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Abstract

Yoshiyuki USHIGAMI*

The mechanism of secondary recrystallization in grain-oriented silicon steel has

been studied on the basis of the statistical model of grain growth in which the inhibitor

and texture are taken into account. The theoretical analysis reveals that this model

explains the evolution of Goss-oriented grain to a coarse grain more than thousand

times larger in diameter than the matrix grains by consuming a hundred million

other grains. The computer simulation shows that this model successfully depicts

the important features of secondary recrystallization; grain growth behavior of

secondary grains, secondary grain size and sharpness of Goss texture.

1. Introduction

When steel is annealed at a higher temperature after the comple-
tion of primary recrystallization, specific grains in the primary re-
crystallized structure consume other grains in the structure and grow
into coarse grains. This phenomenon is called secondary recrystalli-
zation. Grain-oriented silicon steel, which is used for transformer
cores, is a typical industrial product in which secondary recrystalli-
zation is utilized to control grain orientation.

Grain-oriented silicon steel was invented by Goss in America in
1934.Y Since then, extensive research and the development of steel
has been carried out.> Today, it is one of Japan’s high-performance
steel products. Since the axis of the easy magnetization of iron is
<001>9, it is possible to improve the magnetic characteristics of iron
by controlling its grain orientation. The average deviation angle from
the <001> axis of the highest grade of existing products is approxi-
mately three degrees.

In stable secondary recrystallization, fine precipitates called in-
hibitors play an important role.”'” When primary recrystallized steel
is annealed further, grains of all orientations grow. On the other hand,
in the presence of an inhibitor, as shown in Fig. 1, the growth of
grains is restrained by the pinning effect in the low-temperature re-
gion; however, at a temperature at which the inhibitor begins to
weaken, only the {110}<001> grains or the Goss orientation starts

growing into coarse grains.

In the secondary recrystallization of grain-oriented silicon steel,
of the primary recrystallized grains having an average grain diam-
eter of approximately 10 zm, only grains of the Goss orientation
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Fig. 1 Secondary recrystallization behavior in grain-oriented silicon steel
(grain size and structure)
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Fig. 2 CSL model of secondary recrystallization (elementary process of selective growth of Goss-oriented grain)"2%27

grow into coarse grains more than 1,000 times larger (several to tens
of mm). Grains of the Goss orientation grow by encroaching on as
many as one hundred million other matrix grains. In the primary
recrystallized structure, there is only about one grain of the Goss
orientation per ten thousand matrix grains. Thus, only one out of
approximately 10,000 X 10,000 primary recrystallized grains grows
into a secondary recrystallized grain.

Many studies have reported the mechanism whereby only grains
of the Goss orientation having a very low frequency grow preferen-
tially.'"1®

For clarifying the secondary recrystallization mechanism, we
conducted a dynamic observation of secondary recrystallized grains
using synchrotron radiation, which is a powerful X-ray source. On
the basis of the observed results, we proposed a coincidence site
lattice (CSL) model (Fig. 2)'7??. It is already known that Goss-ori-
ented grains have a high frequency of coincidence grain boundaries,
showing good lattice coherence with the surrounding matrix grains.
Compared with the ordinary high-angle grain boundary, the coinci-
dence grain boundary has lower grain boundary energy and is sub-
ject to a smaller pinning force from the inhibitor. This is considered
to account for the preferential movement of the coincidence grain
boundary. It is estimated that the macroscopic secondary recrystalli-
zation of Goss-oriented grains manifests itself with the above selec-
tive movement of the coincidence grain boundary under the pres-
ence of an inhibitor as a trigger.

In the present study, on the basis of the statistical grain growth
theory, we (1) carried out a theoretical analysis to verify the mecha-
nism whereby Goss-oriented grains grow into coarse grains more
than 1,000 times larger, and then (2) compared the results of our
computer simulation of secondary recrystallization with the actual
behavior of secondary recrystallization.

2. Theoretical Study of Secondary Recrystallization
2.1 Theoretical analysis using the statistical grain growth model ="

Generally, the growth of grains is classified as “continuous grain
growth” and “discontinuous grain growth.” Fig. 3 schematically
shows the behavior of continuous and discontinuous grain growth.”
In continuous grain growth, the normalized grain size distribution
itself remains the same, although the average grain size completely
increases as small grains disappear (Fig. 3(a)). On the other hand, as
shown in Fig. 3(b), discontinuous grain growth is the phenomenon
whereby only specific grains grow to render the grain size distribu-
tion discontinuous when the growth of matrix grains is restrained by
an inhibitor, etc.
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Fig. 3 Schematics of continuous and discontinuous grain growth
(t: annealing time, D: grain diameter)

The term “secondary recrystallization” is sometimes used as a
synonym for the term “discontinuous grain growth” explained above.
However, when applied to grain-oriented silicon steel, secondary
recrystallization has two salient characteristics: (1) only grains of a
specific grain orientation (i.e., Goss-oriented grains) are involved in
the phenomenon, and (2) those Goss-oriented grains grow into grains
more than 1,000 times larger.

In the present study, we theoretically analyzed the above two
characteristics using a statistical grain growth model. The model is
schematically presented in Fig. 4. Based on a statistical model that
assumes the driving force from matrix grains as the average field
(E/R) from the same grain size,”” our model considers the influ-
ences of inhibitor and texture (grain boundary energy). Using the
model, we determined discontinuous grain growth by comparing the
growth rate of Goss-oriented grains with that of matrix grains and
verified the probability of Goss-oriented grains growing into coarse
grains several thousand times larger.

The growth rate of Goss-oriented grains is expressed by the fol-
lowing equation.

dRG _ o[£ _Ec _
dt Rc  Rg
where R : Goss-oriented grain radius, R : matrix grain critical ra-
dius, E: grain boundary energy between the Goss-oriented grain
and matrix grains, E: grain boundary energy between matrix grains,
t: time, A: form factor, M: grain boundary mobility, and 7,: inhibitor
strength.

As shown in Fig. 4 and Equation (1), three types of forces act on
each Goss-oriented grain. The first term (P1) in Equation (1) is the
driving force produced by the grain boundary tension of the matrix

Egl,

L, (1)
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Fig. 4 Schematic illustration of microstructure and three forces that
affect Goss-oriented grain'-?”

grain, and the second term (P2) is the self-shrinking force of the
Goss-oriented grain. The third term (P3) is the inhibitor pinning force
against the grain boundary movement. In the CSL model shown in
Fig. 2, the third term (E /) plays an important role.

In the manufacturing process of grain-oriented silicon steel, a
primary recrystallized steel sheet wound as a coil is slowly heated
up to approximately 1,200°C over tens of hours to cause secondary
recrystallization. In this heating process, matrix grains also grow as
the pinning force of the inhibitor decreases. Therefore, it is consid-
ered that secondary recrystallization manifests itself in a quasi-steady
state (R I, = constant). The growth of matrix grains in the quasi-
steady state is expressed by the following equation.?”

dRC_AME(1 RCIZ)2

dt ~ 4R, A
Whether discontinuous grain growth occurs can be judged using

Equation (3) to obtain the ratio (C) of the relative growth rate of the

Goss-oriented grain, expressed by Equation (1), to that of matrix
grain expressed by Equation (2).

=[] %]

c

2

®))

Discontinuous grain growth occurs when C > 1; that is, when the
relative growth rate of the Goss-oriented grain is greater than that of
the matrix grain. When we substitute Equations (1) and (2) for Equa-
tion (3) and express the grain size, the inhibitor, and grain boundary
energy by the following normalized parameters (i, z, k), discontinu-
ous grain growth can be calculated by the following equation.

_R_Rcly  _Eg
u—RC,z— 1 ,ke—E
— (1-2)%u? =4 (1= k,z) u+4k, A
S (1—z)2u2 @

Fig. 5 shows an example in which we evaluated the influences of
those parameters. It can be seen from the figure that the discontinu-
ous growth of Goss-oriented grains does not occur (C < 1) when
only the inhibitor is introduced (z = 0.5, Ak, =1 - k, = 0), but that
discontinuous grain growth occurs (C > 1) when not only the inhibi-
tor but also the peculiarity of the grain boundary energy is intro-
duced (z=0.5, Ak,=0.2). As aresult of discontinuous grain growth,
the relative grain size increases. However, after the relative growth
rate ratio (C) reaches its maximum, it starts to gradually decrease.
Thus, it can be seen that when a certain maximum grain size (u__ ) is
reached, the grain cannot grow anymore.
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Fig. 5 Effect of grain boundary energy and inhibitor on criterion
parameter of discontinuous grain growth (C)*”
(dotted line: z = 0.5, Ak, =0, solid line: z = 0.5, Ak, =0.2)
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Fig. 6 Effect of grain boundary energy and inhibitor on maximum
normalized grain size?*?”

Fig. 6 shows the influences of the inhibitor and grain boundary
energy on the attainable maximum grain size («__ ). For discontinu-
ous grain growth to occur, it is necessary that the grain boundary
energy have a certain peculiarity (A k, > 0). However, to permit the
grains to grow thousands of times larger, it is also necessary to in-
crease the inhibitor strength. This requirement comes from the third
term (k) in Equation (1), suggesting that the coincidence grain
boundary and inhibitor play an important role in secondary recrys-
tallization.

The above analysis demonstrates that by introducing the inhibi-
tor and grain boundary energy peculiarity in the statistical grain
growth model, it is possible to explain that “Goss-oriented grains
can grow into huge grains more than 1,000 times larger”—the sa-
lient characteristic of grain-oriented silicon steel.

2.2 Computer simulation of secondary recrystallization®*3?

This section describes the computer simulation we carried out to
study to determine if it is possible to reproduce the behavior of sec-
ondary recrystallization.

2.2.1 Simulation model

Fig. 7 schematically shows the grain growth model used for the
computer simulation. Generally, statistical grain growth can be ex-
pressed by the following equation.

de’_ZZSf K X E" EPK )
dt k7S RY RY A ’

where R: grain radius, E: grain boundary energy, M: grain boundary
mobility, #: time, S: grain boundary surface area, A: form factor, .
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Table 1 Characteristics of grain boundaries®”
E K
Type of grain boundary Energy Mobility
Small angle boundary Low Low
High angle boundary High High
CSL boundary Medium Higher

Fig. 7 Schematic illustration of the statistical model of grain growth for
computer simulation®
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Fig. 8 Initial conditions of grain structure (orientation and grain size
distribution) and frequencies*”

inhibitor strength, (H, K): grain orientation class, and (i, j): grain
size class.

Fig. 8 shows the initial state of a primary recrystallized structure.
The grain orientations were divided into four classes: G1-G3 indi-
cating the Goss orientations (dispersion angle: 5°, 10°, 15°, respec-
tively) and M indicating the matrix orientation. For the frequencies
of the individual grain orientations, the results of our X-ray orienta-
tion distribution analysis of a sample prepared by a one-stage heavy
cold-rolling process were used. The frequency of Goss-oriented grains
is far lower than that of matrix grains. The initial grain size distribu-
tion was assumed to be of the 93 class, and Hillert’s steady-state
grain size distribution was used on the assumption that it would be
unaffected by the grain orientation.””

Grain boundaries were divided into three types, as shown in Table
1, and the relative grain boundary energy and relative grain bound-
ary mobility shown in Table 2 were used. As described in the pre-
ceding section, the difference in the grain boundary energy is con-
sidered to be the decisive factor. Therefore, in the present computer
simulation, the peculiarity of mobility was not considered and mo-
bility between the matrix grains was assumed to be similar to that
between the Goss and matrix grains. In addition, with respect to the
grain boundary energy of Goss grains and matrix grains, the grain
boundary energy between Goss grains was assumed to be several
percent (2%-4%) lower than that between matrix grains in view of
the fact that the sharper the Goss-oriented grain, the greater the fre-
quency of the coincidence grain boundary.

2.2.2 Comparative experiment'”
To verify our computer simulation, we carried out an experiment
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Table 2 Relative grain boundary energy (e"X) and relative grain
boundary mobility (m"X) between the orientation classes®?

e | M | G3 | G2 | GI m™ | M | G3 | G2 | GI
M 1 1098097096 M 1 1 1 1

G3 1098 05 | 05 | 0.5 G3 1 0 0 0
G2 1097 05 | 05 | 0.5 G2 1 0 0 0
Gl 1096 05 | 05 05 Gl 1 0 0 0

on the influence of the inhibitor drop on the behavior of secondary
recrystallization. In the experiment, secondary recrystallization an-
nealing was performed isothermally, with the nitrogen partial pres-
sure of the surrounding gas atmosphere varied to cause the decom-
position behavior of the (Al, Si) N inhibitor to change so as to study
the influence of the inhibitor on the behavior of secondary recrystal-
lization.

As shown in Fig. 9, the secondary recrystallized structure and
grain orientation distribution are markedly influenced by the rate of
inhibitor drop. Thus, it can be confirmed that the inhibitor is an im-
portant governing factor. In the case of Specimen (a), when the ni-
trogen content of the atmosphere gas is increased to reduce the rate
of inhibitor drop, only the sharp Goss-oriented grains grow prefer-
entially, and the average size of secondary recrystallized grains be-
comes larger. Conversely, when the rate of inhibitor drop is increased,
the dispersed Goss-oriented grains begin growing, and the average
size of secondary recrystallized grains becomes small, and ultimately,
the matrix grains also start growing as in Specimen (c).

2.2.3 Results of computer simulation®”

In the comparative experiment, we measured the amount and
average size of inhibitor in each of the specimens with the rate of
inhibitor drop varied and calculated the inhibitor strength. Using the
experimental results, we carried out a computer simulation of the
behavior of change in grain structures during secondary recrystalli-
zation annealing. In the simulation, a grain having a diameter greater
or equal to twenty times that of the matrix grain was defined as a
secondary recrystallized grain, and the time at which the volume
fraction of the secondary recrystallized grains reached 1% and 99%
was defined as the beginning and end, respectively, of secondary
recrystallization.

Fig. 10 shows the experimental results (secondary recrystallized
and matrix grain sizes) and the simulation results of the behavior of
growth of Goss-oriented grains. According to the simulation results,
when the nitrogen content of the atmosphere gas was increased to
restrain the inhibitor drop, the secondary recrystallization beginning/
ending times changed from 3.5 h/4.3 hto 5.0 h/5.9 hto 13.3 h/16.6 h.
On the other hand, the ultimate average size of the secondary recrys-
tallized grains increased from 3.4 mm to 7.8 mm to 26.8 mm. These
simulation results reproduce the experimental results almost quanti-
tatively. In addition, they reproduce the change in the secondary re-
crystallized grain size in the range from 100 to 1,000 times that of



NIPPON STEEL TECHNICAL REPORT No. 102 JANUARY 2013

200
A
(=3
£ 150
£ (A)PN2=0/|90
=
(=]
S 100 \l‘
g (B)PN2=0[25
£
Z 50
(C)PN2=%\3
0
0 10 20 30
Time (hr)

&

Specimen A; PN2=0.90

g s

Specimen B; PN2=025

Specimen C; PN2=0.0

30mm

Fig. 9 Changes of nitrogen content during secondary recrystallization annealing (isothermal annealing at 1,075 °C) and grain structures and orientation
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Fig. 10 Evolution of the average grain size of secondary grains and
matrix grains during isothermal annealing (experimental and
calculated values)*?

the matrix grain size according to the rate of inhibitor drop.

Fig. 11 shows the results of the experiment and simulation of the
secondary grain orientation distribution. According to the experimen-
tal results, when the rate of inhibitor increases, the dispersion of the
Goss orientation gradually widens. In Specimen (c) with the highest
rate of inhibitor drop, even grains other than Goss-oriented grains
grow into coarse grains. The simulation results also show that with
the increase in inhibitor drop rate, the volume fraction of G1—the
sharp Goss-orientation class—decreases gradually, and the volume
fractions of G2 and G3—the dispersed Goss-orientation classes—
increase. In Specimen (c) with the highest rate of inhibitor drop, matrix
grains (M) and Goss grains (G1-G3) become coarse and mix in the
secondary recrystallized structure. These results agree with the ex-
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Fig. 11 Orientation distribution of secondary grains®?
(a) experiment ({100} pole figures), (b) simulation (volume
fractions of four orientation classes)

perimental results.

As has been described above, by our computer simulation using
the statistical grain growth model, we quantitatively reproduced the
growth behavior of Goss-oriented grains into huge grains approxi-
mately 1,000 times larger and the grain size and grain orientation
distribution.

3. Conclusions® 3%

On the basis of the statistical grain growth theory, we studied the
mechanisms of secondary recrystallization. Using the coincidence
site lattice (CSL) model, which assumes that “coincidence grain
boundaries having good lattice coherence move about preferentially
because they are subject to a smaller pinning force from the inhibitor
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than ordinary high-angle grain boundaries,” we formulated the sec-
ondary recrystallization phenomenon of Goss-oriented grains. As a
result of our theoretical analysis of secondary recrystallization using
the equations of grain growth, it was possible to explain that “each
Goss-oriented grain consumes as many as a hundred million matrix
grains to become a huge grain more than 1,000 times larger in size.”
In addition, we showed that the computer simulation permits the
quantitative reproduction of the growth behavior of Goss-oriented
grains, such as the secondary recrystallization beginning/ending time,
and the characteristics of secondary recrystallization, such as the
secondary recrystallized grain size and the secondary recrystallized
orientation distribution.

By utilizing the theory of secondary recrystallization mechanisms
and the computer simulation technique that have been described, it
is considered possible to further improve the advantageous charac-
teristics of grain-oriented silicon steel.
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