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A New Process to Develop (100) Texture in
Silicon Steel Sheets

T. Tomida

A process for developing (100) texture in silicon steel sheets by manganese removal and decarburization
is described. The process consists of annealing in vacuum and subsequent decarburization of convention-
ally hot- and cold-rolled steel sheets that contain silicon, manganese, and carbon. During the vacuum an-
nealing at o/y duplex or y-phase temperatures around 1000 °C, manganese removal occurs and a thin
layer near the sheet surface transforms to o. The (100) texture markedly develops in the surface layer.
Various types of (100) texture—for example, (100)[021], (100)[001], and (100)[011]—appear at this stage
of annealing, depending on processing conditions. During the subsequent decarburization, the grains at
the surface layer grow inward as columnar grains retaining the (100) texture. The decarburized steels
with a grain size of a few hundred micrometers exhibit excellent soft-magnetic properties.
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1. Introduction

A GROWING DEMAND for energy-efficient motors and trans-
formers has created the need for low-loss, high-permeability
silicon steel sheets. However, current nonoriented silicon steel
sheets, which are essentially isotropic with magnetic properties
dependent mainly on chemistry (purity and silicon content) and
grain size, are far from the magnetically ideal state. Moreover,
grain-oriented silicon steels with (110)[001] possess only one
easy magnetizing direction in the sheet plane along the rolling
direction. Significant improvements could be realized by de-
veloping an ideal texture for which the (100) plane is parallel to
the sheet surface. This texture maximizes the number of easy
magnetizing directions in the sheet plane. Nevertheless, no
commercial steel approaches this (100) texture. This paper de-
scribes a process for developing the (100) texture in silicon
steel sheets (Ref 1) and shows how this process improves mag-
netic properties.

The process described here consists of manganese removal
and decarburization (MRD process), which has been devel-
oped for 2% Si steel sheets (Ref 1). This development is based
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Table 1 Chemical compositions of starting steels

on the observation that slow transformation and recrystailiza-
tion near the sheet surface are strongly influenced by the inter-
facial energy between steel and atmosphere—that is. surface
energy (Ref 2-4). The effect of surface energy on recrystalliza-
tion in high-purity silicon steel sheets has been investigated by
many to develop the (100) texture (Ref 2, 3, 5), and it is well
known that a secondary recrystallization with the (100) pre-
ferred orientation takes place due to the anisotropy of surface
energy in some atmospheres, such as a vacuum. However, this
method limits thickness of the sheet to values far below that of
normal-gage silicon steel sheets (e.g., 0.3 to 0.6 mm). Driving
force by surface energy for such recrystallization decreases
with increasing sheet thickness (Ref 6). Then it encounters a
practical limit of sheet thickness (0.1 to 0.2 mm) (Ref 7). The
MRD process is a route to overcome this difficulty.

This process is a two-stage annealing of silicon steel sheets
that contain manganese and carbon (Ref 1). During the first
vacuum annealing stage, manganese removal occurs and in-
duces a slow transformation from austenite (y) to o-ferrite (o)
near the sheet surface to form a thin, distinct o layer. A pro-
nounced (100) texture is formed in the thin layer; selective
driving force for this texture development is believed to be sur-
face energy. In the second stage, decarburization promotes an
inward growth of the o grains near the surface and provides the
entire sheet with the same texture. Apart from resolving the
sheet thickness limitation, a suitably fine grain structure to
minimize core loss can also be obtained. In the following sections,
details of the MRD process, microstructure and texture evolution
during the process, and improved magnetic properties are

Composition (a), wt %

Steel C Mn Si Al

A 0.096 1.82 2.77 0.002
B 0.097 2.53 2.81 0.002
C 0.050 1.02 2.81 0.002
D 0.096 1.82 2.77 0.002
E 0.051 1.11 303 0.001
F 0.050 1.00 2.59 0001
G 0.050 1.03 2.07 0.001

(a) Determined by the inductively coupled plasma technique.
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described using recent results primarily for 3% Si steels. Some of
the metallurgical factors involved also are discussed.

2. Procedures

Examples of chemical compositions of starting steels for the
MRD process are listed in Table 1. Typical starting steels con-
tain 2 to 3% Si, 1 to 2.5% Mn, and 0.05 to 0.1% C. The steel
sheets of this composition (0.3 to 0.5 mm thick) are prepared by
conventional casting and rolling processes and are subjected to
the final two-stage annealing. The first stage is annealing in a
vacuum at temperatures around 1000 °C (for removal of man-
ganese); the second stage is decarburizing annealing in, for in-
stance, a wet hydrogen gas atmosphere in the same temperature
range. The chemical composition is controlled so that the steel
is of o/y duplex phase of y phase at the annealing temperature.

For the experiments described here, vacuum-melted steels
of the compositions listed in Table 1 were made at a research
laboratory. Resulting ingots from steels A to D were hot rolled
to 5.0 mm thick plates with a soaking temperature of 1150 °C,
machined to remove oxidized surface layers to 3.0 mm (A and
B) and 1.5 mm (C and D) thick plates, and then cold rolled to
the final gage of 0.35 mm. The ingots from steels E to G were
hot rolled to 4.0 mm thick plates with a soaking temperature of
1200 °C, pickled, and cold rolled to the same final gage.

Fig.1 Optical micrographs of the cross sections of steel B
annealed in vacuum at 1000 °C for 10 min (a), 2 h (b), and
9h(c)
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All steels were then subjected to a final annealing as fol-
lows. The sheet specimens were first annealed in a vacuum of
10-3 Pa at temperatures ranging from 850 to 1100 °C for peri-
ods up to 12 h. They were then decarburized in a dry hydrogen
gas or a wet hydrogen-argon gas at temperatures from 850 to
1000 °C. Prior to the final annealing, the surfaces of some
specimens were roughened or mirror-polished by coarse emery
powder or fine alumina powder, respectively, to investigate the
effect of surface roughness on texture development. The re-
maining specimen surfaces were as rolled.

Microstructure, texture, chemical composition, and mag-
netic properties of the specimens were investigated. Texture
was measured by using pole figure and inverse pole figure tech-
niques. These methods were used to measure the pole densities,
TRy where (I/1g) refers to the ratio of the x-ray integrated
intensity of a particular plane for a given sample to the inte-
grated intensity of the same plane for a “random” powder sam-
ple. Chemical composition was analyzed by inductively
coupled plasma (ICP) or electron probe microanalysis
(EPMA). Magnetic properties were measured by a single strip
tester with 30 by 100 mm strips or by using ring-shape speci-
mens with inside and outside diameters of 33 and 45 mm, re-
spectively. The strips and rings for the measurement were cut
from the specimens and stress relieved by annealing at 800 °C
for 1 h in argon atmosphere. To investigate the effects of sheet
thickness and stress on magnetic properties, some strip samples
were thinned by chemical etching, and magnetic properties
were measured by applying tensile stresses up to 9 x 106 Pa in
the magnetizing direction.

3. Microstructure and Texture Evolution

3.1 Manganese Removal Induced Transformation

Microstructure changes typical of the first annealing stage
are shown in Fig. 1. The material depicted (steel B) contains

o~
18]
= Beof
=
% 2401
[=|
il’ ﬁzo— o
oy | l | .
g\ 0‘ 0.1 g
E 1.7‘\{\ C i E
=] [e]e] o] o =]
S 1.6 p]
= 40.09 £
= | +
+ 1.5 =
§ 1.4f S
1.3 1 1 I I 0.08 ©
§ 0 40 80 120 160 200

Annealing Time, v/t (sec2)

Fig.2 Variation of thickness of the surface o layer and manga-
nese and carbon concentrations (by ICP) for steel A vacuum an-
nealed at 1000 °C with annealing time
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2.8% Si, 2.5% Mn, and 0.1% C before the annealing, and the
annealing temperature, 1000 °C, is a y-phase temperature for
steel of this composition. The bainitic structure seen in inner
portions of the specimens is a transformation product from y
phase during subsequent cooling. In addition, a bright layer
without carbide precipitates is observed to grow slowly from
the sheet surface during vacuum annealing. Thickness of the
layer becomes about 50 um after 10 h at this temperature. This
surface layer without carbides indicates that an isothermal
phase transformation to o occurs near the surface. Similar slug-
gish transformation to o has also been observed at o/y duplex
phase temperatures; relevant results will be discussed later in
Section 3.3. Hereafter, this transformed layer will be called
“surface o layer.”
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Fig.3 Depth profiles of manganese and iron concentrations
(by EPMA) for steel B vacuum annealed at 950 °C for 9 h
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Fig.4 Annealing temperature dependence of (200) pole den-
sity showing the development of (100) texture in the surface o0
layer. Annealing time, 9 h
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As shown in Fig. 2, the thickness of the surface o layer in-
creases with increasing annealing time, ¢, linearly with the
square root of . Correspondingly, the manganese concenira-
tion decreases also linearly with Vt, whereas the carbon con-
centration scarcely changes. Note that this compositional
analysis is not for the surface o layer but for the entire sheet.
The “averaged” manganese concentration decreases by 30%
when steel A is annealed at 1000 °C for 9 h. Thereafter, removal
of manganese does occur at this stage of annealing, causing for-
mation of the surface o layer.

By the manganese removal, manganese concentration near
the surface markedly reduces during vacuum annealing, as
shown in Fig. 3. Quantitative analyses by EPMA for steel B an-
nealed at 950 °C for 9 h show that manganese concentrations 10
and 40 um below the surface (within the surface o layer) are
0.06 and 0.56%, respectively, whereas that of a thickness center
portion is 2.6%. It is believed that the significant manganese
depletion near the surface increases the chemical potential of
carbon and, consequently, that carbon atoms near the surface
diffuse into the interior, resulting in a significant reduction in
carbon concentration near the surface and thereby causing the
transformation to the single o phase (Ref 1). The manganese re-
moval is thought to be due to evaporation of manganese, of
which equilibrium vapor pressure is as high as 0.4 Pa at 950 °C
(Ref 8). Moreover, the Vr dependence of the surface o layer
thickness and manganese concentration suggests that the
growth of the surface a layer is mainly controlled by diffusion
of manganese.

3.2 Texture Development

A (100) texture develops in the surface o layer during vac-
uum annealing. As shown in Fig. 4, (200) pole density in-
creases to more than 50, at the expense of other pole densities,
at temperatures ranging from 950 to 1050 °C for all steels under
investigation. Under such a proper annealing condition, pole
densities other than (200) have been observed to diminish al-
most to zero. It is noteworthy that the size of grains in the sur-
face o layer having this strongly accumulated texture is as
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Fig. 5 Effect of surface roughness on the (100) texture develop-
ment in surface o layer. Annealing temperature, 1000 °C
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small as 100 pm when measured in the sheet plane. This texture
development is influenced by surface roughness, as clearly
seenin Fig. 5. When the sheet surface is roughened with coarse
emery powder, the (100) texture development becomes very
sluggish, whereas the texture development for mirror-polished
surfaces is even faster than for as-rolled surfaces. Moreover, it
can be understood from Fig. 5 that the texture development oc-
curs primarily in an early segment of the annealing; in other
words, the evolution slows after the thickness of the surface o
layer exceeds about 30 um (see also Fig. 2). These trends imply

a RUD

that the selective driving force for the texture development is
surface energy. Itis considered that both the y — o transforma-
tion and the recrystallization of o near the surface are con-
trolled by surface energy so that such a pronounced (100)
texture is produced in fine-grained surface layers.

Since the driving force by surface energy determines only
the orientation of crystallographic planes parallel to the sheet
surface, “in-plane” anisotropy of the (100) texture can vary, de-
pending on processing conditions. Figure 6 illustrates such a
variation of the in-plane anisotropy. Textures with some spread

b RD

Fig. 6 (110) pole figures showing variation of the in-plane anisotropy of the (100) texture. The textures of steels A (a), C (b), D (c),
and E (d) are approximated as (100)[011}, (100)[001], (100)[Ovw], and (100)[021], respectively. Steels A to D and steel E were vacuum
annealed at 950 °C for 9 and 12 h, respectively.
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around (100)[001], (100)[011], and (100)[021] and an approxi-
mately random cube texture have been observed. Investigation
is under way on the mechanism that determines the in-plane an-
isotropy.

3.3 Inward Growth of Surface Grains by
Decarburization

At this point of the process, only the surface portion of the
sheet possesses (100) texture, and a fairly large amount of car-
bon, which deteriorates magnetic properties, still remains in-
side. Subsequent decarburizing annealing at o/y duplex or
Y-phase temperatures causes an inward growth of surface
grains as well as a reduction in carbon concentration.

Figure 7 shows cross sections of steel E vacuum annealed at
a o/y duplex phase temperature, 950 °C, for 12 h and the same
steel subsequently decarburized at 900 °C (a ou/y duplex-phase
temperature) in a wet hydrogen-argon atmosphere. Finer
equiaxial grains inside, consisting of dark and bright particles,
are due to the o/y duplex phase at the annealing temperature.
Surface o layers also are clearly observed after the vacuum an-
nealing. During the decarburization, the grains in the surface o
layer grow into the interior as columnar grains. The columnar
grains growing from both surfaces then impinge at the thick-

Table2 Magnetic properties measured with ring specimens

ness center of the sheet when decarburization is completed. The
grain size, measured in the sheet plane, is from 100 to 300 pm
when decarburization is completed, and it can increase to about
twice the sheet thickness by further annealing. As naturally ex-
pected from this microstructure development, the texture of the
decarburized sheet is very close to or almost the same as that of
the surface o layer formed by the preceding vacuum annealing
(compare Fig. 6d and 8). This clearly suggests that, under
proper decarburizing conditions, the grains in surface o layers
preferentially grow inward, and this grain growth dominates
the microstructure change at this stage of annealing.

4, Magnetic Properties

Because of their highly developed (100) texture and fine
grain structure, MRD-processed silicon steel sheets exhibit ex-
cellent magnetic properties. Typical magnetic properties meas-
ured with ring specimens are listed in Table 2. For example,
magnetic flux density at 5000 A/m, By, for the 3% Si steel
(steel E) is as high as 1.764 T, and this value increases to more
than 1.8 T by reducing the silicon concentration to 2.1% (steel
G). On the other hand, the core loss at 1.5 T and 50 Hz, W | 55,

Annealed in vacuum at 950 °C for 12 h and subsequently decarburized at 1000 °C (steels E and F) and 950 °C (steel G) in a dry hydrogen

atmosphere

Coercivity, Relative permeability Flux density, T Core loss, W/kg
Steel Alm atlsST Blo Bso wlolso W15[50
E 7.5 4506 1.601 1.764 0.54 1.37
F 11.3 4407 1.612 1.775 0.64 1.54
G 11.9 4680 1.628 1.805 0.70 1.66
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Fig.7 Optical photographs of cross sections of steel E vac-
uum annealed at 950 °C for 12 h (a) and subsequently decar-
burized at 900 °C in a wet hydrogen-argon atmosphere for 30
min (b) and 1 h (¢)
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Fig.8 (110) pole figure for the decarburized specimen shown
in Fig. 7(c)
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is as small as 1.37 W/kg for the 3% Si steel, and this core loss
only slightly increases to 1.66 W/kg when silicon concentra-
tion decreases to 2.1%. The relative permeability at 1.5 T is
greater than 4400. Thus, since the highest-grade nonoriented
silicon steels exhibit, approximately, W55, 0f 2.2 W/kg (for
0.5 mm thick sheets) and Bggof 1.68 T (Ref 9, 10), the core loss
can be reduced by an approximate factor of 30%, and, at the
same time, the flux density can be increased by more than 0.08
T by the MRD process.

Small in-plane magnetic anisotropy, which is desired for the
magnetic core of rotating machines, is obtained not only by ran-
dom cube texture but also by (100)[021] texture, as shown in
Fig. 9. Since (100)[021] texture consists of two inclined cube
components that are rotated by about £26° from (100)[001]
around [100] (see Fig. 6 or 8), the magnetic anisotropies of the
two components nearly cancel each other. The change in By in
the sheet plane is about 0.1 T, which is only 6% of the averaged
Bsg, and thatin W 5,5is 0.4 W/kg for the 3% Si steel.

Another interesting magnetic property is an increased in-
plane anisotropy that leads to doubly oriented silicon steels.
Therefore, we measured magnetic properties of steel A with
(100)[011] texture, which exhibited the largest in-plane aniso-
tropy among specimens made in this experiment. The magnet-
izing direction is inclined by 45° from the rolling direction in
the sheet plane (i.e., easy magnetizing direction). The magnetic
flux density at 1000 A/m, B, for this specimen is about 1.81T,
and the core loss at 1.7 T and 50 Hz, W55, is plotted as a func-
tion of applied tensile stress in Fig. 10. Without tensile stress,
W 4/50i8 about 1.4 and 1.0 W/kg for the 0.3 and 0.2 mm thick
sheets, respectively, and decreases markedly when tensile
stress is applied. Although the decrease in core loss for the 0.3
mm thick sheet does not saturate within the stress of this experi-
ment, the core loss decrement for the 0.2 mm thick sheet satu-
rates beyond the stress of about 6 x 100 Pa. The saturated core
loss for the 0.2 mm thick sheet is as small as 0.79 W/kg. This
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Fig.9 Magnetic properties measured using strip specimens for
steel E vacuum annealed at 950 °C for 12 h and decarburized at
1000 °C in a dry hydrogen atmosphere, showing the in-plane
magnetic anisotropy of (100){021] texture
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decrease in core loss by the stress is primarily due to a decre-
ment in hysteresis loss. It is also worth noting that although the
B, of the specimen is smaller than that of current grain-ori-
ented 3% Si steel sheets (Ref 9), the core loss is comparable or
even superior. The mechanism of this reduced core loss, which
must relate to the fine grain structure, and modifications of the
process to maximize the magnetic anisotropy deserve further
investigation.

5. Conclusions

A new manganese removal and decarburization process for
developing (100) texture in silicon steel sheets has been de-
scribed. This two-stage annealing process produces textures
with highly accumulated cube planes and a variety of in-plane
orientations of cube axes in sheet with the most desired thick-
ness for electrical applications and perhaps with the most suit-
able grain size structure for the reduction of core loss. Much of
the metallurgy surrounding the formation of texture by the
MRD process remains unresolved, and modifications may be
necessary to commercialize this process. However, since elec-
trical power consumption is quickly rising throughout the
world and much of the electricity is dissipated as heat in the
magnetic cores of motors and transformers, successful com-
mercialization of the process presents a challenge to both the
electrical and the steel industries. The introduction of silicon
steel sheets of this kind in commercial apparatus, such as en-
ergy-efficient motors for electric vehicles, may be an important
factor in obtaining higher system efficiencies through improve-
ment of magnetic steel.
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Fig. 10 Core loss in the easy magnetizing direction for steel A
with (100){011] texture. The specimen was vacuum annealed at
950 °C for 9 h and decarburized at 850 °C for 30 min in a wet hy-
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