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Goss texture development in silicon steels has been studied through EBSP measurements
and various computer simulations and calculations. The results of these studies suggest
the possible role of high energy grain boundaries (HEGB) in the abnormal growth of
Goss grains. The Goss orientation has a fraction of HEGBs that is higher than any other
commonly observed orientations in the primary recrystallized silicon steels. The HEGBs
have high GB diffusion coefficients which cause rapid coarsening of precipitates on these
HEGBs and release them earlier, at the time when other GBs are still pinned. A difference
in the mobility between the HEGBs and the other GBs favours the abnormal growth of
Goss grains. The Monte-Carlo methods that have been developed and used to validate
this assumption have generated abnormally growing Goss grains. The experimentally
observed grain boundary character distributions (GBCD) around the growing Goss
grains have been reproduced in simulation by assuming high mobility to HEGBs. Apart
from the high mobility differences between different GBs, the importance of the fraction
of GBs with high mobility around growing Goss grains is realized.
Keywords: Goss texture; High energy grain boundaries; Precipitates; Monte-Carlo
simulation

1. INTRODUCTION

Although the grain oriented silicon steels have been known since the
work of Goss (1934), the mechanism of the development of Goss texture during secondary recrystallization (SR) is still under debate among
researchers. Various mechanisms of the development of Goss texture
* Corresponding author.
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have already been proposed. One theory assumes that Goss grains form
colonies in the case of conventional grain-oriented electrical steel in
which the final cold rolling reduction is approximately 60%. Coalescence of these colonies during annealing gives them the size advantage
for further growth (Inokuti and Maeda, 1984; Matsuo, 1989). However, when GB energies and mobilities are uniform, it has been shown
previously both by theoretical (Andersen et al., 1995a,b) and computational analyses (Anderson et al., 1984; Srolovitz et al., 1985; Hinz and
Szpunar, 1995) that a very large grain will always grow more slowly
than the average size grain and will eventually rejoin the normal size
distribution. Therefore, the abnormal grain growth (AGG) can only
occur when normal grain growth is inhibited. In conclugion, unless the
abnormally growing grain enjoys some growth advantage other than
size of its neighbours, SR will not be realized. In the case of high
permeability steel, the Goss grains do not form colonies (Shimizu and
Harase, 1989; Pease et al., 1985) and abnormal grain growth is
observed in practice.
It is known that the grain growth in polycrystalline materials is
entirely controlled by grain boundaries. The driving force for grain
growth is the reduction of GB area, and thus the total energy of the
system. The kinetics of grain growth are determined by grain boundary
mobility. Among many factors such as surface energy, particle pinning,
grain boundary grooving, etc., which may influence AGG, effect of
second phase particles is considered to be of prime importance in the
case of Goss texture development in Fe-Si steels. At higher temperatures, precipitate particles undergo Oswald Ripening (OR).. This causes
the breakdown of GB pinning and favours certain GBs that move
faster than others and are responsible for AGG.
Regarding the type of boundaries responsible for the growth of Goss
grain in Fe-Si steel, one group of researchers (Harase et al., 1986; 1991;
Shimizu et al., 1990; Abbruzzese et al., 1992; Lin et al., 1996) argue that
certain coincidence site lattice (CSL) boundaries have high mobilities
which result in AGG. Harase et al. (1991) and Shimizu et al. (1990)
argued that among various CSL boundaries, 9 played an important
role in the development of { 0} (0 0 texture. In their work a possible
role of other CSL boundaries was not ruled out. Recently Lin et al.
(1996) stated that the low boundaries including 3 are responsible
for the AGG of Goss grains in Fe-Si steels. These authors argue that
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there is no energetic or structural basis for an enhanced stability of the
E3 boundary in b.c.c, materials such as Fe-Si. The fact is that the
fraction of CSL boundaries other than the low angle grain boundary
(El) is very small, usually less than 10%, (Harase and Shimizu, 1988;
Shimizu and Harase, 1989) and it cannot be responsible for a major
change in texture. Different type of CSL boundaries are given importance from case to case [9 (Harase et al., 1991), 7 (Harase, 1992), 5
(Yoshitomi et al., 1993)]; however, no explanation for the selection
mechanism has been offered. Although a lot of work has been published on the possible role of CSL boundaries on AGG, this has not
been confirmed satisfactorily or accurately.
Dependence of GB energy on the GB misorientation Was recognized a
long time ago. Dunn and Lionetti (1949) and Dunn et al. (1950a,b)
measured the GB energy as a function ofmisorientation angle for (1 0 0)
and (1 0) tilt boundaries in Fe-Si steels. The measured relative GB
energy is shown in Fig. 1. The graph shows that the GBs with middle
misorientation namely 200-45 are HEGBs. The GBs with misorientations in other ranges namely <20 and >45 possess low
energies. The direction of GB migration is dictated by the GB energies.
However, the thermal activation energy of GB migration controls the
kinetics of grain growth. It is observed that the dependence of the
activation energy on GB misorientation is different at various concentrations of impurities. The results of Aust and Rutter (1959a,b)
indicate that in high purity metals, the differences in GB mobility arise
primarily from an orientation dependence of solute segregation to the
boundary, rather than an intrinsic difference between GB mobilities.
These authors demonstrated that the CSL boundaries are more mobile
than random boundaries up to an impurity level of 0.006 wt% Sn in Pb.
At higher impurity levels the difference between mobilities of CSL and
random boundaries disappear (Humphreys and Hatherly, 1995). Again,
it has beeta reported that the speciality of the CSL boundaries vanishes
at higher temperatures (Humphreys and Hatherly, 1995). As a typical
Fe-Si steel has around 3% Si with other alloying elements such as C,
Mn, S, A1, N, etc., in considerable amount and the secondary recrystallization process is observed to happen above 1000C, the special
property of CSL boundaries is not necessarily preserved for this case.
In an effort to prove the underlying mechanism of the Goss texture
development in Fe-Si steel, various textural and microstructural
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FIGURE
The grain boundary energy vs. misorientation angle for
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aspects of grain growth have been studied by our group (Hayakawa
and Szpunar, 1997a,b; Hayakawa et al., 1996; 1997; Rajmohan et al.,
1997). These studies using texture measurements, OIM and computer
simulation methods reveal the importance of HEGBs. The purpose of
this article is to explain the possible role of HEGB in the development
of Goss texture in silicon steels. Previously, an experimental study on
commercial purity single crystalline specimens of Fe-3%Si, using
orientation measurements and grain misorientation analyses of pole
figures conducted by Titorov (1973; 1994) also concluded that GBs
with middle misorientation angles were responsible for AGG of the
Goss grain. Also, the experimental findings by Watanabe (1992)
demonstrate that the large growing grains have a high number of
HEGBs. At high concentrations of alloying elements and at high
processing temperatures, the HEGBs have the highest mobility and the
highest precipitate coarsening rate and consequently are released for
migration earlier than other boundaries in an alloy system. The high
mobility of the HEGB and low mobility of the low energy grain
boundaries (LEGB) in industrial purity metals is observed even if the
precipitates are not present and can be explained using vacancy
mechanisms. It is well known that the GB migration takes place
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because of the exchange of atoms between grains through vacancies
(Gottstein and Schwarzer, 1992; Ralph et al., 1992; Babcock and
Balluffi, 1989). The HEGB is more capable of absorbing and emitting
vacancies (Hahn and Gleiter, 1980) because the number of vacancies is
related to the disorder in the grain boundary structure. The HEGB has
a more disordered structure, therefore a high number of vacancies and
dislocations should contribute to a high mobility at high impurity levels
and at high processing temperatures. The following sections of this
article delineate our investigations made to reveal the mechanism of
Goss texture development in both conventional and high permeability
Fe-Si steels.

2. THE ROLE OF THE HIGH ENERGY GRAIN BOUNDARY

An investigation made by Hayakawa et al. (Hayakawa et al., 1996;
Hayakawa and Szpunar, 1997a) through GBCD analyses on both
conventional and high permeability steels after primary recrystallization paved the way for identifying the role of HEGBs on the development of Goss texture in those materials. The calculated orientation
distribution function (ODF) from the measured pole figures (110),
(200) and (211) for both these steels are shown in Fig. 2. To calculate
the GBCD, pairs of grains have been generated in proportion to the
value of the ODF using the method proposed by Morawiec et al.
(1993). To investigate grain boundaries around the grain having a
certain specific orientation, the orientation of the selected grain is fixed,
and the orientation of the neighbouring grain was generated using the
ODF data. The calculated GBCD using 105 pairs of grains has an error
less than 1%. Misorientation angles, which are the minimum angle
among the equivalent 24 angles and rotation axis, have been calculated
using the unit quaternion (Grimmer, 1974). The validity of the statistical calculation of GBCD has been tested previously (Hayakawa et al.,
1996), by comparing the result obtained with direct measurement of
misorientation of grains using the EBSP. The portion of CSL boundaries obtained from the measurement of 511 grains in the high permeability steel specimen shows good agreement with the calculation
except for the E1 boundary. The percentage of the 21 boundary
is higher than the calculated value, and the main reason for such a
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FIGURE 2 The ODF of (a) high permeability steel and (b) conventional electrical
steel.

difference is that E1 boundaries tend to form colonies that cannot be
predicted from the ODF analysis.
Suppose that the fraction of boundaries having misorientation angle
lying between certain angles A and B for a grain having a specific
orientation g is defined by the following expression:

Fraction(A <

< B,g)

{N(A < o < B,g)/N(g)},

(1)
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where N(A < co < B,g) is the number of boundaries that have misorientation angle (A <co<B) around the grain having a specific
orientation g, and N(g) is the total number of generated boundaries
around the grain having the same specific orientation g. The fraction of
grains having misorientation angle co with respect to the Goss grain, the
grain having average orientation, and the grain representing the main
texture component are shown in Fig. 3. The main texture components
after primary recrystallization are {
}(1 2) and { }(1 0) for
the high permeability steel and conventional steels respectively. The
main difference between distributions illustrated in Fig. 3 is that the
Goss grain has more intermediate misorientation angle (20 < co < 45 )
grain boundaries and less low angle (15 > co) and high angle (45 < co)
grain boundaries than a grain having an average orientation or
the grain of the main texture component. Figure 3 also shows that
grains with orientation of the main texture component have fewer
intermediate misorientation angle GBs and more low and high angle
GBs than the grain representing the average texture. This observation
is true for both the conventional and high permeability steels. The
fraction of middle misorientation (20 << 45 ) grain boundaries
around grains of different orientations can be represented in the Euler
angle space and is shown in Fig. 4. For the high permeability steel, the
fraction shows a sharp maximum which is 76% of the Goss orientation
and a minimum which is 37% of the main texture component. A
spectacular difference of 40% is seen between Goss orientation and
main texture component. In the case of conventional electrical steel,
though the Goss orientation has a higher fraction ( 68%), the peak
value of 70% fraction is found at the orientation which is 20 deviated
from Goss orientation through the ND]I(1 0) axis.
The fraction of CSL boundaries around a grain having specific
orientation g can be estimated from EBSP measurement. According to
the recent measurement by Lin et al. (1996), the fraction of E3-E9 CSL
boundaries around Goss orientation after primary recrystallization is
13%. The next highest fraction of E3-E9 CSL boundaries reported
is 10% for {
}(1 2) in conventional electrical steel. These two
orientations have a difference in the fractions of these boundaries only
3%. From this data, it is also evident that if E3-E29 CSL boundaries
are considered then the Goss and { 1}(1 2) orientations have the
fraction of 20% and 19% respectively. These values are close enough to
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FIGURE 3 The misorientation angle distribution around the Goss, main and average texture components in (a) high permeability electrical steel (b) conventional electrical steel.

argue against the influence of CSL boundaries on the Goss texture
development in Fe-Si steels. From the computer calculations described
above, made by Hinz and Szpunar (1995) and Hayakawa and Szpunar
(1997a) a similar conclusion was .reached. The fraction of CSL
boundaries around the Goss grains is higher than the grain having
average orientation, however, grains having other orientations such as
} (0 1) and {2 0} (0 0 1) have higher or similar fractions of CSL.
{
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FIGURE 4 The fraction (%) of GBs with misorientation angle between 20 and 45
around grains having various orientation represented in Euler angle space for b2 =45
section. (a) High permeability electrical steel and (b) conventional electrical steel.

The most important observation of their finding is that the absolute
difference in fraction is at best only 3%. The difference is too small to
make any significant change in the secondary recrystallization
mechanism. As far as an individual CSL boundary such as E9 is concerned, the number of such boundaries surrounding the Goss grain is
approximately 2%, which is too small to alter the primary recrystallized texture and influence the development of Goss texture. On the
other hand the difference in the middle misorientation boundaries is as
high as;40% between the Goss and main orientations in both the
conventional and high permeability steels.

3. COMPUTER SIMULATION OF GOSS TEXTURE

DEVELOPMENT
The development of the secondary recrystallization texture is controlled by the precipitates and without them, AGG of Goss grains does
not happen. Interaction between the precipitates and the grain
boundaries, therefore, is more important than the inherent mobility
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differences between different grain boundaries. Secondary recrystallization is often related to the coarsening and depletion of precipitates,
which is a diffusion controlled process. As the GB diffusion rate is
higher than the bulk diffusion rate the coarsening of precipitates starts
at the GB. Attempts have been made (Borisov et al., 1964) to relate the
GB energy and GB diffusion. The theoretical approach developed by
Borisov et al. (1964) has been verified on various materials (Pelleg,
1966) and found to correlate well with the experiments. The GB diffusion rate is a function of the GB misorientation angle, which is
similar to the GB energy. It also reported that coarse precipitates were
frequently found inside large growing Goss grains than within small
grains (Hayakawa and Szpunar, 1997a). This may explain the fact that
precipitates grow faster at the boundary of the growing grain. It is
expected that HEGB has a high diffusion coefficient, leading to the
acceleration of Oswald ripening of the precipitates.
Based on the observation described above, a model of anomalous
grain growth has been proposed by Hayakawa and Szpunar (1997a). It
assumes that, at the beginning of annealing, all the grain boundaries are
pinned by precipitates. The rate of coarsening of precipitates is higher
for HEGBs. Therefore, at the early stages of annealing, only the HEGB
moves when the precipitates on this boundary coarsen to some critical
size for unpinning. Based on this assumption, only the boundaries
having a higher energy than a certain critical value (E) can move. At
the early stage of the annealing, when the value of E is high, the growth
advantage is small, thus we can expect normal grain growth, which is
usually observed before the onset of secondary recrystallization. As the
annealing progresses, the coarsening of precipitates continues such that
the precipitates which are situated on a LEGB also reach the critical
size for unpinning and such a GB begins to move. Therefore, it is
logical to assume that during annealing, the value of E decreases with
time.
This model has been incorporated in a Monte-Carlo simulation
procedure (Hayakawa and Szpunar, 1997b) and the grain growth
process has been monitored. The computer specimen consists of 1500
voronoi polyhedra grains modelled using half a million sites of a three
dimensional honeycomb lattice. The grain orientations in this computer specimen represents the primary recrystallization texture of high
permeability grain-oriented electrical steels. Each grain orientation is
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generated by the method proposed by Morawiec et al. (1993) in proportion to the value of ODF. The computer program incorporates both
GB energy and GB mobility. The GB mobility is assumed to depend on
GB energy E as follows:
mobility
mobility

1, when E >
0, when E <

Ec
Ec

(2)

where Ec is the critical value of boundary energy, and only the
boundaries having energy higher than Ec can move. The decrease of Ec
as the annealing proceeds is given by the following equation:

Ec

1.2

MCS x 10 -4/a

(3)

where, 1.2 represents the value of the highest relative boundary energy
of the Fe-Si system, MCS is the number of Monte-Carlo steps and a is
a constant which is related to the rate of coarsening of precipitates and
the values of 1,2, 3, 4, 6, 8 are used. At high values of a, Eo decreases
slowly during simulation. Expression (3) assumes that all the boundaries are pinned at the beginning of the simulation. As the annealing
proceeds, the HEGBs are released at the early stages and at the latter
stages even the LEGBs start to move. From the initial distribution of
1500 grains in this computer specimen, the average relative energy of all
the grains is 0.97. Goss grains are surrounded by HEGBs and the
average boundary energy is 1.03, while the main texture component
grains are surrounded by higher number of LEGB with an average
boundary energy of 0.92. The relative volume of the largest grain with
respect to average grain volume for various simulations with different a
values as expressed above are shown in Fig. 5. The near Goss grain
dominates the whole area of a half million sites used in this MonteCarlo simulation except in two cases where the rate of decrease of E is
the highest (a=8) or the lowest (a= 1). Hayakawa and Szpunar
(1997b) have also found that by using these procedures the Goss grain
is selected among the 1500 grains for the AGG. The faster the decrease
of Ec, the shorter the incubation time for abnormal grain growth. When
the rate of decrease of E is the highest, the grain growth behaviour
observed in this simulation is close to the normal grain growth. This
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FIGURE 5 Relative volume of the growing largest grain for various a’s in the
Monte-Carlo simulation by Hayakawa and Szpunar (1997b).

corresponds to the failure of secondary recrystallization that results
from the lack of necessary inhibition by coarse precipitates at the early
stages of annealing. The change of ODF intensity values f(g) of the
main texture component {
} (1 2), and that of the Goss orientation
are shown in Fig. 6 for both experiment and simulation. The ODF of
the simulated texture is calculated from individual orientation of grains
using Gaussian distribution (Bunge, 1982). Both results show an initial
increase of the main texture component and simultaneous decrease in
the strength of Goss texture.
Previous to this work the effect of CSL boundaries on the development of Goss texture in SR was studied using the three dimensional
Monte-Carlo model with a full description of the microstructure and
the crystallographic texture which was developed by Hinz and Szpunar
(1995). The conclusion from that work is that the Goss texture could
not develop under the condition that the CSL boundaries have high
mobilities and low energies. Also, a role of the initial grain size
advantage for the Goss grains has been studied. The assumption of
high mobility to CSL boundaries and grain size advantage at the
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FIGURE 6 Computer simulation and experimentally measured texture intensities of
Goss and main texture components during annealing (Hayakawa and Szpunar,
1997b).

beginning of the process, were not sufficient to simulate the anomalous
growth of Goss grains in grain-oriented electrical steel.

4. IMPORTANCE OF MOBILE BOUNDARY FRACTIONS
Grain growth during annealing of polycrystalline materials is influenced by the type of GBs the grain encounters as it grows. Frequently,
it has been noticed in the Monte-Carlo simulation of AGG that Goss
grains that are smaller than other available grains in the computer
specimen start growing abnormally. This elucidates the fact that not
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only the size of the nucleus grain is important but also the type and
number of mobile GBs surrounding that grain. In a recent work,
Rajmohan et al. (1997) explained the importance of fractions of mobile
boundaries around the growing Goss grain for the AGG in Fe-Si steels
using simple computer experiments.
In the present work, the growth of the Goss grain in the primary
re6rystallized matrix is followed under two different mobility
assumptions chosen to verify both the ’CSL’ and the ’middle misorientation boundary’ theories. At the start of simulation, the primary
recrystallized grain structure is assumed to be an array of tetrakaidecahedra. Each tetrakaidecahedron grain having the size of a lattice unit of the computer specimen has 14 neighbours (Smith, 1952).
The relative mobility of grain boundaries is assumed to be very high for
a particular type of GB, either CSL or middle misorientation GBs
depending on the assumption that is made to study the texture development. Other boundaries, or so called ’forbidden’ boundaries have a
very low mobility. Based on the assumed mobility conditions, if a
neighbouring grain has an ’allowed’ misorientation with the growing
grain, then the orientation of the neighbour becomes the same as the
growing grain. If the misorientation is ’forbidden’, the growth of the
grain is stopped along that direction. At any particular time, GBCD of
the growing grain can be computed based on orientations of its
neighbours. One should note that if an active grain grows approximately in a spherical fashion, then the total number of tetrakaidecahedra (Smith, 1952) neighbours at each step of its growth is
dictated by the following expression:
12n2+2 wheren=l,2,3,...

(4)

The above expression assumes that at each step, only the nearest
neighbours are consumed. Each lattice unit is shared by 14 other lattice
units, and therefore in order to avoid recounting of such units, the
average effective number of neighbours per lattice unit consumed by
the growing grain is approximated by an integer N (1 < N_< 3.57). N is
the ratio between the total number of nearest neighbours of the growing grain, and the current peripheral lattice units covering the
growing grains. Various experimental observations show that a grain
growing in an abnormal fashion seldom grows spherically, but rather
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has a complex shape which is modified at every step during the course of
its growth due to the anisotropic GB mobilities. This justifies the
assumption that during the abnormal grain growth the unit tetrakaidecahedra grain maintains approximately the same average number
of neighbours. The simple computer procedure employed in this work
simulates the growth conditions during the initial stages of the AGG for
both CSL and middle misorientation GB theories by assuming a different average number of non-interfering neighbours N= 2 or 3. As
mentioned earlier, the average number of non-interfering neighbours
can be defined as an integer which denotes the assumed number of
nearest neighbours per lattice unit consumed by the growing grain. The
kinetics of the growing grain in the computer experiment can be
expressed by recording the volume of the grain as a function of growth
step. The volume of a grain is the number of lattice units it has. In each
growth step, all the peripheral lattice units which bound the growing
grain are allowed to grow further depending on the type of boundary.
Based on this methodology, several computer experiments are carried out using an assumption that the HEGBs with 200-45 grain
misorientation are assumed to be of the type ’allowed’ and others
belong to the type ’forbidden’. The conclusion is that the Goss orientation grows considerably faster than other orientations in both the
high permeability and conventional steels. These computer experiments
made for an average of 3 non-interfering neighbours per lattice unit
gives the GBCD around the abnormally growing Goss grain. A comparison of GBCD around growing Goss grains obtained by experimental and computation methods illustrated in Figs. 7 and 8 show a
reasonable agreement for both conventional and high permeability
steels, respectively. The experimental GBCDs are taken from Lin et al.
(1996) and Hayakawa et al. (1997) for the conventional and high permeability steels, respectively.
It is also n’ecessary to point out that the similar computer experiments carried out using the assumption that CSL boundaries from E3E51 (E3 is also included after Linet al. (1996)) are ’mobile’, show thdt
Goss grains do not grow. Assuming two or three non-interfering
neighbours per lattice unit, none of the existing grain orientations are
found to grow abnormally. At the end of the grain growth, all the CSL
boundaries are consumed and the specimen is left only with boundaries
other than CSL which are considered to be of the ’forbidden’ type.
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FIGURE 7 Experimentally determined GBCD bounding growing Goss grains and
the simulated GBCD for the conventional Fe-3%Si steel.

Therefore, the frequencies of all the CSL boundaries diminish to zero at
this stage. A comparison between the GBCD obtained in this computer
experiment with that observed experimentally by Lin et al. (1996) can
be used to argue against the ’CSL boundary’ theory.
It is important to point out that Rajmohan et al. (1997) have
emphasized the concept of two kinds of fractions of mobile boundaries
that are important for the grain growth. The first is called the matrix
fraction (MF) of mobile boundaries for a given grain orientation and is
defined as the average initial fraction of mobile boundaries the given
grain has with other grains having orientations defined by the ODF.
The MF is a constant for a given orientation of grain and given texture.
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FIGURE 8 Experimentally determined GBCD bounding growing Goss grains and
the simulated GBCD for the high permeability Fe-3%Si steel.

As an example, the MF of Goss orientation in the matrix of primary
recrystallized high permeability steel, under the assumption that middle
misorientation angle boundaries are ’mobile’, is about 76%. One can
introduce now the peripheral fraction (PF), which can be defined as the
average fraction of mobile boundaries bounding a growing grain at any
instant of the growth process. Contrary to MF, the PF varies as the
grain grows and reaches a steady state after a certain number of growth
steps, provided that the simultaneous change of texture in the matrix
during annealing is not significant.
According to this analysis, the anomalous grain growth requires a
high MF. For a given temperature, the higher the MF, the higher is the
growth rate. As far as PF is concerned, it reaches a steady state after
initial fluctuations. This steady state PF value is always smaller than
the MF because as a grain grows the ’forbidden’ boundaries are always
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attached to its periphery and the effective fraction of ’allowed’
boundaries at the periphery diminishes. This fact is demonstrated by
monitoring the growth of a given grain in a matrix of various MF.
Figs. 9 and 10 show the growth behaviour of the growing grain for
different fractions of ’allowed’ boundaries and for the average number
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FIGURE 9 Growth behaviour for average number of non-interfering neighbours of
2 for different matrix fractions (%) of ’allowed’ boundaries. The inset shows the
growth behaviour for the lower matrix fractions.
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FIGURE 10 Growth behaviour for the average number of non-interfering neighbours of 3 for different matrix fractions (%) of ’allowed’ boundaries. The inset shows
the growth behaviour for the lower matrix fractions.
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of non-interfering neighbours of 2 and 3, respectively. In both cases,
each growth curve is obtained for a constant MF of the boundaries
throughout the computation. Under such assumptions for the case of 2
non-interfering neighbours, the critical MF of mobile boundaries is
close to 60%. In the case of 3 non-interfering neighbours, the critical
MF of mobile boundaries is around 40%. The orientation which has a
MF value lower than the critical value would ultimately stop growing
after reaching the PF value of zero. Based on a computer analysis of
grain misorientation, Hayakawa et al. (1996) and Hayakawa and
Szpunar (1997a) pointed out that the MF for the Goss orientation is
about 68% and 764 in the primary recrystallized matrix of the conventional and the high permeability electrical steels, respectively. In the
case of conventional electrical steel, the average steady state PF for 10
different computer experiments with an average number of noninterfering neighbours of 2 is shown in Fig. 11. Under such conditions,
0.7

0.65

0.35
The average grain size at this
stage is about 50 pdmary grains

0.3
0

5

10

15

20

Growth

FIGURE 11 Peripheral fraction of the ’allowed’ middle misorientation boundaries
around the growing Goss grains as a function of growth step for the case of noninterfering neighbours of 2 in conventional Fe-3%Si steel. The steady state fraction
corresponds to the steady state growth rate observed in AGG.
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the steady state PF fluctuates between 3.6 and 4.0. Similar values of PF
are observed for the case of 70% MF shown in Fig. 9 and the average
number of non-interfering neighbours equal to two. Recently, the
reduction in the number of mobile HEGB is experimentally demonstrated by Hayakawa et al. (1997) by using an EBSP measurement on

high permeability steels.
In experiments, abnormally growing Goss grains reach a steady state
growth rate after a certain period of time (Gol’dshteyn, 1982). This is
because the growth rate at any instant is also a function of the fraction
of mobile boundaries around the growing grain, the steady state
growth rate corresponds to the steady .state PFs simulated in the
computer experiments.
As far as the CSL boundaries are concerned they do not play an
important role in the AGG as the value of MF under the assumption
that the CSL boundaries 3-51 are ’allowed’ is always less than 30%
for both the conventional and the high permeability Fe-3%Si steels. If
MF is less than 30%, the grain never grows abnormally (refer to Figs. 9
and 10) because the critical value required for AGG is not reached. All
the presented results of the computer experiments can be used to
support the conclusion that the CSL boundaries are not responsible for
the AGG in Fe-3%Si steels.

5. CONCLUSION
The SR in Fe-Si steels is dominated by the influence of HEGBs which
have a high mobility and high grain boundary diffusion coefficient. The
fraction of GBs having a misorientation angle between 200-45 is the
highest around the Goss grain.
The Goss grain in the primary recrystallized Fe-Si steel matrix has
a fraction of HEGBs (200-45 misorientation) that is about 40%
higher than for the main texture component in both conventional and
high permeability steels. On the other hand, the difference in the
fraction of CSL boundaries around the Goss grain and the average
texture component is only 3%. Such a difference is too small to
influence the abnormal growth of Gross grains.
The grain growth simulated using the M0nte-Carlo method with an
assumption that HEGBs have high mobility resulted in the AGG of
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Goss orientation. The assumption of high mobility of CSL boundaries
does not lead to the development of Goss texture.
The assumption of assigning a high mobility to grain boundaries in
the interval of 200-45 misorientation angle satisfactorily reproduces
the experimentally observed changes in the GBCD around the Goss
grain during the grain growth.
The importance of the number fractions of mobile boundaries is
discussed. The orientation that grows abnormally requires a high
fraction of high mobility boundaries in the recrystallized matrix. In the
computer experiments, a steady state peripheral fraction (PF) around
the growing grains is reached during their growth. This steady state PF
corresponds to the steady state growth rate generally observed at the
initial stages of AGG.
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