
Science and Technology of Advanced Materials

ISSN: 1468-6996 (Print) 1878-5514 (Online) Journal homepage: www.tandfonline.com/journals/tsta20

Dislocation cluster generation behavior in
multicrystalline silicon investigated using twin
network analysis

Kazuma Torii, Takuto Kojima, Kentaro Kutsukake, Hiroaki Kudo & Noritaka
Usami

To cite this article: Kazuma Torii, Takuto Kojima, Kentaro Kutsukake, Hiroaki Kudo & Noritaka
Usami (28 May 2025): Dislocation cluster generation behavior in multicrystalline silicon
investigated using twin network analysis, Science and Technology of Advanced Materials, DOI:
10.1080/14686996.2025.2512703

To link to this article:  https://doi.org/10.1080/14686996.2025.2512703

© 2025 The Author(s). Published by National
Institute for Materials Science in partnership
with Taylor & Francis Group.

Accepted author version posted online: 28
May 2025.

Submit your article to this journal 

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tsta20

https://www.tandfonline.com/journals/tsta20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14686996.2025.2512703
https://doi.org/10.1080/14686996.2025.2512703
https://www.tandfonline.com/action/authorSubmission?journalCode=tsta20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tsta20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14686996.2025.2512703?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14686996.2025.2512703?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2025.2512703&domain=pdf&date_stamp=28%20May%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2025.2512703&domain=pdf&date_stamp=28%20May%202025
https://www.tandfonline.com/action/journalInformation?journalCode=tsta20


Publisher: Taylor & Francis & The Author(s). Published by National Institute for 
Materials Science in partnership with Taylor & Francis Group. 

Journal: Science and Technology of Advanced Materials 

DOI: 10.1080/14686996.2025.2512703 

Dislocation cluster generation behavior in multicrystalline silicon 
investigated using twin network analysis 

Kazuma Toriia*, Takuto Kojimab, Kentaro Kutsukakea,c,d, Hiroaki Kudoe 

and Noritaka Usamia,c,f** 

aGraduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan 
bNational Institute of Advanced Industrial Science and Technology, Tsukuba 305-8561, 

Japan 
cInstitute of Materials and Systems for Sustainability, Nagoya University, Nagoya 464-

8601, Japan 

dCenter of Advanced Intelligence Project, RIKEN, Tokyo 103-0027, Japan 
eGraduate School of Informatics, Nagoya University, Nagoya 464-8603, Japan 
fInstitutes of Innovation for Future Society, Nagoya University, Nagoya 464-8601, 

Japan 

*E-mail: torii.kazuma.j2@s.mail.nagoya-u.ac.jp 

**E-mail: usa@material.nagoya-u.ac.jp 

ACCEPTED M
ANUSCRIP

T

https://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2025.2512703&domain=pdf


Dislocation cluster generation behavior in multicrystalline silicon 
investigated using twin network analysis 

We utilized twin network analysis of polycrystalline materials through graph 

theory to visualize microstructures and examine the behavior of dislocation 

cluster generation in multicrystalline silicon grown by directional solidification. 

This approach allows for a rapid and statistical understanding of microstructures 

and their correlations by representing these features and their changes as network 

graphs. Our analysis revealed that dislocation clusters are formed at asymmetric 

Σ27a grain boundaries, which result from a specific twinning process. Gaining 

this knowledge is expected to assist in identifying grain boundary groups that can 

minimize the formation of dislocation clusters. 

Keywords: silicon, dislocation, twin grain boundary, network analysis 

 

1. Introduction 

In polycrystalline materials, the presence of crystal defects has a significant effect 

on the mechanical, electrical, optical, and other properties of the material. For example, 

increasing the density of dislocations, one type of crystal defect, in cold-worked carbon 

steel enhances the strength but decreases the ductility [1-6]. Therefore, appropriate 

design and control of crystal defects for each material are essential for further 

improvement of the quality and performance of polycrystalline materials [7]. However, 

polycrystalline materials have a very complicated structure, and various factors such as 

grain distribution, grain boundaries, orientation, growth process, and crystal defects are 

intricately related to each other. Therefore, it is very difficult to perform a systematic 

analysis while simultaneously considering these multiple parameters, and in many 

polycrystalline materials, the mechanisms of crystal defect generation and logical 

guidelines for their control have not yet been fully established [8,9]. 

This issue also applies to multicrystalline silicon, the model material used in this 

study. It is noted that the term “multicrystalline silicon” is used for the material grown 

by directional solidification with a grain size of several millimeters or larger instead of 

“polycrystalline silicon”, which is often used for the feedstock for melt growth of the 
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silicon ingot. Silicon is a widely used material for solar cell substrates and other 

applications due to its abundance and affordability [10,11]. In recent years, 

monocrystalline silicon has become the dominant material in the solar cell industry, 

thanks to significant advances in reducing its production costs. However, it is essential 

to enhance our scientific understanding of multicrystalline silicon as a model material 

since the knowledge is expected to aid in the development of high-performance 

polycrystalline materials that could be widely adopted in society. 

The electrical properties of solar cells, especially conversion efficiency, tend to be 

limited by dislocation clusters, in which dislocations as high as 107 cm-2 act as 

recombination centers for photogenerated carriers [10-13]. Therefore, suppression of 

dislocation clusters is extremely important in multicrystalline silicon. Dislocation 

cluster generation in multicrystalline silicon has been the focus of extensive research 

[12–27], and grain boundaries are known to become the source of dislocations. In 

multicrystalline silicon, there are different types of major grain boundaries. These 

include random grain boundaries, which are grain boundaries with different growth 

nuclei, Σ3 grain boundaries, which are twinning boundaries within crystal grains, and 

Σ3n grain boundaries, which are boundaries between crystal grains with different 

orientations caused by the formation of continuous twins. However, due to the 

complicated structure unique to multicrystalline silicon, the relationship between 

microstructures and dislocation cluster generation, especially the role of continuous 

generation of Σ3n grain boundaries, has not yet been fully understood. In order to 

discuss the relationship between the continuous generation of Σ3n grain boundaries and 

dislocation generation during the growth process, it is useful to visualize the features of 

complex multicrystalline structures so that they can be intuitively understood. 

Therefore, we propose to utilize a method called “twin network analysis” to intuitively 

understand the complex multicrystalline structure sensitively and to investigate the 

relationship between the crystal structure and the generation of dislocation clusters, 

using multicrystalline silicon as a model material. 

A schematic diagram of the twin network analysis is shown in Figure. 1. The 

method can extract, visualize, and analyze the relationship of the occurrence of 

twinning based on graph theory by referring to the crystal orientation information for 

the rotational quaternions that show the orientation relationship caused by sequential 

twinning. By conducting twin network analysis, it is possible to investigate the 

correspondence relationship and growth process of each grain in a multicrystalline 
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structure. In addition, by creating and visualizing network graphs based on the obtained 

correspondence relationships, it is possible to intuitively and globally grasp complex 

multicrystalline structures [28,29]. [Figure 1. near here] 

In this paper, the method of twin network analysis is explained in detail, and the 

results of applying the network analysis to a multicrystalline silicon structure are 

reported. The relationship between the multicrystalline silicon structure and dislocation 

clusters are also discussed based on the results of the analysis. 

2. Experimental methods 

2.1: Sample Preparation and Measurement 

Silicon ingots that were multicrystallized during the directional solidification 

process from a single crystal seed with a crystallographic orientation of <100> in 

growth directions were used. Details of the sample preparation method are described in 

Ref. [30,31]. A schematic diagram of the entire ingot is shown in Figure. 2(a). After 

cutting out the area indicated by the blue box in Figure. 2(a), it was sliced at a pitch of 

330 µm and numbered from the bottom as No.1, No.2, up to No.603, as shown in 

Figure. 2(b). In this study, wafers No.327 to No.399, which showed significant 

microstructural changes due to twinning, were taken out every other 4 wafers and used 

as samples. In order to satisfy the size limitation for measurements, No.327 to No.347 

were cut to 20mm x 20mm and No.351 to No.399 to 30mm x 35mm with a laser cutter, 

as shown in Figure. 2(c), (d). [Figure 2. near here] 

We collected the physical property data necessary for twin network analysis. 

Grain distribution and crystal orientation were measured by Electron Back Scatter 

Diffraction (EBSD) using a Scanning Electron Microscopy (SEM) (JSM-7001FA, JEOL 

Ltd., Japan). An example of the measurement results is shown in Figure 3. The 

distribution of dislocation clusters was evaluated using a photoluminescence (PL) 

imaging system consisting of an InGaAs camera and an excitation light with a 

wavelength of 940 nm (EPL-100s, Hamamatsu Photonics, Japan). The PL intensity 

from regions where dislocation clusters are present is lower than that from regions with 

fewer crystal defects due to nonradiative recombination through defect levels associated 

with dislocation clusters [32]. In addition, the contrast induced by dislocation clusters is 

stronger than other defects such as grain boundaries. As a result, regions with 

dislocation clusters appear relatively darker in the PL image. The areas where the PL 
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intensity is below a certain value are assumed to be dislocation clusters, and the PL 

image is reconstructed three-dimensionally using ImageJ image processing software to 

create a cross-sectional view, which enables us to trace the generation of dislocation 

clusters in three dimensions and to identify the source of dislocation clusters. [Figure 3. 

near here] 

2.2: Twin Network Analysis 

The twin network analysis can visualize and analyze sequential twin formation in 

a polycrystalline structure caused by twins by referring to the crystal orientation 

information for the rotational quaternions. Specifically, the method enables us to 

investigate the correspondence relationship and growth process of each crystal grain in 

a polycrystalline structure. In addition, by creating and visualizing network graphs 

based on the obtained correspondence relationships, it is possible to intuitively and 

broadly grasp complex polycrystalline structures [28,29]. [Figure 4. near here] 

A schematic diagram of the specific procedure is shown in Figure. 4. First, in 

order to take into account the rotation of grain orientation, the crystal orientation for 

each grain obtained by EBSD measurement was converted from Euler angle notation 

(𝜑ଵ, 𝛷, 𝜑ଶ) to quaternion number notation (𝑞ఠ, 𝑞௫, 𝑞௬, 𝑞௭) by using Eq. (1) [33]. 

𝒒 = ቌ𝑞ఠ𝑞௫𝑞௬𝑞௭ ቍ =
⎝⎜
⎜⎜⎜
⎛𝑐𝑜𝑠 𝜑ଵ2 𝑐𝑜𝑠 𝛷2 𝑐𝑜𝑠 𝜑ଶ2 − 𝑠𝑖𝑛 𝜑ଵ2 𝑠𝑖𝑛 𝛷2 𝑠𝑖𝑛 𝜑ଶ2𝑠𝑖𝑛 𝜑ଵ2 𝑐𝑜𝑠 𝛷2 𝑐𝑜𝑠 𝜑ଶ2 + 𝑐𝑜𝑠 𝜑ଵ2 𝑠𝑖𝑛 𝛷2 𝑠𝑖𝑛 𝜑ଶ2𝑐𝑜𝑠 𝜑ଵ2 𝑠𝑖𝑛 𝛷2 𝑐𝑜𝑠 𝜑ଶ2 − 𝑠𝑖𝑛 𝜑ଵ2 𝑐𝑜𝑠 𝛷2 𝑠𝑖𝑛 𝜑ଶ2𝑠𝑖𝑛 𝜑ଵ2 𝑠𝑖𝑛 𝛷2 𝑐𝑜𝑠 𝜑ଶ2 + 𝑐𝑜𝑠 𝜑ଵ2 𝑐𝑜𝑠 𝛷2 𝑠𝑖𝑛 𝜑ଶ2 ⎠⎟

⎟⎟⎟
⎞ #(1ሻ  

Next, using Eqs. (2) and (3), we calculated the misorientation ∆௜,௝  between 

arbitrary grains 𝑖  and 𝑗 , and compared it to the theoretical misorientation 𝑞ఀଷ೙ at the 

Σ3n grain boundary. The one with the smallest difference 𝛿 from the misorientation in 

the theoretical twinning relation was tentatively determined as the twinning relation. 

∆௜,௝= 𝒒𝒊𝒒𝒋−𝟏 = ⎝⎜
⎛𝑞𝑖,𝜔 −𝑞𝑖,𝑥 −𝑞𝑖,𝑦 −𝑞𝑖,𝑧𝑞𝑖,𝑥 𝑞𝑖,𝜔 −𝑞𝑖,𝑧 𝑞𝑖,𝑦𝑞𝑖,𝑦𝑞𝑖,𝑧 𝑞𝑖,𝑧−𝑞𝑖,𝑦     𝑞𝑖,𝜔 −𝑞𝑖,𝑥  𝑞𝑖,𝑥   𝑞𝑖,𝜔 ⎠⎟

⎞ ⎝⎜
⎛−𝑞𝑗,𝜔𝑞𝑗,𝑥𝑞𝑗,𝑦𝑞𝑗,𝑧 ⎠⎟

⎞ #(2ሻ  

𝜹 = 𝒒𝜮∆𝒊,𝒋−𝟏= ⎝⎜
⎛𝑞𝛴,𝜔 −𝑞𝛴,𝑥 −𝑞𝛴,𝑦 −𝑞𝛴,𝑧𝑞𝛴,𝑥 𝑞𝛴,𝜔 −𝑞𝛴,𝑧 𝑞𝛴,𝑦𝑞𝛴,𝑦𝑞𝛴,𝑧 𝑞𝛴,𝑧−𝑞𝛴,𝑦     𝑞𝛴,𝜔 −𝑞𝛴,𝑥  𝑞𝛴,𝑥   𝑞𝛴,𝜔 ⎠⎟

⎞ ⎝⎜
⎛−∆𝑖,𝑗,𝜔∆𝑖,𝑗,𝑥∆𝑖,𝑗,𝑦∆𝑖,𝑗,𝑧 ⎠⎟

⎞ #(3ሻ  
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The final twinning relationship was then determined by deleting and recalculating 

the twinning relationships for those with large deviations 𝛿  from the theoretical 

misorientation 𝑞ஊଷ೙ , large distances between grains, and extremely small grain sizes. 

Finally, a network graph was created by connecting grains in a twinning relationship 

centered on the Σ3 correspondence among the twinning relationships that were 

determined. The following attributes were added to the nodes and edges when creating 

the network graph to incorporate more detailed information on the twin formation 

process and dislocation clustering points: [Figure 5. near here] 

 

(1) Node color: crystal orientation 
Node colors were assigned for each grain orientation, corresponding to the 

vertical direction in the inverse pole figure. Therefore, the crystal orientation can 

be intuitively grasped by checking the colors of the nodes on the network graph. 

(2) Node number: Grain ID 
Nodes were assigned a Grain ID obtained by EBSD measurement. Therefore, 

the position of a grain can be confirmed by checking the number of nodes on the 

network graph. For simplification, grains with the same crystal orientation are 

collapsed to the one with the youngest Grain ID on the network graph. 

(3) Edge color: Twinning relationship 
The color of the edges in the graph represents the twinning relationship between 

each grain. This means that by looking at the edge color, we can confirm the 

twinning relationship between grains. The graph connects the nodes with red 

edges to indicate the Σ3 grain boundary, blue edges for the Σ9 grain boundary, 

and green edges for the Σ27a grain boundary. The colors other than red are used 

when the intervening grains disappear in the growth process. 

(4) Edge color: Twinning rotation axis 
The Σ3 grain boundary with the four {111} planes as the axis of rotation 

represents the fundamental twinning relationship of multicrystalline silicon. This 

relationship corresponds to the numbers 0 to 3 as shown in Figure. 5, with each 

edge being assigned the number from 0 to 3. By checking the edge numbers, 

detailed twinning relationships between grains can be confirmed. The twin grain 

boundary represented by Σ3n can also be expressed in the same way by a 

combination of the numbers 0 to 3, since the twin boundary is caused by 
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continuous twinning of Σ3 grain boundary. (e.g. Σ9 grain boundary: [0,1], [2,3], 

etc.; Σ27a grain boundary: [0,1,0], [1,3,1], etc.) 

(5) Dashed lines and stars: Dislocation cluster occurrence points 
Based on the position of dislocation cluster occurrence obtained through PL 

imaging, dashed lines were connected between the nodes indicating grains with 

grain boundaries corresponding to the dislocation cluster origin, and stars were 

marked. The color of the dashed lines corresponds to the twinning relationship 

as well as that of the edges. Therefore, by checking the dashed lines and stars, 

the location of dislocation cluster occurrence and grain boundary information 

can be confirmed. 

 

Based on the above, we analyzed the behavior of dislocation cluster generation by 

observing the process of the development of the created twin network as it changes 

along with crystal growth, comparing it with other measurement data. It is noted that 

while the above features were used in this study, other features including grain size, 

misorientation, stress distribution, etc. can be incorporated into the graph if the data are 

available. 

3. Results and discussions 

3.1: Results 

Figure 6 shows an example of a grain boundary network analysis. In general, 

higher-order corresponding grain boundaries are caused by a sequence of twins, so by 

looking at the twin network graph, we can intuitively grasp the growth process of which 

grain originated from which grain. In Figure 6, it can be seen that twins are 

continuously generated from the seed crystal, grain 1 (red). Three grains 2, 3, and 4, 

each with a Σ3 correspondence based on a different rotation axis, are twinned to grain 1, 

which is the seed crystal, and grain 5, a twinned grain with the (111ത ) plane as its 

rotation axis, is generated from grain 3. Thus, by looking at the graph, the grain growth 

process can be intuitively traced. By looking at the graph, one can understand that the 

sequential twinning rather than the collision of the crystal grains is responsible for the 

multicrystallization in this sample. In addition, it is seen that the sequential twinning has 

been observed up to the fifth order. Thus, by using the grain boundary network graph, 
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we can intuitively understand the growth process of the microstructure and 

crystallographic microstructural relationships in polycrystalline materials. [Figure 6. 

near here] 

The method was used to identify crystallographic microstructural features related 

to dislocation cluster generation. Figure 7 shows an example of data associated with 

crystal growth near the location where dislocation clusters generate: (a) PL image, (b) 

inverse pole Figure map superimposed with twin network graph, and (c) twin network 

graph. From the entire Figure 7, the structural changes associated with crystal growth 

and the corresponding development of twin network graphs and dislocation clusters can 

be observed. In particular, the twin network graph shows that the twins rapidly develop 

into the fifth order twins in a short period of time, during which dislocation clusters are 

also generated. These figures are then examined in more detail. Figure 7(a) shows the 

generation of dislocation clusters associated with crystal growth. The particularly black-

colored areas in the three images on the right side are the locations of dislocation 

clusters. By comparing this area with Figure. 7(b), we can see the generation of 

dislocation clusters near the grain boundaries of grain 2 (light blue) and grain 5 (purple). 

When we examine these grains on the twin network graph depicted in Figure 7(c), we 

observe that they align with the Σ27a grain boundary, which is separated by three edges 

([0,3,0]) containing the same rotation axis. This pattern was also observed in other 

dislocation clustering locations, with the majority of dislocation clusters stemming from 

the Σ27a grain boundary. Figure. 8 shows the main grain boundaries identified in this 

study and the distribution of luminance values for each grain boundary in the PL image. 

The areas with the luminance values of 70 or less were defined as dislocation clusters. It 

is evident that the grain boundaries with luminance values below 70 are primarily 

concentrated at the Σ27a grain boundary, indicating the presence of dislocation clusters. 

These phenomena are consistent with the results of previous studies, and the factors 

behind them are discussed in the next section [23,34,35]. [Figure 7 near here] [Figure 8 

near here] 

3.2: Discussions 

Dislocation clustering from Σ27a grain boundaries is discussed in terms of grain 

boundary energies. Table I shows the grain boundary energies of twin grain boundaries 

in silicon (the calculation method is described in Ref. [25]). Asymmetric Σ27a grain 

boundaries are more likely to be generated because the difference in grain boundary 
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energy between symmetric and asymmetric Σ27a grain boundaries is very small. Figure. 

9(a) shows a 2D cross-section of the 3D reconstructed PL image near the Σ27a grain 

boundary, where the generation of dislocation clusters represented by the black areas 

was observed. It is seen that dislocation clusters are generated along the Σ27a grain 

boundary. Figure. 9(b) shows a schematic diagram of the direction in which each twin 

grain boundary occurs with respect to the Σ3 grain boundary. Figure. 9(c) is an overlay 

of Figure. 9(a) and Figure. 9(b). From Figure. 9(c), the Σ27a grain boundary where 

dislocation clusters are generated coincides with the asymmetric grain boundary 

Σ27a{221}/{447}, not the symmetric grain boundary Σ27a{552}/{552}. It should be 

noted that asymmetric Σ27a grain boundaries were observed at many of the locations 

where dislocation clusters were present. In general, asymmetric grain boundaries are 

prone to local stress concentration from the viewpoint of non-uniformity of lattice 

arrangement, and this is considered to be the origin of dislocation clusters [36]. [Table I. 

near here] [Figure 9. near here] 

The finding from Figure. 8 indicates that even within the Σ27a grain boundaries, 

there are variations in the generation of dislocation clusters. To investigate the reason, 

based on the results of the network graph analysis, each Σ27a grain boundary was 

further subdivided in terms of the difference in its twinning process. It is noted that 

although the Σ27a grain boundaries can be classified into 16 patterns based on 

differences in the twinning rotation axis, we were unable to identify all patterns due to 

sample and analysis coverage issues. The results, shown in Figure 10, revealed that 

dislocation clusters were observed only from grain boundaries with specific twinning 

processes, even within the Σ27a grain boundaries. The different twinning processes led 

to variations in grain boundary direction and orientations. Multicrystalline silicon is 

subjected to a certain amount of stress from the crucible wall due to solidification and 

expansion during manufacturing, but the magnitude of the stress varies depending on 

the direction and orientation of grain boundaries [37]. In fact, previous research has 

suggested that depending on the direction and orientation of grain boundaries, stress is 

locally concentrated on certain grain boundaries, resulting in the generation of 

dislocation clusters [25]. Since there is a close relationship between the direction and 

orientation of grain boundaries and stress, these differences in the twinning process may 

have resulted in the presence or absence of local stress concentration and contributed to 

the generation of dislocation clusters. [Figure 10. near here] 

Based on these results, we will discuss how to control dislocation clusters. Figure 
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11(a) shows the process of twin development and the locations where dislocation 

clusters are generated, and Figure 11(b) shows the final twin network graph and the 

generation of dislocation clusters. Figure 11(a) shows that the twins rapidly develop into 

the fifth order twins in a short period of time (less than 1 cm) and then stabilize, 

indicating the generation of dislocation clusters during this rapid twin development. The 

network graph in Figure 11(b) shows that the generation of dislocation clusters occurs 

mainly near the seed crystal, i.e., between low-order twin grains. Therefore, suppression 

of dislocation clusters can be expected by suppressing the formation of Σ27a arising 

from between low-order twin grains in the initial stage of twin formation. In fact, a 

method to suppress multicrystallization using artificial grain boundaries has been 

proposed [36]. We believe that dislocation clusters can be suppressed by applying this 

method and providing seed crystals with arbitrary artificial grain boundaries. By 

providing the seed crystal with arbitrary artificial grain boundaries as shown in Figure 

12, we can suppress the collision of Σ3 grain boundaries in the initial stage and the 

subsequent generation of Σ27a grain boundaries. [Figure 11. near here] [Figure 12. near 

here] 

4. Conclusions 

We applied twin network graphs to visualize and analyse the complex 

multicrystalline structures to intuitively understand the growth process and 

crystallographic structural relationships. In addition, the evaluation of crystallographic 

structural features related to dislocation cluster generation in multicrystalline silicon 

revealed that dislocation clusters tend to be generated from asymmetric Σ27a grain 

boundaries that arise from low-order twin grains. Although we focused on the twinning 

relationship in this study, the network analysis will be useful for visualization and 

analysis of other features and microstructural relationships, as well as for application to 

graph neural networks, which have been attracting increasing attention in recent years. 

We believe that this method will contribute to the analysis of polycrystalline materials 

as well as to the further improvement of the quality and performance of polycrystalline 

materials in the future. 
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Table I. Grain boundary energy at symmetric/asymmetric Σ27a grain boundaries [32]. 

Type of grain boundary Grain boundary energy 
Σ27a {552}/{552} 

(symmetric) 
 

0.336 J/m2 

Σ27a {221}/{447} 
(asymmetric) 

 

0.346 J/m2 
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