
��������������������������������������
�������������
�����

���	��������������������������������
��
�

����������������������������������
�
�������


	�����������������
���	�
�

���������������������•������������������������������������•�

•��������������������•�����••••����������•���

•������������������•�������

��������� �� � ��•���� ��� ����������������������•  ����•��������


������������ ��� ������ �� �� �� ������

•���������� �� �� ��� ��­��� �

���������������������

€�•������

���#�����0�#���
�,�2�#�!�&���.�#�,�A
�2�&�#���5�-�0�*�"�a�1���*�#���"�'�,�%���.�3� �*�'�1�&�#�0���-�$

���.�#�,�����!�!�#�1�1��� �-�-�)�1
���3�'�*�2��� �7���1�!�'�#�,�2�'�1�2�1�A���$�-�0���1�!�'�#�,�2�'�1�2�1

12.2%

130,000 155M

TOP 1%154

5,300



�&�K�D�S�W�H�U����

�0�H�F�K�D�Q�L�F�D�O���3�U�R�S�H�U�W�L�H�V���D�Q�G���'�H�I�R�U�P�D�W�L�R�Q���%�H�K�D�Y�L�R�U�V���R�I

�0�H�W�D�O�O�L�F���*�O�D�V�V�H�V���,�Q�Y�H�V�W�L�J�D�W�H�G���E�\���$�W�R�P�L�F���/�H�Y�H�O

�6�L�P�X�O�D�W�L�R�Q�V

�+�R�Q�J�Z�H�L���=�K�D�R�����'�D�Q���=�K�D�R�����%�R���=�K�X���D�Q�G
�6�K�X�Q�E�R���:�D�Q�J

�$�G�G�L�W�L�R�Q�D�O���L�Q�I�R�U�P�D�W�L�R�Q���L�V���D�Y�D�L�O�D�E�O�H���D�W���W�K�H���H�Q�G���R�I���W�K�H���F�K�D�S�W�H�U

�K�W�W�S�������G�[���G�R�L���R�U�J�������������������L�Q�W�H�F�K�R�S�H�Q������������

�i���¦�¤�¥�ª���7�K�H���$�X�W�K�R�U���V�������/�L�F�H�Q�V�H�H���,�Q�7�H�F�K�����7�K�L�V���F�K�D�S�W�H�U���L�V���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H���&�R�P�P�R�Q�V��

�$�W�W�U�L�E�X�W�L�R�Q���/�L�F�H�Q�V�H�����K�W�W�S�������F�U�H�D�W�L�Y�H�F�R�P�P�R�Q�V���R�U�J���O�L�F�H�Q�V�H�V���E�\���§���¤�������Z�K�L�F�K���S�H�U�P�L�W�V���X�Q�U�H�V�W�U�L�F�W�H�G���X�V�H����

�G�L�V�W�U�L�E�X�W�L�R�Q�����D�Q�G���U�H�S�U�R�G�X�F�W�L�R�Q���L�Q���D�Q�\���P�H�G�L�X�P�����S�U�R�Y�L�G�H�G���W�K�H���R�U�L�J�L�Q�D�O���Z�R�U�N���L�V���S�U�R�S�H�U�O�\���F�L�W�H�G����

�+�R�Q�J�Z�H�L�b�=�K�D�R�����'�D�Q�b�=�K�D�R�����%�R�b�=�K�X���D�Q�G��
�6�K�X�Q�E�R�b�:�D�Q�J

�$�G�G�L�W�L�R�Q�D�O���L�Q�I�R�U�P�D�W�L�R�Q���L�V���D�Y�D�L�O�D�E�O�H���D�W���W�K�H���H�Q�G���R�I���W�K�H���F�K�D�S�W�H�U

Abstract

The chapter reviewed recent developments about intrinsic structure of metallic glasses 
and their mechanical properties at atomic level, with an emphasis on making connec-
tions between developments in theory and simulations. Topics covered the follow -
ing: structure analysis on metallic glasses with methods of pair distribution function, 
�
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and deformation mode transition from cast metallic glasses to reconstructed nanoglasses. 
These works provided theoretical understanding on the essence of metallic glasses’ 
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sive applications of metallic glasses.
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1. Introduction

Metallic glasses (MGs), also named amorphous alloys for their disordered atomic structure, 
�‹�Ž�‘�Š�Ÿ�Ž�1�Ž�¡�Œ�Ž�•�•�Ž�—�•�1�–�Ž�Œ�‘�Š�—�’�Œ�Š�•�1�‹�Ž�‘�Š�Ÿ�’�˜�›�œ�ð�1�’�—�Œ�•�ž�•�’�—�•�1�‘�’�•�‘�1�Ž�•�Š�œ�•�’�Œ�1�–�˜�•�ž�•�ž�œ�ð�1�‘�’�•�‘�1�¢�’�Ž�•�•�1�œ�•�›�Ž�œ�œ�ð�1�Š�—�•�1
�Ž�¡�•�›�Ž�–�Ž�1�‘�’�•�‘�1�‘�Š�›�•�—�Ž�œ�œ�ð�1�Œ�˜�–�™�Š�›�Ž�•�1� �’�•�‘�1�•�›�Š�•�’�•�’�˜�—�Š�•�1�Œ�›�¢�œ�•�Š�•�•�’�—�Ž�1�Š�•�•�˜�¢�œ�ï�1���˜�—�œ�’�•�Ž�›�’�—�•�1�•�‘�Ž�’�›�1�Ž�¡�Œ�Ž�•-
lent mechanical performance in micro-nano scale, MGs have a great application potential in 
ultra-precision systems. The research work on MGs has been proceeding for over 50 years 
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�‹�˜�•�‘�1 �Ž�¡�™�Ž�›�’�–�Ž�—�•�Š�•�•�¢�1 �Š�—�•�1 �•�‘�Ž�˜�›�Ž�•�’�Œ�Š�•�•�¢�ï�1 ���Ž�Š�—� �‘�’�•�Ž�ð�1 �•�‘�Ž�1 �Œ�˜�›�›�Ž�œ�™�˜�—�•�’�—�•�1 �œ�’�–�ž�•�Š�•�’�˜�—�1 �–�Ž�•�‘�˜�•�œ�1
� �’�•�‘�1�Š�’�•�œ�1�˜�•�1�Œ�˜�–�™�ž�•�Ž�›�1�œ�Œ�’�Ž�—�Œ�Ž�1�‘�Š�Ÿ�Ž�1�Š�•�œ�˜�1�‹�Ž�Ž�—�1�•�Ž�Ÿ�Ž�•�˜�™�Ž�•�1�•�˜�1�™�›�˜�Ÿ�’�•�Ž�1�Š�œ�œ�’�œ�•�Š�—�Œ�Ž�1�•�˜�›�1�•�‘�Ž�1�Ž�¡�™�Ž�›�’-
mental research from the theoretical aspect. The most used simulation methods for the MGs 
�Š�›�Ž�1���—�’�•�Ž�1�Ž�•�Ž�–�Ž�—�•�1�–�Ž�•�‘�˜�•�1�û�������ü�1�Š�—�•�1�–�˜�•�Ž�Œ�ž�•�Š�›�1�•�¢�—�Š�–�’�Œ�œ�1�û�����ü�1�–�Ž�•�‘�˜�•�ï�1�������1�Œ�˜�—�œ�•�›�ž�Œ�•�œ�1�Š�1
constitutive model of MG at the macroscopic scale on time and space, which is coincident with 
�Ž�¡�™�Ž�›�’�–�Ž�—�•�Š�•�1� �˜�›�”�œ�ï�1���˜�›�1�•�‘�’�œ�1�Š�•�Ÿ�Š�—�•�Š�•�Ž�ð�1�’�•�1�’�œ�1�ž�œ�ž�Š�•�•�¢�1�Ž�–�™�•�˜�¢�Ž�•�1�•�˜�1�’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�1�•�‘�Ž�1�–�Ž�Œ�‘�Š�—�’�Œ�Š�•�1
properties and shear bands (SBs) formation in the bulk MG systems [1–4�þ�ï�1���•�•�‘�˜�ž�•�‘�1�Š�1���	�1�’�œ�1
usually regarded as isotropic and homogeneous from the macroscopic scale, a homogeneous 
�Œ�˜�—�œ�•�’�•�ž�•�’�Ÿ�Ž�1�–�˜�•�Ž�•�1�’�œ�1�—�˜�•�1�œ�ž���Œ�’�Ž�—�•�1�•�˜�›�1�•�‘�Ž�1�•�Ž�—�Ž�›�Š�•�’�˜�—�1�Š�—�•�1�•�˜�Œ�Š�•�’�£�Š�•�’�˜�—�1�˜�•�1�����œ�1�’�—�1�Š�1�•�¢�™�’�Œ�Š�•�1�‹�›�’�4�•�Ž�1
���	�1�œ�¢�œ�•�Ž�–�ï�1���˜�›�1�•�‘�Ž�1�’�–�™�›�˜�Ÿ�Ž�–�Ž�—�•�ð�1�•� �˜�1�•�’���Ž�›�Ž�—�•�1�����1�•�˜�›�–�Š�•�’�˜�—�1�•�‘�Ž�˜�›�’�Ž�œ�ð�1�•�›�Ž�Ž�1�Ÿ�˜�•�ž�–�Ž�1�•�‘�Ž�˜�›�¢�1
[1, 2�þ�1�Š�—�•�1�œ�‘�Ž�Š�›�1�•�›�Š�—�œ�’�•�’�˜�—�1�£�˜�—�Ž�1�û�������ü�1�•�‘�Ž�˜�›�¢�1�ý3, 4] were employed in constitutive model to 
�™�›�˜�Ÿ�’�•�Ž�1�—�ž�Œ�•�Ž�Š�•�’�˜�—�1�™�˜�œ�œ�’�‹�’�•�’�•�’�Ž�œ�1�’�—�1�•�‘�Ž�1���	�1�–�˜�•�Ž�•�ð�1�Š�—�•�1�•�‘�Ž�¢�1�Š�›�Ž�1�™�›�˜�Ÿ�Ž�•�1�š�ž�’�Ž�•�1�Ž���Ž�Œ�•�’�Ÿ�Ž�1� �‘�Ž�—�1
�•�Ž�™�’�Œ�•�’�—�•�1 �•�‘�Ž�1 �•�˜�›�–�Š�•�’�˜�—�1 �™�›�˜�Œ�Ž�œ�œ�1 �˜�•�1 �����œ�ï�1 �
�˜� �Ž�Ÿ�Ž�›�ð�1 �•�‘�Ž�œ�Ž�1 �������1 �œ�’�–�ž�•�Š�•�’�˜�—�œ�1 �Š�›�Ž�1 �‹�Š�œ�’�—�•�1 �˜�—�1 �Š�1
�•�ž�£�£�¢�1�•�Ž�œ�Œ�›�’�™�•�’�˜�—�1�˜�•�1���˜� �1�Ž�Ÿ�Ž�—�•�œ�1�Š�Œ�Œ�˜�›�•�’�—�•�1�•�˜�1�•�‘�Ž�1�•� �˜�1�’�–�–�Š�•�ž�›�Ž�1�•�‘�Ž�˜�›�’�Ž�œ�ð�1�‹�ž�•�1�—�Ž�•�•�Ž�Œ�•�1�’�—�•�›�’�—�œ�’�Œ�1
�•�¢�—�Š�–�’�Œ�œ�1�˜�•�1�•�‘�Ž�1���˜� �1�Ž�Ÿ�Ž�—�•�œ�1�•�›�˜�–�1�Š�•�˜�–�’�Œ�1�Š�œ�™�Ž�Œ�•�ï�1���ž�›�•�‘�Ž�›�–�˜�›�Ž�ð�1�•�‘�Ž�1�•�‘�Ž�˜�›�Ž�•�’�Œ�Š�•�1�•�›�Š�–�Ž�œ�1�Š�—�•�1�Œ�˜�—-
stitutive model for the research of MGs have to build on accurate description of their atomic 
�œ�•�›�ž�Œ�•�ž�›�Ž�ï�1���’�—�Œ�Ž�ð�1�•�‘�Ž�1�•�Š�Œ�”�1�˜�•�1�Ž���Ž�Œ�•�’�Ÿ�Ž�1�Ž�¡�™�Ž�›�’�–�Ž�—�•�Š�•�1�•�˜�˜�•�œ�1�˜�—�1�Œ�‘�Š�›�Š�Œ�•�Ž�›�’�£�’�—�•�1�•�‘�Ž�1�Š�•�˜�–�’�Œ�1�œ�•�›�ž�Œ�•�ž�›�Ž�1
�˜�•�1���	�œ�ð�1�›�Ž�œ�˜�•�Ÿ�’�—�•�1�•�‘�Ž�1�’�—�•�›�’�—�œ�’�Œ�1�œ�•�›�ž�Œ�•�ž�›�Ž�1�˜�—�•�¢�1�•�›�˜�–�1�Ž�¡�™�Ž�›�’�–�Ž�—�•�Š�•�1�–�Ž�•�‘�˜�•�œ�1�’�œ�1�ž�—�›�Ž�Š�œ�˜�—�Š�‹�•�Ž�ï�1
���Ž�Œ�Ž�—�•�•�¢�ð�1�����1�–�Ž�•�‘�˜�•�œ�1�Š�›�Ž�1�•�Ž�Ÿ�Ž�•�˜�™�Ž�•�1�•�˜�1�˜���Ž�›�1�™�˜�œ�œ�’�‹�’�•�’�•�¢�1�•�˜�›�1�•�‘�Ž�1�’�—�Ÿ�Ž�œ�•�’�•�Š�•�’�˜�—�1�˜�—�1���	�œ�1�•�›�˜�–�1
�Š�•�˜�–�’�Œ�1�•�Ž�Ÿ�Ž�•�ï�1���¢�1�œ�’�–�ž�•�Š�•�’�—�•�1�•�‘�Ž�1�Š�•�˜�–�œ�1�–�˜�Ÿ�Ž�–�Ž�—�•�œ�1�Š�—�•�1�•�›�Š�Œ�”�’�—�•�1�Š�•�˜�–�œ�1�•�›�Š�“�Ž�Œ�•�˜�›�’�Ž�œ�ð�1�����1�œ�’�–�ž-
lation can calculate the basic thermal information of a MG ensemble, including temperature, 
potential energy, as well as some derived information such as atom shear stress, atom shear 
�œ�•�›�Š�’�—�ð�1�Š�—�•�1�œ�•�›�ž�Œ�•�ž�›�Ž�1�Ž�Ÿ�˜�•�ž�•�’�˜�—�1�Š�—�•�1�œ�˜�1�˜�—�ï�1���‘�ž�œ�ð�1�����1�œ�’�–�ž�•�Š�•�’�˜�—�1�–�Ž�•�‘�˜�•�1�’�œ�1�Š�—�1�Ž���Ž�Œ�•�’�Ÿ�Ž�1�•�˜�˜�•�1
when investigating the intrinsic structure of MG, and its connection with mechanical proper -
ties, as well as the elastic to plastic deformation transition.

In this chapter, we mainly take a review on the former research work on the connections 
between structure and properties in MGs. We began with the current understanding in the 
structure of MGs and then discuss their proper connection with some mechanical behaviors. 
���•�•�Ž�›� �Š�›�•�œ�ð�1�–�˜�›�Ž�1�œ�™�Ž�Œ�’���Œ�1�•�’�œ�Œ�ž�œ�œ�’�˜�—�1�˜�—�1�•�‘�Ž�1�����œ�1�•�˜�›�–�Š�•�’�˜�—�1�Š�—�•�1�•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�1� �’�•�•�1 �‹�Ž�1�•�’�Ÿ�Ž�—�1
�‹�Š�œ�Ž�•�1�˜�—�1�Ÿ�Š�›�’�˜�ž�œ�1�–�Ž�Œ�‘�Š�—�’�Œ�œ�1�˜�•�1�����1�œ�’�–�ž�•�Š�•�’�˜�—�œ�ï�1���’�—�Š�•�•�¢�ð�1�‹�Š�œ�Ž�•�1�˜�—�1�•�‘�Ž�1�•�’�–�’�•�Š�•�’�˜�—�1�˜�•�1���	�œ�1�’�—�1
their applications, we discussed several multi-component materials derived from cast MGs, 
and have an outlook on the development trend of MG preparation and application.

2. Structure of metallic glasses

���‘�Ž�1�Ž�œ�œ�Ž�—�•�’�Š�•�1�•�Ž�Š�•�ž�›�Ž�1�˜�•�1���	�1�’�œ�1�Œ�˜�—�œ�’�•�Ž�›�Ž�•�1�Š�œ�1�•�’�œ�˜�›�•�Ž�›�Ž�•�ð�1�‹�ž�•�1�•�‘�Ž�›�Ž�1�’�œ�1�œ�•�’�•�•�1�—�˜�1�Ž�¡�Š�Œ�•�•�¢�1�–�˜�•�Ž�•�1
�•�˜�1�•�Ž�œ�Œ�›�’�‹�Ž�1�•�‘�Ž�1�•�˜�•�Š�•�1�•�Ž�Š�•�ž�›�Ž�œ�1�˜�•�1�Š�–�˜�›�™�‘�˜�ž�œ�1�œ�•�›�ž�Œ�•�ž�›�Ž�ï�1���‘�Ž�1�•�’�4�•�Ž�1�›�Ž�œ�Ž�Š�›�Œ�‘�1�˜�—�1�•�‘�Ž�1�Š�•�˜�–�’�Œ�1�œ�•�›�ž�Œ-
ture of amorphous system, as well as the correlation of amorphous structure and mechanical 
behaviors, has obstructed the development on design and implication of amorphous materi -
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of the most important and challenge research works in condense physics and material science 
area, and it is also the basis of research work on the mechanical behavior of MGs.
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and long-range order [5]. Bernal used the active hard balls to describe a liquid-like amor-
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a good consistence with that of liquid system. This model provided a possibility of modeling 
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2.1. Pair distribution function
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where    |    r ̄    ij   |     is the interatomic distance between atom i and atom j, and  �•  is the number density of 
atoms in the system with N�1�Š�•�˜�–�œ�ï�1���Œ�Œ�˜�›�•�’�—�•�1�•�˜�1�•�‘�Ž�1�������1�Œ�ž�›�Ÿ�Ž�1�˜�•�1�Š�1���	�ð�1�•�‘�Ž�1�œ�‘�˜�›�•�,�•�˜�,�–�Ž�•�’�ž�–�1
range order information can be manifested by the peak position, peak width, and relative inten -
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the medium-range order (MRO). With distance r�1 �•�˜�’�—�•�1 �•�Š�›�•�Ž�›�ð�1 �������1 �•�›�Š�•�ž�Š�•�•�¢�1 �Œ�˜�—�Ÿ�Ž�›�•�Ž�œ�1 �•�˜�1
unity, which means the atoms are randomly distributed, represents the long-range disorder. 
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temperature regions during its preparation process. It can be clearly seen that with decreas-
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becomes more pronounced, which indicates the formation of the glass phase and enhance-
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glass transition temperature (Tg), indicating the generally formation and stability of the glass 
structure.
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has a limitation when further revealing the atomic structure geometry of MGs.
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to describe a bonding correlation between neighboring atoms in highly regular ordered systems 
with integers jkl: (a) j�1�•�˜�›�1�•�‘�Ž�1�—�ž�–�‹�Ž�›�1�˜�•�1�—�Ž�Š�›�1�—�Ž�’�•�‘�‹�˜�›�œ�1�•�‘�Ž�¢�1�‘�Š�Ÿ�Ž�1�’�—�1�Œ�˜�–�–�˜�—�ò�1�û�‹�ü�1k for the num-
�‹�Ž�›�1�˜�•�1�‹�˜�—�•�œ�1�Š�–�˜�—�•�1�•�‘�Ž�1�œ�‘�Š�›�Ž�•�1�—�Ž�’�•�‘�‹�˜�›�œ�ò�1�û�Œ�ü�1�Š�—�•�1l represents the number of bonds in the longest 
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in crystalline materials, but when used for various disordered structures, it cannot describe an 
accurate amorphous local structure and might have a misleading to structure analysis of MG.
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tiple integers ijkl  to describe more unregularly ordered and complicated bond types [ 8]. The 
additional number i in the �
�,��  indices ijkl  indicates whether or not the near neighbors are 
bonded, i = 1 for bonded pairs and i = 2 for nonbonding atoms, and l is used to distinguish 
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characteristics of icosahedral ordering, which mainly contribute to SRO in MGs.
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the proportions 42 and 56%, respectively. When the temperature went to the totally melting 
liquid phase, the proportions dropped to 7 and 6%. The amorphous bond type 1431, 1541, and 
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while the icosahedral 1551 and 2331 pairs increased uniformly as the system being super-
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state. Therefore, as the MG system is cooled from its liquid state, the icosahedral symmetry 
keeps increasing and this SRO structure has been proved a correlation with stability and gen-
eration of a MG system.
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2.3. Voronoi tessellation
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and center atom [10]. Usually, ik is used to represent the number of polygon with k edges in 
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found increase sharply during the quenching process, especially during the supercooled liq -
uid regime. While the cluster motifs of MG with lower symmetry had a gradually change 
with the sample cooling. But the fragmental ones, which might the motifs of equilibrium 
liquid at melting temperature, decreased sharply accompanying with formation of glass state. 
���‘�Ž�œ�Ž�1�˜�‹�œ�Ž�›�Ÿ�Š�•�’�˜�—�œ�1�œ�ž�•�•�Ž�œ�•�Ž�•�1�•�‘�Š�•�1�����1�Œ�•�ž�œ�•�Ž�›�1�–�˜�œ�•�•�¢�1�Œ�˜�—�•�›�’�‹�ž�•�Ž�•�1�•�˜�1�������1�Š�—�•�1�•�˜�–�’�—�Š�•�Ž�•�1�•�‘�Ž�1
�œ�˜�•�’�•�,�•�’�”�Ž�1�—�Š�•�ž�›�Ž�1�˜�•�1���	�œ�ð�1�Š�—�•�1� �’�•�‘�1�•�˜� �Ž�›�1�Œ�˜�˜�•�’�—�•�1�›�Š�•�Ž�ð�1�•�‘�Ž�1�•�›�Š�Œ�•�’�˜�—�1�˜�•�1�����1�’�—�Œ�›�Ž�Š�œ�Ž�•�1�Š�—�•�1�–�Š�•�Ž�1
the generated MG a more stable one, which was consistent with glass formation cooling rate 
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2.4. MRO structures in MG
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with ab initio simulation method, Sheng et al. resolved the MRO structure of various MGs 
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ther proposed to be dense packing of these clusters by sharing shell atoms, and regard as 
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simulation. They indicated that the MRO structure can be interpreted as spherical-periodic 
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order and local translational symmetry, and the increasing of MRO structures proceeded 
throughout the glass transition process [14].
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and found some neighbor clusters have linkage with structure packed and atoms shared [15]. 
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With more clusters interacted into a network, MRO came to formation in the glass.

With the increase in simulation dimension, it was also found that the clusters tend to form 
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Figure 2. Typical connections of SRO clusters and MRO structures in MGs [6].
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nectivity (shown in Figure 3) [12]. It has been known that the ideal icosahedral dense packing 
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other resulting in the formation of networks (shown in Figure 4). The degree of connectivity 
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and improvement of mechanical properties in ternary glass compared with the binary glass. 
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resistant to shear events and usually fertile sites for plastic deformation.
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3. Correlation of structure and mechanical properties

The correlation of structure and mechanical properties is a central theme of materials 
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pronouncedly with the internal structures change. Several works have been done for the 
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of atomic-level structures has to be concerned for its quantitative and predictive theory estab-
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structure and dynamics, and the nanoscale mechanical heterogeneity had been proved with 
the using of dynamics force microscopy [18]. The mechanical response of MG sample can be 
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tions in space. In other words, the structural heterogeneity necessarily leads to mechanical 
heterogeneity and decide the mechanical behavior of the MG [10, 19].
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MGs, the local geometrical structures had large variation with the change of proportions, and 
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and these two factors were found related to each other. The pentagonal regions corresponded 
to the densely packed structure and nonpentagonal regions corresponded to the free volume 
structure. With shear simulation taken on the various MGs, it was found the pentagon-rich 
region tends to undergo elastic deformation, while the pentagon-poor was easily deformed 
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of SRO. The results indicated the pentagonal SRO contributed the structural stability as well as 
elastic strength, while the opposite ones closely related to yield and fracture behavior in MGs.
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ing rates of MG [11]. When applied the same tensile loading procedure to the MG samples 
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simulation also showed the MG with lower cooling rate had higher shear stress compared 
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behavior can be regulated by controlling the quenching process and cooling rates.
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other in the SB, and formed interpenetrating solid-like backbone in SB (shown in Figure 7�ü�ï�1���ž�1
et al. took another view on the correlation of the mechanical properties and the local structural 
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analysis on the system, the numbers of 1551 and 1431 local structures decreased with the 
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when the strain became larger than 0.05. The distributions of atomic local shear strain during 
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the formation of shear bands along a direction 45° from the tensile direction.
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The researching work about MG structure revealed the interconnection of icosahedra clusters 
was the intrinsic nature of MGs. The networks forming by neighboring icosahedra to medium 
range is negligible for the correlation of structure and mechanical properties in MGs. Lee et al. 
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neighboring SROs with each other. In Lee’s works, interpenetrating connection of icosahedra 
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mostly contributed to structure stability, the potential energy of the center atom of the individual 
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the icosahedra with volume shared type had a lower potential energy and stable structure, 
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found more resistant to applied load and showed higher elastic modulus and yield stress. The 
�‘�’�•�‘�•�¢�1�Œ�˜�—�—�Ž�Œ�•�Ž�•�1�������œ�1�Œ�˜�—�œ�•�’�•�ž�•�Ž�•�1�Š�1�Œ�˜�–�™�Š�Œ�•�1�’�Œ�˜�œ�Š�‘�Ž�•�›�Š�•�1�—�Ž�•� �˜�›�”�1 �˜�Ÿ�Ž�›�1�Š�—�1�Ž�¡�•�Ž�—�•�Ž�•�1�›�Š�—�•�Ž�ð�1
which was resistant to stress-induced shear transformations under applied load. The breaking 
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4. Shear bands in MGs

This part moves on to a view of larger scale on the shear bands and their connection with 
the deformation of MGs, which is believed as a breakthrough of atom scale deformation in 
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surface, and the slip lines are regard caused by shear stress, thus called shear bands.
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the deformation transition mechanism, the initiation of SBs from a shear transformation is a 
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is applied on the MG, the atoms in the cluster have relative movements, and deformation takes 
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generation of SB enhanced the elastic strain energy of the surrounding materials in the in-
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glass, rejuvenated glass, glue, and liquid (illustrated in Figure 9). The temperature distributes 
from room temperature at aged glass end to over the glass transition temperature at the liquid 
end. Their model was supported by the temperature rising phenomenon, which can reach a 
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[31]. They planted a fusible tin coating to observe the temperature rise during bend-test on 
MG, and observed melting in the SBs formation area, thus deduced that local temperature rise 
in the bands can reach a few thousand kelvin.
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demonstrated that pre-deformation lowered material strength and triggered enhanced strain 
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Figure 9.�1���‘�Ž�1�Š�•�Ž�•�,�›�Ž�“�ž�Ÿ�Ž�—�Š�•�’�˜�—�,�•�•�ž�Ž�,�•�’�š�ž�’�•�1�û�����	���ü�1�œ�‘�Ž�Š�›�1�‹�Š�—�•�1�–�˜�•�Ž�•�1�ý29].
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of the material and the critical stress required for the formation of mature SBs in the load-
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applied tensile stress on the SB sample [33]. The SB tended to have softened tensile behavior 
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Basing on the above investigation, the cavitation and propagation of SBs seems have a relation 
� �’�•�‘�1�Ÿ�Š�›�’�˜�ž�œ�1�•�Š�Œ�•�˜�›�œ�ð�1�œ�ž�Œ�‘�1�Š�œ�1�œ�’�£�Ž�1�œ�Œ�Š�•�Ž�ð�1�Œ�˜�˜�•�’�—�•�1�›�Š�•�Ž�ð�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�ð�1�Œ�˜�–�™�˜�œ�’�•�’�˜�—�ð�1�Ž�•�Œ�ï�1���’�1�Ž�•�1�Š�•�ï�1�•�˜�˜�”�1
�����1�œ�’�–�ž�•�Š�•�’�˜�—�œ�1�•�˜�1�’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�1�•�‘�Ž�1�•�Ž�—�œ�’�•�Ž�1�•�Ž�•�˜�›�–�Š�•�’�˜�—�1�‹�Ž�‘�Š�Ÿ�’�˜�›�1�˜�•�1���	�1�œ�Š�–�™�•�Ž�œ�1� �’�•�‘�1�–�ž�•�•�’�–�’�•-
lion atoms [34]. They found small rob samples showed remarkable resistance to formation of 
SBs, and behaved unusual necking phenomenon. Three factors were concluded as contribu-
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indeed occurred [37]. Their further study revealed that the critical thickness for this transition 
was sensitive to the composition, and it was correlated with the average activation energy of 
the atomic level plastic deformation events [ 38].
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composites by controlling the layers thickness and numbers of the two MGs, and investigated 
the deformation behavior of these composites [39]. They found out that MG samples with 
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the deformation mode change for MGs was suggested as the competition between the elastic 
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also be regulated by annealing, with free volume deduction detected during the structural 
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presented that the SB morphology under indenter had great dependence on indentation rate 
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to the surface. In the opposite, wedge-like SBs came to formation and penetrated downward 
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characteristic of most MGs at low temperature [42].
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The spreading of SBs can also be triggered or suppressed by cyclic loads, and it is relevant 
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major SB throughout the MG sample under cyclic loading. The cycling loads accelerated the 
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shear banding path, and then a higher load was needed for a secondary path of shear band-
ing yield. Our works demonstrated this hardening behavior could be more severe under 
higher indentation loads or temperature [ 42]. In fact, these factors would induce higher 
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types of cyclic loads.

5. Deformation behaviors of nanoglass
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encountered with catastrophically failure. Some pre-deformation process, like cold rolling, 
leads to a pseudocomposite structure consisting of a softer phase inside pre-induced SBs and 
a harder phase in the undeformed regions [45, 46]. These microstructural features improve 
the macroscopic plasticity by promoting the nucleation of secondary SBs and SB branching, 
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to prevent a major SB development is regulating the volume-interface ratio and density by 
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compressive residual stress in the MG layer. They indicated a strong ductile MG could be 
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16% [48].
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prior to a necking-type failure. These works suggest the MG composites constructed by 
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strength and ductility.

6. Conclusion and outlook

Throughout the review, we enumerated pronounced work on the structure analysis, the con -
nection of structure with the mechanical properties, shear bands initiation and development. 
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nected networks, are found to be great contributing factors to the solid-like characteristics of 
MG, which means they are closely correlated with mechanical properties and deformation 
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mechanics simulations, which provided convincingly supports for the shear banding theories. 
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and deformation properties of several designed nanoglass. They behaved ductile deformation 
ability and might be a promising derived material from casted MGs.

Figure 11.�1���Œ�‘�Ž�–�Š�•�’�Œ�1�˜�•�1�•�‘�Ž�1�™�›�˜�Œ�Ž�œ�œ�1�•�˜�1�•�Ž�—�Ž�›�Š�•�Ž�1�Š�1���	�1���•�–�1�œ�Š�–�™�•�Ž�1� �’�•�‘�1���•�’�‹�’���œ�1�–�Ž�•�‘�˜�•�1�ý49].
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researching work of MG. However, limited by accurate potential descriptions, computational 
capacity and simulation methods, computational simulations of MG are still unable to build a 
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methods is the most urgent and challenging work for the research of metallic glasses.
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