
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

공학박사학위논문 

 

Analysis of abnormal grain growth and improvement in grain-oriented 

electrical steel based on solid-state wetting mechanism 

 

고상 젖음 이론을 바탕으로 접근한 비정상 입자 성장 분석과 

전기강판의 개선 

 

2016년 8월 

 

 

서울대학교 대학원 

재료공학부 

나 태 욱 



 

ABSTRACT 

 

Analysis of abnormal grain growth and improvement in grain-

oriented electrical steel based on solid-state wetting mechanism 

 

Tae-Wook Na 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

Abnormal grain growth(AGG) occurs frequently in many metallic systems. 

One of the famous examples is the Goss grain which abnormally grows during 

secondary recrystallization in Fe-3%Si steel. This phenomenon is already used for 

the grain-oriented electrical steel but its mechanism has not been clearly 

understood. 

The sub-boundary enhanced solid-state wetting has been suggested to explain 

the mechanism of AGG. This theory suggests that the sub-boundary increases the 

wetting probability and the increased wetting probability enhances AGG. In this 



 

paper, based on this theory, microstructure and morphology of abnormally growing 

grains and matrix grains are analyzed and the grain-oriented electrical steel is 

improved. 

At the first, misorientation measurements at the growth front of abnormally 

growing grains in 5052 aluminum alloy were made using electron back-scattered 

diffraction (EBSD). When a three-dimensional morphology of solid-state wetting 

along a triple junction line is observed on a two-dimensional section, two kinds of 

morphologies could be observed. One is a morphology of penetrating the grain 

boundary when the section is parallel to the triple junction line. Grain boundary 

energies, which were estimated from misorientation measurements of the three 

grains in the penetrating morphology, satisfied the energetic condition for wetting 

along the triple junction line. Misorientation measurements showed that some 

matrix grains away from the growth front of abnormally growing grains had the 

same crystallographic orientation as that of the abnormally growing grain. This 

result implies that the abnormal grain growth in 5052 aluminum alloy occurs by the 

mechanism of sub-boundary enhanced solid-state wetting. 

The morphology of abnormally growing grains are predicted by three-

dimensional Monte Carlo simulation and the real three-dimensional morphology is 

reconstructed by serial sectioning. The simulation was performed with sub-

boundaries, precipitates and real crystallographic orientations of matrix grains. In 

the simulation, AGG occurs only when the both of sub-boundaries and precipitates 



 

exist. Form this simulation result, AGG occurs based on sub-boundary enhanced 

solid-state wetting mechanism. The real three-dimensional morphologies of 

abnormally growing grains are extremely similar to that of simulated abnormally 

growing grains. Both grains have island, peninsular grains and extremely irregular 

shape. This result shows that the factors are applied realistically in the simulation. 

Because the simulation shows realistic AGG, the behavior of abnormal grain 

growth was analyzed by the simulation. The simulation shows that the sub-

boundary energy and the crystallographic orientation of matrix grains determine 

the velocity of AGG. 

According the analysis, the rate of AGG is determined by texture of matrix 

grains. And the texture can be controlled by asymmetric rolling. By the asymmetric 

rolling, the AGG rate are fastened and the magnetic properties of the grain-oriented 

electrical steel is improved. 
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CHAPTER 1 

Introduction 

 

1.1 Abnormal grain growth in metallic system 

There are two types of grain growth; normal grain growth (NGG) and abnormal 

grain growth (AGG) [1]. The grain size increases homogeneously and gradually 

during NGG; the grain size dispersion does not change. The grains grow reduces 

the grain boundary area and, hence, reduce the total grain boundary energy. When 

finely dispersed precipitates or a strong texture inhibit NGG, AGG referred to as 

secondary recrystallization occurs. When AGG occurs, only a few grains grow 

abnormally consuming the neighboring matrix grains, which results in the binary 

grain size distribution; large abnormally grown grains and small retained matrix 

grains. 

AGG occurs in many metallic systems [2-6]. For example, in Fe-3%Si steel 

Goss grains with {110}<001> crystallographic orientation undergo AGG 

exclusively [7]. The selective AGG results in a strong Goss texture, which has an 

advantage of decreasing the magnetization energy loss of transformer cores. 

Because of the scientific and technological interests, the mechanism of the Goss 

texture formation has been studied extensively since Goss [7] reported this 
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phenomenon in 1935. 

Previously, the AGG mechanism was approached mainly from the viewpoint 

that the grain boundaries of abnormally growing grains have the high migration 

rate compared with those of the non-abnormally growing grains. It was suggested 

that the high migration rate was made by the high mobility or by less pinning of the 

grain boundary. For example, Harase et al. [8] and Ushigami et al. [9] proposed 

that Goss grains have the higher fraction of a coincidence site lattice (CSL) grain 

boundary than other matrix grains and the CSL grain boundaries have the higher 

mobility than other grain boundaries. On the other hand, Homma et al. [10] 

proposed that Goss grains have a higher fraction of Σ9 grain boundaries than other 

matrix grains. Further, they proposed that the Σ9 grain boundaries have the higher 

migration velocity because they have low energy and thereby can overcome Zener 

pinning more easily than other grain boundaries. In contrast with the suggestion 

that Goss grains have a higher fraction of CSL boundaries including Σ9 than other 

grains, Szpunar et al. [11] reported based on their misorientation measurements by 

electron back scattered diffraction (EBSD) that Goss grains do not have a higher 

fraction of CSL boundaries than other matrix grains but have a higher fraction of 

middle orientation boundaries with misorientation angles between 20° and 45°. 

From this result, they proposed that middle orientation grain boundaries have a 

high migration rate, playing a key role in AGG. However, these theories have 

drawbacks and received criticisms. For example, Morawiec et al. [12] reported that 
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it is not sufficient to explain the growth advantage of the Goss grain based on only 

misorientations of grain boundaries because non-Goss grains in primary matrix 

grains also have CSL grain boundaries, especially Σ9 boundary, and 20-45° 

misorientation grain boundaries whose frequency is not less than that of the Goss 

grain. Besides, based on misorientation measurements, Etter et al. [13] suggested 

that the Goss grain didn’t have a higher percentage of CSL relationship with matrix 

grains than other-oriented grains and that the middle misorientation boundaries 

with the angle in the range of 20-45° have the highest percentage of not only 

disappearing grains but also remaining grains during secondary recrystallization, 

which means that the middle misorientation boundaries do not have a high mobility. 

 

  



- 4 - 

1.2 Solid-state wetting  

Driving force of grain growth is the decrease of grain boundary energy because 

there is not the bulk energy difference among the recrystallized grains. One way to 

decrease the grain boundary energy is to decrease the grain boundary area. If there 

is a curved grain boundary and it is flattened, the grain boundary area is decrease. 

So the grain boundary curvature can be the driving force of grain growth. The force 

balance of the grain boundary energy at the triple junction makes grain boundary 

curvature. As a result, the force balance at the triple junction makes grain boundary 

curvature and the curvature is the driving force of grain growth. 

Gottstein et al. [14, 15] suggested that the triple-junction line mobility plays a 

more dominant role than the grain boundary mobility in the grain growth. The role 

of triple-junction line mobility becomes clear if we consider that the growing grain 

should have negative or inward curvatures, whose geometrical condition is 

satisfied only when the triple junction line goes ahead of the grain boundary. 

Figure 1.1 is the Schematics of grain boundary migration when the triple 

junctions are fixed and moved. The grain boundary migration is driven by grain 

boundary curvature. The grain boundary C in figure 1.1(a) has curvature so the 

grain boundary C will migrate toward grain B. If the velocity of triple junction is 

slow and the grain boundary migration rate is fast, then the grain boundary 

migration occurs until the grain boundary curvature exists. So the grain A growth 
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until the grain boundary C reached the dashed line and the grain boundary will stop. 

This dashed line is the limit of the grain boundary migration of grain boundary C. 

But if the triple junctions which are indicated as red dots move along grain 

boundary D and F, the curvature of grain boundary C is maintained and the grain 

boundary migration will occur continuously. 

Considering such a geometrical condition, for a certain grain to grow 

abnormally, it is necessary that the triple-junction line at the growth front should 

have a high migration rate. Then when the triple junctions can move along grain 

boundary D and F? It can occur when the solid-state wetting occurs. If the grain 

boundary energies shown in figure 1.1 satisfy below two equations, the solid-state 

wetting occurs and the grain boundary migration occurs continuously. 

    γD > γE + 𝛾𝐶    (1.1) 

    γF > 𝛾𝐺 + 𝛾𝐶   (1.2) 

This condition is the wetting condition. If the energies of the grain boundaries 

connected to the triple junction satisfy the wetting condition, the triple junction 

wetting occurs and the triple junction move fast along the grain boundary which 

has high energy. 
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Figure 1.1 Schematics of grain boundary migration when the triple junctions 

are (a) fixed and (b) moved, which shows the relation between grain 

boundary migration and triple junction 
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1.3 Sub-boundary enhanced solid-state wetting  

In order to understand the mechanism of AGG, it is critical to find out the 

condition under which the triple-junction line should migrate at a high rate. Figure 

1.2 is the schematics about increase of wetting probability by sub-boundary. In 

figure 1.2 (a), to occurs wetting, the grain boundary energies satisfy this condition 

γAB > γAC + 𝛾𝐵𝐶 

Normally, the grain boundary energy is not so different to enhance solid-state 

wetting like the figure 1.2 (a). But if the grain B has extremely similar orientation 

to grain A; if the grain boundary AB is sub-boundary, wetting condition is easily 

satisfied and wetting occurs. For example, even though grain C is changed to grain 

D, if the grain D has the even small difference between the grain boundary energies, 

the wetting can occur.  

Hwang et al. [16-19] showed by Monte Carlo (MC) and phase field model 

simulations that the migration rate of the triple-junction line increases abruptly 

when solid-state wetting occurs. To explain the selective AGG of Goss grains in 

Fe-3%Si, Hwang et al. [17, 20-22] suggested based on MC and phase field model 
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simulations that if Goss grains have sub-boundaries of very low energy, the wetting 

probability increases so high that Goss grains can undergo exclusive AGG. Based 

on these results, Hwang et al. [20, 23, 24] proposed sub-boundary enhanced solid-

state wetting as a mechanism of AGG. According to this mechanism, sub-

boundaries with very low misorientation angles should exist exclusively in 

abnormally-growing grains, which was experimentally confirmed by Park et al. 

[22], Ushigami et al. [25], Dorner et al. [26] and Shim et al. [27] in Fe-3%Si steel 

and by Park et al. [28] in Al 5052 alloy. 

Park et al. studied about the reason why the Goss grains have sub-boundaries 

exclusively based on the deformation behavior during cold rolling using numerical 

analysis, the finite element method (FEM) [29]. According this study, the Goss 

grain survives after 87% cold reduction despite the instability of the Goss 

orientation under plane strain deformation and the stored energy in Goss grain is 

lower than other grains formed after cold rolling. Thus, during primary 

recrystallization, the remaining Goss grain undergoes only recovery and the sub-

boundary can be formed only in the Goss grain exclusively. 
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Figure 1.2 Schematics about increase of wetting probability by sub-boundary; 

the case (a) without sub-boundary and (b, c) with sub-boundary  



- 10 - 

CHAPTER 2 

Misorientation angle analysis near the growth front of abnormally 

growing grains in 5052 aluminum alloy 

2.1 Mechanism of sub-boundary enhanced solid-state wetting 

To examine a wetting morphology evolved when wetting along a triple junction 

line occurs, we use the three-dimensional MC simulation based on the algorithm 

reported by Srolovitz et al. [30]. For the simulation, 160 × 160 × 160 sites of a 

three-dimensional simple cubic lattice are used. In order to focus on the wetting 

morphology, 4 grains in contact are considered in the simulation using a fixed 

boundary condition. The condition for a grain A to wet along the triple junction line 

made by three grains B, C and D is expressed as [31]. 

γ𝐵𝐶 + γCD + γBD > √3(γAB + γAC + γAD),  (2.1) 

where γ is the grain boundary energy and the subscript represents the grain 

boundary. For example, the subscript BC represents the grain boundary between 

grains B and C. When the grain boundary energies between grain A and grains B, C 

or D were given as 1 and those between grains B and C, grains C and D and grains 

B and D were given as √3, the grain A undergoes the triple junction wetting and 

its morphology evolved by the three-dimensional MC simulation is shown in Fig. 
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2.1. 

Fig. 2.1a and 2.1c show how the microstructure of triple junction wetting is 

observed two-dimensionally on a polished surface of real samples when observed 

on a two-dimensional section parallel to the triple junction line of grains B, C and 

D. Likewise, Fig. 2.1b and 2.1d show the microstructure observed on the polished 

surface when observed on a two-dimensional section vertical to the triple junction 

line. The penetrating morphology in Fig. 2.1a and 1c indicates that the triple 

junction migrates abruptly ahead of the grain boundary. This means that solid-state 

wetting increases the migration rate of the triple junction in an abrupt manner. Note 

that in Fig. 2.1, the grain boundaries of the penetrating grain A have characteristics 

of a negative or inward curvature. This negative curvature indicates that the grain A 

is growing instead of shrinking. Especially the grain A in Fig. 2.1b and 2.1d have 

three sides on the two-dimensional section. It is highly in contrast with the case of 

isotropic grain boundary energy where the grain with sides less than 6 in a two 

dimension has a positive curvature and shrinks. Therefore, a penetrating 

morphology as shown in Fig. 2.1a and 1c and a three-sided grain with negative 

curvatures as shown in Fig. 2.1b and 2.1d can be a microstructural evidence for 

solid-state wetting. In Fig. 2.1b and 2.1d, the sum of the inner angles of the three-

sided grain A should be less than 180° to satisfy the wetting condition. This 

condition, which is equivalent to Eq. (1), is known as the criterion of the triple 

junction wetting [21].   
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Figure 2.1  Two-dimensional microstructure of three-dimensional triple junction 

wetting morphology made by MC simulation (a), (c) Parallel section 

to the wetting direction (b), (d) Vertical section to the wetting 

direction. 
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If the grains A and D share a sub-boundary of extremely low angle. Then, the 

energy of the grain boundary between grains A and D would be negligibly low 

compared to those of the other 5 grain boundaries in Eq. (1). Therefore, the 

misorientation angle between grains A and D as well as γAD can be approximated as 

zero. This approximation is supported by the previous report that the sub-

boundaries observed in the abnormally-growing Goss grains have misorientation 

angles of ~ 0.15o and ~ 0.17o with their energy roughly 20 times less than that of 

high angle boundaries [10]. If the misorientation angle between grains A and D is 

approximated as zero, it can be further approximated that 

                     γAB ≈ γBD ,  γAC ≈ γCD               (2.2) 

Then, the wetting condition of Eq. (2.1) is simplified as [31]. 

              γBC > (√3 − 1)(𝛾𝐴𝐵 + 𝛾𝐴𝐶)   (2.3) 

On the other hand, the misorientation angles between grains A and B, grains A 

and C and grains B and C can be determined experimentally using EBSD from the 

microstructure of the penetrating morphology on a two dimensional section of real 

samples as shown in Fig. 2.1a and 2.1c. It should be noted that the sub-boundary 

angle between grains A and D is not resolved by EBSD. Eq. (2.3) indicates that if 

γBC is 0.732 times higher than the sum of γAB and γAC, the triple junction wetting 

would occur. Therefore, the penetrated grain boundary is expected to have high 

energy. In agreement with this analysis, all penetrated grain boundaries, which 
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were observed at the growth front of abnormally growing grains in Fe-3%Si steel 

[32] and Al 5052 alloy[31], had high misorientation angles.   

If the measured misorientations are converted to grain boundary energies using 

such as Read-Shockley equations [21, 24, 33], it can be checked whether the 

wetting microstructure such as shown in Fig. 2.1a and 2.1c should satisfy the 

wetting condition of Eq. (2.3) or not. In this paper, we examined if the wetting 

condition of Eq. (2.3) is satisfied by estimating grain boundary energies from 

misorientation measurements of the three grains in the penetrating morphology. 

Some matrix grains away from the growth front of abnormally growing grains 

turned out to have the same crystallographic orientation as that of the abnormally 

growing grain. Considering the wetting mechanism, these matrix grains are 

expected to have formed by wetting along the triple junction line at the growth 

front of an abnormally growing grain. Since these grains would correspond to the 

microstructure of Fig. 2.1b and 2.1d, they look isolated when observed on a two-

dimensional section vertically to the triple junction line. If they are observed on 

each serial section, it would reveal that they are identical to the abnormally 

growing grain. Based on these analyses, it was suggested that AGG in aluminum 

5052 alloy also occurs by sub-boundary enhanced solid-state wetting mechanism. 
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2.2 Experimental Procedure 

Commercial aluminum alloy AA 5052 (Al-2.5%Mg-0.3%Cr-0.3%Fe-0.2%Si) 

was used to study the morphology of abnormally growing grains. The hot rolled 

AA 5052 sheet with 10 mm thickness was cold-rolled to 2 mm. In order to induce 

the primary recrystallization, the cold rolled sheet was annealed in the box furnace 

at 400 ˚C for 60 min. After primary recrystallization, AA 5052 sheet was further 

annealed at 500 ˚C for 30 min to obtain the initial stage of AGG. Then the sample 

was polished and macro etched with 35% HCl solution to identify abnormally 

growing grains and their locations were marked by the indenter in order to easily 

trace out for EBSD measurements.  

The penetrating morphology such as shown in Fig. 2.1a and 2.1c was searched 

at the growth front of abnormally growing grains. After the misorientation angles 

were measured in the penetrating morphology by EBSD, they were converted to 

the grain boundary energy by modified Read-Shockley functions expressed as [21, 

24, 33]  

𝐸(𝑆𝑖 , 𝑆𝑗) =

{
 
 

 
 𝐸0

𝜃

𝜃𝑅𝑆
[1 − ln (

𝜃

𝜃𝑅𝑆
)] , 𝜃 < 𝜃𝑅𝑆 (low angle boundary)

𝑟′, 𝜃 ≥ 𝜃𝑅𝑆 (high angle boundary)

𝐸𝐶𝑆𝐿 + (𝑟
′̅ − 𝐸𝐶𝑆𝐿)

𝑤

𝑣𝑚
[1 − ln (

𝑤

𝑣𝑚
)] ,

𝑤

𝑣𝑚
< 1 (CSL boundary)

 (2.4) 

where 𝑆𝑖 and 𝑆𝑗 are the orientations of adjacent grains and 𝐸(𝑆𝑖, 𝑆𝑗) is the grain 

boundary energy. 𝜃  is the misorientation angle and 𝜃𝑅𝑆  is the maximum 
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misorientation angle of low angle boundary, 15°. 𝑟′ is the energy of high angle 

boundaries. 𝑤 is the deviation angle between the real misorientation and the 

misorientation of the exact CSL boundary and 𝑣𝑚 is the maximum deviation 

angle, 𝜃𝑅𝑆/Σ
1

2 [34, 35]. 𝐸𝐶𝑆𝐿  is the grain boundary energy of the exact CSL 

boundary. 𝐸0 , 𝐸𝐶𝑆𝐿  and 𝑟′ are set by the result of the mesoscale simulation 

performed by Kim et al. [35, 36]. 

In order to examine how the morphology of abnormally growing grains 

changes along the sample thickness, the sample was serially polished, observed and 

measured by EBSD on each section. Since the average matrix grain size was 50 µm, 

the thickness removed by polishing was made 10 µm at each step. The sample 

height of each step was measured by a thickness gauge (Mitutoyo). The 

misorientations on each section were measured by EBSD. The step size of EBSD, 

which was attached to a field-emission scanning electron microscope (JSM-6500F, 

JEOL), was 3 µm. The EBSD data were analyzed using the software TSL/EDAX. 

The grain-boundary misorientation angle and the CSL relation were calculated up 

to ∑21 using Brandon’s criteria[34]. 
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Figure 2.2  EBSD images with wetting morphologies near the growth fronts of 

abnormally growing grains in aluminum alloy 5052: (a) orientation 

of (1 -8 13)[7 22 13] and (b) orientation of (-10 11 24)[7 2 2].  
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2.3 Misorientation angle analysis near the growth front of abnormally growing 

grains in 5052 aluminum alloy 

Fig. 2.2 shows the microstructures obtained by EBSD near the growth front of 

abnormally growing grains. Two abnormally-growing grains in Fig. 2.2a and 2.2b, 

where were evolved after annealing for 20 min at 500℃, are designated as ‘AGG’, 

being colored in green and purple respectively. To distinguish clearly between 

abnormally and normally growing grains, the normal grains are represented by the 

average image quality obtained by EBSD. Orientations of the abnormally growing 

grains and neighboring matrix grains numbered in Fig. 2.2 are listed in Table I. 

Misorientations measured by EBSD and grain boundary energies between AGG 

grain and numbered grains and between two numbered grains in Fig. 2.2a and 2.2b, 

which were estimated from misoreintations and Eq. (2.4), are listed in Table II.   

Fig. 2.2a shows that the grain boundaries between grains 1 and 2 and between 

grains 2 and 3 are penetrated by the abnormally-growing grain. Similarly, Fig. 2.2b 

shows that the grain boundaries between grains 1 and 2 are shown to be penetrated. 

As mentioned in the Background section, these penetration microstructures would 

be the two-dimensional section of the three-dimensional wetting microstructure 

sectioned parallel to the triple junction line as shown in Fig. 2.1a and 2.1c. 

To satisfy the wetting condition of Eq. (2.3), the penetrated grain boundary 

should have relatively high energy and the grain boundaries shared by the 
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penetrating grain, which grows abnormally, should have relatively low energy. In 

Fig. 2.2a, the misorientation angles for the penetrated grain boundaries between 

grains 1 and 2 and between grains 2 and 4 are respectively 46.6˚/[9 5 24] and 

58.3˚/[13 10 15], both of which are high energy boundaries. However, the 

misorientation angle for the penetrating grain boundary between the abnormally 

growing grain and the grain 2 is 58.4˚/[17 16 17], which has ∑3 relationship 

according to Brandon’s criteria. Likewise, the misorientation angle for the 

penetrated grain boundary between grains 1 and 2 in Fig. 2b is 46.0˚/[7 1 18], 

which is a high energy boundary. But the grain boundary between the abnormally 

growing grain and the grain 1 has the low misorientation angle, 3.0˚/[15 4 20], 

which is a ∑1 boundary of low energy. Therefore, these misorientation angles are 

in favor of satisfying the wetting condition of Eq. (2.3). 

Figure Grain number Orientation 

2a 

1 (1 1 10)[15 -5 -1] 

2 (-2 0 5)[-10 21 -4] 

3 (7 18 20)[-2 23 -20] 

4 (17 19 23)[9 -2 -5] 

AGG (1 -8 13)[7 22 13] 

2b 

1 (-10 13 25)[19 5 5] 

2 (-1 -5 18)[13 1 1] 

AGG (-10 11 24)[7 2 2] 

 

Table 2.1 Crystallographic orientations of grains in Fig. 2 
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It can be checked whether the grain boundary energies estimated from 

misorientations of these penetrating microstructures should satisfy the wetting 

condition of Eq. (2.3). Table II shows that the grain boundary between grains 2 and 

AGG in Fig. 2a has very low grain boundary energy, 0.42 J/m2, because the grain 2 

has ∑3 relationship with the abnormally growing grain. Table II also shows that the 

grain boundary energies between grains 1 and 2 and between grains 1 and AGG in 

Fig. 2.2a are respectively 1.49 J/m2 and 1.36 J/m2. Since 0.42 J/m2 + 1.36 J/m2 = 

1.78 J/m2, showing that the summation of the penetrating grain boundary energies 

is equal to 1.78 J/m2, and the penetrated grain boundary energy is 1.49 J/m2, the 

grains 1, 2 and AGG in Fig. 2.2a satisfy the wetting condition of Eq. (2.3). 

Likewise, since 0.42 J/m2 + 1.24 J/m2 = 1.66 J/m2 in Table II, showing that the 

summation of the penetrating grain boundary energies between grains 2 and AGG 

and between grains 3 and AGG is equal to 1.66 J/m2, and the penetrated grain 

boundary energy is 1.68 J/m2, the grains 2, 3 and AGG in Fig. 2.2a satisfy the 

wetting condition of Eq. (2.3). Similarly, in Table II and Fig. 2.2b, 0.45 J/m2 + 1.47 

J/m2 = 1.92 J/m2, showing that the summation of the penetrating grain boundary 

energies between grains 1 and AGG and between grains 2 and AGG is equal to 

1.92 J/m2, and the penetrated grain boundary energy is 1.49 J/m2, the grains 1, 2 

and AGG in Fig. 2.2b satisfy the wetting condition of Eq. (2.3).  

The same analyses on 10 additional penetrating microstructures satisfy the 

energetic condition of wetting along the triple junction line. Much more data may 
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be needed to make a statistically meaningful conclusion. In relation to this aspect, 

however, Park et al.[32] examined 34 penetrating microstructures at the growth 

front of abnormally growing Goss grains in Fe-3%Si steel and found out that one 

of the penetrated boundaries have low misorientation angles less than 20o. Besides, 

Park et al.[31] examined 84 penetrating microstructures at growth front of 

abnormally growing grains in Al 5052 alloy and found out that none of the 

penetrated grain boundaries have low misorientation angles less than 15o. 

Considering these, it is highly probable that the penetrating morphologies at the 

growth front of abnormally growing grains in Fig. 2.2a and 2.2b have formed by 

wetting along the triple junction line. 

Wetting along the triple junction line ends at the four grain corner, which is 

connected with other three triple junction lines. If any of three triple junctions 

satisfies the wetting condition of Eq. (2.3), wetting would continue. Therefore, if 

the wetting probability is higher than 1/3, wetting would continue, resulting in 

AGG as shown using MC simulations by Ko et al. [21]. When an abnormally 

growing grain undergoes solid-state wetting along triple junctions, the growth front 

would proceed not uniformly but highly non-uniformly because some triple 

junctions can satisfy Eq. (2.3) while other ones cannot. Because of this, the growth 

front can be very irregular and some growth front can be observed to be away from 

the abnormally growing grain on the two-dimensional section. Such a growth front 

may be regarded as one of matrix grains if their orientation is not determined by 
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EBSD. When such a growth front is measured by EBSD, it would have the same 

orientation as that of the abnormally growing grain. 

 

Fig. Grains 
Misorientation

axis 

Misorientation

angle(º) 
CSL type 

Grain boundary 

energy (J/m2) 

2a 

1 2 [9 5 24] 46.6 - 1.49 

1 AGG [4 17 2] 37.7 - 1.36 

2 3 [13 10 15] 58.3 - 1.68 

2 4 [4 5 7] 40.9 - 1.41 

2 AGG [17 16 17] 58.4 Σ3 0.42 

3 4 [3 7 1] 45.4 - 1.49 

3 AGG [12 13 3] 29.9 - 1.24 

4 AGG [2 2 3] 43.4 - 1.45 

2b 

1 2 [7 1 18] 46.0 - 1.49 

1 AGG [15 4 20] 3.0 Σ1 (low angle) 0.45 

2 AGG [9 2 3] 44.6 - 1.47 

 

Table 2.2 Misorientations and grain boundary energies in Fig. 2 
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Figure 2.3  Serially sectioned EBSD microstructures of four-sided grain with 

negative boundary curvature near an abnormally growing grain 

showing that this grain is connected with the abnormally growing 

grain: depth of (a) 0 µm (b) 10 µm (c) 20 µm and (d) 30 µm from 

surface. 
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Figure 2.4  Serially sectioned EBSD microstructures of grains with 

crystallographic orientation of the abnormally growing grain 

showing that these grains are connected with the abnormally 

growing grain: depth of (a) 0 µm (b) 10 µm (c) 20 µm and (d) 30 µm 

from surface. 
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Such a case is shown in Fig. 2.3a and 2.4a. The grain 1 in Fig. 2.3a look 

separate from the AGG grain colored in green. However, the grain 1 has the same 

orientation as the AGG grain, indicating the possibility that the grain 1 is the 

growth front of the AGG grain. This possibility can be checked by the serial section 

of the sample and by the EBSD measurements on each section. Fig. 2.3a - 2.3d 

show the serially-sectioned EBSD images of the same region by preparing each 

section after the removal of 10 µm by polishing. Fig. 2.3 is the grain average 

direction grayscale map scaled according to the crystallographic normal direction 

using the TSL/OIM software. 

The grain 1 in Fig. 2.3b, which is larger than the grain 1 in Fig. 2.3a, is four-

sided with a negative grain boundary curvature, indicating that this grain is 

growing instead of shrinking. The grain 1 in Fig. 2.3c is even larger than the grain 

1 in Fig. 2.3b. Finally, the grain 1 in Fig. 2.3d is shown connected with the AGG 

grain. This means that the grain 1 in Fig. 2.3, which is identical to the AGG grain, 

being connected three-dimensionally, is the growth front undergoing wetting along 

the triple junction line. The wetting direction of the grain 1 in Fig. 2.3a and 2.3b is 

vertical to the two-dimensional section of the microstructure.  

Fig. 2.4 shows the grain average direction grayscale maps near the growth front 

of another abnormally growing grain colored in blue. Like Fig. 2.3, each map in 

Fig. 2.4a-2.4d shows a serially sectioned microstructure with a section thickness of 

10 µm. The grains 1, 2 and 3 in Fig. 2.4a look separate from the AGG grain colored 
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in blue. Especially, the grains 1 and 2 in Fig. 2.4a are respectively four-sided and 

three-sided with negative grain boundary curvatures. All grains in blue have the 

same crystallographic orientation as that of the AGG grain. 

The size of grains 1, 2, and 3 in Fig. 2.4a becomes larger as the polishing goes 

on as revealed by Fig. 2.4b, 2.4c and 2.4d. The grains 2 and 3 become connected 

each other in Fig. 2.4b. The grains 4 and 5 newly appear in Fig. 2.4b. In Fig. 2.4c, 

the grains 2 and 3 are connected with the AGG grain. Finally, in Fig. 2.4d, all the 

blue grains are connected with the AGG grain. The serial-section images of Fig. 

2.4a-2.4d indicate that the three-dimensional morphology of the blue abnormally 

growing grain has a very irregular shape and the triple junction wetting occurred in 

the direction from Fig. 2.4b to Fig. 2.4a or from the interior to surface of the 

sample. 

Results and analyses of Fig. 2.2, 2.3 and 2.4 indicate that wetting along the 

triple junction line occurs actively at the growth front of the abnormally growing 

grains in AA 5052 alloy. They also indicate that wetting at the growth front occurs 

very irregularly, producing a highly irregular three-dimensional morphology. As a 

result, the growth front appears to be separate from the abnormally-growing grain 

on a two-dimensional section. Such highly irregular growth would be responsible 

for the high frequency of peninsular-shaped grains at the growth front and island-

shaped grains inside the abnormally growing grain, which is a well-known growth 

feature of AGG [37-39].   
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CHAPTER 3 

Reproduction of three-dimensional morphology of abnormally growing 

grains by MC simulation 

 

3.1 Introduction 

Using EBSD, synchrotron or XRD, the observation of the three-dimensional 

morphologies of real Goss grains without destruction is extremely difficult. Using 

EBSD with FIB, the researches about three-dimensional morphology of materials 

are progressed [40, 41] but the rage of observation is too small to observe the 

abnormally growing grains. Synchrotron is also used to research three-dimensional 

morphology of ceramic or metal-organic materials [42, 43] but the penetration 

depth for metals including Fe-3%Si steel is too small to observe the abnormally 

growing Goss grain. 

Because of this difficulty for observing the three-dimensional morphology of 

abnormally growing grains, there are many efforts to reproduce the morphology of 

abnormal grain growth with simulation [30, 44-47]. Only the MC simulation which 
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is performed with precipitates, sub-boundaries and the real orientation 

demonstrates properly the two-dimensional observed microstructure of real Goss 

grains [24]. Because the two-dimensional microstructure of simulated Goss grain is 

extremely similar to that of real Goss grain, the three-dimensional morphology of 

real Goss grain can be predicted from that of simulated Goss grain. So the three-

dimensional morphology of simulated Goss grain should be analyzed. 

 

3.2 Reconstruction of the three-dimensional morphology of abnormally 

growing grain 

To compare the three-dimensional morphology of the abnormally growing 

grain and the normally growing grain, simulation is done with and without 

precipitates and sub-boundaries. Without precipitates and sub-boundaries, as the 

prediction, the normal grain growth occurs. To obtain the tree-dimensional 

morphology of Goss grain, simulation data was converted to three-dimensional 

image by MATLAB.  

Figure 3.1(a) and (b) are the three-dimensional morphologies of a normally 
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growing grain and an abnormally growing grain. The simulation for normal grain 

growth is done for 750 MCSs, during the simulation for abnormal grain growth is 

done for 10000 MCSs. The growth rate in the initial stage is faster when the grain 

grows normally then abnormally. The normally growing grain has facet grain 

boundaries and the morphology of the grain is simple. On the other hand, the 

abnormally growing grain has extremely irregular shape.  
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Figure 3.1 The three-dimensional morphology of (a) the normally growing 

grain and (b) the abnormally growing grain  
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3.3 The time evolution of the abnormally growing grain morphology 

reconstructed from the simulation data 

There are few ways to observe time evolution of the three-dimensional 

morphology. Using white synchrotron radiation is the one example of these ways 

[48]. But because of the penetrating depth for metals, it is impossible to observe the 

whole three-dimensional morphologies of abnormally growing grains.  

The advantage of the simulation is that the inside of sample can be observed 

easily. Figure 3.2 is the three-dimensional morphology time evolution of the 

simulated Goss grain after 0, 1250, 2500, 3750, 5000, 6250, 7500, 8750 and 10000 

MCSs. In figure 3.2, the green grain at the center is an abnormally growing grain 

and other matrix grains are not presented to observe whole three-dimensional 

morphology of the abnormally growing grain. The grain growth does not occur 

equally at the grain boundary of Goss grain. Because of this, the abnormally 

growing grain has extremely irregular shape. The parts indicated by dashed circle 

seems like the wetting occurs. 
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Figure 3.2  The three-dimensional morphologies of the simulated Goss grain 

after (a) 0 MCS, (b) 1250 MCSs, (c) 2500 MCSs, (d) 3750 MCSs, (e) 

5000 MCSs, (f) 6250 MCSs, (g) 7500 MCSs, (h) 8750 MCSs and (i) 

10000 MCSs 
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3.4 The relation between two-dimensional microstructure and three-

dimensional morphology 

Inokuti et al. [49] observed that the Goss grains exist near each at the initial 

stage of secondary recrystallization and these grains get together as the secondary 

recrystallization goes on. Ko et al [50] observed these grains are connected three-

dimensionally to each other by serial sectioning.  

3.4.1 Serial sectioning and three-dimensional morphology 

Figure 3.3 is the two-dimensional sectioned images of a Goss grain and the 

sectioning location. In figure 3.3 (a), there are 3 grains separated. But figure 3.3 (j) 

shows that the grains are connected three-dimensionally to each other. When z 

value becomes lower, the 3 grains become the one grain in figure 3.3 (c). When the 

z value is 105, the new grain appears indicated by dashed red circle in figure 3.3 (e). 

And this grain is also connected to the other grain in figure 3.3 (m). And this grain 

becomes a part of the main grain in figure 3.3 (f). When the z value is 85, another 

separated grain indicated by dashed blue circle appears in figure 3.3 (g) and it is 

also connected to the other grain in figure 3.3 (o). This grain becomes a part of the 

main grain in figure 3.3 (h).  
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Figure 3.3 The sectioned images and the sectioned plane of the abnormally 

growing grain at (a, i) z=145 (b, j) z=135 (c, k) z=125 (d, l) z=115 (e, 

m) z=105 (f, n) z=95 (g, o) z=85 and (h, p) z=75 

  



- 35 - 

3.4.2 Time evolution of the two-dimensional microstructure and three-dimensional 

morphology 

Figure 3.4 is the time evolution of sectioned Goss grain images and the 

sectioned plane. Figure 3.4 shows that the other matrix grains are not changed 

during the abnormal grain growth occurs. The growth front indicated by solid blue 

line does not changed until 9750 MCSs. But the two-dimensionally separated 

grains indicated by dashed red line appear in figure 3.4 (c) and connected to the 

other grain in figure 3.4 (d) removing the growth front which is indicated by solid 

blue line. These unique behaviors of growth front during secondary 

recrystallization are already reported [51] and the simulation reproduce these 

behaviors. As a result, it can be predicted that the grain growth occurs by sub-

boundary enhanced solid-state wetting mechanism. 
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Figure 3.4 The sectioned imaged and the sectioned plane of the abnormally 

growing grain after (a, e) 8750 MCSs (b, f) 9250 MCSs (c, g) 9750 

MCSs (d, h) and 10250 MCSs  
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CHAPTER 4 

Observation of three-dimensional morphology of abnormally growing 

grains by serial section 

 

4.1 Experimental procedure 

To observe the three-dimensional morphology of abnormally growing grains, 

an ingot of Fe-3%Si steel, which is the material for grain-oriented electrical steel, 

was used. AlN is employed as an inhibitor of grain growth to enhance abnormal 

grain growth. The steel ingot was hot rolled to 2.3mm and was cold rolled to 

0.3mm by the thickness reduction of 87%. At the temperature of 850℃ for 150s in 

a wet 10% H2-N2 atmosphere, the specimens were primary recrystallized and 

decarburized. To obtain the initial stage of abnormal grain growth, the primary 

recrystallized specimens were heated in a stepwise fashion at 5℃/min in a H2 

atmosphere up to 1050℃, held for 5 min and air cooled to room temperature. The 

initial stage of abnormal grain growth was identified by macro etching. The 

secondary recrystallized specimens were macro etched by 36% HCl soluation at 

100℃ for 10~20s and cleaned by alcohol. Abnormally growing grains in the 

specimens with the size less than 1mm were selected. The specimen around the 

abnormally growing grains were cut into the size of 5mm x 5mm and mounted with 
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polycarbonate resin to section serially. 

For serial sectioning, Robo-Met.3D made by UES was used. The machine 

automatically performed a series of steps for serial sectioning and obtaining two-

dimensional optical microscopic images of each section. The series of steps consist 

of polishing, cleaning, etching, rinsing the etching solution, drying and observing 

with optical microscopy. At the step of polishing, the specimens were polished by 1 

µm diamond suspension with the force of 15N for 1 min. After polishing, 

suspension was cleaned by alcohol and the sample was etched by 5% HNO3 

solution for 30s. The etched sample was washed by alcohol and observed by the 

optical microscopy. The two-dimensional optical microscopic images were 

converted to the three-dimensional reconstructed image by Avizo Fire 7.  

 

4.2 Three-dimensional morphology reconstructed by serial sectioned images of 

Goss grain 

Figure 4.1 is the optical microscopic images of abnormally growing grains A, B 

and C in etched specimens. Each grain has unique microstructure with irregular 

grain boundaries. These abnormally growing grains were observed by serial 

sectioning. Each grain had different sectioning thickness. The sectioning thickness 

of grain A is 2.2µm, that of grain B is 1.6µm and that of grain C is 1.5µm.  
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(a) 

 

(b) 

 

(c) 

Figure 4.1  Two-dimensional optical microscopic images of abnormally growing 

grains (a) A, (b) B and (c) C 
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Figure 4.2  Three-dimensional morphology of abnormally growing grain A  
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To observe the three-dimensional morphology of abnormally growing grains, 

we reconstructed the grains and eliminate other matrix grains. The three-

dimensional morphologies of all grains were reconstructed with about 100 

sectioning images with the vertical direction to surface. Figure 4.2, 4.3 and 4.4 is 

the three-dimensional images reconstructed by the serial sectioned images of 

abnormally growing grain A. The depth of grain A is about 186µm and the 

diameter of the grain is about 1mm. These images show that the grain A grow with 

pancake shape, which means the growth rate in the direction parallel to surface is 

much higher than in the direction vertical to the surface. Also, the images show that 

the grain A has extremely irregular boundary shape. Figure 4.5 and 4.6 is the three 

dimensional morphology of grain B and C and these figures show that grain B and 

C also have irregular boundary shape. 
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Figure 4.3  Three-dimensional morphology of grain A at the surface 

 

Figure 4.4  Three-dimensional morphology of grain A rotated by (a) 45°, (b) 90° 

and (c) 135° 
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Figure 4.5  Three-dimensional morphology of abnormally growing grain B 

 

Figure 4.6  Three-dimensional morphology of abnormally growing grain C  
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There are the typical microstructures of AGG like peninsular grains and island 

grains. These microstructures observed easily when AGG occurs. Figure 4.7 (a) 

shows that peninsular grains and island grains exist in the specimen in which grain 

A grew abnormally. Figure 4.7 (b) shows the three-dimensional morphology of 

these peninsular grains and island grains near the grain A. Figure 4.7 (b) is the 

three-dimensional image which presents the specimen consisting of only matrix 

grains without the abnormally growing grain A. The hollow space at the center of 

specimen is the place in which the abnormally growing grain A was. From this 

image the island grain was trapped at the center of the grain A and peninsular 

grains exist near the grain A. 
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(a) 

 

(b) 

Figure 4.7  (a) Typical microstructures of AGG (peninsular grains and island 

grains) (b) three-dimensional morphology of these microstructures 
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4.3 Similarity of three-dimensional morphology between real Goss grain and 

simulated Goss grain 

 

Figure 4.8 is the three-dimensional morphologies of normally growing grains 

obtained by simulation and by serial sectioning. Figure 4.8(a) is obtained by Monte 

Carlo simulation performed without inhibitors or sub-boundaries. Figure 4.8(b) is a 

grain in pure iron plate which was annealed at 1000℃ for 2h after cold rolling. 

Both normally growing grains make facet grain boundaries with neighbor grains. 

 

 

Figure 4.8  Three-dimensional morphology of normally growing grain obtained 

(a) by simulation and (b) by serial sectioning 
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Figure 4.9 is the three-dimensional morphologies of abnormally growing grains 

obtained by simulation and by serial sectioning. Figure 4.9 (a) is the morphology of 

the abnormally growing grain which is simulated by Monte Carlo simulation 

performed with real orientations, precipitates and sub-boundaries, which is 

mentioned at chapter 3. Figure 4.9 (b) is the three-dimensional morphology of the 

grain A. Both abnormally growing grains have extremely irregular shape and make 

curved grain boundaries with neighbor grains.  

 

 

Figure 4.9  Three-dimensional morphology of abnormally growing grain 

obtained (a) by simulation and (b) by serial sectioning 
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The simulation, which is mentioned at the chapter 3 and used for the figure 4.8 

(a) and 4.9 (a), shows that sub-boundaries and precipitates are necessary for the 

abnormal grain growth. Because the three-dimensional morphology of the 

simulated grains is similar to that of the real grains, the simulation was performed 

realistically and it can be an evidence of sub-boundary enhanced solid-state wetting 

mechanism. 

 

4.4 Three-dimensional morphological evidence of solid-state wetting 

Figure 4.10 is the image of the grain boundaries made by abnormally growing 

grain A and neighbor matrix grains. Because of force valance, in the three-

dimensional image constructed by serial sectioning, the quadruple junction point is 

presented as a peak. As shown in this figure, there are numerous quadruple 

junctions at the grain boundaries of abnormally growing grain and quadruple 

junctions can be identified easily from the three-dimensional image 

Figure 4.11 (a) and (b) are the zoom-in image of triple junction line and 

quadruple junction point. Each quadruple junction is connected with three triple 

junction line on the grain boundary of the abnormally growing grain. The average 

length of the triple junction line was 11µm. Figure 4.12 is the quadruple junction 

point at the surface of reconstructed three-dimensional morphology of abnormally 
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growing grain. The height of this peak is about 11µm which is same the average 

length of the triple junction lines. This morphology can be made by the quadruple 

junction wetting along the triple junction line which made by three matrix grains. 

 

 

Figure 4.10  The surface of reconstructed three-dimensional morphology of 

abnormally growing grain 
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Figure 4.11  The quadruple junction point and the triple junction line at the three-

dimensional reconstructed morphology of abnormally growing grain 
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Figure 4.12  The quadruple junction point with the wetting morphology  
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CHAPTER 5 

Three-dimensional simulation for abnormal growth behavior 

The three-dimensional simulation performed with sub-boundaries, precipitates 

and real orientation reproduces the two-dimensional microstructure, the three-

dimensional morphology and orientation. Because this simulation reproduces these 

phenomena well, many typical properties of abnormal grain growth can be 

understood by this program. 

 

5.1 Effect of sub-boundary energy on abnormal grain growth rate 

After secondary recrystallization, the texture is changed to exact Goss texture 

[7]. Then the abnormally growing grain with large deviation from Goss orientation 

should be removed during secondary recrystallization. The one way to remove 

these grains is the rapid growth rate of exact Goss. If the exact Goss grain grows 

fast, the other grains will be trapped by Goss grain and disappeared. Park et al. 

proposed that the exact Goss have low stored energy after cold rolling base on 

FEM simulation [29]. If the exact Goss have lower sub-boundary energy and the 
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abnormally growing grain with lower sub-boundary energy grow faster than other 

grains, the exact Goss grow faster than other Goss grains and eliminate other Goss 

grains. This phenomenon is tested by the three-dimensional MC simulation. 

As shown in figure 5.1, the two grains are simulated. The green grain A has the 

sub-boundaries which have the grain boundary energy of 0.01 and the blue grain B 

has the sub-boundaries whose grain boundary energy is 0.001. Both grains have the 

Goss orientation. At the initial state, the grain A is bigger than the grain B.  

Figure 5.2 is the time evolution of these grains. Figure 5.2 (a), (b), (c), (d), (e) 

and (f) are the three-dimensional morphologies of the two grains after 0 MCS, 500 

MCSs, 1000 MCSs, 1500 MCSs, 2000 MCSs and 2500 MCSs. After 500 MCSs, 

the size of two grains become similar and the grain B becomes larger than the grain 

A after 1000 MCSs. Because this simulation uses continuous boundary condition, 

B grain grows through the left side and appears from the right side. The growth rate 

of grain B goes faster and surrounds grain A. After 2500 MCSs, the grain A is 

eliminated by grain B. 

This result shows that the sub-boundary energy determines the abnormal grain 

growth rate and abnormally growing grains with relatively high sub-boundary 
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energies are eliminated by abnormally growing grains with relatively low sub-

boundary energies.  
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Figure 5.1 Sub-boundary energies of grain A and grain B 
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Figure 5.2 Grain growth behavior according to sub-boundary energy  
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5.2 Effect of texture on abnormal grain growth rate 

The second one which can affect abnormal grain growth rate is texture [10]. 

Abnormal grain growth occurs by sub-boundary enhanced solid-state wetting 

mechanism. According to the mechanism, wetting probability is determined by the 

grain boundary energies of penetrated grain boundaries and penetrating grain 

boundaries. To increase wetting probability, penetrating grain boundaries should 

have low grain boundary energies and penetrated grain boundaries should have 

high grain boundary energies. The one of which determine the grain boundary 

energy is the crystallographic orientation of the two grains exist beside the grain 

boundary. Therefore, the crystallographic orientation of the matrix grains, texture, 

can determine the grain boundary energies of penetrated and penetrating grain 

boundaries. The texture affects grain boundary energy which decide the wetting 

probability. And the wetting probability decide the abnormal grain growth rate. In 

the end, the texture affects the abnormal grain growth rate. 
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Figure 5.3 Schematics of simulation for texture effects on abnormal grain 

growth rate; upper side of lattice filled by texture near the surface 

and lower side of lattice filled by texture at the center 
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The texture of primary recrystallized Fe-3%Si steel near the surface and that at 

the center are different. The texture near the surface has more low energy boundary 

like low angle, Σ5 and Σ9 boundaries than the texture at the center. Then the 

growth rates of abnormally growing grain in each texture are different from each 

other. And this is why the abnormally growing grains grow with pancake shape. 

To examine that, the three-dimensional MC simulation using two Goss grains 

with different sub-boundary energies is performed. Figure 5.3 is the schematics of 

simulation. In the simulation, the grain near the surface is set in upper side of 

lattice (z>80) and the grain at the center is set in lower side of lattice (z<80). The 

sub-boundary energy is 0.01. 

Figure 5.4 is the three-dimensional morphology of the abnormally growing 

grain in simulation. Figure 5.4 (a) is the initial state of simulation and figure 5.4 (b) 

is the state after 5000 MCSs. At the initial state, the abnormally growing grain exist 

at the center (z=80). After 5000 MCSs, the grain grows faster in the texture near 

the surface then in the texture at the center.  
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Figure 5.4 the grain growth behavior in the texture near the surface and in the 

texture at the center; (a) initial state and (b) after 5000 MCSs 
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The results show that the texture determines the grain boundary energies and 

the grain boundary energies determine the growth rate of abnormally growing 

grains. Therefore, the sub-boundary energy and the texture have the key role for the 

abnormal grain growth rate and it is important to control the sub-boundary energy 

and the texture. 

  



- 62 - 

CHAPTER 6 

Improvement in grain-oriented electrical steel by symmetric rolling 

 

6.1 Texture difference between at the surface and at the center 

Abnormally-growing grains in Fe-3%Si steel grow much faster in the direction 

parallel to the surface than in the direction vertical to the surface. This 

characteristic feature of AGG of Goss grains lead to a pancake shaped growth [52]. 

Sakai et al. [53] also observed that, during secondary recrystallization, he Goss 

grains grow in a direction parallel to the surface. These results show that the 

surface have a growth advantage over the center during secondary recrystallization. 

From these results, we can predict that the Goss grains favor the texture near the 

surface after primary recrystallization to grow than that at the center. Homma and 

Hutchinson [10] confirmed that the texture has an influence on AGG and this result 

support the prediction.  

If this prediction is true, the texture near the surface after primary 

recrystallization should be different from that at the center. Matsuo et al. [54] 
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reported such texture inhomogeneity through the thickness after primary 

recrystallization of Fe-3%Si steel. Park et al. [55] also shows that the texture near 

surface is different from that at the center and the ratio of grains, which make low 

energy boundary with Goss grain, especially low angle boundary, Σ5, and Σ9 grain 

boundary, is higher near surface than at the center. 

The reason of the texture difference between at the center and near surface is 

hot rolling. The primary recrystallization texture is affected by the texture before 

recrystallization. So the texture difference is decided by cold rolling texture 

because the just previous process of the recrystallization is cold rolling. But during 

cold rolling, equal strain, plain stress, is applied at the center and near the surface 

because of lubricant. And cold rolling texture also can be affected by previous 

texture, hot rolling texture. As a result, the texture difference of primary 

recrystallization between at the center and near the surface is determined by hot 

rolling. Mishra et al. observed this phenomenon in the Fe-3%Si steel using X-ray 

[56]. 
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Figure 6.1  ODFs displayed in a φ2 = 45o at (a) 1/8t and (b) 1/2t, respectively, of 

the specimens after primary recrystallization [55]  

 

Figure 6.2  ODFs displayed in a φ2 = 45o at (a) 1/8t and (b) 1/2t, respectively, of 

the specimens after hot rolling. The Goss texture (φ1 = 90o, Ф = 90o, 

φ2 = 45o) was developed at 1/8t whereas the rotated cube (φ1 = 0o, Ф 

= 0o, φ2 = 45o) was developed at 1/2t [55]  
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Figure 6.1 shows that the ODFs displayed in a φ2 = 45o at 1/8t and 1/2t. As 

shown in this figure, at the center, rotated cube texture is developed more than γ-

fiber texture but near the surface, γ-fiber texture is developed more than rotated 

cube texture. This texture difference after the primary recrystallization between 

near the surface and at the center is made by the texture difference after hot rolling 

between near the surface and at the center. Figure 6.2 is the ODFs displayed in a φ2 

= 45o at 1/8t and 1/2t, respectively, of the specimens after hot rolling. Form this 

figure, the Goss texture (φ1 = 90o, Ф = 90o, φ2 = 45o) was developed at 1/8t whereas 

the rotated cube (φ1 = 0o, Ф = 0o, φ2 = 45o) was developed at 1/2t. This difference 

of texture is formed by the difference of dominant strain; shear strain and plane 

strain are dominant, respectively, near the surface and at the center [57]. 

The typical crystallographic orientation of the γ-fiber texture is {111}<112> 

which has the Σ9 relation with the Goss grain. So it is natural for γ-fiber texture to 

have the high ratio of the grains which have Σ9 relation with Goss grains. Figure 

6.4 is the ratio of the CSL boundary which is made by the matrix grains with Goss 

grain. The radio of the CSL boundary, especially Σ1, Σ5 and Σ9, is much higher at 

1/8t than at the 1/2t. 
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Figure 6.3 The Relation between Σ9 boundary and γ-fiber texture 

 

 

Figure 6.4 The ratio of the CSL boundary between a matrix grain and the Goss 

grain at the 1/2t and at the 1/8t [55] 
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As previously mentioned, the texture difference between near the surface and at 

the center was made by the hot rolling process, Goss grain exist more near the 

surface than at the center and the texture near the surface has an advantage for the 

abnormal grain growth. Based on this summary, if the texture at the center can be 

converted like the texture near the surface than Goss fraction will be increased and 

the growth rate of the abnormally growing Goss grain will be increased.  

To confirm this assumption, asymmetric hot rolling is done. The asymmetric 

hot rolling is well known as the rolling process which can apply the shear stain in 

all thicknesses to make the texture at the center like that near the surface [58].  

 

6.2 Experimental procedure 

An ingot of Fe-3%Si steel was hot-rolled symmetric to 7.1mm and hot-rolled 

symmetric and asymmetric to 2.4mm. The later hot-rolling was done at 1150°C by 

3 passes like figure 6.5. The reduction of each pass was 30%. Before each step, the 

sample was heated by the box furnace at 1200°C and the specimens are hot-rolled 

when the surface temperature reached 1150°C. The asymmetric rolling is done by 

the different rolling speed between upper and lower rollers. For the symmetric 
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rolling, the rolling speed of all rollers was 20 rpm. In case of the asymmetric 

rolling, the rolling speed of the upper roller was 24rpm and that of the lower roller 

was 16 rpm.  

 

 

 

Figure 6.5 Schematic processes of (a) symmetric rolling and (b) asymmetric 

rolling 
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The hot-rolled samples were cold-rolled to thickness of 0.3 mm and primary 

recrystallized at 850°C for 150s in a wet 10% H2-N2 atmosphere. The specimens 

after primary recrystallization were heated in a stepwise fashion at 15°C/h in a 50% 

H2-N2 atmosphere up to 1200°C, held for 0s and cooled to room temperature. The 

texture of hot-rolled samples as well as primary recrystallization samples were 

measured by EBSD, attached to a FE-SEM (SU70, Hitachi). EDAX/TSL software 

was used to determine the texture. ODF with φ2=45° section was generated using a 

harmonic series expansion with a series rank 22 with Euler angle representation (φ1, 

Ф, φ2) in Bunge’s notation. [59] 

The grain size of the secondary recrystallized samples is about ~10 cm so it is 

impossible to analyze the texture by EBSD. To observe the secondary 

recrystallization microstructure, the sample was macro etched by 36% HCl 

soluation at 100℃ for 10~20s.  
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6.3 Texture of hot-rolled sample produced by asymmetric rolling and 

symmetric rolling 

Figure6.6 is the IPF map of hot-rolled sample to thickness of 7.1mm. This 

fiugre shows the typical texture of hot-rolled sample. Goss texture is developed 

near the surface and the rotated cube texture at the center. It is well known that the 

Goss texture is easily developed when shear stress is applied. Near the surface, the 

friction between the roll and the specimens makes shear stress. As a result, the 

Goss texture is developed near the surface. On the other hand, the rotated cube 

texture is easily developed when plain stress is applied. At the center, the sample 

does not contact with the roller so there is not friction force and only plain stress is 

applied. Naturally, the rotated cube texture is developed at the center. 
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Figure 6.6 The texture of hot-rolled sample to thickness of 7.1mm 



- 72 - 

Figure 6.7 is the texture of samples which is hot-rolled symetrically and 

asymmetric. The center part of each samples is indicated by dotted circle. The 

center part of each sample have different texture. When the sample is hot-rolled 

symmetric, the texture is similar to that in figure 6.6. At the center, the rotated cube 

texture is developed and near the surface, the Goss texture is developed. On the 

other hand, the specimen which is hot-rolled asymmetric the Goss texture is 

developed in all thickness. 

The ODFs of the samples show the more detail information. Figure 6.8 is the 

ODF of the symmetric and asymmetric hot-rolled samples. Figure 6.8 (a) shows 

that the symmetric hot-rolled sample has the rotated cube and α-fiber texture which 

is the typical plain stress texture. And figure 6.8 (b) shows that the copper and Goss 

texture, the typical shear stress texture, are developed in the sample which is 

asymmetric hot-rolled. The part indicated by solid line in figure 6.8 (b) shows that 

the rotated cube texture diappear when the sample is asymmetric hot-rolled. In 

contrast, the part indicated by dashed line in figure 6.8 (b) shows that the copper 

texture is developed when the sample is asymmetric hot-rolled.  
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Figure 6.7 The texture of (a) symmetric and (b) asymmetric hot-rolled sample 

to thickness of 2.4mm 
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Figure 6.8 The ODFs displayed in a φ2 = 45o of (a) symmetric and (b) 

asymmetric hot-rolled samples to thickness of 2.4mm   
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The Goss fraction is also changed. Figure 6.9 The symmetric hot-rolled sample 

have the rotated cube texture at the center so there is not Goss grains at the center. 

But the texture at the center of the asymmetric hot-rolled sample is not the roated 

cube texture but the copper and Goss texture. As a result, the asymmetric hot-rolled 

sample has the Goss grains at its center. The asymmetric hot-rolled sample has 

higher Goss fraction than the symmetric hot-rolled sample because the place in 

which the Goss grains exist is larger in the asymmetric hot-rolled sample than in 

the symmetric hot-rolled sample. The Goss fraction of the symmetric and 

asymmetric hot-rolled sample is 4.6% and 7.0%, respectively.  
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Figure 6.9 The texture of (a) symmetric and (b) asymmetric hot-rolled sample 

to thickness of 2.4mm   
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6.4 Texture of 1st and 2nd recrystallized samples produced by asymmetric 

rolling and symmetric rolling 

Figure 6.10 is the ODFs displayed in a φ2 = 45° of the primary recrystallized 

sample. Figure 6.10 (a) and (b) are the ODF of the symmetric hot-rolled sample 

after primary recrystallization at the center (1/2t) and near the surface (1/8t), 

respectively. The center of the symmetric hot-rolled sample has stronger 

{100}<021> texture and weaker γ-fiber texture than the part at 1/8t of the sample. 

Figure 6.10 (c) shows that the asymmetric hot-rolled sample has the similar texture 

at the center with that of symmetric hot-rolled sample near the surface. By 

asymmetric rolling, the γ-fiber and α*-fiber texture become, respectively, stronger 

and weaker. From this result, it is confirmed that the texture of the hot-rolled 

specimen effects on the texture of the primary recrystallized one.  
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Figure 6.10 The ODFs displayed in a φ2 = 45° of the primary recrystallized 

sample; (a) symmetric hot-rolled sample at the center and (b) at the 

surface and (c) asymmetric hot-rolled sample at the center   
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Figure 6.11 The macro etched image of (a) symmetric and (b) asymmetric hot-

rolled sample after the secondary recrystallization 
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The figure 6.11 is the macro etched sample after the secondary recrystallization. 

The grain size after the secondary recrystallization is bigger in the asymmetric hot-

rolled sample than the symmetric hot-rolled sample. The number of the small 

grains in the asymmetric hot-rolled sample is smaller than that in the symmetric 

hot-rolled sample. Also, the magnetic property is improved because of these 

differences. Magnetic flux density (B10) and magnetic core loss (W17/50) of the 

symmetric rolled sample after the secondary recrystallization are respectively 

1.85T and 1.42 W/kg. Magnetic flux density (B10) and magnetic core loss 

(W17/50) of the symmetric rolled sample after the secondary recrystallization are 

respectively 1.91T and 1.16 W/kg. The asymmetric hot-rolling increases magnetic 

flux density and decreases magnetic core loss after the secondary recrystallization. 

As a result, we can improve the magnetic properties of the grain-oriented electrical 

steel by asymmetric rolling. 
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CHAPTER 7 

Conclusion 

Based on the sub-boundary enhanced solid-state wetting mechanism for AGG 

in metallic system, grain boundaries and morphology of abnormally growing grains 

are researched, the MC simulation for abnormally growing grains are performed 

and the magnetic properties of grain-oriented electrical steel is improved. 

The growth front of the abnormally growing grains in Al 5052 alloy was 

observed and analyzed by EBSD, focusing on the penetration morphology. The 

grain boundary energies estimated from the misorientation data satisfy the 

energetic condition for the triple junction wetting. Some grains, which look 

separate from the abnormally growing grain, were found to have the identical 

orientation with abnormally growing grain. Through serial section images of these 

microstructures, it was shown that these grains are the growth front of the 

abnormally growing grain, which proceeds by wetting along the triple junction line. 

These results, combined with the recent findings that sub-boundaries exist 

exclusively in abnormally growing grains, provide the strong evidence for the 

mechanism of sub-boundary enhanced solid-state wetting for AGG. 

To understand the mechanism of abnormal grain growth based on the 

mechanism of sub-boundary enhanced solid-state wetting, the parallel MC 

simulation using the real primary recrystallization orientation of Fe-3%Si steel was 
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performed with precipitates and sub-boundary on the abnormally growing grain. 

The simulation shows that the precipitates maintain the fraction of the high energy 

boundaries between matrix grains by grain growth inhibition and maintain the 

probability of wetting. It also shows that the low energy of the sub-boundary 

increases the probability of wetting. Because of this, precipitates and sub-boundary 

is necessary to enhance AGG.  

If the simulation is based on the proper mechanism, the simulation reproduces 

all features of AGG. The simulation with the real orientation, precipitates and sub-

boundaries reproduced the typical features of AGG such as the island and 

peninsular grains and merging of abnormally growing grains, appearing separate on 

the two-dimensional image. And the three-dimensional morphology of simulation 

is also analyzed. The three-dimensional morphology of simulation is extremely 

irregular and similar to that of a real abnormally growing grain reconstructed by 

serial section. 

The three-dimensional morphology of an abnormally growing grain 

reconstructed by serial sectioning is analyzed. The three-dimensional morphology 

of the abnormally growing grains are extremely various like the simulation. The 

grain boundaries of the abnormally growing grains were extremely irregular as the 

simulated grain boundaries and the wetting morphologies were observed. 

By the simulation, the sub-boundary energies and the texture effects on the 

abnormal grain growth rate are analyzed. According to simulation, lower sub-
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boundary make the abnormal grain growth rate faster. And the texture which makes 

low grain boundary energy with Goss grain make the abnormal grain growth rate 

fast. 

These observations and analysis show that sub-boundary enhanced solid-state 

wetting is the mechanism of abnormal grain growth. According to the previous 

result, the primary recrystallization texture effects on the abnormal grain growth 

rate. Normally, the texture at the center is different from that near the surface. And 

because the texture near the surface has an advantage for abnormal grain growth, 

the abnormally growing grain has a pancake shape. By asymmetric rolling, the 

texture at the center is changed as the texture near the surface and the magnetic 

properties of the grain-oriented electrical steel is improved. 

 

 

  



- 84 - 

Chapter 8 

Parallel Monte-Carlo simulations for the effect of precipitates and sub-

boundaries on abnormal grain growth in Fe-3%Si steel 

 

This part was published in Philosophical Magazine 93 (2013) 4198-4212 and I was 

the co-author of this paper 

 

This chapter describes for the effect of precipitates and sub-boundaries on 

abnormal grain growth using parallel three-dimensional Monte-Carlo method based 

on the real orientation data in Fe-3%Si steel. Especially, we were focused on 

comparison of the microstructure evolutions between simulation and experimental 

results. In the other part, three-dimensional morphologies of abnormally-growing 

grains were analyzed using simulation data. 

 

8.1 Introduction 

Previously, many studies have demonstrated using computer simulations that 

AGG could be happened only if NGG of matrix grains is inhibited by second-phase 

particles [30, 60, 61] [62]. Our group also reported the three-dimensional MC 
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simulations to examine the effect of precipitates and sub-boundaries on AGG based 

on the mechanism of sub-boundary enhanced solid-state wetting [63]. Although 

these studies showed that precipitates played a critical role in inducing AGG, the 

orientations of initial grains for simulation were randomly chosen, not based on the 

real orientation data. Also, the grain boundary energy to be proportional to the 

difference between the orientation numbers of two adjacent grains. Because of 

these non-realistic assumptions, the simulation results could not reproduce some 

realistic features of AGG. 

The purpose of this study is to examine the effect of precipitates and sub-

boundaries on the Goss AGG based on the real texture obtained after primary 

recrystallization of Fe-3%Si steel and also based on the realistic grain boundary 

energy determined as a function of the misorientation between two adjacent grains 

using theoretical and experimental relations. The simulations were compared with 

the experimental features of AGG. 
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8.2 Implementation of simulation conditions 

MC simulation for 3-D grain growth was performed on a simple cubic lattice 

using a method similar to that reported by Ko et al [21]. The lattice has 

160x160x160 sites with periodic boundary conditions. These sites will be 

represented by the (x, y, z) Cartesian coordinates in the display. Each site with its 

own number, Si, represents the crystallographic orientation at the specific location 

so that surrounded adjacent sites with the same number are the same grain and the 

sites with different numbers belongs to other grains. The orientation number, Si, is 

assigned with a set of Euler angles (φ1, Φ, φ2). 

The misorientation angle between two adjacent grains can be calculated from 

Euler angles [64]. Since a cubic lattice has 24 symmetries, one set of Euler angles 

has 24 matrixes of directional cosines. The matrix multiplication of two Euler 

angles of adjacent grains produces 24 x 24 matrixes, among which the matrix with 

the minimum angle corresponds to the misorientation angle of adjacent grains. The 

grain boundary energy is determined from the misorientation angle by the 

following equations derived by Read and Shockley [33].  

𝐽(𝑆𝑖, 𝑆𝑗) = {

𝜃

𝜃𝑅𝑆
[1 − ln (

𝜃

𝜃𝑅𝑆
)] , 𝜃 < 𝜃𝑅𝑆     (𝑙𝑜𝑤 𝑎𝑛𝑔𝑙𝑒 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦)

𝑟′, 𝜃 ≥ 𝜃𝑅𝑆     (ℎ𝑖𝑔ℎ 𝑎𝑛𝑔𝑙𝑒 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦)
 (8.1) 

where J(Si, Sj) is the energy between orientations 𝑆𝑖  and 𝑆𝑗 , 𝜃  is the 

misorientation angle, 𝜃𝑅𝑆 is assigned to be 15° as the high misorientation angle 
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cut-off, and r′ is a random value in the range 1.0 - 1.4 for an energy variation. The 

energy sum between a given site and its first, second and third nearest neighbours 

is given by the following equation: 

   E = ∑ 𝐽(𝑆𝑖, 𝑆𝑗)[1 − 𝛿𝑖𝑗]𝑛𝑛    (8.2) 

where nn is the number of nearest neighbours and δij is the Kronecker delta 

function. The sum is taken over all nearest neighbour sites: 26 up to the third 

nearest neighbours in the simple cubic lattice. A lattice site is selected at random 

and a candidate site for energy comparison is chosen from the 26 nearest 

neighbours. The energy given by equation (8.2) is compared between the two sites 

and if the energy change is zero or negative, the new orientation of the neighbour is 

accepted. If the energy change is positive, the new orientation is accepted by the 

Boltzmann probability, P, given 

       𝑃 = exp (−ΔE/kB𝑇)    (8.3) 

where △E is the energy change due to the orientation change, kB is the 

Boltzmann constant and T is the lattice temperature, which is carefully chosen to 

avoid both lattice pinning and disordering of boundaries [65]. 

The 3-D MC simulation of grain growth in this study was performed in parallel 

computing by using open multi-processing [66], parallel machines with Intel Core 

i7 (TM) CPU 2.80 GHz and the compiler of Intel Parallel Studio XE 2011. An 

attempt to reorient the 1603 lattices is referred to as one Monte Carlo step (MCS) 
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and typical simulations were performed until 15000 MCS. The simulation data 

were converted into the format for the TSL/EDAX, which displayed the texture 

plots and grain growth. 

The initial microstructure consists of 8,000 grains with a uniform grain size and 

grain boundaries with the same mobility. Also, this microstructure has a texture that 

is very similar to the real texture, which was acquired from the orientation image 

mapping by EBSD on 1/8 depth surface of a primary recrystallized Fe-3%Si steel. 

The specimen was prepared by the standard processing. Figure 8.1(a) and (b) show 

the φ2-section images of orientation distribution function (ODF) of the real 

microstructure of the Fe-3%Si steel and the initial microstructure of MC 

simulations, respectively. These are not much different from a typical texture of 

primary recrystallized Fe-3%Si steel reported previously [10, 67]. The Goss grain 

is composed of eight sub-grains with the sub-boundary energy of 0.05 based on the 

experimental observation in Fe-3%Si steel by Park et al [22]. 

CSL boundary distributions between Goss and matrix grains of the initial 

microstructure for the MC simulation were calculated and compared with the 

experimental data in Figure 8.2. The CSL distributions of the initial microstructure 

are in good agreement with the experimentally-determined CSL distribution. For 

example, the percentage of Σ9 boundaries is slightly higher than those for other 

CSL types [8]. 16% of all grain boundaries between Goss and matrix grains in the 

initial microstructure are of a low angle (θ<15°) or CSL. The CSL boundaries are 
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determined with the Brandon criterion, vm = 𝜃𝑅𝑆/Σ
1/2 [34], and the energy of 

CSL boundaries up to Σ33 is assumed to be low. The energy variation of a CSL 

boundary, when deviating from the exact CSL angle, is based on the Read-

Shockley function as reported by Ko et al [21]. 

   𝐽 =
𝑤

𝑣𝑚
[1 − ln (

𝑤

𝑣𝑚
)],           

w

vm
< 1  (8.4) 

where w is the deviation from the exact CSL angle. The minimum energy of a 

CSL boundary is limited to be 0.3. The energy range was determined from the 

mesoscale grain growth simulations considering the grain boundary misorientation 

and inclination in iron [35]. 
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Figure 8.1  φ2-section images of ODF plot from (a) the experimentally-observed 

texture in 1/8 depth of primary recrystallized Fe-3%Si steel and (b) 

the texture input for the initial microstructure of simulations. 

. 
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Figure 8.2  Comparison of the CSL boundary distributions between Goss and 

matrix grains between the experimentally-observed texture (black 

bar) and the simulation texture (grey bar). 
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8.3 Simulation results 

8.3.1 The role of precipitates in abnormal grain growth 

In order to examine how the precipitates affect the AGG behavior, the MC 

simulations were compared between the conditions with and without precipitates. 

Figure 8.3(a), (b) and (c) show the cross-section (x, y) images of a 3-D 

microstructure at z = 80, respectively, after 500, 1000 and 1500 MCS without 

precipitates. The white grain contains sub-boundaries, which are represented by the 

black lines. In the early stage before 500 MCS (Figure 8.3(a)), the white grain grew 

rapidly compared with other grains. After 1500 MCS (Figure 8.3(c)), however, the 

white grain did not grow faster than some matrix grains. This means that the white 

grain cannot grow abnormally without precipitates. 

In the presence of precipitates, however, the white grain grew abnormally as 

shown in Figure 8.4. Figure 8.4(a), (b) and (c) show the cross-section (x, y) images 

of a 3-D microstructure at z = 80, respectively, after 5000, 10000 and 15000 MCS 

with precipitates. It should be noted that the MCS values in Figure 8.4(a), (b) and 

(c) are larger than those of Figure 8.3(a), (b) and (c), respectively, by 10 times. This 

is because the overall growth rate of matrix grains in Figure 8.4, where the grain 

growth is inhibited by precipitates, is much lower than that in Figure 8.3. The 

initial conditions in Figures 8.3 and 8.4 were the same including the misorientation 

distribution of matrix grains. In contrast with the white grain in Figure 8.3, which 
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grew relatively fast in the initial stage and then relatively slowly in the later stage, 

the white grain 

in Figure 8.4 grew faster and faster with simulation time, which is typical of the 

AGG behaviour. After 15000 MCS in Figure 8.4(c), the white grain becomes 332 

times larger than the average size of matrix grains. Therefore, Figures 8.3 and 8.4 

clearly reveal the role of precipitates in inducing AGG from the viewpoint of sub-

boundary enhanced solid-state wetting. 

Then, why do the precipitates enhance AGG? Without precipitates, the grain 

growth is not inhibited and the matrix grains grow extensively as shown in Figure 

8.3. It should be noted that the grain growth not only increases the average grain 

size but also decreases the fraction of high energy boundaries and increases the 

fraction of the low energy boundaries when the grain boundary energy is 

anisotropic [68]. Considering the condition of triple junction wetting derived by 

Park et al. [31] in the presence of sub-boundaries, the wetting probability is 

increased with increasing fraction of the high energy boundaries between matrix 

grains. Therefore, the probability would decrease markedly when the fraction of the 

high energy boundaries decreases by extensive grain growth and the sub-boundary 

enhanced solid-state wetting would not occur frequently enough to induce AGG. In 

the presence of precipitates, however, the grain growth of matrix grains is inhibited 

markedly as shown in Figure 8.4. Therefore, the fraction of high energy boundaries 

is maintained to be relatively high, which would increase the wetting probability 
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high enough to induce AGG. 

 

Figure 8.3  Cross-sections (x, y) of the 3-D microstructure at z = 80 in the 

absence of precipitates after (a) 500, (b) 1000 and (c) 1500 MCS. 

The white grain has a Goss orientation and black lines inside the 

white grain indicate sub-boundaries with the energy of 0.05 

 

 

Figure 8.4  Cross-sections (x, y) of the 3-D microstructure at z = 80 in the 

presence of precipitates after (a) 5000, (b) 10000 and (c) 15000 
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MCS 

This aspect of the percentage change of the low energy boundaries such as low 

angle and CSL boundaries among matrix grains is shown clearly in Figure 8.5(a) 

and (b), respectively, for the cases without and with precipitates. Σ values were 

calculated from the low angle misorientation (Σ1) to Σ11 because the low energy 

for special boundaries was considered up to Σ11 in the MC simulation. In Figure 

8.5(a) for the MC simulation without precipitates, the percentage of low energy 

boundaries, which are low angle and CSL boundaries, changed noticeably, 

increasing from the initial value (0 MCS) of 18.8% to 23.4%, 28.1% and 37.5%, 

respectively, after 500, 1000 and 1500 MCS. The percentage of low energy 

boundaries after 1500 MCS became twice larger than that in the initial 

microstructure. On the other hand, in Figure 8.5(b) for the MC simulation with 

precipitates, the percentage changed only a little, increasing from the initial value 

of 18.8% to 19.2%, 19.8%, and 22.0%, respectively, after 5000, 10000, and 15000 

MCS. It should be noted that the percentage of low angle boundaries shared by 

Goss grains (Figure 8.2) is about 10 times less than that between matrix grains 

(Figure 8.5). This is because a strong γ-fiber texture is evolved after primary 

recrystallization of Fe-3%Si steel [10]. 
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Figure 8.5  Distributions of low angle (Σ1) and CSL boundaries among the 

matrix grains during the grain growth for the cases (a) without and 

(b) with precipitates 
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8.3.2 Effect of sub-boundary on the abnormal grain growth 

According to the mechanism of sub-boundary enhanced solid-state wetting, the 

presence of sub-boundaries inside Goss grains is responsible for their selective 

AGG [17, 21]. In order to examine the number of sub-boundaries on AGG, the MC 

simulation was performed with 0, 2, 4 and 8 sub-grains. To check whether the 

white Goss grain undergoes AGG or not, the condition of d(R/<R>)/dt > 0, which 

is generally used as a criterion for AGG, is examined. In Figure 8.6, R/<R>, which 

is the size ration of the white grain and the average matrix grains, is plotted against 

the simulation time for the white grains composed of 0, 2, 4 and 8 sub-grains. For 

the case without sub-grains, R/<R> increased initially but decreased after 7500 

MCS. For the case with 2, 4 and 8 sub-grains, however, R/<R> continue to increase 

with simulation time and the growth rate of the white grain increases with 

increasing number of sub-grains. This result indicates that as the number of sub-

grains increases, the AGG is enhanced. 

Figure 8.7 shows the plot of R/<R> vs. simulation time for the sub-boundary 

energy of 0.05, 0.10, 0.15, 0.20 and 0.25 for the white Goss grain with 8 sub-grains. 

The overall slopes for the energy of 0.05, 0.10, 0.15 and 0.20 are positive, whereas 

the slope for 0.25 becomes negative after 10000 MCS. Therefore, as the sub-

boundary energy increases, the effect of enhancing AGG is diminished. The sub-

boundary energy of 0.25 in the present condition corresponds to the misorientation 

angle of ~1o. Experimentally, Park et al. [22] and Ushigami et al. [25] reported that 
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the misorientation angles of sub-boundaries, which existed exclusively inside the 

abnormally-growing Goss grains, during secondary recrystallization in Fe-3%Si 

steel, were 0.15o ~ 0.5o. Dorner et al. [26] also observed very low angle grain 

boundaries exclusively within primary recrystallized Goss grains. The exclusive 

existence of sub-boundaries in Goss grains, together with simulation results in 

Figures 8.6 and 8.7, supports the possibility that sub-boundaries should be 

responsible for selective AGG of Goss grains. These results indicate that AGG 

depends critically on the presence of sub-boundaries, implying that the correlation 

between crystallographic orientation, size and number of next neighbours of 

abnormally-growing grains is not critical to AGG in agreement with the report by 

Chen et al [67]. 
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Figure 8.6  Plot of R/<R> vs. simulation time (MCS) of the white Goss grains 

with 0, 2, 4 and 8 sub-grains. 
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Figure 8.7 Plot of R/<R> vs. simulation time (MCS) of the white Goss grains of 

8 sub-grains with various sub-boundary energy. 
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8.4 Comparisons between simulation and experimental results 

8.4.1 Formation of island and peninsular grains 

Numerous island and peninsular grains tend to be observed at or near the 

growth front of abnormally-growing grains, which is a unique feature of AGG. 

Based on EBSD measurements, Messina et al. [37] and Ko et al. [20] reported that 

island and peninsular grains tend to have low energy boundaries with abnormally-

growing grains; they tend to have either low misorientation angles or CSL 

relationships. Based on the 3-D microstructure derived from successive images 

from sequential polishing and the observation, Ko et al. [20] suggested that island 

and peninsular grains are formed by solid-state wetting. Therefore, it is worth 

examining the possibility that our 3-D MC simulation, implementing the sub-

boundary enhanced solid-state wetting in the presence of precipitates, can also 

reproduce island and peninsular grains. Since our initial simulation data are based 

on the real orientations obtained after primary recrystallization of Fe-3%Si steel, it 

is possible that island and peninsular grains might have a tendency to share a low 

energy boundary with the abnormally-growing grain like a real microstructure 

evolution. In order to check this possibility, the characteristics of grain boundaries 

between the abnormally-growing grain and island or peninsular grains were 

investigated in the simulation, which is then compared with experiments. 

Figure 8.8(a) shows the microstructure evolution by the simulation at or near 
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the growth front of an abnormally-growing white Goss grain, where island and 

peninsular grains are formed. Figure 8.8(b) shows the real microstructure of island 

and peninsular grains at or near the growth front of abnormally-growing Goss 

grains in Fe-3%Si steel. Misorientations between the abnormally-growing and 

island or peninsular grains in Figure 8.8(a) and (b) have it in common that they are 

low angles or have CSL relations as indicated in both figures. 

To obtain statistically-reliable data, 154 and 220 island grains and 130 and 182 

peninsular grains were examined in simulations and experiments, respectively. 

Figure 8.9(a) and b show percentages of low angle and CSL boundaries, 

respectively, for island and peninsular grains. The black and grey bars in Figure 

8.9(a) and (b) indicate the percentages determined from experiments and MC 

simulations, respectively. In both experiments and simulations, about 35% of all 

grain boundaries of island and peninsular grains are low angle or CSL boundaries. 

Among them, Σ1, which is low angle boundaries, is most dominant. These results 

indicate that MC simulations implementing the effects of sub-boundaries and 

precipitates reproduce realistic microstructures of numerous island and peninsular 

grains with ~ 35% of their boundaries having low energy. 
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Figure 8.8 Microstructures near the growth front of abnormally-growing grains 

observed in (a) MC simulation and (b) Fe-3%Si steel. The numbers 

represent misorientations between the abnormally-growing and 

island or peninsula grains. 
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Figure 8.9  The distributions of CSL relationships between the abnormally-

growing grains and two different types of grains; (a) island and (b) 

peninsular. The experiment and simulation results are represented by 

black and grey colors, respectively. 
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Compared with previous 3-D grain growth simulations either by MC [21] or by 

phase field model (PFM) [17] implementing the effect of sub-boundaries, the 

frequency of island and peninsular grains is much higher in the present 3-D MC 

simulations, which implement the effect of precipitates. If island or peninsular 

grains are formed by solid-state wetting in the absence of precipitates, those grains 

will disappear quickly because their grain boundaries, which are not imposed by 

the triple junction constraint, would migrate freely and fast. In the presence of 

precipitates, however, their migration would be inhibited, which would result in the 

high frequency of island or peninsular grains. This means that the frequency of 

island and peninsular grains would increase as the ratio of the wetting rate to the 

boundary migration rate increases. 

On the other hand, in the present simulation the inherent mobility of low angle 

and CSL boundaries was not considered. In other words, the mobility of the grain 

boundaries is isotropic and assumed to be the same except the inhibition effect by 

precipitates. This assumption has an advantage in examining exclusively the effects 

of sub-boundaries and precipitates on AGG but has a disadvantage in that the 

microstructure evolution cannot be coupled with a real time scale. Monte Carlo 

simulations considering the mobility of grain boundaries were shown to produce 

the microstructure evolution coupled with a real time scale [69, 70]. 

One possibility that results from not considering the real grain boundary 

mobility would be the difference in the frequency of island and peninsular grains 
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between simulations and experiments. Although the frequency depends on the 

experimental condition, our general observation is that the frequency is higher in 

experimental results than in the simulations. This difference might come from the 

low inherent mobility of low angle and CSL boundaries. This conclusion is in 

conflict with the previous suggestion that some CSL boundaries, especially Σ9, 

have higher mobility than general boundaries [8] [71]. But recently, we made ex-

situ observations on the time evolution of numerous grains adjacent to abnormally-

growing grains by sequential annealing of aluminium alloy (AA 5052). The 

observation reveals that CSL boundaries have lower mobility than general 

boundaries. And CSL boundaries such as Σ9 are observed at much higher 

frequency at or near the growth front of abnormally-growing grains not because 

they have high mobility but because they have low mobility. 

 

8.4.2 Comparison with experimental results 

Since the present simulation successfully reproduces the boundary 

characteristics of island and peninsular grains formed during AGG, it might 

reproduce other features of AGG. For example, Inokuti et al. [49]  suggested a 

geometrical coalescence model as a mechanism of AGG based on his observation. 

They suggested that many primary grains with Goss orientation were formed near 

the steel surface, whose location corresponded to Goss areas having been formed 

by hot rolling; this was suggested as an inheritance mechanism by a structure 
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memory. After Goss nuclei were independently formed and grown, an abnormal 

Goss grain is made by coalescence of the primary Goss nuclei as shown 

schematically in Figure 8.10. 

 

 

Figure 8.10  Schematics of the geometrical coalescence during secondary 

recrystallization of Fe-3%Si steel reported by Inokuti et al. [49]. 

Redrawn after ref [49]. 

 

This geometrical coalescence mechanism can be reinterpreted based on solid-

state wetting. Goss nuclei, which appeared as separate grains and had been 

believed to form independently, are actually formed by solid-state wetting along 

triple junctions and originated from the identical grain. When a Goss grain grows 

by triple junction wetting, its 3-D shape can be highly irregular and even resemble 

an octopus. If an octopus is sliced through its legs and observed on a two-

dimensional section, each leg appears separately but they are connected three 
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dimensionally. Similarly, initial Goss nuclei, which may appear separate two 

dimensionally in Figure 10, are not actually separate but can be connected three 

dimensionally. 

Homma and Hutchinson [10] and Ko et al. [50] observed this aspect by serial 

sectioning and observation of abnormally-growing grains at different depths below 

the sheet surface in Fe-3% Si steel. Figure 8.11(a) shows serial section images by 

EBSD near the growth front of an abnormally-growing Goss grain. Each EBSD 

image in Figure 8.11(a) was obtained after polishing the sample mechanically with 

about 10μm intervals with the Goss grain being represented by a white colour. 

Although the white grain inside the matrix grains appeared to be separated from the 

abnormally-growing white Goss grain in the first two images, they turned out to be 

the identical grain in the third image. It means that the two white Goss grains in the 

first two images of Figure 8.11(a) were actually the same grain connected three 

dimensionally. 

This aspect can be observed in the MC simulation. Figure 8.11(b) shows the 

cross-section (x, y) images at z = 42, 43, 44 and 45 after 12000 MCS. The four 

white grains appear to be separated in the first image at z = 42. The two small 

white grains turned out to be the same grain and coalesced each other in the second 

image at z = 43. The other grain in the matrix coalesced with the abnormally-

growing grain in the third image at z = 44. All four grains coalesced into one in the 

fourth image at z = 45. Therefore, the schematics shown in Figure 8.10, which 
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became the basis for the geometrical coalescence model, can be regarded as an 

experimental evidence of the solid-state wetting mechanism. 

Similarly, Park et al. [28] performed ex-situ observation of microstructure 

evolution during AGG in an aluminium alloy (AA 5052). Figure 8.12(a) shows the 

sequential microstructure evolution using EBSD during secondary recrystallization 

of the aluminium alloy. These images were obtained from the same area at 

accumulated annealing times of 15, 25, 30 and 40 min at 500oC. An important 

point to notice here is that all white grains have the same orientation. From 15 to 

40 min, all isolated white grains are merged and become a single abnormal grain. 

This aspect of the sequential microstructure evolution could be reproduced by 

the MC simulation as shown in Figure 8.12(b). It shows cross-sections (x, y) 

images of a 3-D microstructure at z = 40 after 13000, 13300, 13600 and 14000 

MCS. All white grains, which appeared separate initially, coalesced into an 

abnormally-growing grain for the time interval of 1000 MCS. Therefore, the 

coalescence of many primary grains in two-dimensions, which was observed by 

serial sectioning of abnormally-growing grains and by sequential annealing of the 

sample can also be regarded as an evidence of solid-state wetting. 
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Figure 8.11 The serial sectioning images of abnormally-growing grains. (a) The 

microstructures of the Fe-3%Si steel successively polished with 

10μm intervals and (b) the cross-sections of a 3-D simulation 

microstructure at z = 42, 43, 44 and 45 after 12000 MCS. The 

abnormally-growing grains are represented by white color. 
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Figure 8.12 The time evolution of the microstructure during AGG observed in (a) 

an aluminum alloy for accumulated annealing times of 15, 25, 30 

and 40 min at 500oC and (b) the cross-sections of a 3-D simulation 

microstructure at z = 40 after 13000, 13300, 13600 and 14000 MCS. 
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8.5 Three-dimensional morphologies of abnormally-growing Goss grains 

In the above, the microstructure evolved by the simulation could reproduce 

many realistic features of abnormally-growing grains such as the formation of 

island and peninsular grains and the coalescence of abnormally-growing grains in 

two-dimensions. Another advantage of the simulation is that three-dimensional 

morphology of abnormally-growing grains can be structuralized as shown in Figure 

8.13. Figure 8.13(a) and (c) shows cross-sections and Figure 8.13(b) and (d) shows 

three-dimensional morphologies of Goss grain growing by NGG and AGG, 

respectively. The shape of abnormally-growing grain (Figure 8.13(d)) is highly 

irregular and it has sharp wetting structures. This feature is a unique characteristic 

of abnormally-growing grain in comparison with normally-growing grain (Figure 

8.13(b)). Therefore, it can be concluded that AGG occurs by triple-junction wetting. 

 

 

  



- 113 - 

 

Figure 8.13 (a), (c) Two-dimensional microstructures of NGG and AGG and (b), 

(d) three-dimensional morphologies of Goss grain growing by NGG 

and AGG, respectively.  
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요약(국문초록) 

 

비정상 입자 성장은 특정 입자가 다른 입자에 비해 비정상적으로 빠르게 성

장하는 현상으로 많은 금속계에서 보고되었다. 특히, Fe-3%Si steel에서의 비정상 

입자 성장은 방향성 전기강판의 생산에 이용되어 관련한 많은 연구가 진행되었

다. 하지만 많은 연구에도 불구하고 비정상 입자 성장의 정확한 원리가 규명되

지 않고 있다. 

이런 비정상 입자 성장을 설명하기 위해 제시된 이론이 바로 아경게에 의한 

고상 젖음 이론이다. 이 이론은 입자 성장의 속도 결정 단계가 결정입계 삼중 

접합선 혹은 사중 접합점의 이동이라고 여기고 이 삼중 접합선 혹은 사중 접합

점이 빠르게 움직이기 위해서는 젖음이 일어나야 된다고 설명하고 있다. 이 이

론에 따르면 이런 젖음이 일어날 확률을 아경계가 높여주어 비정상 입자 성장

이 일어난다고 설명하고 있다. 

우선 알루미늄 합금 5052에서 고상 젖음이 일어나는지를 확인하기 위하여 고

상 젖음이 일어날 때 생길 수 있는 형상을 EBSD 장비를 이용하여 조사하고 이 
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형상에 대해 입계에서의 결정 방위 차이각을 이용해 입계의 에너지를 에측해 

보았다. 고상 젖음이 일어났을 때 생길 수 있는 2차원적인 형상은 젖음 방향과 

평행한 평면에서 본 경우와 젖음 방향과 수직한 평면에서 본 경우로 나눌 수 

있다. 젖음 방향과 평행한 평면에서 본 경우 비정상 성장 중인 입자가 만들어내

는 두 입계가 다른 두 입자가 만들어내는 입계를 젖어 들어가는 형태를 보인다. 

이 때 아경계에 의한 비정상 입자 성장이론을 이용하면 젖음 현상이 일어나기 

위한 조건을 구할 수 있고 계산을 통해 이 조건을 만족하고 고상 젖음이 일어

날 수 있음을 간접적으로 증명하였다. 또 젖음 방향과 수직한 면에서 본 경우 

비정상 성장 중인 입자에서 떨어진 입자가 비정상 성장 중인 입자와 동일한 방

위를 갖는 것을 확인할 수 있었고 연속적인 연마를 통해 이 입자가 비정상 성

장 중인 입자와 연결되어 있음을 확인할 수 있었다. 이런 결과들을 통해 알루미

늄 합금 5052에서의 비정상 입자 성장이 고상 젖음에 의해 일어나는 것을 간접

적으로 확인하였다. 

또, 비정상 입자 성장을 정확히 이해하기 위해서 비정상 입자 성장의 입체적

인 형태를 삼차원 몬테카를로 전산 모사를 통해 예측하였다. 전산 모사는 아경

계와 석출물 그리고 실제 방위를 이용하여 구현하였다. 전산 모사에 의하면 비
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정상 입자 성장이 아경계와 석출물이 동시에 존재할 때 일어나고 이를 통해 비

정상 입자 성장이 아경게에 의한 고상 젖음 현상에 의해 일어날 수 있다는 것

을 확인할 수 있다. 실제 비정상 성장 중인 입자의 입체적인 형태를 확인하기 

위해서 순차적인 연마를 통해 여러 장의 평면적인 형상을 얻었고 이를 삼차원

으로 재구축하였다. 전산 모사에 의한 입자의 형태와 순차적인 연마를 통해 재

구축된 입자의 형태가 매우 흡사하였다. 이 둘은 모두 섬 혹은 반도형태의 입자

들이 확인되었고 매우 복잡한 형태의 입계를 갖고 있다. 이런 유사성은 본 전산 

모사가 현실을 매우 잘 반영하고 있다는 것을 의미하고 이 전산모사를 통하여 

집합조직과 아경계의 에너지에 따라 어떻게 비정상 입자 성장의 거동이 달라지

는지를 확인하였다. 

본 분석에 따르면 비정상 입자 성장의 속도는 집합조직에 의해 결정된다. 비

대칭 압연을 통하여 이런 집합조직을 제어할 수 있고 이렇게 제어된 집합조직

은 방향성 전기강판의 전자기적 성질을 높이는데 이용될 수 있다. 
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