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Abstract

Development of cube—on—face texture induced by

surface nucleation in Fe—Si electrical steel

Yong—Keun Ahn
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Electrical steel can be divided into Grain—Oriented electrical
steel [GO] and Non—Oriented electrical steel [NO]. In the case of
the GO, it is used as a material for transformers. Magnetic
properties for the GO can be enhanced by a Goss texture
development that forms a specific orientation of {110}<001>. On
the other hand, the NO is used as a material for rotating motors and
generators. Normally, magnetic properties of electrical steel can be
controlled by a composition, microstructure, and texture
development of the material. Until now, in the case of the NO,
efforts are focused on the optimizing properties by controlling the
composition of materials. Cube—on—face texture is ideal for NO,

and has an orientation of {100}<Ovw>, it performs excellent
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magnetic properties in the direction of rotation. However, only a
few studies on the texture development to enhance a magnetic
property have been progressed.

In this study, it was confirmed that the texture development
was changed by a stress applied to the specimen during y — o phase
transformation. Especially, a strong cube—on—face texture can be
developed when the specimen 1s physically contacted with
dissimilar materials which have difference in thermal expansion
coefficient between the specimen and contacted materials during vy
— o phase transformation. From these results, our group
hypothesize that the nucleation barrier of the o generated on the
specimen surface was lowered due to the difference in the thermal
expansion coefficient during y — a phase transformation, and that of
the orientation of o would form {100} <Ovw>. Thus, the hypothesis
indicate that the surface nucleation is a key factor in the formation
of a cube—on—face texture.

In order to use the stress effect applied to the specimen,
applying tension to the specimen by creep deformation during y - a
phase transformation using the self—load was devised. A strong
cube—on—face texture was developed using this method in Fe—
2wWt%Si—1wt%Ni. In addition, a batch process was considered to
increase the possibility of applying to the industrial process. The
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specimen was placed as upright position which is under the
compressive stress during y — o phase transformation. Using this
method, a strong cube—on—face texture was developed.

In electrical steel, as the Si composition increases, the
resistivity increase, which leads to reduce the core loss. Therefore,
increasing resistivity by an adding Si content is essential. However,
as the Si content increases, the material becomes brittle which
couldn't progress a rolling process. Therefore, about 3wt%Si of
electrical steel is produced in the industrial process. In order to
enhance the advantageous of Si content and reduce the
disadvantageous of the workability, a new concept was devised
using Si diffusion to develop a cube—on—face texture. 10.69wt%Si
composition and 81.9% of {100}<0vw> texture was developed
using diffusion method, and a strong cube—on—face texture with a

maximum of 96.8% was successfully developed.

Keyword : Fe—Si electrical steel; Phase transformation; Surface
nucleation; Cube—on—face texture; Magnetic property
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Chapter 1. Introduction

1.1. Electrical steel

Electrical steel can be divided into two fields. When the
direction of magnetic property in the core is fixed, grain—oriented
electrical steel [GO] is used [1—5]. In the case where the position
of motors and generators is not fixed, however, non—oriented
electrical steel [NO] is used [6—12]. Recent years, eco—friendly
technology such as electrical vehicles and wind powers is becoming
popular increasingly. Especially, electrical vehicles are expected to
replace a large portion of the vehicles using internal combustion
engine, which expect would be extended to the need of high
efficiency electrical engine [13—15]. It is well known that a cube—
on—face texture of {100} <Ovw> is ideal for non—oriented electrical
steel because the cube—on—face texture has excellent magnetic
properties in motors and generations [16—26].

Fig. 1.1 shows a total energy loss in electrical steel. The total
loss (Wiota) is sum of Wy, Wee and Wea. Wi mean the hysteresis loss,
Wee means eddy current loss, and We, means anomalous loss. In the
case of the eddy current loss (Weo), d is sheet thickness, I is
magnetic induction, f is frequency p is resistivity, and 2L is domain

size. Therefore, magnetic properties for the electrical steel can be
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enhanced by adding components which could enhance the resistivity.

Especially, the resistivity is closely related to the energy loss as
shown in Fig. 1.2 which shows the resistivity against the
composition. As the Si content increases the resistivity increases
and the resistivity increases We. decreases, which leads to reduce
the core loss. Fig. 1.3 shows the change in the degree of
magnetization in the electrical steel material depending on the
crystal orientation. When a magnetic field is applied, the
magnetization occurs in all crystal directions. When the magnetic
field 1s sufficiently large, the electrical steel becomes saturated and
no further magnetization occurs even if the magnetic field is
increased. Normally, electrical steels are used under conditions of
low saturation magnetization. In this case, it can be seen that the
<100> crystal direction is the most easily magnetized, the <110>
crystal direction is the second easily magnetized, and the <111>
crystal direction is the most difficult to magnetize. Therefore, if the
<100> direction coincides with the direction to be used, the material
can exhibit the best properties because lower energy required for

magnetization is consumed.
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1.2. Cube-on-face texture

In recent years, as the demand for electrical vehicles has
increased and the expectations for future growth have increased.
Electrical vehicles are expected to replace a large portion of the
vehicles using internal combustion engine, which expect would be
extended to the need of high efficiency electrical engine [5, 14]. It
is well known that the cube—on—face texture of {100}<0vw> is
ideal for non—oriented electrical steel because each grain has two
easy magnetization directions in the plane of the sheet which gives
excellent magnetic properties and isotropic properties [8, 21, 27—
29].

Tomida et al. [13, 28, 30, 31] developed a {100} <Ovw> texture
using two—stage annealing process, where the annealing process
for phase transformation was conducted by removing manganese in
vacuum atmosphere followed by the decarburization process to
induce the inward growth. During the vacuum annealing process
under higher than 107° Pa in y phase region or a + y dual phase
region, manganese vaporization occurs, resulting in y — o phase
transformation. Nucleation seeds which nucleated by manganese
vaporization have a {100} <Ovw> orientation.

JK Sung et al. [8, 32] reported that a strong cube—on—face
texture was developed using o« — y — a phase transformation in
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pure hydrogen atmosphere. They suggested that formation of
{100} <Ovw> nucleus is related to the elastic anisotropy. The elastic
strain energy of the nucleus with has {100} <Ovw> orientation is
minimized on the specimen surface and oxygen partial pressure is
major factor to reduce surface oxidization.

Kwon et al. [33] also reported the cube—on—face texture
development using phase transformation. They found out that
physicals contact with dissimilar materials could make a strong
effect on the evolution of cube—on—face texture. The physical
effect induced by difference in thermal expansion coefficient during
Yy — o phase transformation on the specimen surface reduce the
nucleation barrier resulting in strong cube—on—face texture
development.

On the other hand, Heo et al. [34] developed a {100} <Ovw>
texture without phase transformation using the surface energy
anisotropy controlled by sulfur. The surface energy of {110} is
lower than that of {100}, which is again lower than that of {111} in
BCC Fe. When the BCC is annealed in the atmosphere containing
sulfur, the surface energy of {100} becomes lower than that of
{110}, producing a strong {100} <Ovw> texture.

From previous results, our group hypothesized the development

of cube—on—face texture. During y — a phase transformation, a
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phase nucleate in the vy phase matrix, which is under the
compressive stress because the molar volume of BCC is larger than
that of FCC. Since the strain energy is proportional to the Young’s
modulus or shear modulus, the resultant strain would increase the
nucleation barrier. Therefore, if a specimen is under the 2D stress,
nucleation barrier is minimum in the direction where the Young’s
modulus is minimum which leads to development of {100} <Ovw>
texture, because it is well known that the Young’s modulus is

minimum in the <100> direction in Fe [32].
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Chapter 2. Fabrication of cube-on-face textured
electrical steel using surface nucleation duringy - a
phase transformation

2.1. Introduction
When any specimen undergoes heat treated, it should be placed
on a supporting material, which is in physical contact with the

specimen. So far, little attention has been paid to the possibility that

such physical contact should have an effect on the texture evolution.

However, we found out that such physical contact could affect the
texture evolution of {100} <0Ovw> [35, 36]. In order to understand
the effect of the physical contact, systematic experiments were
performed using materials such as Al2O3, quartz, tungsten, and
nickel for the physical contact with the specimen.

Since the result indicated that the tensile stress induced by the
physical contact is responsible for the texture evolution of
{100} <Ovw>, a new method was devised to produce the texture of
{100} <0Ovw> more easily. Here, a specimen was suspended
horizontally with the front and rear ends of the specimen supported
by a holder. Then, the center of the specimen undergoes the creep
deformation by a self—load during the heat treatment, producing the
tensile stress on the surface and thereby producing the texture of

{100} <Ovw>. In this chapter, it was studied how the tensile stress

b o i 5
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induced by the physical contact and by the creep deformation due to
the self—load during heat treatment affects the texture evolution of

{100} <Ovw> in Fe—Si steel.

20 , ,H *_ 1'_|'| '@}

] L8



2.2. Experimental procedure

Fe—1wt%Si and Fe—2wt%Si—1wt%Ni ingots, prepared by
vacuum induction melting, were hot rolled to 2.3 mm and cold rolled
to 0.35 mm thickness. The composition of Fe—2wt%Si is outside of
the y loop in the Fe—Si phase diagram. Therefore, the texture
control using y — a transformation is not possible. This is why
1wt%Ni is added to Fe—2wt%Si so that the composition of Fe—
2wt%Si—1wt%Ni may fall in the y phase region at the heat
treatment temperature.

Our previous experiments confirmed that the physical contact
of the Fe—1wt%Si specimen with the supporting Al:O3 plate
increased the percentage of {100} <Ovw> [33]. This chapter is the
extension of this previous work to clarify which is responsible for
the evolution of {100} <0vw>. To check whether the increase in the
percentage of {100} <Ovw> comes from the physical contact or not,
the hollow rectangular frame was used as a specimen holder as
shown in Fig. 2.1a. In order to study the effect of the physical
contact with various materials such as Al:03, quartz, tungsten and
nickel plates, the specimen was sandwiched between these plates
as shown in Fig. 2.1b. The specimen size of Fig. 2.1a and b was 15

mm X 30 mm x 0.35 mm whereas the size of Al:O3s, quartz, tungsten
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and nickel plates was 20 mm x 30 mm x 0.6 mm, so that the plates
could cover the whole specimen. Specimens were heated to 1100 °C
of the y phase region at 10 °C/min, held for 5 min, cooled to 950 °C
for 2 h and cooled to room temperature in the furnace under flowing
Hs. During cooling, the specimen underwent y — o phase
transformation.

In order to study the effect of the tension of the specimen
surface arising from the plastic deformation or the creep of the
specimen by its own weight during heat treatment, the specimen
was suspended on the quartz frame as shown in Fig. 2.2a. During
the heat treatment, however, it underwent creep, being plastically
deformed by the self—load as shown in Fig. 2.2b. The Fe—1wt%Si
specimen was heated to 1100 °C of the y phase region at 10 °C/min,
held for 5 min, cooled to 950 °C for 2 h and cooled to room
temperature in the furnace.

Since the highest percentage of the {100} <Ovw> was obtained
for the Fe—1wt%Si specimen in the condition of Fig. 2.2, more
systematic experiments were performed in this condition for the
Fe—2wt%Si—1wt% Ni specimen, which was held at 1100 °C of the y
phase region for 5 min, 2 h, 12 h and 24 h to vary the grain size
with the other experimental conditions being the same as those of

Fe—1wt%Si.
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To investigate the texture evolution after the heat treatment,
the specimen surface was polished to a final stage of colloidal silica
(OP—s, 0.04 pm) and analyzed by electron back—scattered
diffraction (EBSD, EDAX/Hikari) attached to a field emission
scanning electron microscope (FESEM, SU5000, HITACHI). The
EDAX/TSL software was used to analyze the orientation

relationship.
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Fe-1wt%Si
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Hollow rectangular frame of stainless steel

(b) AlLO;, quartz, tungsten or nickel
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| e Fe-1wt%sSi
R R

)

Al;,0,, quartz, tungsten or nickel

Fig. 2.1 Schematics showing how the specimen is placed during
the heat treatment. (a) The specimen is not in physical contact with
the holding plate but (b) both sides of the specimen are in physical

contact with Al:Ogs, quartz, tungsten or nickel plates.
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Fe-1wt%Si or Fe-2wt%Si-1wt%Ni

(a) l

L

L

t

Quartz frame

(b)
 — e

Fig. 2.2 Schematics showing how the specimen is placed during
the heat treatment. (a) The specimen is suspended with its front
and rear ends paced on the quartz frame before the heat treatment.
(b) The specimen is plastically deformed after the heat treatment

under the condition of (a).
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2.3. Results & Discussions

Fig. 2.3a and ¢ shows the inverse pole figure (IPF) map and the
orientation distribution function (ODF) sectioned at ¢2 = 45°,
respectively, for the Fe—1wt%Si specimen heat treated under the
condition of Fig. 2.1a. Percentages of {100} <Ovw> and {111} <uvw>
were 14.3% and 22.4%, respectively, which were determined using
the criteria of {hkl} * 15°

Fig. 2.3b and d shows the IPF map and the ODF, respectively,
for Fe—1wt%Si heat treated under the condition of Fig. 2.1b, where
the specimen was in contact with both sides of the Al:Os plate.
Percentages of {100}<Ovw> and {111}<uvw> were 76.3% and
10.5%, respectively. The average grain sizes of Fig. 2.3a and b
were 232 um and 196 pum, respectively, which were determined by
converting the grain area into the diameter using an image analyzer
software (EDAX/TSL software).

Fig. 2.3a and b shows that the percentage of {100} <0Ovw>
strongly depends on the presence and the absence of the physical
contact with the Al:O3 plate. The possible effect of the physical
contact would be the surface stress caused by the friction between
the specimen and its holder, arising from the difference in the

thermal expansion coefficient. The thermal expansion coefficient of



Fe is 11.8 x 10°% °C! and those of Al:O3, quartz, tungsten, and
nickel are respectively 5.4, 0.55, 3.7, and 13.3 x 107 °C™" [37-39].
It should be noted that thermal expansion coefficients of Al2Os,
quartz and tungsten are less than a half of that of Fe whereas Ni has
a value similar to that of Fe. To check the possibility that the
difference in the thermal expansion coefficient between the
specimen and its holder is related with the evolution of {100} <Ovw>,
the experiment similar to Fig. 2.3b was performed using quartz,
tungsten, and nickel plates.

Fig. 2.4a and d shows the IPF map and the ODF, respectively,
for Fe—1wt%Si heat treated under the condition of Fig. 2.1b, where
the specimen was in contact with both sides of the quartz plate.
Percentages of {100}<Ovw> and {111}<uvw> were 76.4% and
10.4%, respectively. Fig. 2.4b and e shows the IPF map and the
ODF, respectively, for the specimen heat treated under the
condition of Fig. 2.1b, where the specimen was in contact with both
sides of the tungsten plate. The percentages of {100} <Ovw> and
{111} <uvw> were 74.7% and 11.7%, respectively. Fig. 2.4c and f
shows the IPF map and the ODF, respectively, for Fe—1wt%Si heat
treated under the condition of Fig. 2.1b, where the specimen was in
contact with both sides of the nickel plate. Percentages of

{100} <0Ovw> and {111}<uvw> were 17.8% and 54.1%, respectively.
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The average grain sizes of Fig. 2.4a, b, and ¢ were 213 um, 204 um,
and 146 um, respectively.

Fig. 2.3b, Fig. 2.4a and b show that the physical contact of the
Fe—1wt%Si specimen with Al2Os, quartz, and tungsten plates
produced a high percentage of {100}<0vw> whereas the physical
contact with nickel in Fig. 2.4c produced a low percentage of
{100} <Ovw>. Therefore, the evolution of {100} <Ovw> has a strong
correlation with the thermal expansion coefficient of the specimen
holder in physical contact. One possible explanation would be as
follows. During the cooling process, Fe—1wt%Si with a higher
thermal expansion coefficient would shrink more than Al>O3, quartz,
and tungsten, which would generate the friction between the two
materials. This friction would be proportional to the difference in
the thermal expansion coefficient. Therefore, for Al203, quartz, and
tungsten, the friction or the tensile stress on the specimen surface
would be relatively large but for nickel, it would be relatively small
or negligible. This difference seems to be responsible for the
difference in the texture evolution.

o BCC and y FCC, which are densities of BCC and FCC Fe, are
7.86 g/cm® and 8.60 g/cm?®, respectively, and the molar volume of
BCC Fe is larger than that of FCC Fe. Therefore, when BCC «a

nucleates from FCC v, the nucleus would be under the compressive
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stress. The resultant strain energy would increase the nucleation
barrier. Since the strain energy is proportional to the Young’s
modulus or the shear modulus, the nucleation barrier would be
minimum in the direction where the Young’s modulus is minimum. It
1s known that the Young’s modulus is minimum in the <100>
direction in Fe [32]. Therefore, if the {100}<Ovw> nucleus is
formed on the surface, the nucleus would has the minimum
nucleation barrier. Again if the {100} <0vw> nuclei formed on the
surface grow dominantly into the bulk, the dominant {100} <Ovw>
texture would be evolved.

Under this situation, if the compressive stress is relieved by
the tensile friction made by the physical contact, the nucleation
barrier would be reduced and the nucleation of {100} <0vw> on the
surface would be favored. This would be why the percentage of
{100} <Ovw> in Fig. 2.3b is much higher than that in Fig. 2.3a. In the

case of Al:Os, quartz, and tungsten, the tensile frictional stress is

appreciable and favors the nucleation of {100} <Ovw> on the surface.

It should be reminded that it took 2 h for cooling from 1100 °C to
950 °C with the cooling rate being rather low. At such a low cooling
rate, the driving force for the nucleation of o would be low. As a
result, the nucleation rate would be low. Under this condition, once

the nuclei of {100} <Ovw> is formed, they would continue to grow
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from the surface to the interior. As a result, the percentage of
{100} <0Ovw> would be high and the grain size would be large as
shown in Fig. 2.3b, Fig. 2.4a and b.

By a similar logic, the low percentage of {100} <Ovw> and the
small grain size in Fig. 2.4c can be explained. When the tensile
frictional stress is small or negligible as in the case of the nickel
plate, the nucleation of {100}<0Ovw> would not be favored and
seemed not to take place on the surface during cooling from 1100
°C to 950 °C. The nucleation of other orientations would occur after
the specimen was cooled relatively rapidly from 950 °C because the
power of the furnace was off for further cooling, which would result
in a high nucleation rate. As a result, the percentage of
{100} <Ovw> is low and the grain size is small as shown in Fig. 2.4c.

If the explanation on the effect of the physical contact is correct,
the nucleation of {100}<0Ovw> on the surface can be favored by
providing the surface stress in a way other than the physical
contact. One possible way would be the tensile stress generated
when the specimen was suspended as shown in Fig. 2.2a, which
would undergo the high temperature creep or the plastic
deformation triggered by the self—load during heat treatment as
shown in Fig. 2.2b.

Fig. 2.5a and ¢ shows the IPF map and the ODF, respectively,
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for Fe—1wt%Si, which was heat treated under the condition of Fig.
2.2. The percentage of {100} <0vw> is 88.0%, which is the highest
percentage in all specimens tested in this experiment. The surface
stress of the specimen in Fig. 2.2b would be tensile on both sides
because the specimen was elongated by the plastic deformation.
This tensile stress appears to be effective in inducing the nucleation
of the {100}<Ovw> on the surface during y — a transformation.
This means that the self—load of the specimen has the effect similar
to that of its physical contact with Al2Os, quartz and tungsten plates.

To check if this concept can be applied to the commercially —
applicable silicon steel, a similar experiment was performed using
the Fe—2wt%Si—1wt%Ni specimen, which has a higher silicon
content than Fe—1wt%Si. Fig. 2.5b and d shows the IPF map and
the ODF, respectively, for Fe—2wt%Si—1wt%Ni heat treated under
the condition of Fig. 2.2, where the specimen was held at 1100 °C of
the y phase region for 5 min. Although we expected a high
percentage of {100}<0vw>, the percentage of {100} <Ovw> was
only 1.8%. Instead, {111}<uvw> was a major texture with its
percentage of 77.7%.

One possibility for the result of Fe—2wt%Si—1wt%Ni specimen
would be the small average grain size as shown in Fig. 2.5b, where

the average grain size of a is 105 um in contrast with 249 pum for
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the Fe—1wt%Si specimen in Fig. 2.5a. Here, the heat treatment
condition was the same but the composition of the specimen was
different. This composition difference would result in the different
grain size. Therefore, the additional content of Si and Ni in the Fe—
2wt%Si—1wt%Ni specimen seemed to decrease the average grain
size by the solute drag effect [40], resulting in the small average
grain size of a in Fig. 2.5b in contrast with that in Fig. 2.5a.

Fig. 2.6 shows schematics explaining how the grain size can
affect the evolution of {100}<0Ovw>. The site of the lowest
nucleation barrier on the surface would be the triple junctions
where the three grains meet, which are indicated as red circle dots.
The site of the lowest nucleation barrier in the bulk would be the
four grain corners, which are also indicated as blue square dots. If
the grain size is large in the y phase, the number of four grain
corners in the bulk would decrease. Therefore, the nucleation of a
on the triple junction on the surface can be made dominant if the
number of four grain corners is small or the grain size is large. If
the grain size is small, however, the number of four grain corners
would be large compared to the number of triple junctions on the
surface. Then, the nucleation on four grain corners in the bulk can
be dominant. Since the nucleation of {100} <Ovw> is not favorable in

the bulk, the percentage of {100} <Ovw> would be low.
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Since the increase in the y grain size decreases the number of
four grain corners, which would have the lowest nucleation barrier
in the bulk, it would decrease the number of nucleation sites in the
bulk. Then, it would provide the condition favorable for the growth
of the grains of {100} <Ovw>, which are expected to nucleate at the
triple junction on the surface. To test this possibility, the effect of
the holding time or the vy grain size on the percentage of
{100} <Ovw> grains was studied in the Fe—2wt%Si—1wt%Ni
specimen. The Fe—2wt%Si—1wt%Ni specimens in Fig. 2.7a, b and ¢
were held at 1100 °C for 2 h, 12 h and 24 h, respectively, which
increased the average grain size from 105 pum in Fig. 2.5b,
respectively, to 119 um, 127 um and 235 um.

Fig. 2.7a, b and ¢ shows the IPF maps with the corresponding
ODFs shown by Fig. 2.7d, e and f. The percentages of {100} <Ovw>
in Fig. 2.7a, b and c were, respectively, 8.1%, 21.2% and 70.7% and
the percentages of {111}<uvw> were, respectively, 73.8%, 57.8%
and 3.4% as determined from the IPF maps. These results show
that the percentage of {100} <Ovw> increased and the percentage of
{111} <uvw> decreased with increasing grain size.

This aspect is plotted in Fig. 2.8, where the average grain size
of o and the percentages of {100}<Ovw> and {111}<uvw> are

plotted against the holding time. The dependence of the percentage



of {100} <Ovw> on the holding time has a similar tendency as that of
the average grain size whereas the percentage of {111} <uvw> has
a reversed tendency. These results indicate that the {100} <Ovw>

texture evolution increases with the grain size.
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Fig. 2.3 EBSD IPF ND maps of the surface of Fe—1wt%Si
annealed at 1100 °C for 5 min in H> for the specimens (a) not in
contact, (b) in contact with the Al.O3 plate. (d) and (e) are ODFs at

@2 = 45° section for (a) and (b), respectively.
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Fig. 2.4 EBSD IPF ND maps of the surface of Fe—1wt%Si
annealed at 1100 °C for 5 min in He for the specimens (a) in contact
with the quartz plate, (b) in contact with the tungsten, and (c) in
contact with the nickel plate. (d), (e) and (f) are ODFs at ¢z = 45°

section for (a), (b) and (c), respectively.
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Fig. 2.5 EBSD IPF ND maps of the specimen annealed at 1100
°C for 5 min in Ho for (a) Fe—1wt%Si and (b) Fe—2wt%Si—1wt%Ni.
(¢) and (d) are ODFs at ¢2 = 45° section for (a) and (b),

respectively.
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e Nucleation site (surface) m Nucleation site (bulk)

Fig. 2.6 Schematics of the cross section of the plate specimen
comparing the number of sites for triple junctions on the surface
with that for quadruple points in the bulk for (a) small grain size and

(b) large grain size.



Max = 21.396

n =—==

-—16
—12

¢, =45°

Fig. 2.7 EBSD IPF ND maps of the surface of Fe—2wt%Si—
1wt%Ni after annealing at 1100 °C in Hs for (a) 2 h, (b), 12 h and

(¢c) 24 h. (d), (e) and (f) are ODFs at @2 = 45° section for (a), (b)

and (c), respectively.
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Fig. 2.8 Plots of the average a grain size in IPF maps and
percentages of {100} and {111} for Fe—2wt%Si—1wt%Ni against

the heat treatment time.
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Chapter 3. Uniaxial stress effect for the cube-on-face

texture development during y — o phase
transformation in Fe-2wt%Si-1wt%oNi electrical steel

3.1. Experimental procedure

Since chapter 2 shows that inducing stress on the surface of
specimen is responsible for the texture development, a new method
was devised to produce {100} <0vw> texture. Here, a specimen was
placed with upright position to induce higher stress in a uniaxial
direction, and the other specimen was placed with recumbent
position to confirm the stress effect. In this chapter, it was studied
how the compressive stress affects the texture evolution of
{100} <Ovw> in Fe—Si steel and a texture evolution could affect
magnetic properties.

To check wuniaxial compressive effect for the texture
development, specimens of Fe—2wt%Si—1wt%Ni sheet with 80mm
x 40mm x 0.35mm were prepared and were placed in different
ways as shown in schematics of Fig. 3.1. One specimen was placed
under the recumbent position on the nickel plate as shown in Fig.
3.1a, which takes negligible uniaxial stress on the cross—sectional
area whereas another specimen was placed under the upright
position as shown in Fig. 3.1b, which takes relatively higher uniaxial

stress on the cross—sectional area. The reason why the specjmen
T 1 },
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with a recumbent position placed on the nickel plate is to minimize
the differential thermal expansion coefficient effect on the
contacted surface [36]. Specimens were heated to 1120 °C of the y
phase region at 10 °C/min, held for 1 min, 15 min, and 60 min,
respectively, cooled to 970 °C for 120 min and cooled to room
temperature in the furnace. To compare if the stress affects a grain
growth whether during y — o phase transformation or
recrystallization, specimens were heated to 700 °C of
recrystallization temperature at 10 °C/min, held for 60 min, cooled
to room temperature in furnace.

To study the magnetic properties according to the texture
development, three specimens with different percentages of
{100} <0Ovw> and {111}<uvw> were prepared. The first specimen
was prepared by annealing at 1120 °C for 60 min by the upright
position. The second specimen was placed on the nickel plate under
the same heat treatment condition. The third specimen was
prepared by the same way as the first specimen but annealing
process underwent at 950 °C for 60 min, which is the (a+y) two
phase region. Therefore, the y — a transformation is not expected
in the third specimen. The magnetic flux density at 5000 A/m (Bso)
and the core loss Wis/50, which was determined at a magnetic flux

density of 1.5 T and 50 Hz, were measured by the MPG200D
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instrument (BrockHaus Measurements). The dimension of the
specimens to measure magnetic properties was 60 mm x 60 mm x

0.35 mm
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(a) (b)

Fig. 3.1 Schematic images of heat treatment conditions: (a)
shows that the specimen is placed under recumbent position on the
Ni plate. (b) shows that the specimen is placed under upright

position.
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3.2. Uniaxial stress effect for the development of cube-on-face
texture

Fig. 3.2a and d shows the inverse pole figure (IPF) ND map and
the orientation distribution function (ODF) sectioned at ¢z = 45° for
the Fe—-2wt%Si—1wt%Ni specimen heat treated under the
recumbent position on the nickel plate at 1120 °C holding for 1 min,
cooled to 970 °C for 120 min and cooled to room temperature in the
furnace. Percentages of {100} <0vw> and {111} <uvw> were 11.1%

and 62.6%, respectively, which were determined using the criteria

of {100}<0vw> + 15° Fig. 3.2b and e shows the IPF ND map and

the ODF for the Fe—2wt%Si—1wt%Ni specimen heat treated under
1120 °C holding for 15 min, where the other condition was the same
with Fig. 3.2a. Percentages of {100} <Ovw> and {111} <uvw> were
17.5% and 49.7%, respectively. Fig. 3.2¢ and f shows the IPF ND
map and the ODF for the Fe—2wt%Si—1wt%Ni specimen heat
treated under 1120 °C holding for 60 min, where the other condition
was the same with Fig. 3.2a. Percentages of {100}<0Ovw> and
{111} <uvw> were 30.9% and 37.0%, respectively. The average
grain sizes of Fig. 3.2a, b and ¢ were 144 um, 156 pm and 170 pum,
respectively, which was determined by converting the grain area
into the diameter using an image analyzer software (EDAX/TSL

software).
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Fig. 3.3a and d shows the IPF ND map and the ODF for the
Fe—2wt%Si—1wt%Ni specimen heat treated under the upright
position at 1120 °C holding for 1 min, cooled to 970 °C for 120 min

and cooled to room temperature in the furnace. Percentages of

{100} <0Ovw> and {111} <uvw> were 65.9% and 16.5%, respectively.

Fig. 3.3b and e shows the IPF ND map and the ODF for the Fe—
2wt%Si—1wt%Ni specimen heat treated under 1120 °C holding for
15 min, where the other condition was the same with Fig. 3.3a.
Percentages of {100}<Ovw> and {111}<uvw> were 77.8% and
4.8%, respectively. Fig. 3.3c and f shows the IPF ND map and the
ODF for the Fe—2wt%Si—1wt%Ni specimen heat treated under
1120 °C holding for 60 min, where the other condition was the same
with Fig. 3.3a. Percentages of {100} <Ovw> and {111}<uvw> were
81.1% and 2.1%, respectively. The average grain sizes of Fig. 3.3a,
b and ¢ were 168 pum, 196 um and 237 um, respectively. This

aspect according to the specimen placement is plotted in Fig. 3.4,

where the average grain size of o 1s plotted against the holding time.

Fig. 3.2 and Fig. 3.3 show that entirely different texture was
developed according to the specimen placement. Comparing the Fig.
3.2a and 3.3a, experiments were conducted under the same heat
treatment condition, but the specimen placement was different

which results in different texture development. The percentage of



{100} <0Ovw> in Fig. 3.2a was 11.1 % but the percentage of
{100}<0vw> in Fig. 3.3a was 65.9%. The percentage of
{100} <Ovw> texture in Fig. 3.2 was increased from 11.1% to 17.5%
and 30.9% as increased holding time, but dominant texture was vy
fiber. In the case of the Fig. 3.3, however, the percentage of
{100} <Ovw> texture was increased from 65.9% to 77.8% and
81.1% as increased holding time. The {100} <Ovw> of both Fig. 3.2
and Fig. 3.3 have increasing tendency but the major texture was
different. This aspect is plotted in Fig. 3.5, where the percentage of
{100} <0vw> and {111} <uvw> are plotted against holding time.

The chapter2 shows strong cube—on—face texture
development using self—load method during heat treatment. A
strong {100} <Ovw> texture was developed using Fe—1wt%Si at
1100°C holding for 5 min. However, a strong y fiber texture was
developed when the component was changed to Fe—2wt%Si—
1wt%Ni under the same condition, which result was interpreted Iin
terms of the grain size effect. If a specimen has smaller grain size
during y phase region, the probability of surface nucleation would be
lower, however, if a specimen has larger grain size during y phase
region, the probability of surface nucleation would be higher than
smaller grain size. Therefore, to enhance a probability of the

surface nucleation, a holding time was increased under y phase
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region. Then, the texture development was changed from the strong
y fiber texture to the strong {100} texture when the annealing time
was increased from 5 min to 24 h, which result coincided with the
grain size effect.

Our group assumed that such a different texture development
between the Fig. 3.2 and Fig. 3.3 is related to the applying stress
for the specimen, which could affect grain growth during y —» a
phase transformation. Comparing the receiving stress on the center
area of each specimen, the compressive stress applied to the
cross—sectional area of Fig. 3.1a 1s 13.5 Pa whereas Fig. 3.2a is
1210 Pa, which has a 100 times disparity. When BCC o nucleates
form FCC vy, the nucleus would be under the compressive stress and
the strain energy is proportional to the Young’s modulus or the
shear modulus. Therefore, if one nucleus is formed under high
compressive stress as shown in Fig. 3.1b, nucleation barrier would
be larger whereas nucleation barrier would be smaller when the
nucleus is under lower compressive stress as shown in Fig. 3.1a.
Thus, during y —» o phase transformation, the probability of the
surface nucleation would be higher under the upright position
because all the nuclei, which are including four grain corners and
triple junctions, are under the higher compressive stress. However,
a probability of the bulk nucleation would be higher under the
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recumbent position because all the nuclei, which are including four
grain corners and triple junctions, are under the lower compressive
stress. Thus, different texture evolution comes from the differences
In compressive stress.

Fig. 3.6a and ¢ shows the IPF ND map and the ODF the Fe—
2wt%Si—1wt%N1 specimen heat treated under the recumbent
position on the nickel plate at 700 °C holding for 60 min, cooled to
room temperature in the furnace. Percentages of {100} <Ovw> and
{111} <uvw> were 6.5% and 61.0%, respectively. Fig. 3.6b and d
shows the IPF ND map and the ODF the Fe—2wt%Si—1wt%Ni
specimen heat treated under the upright position at 700 °C holding
for 60 min, cooled to room temperature in the furnace. Percentages
of {100}<Ovw> and {111}<uvw> were 9.7% and 57.1%,
respectively. The average grain sizes of Fig. 3.6a and b were 17.5
pum and 18.4 pum, respectively.

There are two possible points for the grain growth by
compressive stress. If the stress influences under the
recrystallization temperature, the grain size of upright position
would be larger. If not, the final grain size was affected during y - a
phase transformation. To confirm the compressive stress affects a
grain growth whether during y — o phase transformation or

recrystallization, a heat treatment was conducted under the
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recrystallization temperature. The result of Fig. 3.6 shows that the
texture development and grain size have a similar range, which
indicates that the point of the grain growth 1is not the

recrystallization but the y — o phase transformation.
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Fig. 3.2 EBSD inverse pole figure ND maps of Fe—2wt%Si—
1wt%Ni specimens were placed under the recumbent position on
the nickel plate annealed at 1100 °C in Hs for (a) 1 min, (b), 15 min
and (¢) 60 min. (d), (e) and (f) are ODFs at g2 = 45° section for

(a), (b) and (c), respectively.
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Fig. 3.3 EBSD inverse pole figure ND maps of Fe—2wt%Si—
1wt%Ni specimens were placed under the upright position annealed

at 1100 °C in Hs for (a) 1 min, (b), 15 min and (¢) 60 min. (d), (e)

and (f) are ODFs at ¢2 = 45° section for (a), (b) and (c),

respectively.
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Fig. 3.4 plot of the average a grain size against the annealing

time under different specimen placement.
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Fig. 3.6 EBSD inverse pole figure ND maps of Fe—2wt%Si—
1wt%Ni specimens annealed at 1100 °C for 60min in Hs: (a) the
specimen was placed under the recumbent position on the nickel
plate, (b) the specimen was placed under the upright position. (c)

and (d) are ODFs at g2 = 45° section for (a) and (b), respectively.
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3.3. Magnetic properties by a texture development

To study how the magnetic properties could be affected by a
texture development under the same chemical composition of Fe—
2wt%Si—1wt%N1 specimens. Three types of texture controlled
specimens were prepared, which were controlled using the stress
and temperature.

Fig. 3.7a and d shows the IPF ND map and the ODF for the Fe—
2wt%S1—1wt%N1 specimen heat treated under the upright position
at 1120 °C holding for 60 min, cooled to room temperature in the
furnace. Percentages of {100} <Ovw> and {111} <uvw> were 78.4%
and 3.2%, respectively. Fig. 3.7b and e shows the IPF ND map and
the ODF for the Fe—2wt%Si—1wt%Ni specimen heat treated under
the recumbent position, where the other condition was the same
with Fig. 3.7a. Percentages of {100} <Ovw> and {111}<uvw> were
35.6% and 26.9%, respectively. Fig. 3.7c and { shows the IPF ND
map and the ODF for the Fe—2wt%Si—1wt%Ni specimen heat
treated under 950 °C holding for 60 min, cooled to room
temperature in the furnace. Percentages of {100}<0vw> and
{111} <uvw> were 0.7% and 81.3%, respectively. The average
grain sizes of Fig. 3.7a, b and ¢ were 235 um, 170 pum and 127 pum,
respectively.

Fig. 3.7a has the maximum percentage, 78.4% of {100} <Ovw>,
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and 3.2% of {111} <uvw> which produces the highest magnetic flux
density of Bsp = 1.75 and the lowest iron loss of Wiss0 = 2.19. Fig.
3.7b has 35.6% of {100}<0vw> and 26.9% of {111} <uvw>, which
produces Bso = 1.69 and Wis550 = 2.34. Fig. 3.7c has 0.7% of
{100} <0vw> and 81.3% of {111} <uvw>, which produces Bso = 1.61
and Wis;s0 = 2.50. Therefore, the magnetic properties strongly
depend on the percentage of {100} <0Ovw>.

Fig. 3.8 shows the comparison of magnetic properties. When
comparing specimens of the same composition, as the percentage of
{100} <Ovw> increases, Bso increases and Wis50 decreases. In the
case of the specimen with {100} <Ovw> of 0.7%, the Bso was lower
than 35PN270, which composition is about 3wt%Si, and the W15/50
had higher values. But when the {100} <Ovw> increased to 35.6%,
the specimen exhibited better magnetic properties than 35PN270.
These result indicate that magnetic properties such as Bso and

Wis/50 are strongly depended on the texture development.
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Fig. 3.7 EBSD inverse pole figure ND maps of Fe—2wt%Si—
1wt%Ni specimen to confirm the relationship between magnetic
properties and the (100) texture development. (a) 78.4% of (100),
(b) 35.6% of (100) and (c) 0.7% of (100). (d), (e) and (f) are
ODFs at @2 = 45° section for (a), (b) and (c), respectively.
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Fig. 3.8 Plots for the magnetic properties of specimens with

w1 5/50

controlled texture and commercial non—oriented electrical steel.
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Chapter 4. Texture evolution of non-oriented
electrical steel analyzed by EBSD and in-situ XRD
during the phase transformation from y to a

4.1. Experimental procedure

Our preliminary experiments indicate that as the content of
alloying elements increases, it gets more difficult to control the
texture. The exact phase diagram to design a suitable heat
treatment, the phase boundary or the solvus line of y is important.
For the texture control, the information which orientation is
nucleated and grow dominantly during cooling is very important. To
determine such information, we used in—situ X-—ray diffraction
(XRD) during heating and cooling of the two specimens of Fe—
2wt%Si—1wt%Ni and Fe—3wt%Si—2.5wt%Ni. The analysis was
focused on why the Fe—2wt%Si—1wt%Ni specimen has the
dominant {100} texture whereas the Fe—3wt%Si—2.5wt%Ni
specimen has the dominant {112} texture even though the two
specimens undergo the same heat treatment.

For the electron back—scattered diffraction (EBSD, EDAX /
Hikari) analysis, the specimens were heated to 1100 °C for 2 h,
held for 4 h, cooled to 950 °C for 2 h under flowing Hs, and then
cooled in the furnace to room temperature. For the heat treatment,

an electric furnace with a quartz tube was used. A quartz tul:%e tends
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to deform above 1100 °C, which becomes the upper limit of the heat
treatment. Heating and cooling of the specimen in the tube furnace
was controlled by the proportional, integral and derivative (PID)
controller. For furnace cooling, the power of the tube furnace was
turned off.

To observe the phase transformation during heating and cooling,
the specimens were examined using in—situ X—ray diffractometer
(XRD, PANalytical / X’ pert Pro MPD) with a Cu Ko (A= 1.5418A4)
with the 2—theta range of 20° ~ 90°. As—cold rolled specimens
were cut into with 18mm diameter to fit into the XRD holder. The
in—situ XRD was equipped with a hot stage up to 1200 °C under
controlled atmospheric conditions. In the heating condition, the
stage was heated from 400 °C to 1200 °C at an interval of 50 °C
with 60 min dwelling time to get a sufficient signal. At 1200 °C, the
stage was held for 180 min for homogenization of the specimen. In
the cooling condition, the stage was cooled from 1200 °C to 400 °C
at an interval of 50 °C with 60 min dwelling time.

To protect the specimen from being oxidized, measurements
were conducted under Ar 90% + H:2 10%. It should be noted that
100% H2 cannot be used in the in—situ XRD system. Specimens of
15 x 30 mm? for the EBSD analysis were prepared to examine the

texture evolution. The surface of all specimens was polished to the



final stage using a solution of colloidal silica (OP—s, 0.04 um).
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4.2. Results & Discussion

Fig. 4.1 shows the EBSD analysis of Fe—2wt%Si—1wt%Ni and
Fe—3wt%Si—2.5wt%Ni heating at 1100 °C for 4 h under flowing Ho.
Drastically different textures were evolved between the specimens.
The inverse pole figure (IPF) maps in Fig. 4.1a and b shows crystal
orientations using colors designated in the stereo—projection
triangle shown in the right of Fig. 4.1. In the stereo—projection
triangle in Fig. 4.1, the <100> direction is designated by the red
color. Thus, the red color in the IPF map represent grains of the
cube orientations {100} <Ovw>. As a result, the high fraction of red
colored grains in the IPF maps represent the high fraction of
{100} <Ovw>. Accordingly, the fraction of {100}<0Ovw> is much
higher in Fig. 4.1a than in Fig. 4.1b. The quantitative data for the

area fraction of the cube orientation were determined using the

criteria of {100} <0vw> + 15° from the raw data of the IPF map.

In the orientation distribution functions (ODF) in Fig. 4.1¢ and
d, the Euler angle (@1, ®, ¢2) of each grain, which represents the
grain orientation, is plotted on the coordinate of ¢1 and ® at ¢z = 45°
section. In the ideal cube texture, the Euler angles of grains would
be distributed along ® = O in the ODF. The ODF in Fig. 4.1c shows

a much higher intensity of grain orientations, whose Euler angles lie



along ® = 0, than that in Fig. 4.1d, indicating that the intensity of
{100} <0Ovw> is much higher in Fig. 4.1c than in Fig. 4.1d.

The IPF map and ODF of the Fe—2wt%Si—1wt% specimen in
Fig. 4.1a and c¢ shows the strong {100} texture, respectively.
Percentages of {100} and {112} are, respectively, 56.9% and

10.8%. The percentage of {112} was determined using the criteria

of {112} + 15° The average grain size 252 um which was

determined by converting the grain area into the diameter. In
comparison, the IPF map and ODF of the Fe—3wt%Si—2.5wt%Ni
specimen, respectively, in Fig. 4.1b and d shows the strong {112}
texture. Percentages of {100} and {112} were, respectively, 0.6%
and 85.7%. The average grain size was 252 um.

Fig. 4.2 and Fig. 4.3 show XRD peaks for the Fe—-2wt%Si—
1wt%Ni specimen during heating from 400 °C to 1200 °C and during
cooling from 1200 °C to 400 °C, respectively. When the temperature
was increased from 400 °C to 800 °C, the ferrite peaks of a— {011},
a—{002}, and a—{112} persisted. However, when the temperature
was increased to 900 °C, the peak of a—{011} disappeared and only
the peak of a—{112} 950 °C remained. Afterwards, the a—phase
disappeared at temperature higher than 1000 °C as shown in Fig.

4.2. In the case of the austenite phase, y—{111}, y—{002}, and y—

{220} appeared simultaneously at 900 °C, and the peak 1_1!1tensity_
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ratio of each orientation was changed as the temperature increased.
Especially, the intensity ratio of y— {111} to y—{002} was changed
in the temperature range of 950 °C ~ 1000 °C. Fig. 4.3 shows the
XRD peaks during cooling, where the ferrite o did not appear until
the temperature was decreased to 1000 °C. a— {002} and a—{112}
appeared at 950 °C simultaneously, and a—{011} appeared at 900
°C. As the temperature decreased, the peak intensity ratio was
changed. y—{111}, y—{002}, and y—{220} remained until the
temperature was decreased to 500 °C.

Fig. 4.4 and Fig. 4.5 show the XRD peaks of the Fe—3wt%Si—
2.5Wt%Ni specimen under the same heat cycle. During heating, a—
{011} disappeared first at 900 °C and then a— {002} disappeared at
1000 °C but a— {112} remained until 1200 °C as shown in Fig. 4.4.
In the case of the austenite phase, y— {111}, y—{002}, and y— {220}
appeared simultaneously. Fig. 4.5 shows the XRD peaks during
cooling, a— {112} appeared first at 900 °C. Then, a— {011} and a—
{002} appeared at 700 °C, and the peak intensity ratio was changed
as the temperature decreased. All the peaks of the austenite phase
disappeared below 800 °C, whose aspect is different from that of
the Fe—2wt%Si—1%Ni specimen.

During heating, all the peaks of Fig. 4.2 and Fig. 4.4 are slightly

shifted to the left. This decrease of 20 corresponds to the increase
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of the ‘d’ spacing from the Bragg’s law of nh = 2d sin®. The
increase of the ‘d’ spacing corresponds to the increase of the lattice
parameter, which would come from the thermal expansion of the
specimen during heating. Likewise, during cooling, all the peaks of
Fig. 4.3 and Fig 4.5 are slightly shifted to the right. This increase of
20 corresponds to the decrease of the ‘d’ spacing, which would be
caused by the thermal contraction of the specimen during cooling.
The evolution of the {100} texture can be examined by
comparing the XRD peak intensity ratio of our specimen with that of
the random texture reported in the reference [41] as shown in Fig.
4.6. If any material has a strong texture, which is revealed by the
intensity of specific peaks at corresponding 20, it would be stronger
than of the random texture. In order to determine which orientation
nucleates preferentially during the phase transformation from y to a,
the intensity of the in—situ XRD peaks was compared with that of
the random in Fig. 4.6 [41]. Fig. 4.6a shows that during cooling of
the Fe—3wt%Si—2.5wt%Ni specimen, the peak of a—{112}
appeared exclusively at 900 °C with the peaks of a—{011} and a—
{002} being absent. The peaks of a—{011} and a— {002} appeared
at 700 °C. Comparing the peak intensity of the Fe—3wt%Si—
2.5wt%Ni specimen with that of the random texture, the peak of a—

{112} of the Fe—3wt%Si—2.5wt%Ni specimen 1is significantly
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higher and the peak of a—1{011} is relatively lower than those of
the random texture. The peak intensity ratio was maintained down
to 400 °C as shown in Fig. 4.6a

In the case of the Fe—2wt%Si—1wt%Ni specimen, Fig. 4.6b
shows that the peak of a—{002} was most dominant during cooling
at 950 °C although the peak of a—1{011} coexisted. It should be
noted that the peak intensity of a—{002} of the Fe—2wt%Si—
1wt%Ni specimen at 950 °C is 6 times stronger than that of the
random texture whereas the a— {112} peak intensity at 950 °C is
about twice stronger than that of the random texture. Fig. 4.6b
shows that the peak of a—{011} began to appear at 800 °C and
became stronger at 400 °C. As the temperature decreased from 950
°C to 800 °C, the peak intensities of a—{002} and oa—{112},
respectively, decreased and increased slightly. Their peak
intensities did not change at 400 °C.

Although the two specimens of Fe—3wt%Si—2.5wt%Ni and Fe—
2wt%Si—1wt%Ni underwent the same heat treatment, quite a
different texture was evolved. The two specimens differ in the
content of Si and Ni. To reduce the core loss in electrical steel, the
resistivity should be increased, which is achieved by increasing the
silicon content. The austenite stabilizing element such as nickel is

needed for a — vy transformation during heating.
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The exclusive peak of a—{112} at 900 °C and its dominance
throughout cooling of the Fe—3wt%Si—2.5wt%Ni specimen shown
in Fig. 4.5 and Fig. 4.6a would be responsible for the evolution of
the strong {112} texture shown in Fig. 4.1b. The dominant peak of
a— 1002} of the Fe—2wt%Si—1wt%Ni specimen during cooling at
950 °C shown in Fig. 4.3b and Fig. 4.6b would be responsible for
the evolution of the strong {002} texture shown in Fig. 4.la.
However, in—situ XRD peaks of Fig. 4.3 and Fig. 4.6b show that the
peak of a—{112} became stronger than that of a— {002} as the
temperature decreased to 400 °C.

These XRD peaks of the Fe—2wt%Si—1wt%Ni specimen do not
match with the EBSD IPF map in Fig. 4.1a and the 45° section of
ODF in Fig. 4.1c, where percentages of {100} and {112} are,
respectively, 56.9% and 10.8%. There are two possible sources for
these evolutions. One 1is the difference in the austenizing
temperature among Fig. 4.1, Fig. 4.2 and Fig. 4.3. For the specimen
in Fig. 4.1, it was 1100 °C but for in—situ XRD measurements in Fig.
4.2 and Fig. 4.3, it was 1200 °C. The other is the difference in the
cooling condition. The Fig. 4.1 specimen was continuously cooled
from 1100 °C to 950 °C for 2 h and then cooled to room
temperature in the furnace. However, for in—situ XRD

measurements, the stage was cooled from 1200 °C to 400 °C at an



interval of 50 °C with 60 min dwelling time.

It is clearly understood that the dominant cube texture of Fig.
4.1a is related with the dominant {200} peak of Fig. 4.3 and Fig.
4.6b. However, it is not clearly understood why the Fe—2wt%Si—
1wt%Ni specimen had the dominant cube texture as shown in Fig.
4.1a whereas the Fe—3wt%Si—2.5wt%Ni specimen had the
dominant y—fiber texture as shown in Fig. 4.1b.

One possibility for such drastically different textures evolution
with a composition change is that the Fe—2wt%Si—1wt%Ni
specimen is in the single y phase region at 1100 °C whereas the
Fe—3wt%Si—2.5wt%Ni specimen is in the (o + y) two phase region
the same temperature, which would be just below the solvus line of
the y phase. This is supported by in—situ XRD data in Fig. 4.2 and
Fig. 4.4. Fig. 4.2 shows that the peak of a—{112}, which existed at
950 °C, disappeared at 1000 °C during heating. This means that
1100 °C is the y single phase region for the Fe—2wt%Si—1wt%Ni
specimen. However, Fig. 4.4 shows that the peak of a—{112},
which existed at 1100 °C, disappeared at 1200 °C during heating.
This means that 1100 °C is the (a + y) two phase region for the
Fe—3wt%Si—2.5wt%Ni specimen.

Then, why does the dominant formation of the texture depend

on whether the specimen is heated to the y one phase region or to
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the (o + y) two phase region? If the alloy is heated to the (o + v)
two phase region and cooled, the a phase need not be nucleated
because the grains of the a phase already exist. The y phase would
be consumed by the growth of the pre—existing o phase. In this
case, the texture would depend on the major orientation of the
remaining o phase at 1100 °C, which seems to be a—{112} for the
Fe—3wt%Si—2.5wt%Ni specimen.

If the alloy is heated to the y single phase region and cooled,
however, the o phase needs to be nucleated. The a orientation,
which has the lowest nucleation barrier, would be nucleated. Then,
which orientation would have the lowest nucleation barrier? Since
the volume expands when the bcc o nucleates from the fcc y, the
strain energy should be considered. Since the strain energy 1is
proportional to the Young’s modulus, the orientation with the
minimum Young’s modulus would have the lowest strain energy. It
is known that the <100> direction has the lowest Young’s modulus
in the bcc Fe [32]. Therefore, if the appropriate 2—dimension
tensile stress is applied to the surface of the specimen during the
phase transformation from y to o during cooling, it will favor the
surface nucleation of o with {100}. This effect was studied
experimentally in detail by Kwon et al. [33]. Thus, under the 2—

dimensional stress condition, the {100} grains would have the
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lowest strain energy. If a nucleates at the surface of the specimen,
it would be under the 2—dimensional stress condition and then the
{100} grains would have the lowest strain energy. This might be
why the Fe—2wt%Si—1wt%Ni specimen had the dominant {100}

texture as shown in Fig. 4.1a after being cooled from 1100 °C.
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Fig. 4.1 EBSD inverse pole figure ND maps of (a) Fe—2wt%Si—
1wt%Ni and (b) Fe—3wt%Si—2.5wt%Ni and 45° sections of ODF of
(c) Fe—2wt%Si—1wt%Ni and (d) Fe—3wt%Si—2.5wt%Ni after the

specimens were annealed at 1100 °C for 4 h under flowing Ho.
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Fig. 4.2 In—situ XRD peaks of Fe—2%Si—1%Ni1 during heating

from 400 °C to 1200 °C.
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Fig. 4.3 In—situ XRD peaks of Fe—2%Si—1%Ni during cooling

from 1200 °C to 400 °C.
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Fig. 4.4 In—situ XRD peaks of Fe—3%Si—2.5%Ni during heating

from 400 °C to 1200 °C.
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Fig. 4.5 In—situ XRD peaks of Fe—3%Si—2.5%Ni during cooling

from 1200 °C to 400 °C.
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Fig. 4.6 Comparison of the XRD peak intensity during cooling of

the specimens with those of the powder of the same composition

(a) for Fe—3wt%Si—2.5wt%Ni and (b) for Fe—2wt%Si—1wt%Ni.
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Chapter 5. A new method for the evolution of strong

cube-on-face texture induced by y - a phase
transformation with the silicon diffusion in Fe-Si
electrical steel

5.1. Introduction

The silicon 1s key element to reduce the core loss, therefore
increasing silicon content is quite important in electrical steel.
However, increasing silicon content made the material brittle [42—
44]. Therefore, the silicon content should be limited about 3wt% to
progress a cold rolling process. There are some references [15,
45—48] using the silicon diffusion into the electrical steel, but, base
materials of which are not including y phase at high temperature,
which couldn’t induce y - o phase transformation, or the annealing
process was conducted under y phase temperature. In this chapter,
however, based on the surface nucleation could affect {100} <Ovw>
generation on the specimen surface, a new method i1s devised using

silicon content.
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5.2. Experimental procedure

An ingot of Fe—1wt%Si, which was manufactured by vacuum
induction melting, was prepared as a starting material. The ingot
was hot rolled to 2.3 mm and cold rolled to 0.35 mm thickness.
Boron doped <100> single crystal silicon wafer was prepared as a
diffusion source. The specimen size of Fe—1wt%Si sheet for heat
treatment was 15mm x 30mm x 0.35mm and 10mm x 25mm x
0.6mm of silicon wafer was placed on the Fe—1wt%Si sheet, they
were contacted each other as shown in Fig. 5.4.

The Fe—1wt%Si sheet specimen without contact any materials,
which was prepared to compare with the Si diffusion specimens,
was heated to 1100 °C for 2 h, held for 5 min, cooled to 950 °C for
2 h under flowing Hs, and then cooled in the furnace to room
temperature. To induce silicon diffusion, the Fe—1wt%Si sheet
specimen was in contact with a silicon wafer and the heat treatment
was conducted under the same condition. Then, the others were
changed the holding temperature to 1050 °C and 1000 °C with the
other experimental conditions being the same as those of the 1100
°C condition. Here we designate these annealing process as slow
cooling conditions except for annealing temperature.

Since the highest percentage of the cube—on—face texture was

obtained under the 1100 °C condition of contact with the silicon
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wafer, more systemic experiments for the time were performed.
Specimens were in contact with silicon wafer and experiments were
conducted under the method of in and out condition holding for 2
min, 4min, 7.5 min, 15 min, 30 min, and 60 min, respectively. And,
we also designate these annealing processes as In and out
conditions except for holding time.

The phase transformation temperature of Fe—1wt%Si specimen
was measured under the heating rate of 10 °C/min with the thermo—
gravimetric analysis (TGA)/differential scanning calorimetry (DSC,
Mettler Toledo). The measured temperatures for Aci, Acs of the
Fe—1wt%Si specimen were, respectively, 987 °C and 999 °C as
shown in Fig. 5.1. Elemental components of Si and Fe were
determined by The X—ray fluorescence (XRF, M4 Tornado/Bruker)
inspector. The spectrum of each specimen was acquired for 300s
real time at tube setting of 50 kV and 0.6mA with 1 mm x 0.5 mm
area.

To confirm the diffusion effect of a Si powder, a commercially
pure Si powder, which is less than —325 mesh (~44 pm), was used
as a diffusion source. The powder was placed on the Fe—1wt%Si
specimen and was heated to 1100 °C for 2 h, held for 5 min, cooled
to 950 °C for 2 h under flowing Ho, and then cooled in the furnace to

room temperature as shown in Fig. 5.2. Then, to enhance diffusion
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bonding kinetic, the holding time was increased from 5 min to 24 h
where the other condition was the same with condition of Fig. 5.2.
The bonding pressure 1s one of the major factors to enhance
bonding between materials. To confirm the effect of bonding
pressure, Si powders are placed on the Fe—1wt%Si specimen and
are covered with Al:Os3 plate of 1.75g as shown in Fig. 5.3.

Si diffusion was induced using Hot Wire Chemical Vapor
Devosition (HWCVD), which could easily control using gas flow
control. Specimen temperature was controlled by a tungsten wire
temperature with controller. Specimens were diffused under 1150
°C, 1050 °C, and 950 °C, and the diffusion was carried out for 30
min under various gas mixing conditions.

To investigate the texture evolution after the heat treatment,
the specimen surface was polished less than 100 um thickness to
the final stage of colloidal silica (OP—s, 0.04 um) and analyzed by
electron back—scattered diffraction (EBSD, EDAX/Hikari) attached
to a field emission scanning electron microscope (FESEM, SU5000,
HITACHI). The EDAX/TSL software was used to analyze the
orientation relationship. The components of specimens were
investigated by energy dispersive spectrometry (EDS,

EDAX/Hikari).

81 -":rxi "";i' 1_-“



0.0

0.1

-0.2 4

£
~ -0.3 4
% Recrystallization ——p
= 044
et
©
[F]
T -054
-0.6 4 :
a — ytransformation ————p
0.7 v T r T r T v T
200 400 600 800 1000

Temperature / °C

Fig. 5.1 DSC profile of the Fe—1wt%Si specimen measured

during heating.

8 2



Temp y - phase Atmosphere : H, 1000sccm (6N)
1100°C > min
0 = r 1.2°C/min
/
950°C | ==
o - phase
10°C/min
> Time

Fig. 5.2 Annealing condition for the y — a phase transformation

with commercially pure Si powder.

83



Plate weight : 0.39g/cm?

| 9999990000000000 | * Aluminaplate
@ -

e- ; Si particles

Fig. 5.3 Schematic image of heat treatment condition to enhance

the bonding pressure.

8 4 2 A 2] 8

|

I

] L8



5.3. Diffusion induced by B-doped Si wafer

Fig. 5.4 and Fig. 5.5 show schematics and photo images of
before and after under the Si diffusion annealing condition. A Si
wafer was placed on the Fe—1wt%Si specimen, which was iIn
contact with each other as shown in Fig. 5.4 left. After annealing
process, the surface morphology of specimen, which was in contact
with Si wafer area, was changed because of the Si diffusion, and
remained Si wafer was broken away as shown in schematic of Fig.
5.4 right. Fig. 5.5 shows the before and after photo images that of
the experiment.

Fig. 5.6a and ¢ shows the inverse pole figure (IPF) map and the
orientation distribution function (ODF) sectioned at ¢z = 45° for the
Fe—1wt%Si specimen heat treated without physical contact under
1100 °C holding for bmin with the slow cooling condition.

Percentages of {100} and {111} were 14.2% and 11.9%,
respectively, which were determined using the criteria of {100} =+
15° Fig. 5.6b and d shows the IPF map and the ODF for the Fe—
1wt%S1 specimen heat treated under the physical contact with B—
doped Si, where the other condition was the same with Fig. 5.6a.

Percentages of {100} and {111} were &81.9% and 0.0%,

respectively. Fig. 5.7a and ¢ shows the IPF map and the ODF for

85 -":I'-\._E "%I:.' 1..i



the Fe—1wt%Si specimen heat treated under the physical contact
with B—doped Si at 1050 °C holding for 5 min with the slow cooling
condition. Percentages of {100} and {111} were 67.1% and 15.5%,
respectively. Fig. 5.7b and d shows the IPF map and the ODF for
the Fe—1wt%Si specimen heat treated under the physical contact
with B—doped Si at 1000 °C holding for 5min with the slow cooling
condition. Percentages of {100} and {111} were 0.2% and 98.3%,
respectively. The average grain sizes of Fig. 5.6 a, Fig. 5.6b, Fig.
5.7a and Fig. 5.7b were 193 pum, 446 pm, 311 pm and 123 pm,
respectively, which was determined by converting the grain area
into the diameter using an image analyzer software (EDAX/TSL
software).

The specimen without physical contact with Si wafer under
1100 °C holding for 5 min with the slow cooling condition has weak
texture which is close to random, the max intensity of ODF was
4.058 as shown in Fig. 5.6c. However, in case of the specimen
which is in contact with Si wafer at 1100 °C holding for 5 min with
the slow cooling condition, the intensity lines of ¢2 section have
uniform distribution, which means that a strong cube—on—face
texture was evolved. The max intensity of ODF was 39.485 as
shown in Fig. 5.6d. The weight percentage of the Si content

measured by XRF inspector was 10.98%, which indicate that the Si
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| &3
I

'Iu



was diffused into the Fe—1wt%Si. The specimen which is in contact
with Si wafer at 1050 °C holding for 5 min has relatively low
percentage of {100} but the {111} was slightly increased. The
welght percentage of the Si content in this condition was 11.10%. In
case of the specimen in contact with Si wafer at 1000 °C holding for
5 min, totally different y fiber texture was evolved. The weight
percentage of the Si content in this condition was 0.63%, which
means that Si diffusion was not progressed less than 1000 °C.

Then, how such a strong cube—on—face texture was evolved?
The chapter 2 shows that physical contact with the dissimilar
material can induce strong cube—on—face texture during y — a
phase transformation. In case of the chapter 2, Fe—1wt%Si
specimen was sandwiched Al:O3 pates, and y — a phase
transformation was progressed under the same condition of Fig.
5.6a. During y — o annealing process, the tensile fictional stress
was formed on the specimen surface because of the difference in
thermal expansion coefficient. The tensile frictional stress on the
specimen surface could affect the nucleation barrier during cooling,
which reduce nucleation barrier on the surface and lead to evolution
of strong {100} <Ovw> texture. Similar results could be acquired by
contact with quartz and tungsten materials.

Tomida et al. [13, 28, 30, 31] also made a cube—on—face
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texture in a way other different such as a two stage annealing
process. Fe—3wt%Si—1wt%Mn—0.5wt%C was used as a starting
material. Heat treatment was conducted under the vacuum
atmosphere higher than 10™° Pa for removing manganese. If the
manganese could remove under the y phase region, the phase would
be transformed to a phase because the manganese content act as y
phase stabilizer, the transformed o phase would be an <100>
direction. Then decarburization process was conducted to induce
inward growth. This result experimentally shows that the surface
nucleation would be favor to the direction of <100>. Both results
have a common feature, the surface nucleation is critical for the
formation of dominant <100> direction.

Based on pervious discussion, a new concept was devised to
evolve strong {100} <0Ovw> texture as shown in Fig. 5.4. If any
components, which would be the o phase stabilizer, could be
diffused into Fe—1wt%Si specimen during y phase, the diffused
surface would take place the phase transformation to the a, which
orientation would be {100} <Ovw>. From the weight percentage of
Siin Fig. 5.7b, this indicate that the Si diffusion was not performed
until 1000 °C. However, the Si content was diffused into the
specimen under 1050 °C, and this temperature can be confirmed as

a y phase from the DSC data in Fig. 5.1. This result indicate that the
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Si diffusion was performed under y phase, which leads to vy - «
phase transformation. From the former explanations, the surface
nucleation induced by Si diffusion also has the preferred orientation
of {100} <Ovw>.

To understand the effect of Si diffusion more systemically,
experiments were conducted under increasing the holding time of
the specimen. Fig. 5.8 shows photo images of Si diffused specimens
according to increasing the holding time. The Si diffused area can
be easily distinguished, and as the holding time increases, the mass
difference increased. Under the conditions of Fig. 5.8e and f, the
diffusion and non—diffusion region were separated and fall off due
to the difference in thermal expansion coefficient, which seems to
be cut with a knife.

Fig. 5.9a and d shows the inverse pole figure (IPF) map and the
orientation distribution function (ODF) sectioned at ¢z = 45°
respectively, for the Fe—1wt%Si specimen with Si diffused at 1100
°C holding for 2 min with the in and out condition. Percentages of
{100} <Ovw> and {111} <uvw> were 77.9% and 0.5%, respectively.
Fig. 5.9b and e shows the IPF map and the ODF, respectively, for
the Fe—1wt%Si specimen with Si diffused at 1100 °C holding for
3.75 min with the in and out condition. Percentages of {100} <Ovw>

and {111}<uvw> were 58.8% and 0.5%, respectively. Fig. 5.9¢c and



f shows the IPF map and the ODF, respectively, for the Fe—1wt%Si
specimen with Si diffused at 1100 °C holding for 7.5 min with the in
and out condition. Percentages of {100} <Ovw> and {111}<uvw>
were 86.9% and 0%, respectively. The average grain sizes of Fig.
5.9a, b and ¢ were 107 um, 147 um and 230 pum, respectively. Fig.
5.10a and d shows the IPF map and the ODF, respectively, for the
Fe—1wt%Si specimen with Si diffused at 1100 °C holding for 15 min
with the in and out condition. Percentages of {100}<0vw> and
{111} <uvw> were 55.9% and 0.3%, respectively. Fig. 5.10b and e
shows the IPF map and the ODF, respectively, for the Fe—1wt%Si
specimen with Si diffused at 1100 °C holding for 30 min with the in
and out condition. Percentages of {100} <0vw> and {111}<uvw>
were 63.7% and 0%, respectively. Fig. 5.10c and { shows the IPF
map and the ODF, respectively, for the Fe—1wt%Si specimen with
Si diffused at 1100 °C holding for 60 min with the in and out
condition. Percentages of {100}<0Ovw> and {111}<uvw> were
74.6% and 0%, respectively. The average grain sizes of Fig. 5.10a,
b and ¢ were 274 um, 352 um and 367 um, respectively.

Fig. 5.9 and Fig. 5.10 show that all the Si diffused specimens
have strong {100}<0vw> texture, percentages of the other
orientations were close to zero. The orientation distribution of all

the samples has existed near the cube fiber and other orientations



were negligibly small. As the holding time increases, the average
grain size increases, however, the grain size could not affect the
{100} <Ovw> evolution. This aspect is shown in Fig. 5.11 and Fig.
5.12, where percentages of {100}<Ovw> was distributed from
55.9% to 86.9%, irrespective of the holding time at 1100 °C.
However, percentages of Si content were influenced by increased

holding time, the weight percentages of Si were, respectively,

9.38wWt%, 9.86wt%, 10.22wt%, 10.25wt%, 11.48wt%, and 11.96wt%.

Fig. 5.13 and Fig. 5.14 show the IPF maps of cross section for
the Fe—1wt%Si specimen with increase Si diffusion time. The Si
diffusion depth of each specimen from surface to bulk was,
respectively, 109 um, 161 um, 288 um, 381 um, 457 pum, and 473
um. In case of the short time diffusion such as Fig. 5.13a, the
diffusion depth was relatively low, but the orientation has a strong
{100} <Ovw> as shown in Fig. 5.9a and d, this result indicate that
the surface nucleation induced by phase transformation with Si
diffusion affects the evolution of {100}<0Ovw> texture and the
{100} <Ovw> grow into the bulk by the Si diffusion from the surface.

Fig. 5.15 and Fig. 5.16 show the line EDS analysis of cross
section for the Fe—1wt%Si specimen with increased holding time.
Both diffusion and non—diffusion area were separated as shown in

Fig. 5.15 and Fig. 5.16a. This result indicate that the nucleated



orientation of {100} <Ovw> was grow from contact with Si wafer
surface to without contact surface of bottom.

Fig. 5.17 shows the EDS mapping images of the upper side area
of the specimen after Si diffusion is complete. There exist a total of
three layers and have different composition depending on the Si
content. The first layer of (a) is Fe—Si with a composition of Fe—
27.1wt%Si, the second layer of (b) is Fes—Si (Fe—18wt%Si), and
the third layer of (c) is ferrite with a composition of Fe—12wt%Si.
Fig. 5.18 shows the schematic of the cross sectional image after Si
diffusion is complete. The Fe—Si layer exists with voids and its
thickness is about 20 um and there is no voids in the second layer
of Fey—Si and its thickness is about 20 um. In case of the third
layer, there exists a void layer at the bottom surface. The result of
the two voids layer formation in one specimen can be considered
very specific case.

Then why such a specific result was happened? It is well known
that when the mobility of one element is much higher than the other
element in a phase boundary, voids would be formed because
enough site are not available. Therefore, the results can be
predicted by comparing the diffusion rates. The early stage of the
Si diffusion during heat treatment at 1100 °C, o phase was formed

between the Si wafer and Fe—1wtSi specimen, which has Fe-—
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12wt%Si composition. The Fe self—diffusivity of y phase at 1100 °C
is 4.18 x 107 "m?m™" and Si self—diffusivity at 1100 °C is 1.21 x
10""m"m™". Fe self—diffusivity of a phase in Fezs—Siz at 1100 °C
is 1.27 x 107"m?m™! and Si self—diffusivity of a phase in Fe7s—Siss
at 1100 °C is 2.56 x 10""”m"m™". Comparing the Fe self—diffusivity
between a phase of Fers—Siz2s and y phase of Fe at 1100 °C, a phase
of Fe76—Si2s is much higher than y phase which could make voids at
o phase of Fers—Sios and y phase interface. In case of the Si self—
diffusivity, a phase of Fers—Sizs is much higher than Si which could
also make voids at o phase of Fers—Si2s and Si wafer interface.
However, in case of the upper side, voids exist on Fe—3Si layer, not
Si—o interface. The previous result can be interpreted
experimentally.

Fig. 5.19 and Fig. 5.20 show EDS mapping images of the upper
side area of the specimen according to increase holding time at
1100 °C in Fe—1wt%Si contact with B—doped Si wafer. Fig. 5.19a
shows the early stage of Si diffusion at 1100 °C holding for 2 min.
Voids were formed at the interface between the o and Si, the a on
the voids layer was surrounded by a Fe—Si. Considering Fe—Si
phase diagram for these results, it can be expected that the Fe—Si
was formed after a phase is formed. As shown in Fig. 5.19 b and c,

Fe—Si grows in the void layer as holding time increases. In the Fig.



5.16 a and b, The Si diffusion in the specimen thickness direction
was finished between 15 min and 30 min. Fes—Si can’t be observed
at the interface between Fe Si and a under the 15 min condition,
which i1s before the diffusion finish as shown in Fig. 5.20 a.
However, Fex—Si was formed near the interface between Fe—Si and
o under the 30 min condition. These results mean that Fe;—Si is
precipitated near the interface between Fe—Si and a after Si
diffusion is completed. Then, as a diffusion time increases, it
changes into a layer as shown in Fig. 5.20 c. These process can be

shown in Fig 5.21.

9 4 A 21



Si wafer

~ B

Ay

Fe-1 wt%Si Fe-1 wt%Si

Fig. 5.4 Schematic of before & after Si diffusion image for Fe—

1wt%Si specimen with B—doped Si wafer.

95 ,* A—E —.?_; EH aF

7 Jl-'r_



Fig. 5.5 Photo image of before & after Si diffusion for Fe—

1wt%Si specimen with B—doped Si wafer.
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Fig. 5.6 EBSD IPF ND maps and 45° sections of ODF for the
surface of specimens in Fe—1wt%Si annealed for 5 min with H» gas:
(a), (c) at 1100 °C without contact and (b), (d) at 1100 °C in

contacting with B—doped Si wafer.
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Fig. 5.7 EBSD IPF ND maps and 45° sections of ODF for the
surface of specimens in Fe—1wt%Si annealed for 5 min with H gas:

(a), (c) at 1050 °C in contacting with B—doped Si wafer and (b),

(d) at 1000 °C in contacting with B—doped Si wafer.
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Fig. 5.8 Si diffused specimens according to increase holding
time at 1100 °C : (a) 2 min, (b) 3.75 min, (¢) 7.5 min, (d) 15 min

(e) 30 min and (f) 60 min.
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Fig. 5.9 EBSD IPF ND maps and 45° sections of ODF for the

surface of Si diffused specimens according to increase holding time

at 1100 °C in Fe—1wt%Si contact with B—doped Si wafer : (a), (d)

2 min (b), (e) 3.75 min and (d), (f) 7.5 min.
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Fig. 5.10 EBSD IPF ND maps and 45° sections of ODF for the
surface of Si diffused specimens according to increase holding time
at 1100 °C in Fe—1wt%Si contact with B—doped Si wafer : (a), (d)

15 min (b), (¢) 30 min and (d), (f) 60 min.
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Fig. 5.11 Grain size distribution for Si diffused specimens with

increased diffusion time at 1100 °C.
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Fig. 5.12 Percentages of major orientations for Si diffused

specimens with increased diffusion time at 1100 °C.
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Fig. 5.13 EBSD IPF ND maps for the cross section of Si
diffused specimens according to increase holding time at 1100 °C in
Fe—1wt%Si contact with B—doped Si wafer : (a) 2 min, (b) 3.75

min sec and (¢) 7.5 min, respectively.
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Fig. 5.14 EBSD IPF ND maps for the cross section of Si
diffused specimens according to increase holding time at 1100 °C in
Fe—1wt%Si contact with B—doped Si wafer : (a) 15 min, (b) 30 min

sec and (c) 60 min, respectively.
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Fig. 5.15 Line EDS images for the cross section of Si diffused
specimens according to increase holding time at 1100 °C in Fe-—
1wt%Si contact with B—doped Si wafer : (a) 2 min, (b) 3.75 min

and (c) 7.5 min, respectively.
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Fig. 5.16 Line EDS images for the cross section of Si diffused
specimens according to increase holding time at 1100 °C in Fe-—
1wt%Si contact with B—doped Si wafer : (a) 15 min, (b) 30 min and
(¢) 60 min, respectively.
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Fig. 5.17 EDS mapping images of the upper side area of the
specimen after Si diffusion : (a) Fe—Si layer, (b)Fe2—Si and (c)

Ferrite, respectively.
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Fig. 5.18 Schematic of the cross sectional image after

completion of Si diffusion.
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Fig. 5.19 EDS mapping images of the upper side area of the
specimen according to increase holding time at 1100 °C in Fe—
1wt%Si contact with B—doped Si wafer : (a) 2 min, (b) 3.75 min

and (c) 7.5 min, respectively.
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Fig. 5.20 EDS mapping images of the upper side area of the
specimen according to increase holding time at 1100 °C in Fe—
1wt%Si contact with B—doped Si wafer : (a) 15 min, (b) 30 min and

(c) 60 min, respectively.
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Fig. 5.21 Schematics of alloying layers and voids formation

during Si diffusion process.
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5.4. Diffusion induced by Si powder

Fig. 5.22a and b shows the inverse pole figure (IPF) map and
the orientation distribution function (ODF) sectioned at ¢z = 45° for
the Fe—1wt%Si specimen heat treated physical contact with Si
powders under 1100 °C holding for bmin, cooled to 950 °C for 120
min and cooled to room temperature in the furnace. Percentages of

{100} <0vw> and {111}<uvw> were 0.6% and 85.0%, respectively,

which were determined using the criteria of {100} <0Ovw> + 15°. Fig.

5.23a and b shows the IPF ND map and the ODF for the Fe—
2wt%Si—1wt%Ni specimen heat treated under 1100 °C holding for
12 h, where the other condition was the same with Fig. 5.22.
Percentages of {100}<Ovw> and {111}<uvw> were 0.1% and
97.4%, respectively. The average grain sizes of Fig. 5.22a and Fig.
5.23a were 92 um and 225 um, respectively, which were
determined by converting the grain area into the diameter using an
image analyzer software (EDAX/TSL software).

The weight percentage of Fig. 5.22 by EDS analysis is 0.92%
which means that Si diffusion was not induced. There are three
major parameters to induce diffusion process: (1) pressure, (2)
temperature, (3) holding time. To make diffusion bonding between

the specimen and powders, the holding time under 1100 °C was
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increased from Smin to 12 h. Fig.5. 23 shows that the grain size
increased to 225 pum but strong y fiber texture was developed. The
weight percentage of Fig. 5.23 is 0.96% which means that a
diffusion was not induced although the holding time increased to 12
h.

To confirm the effect of a bonding pressure, the Al:O3 plate was
placed on the powders to add a pressure between the specimen and
powders, and annealing process was conducted under the same with
Fig. 5.22. Fig. 5.24 shows the cross sectional SEM image after the
annealing process under the specimen pressed by Al:Os plate.
Large amount of voids was observed. Weight percentages of Si
were 15.51%, 15.40% and 15.58%, respectively, which means that
the Si diffusion underwent by an increasing bonding pressure. Fig.5.
25 shows the inverse pole figure (IPF) map for the Fe—1wt%Si
specimen. Percentages of {100}<Ovw>, {110}<uvw> and
{111} <uvw> were 12.5%, 19.5 and 11.5%, respectively. This result
shows that a successful diffusion process underwent but a random
texture was developed instead of cube—on—face texture. The
reason for this texture development can be interpreted as whether
the phase transformation was progressed or not. It is expected that
the Si diffusion was started from a o phase stable temperature,

which leads to the random texture development.
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Fig. 5.22 EBSD IPF ND maps and 45° sections of ODF for the
surface of Si diffused specimens at 1100 °C holding for 5 min in

Fe—1wt%Si contact with Si powders : (a) IPF map and (b) ODF.
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Fig. 5.23 EBSD IPF ND maps and 45° sections of ODF for the
surface of Si diffused specimens at 1100 °C holding for 12 h in Fe—

1wt%Si contact with Si powders : (a) IPF map and (b) ODF.
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Fig. 5.24 SEM cross sectional image at 1100 °C holding for 5

min in Fe—1wt%Si pressed by Al:O3 plate.
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Fig. 5.25 EBSD IPF ND maps for the cross section of Si
diffused specimens at 1100 °C in Fe—1wt%Si pressed by a Al:O3

plate.
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Chapter 6. Conclusions

The tensile stress induced on the surface by the physical
contact, which is generated by the difference in a thermal expansion
coefficient between the specimen and the supporting plates, is
suggested to affect the evolution of {100} <0vw> texture in Fe—
1wt%Si. Cube—on—face texture was evolved under the physical
contact with Al2Os, quartz and tungsten which thermal expansion
coefficient is less than half of that of Fe whereas {111}<uvw>
texture was evolved under the physical contact with nickel which
has similar thermal expansion coefficient of Fe.

The tensile stress induced by the creep deformation due to the
self—load has a similar effect with the physical contact. Using the
self—load method 88.0% of {100} <Ovw> texture was developed in
Fe—1wt%Si. This method was extended to Fe—2wt%Si—1wt%Ni
composition resulting in 77.7% of {100} <0Ovw> texture by a self—
load and a grain growth to enhance the probability of surface
nucleation.

The stress effect is extended to uniaxial compressive stress for
the development of cube—on—face texture. A compressive stress
induced by a specimen placement affects a grain growth. The

nucleation barrier was affected by a compressive stress which
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increase nucleation barrier during y — o phase transformation
resulting in strong cube—on—face texture development by an
increasing the probability of surface nucleation.

Three types of texture controlled specimens were prepared to
confirm how the magnetic properties could be affected by a texture
development with the same chemical composition of Fe—2wt%Si—
1wt%Ni. The specimen with 78.4% of {100}<Ovw>, and 3.2% of
{111} <uvw> produce the highest magnetic flux density of Bsy =
1.75 and the lowest iron loss of Wisso = 2.19. The specimen with
0.7% of {100}<Ovw>, and 81.3% of {111}<uvw> produce the
lowest magnetic flux density of Bsp = 1.61 and the highest iron loss
of Wisso = 2.50. Therefore, the magnetic properties strongly
depend on the texture development

A new concept, which is y - a phase transformation induced by
the Si diffusion on the specimen surface, is proposed to evolve
strong {100} <0Ovw> texture. {100} <Ovw> of an a nuclei can be
formed on the specimen surface by a Si diffusion and be grown into
the bulk as annealing time increased, which was experimentally
confirmed. A strong {100} <0vw> texture of 86.9% was produced

under the 7.5 min holding time of in and out condition.
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