A-parameter and magnetic anisotropy parameter A(
→
h ). A-parameter

and magnetic anisotropy parameter A(
→
h ) were evaluated the relative volume factions of

specific orientations in the complete texture and texture selection was more partial when
calculating the texture factor and magnetic texture factor. Therefore, in order to analyze
the relationship between magnetic properties and texture of non-oriented electrical steel

in detail, the influence of A-parameters and magnetic anisotropy parameters A(
→
h ) on

magnetic properties of Fe-0.65%Si non-oriented electrical steel is shown in Figure 10.

Figure 10. Effects of A-parameters and magnetic anisotropy parameter A(
→
h ) on magnetic properties

of Fe-0.65%Si non-oriented electrical steel.

As seen in Figure 10, A-parameter and magnetic anisotropy parameter A(
→
h ) are

distributed in 24.3–39.42◦ and 0.191–0.244, respectively. P15/50 and B50 are distributed
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in 4.678–5.344 W/kg and 1.658–1.749 T, respectively. Particularly, there is a linear change

trend between B50 and A-parameter and magnetic anisotropy parameter A(
→
h ). P15/50 and

B50 decrease with increasing of A-parameter and magnetic anisotropy parameter A(
→
h ),

obviously. Therefore, as the chemical composition, cleanliness and grain size are equivalent,
texture has a decisive influence on P15/50 and B50.

Under power frequency conditions, magnetic hysteresis loss Ph usually accounts for
about 60–80% of core loss PT of non-oriented electrical steel, and the magnetic hysteresis
loss decreases linearly with the decrease of A-parameter and magnetic anisotropy pa-
rameter [1,13,14]. Therefore, A-parameter and magnetic anisotropy parameter could only
explain 60–80% of the change of P15/50, which results in the change rule with A-parameter
and magnetic anisotropy parameter of P15/50 in Figure 10. Regression analysis of the rela-
tionship between A-parameter and magnetic anisotropy parameter on B50 of Fe-0.65%Si
non-oriented electrical steel can be obtained

B50 = 1.90− 0.0061A; R2 = 0.96 (6)

B50 = 2.08− 1.70A(
→
h ); R2 = 0.94 (7)

Combining Figure 10, Formulas (6) and (7), A-parameter and magnetic anisotropy

parameter A(
→
h ) could explain 60–80% of the change of P15/50, and changing of A-parameter

and magnetic anisotropy parameter A(
→
h ) could better express the change trend of magnetic

induction B50.

4. Summary and Conclusions

The effect of grain size and crystallographic texture on magnetic properties of Fe-
0.65%Si non-oriented electrical steel produced by CSP process were investigated, following
conclusions were obtained:

(1) Magnetic induction and core loss of Fe-0.65%Si non-oriented electrical steel would
decrease with the increase of grain size. The grain size of best magnetic properties is
26–30 µm.

(2) γ-fiber texture and α*-fiber texture are the main texture component of rolling direction
sample and 60◦ sample, but strength of {111}<112> texture is stronger and content
of magnetic harmful texture is the largest in 60◦ sample. γ-fiber texture is the main
texture component in 30◦ and 90◦samples.

(3) Magnetic properties increase with increasing of the texture volume fraction ratio
of {100}/{111} and <100>/<111>, and increase with the decreasing of A-parameter

and A(
→
h ), respectively. Simultaneously, with increasing of A-parameter and A(

→
h ),

a linear decrease of B50 was obtained.
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