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‘‘ L'encre du savant est aussi précieuse que le sang du martyr ’’ 

 

- proverbe arabe - 

  



��

� � � �



��

��
��

Table��des��Matières ��

��

���•�–�”�‘�†�—�…�–�‹�‘�•���‰�±�•�±�”�ƒ�Ž�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�s��

�s�� �2�–�—�†�‡���„�‹�„�Ž�‹�‘�‰�”�ƒ�’�Š�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�y��

�s�ä�s�� �
�±�•�±�”�ƒ�Ž�‹�–�±���•�—�”���Ž�‡�•���˜�‡�”�”�‡�•���‡�–���Ž�ƒ���•�–�”�—�…�–�—�”�‡���ƒ�•�‘�”�’�Š�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�{��

�s�ä�t�� �	�‘�”�•�ƒ�–�‹�‘�•���†�ï�—�•���˜�‡�”�”�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���t�r��

�s�ä�t�ä�s�� ���”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•���†�‡���Ž�ï�±�–�ƒ�–���Ž�‹�“�—�‹�†�‡���‡�–���•�ƒ���•�—�’�’�”�‡�•�•�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���t�r��

�s�ä�t�ä�t�� ���ƒ�”�ƒ�…�–�±�”�‹�•�–�‹�“�—�‡�•���†�‡���Ž�ï�±�–�ƒ�–���˜�‹�–�”�‡�—�š���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���t�v��

�s�ä�t�ä�u�� ���”�‘�’�”�‹�±�–�±�•���–�Š�‡�”�•�‹�“�—�‡�•���‡�–���–�Š�‡�”�•�‘�†�›�•�ƒ�•�‹�“�—�‡�•���†�‡���Ž�ï�±�–�ƒ�–���˜�‹�–�”�‡�—�š���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���t�x��

�s�ä�u�� ���•�’�‡�…�–���…�‹�•�±�–�‹�“�—�‡���†�‡���Ž�ƒ���˜�‹�–�”�‹�ˆ�‹�…�ƒ�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���t�z��

�s�ä�u�ä�s�� ���’�–�‹�–�—�†�‡���•���Ž�ï�ƒ�•�‘�”�’�Š�‹�•�ƒ�–�‹�‘�•�����
�Ž�ƒ�•�•���	�‘�”�•�‹�•�‰�����„�‹�Ž�‹�–�›���
�	�������ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���u�r��

�s�ä�u�ä�t�� ���š�‡�•�’�Ž�‡���†�ï�ƒ�’�–�‹�–�—�†�‡���•���Ž�ï�ƒ�•�‘�”�’�Š�‹�•�ƒ�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���u�s��

�s�ä�v�� ���‘�–�‹�‘�•���†�‡���˜�‘�Ž�—�•�‡���Ž�‹�„�”�‡���‡�–���”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•���•�–�”�—�…�–�—�”�ƒ�Ž�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���u�v��

�s�ä�w�� ���ƒ���•�–�”�—�…�–�—�”�‡���ƒ�–�‘�•�‹�“�—�‡���†�‡���Ž�ï�±�–�ƒ�–���ƒ�•�‘�”�’�Š�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���u�x��

�s�ä�x�� ���‘�†�°�Ž�‡�•���•�–�”�—�…�–�—�”�ƒ�—�š���†�‡�•���•�ƒ�–�±�”�‹�ƒ�—�š���ƒ�•�‘�”�’�Š�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���u�z��

�s�ä�y�� ���”�‘�’�”�‹�±�–�±���‡�–���ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�•���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�s��

�s�ä�y�ä�s�� ���”�‘�’�”�‹�±�–�±�•���…�Š�‹�•�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�s��

�s�ä�y�ä�t�� ���”�‘�’�”�‹�±�–�±�•���±�Ž�‡�…�–�”�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�t��

�s�ä�y�ä�u�� ���”�‘�’�”�‹�±�–�±�•���•�ƒ�‰�•�±�–�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�t��

�s�ä�y�ä�v�� ���”�‘�’�”�‹�±�–�±�•���•�±�…�ƒ�•�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�u��

�s�ä�y�ä�v�ä�s�� ���‘�†�‡�•���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���†�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ƒ�•�‘�”�’�Š�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�v��

�s�ä�y�ä�v�ä�t�� ���±�ˆ�‘�”�•�ƒ�–�‹�‘�•���Š�‘�•�‘�‰�°�•�‡���•���Š�ƒ�—�–�‡�•���–�‡�•�’�±�”�ƒ�–�—�”�‡�•�����ˆ�Ž�—�ƒ�‰�‡�����ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�w��

�s�ä�y�ä�v�ä�u�� ���‘�•�’�‘�”�–�‡�•�‡�•�–���‡�•���–�”�ƒ�…�–�‹�‘�•�æ�…�‘�•�’�”�‡�•�•�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�x��

�s�ä�y�ä�v�ä�v�� ���‹�…�”�‘�æ�•�±�…�ƒ�•�‹�•�•�‡�•���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���Š�±�–�±�”�‘�‰�°�•�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���v�y��

�s�ä�y�ä�v�ä�w�� ���—�…�–�‹�Ž�‹�–�±���ˆ�”�ƒ�‰�‹�Ž�‹�–�±���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���w�s��

�t�� ���‡�…�Š�•�‹�“�—�‡�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���w�w��

�t�ä�s�� ���•�–�”�‘�†�—�…�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���w�y��

�t�ä�t�� ���‡�…�Š�•�‹�“�—�‡�•���†�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���w�y��

�t�ä�t�ä�s�� �2�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•���†�‡���”�—�„�ƒ�•�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���w�z��

�t�ä�t�ä�t�� �2�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•���†�ï�±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•���•�ƒ�•�•�‹�ˆ�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���w�{��

�t�ä�t�ä�u�� ���‡�…�Š�•�‹�“�—�‡���†�‡���„�”�‘�›�ƒ�‰�‡���•���„�‹�Ž�Ž�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�r��

�t�ä�u�� ���‡�…�Š�•�‹�“�—�‡�•���†�‡���…�ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�–�‹�‘�•���•�±�…�ƒ�•�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�s��

�t�ä�u�ä�s�� ���•�•�ƒ�‹���†�‡���…�‘�•�’�”�‡�•�•�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�s��

�t�ä�u�ä�t�� ���•�•�ƒ�‹�•���†�‡���•�‹�…�”�‘�æ�‹�•�†�‡�•�–�ƒ�–�‹�‘�•�•���•�–�ƒ�–�‹�“�—�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�t��



��

�t�ä�v�� ���‡�…�Š�•�‹�“�—�‡�•���†�‡���…�ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�–�‹�‘�•���•�–�”�—�…�–�—�”�ƒ�Ž�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�u��

�t�ä�v�ä�s�� ���ƒ�Ž�‘�”�‹�•�±�–�”�‹�‡���†�‹�ˆ�ˆ�±�”�‡�•�–�‹�‡�Ž�Ž�‡���•���„�ƒ�Ž�ƒ�›�ƒ�‰�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�u��

�t�ä�v�ä�t�� ���‹�ˆ�ˆ�”�ƒ�…�–�‹�‘�•���†�‡�•���”�ƒ�›�‘�•�•�æ�š���…�Ž�ƒ�•�•�‹�“�—�‡���‡�•���”�±�ˆ�Ž�‡�š�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�v��

�t�ä�v�ä�u�� ���‹�ˆ�ˆ�”�ƒ�…�–�‹�‘�•�æ�š���‡�•���–�”�ƒ�•�•�•�‹�•�•�‹�‘�•���’�ƒ�”���”�ƒ�›�‘�•�•�‡�•�‡�•�–���•�›�•�…�Š�”�‘�–�”�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�w��

�t�ä�v�ä�v�� ���‹�…�”�‘�•�…�‘�’�‹�‡���±�Ž�‡�…�–�”�‘�•�‹�“�—�‡���•���„�ƒ�Ž�ƒ�›�ƒ�‰�‡���‡�–���ƒ�•�ƒ�Ž�›�•�‡�æ�š���†�‹�•�’�‡�”�•�‹�˜�‡���‡�•���±�•�‡�”�‰�‹�‡���ä�ä���x�y��

�u�� ���±�ˆ�‘�”�•�ƒ�–�‹�‘�•���’�Ž�ƒ�•�–�‹�“�—�‡���‡�–���ˆ�—�•�‹�‘�•���†�‡�•���„�ƒ�•�†�‡�•���†�‡���…�‹�•�ƒ�‹�Ž�Ž�‡�•�‡�•�–���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���x�{��

�u�ä�s�� ���•�–�”�‘�†�—�…�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���y�s��

�u�ä�t�� ���±�•�—�Ž�–�ƒ�–�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�—�š���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���y�u��

�u�ä�u�� ���•�ƒ�Ž�›�•�‡���†�‡�•���”�±�•�—�Ž�–�ƒ�–�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���y�w��

�u�ä�u�ä�s�� ���‡�Ž�ƒ�š�ƒ�–�‹�‘�•���†�‡���Ž�ï�±�•�‡�”�‰�‹�‡���±�Ž�ƒ�•�–�‹�“�—�‡���â���’�Š�±�•�‘�•�°�•�‡���†�‡���•�‡�”�”�ƒ�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���y�w��

�u�ä�u�ä�t�� ���”�‘�ˆ�‹�Ž���†�‡���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���ƒ�—���˜�‘�‹�•�‹�•�ƒ�‰�‡���†�ï�—�•�‡���„�ƒ�•�†�‡���†�‡���…�‹�•�ƒ�‹�Ž�Ž�‡�•�‡�•�–���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���y�x��

�u�ä�v�� ���‘�•�…�Ž�—�•�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�r��

�v�� ���‹�•�‡���‡�•���ˆ�‘�”�•�‡���â���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���±�Ž�ƒ�•�–�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�s��

�v�ä�s�� ���•�–�”�‘�†�—�…�–�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�u��

�v�ä�t�� ���”�‘�…�±�†�—�”�‡�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�v��

�v�ä�t�ä�s�� �2�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�v��

�v�ä�t�ä�t�� ���‘�•�•�‹�†�±�”�ƒ�–�‹�‘�•�•���•�—�”���Ž�‡�•���‡�•�•�ƒ�‹�•���†�‡���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�w��

�v�ä�u�� ���±�•�—�Ž�–�ƒ�–�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�—�š���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�z��

�v�ä�u�ä�s�� ���‘�•�’�‘�•�‹�–�‹�‘�•�•���•�ƒ�•�‹�ˆ�‡�•�–�ƒ�•�–���—�•�‡���–�”�ƒ�•�•�‹�–�‹�‘�•���˜�‹�–�”�‡�—�•�‡�����‰���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���z�z��

�v�ä�u�ä�t�� ���‘�•�’�‘�•�‹�–�‹�‘�•�•���•�ƒ�•�•���•�ƒ�•�‹�ˆ�‡�•�–�ƒ�–�‹�‘�•���†�‡���–�”�ƒ�•�•�‹�–�‹�‘�•���˜�‹�–�”�‡�—�•�‡�����‰���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���{�y��

�v�ä�u�ä�u�� ���ˆ�ˆ�‡�–���†�—���–�‡�•�’�•���†�‡���”�‡�…�—�‹�–���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�r�t��

���±�˜�‡�”�•�‹�„�‹�Ž�‹�–�±���†�‡���Ž�ƒ���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�r�u��

�v�ä�v�� ���•�ƒ�Ž�›�•�‡���†�‡�•���”�±�•�—�Ž�–�ƒ�–�•���†�‡���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�r�u��

�v�ä�w�� ���‹�•�…�—�•�•�‹�‘�•���†�‡�•���”�±�•�—�Ž�–�ƒ�–�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�r�y��

�v�ä�w�ä�s�� ���‹�•�±�–�‹�“�—�‡�•���†�‡���Ž�ƒ���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�r�y��

�v�ä�w�ä�t�� �	�”�ƒ�‰�‹�Ž�‹�•�ƒ�–�‹�‘�•���–�Š�‡�”�•�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�s�s��

�v�ä�w�ä�u�� ���‡���”�‡�…�—�‹�–���†�‡���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���‡�–���Ž�ƒ���†�—�”�‡�–�±���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�s�v��

�v�ä�x�� ���‘�•�…�Ž�—�•�‹�‘�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�s�y��

�w�� ���‘�•�’�‘�•�‹�–�‡�•���•�±�–�ƒ�Ž�æ�˜�‡�”�”�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�s�{��

�w�ä�s�� ���‘�•�’�‘�•�‹�–�‡�•���•���•�ƒ�–�”�‹�…�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���…�‘�•�•�‡���•�ƒ�–�±�”�‹�ƒ�—�š���†�‡���•�–�”�—�…�–�—�”�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�s��

�w�ä�t�� ���‘�•�…�‡�’�–�‹�‘�•���†�‡���…�‘�•�’�‘�•�‹�–�‡�•���•�±�–�ƒ�Ž�æ�˜�‡�”�”�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�t��

�w�ä�u�� ���”�‘�…�‡�•�•�—�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�v��

�w�ä�u�ä�s�� �2�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•���†�‡�•���•�ƒ�–�±�”�‹�ƒ�—�š���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�v��

�w�ä�u�ä�t�� ���”�‘�†�—�…�–�‹�‘�•���†�‡���…�‘�•�’�‘�•�‹�–�‡���’�ƒ�”���…�‘�•�’�ƒ�…�–�ƒ�‰�‡���•���…�Š�ƒ�—�†���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�v��

�w�ä�u�ä�u�� ���ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�–�‹�‘�•���†�‡�•���…�‘�•�’�‘�•�‹�–�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�w��



��

��
��

�w�ä�v�� ���±�•�—�Ž�–�ƒ�–�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�—�š���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�x��

�w�ä�v�ä�s�� ���‘�•�’�‘�•�‹�–�‡�������‰�����”�æ�ƒ�•�‘�”�’�Š�‡�����ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�x��

�w�ä�v�ä�t�� ���‘�•�’�‘�•�‹�–�‡�������Ž�����—�æ�ƒ�•�‘�”�’�Š�‡�����ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�t�z��

�w�ä�v�ä�u�� ���‘�•�’�‘�•�‹�–�‡�������Ž���	�‡���‘�æ�ƒ�•�‘�”�’�Š�‡�����ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�u�r��

�w�ä�w�� ���•�ƒ�Ž�›�•�‡���†�‡�•���”�±�•�—�Ž�–�ƒ�–�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�u�v��

�w�ä�w�ä�s�� ���”�‘�’�”�‹�±�–�±�•���•�±�…�ƒ�•�‹�“�—�‡�•���†�‡�•���…�‘�•�’�‘�•�‹�–�‡�•���â�����°�‰�Ž�‡���†�‡���•�±�Ž�ƒ�•�‰�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�u�w��

�w�ä�w�ä�t�� ���±�…�ƒ�•�‹�•�•�‡�•���†�‡���†�—�”�…�‹�•�•�‡�•�‡�•�–���†�ƒ�•�•���Ž�‡�•���…�‘�•�’�‘�•�‹�–�‡�•���•�±�–�ƒ�Ž�æ�˜�‡�”�”�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���ä��
�� ���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�u�x��

�w�ä�x�� ���‘�•�…�Ž�—�•�‹�‘�•�•���‡�–���’�‡�”�•�’�‡�…�–�‹�˜�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�v�r��

���‘�•�…�Ž�—�•�‹�‘�•���‰�±�•�±�”�ƒ�Ž�‡���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�v�u��

���±�ˆ�±�”�‡�•�…�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�w�s��

���•�•�‡�š�‡�•���ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä�ä���s�x�u��

� � � �



��

� � � �



��

��
��

��

Introduction ��générale ��Introduction��générale��
��



��



Introduction générale 13��
��

��
��

���•���˜�‡�”�”�‡���‡�•�–���—�•���•�ƒ�–�±�”�‹�ƒ�—���•�‘�Ž�‹�†�‡���†�‘�•�–���Ž�ƒ���•�–�”�—�…�–�—�”�‡���ƒ�–�‘�•�‹�“�—�‡���†�±�•�‘�”�†�‘�•�•�±�‡���‡�•�–���‘�„�–�‡�•�—�‡���“�—�ƒ�•�†���•�‘�•��

� ±� –� ƒ� –� � � Ž� ‹� “� —� ‹� †� ‡� � � ‡� •� –� � � ”� ‡� ˆ� ”� ‘� ‹� †� ‹� � � •� ƒ� •� •� � � …� ”� ‹� •� –� ƒ� Ž� Ž� ‹� •� ƒ� –� ‹� ‘� •� ä� � � �� 5� ‡� š� ‡� •� ’� Ž� ‡� � � Ž� ‡� � � ’� Ž� —� •� � � ˆ� ƒ� •� ‹� Ž� ‹� ‡� ”� � � ‡� •� –� � � Ž� ‡� � � ˜� ‡� ”� ”� ‡� � � •� � � ˜� ‹� –� ”� ‡� �

�‘�”�†�‹�•�ƒ�‹�”�‡�á���“�—�‹���‡�•�–���…�‘�•�’�‘�•�±���’�”�‹�•�…�‹�’�ƒ�Ž�‡�•�‡�•�–���†�‡���•�‹�Ž�‹�…�‹�—�•���‡�–���†�5�‘�š�›�‰�°�•�‡�ä�����‘�—�”�–�ƒ�•�–�á���—�•�‡���Ž�ƒ�”�‰�‡���‰�ƒ�•�•�‡��

�†�‡�� �•�ƒ�–�±�”�‹�ƒ�—�š�� �’�‡�—�–�� �²�–�”�‡�� �’�”�‘�†�—�‹�–�‡�� �•�‘�—�•�� �ˆ�‘�”�•�‡�� �˜�‹�–�”�‡�—�•�‡�á�� �›�� �…�‘�•�’�”�‹�•���Ž�‡�•�� �•�±�–�ƒ�—�š�á�� �Ž�‡�•�� �•�‡�•�‹�æ

�…�‘�•�†�—�…�–�‡�—�”�•�á���Ž�‡�•���…�‘�•�’�‘�•�±�•���‹�‘�•�‹�“�—�‡�•���‡�–���Ž�‡�•���’�‘�Ž�›�•�°�”�‡�•�ä�����‡���ˆ�ƒ��‘�•���‰�±�•�±�”�ƒ�Ž�‡�á���Ž�‡�•���•�±�–�ƒ�—�š���•�‘�•�–���’�ƒ�”�•�‹��

�Ž�‡�•���•�ƒ�–�±�”�‹�ƒ�—�š���Ž�‡�•���’�Ž�—�•���†�‹�ˆ�ˆ�‹�…�‹�Ž�‡�•���•���˜�‹�–�”�‹�ˆ�‹�‡�”�á���’�—�‹�•�“�—�5�‹�Ž�•���‘�•�–���–�‡�•�†�ƒ�•�…�‡���•���•�‡���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡�”���ˆ�ƒ�…�‹�Ž�‡�•�‡�•�–���Ž�‘�”�•��

� †� —� � � ”� ‡� ˆ� ”� ‘� ‹� †� ‹� •� •� ‡� •� ‡� •� –� ä� � � �� ƒ� ‹� •� � � ƒ� ˜� ‡� …� � � —� •� � � …� ‘� •� –� ”� Ø� Ž� ‡� � � ”� ‹� ‰� ‘� —� ”� ‡� —� š� � � †� ‡� � � Ž� ƒ� � � …� ‘� •� ’� ‘�•�‹�–�‹�‘�•�� �†�‡�� �Ž�5�ƒ�Ž�Ž�‹�ƒ�‰�‡�� �‡�–�� �†�—��

�–�”�ƒ�‹�–�‡�•�‡�•�–�á���—�•�‡���‰�”�ƒ�•�†�‡���˜�ƒ�”�‹�±�–�±���†�5�ƒ�Ž�Ž�‹�ƒ�‰�‡�•���’�‡�—�–���•�ƒ�‹�•�–�‡�•�ƒ�•�–���²�–�”�‡���’�”�‘�†�—�‹�–�‡���•���Ž�ï�±�–�ƒ�–���˜�‹�–�”�‡�—�š�ä��

���ƒ�� �•�–�”�—�…�–�—�”�‡�� �†�±�•�‘�”�†�‘�•�•�±�‡�� �†�‡�•�� �•�±�–�ƒ�—�š�� �ƒ�•�‘�”�’�Š�‡�•�� �Ž�‡�—�”�� �…�‘�•�ˆ�°�”�‡�� �†�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �—�•�‹�“�—�‡�•�ä�� ���‹�� �Ž�‡�•��

�’�”�‘�’�”�‹�±�–�±�•�� �•�ƒ�‰�•�±�–�‹�“�—�‡�•�� �†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �‘�•�–�� �±�–�±�� �‡�š�’�Ž�‘�‹�–�±�‡�•�� �†�‡�’�—�‹�•�� �“�—�‡�Ž�“�—�‡�•�� �†�±�…�‡�•�•�‹�‡�•�á��

�Ž�‡�—�”�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �”�‡��‘�‹�˜�‡�•�–�� �—�•�‡�� �ƒ�–�–�‡�•�–�‹�‘�•�� �”�‡�•�‘�—�˜�‡�Ž�±�‡���†�‡�’�—�‹�•�� �Ž�‡�� �†�±�˜�‡�Ž�‘�’�’�‡�•�‡�•�–�� �†�‡�•��

�˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���•�ƒ�•�•�‹�ˆ�•���†�ƒ�•�•���Ž�‡�•���ƒ�•�•�±�‡�•���s�{�{�r�ä����

���‹�‡�•�� �“�—�ï�‹�Ž�•�� �†�‹�•�’�‘�•�‡�•�–�� �†�ï�—�•�‡�� �”�±�•�‹�•�–�ƒ�•�…�‡�� �•�±�…�ƒ�•�‹�“�—�‡�� �‡�š�…�‡�’�–�‹�‘�•�•�‡�Ž�Ž�‡� á� � � ’� ”� ‘� …� Š� ‡� � � †� ‡� � � Ž� ƒ� � � Ž� ‹� •� ‹� –� ‡� � � †� ‡� � � Ž� ƒ� �

� ”� ±� •� ‹� •� –� ƒ� •� …� ‡� � � –� Š� ±� ‘� ”� ‹� “� —� ‡� á� � � ‡� –� � � †� ï� —� •� ‡� � � †� ±� ˆ� ‘� ”� •� ƒ� –� ‹� ‘� •� � � ±� Ž� ƒ� •� –� ‹� “� —� ‡� � � ’� ”� ‡� •� “� —� ‡� � � †� ‹� š� � � ˆ� ‘� ‹� •� � � ’� Ž� —� •� � � ‰� ”� ƒ� •� †� ‡� � � “� —� ‡� � � Ž� ‡� —� ”� •� �

�Š�‘�•�‘�Ž�‘�‰�—�‡�•�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�•�á�� �Ž�‡�—�”�� �…�‘�•�’�‘�”�–�‡�•�‡�•�–�� �“�—�ƒ�•�‹�æ�ˆ�”�ƒ�‰�‹�Ž�‡�� �•�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �ƒ�•�„�‹�ƒ�•�–�‡�� �‹�•�’�‘�•�‡�� �—�•�‡��

�Ž�‹�•�‹�–�ƒ�–�‹�‘�•�� �…�‘�•�•�‹�†�±�”�ƒ�„�Ž�‡�� �†�‡�� �Ž�‡�—�”�� �…�Š�ƒ�•�’�� �†�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�ä�� ���ï�—�•�� �ƒ�—�–�”�‡� � � …� Ø� –� ±� á� � � Ž� ‡� � � …� ‘� •� ’� ‘� ”� –� ‡� •� ‡� •� –� �

�•�±�…�ƒ�•�‹�“�—�‡�� �†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �‡�•�–�� �–�”�°�•�� �•�‡�•�•�‹�„�Ž�‡�� �•�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�‡�� �–�”�ƒ�˜�ƒ�‹�Ž�� �‡�–�� �•�� �Ž�ï�Š�‹�•�–�‘�‹�”�‡��

�–�Š�‡�”�•�‹�“�—�‡�� �†�‡�� �Ž�ï�±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�ä�� ���”�ƒ�˜�ƒ�‹�Ž�Ž�‡�”�� �Ž�‡�•�� �•�±�–�ƒ�—�š�� �ƒ�•�‘�”�’�Š�‡�•�� �•�� �†�‡�•�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�•�� �•�—�ˆ�ˆ�‹�•�ƒ�•�•�‡�•�–��

�±�Ž�‡�˜�±�‡�•�� �”�‡�•�†�� �Ž�‡�—�”�� �•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� �…�‘�—�”�–�‡�� �‡�–�� �•�‘�‹�•�•�� �…�‘�ð�–�‡�—�•�‡�á�� �•�ƒ�‹�•���Ž�‡�•�� �”�‡�•�†�� �‡�•�…�‘�”�‡�� �’�Ž�—�•�� �ˆ�”�ƒ�‰�‹�Ž�‡�•��

�‰�±�•�±�”�ƒ�Ž�‡�•�‡�•�–�ä�����ƒ���…�‘�•�’�”�±�Š�‡�•�•�‹�‘�•���†�‡���…�‡�–�–�‡���±�˜�‘�Ž�—�–�‹�‘�•���†�‡�•���’�”�‘�’�”�‹�±�–�±�•���‡�•�–���—�•���±�Ž�±�•�‡�•�–���…�Ž�‡�ˆ���’�‘�—�”���Ž�‡�—�”��

�‡�š�’�Ž�‘�‹�–�ƒ�–�‹�‘�•���…�‘�•�•�‡���•�ƒ�–�±�”�‹�ƒ�—�š���†�‡���…�‘�•�•�–�”�—�…�–�‹�‘�•�ä��

� �� ‡� � � „� —� –� � � †� ‡� � � Ž� ƒ� � � –� Š� °� •� ‡� � � ‡� •� –� � � †� ï� ±� –� —� †� ‹� ‡� ”� � � Ž� ‡� •� � � †� ‹� ˆ� ˆ� ±� ”� ‡� •� –� •� � � ”� ±� ‰� ‹� •� ‡� •� � � †� ‡� � � †� ±� ˆ� ‘�”�•�ƒ�–�‹�‘�•�� �†�‡�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�ä��

��� ‘�—�•���†�±�˜�‡�Ž�‘� ’� ’�‡�”�‘�•�•���—�•�‡���•�‡�‹�Ž�Ž�‡�—�”�‡���…�‘�•�’�”�±�Š�‡�•�•�‹�‘�•���†�—���…�‘�•�’�‘�”�–�‡�•�‡�•�–���–�Š�‡�”�•�‘�•�±�…�ƒ�•�‹�“�—�‡���†�‡���…�‡�•��

�ƒ�Ž�Ž�‹�ƒ�‰�‡�•�á���‡�–���•�‘�—�•���‡�š�’�Ž�‘�‹�–�‡�”�‘�•�•���Ž�‡�—�”�•���’�”�‘�’�”�‹�±�–�±�•���†�ƒ�•�•���†�‡���•�‘�—�˜�‡�Ž�Ž�‡�•���ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�•���’�”�‘�•�‡�–�–�‡�—�•�‡�•�ä��

���‘�—�•�� �•�‘�—�•�� �•�‘�•�•�‡�•�� �„�ƒ�•�±�•�� �•�—�”�� �Ž�ƒ�� �…�ƒ�”�–�‡�� �†�‡�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �’�”�‘�’�‘�•�±�� �’�ƒ�”���	�ä�� ���’�ƒ�‡�’�‡�•�� �†�ƒ�•�•�� �Ž�‡�•�� �ƒ�•�•�±�‡�•��

�y�r�á�� �•�—�”�� �Ž�ƒ�“�—�‡�Ž�Ž�‡�� �†�‡�—�š�� �•�‘�†�‡�•�� �†�‡�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �‘�•�–�� �±�–�±�� �†�‹�•�–�‹�•�‰�—�±�•���‡�•�� �ˆ�‘�•�…�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �ã��

�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �Š�‘�•�‘�‰�°�•�‡�� �‡�–�� �Š�±�–�±�”�‘�‰�°�•�‡�ä�� ���ï�‘�„�Œ�‡�…�–�‹�ˆ�� �’�”�‡�•�‹�‡�”�� �†�‡�� �…�‡�� �–�”� ƒ� ˜� ƒ� ‹� Ž� � � ‡� •� –� � � †� ‡� � � •� ‘� •� –� ”� ‡� ”� � � “� —� ‡� � � Ž� ‡� �

�…�Š�ƒ�•�’�� �†�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�� �†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �‡�•�–�� �–�”�°�•�� �Ž�ƒ�”�‰�‡�� �•�‹�� �Ž�ï�‘�•�� �•�ƒ�Á�–�”�‹�•�‡�� �Ž�‡�•�� �’�”�‘�…�‡�•�•�—�•��

�†�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �‡�–�� �†�‡�� �–�”�ƒ�‹�–�‡�•�‡�•�–�ä�� ���‡�—�š�� �•�‘�—�˜�‡�ƒ�—�š�� �–�›�’�‡�•�� �†�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹� ‘� •� •� � � •� ‘� •� –� � � ±� –� —� †� ‹� ±� •� �� ã� � � Ž� ƒ� � � •� ‹� •� ‡� � � ‡� •� �

�ˆ�‘�”�•�‡���•���…�Š�ƒ�—�†���†�‡���”�—�„�ƒ�•�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ƒ�•�‘�”�’�Š�‡�•���†�ƒ�•�•���Ž�‡�—�”���†�‘�•�ƒ�‹�•�‡���±�Ž�ƒ�•�–�‹�“�—�‡���•�ƒ�•�•���ˆ�”�ƒ�‰�‹�Ž�‹�•�ƒ�–�‹�‘�•���•�‹��

�…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�á�� �‡�–�� �Ž�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �†�‡�� �…�‘�•�’�‘�•�‹�–�‡�•�� �•�� �„�ƒ�•�‡�� �†�‡�� �•�±�–�ƒ�—�š�� �Ž�±�‰�‡�”�•�� �…�‘�•�•�‡�”�…�‹�ƒ�—�š�� �”�‡�•�ˆ�‘�”�…�±�•��

�’�ƒ�”���†�‡�•���’�ƒ�”�–�‹�…�—�Ž�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ƒ�•�‘�”�’�Š�‡�•�ä��

���‡���•�±�•�‘�‹�”�‡�á���…�‘�•�’�‘�•�±���†�‡���…�‹�•�“���…�Š�ƒ�’�‹�–�”�‡�•�á���‡�•�–���•�–�”�—�…�–�—�”�±���†�‡���Ž�ƒ���ˆ�ƒ��‘�•���•�—�‹�˜�ƒ�•�–�‡���ã��



14�� Introduction générale��
��

���‘�—�•�� �…�‘�•�•�‡�•��‘�•�•�� �’�ƒ�”�� �—�•��chapitre ��bibliographique �� �†�ƒ�•�•�� �Ž�‡�“�—�‡�Ž�� �•�‘�—�•�� �’�”�±�•�‡�•�–�‘�•�•�� �—�•�‡�� �”�‡�˜�—�‡��

�‰�±�•�±�”�ƒ�Ž�‡�� �•�—�”�� �Ž�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�á�� �Ž�‡�—�”�•�� �•�–�”�—�…�–�—�”�‡�•�� �‡�–�� �•�‘�†�‡�•���†�‡�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�ä�� ���’�”�°�•�� �Ž�ƒ��

�†�±�ˆ�‹�•�‹�–�‹�‘�•�� �†�‡�� �Ž�ï�±�–�ƒ�–�� �˜�‹�–�”�‡�—�š�á�� �•�ƒ�� �ˆ�‘�”�•�ƒ�–�‹�‘�•�� �‡�–�� �•�‡�•�� �…�ƒ�”�ƒ�…�–�±�”�‹�•�–�‹�“�—�‡�•�á�� �•�‘�—�•�� �±�˜�‘�“�—�‡�”�‘�•�•�� �Ž�‡�•�� �ƒ�•�’�‡�…�–�•��

�’�Š�›�•�‹�“�—�‡�•�á�� �…�‹�•�±�–�‹�“�—�‡�•�� �‡�–�� �–�Š�‡�”�•�‘�†�›�•�ƒ�•�‹�“�—�‡�•�� �†�‡�� �Ž�ƒ�� �˜�‹�–�”�‹�ˆ�‹�…�ƒ�–�‹�‘�•�ä�����‹�•�•�‹�á�� �•�‘�—�•�� �’�”�±�•�‡�•�–�‡�”�‘�•�•�� �Ž�‡�•��

�†�‹�ˆ�ˆ�±�”�‡�•�–�•�� �•�‘�†�°�Ž�‡�•�� �•�–�”�—�…�–�—�”�ƒ�—�š�� �†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �’�”�‘�’�‘�•�±�•���Œ�—�•�“�—�ï�•�� �’�”�±�•�‡�•�–�á�� �…�‡�� �“�—�‹�� �•�‘�—�•��

� ƒ� ‹� †� ‡� � � •� � � ‹� •� –� ”� ‘� †� —� ‹� ”� ‡� � � Ž� ‡� •� � � •� ‘� –� ‹� ‘� •� •� � � †� ‡� � � ˜� ‘� Ž� —� •� ‡� � � Ž� ‹� „� ”� ‡� � � ‡� –� � � †� ‡� � � Ž� ƒ� � � ”� ‡� Ž� ƒ� š� ƒ� –� ‹�‘�•�� �•�–�”�—�…�–�—�”�ƒ�Ž�‡�ä�� ���‡�•�� �•�‘�–�‹�‘�•�•�� �•�‘�•�–��

�‡�•�•�‡�•�–�‹�‡�Ž�Ž�‡�•���’�‘�—�”���ƒ�„�‘�”�†�‡�”���Ž�‡�•���†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•���’�”�‘�’�”�‹�±�–�±�•���†�‡���…�‡�•���•�ƒ�–�±�”�‹�ƒ�—�š���†�ƒ�•�•���Ž�ƒ���†�‡�—�š�‹�°�•�‡���’�ƒ�”�–�‹�‡���†�‡��

� …� ‡� � � …� Š� ƒ� ’� ‹� –� ”� ‡� ä� � � �� ‡� � � …� ‘� •� ’� ‘� ”� –� ‡� •� ‡� •� –� � � •� ±� …� ƒ� •� ‹� “� —� ‡� � � †� ‡� •� � � •� ±� –� ƒ� —� š� � � ƒ� •� ‘� ”� ’� Š� ‡� •� � � ‡� •� –� ��†�‹�•�…�—�–�±�� �•�—�”�� �Ž�ƒ�� �„�ƒ�•�‡�� �†�‡�� �Ž�ƒ��

�…�ƒ�”�–�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���†�‡���	�ä�����’�ƒ�‡�’�‡�•�ä�����‡�•���•�±�…�ƒ�•�‹�•�•�‡�•���†�‡���†�‡�—�š���•�‘�†�‡�•���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�á���Š�‘�•�‘�‰�°�•�‡��

�‡�–���Š�±�–�±�”�‘�‰�°�•�‡�á���•�‘�•�–���’�”�±�•�‡�•�–�±�•���•�‘�—�•���ˆ�‘�”�•�‡���†�‡���•�‘�†�°�Ž�‡�•���ƒ�–�‘�•�‹�“�—�‡�•���‡�–���±�•�‡�”�‰�±�–�‹�“�—�‡�•�ä�����‘�—�•���ˆ�‹�•�‹�•�•�‘�•�•��

�…�‡���…�Š�ƒ�’�‹�–�”�‡���’�ƒ�”���Ž�ƒ���†�‹�•�…�—�•�•�‹�‘�•���‡�•���†�±�–�ƒ�‹�Ž�•���†�‡���Ž�ƒ���†�—�…�–�‹�Ž�‹�–�±���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���†�ƒ�•�•���Ž�ƒ���•�‡�•�—�”�‡���‘�î���Ž�‡��

�•�‘�›�‡�•���†�ï�‘�„�–�‡�•�‹�”���‡�–���†�‡���•�ƒ�‹�•�–�‡�•�‹�”���…�‡�–�–�‡���†�—�…�–�‹�Ž�‹�–�±���‡�•�–���—�•���†�‡�•���‰�”�ƒ�•�†�•���‘�„�Œ�‡�…�–�‹�ˆ�•���†�‡���…�‡���–�”�ƒ�˜�ƒ�‹�Ž�ä��

���‡��deuxième ��chapitre ���†�±�…�”�‹�–���Ž�‡�•���†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•���–�‡�…�Š�•�‹�“�—�‡�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž�‡�•���—�–�‹�Ž�‹�•�±�‡�•���ƒ�—���…�‘�—�”�•���†�‡���•�‘�•��

�–�”�ƒ�˜�ƒ�—�š�ä�����‘�—�•���†�‹�•�–�‹�•�‰�—�‘�•�•���Ž�‡�•���–�‡�…�Š�•�‹�“�—�‡�•���†�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•���‡�–���…�‡�Ž�Ž�‡�•���†�‡���…�ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�–�‹�‘�•���•�±�…�ƒ�•�‹�“�—�‡���‡�–��

�•�–�”�—�…�–�—�”�ƒ�Ž�‡�ä�����‘�—�•���”�ƒ�’�’�‡�Ž�‘�•�•���Ž�‡�—�”�•���•�’�±�…�‹�ˆ�‹�…�ƒ�–�‹�‘�•�•���ƒ�‹�•�•�‹���“�—�‡���Ž�‡�—�”�•���’�”�‹�•�…�‹�’�‡�•���†�‡���ˆ�‘�•�…�–�‹�‘�•�•�‡�•�‡�•�–�ä��

���‡��troisième ��chapitre ���‡�•�–���…�‘�•�•�ƒ�…�”�±���ƒ�—���•�‘�†�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���Š�±�–�±�”�‘�‰�°�•�‡���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•��

�•�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �ƒ�•�„�‹�ƒ�•�–�‡�ä�� ���‘�—�•�� �’�”�±�•�‡�•�–�‘�•�•�� �•�‘�•�� �”�±�•�—�Ž�–�ƒ�–�•�� �‡�š�’�±�”�‹�•�‡�•� –� ƒ� —� š� � � •� —� ”� � � Ž� ƒ� � � †� ±� ˆ� ‘� ”� •� ƒ� –� ‹� ‘� •� �

�’�Ž�ƒ�•�–�‹�“�—�‡���†�‡�•���±�’�”�‘�—�˜�‡�–�–�‡�•���•�‘�Ž�Ž�‹�…�‹�–�±�‡�•���•�±�…�ƒ�•�‹�“�—�‡�•�‡�•�–���‡�•���…�‘�•�’�”�‡�•�•�‹�‘�•�ä�����—���•�‘�›�‡�•���†�‡�•���‹�•�ƒ�‰�‡�•���†�‡��

�•�‹�…�”�‘�•�…�‘�’�‹�‡���±�Ž�‡�…�–�”�‘�•�‹�“�—�‡���•���„�ƒ�Ž�ƒ�›�ƒ�‰�‡�á���•�‘�—�•���•�‡�–�–�‘�•�•���‡�•���±�˜�‹�†�‡�•�…�‡���Ž�‡���’�Š�±�•�‘�•�°�•�‡���†�‡���ˆ�—�•�‹�‘�•���†�ƒ�•�•���Ž�‡�•��

�„�ƒ�•�†�‡�•�� �†�‡�� �‰�Ž�‹�•�•�‡�•�‡�•�–�á�� �±�Ž�±�•�‡�•�–�� �…�ƒ�”�ƒ�…�–�±�”�‹�•�–�‹�“�—�‡�� �†�‡�� �Ž�ƒ�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �Š�±�–�±�”�‘�‰�°�•�‡�� �†�‡�•�� �˜�‡�”�”�‡�•��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �ƒ�—�š�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�•�� �„�‹�‡�•�� �‹�•�ˆ�±�”�‹�‡�—�”�‡�•�� �•�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡�� �–�”�ƒ�•�•�‹�–�‹�‘�•�� �˜�‹�–�”�‡�—�•�‡�ä�� ���‘�—�•��

�”�‡�Ž�‹�‘�•�•���…�‡���’�Š�±�•�‘�•�°�•�‡���ƒ�—���’�Š�±�•�‘�•�°�•�‡���†�‡���•�‡�”�”�ƒ�–�‹�‘�•���‘�„�•�‡�”�˜�±���†�ƒ�•�•���Ž�‡���”�±�‰�‹�•�‡���’�Ž�ƒ�•�–�‹�“�—�‡���†�‡�•���…�‘�—�”�„�‡�•��

�†�‡�� �…�‘�•�–�”�ƒ�‹�•�–�‡�æ�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�á�� �‡�–�� �•�‘�—�•�� �ƒ�•�ƒ�Ž�›�•�‘�•�•�� �…�‡�•�� �‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�•�� �’�ƒ�”�� �Ž�‡�� �•�±�…�ƒ�•�‹�•�•�‡�� �†�—��

�†�±�‰�ƒ�‰�‡�•�‡�•�–�á���†�ƒ�•�•���Ž�‡�•���œ�‘�•�‡�•���†�‡���‰�Ž�‹�•�•�‡�•�‡�•�–�á���†�‡���Ž�ï�±�•�‡�”�‰�‹�‡���±�Ž�ƒ�•�–�‹�“�—�‡���•�–�‘�…�•�±�‡�ä�����•���•�‘�†�°�Ž�‡���ƒ�•�ƒ�Ž�›�–�‹�“�—�‡��

�†�—���’�”�‘�ˆ�‹�Ž���†�‡���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���ƒ�—���•�‹�˜�‡�ƒ�—���†�ï�—�•�‡���•�ƒ�”�…�Š�‡���†�‡���‰�Ž�‹�•�•�‡�•�‡�•�–�á���‡�–���–�”�‘�‹�•���–�‡�•�’�•���†�‡���”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•��

�•�‡�”�‘�•�–�� �…�‘�•�’�ƒ�”�±�•�� �‡�•�� �–�‡�”�•�‡�•�� �†�‡�•�� �•�ƒ�š�‹�•�ƒ�� �†�‡�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�•�� �ƒ�–�–�‡�‹�•�–�‡�•���Ž�‘�”�•�� �†�‡�� �Ž�ƒ�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�ä�� ���‡��

�–�”�ƒ�˜�ƒ�‹�Ž�� �†�‡�� �…�‡�� �…�Š�ƒ�’�‹�–�”�‡�� �ƒ�� �±�–�±�� �”�±�ƒ�Ž�‹�•�±�� �‡�•�� �…�‘�Ž�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �ƒ�˜�‡�…�� �Ž�‡�� ���”�� ���‘�•�•�–�ƒ�•�–�‹�•�‘�•�� �
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á��

�ƒ�…�–�—�‡�Ž�Ž�‡�•�‡�•�–�����•�•�‹�•�–�ƒ�•�–�����”�‘�ˆ�‡�•�•�‡�—�”���•���Ž�ï���•�‹�˜�‡�”�•�‹�–�±���†�‡�����‘�Š�‘�•�—���‡�–���†�±�–�ƒ�…�Š�±���•���
�”�‡�•�‘�„�Ž�‡�����������ƒ�Ž�‘�”�•���“�—�ï�‹�Ž��

�±�–�ƒ�‹�–���Œ�‡�—�•�‡���…�Š�‡�”�…�Š�‡�”�����������‡�•���t�r�r�z�ä��

���‘�—�•�� �•�‘�—�•�� �‹�•�–�±�”�‡�•�•�‘�•�•�� �†�ƒ�•�•�� �Ž�‡��quatrième ��chapitre � � � •� � � Ž� ï� ‡� ˆ� ˆ� ‡� –� � � †� —� � � –� ”� ƒ� ‹� –� ‡� •� ‡� •� –� � � –� Š� ‡� ”� •� ‹� “� —� ‡� � � •� —� ”� � � Ž� ‡� •� �

�”�—�„�ƒ�•�•���ƒ�•�‘�”�’�Š�‡�•���†�‡���†�‹�ˆ�ˆ�±�”�‡�•�–�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•�ä�����‘�—�•���’�”�±�•�‡�•�–�‘�•�•���Ž�‡�•���”�±�•�—�Ž�–�ƒ�–�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�—�š���†�‡�•���‡�•�•�ƒ�‹�•��

� †� ‡� � � •� ‹� •� ‡� � � ‡� •� � � ˆ� ‘� ”� •� ‡� � � •� � � †� ‹� ˆ� ˆ� ±� ”� ‡� •� –� ‡� •� � � –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� •� � � †� ƒ� •� •� � � Ž� ƒ� � � ‰� ƒ� •� •� ‡� � � ‹� •� –� ‡� ”�•�±�†�‹�ƒ�‹�”�‡�� �†�‡�� �ˆ�Ž�—�ƒ�‰�‡�� �Ž�‡�•�–�� �‡�•��

�†�‡�•�•�‘�—�•���†�‡���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���–�”�ƒ�•�•�‹�–�‹�‘�•���˜�‹�–�”�‡�—�•�‡�����‰�á���ƒ�‹�•�•�‹���“�—�‡���†�ƒ�•�•���Ž�ƒ���”�±�‰�‹�‘�•���†�—���Ž�‹�“�—�‹�†�‡���•�—�”�ˆ�‘�•�†�—��

� �� �� � � µ� � � ��‰���á�� �–�‘�—�–�� �‡�•�� �ƒ�’�’�Ž�‹�“�—�ƒ�•�–�� �—�•�� �•�‹�˜�‡�ƒ�—�� �†�‡�� �…�‘�•�–�”�ƒ�‹�•�–�‡�•�� �‹�•�ˆ�±�”�‹�‡�—�”�� �•�� �Ž�ƒ�� �”�±�•�‹�•�–�ƒ�•�…�‡�� �•�±�…�ƒ�•�‹�“�—�‡�� �†�—��
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�˜�‡�”�”�‡�ä�����‡�–�–�‡���‰�ƒ�•�•�‡���†�‡���–�‡�•�’�±�”�ƒ�–�—�”�‡�æ�…�‘�•�–�”�ƒ�‹�•�–�‡���…�‘�”�”�‡�•�’�‘�•�†���ƒ�—���”�±�‰�‹�•�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���Š�‘�•�‘�‰�°�•�‡��

�†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �•�—�”�� �Ž�ƒ���…�ƒ�”�–�‡�� �†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �†�‡�����’�ƒ�‡�’�‡�•�ä��� �� ‘�—�•���ƒ�•�ƒ�Ž�›�•� ‘�•�•� � �Ž�ƒ���…�ƒ�’�ƒ�…�‹�–�±���•� � �Ž�ƒ��

�•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� �ƒ�‹�•�•�‹�� �“�—�‡�� �Ž�ï�±�˜�‘�Ž�—�–�‹�‘�•�� �†�—�� �†�‡�‰�”�±�� �†�‡�� �…�Š�ƒ�•�‰�‡�•�‡�•�–�� �†�‡�� �ˆ�‘�”�•�‡�á�� �†�‡�� �Ž�ƒ�� �•�–�”�—�…�–�—�”�‡�� �‡�–�� �†�‡�•��

�’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �‡�•�� �ˆ�‘�•�…�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �‡�–�� �†�—�� �–�‡�•�’�•� � � †� ‡� � � …� ›� …� Ž� ‡� � � –� Š� ‡� ”� •� ‹� “� —� ‡� ä� � � �� ‘� —� •� �

�•�‡�–�–�‘�•�•�� �‡�•�� �±�˜�‹�†�‡�•�…�‡�� �Ž�ƒ�� �’�‘�•�•�‹�„�‹�Ž�‹�–�±�� �†�‡�� �†�‘�•�•�‡�”�� �—�•�‡�� �•�‘�—�˜�‡�Ž�Ž�‡�� �ˆ�‘�”�•�‡� � � ƒ� —� š� � � ”� —� „� ƒ� •� •� � � †� ‡� � � †� ‹� ˆ� ˆ� ±� ”� ‡� •� –� •� �

�ƒ�Ž�Ž�‹�ƒ�‰�‡�•���–�‘�—�–���‡�•���‰�ƒ�”�†�ƒ�•�–���Ž�‡�—�”���†�—�…�–�‹�Ž�‹�–�±�ä�����ï�±�˜�‘�Ž�—�–�‹�‘�•���†�—���†�‡�‰�”�±���†�‡���ˆ�‘�”�•�ƒ�‰�‡���•���…�Š�ƒ�—�†���‡�–���†�‡�•���’�”�‘�’�”�‹�±�–�±�•��

�•�±�…�ƒ�•�‹�“�—�‡�•�� �›�� �‡�•�–�� �†�‹�•�…�—�–�±�‡�� �‡�•�� �–�‡�”�•�‡�•�� �†�‡�� �Ž�ƒ�� �”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•�� �•�–�”�—�…�–�—�”�ƒ�Ž�‡�� �†�‡�� �Ž�ƒ�� �•�–�”�—�…�–�—�”�‡�� �ƒ�•�‘�”�’�Š�‡�ä�� ���‡�•��

�ƒ�…�“�—�‹�•�� �†�—���–�”�ƒ�˜�ƒ�‹�Ž��� ’�”�±�•�‡�•�–�±���†�ƒ�•�•�� �…�‡���…�Š�ƒ�’�‹�–�”�‡��� ‘�•�–�� �±�–�±���•� � �Ž�ƒ���„�ƒ�•�‡���†�ï�—�•���„�”�‡�˜�‡�–���…�‘�•�Œ�‘�‹�•�–�‡�•�‡�•�–���†�±�’�‘�•�±��

�ƒ�˜�‡�…���—�•���ˆ�ƒ�„�”�‹�“�—�ƒ�•�–���†�‡���•�‘�•�–�”�‡�•���•�±�…�ƒ�•�‹�“�—�‡�•�ä��

���ƒ�•�•�� �Ž�‡��cinquième ��chapitre �á�� �•�‘�—�•�� �’�”�±�•�‡�•�–�‘�•�•�� �Ž�ï�‡�š�’�Ž�‘�‹�–�ƒ�–�‹�‘�•�� �†�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �†�‡�•��

�˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���’�‘�—�”���”�‡�•�ˆ�‘�”�…�‡�”���—�•�‡���•�ƒ�–�”�‹�…�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���…�‘�•�•�‡�”�…�‹�ƒ�Ž�‡���•���„�ƒ�•�‡���†�‡���•�ƒ�‰�•�±�•�‹�—�•���‡�–��

�†�ï�ƒ�Ž�—�•�‹�•�‹�—�•�� �†�ƒ�•�•�� �–�”�‘�‹�•�� �…�‘�•�’�‘�•�‹�–�‡�•�ä�� ���‹�‡�•�� �“�—�‡�� �Ž�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �†�‡�•�� �’�ƒ�”�–�‹�…�—�Ž�‡�•�� �ƒ�•�‘�”�’�Š�‡�•�� �•�‡�� �ˆ�ƒ�•�•�‡�� �•��

�–�‡�•�’�±�”�ƒ�–�—�”�‡���ƒ�•�„�‹�ƒ�•�–�‡���’�ƒ�”���Ž�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•���†�ï�—�•���•�‹�˜�‡�ƒ�—���±�Ž�‡�˜�±���†�‡���…�‘�•�–�”�ƒ�‹�•�–�‡�•�����”�±�‰�‹�•�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•��

�Š�±�–�±�”�‘�‰�°�•�‡�� �’�ƒ�”�� �„�”�‘�›�ƒ�‰�‡���á�� �Ž�‡�� �’�”�‘�…�‡�•�•�—�•�� �†�‡�� �…�‘�•�’�ƒ�…�–�ƒ�‰�‡�� �•�� �…�Š�ƒ�—�†�� �•�‡���ˆ�ƒ�‹�–�� �•�� �—�•�‡�� �–�‡�•�’�±�”�ƒ�–�—�”�‡��

�ƒ�’�’�ƒ�”�–�‡�•�ƒ�•�–�� �•�� �Ž�ƒ�� �”�±�‰�‹�‘�•�� �†�—�� �Ž�‹�“�—�‹�†�‡�� �•�—�”�ˆ�‘�•�†�—�� �†�‡�•�� �’�ƒ�”�–�‹�…�—�Ž�‡�•�� �ƒ�•�‘�”� ’�Š�‡� •� � � �� ”� ±�‰� ‹� •� ‡� � � †� ‡� � � †�±� ˆ� ‘� ”� •� ƒ� –� ‹� ‘� •� �

�Š�‘�•�‘�‰�°�•�‡���ä�� ���‘�—�•�� �•�‘�•�–�”�‘�•�•�� �Ž�‡�•�� �‰�ƒ�‹�•�•�� �‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �†�‡�•�� �…�‘�•�’�‘�•�‹�–�‡�•�� �’�ƒ�”�� �”�ƒ�’�’�‘�”�–�� �•��
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1.1 Généralité ��sur ��les��verres ��et��la��structure ��amorphe ��

���‡�� �˜�‡�”�”�‡�� �ƒ�� �–�‘�—�Œ�‘�—�”�•�� �±�–�±�� �—�•�� �±�Ž�±�•�‡�•�–�� �†�‡�� �†�±�˜�‡�Ž�‘�’�’�‡�•�‡�•�–�� �†�‡�•�� �–�‡�…�Š�•�‹�“�—�‡�•�ä�� ���‡�•�� �˜�‡�”�”�‡�•�� �•�ƒ�–�—�”�‡�Ž�•��

���‘�„�•�‹�†�‹�‡�•�•�‡�•���� �±�–�ƒ�‹�‡�•�–�� �Œ�ƒ�†�‹�•�� �—�–�‹�Ž�‹�•�±�•�� �†�ƒ�•�•�� �Ž�ƒ�� �…�‘�•�ˆ�‡�…�–�‹�‘�•�� �†�‡�•�� �’�‘�‹�•�–�‡�•�� �†�‡�� �ˆ�Ž�°�…�Š�‡�•�ä�� ���—�� �–�”�‘�‹�•�‹�°�•�‡��

�•�‹�Ž�Ž�±�•�ƒ�‹�”�‡���ƒ�˜�ƒ�•�–����ä�æ���ä�á���Ž�‡���˜�‡�”�”�‡���ƒ�’�’�ƒ�”�ƒ�Á�–���•�‘�—�•���ˆ�‘�”�•�‡���†�5�±�•�ƒ�‹�Ž���”�‡�…�‘�—�˜�”�ƒ�•�–���†�‡�•���’�‘�–�‡�”�‹�‡�•���…�±�”�ƒ�•�‹�“�—�‡�•�ä��

� �� ‡� � � ˜� ‡� ”� ”� ‡� � � •� ƒ� •� •� ‹� ˆ� á� � � •� ‘� —� •� � � ˆ� ‘� ”� •� ‡� � � †� ‡� � � ’� Ÿ� –� ‡� � � †� ‡� � � ˜� ‡� ”� ”� ‡� á� � � ˆ� ƒ� ‹� –� � � •� ‘� •� � � ƒ� ’� ’� ƒ� ”� ‹� –� ‹�‘�•�� �‡�•�� ���±�•�‘�’�‘�–�ƒ�•�‹�‡�á�� �’�—�‹�•�� �‡�•��

�2�‰�›�’�–�‡�ä�����‡�•���˜�‡�”�”�‡�•���Š�ƒ�„�‹�–�—�‡�Ž�•���•�‘�•�–���†�‡�•���•�‹�Ž�‹�…�ƒ�–�‡�•�á���•���„�ƒ�•�‡���†�‡���•�‹�Ž�‹�…�‹�—�•���‡�–���†�ï�‘�š�›�‰�°�•�‡�ä�������Ž�ƒ���†�‹�ˆ�ˆ�±�”�‡�•�…�‡���†�‡�•��

�˜�‡�”�”�‡�•�� �†�ï�‘�š�›�†�‡�� �…�Ž�ƒ�•�•�‹�“�—�‡�•�� �…�‘�•�•�–�‹�–�—�±�•�� �†�‡�� �•�‘�Ž�±�…�—�Ž�‡�•�� �†�‡�� �–�›�’�‡�� ���‹���t�á�� �Ž�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �•�‘�•�–��

�’�”�‹�•�…�‹�’�ƒ�Ž�‡�•�‡�•�–���…�‘�•�•�–�‹�–�—�±�•���†�ï�ƒ�–�‘�•�‡�•���†�ï�±�Ž�±�•�‡�•�–�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�ä��

���‘�•�•�‡���Ž�‡�•���˜�‡�”�”�‡�•���…�Ž�ƒ�•�•�‹�“�—�‡�•�á���Ž�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���•�‡���’�‘�•�•�°�†�‡�•�–���’�ƒ�•���†�ï�‘�”�†�”�‡���•���Ž�‘�•�‰�—�‡���†�‹�•�–�ƒ�•�…�‡��

�‘�—�� �†�‡�� �•�–�”�—�…�–�—�”�‡�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡�ä�� ���‡�—�”�� �•�–�”�—�…�–�—�”�‡�� �’�‘�•�•�°�†�‡�� �—�•�� �‘�”�†�”�‡�� �…�Š�‹�•�‹�“�—�‡�� �•�ƒ�‹�•�� �•�ƒ�•�•�� �’�±�”�‹�‘�†�‹�…�‹�–�±�� �•��

� Ž� ‘� •� ‰� —� ‡� � � †� ‹� •� –� ƒ� •� …� ‡� á� � � …� ï� ‡� •� –� � � •� � � †� ‹� ”� ‡� � � ƒ� —� æ� †� ‡� Ž� •� � � †� ‡� � � †� ‡� —� š� � � ‘� —� � � –� ”� ‘� ‹� •� � � †� ‹� •� –� ƒ� •� …� ‡�•�� �‹�•�–�‡�”�ƒ�–�‘�•�‹�“�—�‡�•�ä�� �2�–�ƒ�•�–��

� •� ±� –� ƒ� Ž� Ž� ‹� “� —� ‡� •� á� � � ‹� Ž� •� � � •� ‡� � � •� ‘� •� –� � � ’� ƒ� •� � � –� ”� ƒ� •� •� ’� ƒ� ”� ‡� •� –� •� � � •� � � Ž� ƒ� � � Ž� —� •� ‹� °� ”� ‡� ä� � � �� ‹� � � …� ‡� ”� –�ƒ�‹�•�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �†�‡�•�� �˜�‡�”�”�‡�•��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���•�‡���”�‡�•�•�‡�•�„�Ž�‡�•�–���’�ƒ�•���„�‡�ƒ�—�…�‘�—�’���•���…�‡�Ž�Ž�‡�•���†�‡�•���˜�‡�”�”�‡�•���†�ï�‘�š�›�†�‡�á���‡�Ž�Ž�‡�•���•�‘�•�–���•�±�ƒ�•�•�‘�‹�•�•���–�”�°�•��

�†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•���†�‡�•���•�±�–�ƒ�—�š���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�•�ä��

� �� •� � � ‰� ±� •� ±� ”� ƒ� Ž� á� � � “� —� ƒ� •� †� � � —� •� � � Ž� ‹� “� —� ‹� †� ‡� � � ‡� •� –� � � ”� ‡� ˆ� ”� ‘� ‹� †� ‹� á� � � ƒ� –� ‘� •� ‡� •� � � ‡� –� � � •� ‘� Ž� ±� …� —� Ž� ‡� •� ��•�ï�‘�”�‰�ƒ�•�‹�•�‡�•�–�� �‡�•�� �‘�…�…�—�’�ƒ�•�–�� �†�‡�•��

�’�‘�•�‹�–�‹�‘�•�•�� �†�±�–�‡�”�•�‹�•�±�‡�•�� �†�ƒ�•�•�� �—�•�‡�� �•�ƒ�‹�Ž�Ž�‡�á�� �…�‡�� �“�—�‹�� �†�‘�•�•�‡�� �Ž�‹�‡�—�� �•�� �Ž�ƒ�� �ˆ�‘�”�•�ƒ�–�‹�‘�•�� �†�‡�� �…�”�‹�•�–�ƒ�—�š�ä�� ���ƒ��

�…�‘�•�ˆ�‹�‰�—�”�ƒ�–�‹�‘�•�� �†�‡�•�� �ƒ�–�‘�•�‡�•�� �†�ƒ�•�•�� �Ž�‡�� �…�”�‹�•�–�ƒ�Ž�� �†�‹�ˆ�ˆ�°�”�‡�� �„�‡�ƒ�—�…�‘�—�’�� �†�‡�� �…�‡�Ž�Ž�‡�� �†�—�� �Ž�‹�“�—�‹�†�‡�� ���†�±�•�‘�”�†�‘�•�•�±�‡���� �‡�–��

�—�•�‡���‰�‡�”�•�‹�•�ƒ�–�‹�‘�•���†�‘�‹�–���ƒ�˜�‘�‹�”���Ž�‹�‡�—���’�‘�—�”���‹�•�‹�–�‹�‡�”���Ž�ƒ���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�ä�����”�á���Ž�ƒ���‰�‡�”�•�‹�•�ƒ�–�‹�‘�•���…�‘�”�”�‡�•�’�‘�•�†���•���Ž�ƒ��
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�†�‡�� �•�‘�Ž�—�–�±�� �†�±�’�ƒ�•�•�‡�� �Ž�‡�� �•�‹�˜�‡�ƒ�—��

�ƒ�—�“�—�‡�Ž�� �…�Š�ƒ�…�—�•�� �†�‡�•�� �ƒ�–�‘�•�‡�•�� �†�‡��

�•�‘�Ž�—�–�±�� �’�‡�—�–�� �²�–�”�‡�� �‡�•�ˆ�‡�”�•�±�� �†�ƒ�•�•�� �—�•��

�…�Ž�—�•�–�‡�”���—�•�‹�“�—�‡�á���Ž�‡���…�‘�•�–�ƒ�…�–���‡�•�–�”�‡���Ž�‡�•��

�ƒ�–�‘�•�‡�•���˜�‘�‹�•�‹�•�•���†�‡���•�‘�Ž�—�–�±���•�‡�”�ƒ�‹�–���’�‘�•�•�‹�„�Ž�‡�á���’�‡�”�•�‡�–�–�ƒ�•�–���†�‡���†�±�ˆ�‹�•�‹�”���†�‡�•���6�…�Š�ƒ�Á�•�‡�•�6���‡�–���†�‡�•���6�”�±�•�‡�ƒ�—�š�6���†�‡��

�…�Ž�—�•�–�‡�”�•���“�—�ƒ�•�‹�æ�±�“�—�‹�˜�ƒ�Ž�‡�•�–�•�����y�{���ä��

���•���”�±�•�—�•�±�á���ƒ�—���Ž�‹�‡�—���†�ï�—�•���‡�•�’�‹�Ž�‡�•�‡�•�–���ƒ�Ž�±�ƒ�–�‘�‹�”�‡���†�ï�ƒ�–�‘�•�‡�•�á���—�•���˜�‡�”�”�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡���’�‘�—�”�”�ƒ�‹�–���²�–�”�‡���†�±�…�”�‹�–��

� …� ‘� •� •� ‡� � � —� •� � � ‡� •� ’� ‹� Ž� ‡� •� ‡� •� –� � � †� ‡� � � ’� ‘� Ž� ›� °� †� ”� ‡� •� � � †� ‹� ˆ� ˆ� ±� ”� ‡� •� –� •� � � �� †� —� � � ’� ‘� ‹� •� –� � � †� ‡� � � ˜� —� ‡� � � †� ‡�� �Ž�‡�—�”�� �•�–�”�—�…�–�—�”�‡�� �‡�–�� �†�‡�� �Ž�‡�—�”��

�…�‘�•�’�‘�•�‹�–�‹�‘�•�� �…�Š�‹�•�‹�“�—�‡���ä�� ���‡�–�–�‡�� �†�‡�•�…�”�‹�’�–�‹�‘�•�� �‡�•�–�� �’�‡�”�–�‹�•�‡�•�–�‡�� �’�‘�—�”�� �…�‘�•�’�”�‡�•�†�”�‡�� �Ž�ƒ�� �ˆ�‘�”�•�ƒ�–�‹�‘�•�� �†�‡�•��

�˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���‡�–���‡�š�’�Ž�‹�“�—�‡�”���…�‡�”�–�ƒ�‹�•�‡�•���…�ƒ�”�ƒ�…�–�±�”�‹�•�–�‹�“�—�‡�•���’�Š�›�•�‹�“�—�‡�•���‘�„�•�‡�”�˜�±�‡�•�á���‡�•���”�‡�Ž�ƒ�–�‹�‘�•���ƒ�˜�‡�…��

�Ž�‡���…�‘�•�’�‘�”�–�‡�•�‡�•�–���•�±�…�ƒ�•�‹�“�—�‡���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�ä��

��

1.7 Propriétés ��et��applications ��des��verres ��métalliques ��

1.7.1 Propriétés ��chimiques ��

���ƒ���’�ƒ�”�–�‹�…�—�Ž�ƒ�”�‹�–�±���†�‡���Ž�ï�Š�‘�•�‘�‰�±�•�±�‹�–�±���…�Š�‹�•�‹�“�—�‡���‡�–���†�‡���Ž�ï�ƒ�„�•�‡�•�…�‡���†�‡�•���Œ�‘�‹�•�–�•���†�‡���‰�”�ƒ�‹�•�•���†�ƒ�•�•���Ž�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �ƒ�•�‘�”�’�Š�‡�•�� �†�‘�–�‡�� �…�‡�•�� �ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �†�ï�—�•�‡�� �”�±�•�‹�•�–�ƒ�•�…�‡�� �±�Ž�‡�˜�±�‡��� •� � � Ž� ƒ� � � …� ‘� ”� ”� ‘� •� ‹� ‘� •� ä� � � �� ‡� –� –� ‡� � � “� —� ƒ� Ž� ‹� –� ±� �

�”�ƒ�Œ�‘�—�–�±�‡���•���—�•�‡���Š�ƒ�—�–�‡���†�—�”�‡�–�±���…�‘�•�•�–�‹�–�—�‡���—�•�‡���…�‘�•�„�‹�•�ƒ�‹�•�‘�•���†�‡���’�”�‘�’�”�‹�±�–�±�•���–�”�°�•���‹�•�–�±�”�‡�•�•�ƒ�•�–�‡�•���†�ƒ�•�•���—�•��

�•�±�–�ƒ�Ž���ƒ�˜�‡�…���†�‡�•���ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�•���’�‘�–�‡�•�–�‹�‡�Ž�Ž�‡�•���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���†�ƒ�•�•���Ž�‡���†�‘�•�ƒ�‹�•�‡���„�‹�‘�•�±�†�‹�…�ƒ�Ž�����z�r�á��

�z�s���ä�����‡�’�‡�•�†�ƒ�•�–�á���…�‡�–�–�‡���”�±�•�‹�•�–�ƒ�•�…�‡���‡�•�–���–�”�°�•���‹�•�ˆ�Ž�—�‡�•�…�±�‡���’�ƒ�”���Ž�ƒ���…�‘�•�’�‘�•�‹�–�‹�‘�•���…�Š�‹�•�‹�“�—�‡���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�����z�t�á��

�z�u���ä��

Figure�� 1.17��:��Empilement��de��clusters��quasi�æéquivalents��proposé��par��Sheng��
et��al.��[79]��
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1.7.2 Propriétés ��électriques ��

���ƒ���”�±�•�‹�•�–�‹�˜�‹�–�±���†�‡�•���•�ƒ�–�±�”�‹�ƒ�—�š���ƒ�•�‘�”�’�Š�‡�•���‡�•�–���’�Ž�—�•��

�±�Ž�‡�˜�±�‡�� �“�—�‡�� �…�‡�Ž�Ž�‡�� �†�‡�•�� �•�ƒ�–�±�”�‹�ƒ�—�š�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�•�� �‡�–��

� ’� Ž� —� •� � � ’� ”� ‘� …� Š� ‡� � � †� ‡� � � …� ‡� Ž� Ž� ‡� � � †� ‡� •� � � •� ±� –� ƒ� —� š� � � Ž� ‹� “� —� ‹� †� ‡� ä� � � �� � � Ž� ƒ� �

�–�‡�•�’�±�”�ƒ�–�—�”�‡�� �ƒ�•�„�‹�ƒ�•�–�‡�á�� �Ž�‡�•�� �˜�ƒ�Ž�‡�—�”�•�� �•�‘�•�–��

�‰�±�•�±�”�ƒ�Ž�‡�•�‡�•�–�� �†�‡�� �Ž�ï�‘�”�†�”�‡�� �†�‡�� �s�r�r�æ�u�r�r�� �Á�À�ä�…�•��

���z�v�������s�r���Á�À�ä�…�•���’�‘�—�”���Ž�‡���ˆ�‡�”���’�—�”���ä�����ƒ���”�±�•�‹�•�–�‹�˜�‹�–�±���•��

� „� ƒ� •� •� ‡� � � –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � ‡� •� –� � � ±� ‰� ƒ� Ž� ‡� •� ‡� •� –� � � ‹� •� ’� ‘� ”� –� ƒ� •� –� ‡� ä� �

���‡�� �…�‘�‡�ˆ�ˆ�‹�…�‹�‡�•�–�� �†�‡�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �‡�•�–�� �ˆ�ƒ�‹�„�Ž�‡�á��

�•�‘�—�˜�‡�•�–���‹�•�ˆ�±�”�‹�‡�—�”���•���s�r���v�������s�ä�����‡�Ž�ƒ���‡�•�–���ƒ�–�–�”�‹�„�—�±���•��

�Ž�ƒ���†�‹�ˆ�ˆ�—�•�‹�‘�•���†�‡�•���±�Ž�‡�…�–�”�‘�•�•���†�‡���…�‘�•�†�—�…�–�‹�‘�•���’�ƒ�”���Ž�‡�•��

�ƒ�–�‘�•�‡�•�� �†�ƒ�•�•�� �Ž�ƒ�� �•�–�”�—�…�–�—�”�‡�� �†�±�•�‘�”�†�‘�•�•�±�‡�ä��

���‡�”�–�ƒ�‹�•�‡�•���…�‘�•�’�‘�•�‹�–�‹�‘�•�•���’�”�±�•�‡�•�–�‡�•�–���—�•���…�‘�‡�ˆ�ˆ�‹�…�‹�‡�•�–���†�‡���–�‡�•�’�±�”�ƒ�–�—�”�‡���•�±�‰�ƒ�–�‹�ˆ�����z�w���ä�����ï�‡�š�’�Ž�‘�‹�–�ƒ�–�‹�‘�•���†�‡��

�Ž�ƒ�� �”�±�•�‹�•�–�‹�˜�‹�–�±�� �‹�•�’�‘�”�–�ƒ�•�–�‡�� �†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �’�‡�”�•�‡�–�� �•�‘�•�� �ƒ�•�•�‡�•�„�Ž�ƒ�‰�‡�� �’�ƒ�”�� �‡�ˆ�ˆ�‡�–�� ��‘�—�Ž�‡�� ���	�‹�‰�—�”�‡��

 �s�ä�s�z�����•�ƒ�•�•���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�����z�x���ä�����‡��� ’�”� ‘�…�±�†�±���‡�•�–��� ’�”� ‘�•�‡�–�–�‡�—�”���ƒ�—���•�‹�˜�‡�ƒ�—���‹�•�†�—�•�–�”�‹�‡�Ž���‡�•���’�‡�”�•�‡�–�–�ƒ�•�–���Ž�ƒ��

�”�±�ƒ�Ž�‹�•�ƒ�–�‹�‘�•���†�‡���ˆ�‘�”�•�‡�•���…�‘�•�’�Ž�‡�š�‡�•�ä��

��

1.7.3 Propriétés ��magnétiques ��

���•�� �†�‘�•�ƒ�‹�•�‡�� �†�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�� �–�”�°�•�� �‡�š�’�Ž�‘�‹�–�±�� �‡�•�–�� �…�‡�Ž�—�‹�� �†�‡�•�� �’�”�‘�’�”�‹�±�–�±�•� � � •� ƒ� ‰� •� ±� –� ‹� “� —� ‡� •� � � †� ‡� •� � � ˜� ‡� ”� ”� ‡� •� �

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�ä�� �
�±�•�±�”�ƒ�Ž�‡�•�‡�•�–�á�� �Ž�‡�•���˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �…�‘�•�–�‡�•�ƒ�•�–�� �‡�•�–� ”� ‡� � � y� r� � � ‡� –� � � {� r� � � ¨� � � †� ‡� � � •� ±� –� ƒ� —� š� � � †� ‡� �

�–�”�ƒ�•�•�‹�–�‹�‘�•�� ���	�‡�á�� ���‘�á�� �‡�–�� ���‹���� �•�‘�•�–�� �ˆ�‡�”�”�‘�•�ƒ�‰�•�±�–�‹�“�—�‡�•�� �†�‘�—�š�� �ƒ�˜�‡�…�� �†�‡�•���–�‡�•�’�±�”�ƒ�–�—�”�‡�•�� �†�‡�� ���—�”�‹�‡��

�•�—�’�±�”�‹�‡�—�”�‡�•���•���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���ƒ�•�„�‹�ƒ�•�–�‡�ä��

���•���Ž�ï�ƒ�„�•�‡�•�…�‡���†�‡���”�±�•�‡�ƒ�—���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�á���‘�•���’�‡�—�–���•�—�’�’�‘�•�‡�”���“�—�ï�‹�Ž���•�ï�›���ƒ���’�ƒ�•���†�ï�ƒ�•�‹�•�‘�–�”�‘�’�‹�‡���•�ƒ�‰�•�±�–�‹�“�—�‡���†�ƒ�•�•��

�…�‡�•�� �ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �ƒ�•�‘�”�’�Š�‡�•�ä�� ���‡�’�‡�•�†�ƒ�•�–�á�� �‡�•�� �”�ƒ�‹�•�‘�•�� �†�‡�•�� �…�‘�•�†�‹�–�‹�‘�•�•�� �†�‡�� �’� ”� ±� ’� ƒ� ”� ƒ� –� ‹� ‘� •� á� � � Ž� ‡� •� � � ”� —� „� ƒ� •� •� � � †� ‡� � � …� ‡� •� �

�ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �‘�•�–�� �–�‘�—�Œ�‘�—�”�•�� �—�•�‡�� �ƒ�•�‹�•�‘�–�”�‘�’�‹�‡�� �’�Ž�—�•�� �‘�—�� �•�‘�‹�•�•�� �Ž�‘�…�ƒ�Ž�‡�ä�� ���‡�–�–�‡�� �ƒ�•�‹�•�‘�–�”�‘�’�‹�‡�� �’�‡�—�–�� �²�–�”�‡�� �”�±�†�—�‹�–�‡��

�’�ƒ�”�� �•�‹�•�’�Ž�‡�� �–�”�ƒ�‹�–�‡�•�‡�•�–�� �–�Š�‡�”�•�‹�“�—�‡�á�� �‘�—�� �‘�”�‹�‡�•�–�±�‡�� �’�ƒ�”�� �–�”�ƒ�‹�–�‡�•�‡�•�–�� �–�Š�‡�”�•�‹�“�—�‡�� �•�‘�—�•�� �…�Š�ƒ�•�’�� �‘�—�� �•�‘�—�•��

� …� ‘� •� –� ”� ƒ� ‹� •� –� ‡� � � �� z� y� á� � � z� z� �� ä� � � �� •� � � Ž� ï� ƒ� „� •� ‡� •� …� ‡� � � †� ‡� � � Œ� ‘� ‹� •� –� •� � � †� ‡� � � ‰� ”� ƒ� ‹� •� •� � � ‡� –� � � †� ‡� � � ’� ”� ±�…�‹�’�‹�–�±�•�� �‡�–�� �ƒ�˜�‡�…�� �—�•�‡�� �ƒ�•�‹�•�‘�–�”�‘�’�‹�‡��

�•�ƒ�‰�•�±�–�‹�“�—�‡�� �–�”�°�•�� �”�±�†�—�‹�–�‡�� ���†�‡�•�� �’�‡�”�•�±�ƒ�„�‹�Ž�‹�–�±�•�� �±�Ž�‡�˜�±�‡�•���á�� �…�‡�•�� �•�ƒ�–�±�”�‹� ƒ� —� š� � � •� ‘� —� •� ‹� •� � � •� � � †� ‡� •� � � …� Š� ƒ� •� ’� •� �

� •� ƒ� ‰� •� ±� –� ‹� “� —� ‡� •� � � ƒ� Ž� –� ‡� ”� •� ƒ� –� ‹� ˆ� •� � � ’� ”� ‘� †� —� ‹� •� ‡� •� –� � � †� ‡� •� � � ’� ‡� ”� –� ‡� •� � � ˆ� ƒ� ‹� „� Ž� ‡� •� � � ‡� –� � � •� ‘� •� –� � � —�–�‹�Ž�‹�•�±�•�� �…�‘�•�•�‡�� �…�‹�”�…�—�‹�–�•��

�•�ƒ�‰�•�±�–�‹�“�—�‡�•�� �†�ƒ�•�•�� �†�‡�� �•�‘�•�„�”�‡�—�•�‡�•�� �ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�•�� ���z�{���ä�� ���‡�� �ˆ�‡�”�”�‘�•�ƒ�‰�•�±�–�‹�•�•�‡�� �†�‘�—�š�� �ˆ�ƒ�‹�–�� �“�—�‡�� �…�‡�•��

�˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���•�‘�•�–���±�‰�ƒ�Ž�‡�•�‡�•�–���–�”�°�•���—�–�‹�Ž�‹�•�±�•���…�‘�•�•�‡���…�ƒ�’�–�‡�—�”�•���—�Ž�–�”�ƒ�•�‡�•�•�‹�„�Ž�‡�•�ä��

��

Figure�� 1.18��:��Assemblage��électromécanique��de��barres��
massives��de��l’alliage��Zr65Al7.5Ni10Cu7.5Pd10��[86]��
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1.7.4 Propriétés ��mécaniques ��

���Ž�� �‡�•�–�� �•�ƒ�‹�•�–�‡�•�ƒ�•�–�� �±�–�ƒ�„�Ž�‹�� �“�—�‡�� �Ž�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �’�‘�•�•�°�†�‡�•�–�� �—�•�‡�� �…�‘�•�„�‹�•�ƒ�‹�•�‘�•�� �—�•�‹�“�—�‡�� �†�‡�� �–�”�°�•��

�Š�ƒ�—�–�‡���”�±�•�‹�•�–�ƒ�•�…�‡���•�±�…�ƒ�•�‹�“�—�‡���‡�–���†�‡���†�—�”�‡�–�±���±�Ž�‡�˜�±�‡���†�—�‡���•���—�•�‡���ˆ�‘�”�–�‡���±�Ž�ƒ�•�–�‹�…�‹�–�±���†�‡���Ž�ï�‘�”�†�”�‡���†�‡���t�¨�ä��

� ��ƒ� � �†� ‹� •� ’� ‘� •� ‹� „� ‹�Ž� ‹�–�±� � �†�‡� •� � �†� ‘� •� •�±�‡� •� � � •�—� ”�� �Ž�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �†�‡�•���˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �ƒ�� �’�‡�”�•�‹�•�� �•��

���•�Š�„�›���‡�–���
�”�‡�‡�”�����{�r�����†�‡���Ž�‡�•���‹�•�…�Ž�—�”�‡���†�ƒ�•�•���Ž�ƒ���…�‘�•�•�–�”�—�…�–�‹�‘�•���†�‡�•���…�ƒ�”�–�‡�•���†�‡���•�±�Ž�‡�…�–�‹�‘�•���…�‘�—�˜�”�ƒ�•�–���’�Ž�—�•���†�‡��
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Figure�� 1.19��:��La��limite��élastique��en��fonction��du��module��de��Young��pour��différents��types��de��matériaux��[90]��
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Figure�� 1.20��:��Reproduction��de��reliefs��à��l’échelle��micronique��sur��la��surface��d’un��échantillon��massif��de��Pd40Cu30Ni10P20��à��

partir ��d’un��substrat��en��carbure��de��tungstène��[92]��
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1.7.4.1 Modes��de��déformation ��des��alliages ��métalliques ��amorphes ��
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Figure�� 1.21��:��Carte��de��déformation��de��verres��métalliques��développée��par��F.��Spaepen��en��1977��[93]��

�x Écoulement��homogène�� �‰�Ž�‘�„�ƒ�Ž�‡�•�‡�•�–�� �•�‡�™�–�‘�•�‹�‡�•�á�� �‘�î�� �…�Š�ƒ�“�—�‡�� �ƒ�–�‘�•�‡�� �†�‡�� �Ž�ï�±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�� �•�‘�Ž�Ž�‹�…�‹�–�±��

�…�‘�•�–�”�‹�„�—�‡�� �•�� �Ž�ƒ�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �–�‘�–�ƒ�Ž�‡�ä�� ���•�� �–�”�ƒ�…�–�‹�‘�•�� �’�ƒ�”�� �‡�š�‡�•�’�Ž�‡�á�� �Ž�ƒ���•�‡�…�–�‹�‘�•�� �†�‡�� �Ž�ï�±�’�”�‘�—�˜�‡�–�–�‡�� �•�‡��

�”�±�–�”�±�…�‹�‡���—�•�‹�ˆ�‘�”�•�±�•�‡�•�–���‡�–���Ž�ƒ���”�—�’�–�—�”�‡���•�‡���’�”�‘�†�—�‹�–���ƒ�’�”�°�•���—�•�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���’�Ž�ƒ�•�–�‹�“�—�‡���‡�š�–�‡�•�•�‹�˜�‡�ä�����‡��

�•�‘�†�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���•�‹�•�‹�Ž�ƒ�‹�”�‡���ƒ�—���ˆ�Ž�—�ƒ�‰�‡���‹�•�–�‡�”�˜�‹�‡�•�–���ƒ�—�š���„�ƒ�•���•�‹�˜�‡�ƒ�—�š���†�‡���…�‘�•�–�”�ƒ�‹�•�–�‡�•���‡�–���•���Š�ƒ�—�–�‡�•��

�–�‡�•�’�±�”�ƒ�–�—�”�‡�•���…�‘�•�•�‡���Ž�‡���•�‘�•�–�”�‡���Ž�ƒ���ˆ�‹�‰�—�”�‡�� �s�ä�t�s�ä��



Ch 1. Étude bibliographique 45��
��

��
��
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Figure�� 1.22��:��Les��deux��modes��de��déformation��:��(a)��homogène��à��hautes��températures��[94]��et,��(b)��hétérogène��à��basses��

températures��[95]��
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1.7.4.2 Déformation ��homogène��à��hautes��températures ��(fluage) ��
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Figure�� 1.23��:��(a)��Comportement��en��compression��en��fonction��de��la��température��d’essai��pour��un��VMM��à��base��de��Zr,��(b)��effet��

de��la��vitesse��de��déformation��à��T=643��K��(Tg=623��K)��[98]��
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Figure�� 1.28��:��Corrélation��de��l'énergie��de��rupture��avec��le��coefficient��de��Poisson���K��pour��plusieurs��matériaux��amorphes��[115]��
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�����������ã�����‘�‘�’�‡�”�ƒ�–�‹�˜�‡�����Š�‡�ƒ�”�‹�•�‰�����‘�†�‡�Ž�����ƒ�ˆ�‹�•���†�ï�±�Ž�—�…�‹�†�‡�”���Ž�ƒ���˜�ƒ�”�‹�ƒ�–�‹�‘�•���–�Š�‡�”�•�‹�“�—�‡���†�‡���Ž�ƒ���Ž�‹�•�‹�–�‡���±�Ž�ƒ�•�–�‹�“�—�‡��

�†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�ä�����ƒ�•�•���Ž�‡�—�”���•�‘�†�°�Ž�‡�á���Ž�‡�•���„�ƒ�”�”�‹�°�”�‡�•���†�5�±�•�‡�”�‰�‹�‡���’�‘�–�‡�•�–�‹�‡�Ž�Ž�‡���•���Ž�5�±�…�Š�‡�Ž�Ž�‡���ƒ�–�‘�•�‹�“�—�‡��

�’�‡�—�˜�‡�•�–���²�–�”�‡���“�—�ƒ�•�–�‹�–�ƒ�–�‹�˜�‡�•�‡�•�–���‡�•�–�‹�•�±�‡�•���’�‘�—�”���…�Š�ƒ�“�—�‡���…�‘�•�’�‘�•�‹�–�‹�‘�•�ä�����ƒ���†�‡�•�•�‹�–�±���†�‡���Ž�ƒ���„�ƒ�”�”�‹�°�”�‡���‡�•�–��

� †�±�–�‡� ”� •� ‹� •� ±� ‡� � � ’� ƒ� ”� � � � �À�¤ N
�6�8

�  �. �J�@�a�6�á�� �‘�î�� ���� �‡�•�–�� �Ž�ƒ�� �„�ƒ�”�”�‹�°�”�‡�� �†�5�±�•�‡�”�‰�‹�‡�� �’�‘�–�‡�•�–�‹�‡�Ž�Ž�‡�� �–�‘�–�ƒ�Ž�‡�� �†�ƒ�•�•�� �—�•�� �˜�‡�”�”�‡��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�� �•�‘�•�æ�•�‘�Ž�Ž�‹�…�‹�–�±�� �•�±�…�ƒ�•�‹�“�—�‡�•�‡�•�–�á�� �3�� �Ž�‡�� �˜�‘�Ž�—�•�‡�� �ƒ�…�–�—�‡�Ž�� �†�5�—�•�‡�� �������� �‡�–�� �@�…�� �Ž�ƒ�� �†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•��

�…�”�‹�–�‹�“�—�‡�� �†�‡�� �…�‹�•�ƒ�‹�Ž�Ž�‡�•�‡�•�–�� ���@�…� � � ±� � � Ž� ‹� •� ‹� –� ‡� � � ±� Ž� ƒ� •� –� ‹� “� —� ‡� � � †� ‡� � � …� ‹� •� ƒ� ‹� Ž� Ž� ‡� •� ‡� •� –� �� •� ‘� †� —� Ž� ‡� � � †� ‡� � � …� ‹� •� ƒ� ‹� Ž� Ž� ‡� •� ‡� •� –� �� ä� � � �� ‡�•��

�…�ƒ�Ž�…�—�Ž�•���†�‡����‘�Š�•�•�‘�•���‡�–�����ƒ�•�™�‡�”���†�‡���Ž�ƒ���†�‡�•�•�‹�–�±���†�‡�•��

�„�ƒ�”�”�‹�°�”�‡�•�� �†�‡�� �Ž�5�±�•�‡�”�‰�‹�‡�� �’�‘�–�‡�•�–�‹�‡�Ž�Ž�‡�� �’�‡�”�•�‡�–�–�ƒ�‹�‡�•�–��

�•�� ���‹�—�� �‡�–�� �ƒ�Ž�ä�� ���s�s�z���� �†�‡�� �†�±�ˆ�‹�•�‹�”�� �—�•�� �…�”�‹�–�°�”�‡��

�±�•�‡�”�‰�±�–�‹�“�—�‡�� �†�‡�� �Ž�ƒ�� �†�—�…�–�‹�Ž�‹�–�±�� �‹�•�–�”�‹�•�•�°�“�—�‡�� �†�‡�•��

�˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ã���Ž�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���†�—�…�–�‹�Ž�‡�•���‘�•�–���—�•�‡��

�†�‡�•�•�‹�–�±�� �†�‡�� �„�ƒ�”�”�‹�°�”�‡�� �±�•�‡�”�‰�±�–�‹�“�—�‡�� �•�‘�‹�•�•�� �±�Ž�‡�˜�±�‡�á��

�‹�•�ˆ�±�”�‹�‡�—�”�‡�� �•�� �r�ä�r�y�æ�r�ä�r�z�� �
����•�u�á�� �’�‘�—�”�� �Ž�ï�ƒ�…�–�‹�˜�ƒ�–�‹�‘�•��

�†�‡�•�� �������•�� �‡�–�� �†�‘�•�…�� �Ž�ƒ�� �•�—�Ž�–�‹�’�Ž�‹�…�ƒ�–�‹�‘�•�� �†�‡�•�� �„�ƒ�•�†�‡�•��

� †� ‡� � � …� ‹� •� ƒ� ‹� Ž� Ž� ‡� •� ‡� •� –� � � “� —� ‹� � � …� ‘� ”� ”� ‡� •� ’� ‘� •� †� � � •� � � —� •� ‡� � � …� ‡� ”� –� ƒ� ‹� •� ‡� �

�†�±�Ž�‘�…�ƒ�Ž�‹�•�ƒ�–�‹�‘�•�� �†�‡���Ž�ƒ���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�ä�����ƒ�� �ˆ�‹�‰�—�”�‡�� �s�ä�t�{��

�•�‘�•�–�”�‡�� �—�•�� �‡�š�‡�•�’�Ž�‡�� �†�‡�� �…�‡�–�–�‡�� �…�‘�•�…�‘�”�†�ƒ�•�…�‡�� �†�ƒ�•�•��

�Ž�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���ƒ�•�‘�”�’�Š�‡�•���•���„�ƒ�•�‡���†�‡���ˆ�‡�”�ä��

Figure�� 1.29��:��Déformation��plastique��vs.��la��densité��de��barrière��
énergétique��pour��plusieurs��alliages��amorphes��à��base��de��fer��
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2.1 Introduction ��

���‡�� �ˆ�ƒ��‘�•�� �‰�±�•�±�”�ƒ�Ž�‡�á�� �•�‘�–�”�‡�� �–�”�ƒ�˜�ƒ�‹�Ž� � � ‡� š� ’� ±� ”� ‹� •� ‡� •� –� ƒ� Ž� � � ’� ƒ� •� •� ‡� � � ’� ƒ� ”� � � –� ”� ‘� ‹� •� � � ±�–�ƒ�’�‡�•�� �‡�•�•�‡�•�–�‹�‡�Ž�Ž�‡�•���ã�� ���‹����

�Ž�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �†�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �†�‡�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �†�‡�� �†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•�� �…�‘�•�’�‘�•�‹�–�‹�‘�•�•�� �‡�–�� �•�‘�—�•�� �†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•��

�ˆ�‘�”�•�‡�•�á�� �ƒ�‹�•�•�‹�� �“�—�‡�� �Ž�‡�—�”�•�� �…�‘�•�’�‘�•�‹�–�‡�•���â�� ���‹�‹���� �Ž�ƒ�� �•�±�Ž�‡�…�–�‹�‘�•�� �‡�–�� �’�”�±�’�ƒ�”�ƒ�–�‹�‘�•�� �†�‡�•�� �±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•�� �’�‘�—�”�� �†�‡�•��

�…�ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�–�‹�‘�•�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �‹�•�æ�•�‹�–�—�� �‡�–�� �‡�š�æ�•�‹�–�—�� �•�‘�›�‡�•�•�ƒ�•�–�� �’�Ž�—�•�‹�‡�—�”�•�� �‡�•�•�ƒ�‹�•�� �•�±�…�ƒ�•�‹�“�—�‡�•��

�…�‘�•�’�Ž�±�•�‡�•�–�ƒ�‹�”�‡�•���â���‡�–�����‹�‹�‹�����Ž�ï�ƒ�•�ƒ�Ž�›�•�‡���•�–�”�—�…�–�—�”�ƒ�Ž�‡���’�ƒ�”���†�‡�•���–�‡�…�Š�•�‹�“�—�‡�•���†�‡���…�ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�–�‹�‘�•���’�—�‹�•�•�ƒ�•�–�‡�•��

�ƒ�ˆ�‹�•�� �†�ï�±�–�—�†�‹�‡�”�� �Ž�ƒ�� �…�‘�”�”�±�Ž�ƒ�–�‹�‘�•�� �‡�•�–�”�‡�� �Ž�ƒ�� �•�‹�…�”�‘�•�–�”�—�…�–�—�”�‡�� ���‡�–�� �•�‘�•�� �±�˜�‘�Ž�—�–�‹�‘�•���� �‡�–�� �Ž�‡�� �…�‘�•�’�‘�”�–�‡�•�‡�•�–��

�•�±�…�ƒ�•�‹�“�—�‡���•�ƒ�…�”�‘�•�…�‘�’�‹�“�—�‡���‘�„�•�‡�”�˜�±�ä�����ƒ�•�•���…�‡���…�Š�ƒ�’�‹�–�”�‡�á���•�‘�—�•���’�”�±�•�‡�•�–�‘�•�•���Ž�‡�•���†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•���–�‡�…�Š�•�‹�“�—�‡�•��

�‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž�‡�•���“�—�‡���•�‘�—�•���ƒ�˜�‘�•�•���—�–�‹�Ž�‹�•�±�‡�•���’�‘�—�”���…�Š�ƒ�“�—�‡���±�–�ƒ�’�‡�ä��

��

2.2 Techniques ��d’élaboration ��

���‘�•���±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•���‘�•�–���±�–�±���±�Ž�ƒ�„�‘�”�±�•���ƒ�—���•�‡�‹�•���†�—�����ƒ�„�‘�”�ƒ�–�‘�‹�”�‡���†�‡�����…�‹�‡�•�…�‡���‡�–�����•�‰�±�•�‹�‡�”�‹�‡���†�‡�•�����ƒ�–�±�”�‹�ƒ�—�š��

�‡�–�����”�‘�…�±�†�±�•�� ���������ƒ������ �†�‡�� �
�”�‡�•�‘�„�Ž�‡�ä�����‹�ˆ�ˆ�±�”�‡�•�–�‡�•�� �…�‘�•�’�‘�•�‹�–�‹�‘�•�•�� �‘�•�–���±�–�±���’�”�±�’�ƒ�”�±�‡�•�á���•�� �„�ƒ�•�‡���†�‡�����†�á�����”�á��

���—�á�� �	�‡�á�� ���‘�å�� �‡�–�…�ä�� ���‘�—�”�� �—�•�‡�� �…�‘�•�’�‘�•�‹�–�‹�‘�•�� �†�‘�•�•�±�‡�á�� �Ž�‡�� �’�”�‘�…�‡�•�•�—�•�� �†�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �…�‘�•�•�‡�•�…�‡�� �’�ƒ�”�� �Ž�ƒ��

�’�”�±�’�ƒ�”�ƒ�–�‹�‘�•���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡���’�‘�Ž�›�…�‘�•�•�–�‹�–�—�±�ä�����ï�‹�•�’�‘�”�–�ƒ�•�…�‡���†�‡���…�‡�–�–�‡���±�–�ƒ�’�‡���˜�‹�‡�•�–���†�‡���•�‘�•���‹�•�ˆ�Ž�—�‡�•�…�‡���†�‹�”�‡�…�–�‡��

�•�—�”���Ž�ƒ���“�—�ƒ�Ž�‹�–�±���†�—���’�”�‘�†�—�‹�–���ˆ�‹�•�ƒ�Ž���‡�–���•�‡�•���’�”�‘�’�”�‹�±�–�±�•�ä��

���‘�—�•���…�‘�•�•�‡�•��‘�•�•���’�ƒ�”���…�Š�‘�‹�•�‹�”���†�‡�•���±�Ž�±�•�‡�•�–�•���†�‡���Š�ƒ�—�–�‡���’�—�”�‡�–�±���â���Ž�‡�•���±�Ž�±�•�‡�•�–�•���’�”�‹�•�…�‹�’�ƒ�—�š���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡��

� ’� ‡� —� ˜� ‡� •� –� � � •� —� „� ‹� ”� � � —� •� � � –� ”� ƒ� ‹� –� ‡� •� ‡� •� –� � � •� ’� ±� …� ‹� ˆ� ‹� “� —� ‡� � � †� ‡� � � ’� —� ”� ‹� ˆ� ‹� …� ƒ� –� ‹� ‘� •� � � ’� ƒ� ”� � � †� ‡� •� ��…�›�…�Ž�‡�•�� �†�‡�� �ˆ�—�•�‹�‘�•�� �•�� �Š�ƒ�—�–�‡��

� –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � �� µ� � � t� r� r� r� � � ¹� �� �� � � •� ‘� —� •� � � —� •� ‡� � � ƒ� –� •� ‘� •� ’� Š� °� ”� ‡� � � †� ï� ƒ� ”� ‰� ‘� •� � � ’� —� ”� � � ƒ� ˆ� ‹� •� � � †� ‡�� �†�‹�•�•�‘�—�†�”�‡�� �–�‘�—�–�‡�•�� �•�‘�”�–�‡�•��

�†�ï�‘�š�›�†�‡�•�ä�� ���•�•�—�‹�–�‡�á�� �Ž�ï�‡�•�•�‡�•�„�Ž�‡�� �†�‡�•�� �±�Ž�±�•�‡�•�–�•�� �†�‡�� �Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� �‡�•�–�� �•�±�Ž�ƒ�•�‰�±�� �’�ƒ�”�� �ˆ�—�•�‹�‘�•�� �†�ƒ�•�•�� �—�•�� �…�”�‡�—�•�‡�–��

�ˆ�”�‘�‹�†���•�‘�—�•���—�•�‡���ƒ�–�•�‘�•�’�Š�°�”�‡���†�ï�ƒ�”�‰�‘�•���‘�—���•�‘�—�•���—�•���˜�‹�†�‡���•�‡�…�‘�•�†�ƒ�‹�”�‡�����³���s�r�æ�x�����‘�”�”���ä�����‡���…�”�‡�—�•�‡�–���ˆ�”�‘�‹�†���‡�•�–��

�…�‘�•�•�–�‹�–�—�±�� �†�‡�� �•�‡�…�–�‡�—�”�•�� �†�‡�� �…�—�‹�˜�”�‡�� �”�‡�ˆ�”�‘�‹�†�‹�•�� �’�ƒ�”�� �—�•�‡�� �…�‹�”�…�—�Ž�ƒ�–�‹�‘�•�� �†�ï�‡�ƒ�—�� �‹�•�–�‡�”�•�‡�ä�� ���‡�–�–�‡�� �•�‡�…�–�‘�”�‹�•�ƒ�–�‹�‘�•��

�’�‡�”�•�‡�–���Ž�‡���…�‘�—�’�Ž�ƒ�‰�‡���†�‹�”�‡�…�–���•�—�”�� �Ž�‡���•�ƒ�–�±�”�‹�ƒ�—���•�� �±�Ž�ƒ�„�‘�”�‡�”�á���†�‘�•�•�ƒ�•�–�� �•�ƒ�‹�•�•�ƒ�•�…�‡���•�� �†�‡�•�� �…�‘�—�”�ƒ�•�–�•�� �‹�•�†�—�‹�–�•��

�†�ƒ�•�•���Ž�ƒ���…�Š�ƒ�”�‰�‡���±�Ž�‡�…�–�”�‘�æ�…�‘�•�†�—�…�–�”�‹�…�‡�ä�����‡�Ž�Ž�‡�æ�…�‹���•�‡���•�‡�–���ƒ�Ž�‘�”�•���•���…�Š�ƒ�—�ˆ�ˆ�‡�”���’�ƒ�”���‡�ˆ�ˆ�‡�–����‘�—�Ž�‡�ä�����‘�”�•�“�—�‡���“�—�ï�‡�Ž�Ž�‡��

�†�‡�˜�‹�‡�•�–�� �Ž�‹�“�—�‹�†�‡�á�� �Ž�‡�•�� �ˆ�‘�”�…�‡�•�� �±�Ž�‡�…�–�”�‘�•�ƒ�‰�•�±�–�‹�“�—�‡�•�� �’�‡�”�•�‡�–�–�‡�•�–�á�� �†�ï�—�•�‡�� �’�ƒ�”�–�� �†�ï�±�Ž�‘�‹�‰�•�‡�”�� �Ž�ƒ�� �…�Š�ƒ�”�‰�‡�� �†�‡�•��

�’�ƒ�”�‘�‹�•�� �†�—�� �…�”�‡�—�•�‡�–�� ���Ž�±�˜�‹�–�ƒ�–�‹�‘�•���á�� �‡�–�� �†�ï�ƒ�—�–�”�‡�� �’�ƒ�”�–�� �†�ï�ƒ�•�•�—�”�‡�”�� �•�‘�•�� �Š�‘�•�‘�‰�±�•�±�‹�–�±�� �’�ƒ�”�� �„�”�ƒ�•�•�ƒ�‰�‡��

�±�Ž�‡�…�–�”�‘�•�ƒ�‰�•�±�–�‹�“�—�‡�ä��

���Ž�—�•�‹�‡�—�”�•�� �…�›�…�Ž�‡�•�� �†�‡�� �ˆ�—�•�‹�‘�•�� �•�‘�•�–�� �‡�•�’�Ž�‘�›�±�•�� �’�‘�—�”�� �ƒ�•�•�—�”�‡�”�� �Ž�ï�Š�‘�•�‘�‰�±�•�±�‹�•�ƒ�–�‹�‘�•�� �†�—�� �Ž�‹�“�—�‹�†�‡�� �ˆ�‘�•�†�—�ä�� ���‡��

�…�Š�ƒ�—�ˆ�ˆ�ƒ�‰�‡�� �‡�•�–�� �”�±�ƒ�Ž�‹�•�±�� �’�ƒ�”�� �‹�•�†�—�…�–�‹�‘�•�á�� �ƒ�—�� �•�‘�›�‡�•�� �†�ï�—�•�� �•�›�•�–�°�•�‡�� �…�‘�•�•�–�‹�–�—�±�� �†�ï�—�•�� �‰�±�•�±�”�ƒ�–�‡�—�”�� �†�‡��

�’�—�‹�•�•�ƒ�•�…�‡�á���—�•���…�‘�ˆ�ˆ�”�‡�–���†�‡���…�‘�•�†�‡�•�•�ƒ�–�‡�—�”���‡�–���—�•���‹�•�†�—�…�–�‡�—�”�ä�����‡���‰�±�•�±�”�ƒ�–�‡�—�”���‡�•�–���—�•���������������†�‡���t�w���•�����†�‡��

�ˆ�”�±�“�—�‡�•�…�‡�� �•�‘�›�‡�•�•�‡���†�‡���t�r�� �•�� �z�r�� �•���œ�ä�����‡���…�‘�ˆ�ˆ�”�‡�–���†�‡���…�‘�•�†�‡�•�•�ƒ�–�‡�—�”���’�‡�”�•�‡�–���†�‡���•�‘�†�‹�ˆ�‹�‡�”�� �Ž�‡�•�� �˜�ƒ�Ž�‡�—�”�•��
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Figure�� 2.1��:��Schéma��des��équipements��(a)��"Creuset��froid"��et��(b)��"Four��à��arc",��utilisés��pour��l’élaboration��des��alliages��

��

2.2.1 Élaboration ��de��rubans ��

���ƒ�� �ˆ�ƒ�„�”�‹�…�ƒ�–�‹�‘�•�� �†�‡�•�� �”�—�„�ƒ�•�•�� �•�ï�‡�ˆ�ˆ�‡�…�–�—�‡�� �’�ƒ�”�� �—�•���’�”�‘�…�±�†�±���‹�Ž�Ž�—�•�–�”�±�� �†�ƒ�•�•�� �Ž�ƒ�� �ˆ�‹�‰�—�”�‡�� �t�ä�t�ä�����ï�‡�•�–���Ž�ƒ���•�±�–�Š�‘�†�‡��

�†�‡���–�”�‡�•�’�‡���”�ƒ�’�‹�†�‡���Ž�ƒ���’�Ž�—�•���—�–�‹�Ž�‹�•�±�‡���†�ƒ�•�•���Ž�‡�•���Ž�ƒ�„�‘�”�ƒ�–�‘�‹�”�‡�•���†�—���ˆ�ƒ�‹�–���†�‡���•�ƒ���•�‹�•�’�Ž�‹�…�‹�–�±���†�‡���•�‹�•�‡���‡�•���à�—�˜�”�‡�ä��

���•�� �Œ�‡�–�� �†�‡�� �•�±�–�ƒ�Ž�� �Ž�‹�“�—�‹�†�‡�á�� �†�‡�� �r�ä�u�� �•�� �s�� �•�•�� �†�‡�� �†�‹�ƒ�•�°�–�”�‡�á�� �ˆ�‘�•�†�—�� �’�ƒ�”�� �‹�•�†�—�…�–�‹�‘�•�á�� �‡�•�–�� �’�”�‘�Œ�‡�–�±�� �•�‘�—�•�� �—�•�‡��

� ’� ”�‡�•� •� ‹� ‘� •� � �†�‡� � �u� r� r� � � •� � �x� r� r� � � •� „�ƒ� ”� � �…� ‘� •�–� ”�‡� � �Ž�ƒ� � � •�—�”� ˆ�ƒ�…�‡� � �‡�š�–�‡�”� •�‡� � �†� ï�—�•�‡� � � ”� ‘�—�‡�� �‡�•�� �…�—�‹�˜�”�‡�� �–�‘�—�”�•�ƒ�•�–�� �ƒ�˜�‡�…�� �—�•�‡��

�˜�‹�–�‡�•�•�‡���…�‘�•�–�”�Ø�Ž�ƒ�„�Ž�‡�����†�‡���œ�±�”�‘���•���w�r�r�r���–�‘�—�”�•�ä�•�‹�•�æ�s���ä�������Ž�ï�‹�•�’�ƒ�…�–���†�—���Œ�‡�–�á���‹�Ž���•�‡���ˆ�‘�”�•�‡���—�•�‡���’�‡�–�‹�–�‡���„�‘�—�Ž�‡���†�‡��

�Ž�‹�“�—�‹�†�‡�� �‘�—�� �ˆ�Ž�ƒ�“�—�‡�� �‡�•�� �±�“�—�‹�Ž�‹�„�”�‡�� �•�—�”�� �Ž�‡�� �•�—�„�•�–�”�ƒ�–�� �•�‘�„�‹�Ž�‡�ä�� ���‡�� �”�—�„�ƒ�•�� �±�Œ�‡�…�–�±�� �•�‡�� �†�±�–�ƒ�…�Š�‡�� �’�ƒ�”�� �ˆ�‘�”�…�‡��

�…�‡�•�–�”�‹�ˆ�—�‰�‡�á���•�‘�•���±�’�ƒ�‹�•�•�‡�—�”���˜�ƒ�”�‹�‡���†�‡���t�r���•���s�w�r���Á�•���•�‡�Ž�‘�•���Ž�ƒ���•�ƒ�–�—�”�‡���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡���‡�–���Ž�‡�•���’�ƒ�”�ƒ�•�°�–�”�‡�•���†�—��

�’�”�‘�…�±�†�±���â���Ž�ƒ���Ž�ƒ�”�‰�‡�—�”���˜�ƒ�”�‹�‡���ƒ�—�•�•�‹���‡�•�–�”�‡���s���‡�–���t�ä�w���•�•�ä��

���ƒ���˜�‹�–�‡�•�•�‡���†�‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���ƒ�–�–�‡�‹�•�–�‡���’�ƒ�”���…�‡�–�–�‡���–�‡�…�Š�•�‹�“�—�‡���‡�•�–���†�‡���Ž�ï�‘�”�†�”�‡���†�‡���s�r�w���•���s�r�x�����ä�•�æ�s�ä�����‹�•�•�‹�á��

�Ž�‡�•���’�ƒ�”�ƒ�•�°�–�”�‡�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�—�š���ƒ�‰�‹�•�•�ƒ�•�–���•�—�”���Ž�ƒ���•�‘�”�’�Š�‘�Ž�‘�‰�‹�‡���†�—���”�—�„�ƒ�•���‡�–���•�—�”���Ž�ƒ���˜�‹�–�‡�•�•�‡���†�‡���–�”�‡�•�’�‡��

�•�‘�•�–���„�‹�‡�•���…�‘�•�•�—�•�ä�����ï�±�’�ƒ�‹�•�•�‡�—�”���†�—���”�—�„�ƒ�•���ƒ�—�‰�•�‡�•�–�‡���ƒ�˜�‡�…���Ž�ƒ���’�”�‡�•�•�‹�‘�•���†�ï�‹�•�Œ�‡�…�–�‹�‘�•���‡�–���†�‹�•�‹�•�—�‡���ƒ�˜�‡�…���Ž�ƒ��

�˜�‹�–�‡�•�•�‡���†�‡���Ž�ƒ���”�‘�—�‡�ä�����ƒ���Ž�ƒ�”�‰�‡�—�”���†�±�’�‡�•�†���†�—���ˆ�Ž�—�š���†�‡���Ž�‹�“�—�‹�†�‡���‹�•�–�”�‘�†�—�‹�–�á���…�ï�‡�•�–�æ�•�æ�†�‹�”�‡���†�‡���Ž�ƒ���’�”�‡�•�•�‹�‘�•���‡�–���†�—��

�†�‹�ƒ�•�°�–�”�‡���†�‡���Ž�ï�‘�”�‹�ˆ�‹�…�‡���•���Ž�ï�‡�š�–�”�±�•�‹�–�±���†�‡���Ž�ƒ���„�—�•�‡�ä��
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Figure�� 2.2��:��(a)��Schématisation��du��dispositif��de��coulée��sur��une��roue��tournante��avec��des��creusets��de��(b)��"Melt��Spinning"��et��
de��(c)��"Planar��Flow��Casting"��

� ��ƒ�•� •� � �Ž�‡� � �…�ƒ�•� � � ‘� î� � �Ž� ï� ‘� ”� ‹� ˆ� ‹�…�‡� � �ƒ� � �—�•�‡� � � ˆ� ‘� ”� •�‡� � �…�›�Ž�‹�•�†�”� ‹� “�—�‡� � � �� 	� ‹�‰�—�”�‡� � �t�ä�t�ä�„���á�� �Ž�ƒ�� �–�‡�…�Š�•�‹�“�—�‡�� �‡�•�–�� �ƒ�’�’�‡�Ž�±�‡�� �ü���•�‡�Ž�–�æ

�•�’�‹�•�•�‹�•�‰���ý�ä�� ���‘�—�–�‡�ˆ�‘�‹�•�á�� �’�‘�—�”�� �‘�„�–�‡�•�‹�”�� �†�‡�•�� �”�—�„�ƒ�•�•�� �’�Ž�—�•�� �Ž�ƒ�”�‰�‡�•�á�� �—�•�‡�� �„�—�•�‡�� �†�‡�� �ˆ�‘�•�–�‡�� �”�‡�…�–�ƒ�•�‰�—�Ž�ƒ�‹�”�‡�� �†�‡��

�“�—�‡�Ž�“�—�‡�•���†�‹�š�‹�°�•�‡�•���†�‡���•�‹�Ž�Ž�‹�•�°�–�”�‡�•���†�‡���Ž�ƒ�”�‰�‡�—�”���‡�–���†�‡���Ž�‘�•�‰�—�‡�—�”���’�‘�—�˜�ƒ�•�–���ƒ�–�–�‡�‹�•�†�”�‡���w���•�•���‡�•�–���—�–�‹�Ž�‹�•�±�‡��

���	�‹�‰�—�”�‡�� �t�ä�t�ä�…���ä�� ���‡�–�–�‡�� �–�‡�…�Š�•�‹�“�—�‡�� �‡�•�–�� �ƒ�’�’�‡�Ž�±�‡�� �ü���±�…�‘�—�Ž�‡�•�‡�•�–�� �’�Ž�ƒ�•�ƒ�‹�”�‡���ý�� �����	�����ã�� ���Ž�ƒ�•�ƒ�”�� �	�Ž�‘�™�� ���ƒ�•�–�‹�•�‰���ä��

���˜�‡�…�� �…�‡�–�–�‡�� �–�‡�…�Š�•�‹�“�—�‡�� �†�ï�±�…�‘�—�Ž�‡�•�‡�•�–�� �’�Ž�ƒ�•�ƒ�‹�”�‡�á�� �Ž�ƒ�� �†�‹�•�–�ƒ�•�…�‡�� �„�—�•�‡�æ�•�—�„�•�–�”�ƒ�–�� �†�‘�‹�–�� �²�–�”�‡�� �’�Ž�—�•�� �’�‡�–�‹�–�‡�� �ƒ�ˆ�‹�•��

�†�ï�ƒ�•�•�—�”�‡�”���—�•�‡���…�‘�—�Ž�±�‡���…�‘�•�–�‹�•�—�‡���‡�–���—�•�‹�ˆ�‘�”�•�‡���‡�–���†�ï�±�˜�‹�–�‡�”���Ž�ï�‹�•�•�–�ƒ�„�‹�Ž�‹�–�±���†�—���Œ�‡�–���Ž�‹�“�—�‹�†�‡�ä��

��

2.2.2 Élaboration ��d’échantillons ��massifs��

� �� ‘�—�•� � �ƒ�˜� ‘� •� •� � �±�Ž�ƒ�„� ‘� ”�±� � �†�‡�•� � � ˜�‡�”� ”�‡�•� � � •�±�–�ƒ�Ž�Ž�‹� “�—�‡�•� � � •�ƒ�•�•� ‹� ˆ� •� � � ’�ƒ�”� � �Ž�ƒ� � �–�‡�…�Š�•�‹�“�—�‡�� �…�‘�•�˜�‡�•�–�‹�‘�•�•�‡�Ž�Ž�‡�� �†�‡�� �…�‘�—�Ž�±�‡��

�†�ƒ�•�•���—�•���•�‘�—�Ž�‡���‡�•���…�—�‹�˜�”�‡�ä�����‘�—�•���ƒ�˜�‘�•�•���—�–�‹�Ž�‹�•�±���†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•���ˆ�‘�”�•�‡�•���‡�–���†�‹�•�‡�•�•�‹�‘�•�•���†�‡���Ž�‹�•�‰�‘�–�‹�°�”�‡�•���’�‘�—�”��

�’�”�‘�†�—�‹�”�‡���Ž�‡�•�� �±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•�ä�����ƒ���ˆ�‹�‰�—�”�‡�� �t�ä�u���’�”�±�•�‡�•�–�‡���†�‡�•���’�Š�‘�–�‘�•���†�‡�•���Ž�‹�•�‰�‘�–�‹�°�”�‡�•���—�–�‹�Ž�‹�•�±�‡�•���†�ƒ�•�•���•�‘�–�”�‡��

�Ž�ƒ�„�‘�”�ƒ�–�‘�‹�”�‡�á���ˆ�ƒ�„�”�‹�“�—�±�‡�•���’�ƒ�”�����ä�����‡�����‘�—�Ž�‡�…�á���…�Š�‡�ˆ���†�ï�ƒ�–�‡�Ž�‹�‡�”���†�—���������ƒ���ä��

� �� ‡� —� š� � � …� ‘� •� †� ‹� –� ‹� ‘� •� •� � � †� ‘� ‹� ˜� ‡� •� –� � � ²� –� ”� ‡� � � ”� ‡� •� ’� Ž� ‹� ‡� •� � � ’� ‘� —� ”� � � Ž� ƒ� � � ”� ±� —� •� •� ‹� –� ‡� � � †� —� � � ’� ”� ‘� …� ‡�•�•�—�•�ä�� ���‘�—�–�� �†�5�ƒ�„�‘�”�†�á�� �Ž�ƒ��

�–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�—�� �•�±�–�ƒ�Ž�� �Ž�‹�“�—�‹�†�‡�� �†�‘�‹�–�� �²�–�”�‡�� �•�—�ˆ�ˆ�‹�•�ƒ�•�•�‡�•�–�� �±�Ž�‡�˜�±�‡�� �’�‘�—�”� � � “� —� ‡� � � Ž� ƒ� � � ˜� ‹� •� …� ‘� •� ‹� –� ±� � � †� ‡� � � Ž� 5� ƒ� Ž� Ž� ‹� ƒ� ‰� ‡� �

�’�‡�”�•�‡�–�–�‡���—�•���’�ƒ�”�ˆ�ƒ�‹�–���”�‡�•�’�Ž�‹�•�•�ƒ�‰�‡���†�—���•�‘�—�Ž�‡�ä�����•�•�—�‹�–�‡�á���Ž�‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���†�‡���Ž�ƒ���Ž�‹�•�‰�‘�–�‹�°�”�‡���†�‘�‹�–���²�–�”�‡��

�•�—�ˆ�ˆ�‹�•�ƒ�•�•�‡�•�–���”�ƒ�’�‹�†�‡���ƒ�ˆ�‹�•���†�5�‡�•�’�²�…�Š�‡�”���Ž�ƒ���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•���Ž�‘�”�•���†�‡���Ž�ƒ���•�‘�Ž�‹�†�‹�ˆ�‹�…�ƒ�–�‹�‘�•�ä�����ï�‡�•�–���’�‘�—�”�“�—�‘�‹���Ž�‡��

�Ž�‹�“�—�‹�†�‡���ˆ�‘�•�†�—���‡�•�–���‹�•�Œ�‡�…�–�±���•���Ž�ï�ƒ�‹�†�‡���†�ï�—�•�‡���•�—�”�’�”�‡�•�•�‹�‘�•���†�‡���‰�ƒ�œ���†�ï�±�Œ�‡�…�–�‹�‘�•�ä��

��
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Figure�� 2.3��:��Différentes��formes��de��moules��en��cuivre��utilisés��pour��produire��les��verres��métalliques��massifs��

���ƒ���’�”�‡�•�•�‹�‘�•���†�ï�±�Œ�‡�…�–�‹�‘�•���‡�–���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�—���Ž�‹�“�—�‹�†�‡���•���…�‘�—�Ž�‡�”���•�‘�•�–���†�‡�•���’�ƒ�”�ƒ�•�°�–�”�‡�•���‡�•�•�‡�•�–�‹�‡�Ž�•���†�ƒ�•�•��

�Ž�‡�� �’�”�‘�…�‡�•�•�—�•�� �†�ï�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�ä�� ���ƒ�”�� �‡�š�‡�•�’�Ž�‡�á�� �„�‹�‡�•�� �“�—�ï�—�•�‡�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �±�Ž�‡�˜�±�‡�� �†�—�� �Ž�‹�“�—�‹�†�‡�� ������ �µ�µ�� ���Ž����

�’�‡�”�•�‡�–�–�‡���—�•���„�‘�•���”�‡�•�’�Ž�‹�•�•�ƒ�‰�‡���†�—���•�‘�—�Ž�‡�á���‡�Ž�Ž�‡���”�‡�•�†���†�‹�ˆ�ˆ�‹�…�‹�Ž�‡���Ž�ï�±�˜�ƒ�…�—�ƒ�–�‹�‘�•���”�ƒ�’�‹�†�‡���†�‡���Ž�ƒ���…�Š�ƒ�Ž�‡�—�”���â���’�ƒ�”��

�…�‘�•�–�”�‡�á���•�‹���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���…�‘�—�Ž�±�‡���‡�•�–���”�‡�Ž�ƒ�–�‹�˜�‡�•�‡�•�–���„�ƒ�•�•�‡�����³�����Ž���á���Ž�‡���Ž�‹�“�—�‹�†�‡���†�‡�˜�‹�‡�•�–���–�”�‘�’���˜�‹�•�“�—�‡�—�š��

� ’� ‘�—� ”� � � •�‡� � � ”�±� ’�ƒ� ”�–� ‹� ”� � �†�ƒ� •� •� � �–� ‘�—�–� � �Ž�‡� � � •� ‘�—�Ž�‡� � �‡�–� � �ƒ� •� •�—� ”�‡� ”� � �—� •� � � „� ‘� •� � �…� ‘� •�–�ƒ�…�–� � �–�Š�‡�”�•�‹�“�—�‡�ä�� �
�±�•�±�”�ƒ�Ž�‡�•�‡�•�–�á�� �•�‘�—�•��
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2.2.3 Technique ��de��broyage ��à��billes ��
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�‘�’�±�”�ƒ�–�‹�‘�•�� �ƒ�—�‰�•�‡�•�–�‡�� �Ž�ƒ�� �•�—�”�ˆ�ƒ�…�‡�� �•�’�±�…�‹�ˆ�‹�“�—�‡�� �†�—�� �•�‘�Ž�‹�†�‡�� �„�”�‘�›�±�á�� �‡�–�� �†�‘�•�…�� �•�ƒ�� �”�±�ƒ�…�–�‹�˜�‹�–�±�á�� �‡�Ž�Ž�‡�� �‡�•�–��

�Ž�ƒ�”�‰�‡�•�‡�•�–���—�–�‹�Ž�‹�•�±�‡���‡�•���•�‹�•�±�”�ƒ�Ž�—�”�‰�‹�‡���‡�–���‡�•���…�Š�‹�•�‹�‡�ä�����•���•�±�–�ƒ�Ž�Ž�—�”�‰�‹�‡�á���Ž�‡���’�”�‘�…�±�†�±���†�‡���ˆ�”�‹�–�–�ƒ�‰�‡���•�±�…�‡�•�•�‹�–�‡��

�—�•���„�‘�•���•�±�Ž�ƒ�•�‰�‡���†�‡���‰�”�ƒ�‹�•���†�‡�•���’�Š�ƒ�•�‡�•���…�‘�•�•�–�‹�–�—�ƒ�•�–�‡�•���ƒ�ˆ�‹�•���†�‡���”�±�†�—�‹�”�‡���Ž�ƒ���’�‘�”�‘�•�‹�–�±�ä��

���‘�—�•�� �ƒ�˜�‘�•�•�� �‡�•�’�Ž�‘�›�±�� �Ž�ƒ�� �–�‡�…�Š�•�‹�“�—�‡�� �†�‡�� �„�”�‘�›�ƒ�‰�‡�� �•�� �„�‹�Ž�Ž�‡�•�� �����ƒ�Ž�Ž�� �•�‹�Ž�Ž�‹�•�‰���� �’�‘�—�”�� �’�”�‘�†�—�‹�”�‡�� �‡�–�� �•�±�Ž�ƒ�•�‰�‡�”��

�Ž�‡�•�� �•�‘�”�…�‡�ƒ�—�š�� �†�‡�•�� �’�Š�ƒ�•�‡�•�� �•�ƒ�–�”�‹�…�‡�� �‡�–�� �”�‡�•�ˆ�‘�”�…�‡�•�‡�•�–�� �†�‡�� �•�‘�•�� �…�‘�•�’�‘�•�‹�–�‡�•�ä�� ���‡�•�� �”�—�„�ƒ�•�•�� �†�‡�� �Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡��

�•�ƒ�–�”�‹�…�‡�����‰�±�•�±�”�ƒ�Ž�‡�•�‡�•�–���•���„�ƒ�•�‡���†�ï�—�•���•�±�–�ƒ�Ž���•�‘�—���–�‡�Ž���“�—�‡���Ž�ï�ƒ�Ž�—�•�‹�•�‹�—�•���‘�—���Ž�‡���•�ƒ�‰�•�±�•�‹�—�•�����‡�–���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡��

� †� ‡� � � ”� ‡� •� ˆ� ‘� ”� …� ‡� •� ‡� •� –� � � �� ˜� ‡� ”� ”� ‡� � � •� ±� –� ƒ� Ž� Ž� ‹� “� —� ‡� �� � � ‘� •� –� � � ±� –� ±� � � „� ”� ‘� ›� ±� •� � � †� ƒ� •� •� � � —� •� � � •� ‘� —� Ž� ‹�•�� �…�‘�•�•�–�‹�–�—�±�� �†�ï�—�•�� �•�‘�”�–�‹�‡�”�� �‡�–��

�†�ï�—�•�‡���„�‹�Ž�Ž�‡���‡�•���ƒ�…�‹�‡�”���‹�•�‘�š�›�†�ƒ�„�Ž�‡�����	�‹�‰�—�”�‡�� �t�ä�v���ä�����‡���•�‘�—�Ž�‹�•���‡�•�–���ˆ�‹�š�±���’�ƒ�”���˜�‹�•���•�—�”���—�•���˜�‹�„�”�‡�—�”���6�	��������������

���ƒ�„�‘�”�‰�‡�”�¡�–�‡�„�ƒ�—�6�� �†�‘�•�–�� �Ž�ï�ƒ�•�’�Ž�‹�–�—�†�‡�� �†�‡�� �˜�‹�„�”�ƒ�–�‹�‘�•�� �‡�•�–�� �”�±�‰�Ž�ƒ�„�Ž�‡�� �’�‘�—�”�� �‘�’�–�‹�•�‹�•�‡�”�� �Ž�‡�•�� �…�‘�•�†�‹�–�‹�‘�•�•��
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�‘�’�±�”�ƒ�–�‘�‹�”�‡�•�� �‡�•�� �ˆ�‘�•�…�–�‹�‘�•�� �†�‡�� �Ž�ï�±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�� �‡�–�� �†�‡�� �Ž�ƒ��

�‰�”�ƒ�•�—�Ž�‘�•�±�–�”�‹�‡�� �ˆ�‹�•�ƒ�Ž�‡�� �•�‘�—�Š�ƒ�‹�–�±�‡�ä�� ���‡�� �•�‘�”�–�‹�‡�”�� �‡�•�–��

� ±� “� —� ‹� ’� ±� � � †� ï� —� •� ‡� � � ˜� ƒ� Ž� ˜� ‡� � � ’� ‡� ”� •� ‡� –� –� ƒ� •� –� � � †� ‡� � � ˆ� ‘� •� …� –� ‹� ‘� •� •� ‡� ”� �

�•�‘�—�•���’�”�‡�•�•�‹�‘�•���…�‘�•�–�”�Ø�Ž�±�‡�ä��

� �� ‹� ‡� •� � � “� —� ‡� � � Ž� ƒ� � � †� —� ”� ‡� –� ±� � � †� ‡� •� � � ”� —� „� ƒ� •� •� � � †� ‡� � � ˜� ‡� ”� ”� ‡� •� �

� •� ±� –� ƒ� Ž� Ž� ‹� “� —� ‡� •� � � •� � � „� ƒ� •� ‡� � � †� ‡� � � ˆ� ‡� ”� � � •� ‘� ‹� –� � � ’� Ž� —� •� � � ±� Ž� ‡� ˜� ±� ‡� � � “� —� ‡� �

�…�‡�Ž�Ž�‡�� �†�—�� �•�‘�—�Ž�‹�•�� �‡�•�� �ƒ�…�‹�‡�”�� �‹�•�‘�š�›�†�ƒ�„�Ž�‡�á�� �—�•�� �•�‘�—�Ž�‹�•��

�‡�•�–�‹�°�”�‡�•�‡�•�–�� �‡�•�� �ƒ�‰�ƒ�–�‡�� �ƒ�� �±�–�±�� �—�–�‹�Ž�‹�•�±�� �’�‘�—�”�� �„�”�‘�›�‡�”��

�…�‡�•���”�—�„�ƒ�•�•�ä��
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2.3 Techniques ��de��caractérisation ��mécanique ��

2.3.1 Essai��de��compression ��
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2.3.2 Essais��de��micro �æindentations ��statiques ��

���ƒ�� �†�—�”�‡�–�±�� �‡�•�–�� �—�•�‡�� �’�”�‘�’�”�‹�±�–�±�� �’�Š�›�•�‹�“�—�‡�� �…�‘�•�’�Ž�‡�š�‡�� �‡�–�� �†�‹�ˆ�ˆ�‹�…�‹�Ž�‡�� �•�� �‹�•�–�‡�”�’�”�±�–�‡�”�á�� �“�—�‹�� �†�±�’�‡�•�†�� �•�‘�•��

�•�‡�—�Ž�‡�•�‡�•�–�� �†�‡�•�� �…�ƒ�”�ƒ�…�–�±�”�‹�•�–�‹�“�—�‡�•�� �†�‡�� �…�‡�� �•�ƒ�–�±�”�‹�ƒ�—�á�� �•�ƒ�‹�•�� �ƒ�—�•�•�‹�� �†�‡�� �Ž�ƒ� � � •� ƒ� –� —� ”� ‡� � � ‡� –� � � †� ‡� � � Ž� ƒ� � � ˆ� ‘� ”� •� ‡� � � †� —� �

�’�±�•�±�–�”�ƒ�–�‡�—�”�� �‡�–�� �†�—�� �•�‘�†�‡�� �†�‡�� �’�±�•�±�–�”�ƒ�–�‹�‘�•���â�� �•�ƒ�� �•�‡�•�—�”�‡�� �…�‘�”�”�‡�•�’�‘�•�†�� �‡�•�� �’�”�ƒ�–�‹�“�—�‡�� �•�� �…�‡�Ž�Ž�‡�� �†�‡�� �Ž�ƒ��

�”�±�•�‹�•�–�ƒ�•�…�‡�� �•�� �Ž�ƒ�� �’�±�•�±�–�”�ƒ�–�‹�‘�•�� �Ž�‘�…�ƒ�Ž�‡�� �†�—�� �•�ƒ�–�±�”�‹�ƒ�—�� �…�‘�•�•�‹�†�±�”�±�ä�� ���ˆ�‹�•���†�ï�‡�š�ƒ�•�‹�•�‡�”�� �Ž�ï�‡�ˆ�ˆ�‡�–�� �†�‡�� �–�”�ƒ�‹�–�‡�•�‡�•�–�•��

�–�Š�‡�”�•�‹�“�—�‡�•���•�—�”���Ž�‡�•���’�”�‘�’�”�‹�±�–�±�•���•�±�…�ƒ�•�‹�“�—�‡�•���†�‡�•���”�—�„�ƒ�•�•�á���•�‘�—�•���ƒ�˜�‘�•�•���…�Š�‘�‹�•�‹���…�‡�–�–�‡���–�‡�…�Š�•�‹�“�—�‡���•�‹�•�’�Ž�‡��

�‡�–���ƒ�’�’�”�‘�’�”�‹�±�‡���•���Ž�ƒ���ˆ�‘�”�•�‡���†�‡���•�‘�•���±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•�ä�����ï�—�•���’�‘�‹�•�–���†�‡���˜�—�‡���’�”�ƒ�–�‹�“�—�‡�á���Ž�ƒ���ˆ�‘�”�•�‡���†�‡���Ž�ï�‡�•�’�”�‡�‹�•�–�‡��

�•�—�‹�–�‡���•���Ž�ï�‹�•�†�‡�•�–�ƒ�–�‹�‘�•���†�‘�•�•�‡���—�•�‡���‹�•�†�‹�…�ƒ�–�‹�‘�•���•�—�”���Ž�‡���•�‘�†�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���…�ƒ�”�ƒ�…�–�±�”�‹�•�ƒ�•�–���Ž�ƒ���•�–�”�—�…�–�—�”�‡��

�†�‡� � �Ž� ï�±�…�Š�ƒ�•�–�‹�Ž�Ž� ‘� •�á� � �ƒ�‹� •� •� ‹� � � “�—�‡� � � •�ƒ� � �†�—�…�–�‹�Ž�‹�–�±�ä� � � �� ï�ƒ� ’� ’�ƒ�”� ‹�–�‹� ‘� •� � � •�ƒ�”� “�—�±�‡� ��†�‡� � �œ�‘� •�‡�•� � �†�‡� � � „�ƒ�•�†�‡�•� � �†�‡� � �‰�Ž�‹�•� •�‡�•�‡�•�–� �

�ƒ�—�–�‘�—�”�� �†�‡�� �Ž�ï�‡�•�’�”�‡�‹�•�–�‡�� �‡�•�–�� �—�•�‡�� �„�‘�•�•�‡�� �‹�•�†�‹�…�ƒ�–�‹�‘�•�� �†�‡��

�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���’�Ž�ƒ�•�–�‹�“�—�‡���†�ï�—�•�‡���•�ƒ�–�”�‹�…�‡���ƒ�•�‘�”�’�Š�‡�����s�s�{���â��
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2.4.2 Diffraction ��des��rayons �æx��classique��en��réflexion ��
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Figure�� 3.2��:��Une��vue��générale��de��deux��marches��de��cisaillement��sur��la��

surface��d'un��VMM��(ZrCuNiAl)��déformé��en��compression��à��
température��ambiante��

Figure�� 3.3��:��Une��vue��rapprochée��de��la��marche��"A"��dans��la��figure�� 3.2��
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 3.2.��Les��flèches��indiquent��comment,��à��différents��stades��de��leur��

création,��les��couches��minces��sont��arrachées��
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4.2 Procédures ��expérimentales ��
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4.2.2 Considérations ��sur ��les��essais��de��mise��en��forme ��

� �� � � Ž� ƒ� � � –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � ƒ� •� „� ‹� ƒ� •� –� ‡� á� � � Ž� ‘� ”� •� “� —� ï� ‘� •� � � ’� Ž� ‹� ‡� � � —� •� � � ”� —� „� ƒ� •� � � †� ï� —� •� ‡� � � ±� ’� ƒ� ‹� •� •�‡�—�”�� �6�‡�6�� �ƒ�˜�‡�…�� �—�•�� �†�‹�ƒ�•�°�–�”�‡�� �†�‡��
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4.3 Résultats ��expérimentaux ��
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Figure�� 4.4��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Pd42.5Cu30Ni7.5P20��

��

��

��
Figure�� 4.5��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Pd42.5Cu30Ni7.5P20��bruts��de��trempe��et��de��ceux��après��le��recuit��en��

fonction��de��la��température��de��recuit��
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Figure�� 4.6��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Pd82Si18��
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Figure�� 4.7��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Pd82Si18��bruts��de��trempe��et��de��ceux��après��le��recuit��en��fonction��de��

la��température��de��recuit��



92�� Ch 4. Mise en forme ; déformation élastique��
��

��

��
Figure�� 4.8��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Cu60Zr30Al10��

��

��

��
Figure�� 4.9��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Cu60Zr30Al10��bruts��de��trempe��et��de��ceux��après��le��recuit��en��

fonction��de��la��température��de��recuit��
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Figure�� 4.10��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Zr70Ni16Cu6Al8��
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Figure�� 4.11��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Zr70Ni16Cu6Al8��bruts��de��trempe��et��de��ceux��après��le��recuit��en��

fonction��de��la��température��de��recuit��
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�Ž�ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•���†�‡���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���”�‡�…�—�‹�–�á���•�‹�‰�•�‹�ˆ�‹�ƒ�•�–���Ž�ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•���†�‡���Ž�ƒ���†�—�”�‡�–�±�ä�����‡�•���œ�‘�•�‡�•���†�‡��

�„�ƒ�•�†�‡�•�� �†�‡�� �…�‹�•�ƒ�‹�Ž�Ž�‡�•�‡�•�–�� �ƒ�—�–�‘�—�”�� �†�‡�•�� �‡�•�’�”�‡�‹�•�–�‡�•�� �…�‘�•�–�‹�•�—�‡�•�–�� �†�‡�� �ˆ�ƒ�‹�”�‡�� �Ž�‡�—�”�� �ƒ�’�’�ƒ�”�‹�–�‹�‘�•�� �…�Ž�ƒ�‹�”�‡�� �•�ƒ�•�•��

�ˆ�‹�•�•�—�”�ƒ�–�‹�‘�•�� �Œ�—�•�“�—�ï�•�� �x�t�t�� ���� �‹�•�†�‹�“�—�ƒ�•�–�� �—�•�‡�� �„�‘�•�•�‡�� �’�Ž�ƒ�•�–�‹�…�‹�–�±�ä�� ���•�‡�� �±�˜�‘�Ž�—�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �ˆ�‘�”�•�‡�� �†�‡�•��

�‹�•�’�”�‡�‹�•�–�‡�•�� �‡�•�–���…�‘�•�•�–�ƒ�–�±�‡���•���x�u�x������ � ‘�î���Ž�‡�•���”�‡�Ž�‹�‡�ˆ�•���†�‡�•���œ�‘�•�‡�•���†�‡���„�ƒ�•�†�‡�•���†�‡���…�‹�•�ƒ�‹�Ž�Ž�‡�•�‡�•�–���†�‡�˜�‹�‡�•�•�‡�•�–��

�•�‘�‹�•�•�� �…�Ž�ƒ�‹�”�‡�•�� �ƒ�…�…�‘�•�’�ƒ�‰�•�ƒ�•�–�� �Ž�ƒ�� �–�”�ƒ�•�•�ˆ�‘�”�•�ƒ�–�‹�‘�•�� �‡�•�� �•�–�”�—�…�–�—�”�‡�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡�ä�� ���� �’�ƒ�”�–�‹�”�� �†�‡�� �x�w�r�� ���á�� �Ž�‡�•��

�…�Ø�–�±�•���†�‡���Ž�ï�‡�•�’�”�‡�‹�•�–�‡���†�‡�˜�‹�‡�•�•�‡�•�–���•�‘�‹�•�•���…�‘�—�”�„�±�•���‡�–���Ž�‡�•���ƒ�•�‰�Ž�‡�•���’�Ž�—�•���’�‘�‹�•�–�—�•���”�±�˜�±�Ž�ƒ�•�–���—�•�‡���’�‡�”�–�‡���‡�•��

�†�—�…�–�‹�Ž�‹�–�±�ä��
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Figure�� 4.13��:��Evolution��de��l’empreinte��de��micro�æindentation��sur��la��surface��des��rubans��Pd82Si18��recuits��à��différentes��

températures��pendant��deux��minutes��

���‘�—�•�� �ƒ�˜�‘�•�•�� �‡�ˆ�ˆ�‡�…�–�—�±�� �†�‡�•�� �•�‡�•�—�”�‡�•���…�ƒ�Ž�‘�”�‹�•�±�–�”�‹�“�—�‡�•�� �•�—�”�� �†�‡�•�� �”�—�„�ƒ�•�•�����†�z�t���‹�s�z� � �ƒ� ’� ”� °� •� � �†�‡� •� � � ”�‡�…�—�‹�–� •� � �†�‡� �

�•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� �•�� �†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�•�ä�� ���ƒ�� �ˆ�‹�‰�—�”�‡�� �v�ä�s�v�� �•�‘�•�–�”�‡�� �Ž�ï�±�˜�‘�Ž�—�–�‹�‘�•�� �†�‡�•�� �…�‘�—�”�„�‡�•�� ��������

�ƒ�˜�ƒ�•�–���Ž�ƒ���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•���‡�–���…�‘�•�’�ƒ�”�‡���Ž�‡���ˆ�Ž�—�š���†�‡���…�Š�ƒ�Ž�‡�—�”���†�ï�—�•���”�—�„�ƒ�•���„�”�—�–���†�‡���–�”�‡�•�’�‡���ƒ�˜�‡�…���…�‡�—�š���”�‡�…�—�‹�–�•��

� •� � � v� x� r� á� � � w� u� r� � � �� � � ‡� –� � � x� u� x� � � �� ä� � � �� •� � � ±� ˜� ±� •� ‡� •� ‡� •� –� � � ‡� š� ‘� –� Š� ‡� ”� •� ‹� “� —� ‡� � � ƒ� •� •� ‡� œ� � � ±� –� ‡� •� †� —� � � ‡� •� –� � � ‘� „� •� ‡� ”� ˜� ±� � � ƒ� ˜� ƒ� •� –� � � Ž� ƒ� �

�…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�� �’�‘�—�”�� �Ž�‡�� �”�—�„�ƒ�•�� �„�”�—�–�� �†�‡�� �–�”�‡�•�’�‡�� �‡�–�� �…�‡�—�š�� �”�‡�…�—�‹�–�•�� �•���v�x�r�� ���� �‡�–�� �w�u�r���ä�� ���‡�� �ˆ�ƒ��‘�•��

�ƒ�’�’�”�‘�š�‹�•�ƒ�–�‹�˜�‡�á�� �Ž�‡�� �†�±�„�—�–�� �†�‡�� �…�‡�� �6�’�‹�…�6�� �…�‘�”�”�‡�•�’�‘�•�†�ƒ�•�–�� �ƒ�—�� �†�±�„�—�–�� �†�‡�� �Ž�ƒ�� �”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•�� �•�–�”�—�…�–�—�”�ƒ�Ž�‡��

�ƒ�—�‰�•�‡�•�–�‡�� �ƒ�˜�‡�…�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�‡���”�‡�…�—�‹�–�ä�� ���‡�–�–�‡�� �ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•�� �‡�•�–���ƒ�–�–�”�‹�„�—�±�‡�� �•�� �Ž�ƒ�� �…�Š�ƒ�Ž�‡�—�”�� �†�‡��

�”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•���6�����”�6���†�±�Œ�•���Ž�‹�„�±�”�±�‡���Ž�‘�”�•���†�—���”�‡�…�—�‹�–���‹�•�‘�–�Š�‡�”�•�‡�ä��

���‡���”�—�„�ƒ�•���”�‡�…�—�‹�–���•���x�u�x���������³�����‰�s�����•�‡���•�‘�•�–�”�‡���ƒ�—�…�—�•���•�‹�‰�•�ƒ�Ž���‡�š�‘�–�Š�‡�”�•�‹�“�—�‡���ƒ�—�š�������´�����‰�á���…�‡���“�—�‹���•�‹�‰�•�‹�ˆ�‹�‡��

�—�•�‡�� �”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•�� �…�‘�•�’�Ž�°�–�‡�� �†�‡�� �Ž�ƒ�� �•�–�”� —� …� –� —� ”� ‡� � � ƒ� •� ‘� ”� ’� Š� ‡� � � Ž� ‘� ”� •� � � †� —� � � ”� ‡� …� —� ‹� –� ��’�”�±�ƒ�Ž�ƒ�„�Ž�‡�ä�� ���‡�–�–�‡�� �”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•��

�•�–�”�—�…�–�—�”�ƒ�Ž�‡�� �‡�–�� �Ž�‡�� �†�±�‰�ƒ�‰�‡�•�‡�•�–�� �†�‡�� �…�Š�ƒ�Ž�‡�—�”�� �“�—�‹�� �Ž�ï�ƒ�…�…�‘�•�’�ƒ�‰�•�‡�� �•�‘�•�–�� �‡�•�� �‰�±�•�±�”�ƒ�Ž�� �ƒ�–�–�”�‹�„�—�±�•�� �‡�•�� �‰�”�ƒ�•�†�‡��

�’�ƒ�”�–�‹�‡���•���Ž�ƒ���†�‹�•�’�ƒ�”�‹�–�‹�‘�•���†�—���˜�‘�Ž�—�•�‡���Ž�‹�„�”�‡���Ž�‘�”�•���†�‡���Ž�ƒ���–�”�‡�•�’�‡�����s�v�x�����•�ƒ�‹�•���‹�Ž���ˆ�ƒ�—�–���ƒ�—�•�•�‹���–�‡�•�‹�”���…�‘�•�’�–�‡���†�—��

�ˆ�ƒ�‹�–���“�—�‡���†�ƒ�•�•���Ž�‡���…�ƒ�•���†�‡���•�‘�•���”�‡�…�—�‹�–�•���‹�•�‘�–�Š�‡�”�•�‡�•���Ž�ƒ���”�ƒ�•�’�‡���†�‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���‡�•�–���Ž�ƒ���•�²�•�‡���“�—�‡���…�‡�Ž�Ž�‡��

�†�—���…�Š�ƒ�—�ˆ�ˆ�ƒ�‰�‡�����>���±���w�r�r�����ä�•�‹�•�æ�s���ä�����‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���†�‡���Ž�ï�‘�”�†�”�‡���†�‡���z�����ä�•�æ�s���‡�•�–���„�‹�‡�•���’�Ž�—�•���ˆ�ƒ�‹�„�Ž�‡���“�—�‡���Ž�ƒ��
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�’�”�±�…�‹�•�‹�‘�•���†�‡���•�‘�–�”�‡���•�‹�‰�•�ƒ�Ž���������ä��

���ƒ�Ž�‰�”�±�� �—�•�‡�� �”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•�� �•�–�”�—�…�–�—�”�ƒ�Ž�‡�� �…�‘�•�’�Ž�°�–�‡�á�� �…�‡�–�–�‡�� �’�Š�ƒ�•�‡�� �ƒ�•�‘�”�’�Š�‡� � �Š� ›� ’� ‘�æ�‡�—�–�‡�…�–� ‹� “�—�‡� � �‰�ƒ� ”�†�‡� � �–� ‘�—�–�‡� �

� •� ƒ� � � †� —� …� –� ‹� Ž� ‹� –� ±� � � ‡� –� � � •� ‡� � � …� ƒ� •� •� ‡� � � ’� ƒ� •� � � Ž� ‘� ”� •� � � †� ï� —� •� � � ’� Ž� ‹� ƒ� ‰� ‡� � � ˆ� ”� ƒ� •� …� ä� � � �� ‘� —� •� � � …� ‘� •� •� –�ƒ�–�‘�•�•�� �±�‰�ƒ�Ž�‡�•�‡�•�–�� �“�—�‡�� �Ž�ƒ��
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�ƒ�—�–�”�‡�•���”�—�„�ƒ�•�•�á���‡�–���…�‡�Ž�ƒ���‡�•�–���ƒ�–�–�”�‹�„�—�ƒ�„�Ž�‡���•���Ž�ƒ���’�”�±�•�‡�•�…�‡���†�‡���Ž�ƒ���’�Š�ƒ�•�‡���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡�����†�{���‹�t�����	�‹�‰�—�”�‡�� �v�ä�y�á�����ƒ�‰�‡��

�{�s�����†�ƒ�•�•���Ž�ƒ���•�–�”�—�…�–�—�”�‡���ƒ�•�‘�”�’�Š�‡���”�‡�…�—�‹�–�‡�ä�����‡�•���‰�‡�”�•�‡�•���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�•���†�‡���…�‡�–�–�‡���’�Š�ƒ�•�‡���…�”�±�‡�•�–���†�‡�•���•�‹�–�‡�•���†�‡��

�…�”�‘�‹�•�•�ƒ�•�…�‡���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���•�ƒ�•�•���Ž�ƒ���„�ƒ�”�”�‹�°�”�‡���±�•�‡�”�‰�±�–�‹�“�—�‡���†�‡���‰�‡�”�•�‹�•�ƒ�–�‹�‘�•�ä��

��
Figure�� 4.14��:��Évolution��du��flux��de��chaleur��des��rubans��Pd82Si18��brut��de��trempe��avec��les��recuits��de��mise��en��forme��effectués��à��
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4.3.2 Compositions ��sans��manifestation ��de��transition ��vitreuse ��Tg��

���‡���–�ƒ�„�Ž�‡�ƒ�—���•�—�‹�˜�ƒ�•�–���Ž�‹�•�–�‡���Ž�‡�•���”�±�•�—�Ž�–�ƒ�–�•���†�‡���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���†�‡�•���”�—�„�ƒ�•�•���†�‡���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���†�‡���–�›�’�‡��

�•�±�–�ƒ�Ž�æ�•�±�–�ƒ�Ž�Ž�‘�Ã�†�‡�����‘�z�r�� �t�r�á���	�‡�z�u�� �s�y���‡�–���	�‡�z�s�ä�w�� �s�v�ä�w���‹�v���•�ƒ�•�•�����‰���ã��

���‘�•�’�‘�•�‹�–�‹�‘�•�� �� �ƒ���������� �������•�•���� �� �r���������¨�� ���—�…�–�‹�Ž�‹�–�±�����–�”�—�…�–�—�”�‡�����—�”�‡�–�±�������˜����

���‘ �z�r�� �t�r��

��

���s�r�s�w�ä�z�����˜����
�� �š�s���±���x�t�v��������

�x�{�{�� �y�ä�r�� �{�s�ä�v �	�”�ƒ�‰�‹�Ž�‡ ���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�t�s�w�ä�x��
�x�y�r�� �y�ä�r�� �{�s�ä�v �	�”�ƒ�‰�‹�Ž�‡ ���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�s�w�x�ä�v��
�x�v�s�� �y�ä�s�� �{�r�ä�s ���—�…�–�‹�Ž�‡ ���•�‘�”�’�Š�‡���s�r�z�t�ä�{��
�x�s�t�� �y�ä�t�� �z�z�ä�{ ���—�…�–�‹�Ž�‡ ���•�‘�”�’�Š�‡���s�r�w�w�ä�r��
�w�z�u�� �y�ä�z�� �z�t�ä�s���—�…�–�‹�Ž�‡ ���•�‘�”�’�Š�‡���s�r�v�r�ä�z��
�w�v�x�� �{�ä�w�� �x�y�ä�v���—�…�–�‹�Ž�‡ ���•�‘�”�’�Š�‡���s�r�v�r�ä�z��
�w�s�r�� �s�t�ä�t�� �w�t�ä�w���—�…�–�‹�Ž�‡ ���•�‘�”�’�Š�‡���s�r�t�w�ä�x��

�	�‡�z�u�� �s�y��

��

���{�r�u�ä�u�x�����˜����
�� �š�s���±���x�{�u��������

�y�v�y�� �x�ä�w�� �{�z�ä�w���—�…�–�‹�Ž�‡���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�r�u�u�ä�x��
�y�u�s�� �x�ä�y�� �{�w�ä�w���—�…�–�‹�Ž�‡���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�r�u�t�ä�x��
�y�r�r�� �x�ä�z�� �{�v�ä�s ���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�w�{�ä�s�s��
�x�y�r�� �x�ä�{�� �{�t�ä�z ���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�w�t�ä�v��
�x�u�{�� �y�ä�r�� �{�s�ä�v ���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�v�s�ä�z�t��
�x�r�{�� �y�ä�u�� �z�y�ä�y ���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�v�t�ä�z��
�w�y�s�� �z�ä�u�� �y�y�ä�s���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�u�u�ä�t��
�w�u�u�� �s�r�ä�w�� �x�s�ä�r���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�t�z�ä�v��

�	�‡�z�s�ä�w�� �s�v�ä�w���‹�v��

��

���{�v�u�ä�x�����˜����
�� �š�s���±���y�w�{��������

�y�y�{�� �x�ä�v�� �s�r�r�ä�r �	�”�ƒ�‰�‹�Ž�‡ ���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�t�w�y�ä�t��
�y�v�x�� �x�ä�v�� �s�r�r�ä�r �	�”�ƒ�‰�‹�Ž�‡ ���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�r�s�w�ä�r��
�y�s�v�� �x�ä�v�� �s�r�r�ä�r ���—�…�–�‹�Ž�‡���”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���s�r�s�u�ä�r��
�x�z�s�� �x�ä�v�v�� �{�{�ä�u�z���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�{�t�ä�z��
�x�v�{�� �x�ä�x�s�� �{�x�ä�z�t���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�x�{�ä�z��
�x�r�z�� �y�ä�s�� �{�r�ä�s�v���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�x�r�ä�x��
�w�x�z�� �z�ä�v�{�� �y�w�ä�u�z���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �{�w�z�ä�v��
�v�w�r�� �t�u�ä�r�� �t�y�ä�z�u���—�…�–�‹�Ž�‡���•�‘�”�’�Š�‡�� �æ��

Tableau�� 4.4��:��Résultats��de��la��mise��en��forme��des��rubans��de��toutes��les��compositions��qui��ne��manifestent��pas��une��transition��
vitreuse��avec��leur��ductilité,��structure��et��dureté��en��fonction��de��la��température��de��recuit��

���‡���ˆ�ƒ��‘�•���•�‹�•�‹�Ž�ƒ�‹�”�‡���ƒ�—�š���…�‘�•�’�‘�•�–�‹�‘�•�•���“�—�‹���•�ƒ�•�‹�ˆ�‡�•�–�‡�•�–���—�•�‡�����‰�á���Ž�‡���–�ƒ�„�Ž�‡�ƒ�—�� �v�ä�v���•�‘�•�–�”�‡���“�—�‡���Ž�‡�•���”�—�„�ƒ�•�•��

���‘ �z�r�� �t�r�á���	�‡�z�u�� �s�y���‡�–���	�‡�z�s�ä�w�� �s�v�ä�w���‹�v���’�‘�•�•�°�†�‡�•�–���—�•�‡���„�‘�•�•�‡���ƒ�’�–�‹�–�—�†�‡���•���Ž�ƒ���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡�ä�����‘�—�”���Ž�‡�•���–�”�‘�‹�•��

�…�‘�•�’�‘�•�‹�–�‹�‘�•�•�á���ƒ�˜�‡�…���Ž�ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•���†�‡���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���”�‡�…�—�‹�–�á���Ž�‡�•���†�‹�ƒ�•�°�–�”�‡�•���†�‡���…�‘�—�”�„�—�”�‡���ƒ�’�”�°�•��

�”�‡�…�—�‹�–���•�ï�ƒ�’�’�”�‘�…�Š�‡�•�–���†�—���†�‹�ƒ�•�°�–�”�‡���†�—���…�”�‡�—�•�‡�–�����r�ä�����‡�•���”�—�„�ƒ�•�•���ˆ�‘�”�•�±�•���‰�ƒ�”�†�‡�•�–���•���Ž�ƒ���ˆ�‘�‹�•���Ž�‡�—�”���†�—�…�–�‹�Ž�‹�–�±��

�‡�–�� �Ž�‡�—�”�� �•�–�”�—�…�–�—�”�‡�� �ƒ�•�‘�”�’�Š�‡�� �ƒ�˜�‡�…�� �—�•�� �”�ƒ�’�’�‘�”�–�� �†�‡�� �•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� ���r� �� �� � � “� —� ‹� � � †� ±� ’� ƒ� •� •� ‡� � � Ž� ‡� •� � � {� r� ¨� ä� � � �� •� ‡� �

�–�‡�•�†�ƒ�•�…�‡���•�‹�•�‹�Ž�ƒ�‹�”�‡���’�‘�—�”�� �Ž�‡�•�� �˜�ƒ�Ž�‡�—�”�•�� �†�‡���†�—�”�‡�–�±���‡�•�–���±�‰�ƒ�Ž�‡�•�‡�•�–�� �‘�„�•�‡�”�˜�±�‡���ã���…�‡�•�� �˜�ƒ�Ž�‡�—�”�•�� �ƒ�—�‰�•�‡�•�–�‡�•�–��

�ƒ�˜�‡�…�� �Ž�ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�‡�� �”�‡�…�—�‹�–�� �‡�–�� �—�•�� �•�ƒ�—�–�� �’�Ž�—�•�� �’�”�‘�•�‘�•�…�±�� �ƒ�’�”�°�•�� �Ž�‡�� �†�±�„�—�–�� �†�‡�� �Ž�ƒ��

�…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�ä��

���ƒ�•�•���Ž�‡�•���ˆ�‹�‰�—�”�‡�•���•�—�‹�˜�ƒ�•�–�‡�•�á���•�‘�—�•���‹�Ž�Ž�—�•�–�”�‘�•�•���Ž�‡�•���†�‘�•�•�±�‡�•���†�—���–�ƒ�„�Ž�‡�ƒ�—�� �v�ä�v�����‘�—�”���…�Š�ƒ�“�—�‡���…�‘�•�’�‘�•�‹�–�‹�‘�•�á��

�Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•���‡�•�–���’�”�±�•�‡�•�–�±�‡���’�ƒ�”���†�‡�•���•�‡�‰�•�‡�•�–�•���†�‡���–�›�’�‡���„�‘�”�†�—�”�‡�ä�����ï�±�˜�‘�Ž�—�–�‹�‘�•���†�‡��

� Ž� ƒ� � � •� ‹� …� ”� ‘� †� —� ”� ‡� –� ±� � � �� ‹� …� •� ‡� ”� •� � � •� ‡� •� —� ”� ±� ‡� � � •� � � Ž� ƒ� � � –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � ƒ� •� „� ‹� ƒ� •� –� ‡� � � ‡� •� –� � � ƒ� —�•�•�‹�� �‹�Ž�Ž�—�•�–�”�±�‡�ä�� ���‡�•�� �…�Ž�‹�…�Š�±�•�� �†�‡��

�†�‹�ˆ�ˆ�”�ƒ�…�–�‹� ‘� •� � �†�‡�•� � � ”�ƒ�›� ‘� •�•�æ�š� � �†�‡�•� � � ”�—�„�ƒ�•�•� � � „� ”�—�–�•� � �†�‡� � �–�”�‡�•� ’�‡� � �‡�–� � � ”�‡�…�—�‹�–�•� ��•�‘�•�–�� �±�‰�ƒ�Ž�‡�•�‡�•�–�� �’�”�±�•�‡�•�–�±�•�� �‡�–�� �Ž�‡�•��

�’�Š�ƒ�•�‡�•���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡�•���ˆ�‘�”�•�±�‡�•���•���Š�ƒ�—�–�‡�•���–�‡�•�’�±�”�ƒ�–�—�”�‡�•���•�‘�•�–���‹�†�‡�•�–�‹�ˆ�‹�±�‡�•�ä��
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Figure�� 4.15��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Co80B20��

��
Figure�� 4.16��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Co80B20��bruts��de��trempe��et��de��ceux��après��le��recuit��en��fonction��

de��la��température��de��recuit��
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Figure�� 4.17��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Fe83B17��

��
Figure�� 4.18��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Fe83B17��bruts��de��trempe��et��de��ceux��après��le��recuit��en��fonction��de��

la��température��de��recuit��
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Figure�� 4.19��:��Évolution��du��ratio ��de��mise��en��forme��et��de��la��microdureté��en��fonction��de��la��température��de��recuit��pour��le��

ruban��Fe81.5B14.5Si4��

��
Figure�� 4.20��:��Cliché��de��diffraction��des��rayons�æx��des��rubans��Fe81.5B14.5Si4��bruts��de��trempe��et��de��ceux��après��le��recuit��en��

fonction��de��la��température��de��recuit��
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���‡�•���‹�•�ƒ�‰�‡�•�����������†�‡���Ž�ƒ���ˆ�‹�‰�—�”�‡�� �v�ä�t�s���•�‘�•�–�”�‡�•�–���—�•���”�—�„�ƒ�•���	�‡�z�s�ä�w�� �s�v�ä�w���‹�v���”�‡�…�—�‹�–���’�‡�•�†�ƒ�•�–���†�‡�—�š���•�‹�•�—�–�‡�•���•��

�x�v�{�����ä�����‡�—�š���’�Ž�‹�ƒ�‰�‡�•���•�‘�•�•�±�•���6�����6���‡�–���6�������6���‘�•�–���±�–�±���ˆ�ƒ�‹�–�•���‡�•���†�‡�—�š���’�‘�•�‹�–�‹�‘�•�•���†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•���†�—���”�—�„�ƒ�•��

�†� ‘� •�–� � �Ž�ƒ� � � ˆ�ƒ�…�‡� � � •� ‘�Ž� ‹�†� ‹� ˆ� ‹�±�‡� � �‡� •� � �…� ‘� •�–�ƒ�…�–� � �ƒ� ˜�‡�…� � �Ž�‡� � � •�—�„� •�–� ”�ƒ�–� � �‡� •�–� � �‡� •� � �…� ‘� •� ’�”�‡�•�•�‹�‘�•�� �’�‘�—�”�� �Ž�‡�� �’�Ž�‹�ƒ�‰�‡�� �6�����6�� �‡�–�� �‡�•��

� –� ‡� •� •� ‹� ‘� •� � � ’� ‘� —� ”� � � Ž� ‡� � � ’� Ž� ‹� ƒ� ‰� ‡� � � 6� �� �� �� 6� � � �� �� •� ƒ� ‰� ‡� � � �� ƒ� �� �� ä� � � �� ‡� •� � � ‹� •� ƒ� ‰� ‡� •� � � �� ƒ� � � �� � � †� �� � � †� ‡� � � Ž� ƒ� � � •� ²� •� ‡� � � ˆ� ‹� ‰� —� ”� ‡� � � •� ‘� •� –� ”� ‡� •� –� � � Ž� ƒ� �

� ˆ� ‘� ”� •� ƒ� –� ‹� ‘� •� � � †� ‡� � � „� ƒ� •� †� ‡� •� � � †� ‡� � � …� ‹� •� ƒ� ‹� Ž� Ž� ‡� •� ‡� •� –� � � •� —� ”� � � Ž� ‡� •� � � œ� ‘� •� ‡� •� � � •� ‘� Ž� Ž� ‹� …� ‹� –� ±� ‡� •� � � †�‡�� �Ž�ƒ�� �•�—�”�ˆ�ƒ�…�‡�� �‡�•�� �†�‡�—�š�� �•�‘�†�‡�•��

�–�‡�•�•�‹�‘�•���…�‘�•�’�”�‡�•�•�‹�‘�•���•�ƒ�•�•���ƒ�—�…�—�•�‡���ƒ�’�’�ƒ�”�‹�–�‹�‘�•���†�‡���ˆ�”�ƒ�…�–�—�”�‡�ä��
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Figure�� 4.21��:��Images��MEB��du��ruban��Fe81.5B14.5Si4 formé��à��
649��K��pendant��2��min��(a)��ruban��plié��en��deux��positions��IN��et��
OUT��(b)��surface��extérieure��en��IN��(face��libre��en��tension)��(c)��
surface��intérieure��en��IN��(face��roue��en��compression)��(d)��
surface��extérieure��en��OUT�� (face�� roue��en�� tension)�� (e)��
surface��intérieure��en��OUT��(face��libre��en��compression)��
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4.3.3 Effet��du��temps��de��recuit ��

���ƒ�•�•�� �Ž�ƒ�� �•�‡�•�—�”�‡�� �‘�î�� �Ž�‡�•�� �”�±�•�—�Ž�–�ƒ�–�•�� �†�‡�•�� �”�‡�…�—�‹�–�•�� �†�‡�� �•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� �”�ƒ�’�’�‘�”�–�±�•�� �†�ƒ�•�•�� �Ž�‡�•�� �•�‡�…�–�‹�‘�•�•��

�’�”�±�…�±�†�‡�•�–�‡�•�� �•�ï�‡�•�–�”�ƒ�Á�•�‡�•�–�� �’�ƒ�•�� �—�•�‡�� �ˆ�”�ƒ�‰�‹�Ž�‹�•�ƒ�–�‹�‘�•�á�� �•�‘�—�•�� �ƒ�˜�‘�•�•�� �‡�ˆ�ˆ�‡�…�–�—�±�� �†�‡�•� � � ”�‡�…�—�‹�–�•� � �†�‡� � � ’�Ž�—�•� � �Ž� ‘�•�‰�—�‡�•� �

�†�—�”�±�‡�•���’�‘�—�”���ƒ�–�–�‡�‹�•�†�”�‡���Ž�ƒ���ˆ�”�ƒ�‰�‹�Ž�‹�•�ƒ�–�‹�‘�•���–�Š�‡�”�•�‹�“�—�‡�ä�����ƒ�”���‡�š�‡�•�’�Ž�‡�á���’�‘�—�”���Ž�‡���”�—�„�ƒ�•���†�‡���	�‡�z�s�ä�w�� �s�v�ä�w���‹�v���“�—�‹��

�•�‡���ˆ�”�ƒ�‰�‹�Ž�‹�•�‡���•���Ž�ï�±�–�ƒ�–���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�á���–�”�‘�‹�•���”�‡�…�—�‹�–�•���ƒ�†�†�‹�–�‹�‘�•�•�‡�Ž�•���‘�•�–���±�–�±���”�±�ƒ�Ž�‹�•�±�•���•���x�z�s���������y�z�������‡�•���†�‡�•�•�‘�—�•��

�†�‡�����š�s�����’�‡�•�†�ƒ�•�–���w�á���s�r���‡�–���s�w���•�‹�•�—�–�‡�•�ä�����‡�•���”�±�•�—�Ž�–�ƒ�–�•���•�‘�•�–���’�”�±�•�‡�•�–�±�•���†�ƒ�•�•���Ž�‡���–�ƒ�„�Ž�‡�ƒ�—�� �v�ä�w�ä��

���‘�•�’�‘�•�‹�–�‹�‘�•�� �–�ƒ�����•�‹�•���� �������•�•���� �� �r���������¨���� ���—�…�–�‹�Ž�‹�–�±�����–�”�—�…�–�—�”�‡��

�	�‡�z�s�ä�w�� �s�v�ä�w���‹�v��

��

�����ƒ���±���x�z�s��������

�t�� �x�ä�v�v�� �{�{�ä�u�z�����—�…�–�‹�Ž�‡�� ���•�‘�”�’�Š�‡��

�w�� �x�ä�v�� �s�r�r�� ���—�…�–�‹�Ž�‡�� ���•�‘�”�’�Š�‡��
�s�r�� �x�ä�v�� �s�r�r�� ���—�…�–�‹�Ž�‡�� ���”�‹�•�…�‹�’�ƒ�Ž�‡�•�‡�•�–���ƒ�•�‘�”�’�Š�‡��
�s�w�� �x�ä�v�� �s�r�r���	�”�ƒ�‰�‹�Ž�‡�����”�‹�•�…�‹�’�ƒ�Ž�‡�•�‡�•�–���ƒ�•�‘�”�’�Š�‡��

���—�x�r���”�u�r���Ž�s�r��

��

�����ƒ���±���x�z�w��������

�t�� �x�ä�{�� �{�t�ä�z�� ���—�…�–�‹�Ž�‡�� ���•�‘�”�’�Š�‡��

�w�� �x�ä�y�� �{�w�ä�w�����—�…�–�‹�Ž�‡�� ���•�‘�”�’�Š�‡��

�s�r�� �x�ä�w�� �{�z�ä�w���	�”�ƒ�‰�‹�Ž�‡�� ���•�‘�”�’�Š�‡��

�s�w�� �x�ä�v�w�� �{�{�ä�t�� �	�”�ƒ�‰�‹�Ž�‡�� ���•�‘�”�’�Š�‡��

Tableau�� 4.5��:��Résultats��de��la��mise��en��forme��des��rubans��de��Fe81.5B14.5Si4��et��Cu60Zr30Al10��avec��leur��ductilité��et��structure��en��
fonction��du��temps��de��recuit��;��les��températures��de��recuit��sont��indiquées��

���‡�•�� �”�—�„�ƒ�•�•�� �	�‡�z�s�ä�w�� �s�v�ä�w���‹�v�� �‰�ƒ�”�†�‡�•�–�� �Ž�‡�—�”�� �†�—�…�–�‹�Ž�‹�–�±�� �Œ�—�•�“�—�ï�•�� �s�r�� �•�‹�•�� �†�‡�� �”�‡�…�—�‹�–�� �•�ƒ�‹�•�� �ƒ�˜�‡�…�� �Ž�ï�ƒ�’�’�ƒ�”�‹�–�‹�‘�•��

�†�ï�—�•�‡���–�”�°�•���ˆ�ƒ�‹�„�Ž�‡���ˆ�”�ƒ�…�–�‹�‘�•�� �†�‡���’�Š�ƒ�•�‡���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���†�ƒ�•�•���Ž�ƒ���•�–�”�—�…�–�—�”�‡���ƒ�•�‘�”�’�Š�‡�ä�����Ž�•���†�‡�˜�‹�‡�•�•�‡�•�–���ˆ�”�ƒ�‰�‹�Ž�‡�•��

�ƒ�’�”�°�•���s�w���•�‹�•���†�‡���”�‡�…�—�‹�–�ä��
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4.3.4 Réversibilité ��de��la��mise��en��forme ��

� �� ‘� —� •� � � ƒ� ˜� ‘� •� •� � � ˜� —� � � “� —� ‡� � � –� ‘� —� •� � � Ž� ‡� •� � � ƒ� Ž� Ž� ‹� ƒ� ‰� ‡� •� � � –� ”� ƒ� ‹� –� ±� •� �

�†�ƒ�•�•���…�‡�–�–�‡���±�–�—�†�‡���•�‘�•�–���•�—�•�…�‡�’�–�‹�„�Ž�‡�•���†�ï�²�–�”�‡���•�‹�•��

� ‡� •� � � ˆ� ‘� ”� •� ‡� � � •� � � …� Š� ƒ� —� †� ä� � � �� ‘� —� •� � � ƒ� ˜� ‘� •� •� � � ‡� š� ƒ� •� ‹� •� ±� � � Ž� ƒ� �

�”�±�˜�‡�”�•�‹�„�‹�Ž�‹�–�±�� �†�‡�� �…�‡�•�� �‘�’�±�”�ƒ�–�‹�‘�•�•�� �‡�•�� �‡�ˆ�ˆ�‡�…�–�—�ƒ�•�–��

�†�‡�—�š�� �•�‹�•�‡�•�� �‡�•�� �ˆ�‘�”�•�‡�� �•�—�…�…�‡�•�•�‹�˜�‡�•�� �†�ƒ�•�•�� �Ž�‡�•��

�†�‡�—�š���•�‡�•�•���†�‡���’�Ž�‹�ƒ�‰�‡�ä�����•���”�—�„�ƒ�•���†�‡�����†�z�t���‹�s�z���•�‹�•��

� ‡� •� � � ˆ� ‘� ”� •� ‡� � � •� � � x� r� z� � � �� � � ’� ‡� •� †� ƒ� •� –� � � †� ‡� —� š� � � •� ‹� •� —� –� ‡� •� � � ƒ� �

� •� —� „� ‹� � � —� •� � � †� ‡� —� š� ‹� °� •� ‡� � � …� ›� …� Ž� ‡�� �‹�†�‡�•�–�‹�“�—�‡�� �†�‡�� �”�‡�…�—�‹�–�á��

�•�ƒ�‹�•���ƒ�˜�‡�…���Ž�ƒ���…�‘�—�”�„�—�”�‡���‹�•�˜�‡�”�•�±�‡�ä�����‡���†�‡�—�š�‹�°�•�‡��

� ‡� •� •� ƒ� ‹� � � †� ‡� � � •� ‹� •� ‡� � � ‡� •� � � ˆ� ‘� ”� •� ‡� � � •� � � …� Š� ƒ� —� †� � � †� ‘� •� •� ‡� � � ƒ� —� �

�”�—�„�ƒ�•�� �—�•�‡�� �…�‘�—�”�„�—�”�‡�� �‹�•�˜�‡�”�•�±�‡�� �ƒ�˜�‡�…�� �—�•��

�†�‹�ƒ�•�°�–�”�‡���†�‡���y���•�•�������r�������±���{�s�ä�v�u���¨���ä�����‡���”�—�„�ƒ�•���‰�ƒ�”�†�‡���•�ƒ���†�—�…�–�‹�Ž�‹�–�±���‡�–���•�ƒ���•�–�”�—�…�–�—�”�‡���ƒ�•�‘�”�’�Š�‡�����	�‹�‰�—�”�‡��

 �v�ä�t�u���ä�� ���‡�–�� �‡�•�•�ƒ�‹�� �’�”�‘�—�˜�‡�� �—�•�‡�� �–�”�°�•�� �„�‘�•�•�‡�� �ƒ�’�–�‹�–�—�†�‡�� �•�� �Ž�ƒ�� �•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� �‡�–�� �•�‘�•�–�”�‡�� �—�•�‡�� �ˆ�Ž�‡�š�‹�„�‹�Ž�‹�–�±��

�‹�•�’�‘�”�–�ƒ�•�–�‡���†�ï�—�•���’�‘�‹�•�–���†�‡���˜�—�‡���–�‡�…�Š�•�‘�Ž�‘�‰�‹�“�—�‡�ä��

� 	� ‹� •� ƒ� Ž� ‡� •� ‡� •� –� á� � � ƒ� ›� ƒ� •� –� � � ”� ±� —� •� •� ‹� � � •� � � •� ‡� –� –� ”� ‡� � � ‡� •� � � ˆ� ‘� ”� •� ‡� � � •� ƒ� •� •� � � ˆ� ”� ƒ� ‰� ‹� Ž� ‹� •� ƒ� –� ‹� ‘� •� � � †�‡�•�� �”�—�„�ƒ�•�•�� �ˆ�ƒ�„�”�‹�“�—�±�•�� �’�ƒ�”�� �•�‡�Ž�–�æ

�•�’�‹�•�•�‹�•�‰�� �†�ƒ�•�•�� �Ž�ƒ�� �������� ���•�‘�—�•�� �ƒ�”�‰�‘�•���á�� �•�‘�—�•�� �ƒ�˜�‘�•�•��

�”�‡�’�”�‘�†�—�‹�–���Ž�‡���•�²�•�‡���‡�ˆ�ˆ�‡�–���’�ƒ�”���†�‡�•���”�‡�…�—�‹�–�•���•�‘�—�•���ƒ�‹�”���†�ƒ�•�•��

�—�•���ˆ�‘�—�”���•�—�”���’�Ž�—�•�‹�‡�—�”�•���–�›�’�‡�•���†�‡���”�—�„�ƒ�•�•�ä�����ƒ���ˆ�‹�‰�—�”�‡�� �v�ä�t�v��

�•�‘�•�–�”�‡�� �—�•�‡�� �„�‘�—�…�Ž�‡�� �†�‡�� �”�—�„�ƒ�•�� ���†�z�s���‹�s�{�� ���u�r�� �Á�•��

�†�ï�±�’�ƒ�‹�•�•�‡�—�”�á�� �v�ä�w�� �•�•�� �†�‡�� �Ž�ƒ�”�‰�‡�—�”�� �‡�–�� �s�r�r�� �•�•�� �†�‡��

�Ž� ‘� •�‰�—�‡�—�”� �� � � ˆ�ƒ� „� ”� ‹� “�—�±� � � ’�ƒ� ”� � �Ž�ƒ� � �–�‡�…�Š�•� ‹� “�—�‡� � �†�‡� � �Ž� ï�±�…�‘�—�Ž�‡�•�‡�•�–� �

�’�Ž�ƒ�•�ƒ�‹�”�‡�������	�����ã�����Ž�ƒ�•�ƒ�”���	�Ž�‘�™���…�ƒ�•�–�‹�•�‰�����‡�–���ˆ�‘�”�•�±���•���…�Š�ƒ�—�†��

� ’�ƒ�”� � � ”�‡�…�—�‹�–� � �†�‡� � �†�‡�—�š� � � •� ‹� •�—�–�‡�•� � � •� � �w�y�r� � � ��ä� � � �� ï� ‹� •�ƒ�‰�‡� � � ‹�Ž�Ž�—�•�–�”�‡� �

�Ž�ƒ�� �„�‘�•�•�‡�� �•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡�� ���{�w�¨���� �‡�–�� �Ž�ƒ�� �„�‘�•�•�‡�� �†�—�…�–�‹�Ž�‹�–�±��
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4.4 Analyse��des��résultats ��de��mise��en��forme ��

� �� ƒ� •� •� � � Ž� ƒ� � � ’� ƒ� ”� –� ‹� ‡� � � ‡� š� ’� ±� ”� ‹� •� ‡� •� –� ƒ� Ž� ‡� � � †� ‡� � � …� ‡� � � …� Š� ƒ� ’� ‹� –� ”� ‡� á� � � •� ‘� —� •� � � ƒ� ˜� ‘� •� •� � � •� ‘� •� –� ”� ±� �� “� —� ‡� á� � � ’� ƒ� ”� � � —� •� � � „� ‘� •� � � …� Š� ‘� ‹� š� � � †� ‡� � � Ž� ƒ� �

�–�‡�•�’�±�”�ƒ�–�—�”�‡�� �‡�–�� �†�—�� �–�‡�•�’�•�� �†�‡�� �–�”�ƒ�‹�–�‡�•�‡�•�–�� �–�Š�‡�”�•�‹�“�—�‡�á�� �•�‘�—�•�� �’�‘�—�˜�‘�•�•�� �†�‘�•�•�‡�”�� �—�•�‡�� �•�‘�—�˜�‡�Ž�Ž�‡�� �ˆ�‘�”�•�‡��

�…�‘�—�”�„�±�‡�� �ƒ�—�š�� �”�—�„�ƒ�•�•�� �ƒ�’�’�ƒ�”�–�‡�•�ƒ�•�–�� �•�� �†�‹�ˆ�ˆ�±�”�‡�•�–�‡�•�� �ˆ�ƒ�•�‹�Ž�Ž�‡�•�� �†�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �ƒ�•�‘�”�’�Š�‡�•�ä�� ���‘�—�•��

�ƒ�˜�‘�•�•���•�‹�•���‡�•���±�˜�‹�†�‡�•�…�‡���“�—�‡���Ž�‡�•���†�‡�—�š���–�›�’�‡�•���†�‡���…�‘�•�’�‘�•�‹�–�‹�‘�•���†�‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�á���•�±�–�ƒ�Ž�æ�•�±�–�ƒ�Ž���‡�–��

�•�±�–�ƒ�Ž�æ�•�±�–�ƒ�Ž�Ž�‘�Ã�†�‡�á���’�‘�•�•�°�†�‡�•�–���…�‡�–�–�‡���’�”�‘�’�”�‹�±�–�±���‡�–���“�—�‡���Ž�‡���ˆ�‘�”�•�ƒ�‰�‡���•���…�Š�ƒ�—�†���„�‹�‡�•���…�‘�•�–�”�Ø�Ž�±���•�ƒ�‹�•�–�‹�‡�•�–���Ž�ƒ��
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�…�‘�•�•�–�ƒ�–�‘�•�•�� �“�—�‡���…�‡�•�� �˜�ƒ�Ž�‡�—�”�•���ƒ�—�‰�•�‡�•�–�‡�•�–���ƒ�˜�‡�…���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���”�‡�…�—�‹�–�ä�������’�”�‘�š�‹�•�‹�–�±���†�‡���Ž�ƒ���”�±�‰�‹�‘�•��



Ch 4. Mise en forme ; déformation élastique 105��
��

��
��

�†�—�� �Ž�‹�“�—�‹�†�‡�� �•�—�”�ˆ�‘�•�†�—�á�� �…�‡�� �”�ƒ�’�’�‘�”�–�� �–�‡�•�†�� �‡�š�’�‘�•�‡�•�–�‹�‡�Ž�Ž�‡�•�‡�•�–�� �˜�‡�”�•�� �Ž�ï�—�•�‹�–�±�ä�� ���ƒ�•�•�� �…�‡�•�� �•�‡�•�—�”�‡�•�á�� �Ž�‡�•��

�˜�ƒ�Ž�‡�—�”�•�� �†�‡�� ���r� �� �� � �†�‡�•� � �”�—�„�ƒ�•�•� � �“�—�‹� � �‰�ƒ�”�†�‡�•�–�� �Ž�‡�—�”�� �•�–�”�—�…�–�—�”�‡�� �ƒ�•� ‘�”� ’�Š�‡�� �ƒ� ’�”�°�•� � �Ž�‡�� �–�”�ƒ�‹�–�‡�•�‡�•�–�� �–�Š�‡�”�•�‹�“�—�‡��

�’�‡�—�˜�‡�•�–���²�–�”�‡���‹�•�–�‡�”�’�‘�Ž�±�‡�•���’�ƒ�”���—�•�‡���ˆ�‘�•�…�–�‹�‘�•���‡�š�’�‘�•�‡�•�–�‹�‡�Ž�Ž�‡���±�–�‹�”�±�‡���†�‡���Ž�ƒ���ˆ�‘�”�•�‡���ã��

�� �4 � �  L � ‡�?�:�X �X�i �;�¤ �7�ž
�¤ Équation�� 4.8��

���•�� �’�Š�›�•�‹�“�—�‡�á�� �Ž�ï�‡�š�’�‘�•�‡�•�–�‹�‡�Ž�Ž�‡�� �±�–�‹�”�±�‡�� �‡�•�–�� �•�‘�—�˜�‡�•�–�� �—�–�‹�Ž�‹�•�±�‡�� �’�‘�—�”�� �†�±�…�”�‹�”�‡�� �Ž�ƒ�� �”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•�� �†�‡�•�� �•�›�•�–�°�•�‡�•��

�ƒ�Ž�±�ƒ�–�‘�‹�”�‡�•�� �‡�•�� �ˆ� ‘�•�…�–�‹� ‘�•� � �†�—���–�‡�•� ’�•� � � ��w�{�á���s�v�y�á���s�v�z���ä��� ��Ž�Ž�‡���ƒ���±�–�±���‹�•�–�”�‘�†�—�‹�–�‡���’�ƒ�”�� ���ä�����‘�Š�Ž�”�ƒ�—�•�…�Š���‡�•�� �s�z�w�v��

�’�‘�—�”���†�±�…�”�‹�”�‡���Ž�ƒ���†�±�…�Š�ƒ�”�‰�‡���†�‡�•���…�‘�•�†�‡�•�•�ƒ�–�‡�—�”�•�����s�v�{���á���‡�–���‡�Ž�Ž�‡���‡�•�–���‰�±�•�±�”�ƒ�Ž�‡�•�‡�•�–���ƒ�’�’�‡�Ž�±�‡���ü���ˆ�‘�•�…�–�‹�‘�•���†�‡��

���‘�Š�Ž�”�ƒ�—�•�…�Š���ý�ä�����‘�—�”���…�Š�ƒ�“�—�‡���…�‘�•�’�‘�•�‹�–�‹�‘�•���±�–�—�†�‹�±�‡�á���Ž�‡�•���˜�ƒ�Ž�‡�—�”�•���†�‡�•���…�‘�•�•�–�ƒ�•�–�‡�•�����•���‡�–���T���•�‘�•�–���…�ƒ�Ž�…�—�Ž�±�‡�•��

�•���’�ƒ�”�–�‹�”���†�‡�•���†�‘�•�•�±�‡�•���‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž�‡�•�ä�����‡���–�ƒ�„�Ž�‡�ƒ�—���•�—�‹�˜�ƒ�•�–���Ž�‹�•�–�‡���…�‡�•���˜�ƒ�Ž�‡�—�”�•���ã��

���‘�•�’�‘�•�‹�–�‹�‘�•�� �� �•���������� �T��

���†�v�t�ä�w���—�u�r���‹�y�ä�w�� �t�r�� �v�v�r�ä�s�r�� �s�u�ä�x�z��
���†�z�t���‹�s�z�� �v�u�{�ä�t�u �s�w�ä�s�y

���—�x�r���”�u�r���Ž�s�r�� �w�s�t�ä�t�s �{�ä�r�x
���”�y�r���‹�s�x���—�x���Ž�z�� �v�z�y�ä�x�w �s�r�ä�w�v

���‘ �z�r�� �t�r�� �w�r�s�ä�s�v �s�r�ä�v�t
�	�‡�z�u�� �s�y�� �w�r�z�ä�t�y �s�r�ä�r�t

�	�‡�z�s�ä�w�� �s�v�ä�w���‹�v�� �v�y�z�ä�t�w �s�s�ä�x�{
��

Tableau�� 4.6��:��Liste��des��constantes��d’interpolation��par��fonction��exponentielle��étirée��des��ratios��de��mise��en��forme��des��rubans��
amorphes��après��le��traitement��thermique��

���ƒ�•�•���Ž�ƒ���ˆ�‹�‰�—�”�‡�� �v�ä�t�w�������ƒ�‰�‡���s�r�x�����•�‘�—�•���ƒ�˜�‘�•�•���”�ƒ�•�•�‡�•�„�Ž�±���Ž�‡�•���…�‘�—�”�„�‡�•���†�ï�±�˜�‘�Ž�—�–�‹�‘�•���†�—���”�ƒ�’�’�‘�”�–���†�‡���•�‹�•�‡��

�‡�•�� �ˆ�‘�”�•�‡�� �‡�•�� �ˆ�‘�•�…�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�‡�� �”�‡�…�—�‹�–�� �‡�–�� �Ž�‡�•�� �…�‘�—�”�„�‡�•�� �†�ï�‹�•�–�‡�”�’�‘�Ž�ƒ�–�‹�‘�•�� �†�‡�� ���r������ �’�ƒ�”��

�Ž�ï�±�“�—�ƒ�–�‹�‘�•�� �v�ä�z�ä��

���Š�›�•�‹�“�—�‡�•�‡�•�–�á�� ���•� � � ’� ‡� —� –� � � ”� ‡� ’� ”� ±� •� ‡� •� –� ‡� ”� � � Ž� ƒ� � � –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � •� ‡� —� ‹� Ž� � � •� � � ’� ƒ� ”� –� ‹� ”� � � †� ‡� � � Ž� ƒ� “� —� ‡� Ž� Ž� ‡� � � Ž� ƒ� ��•�‹�•�‡�� �‡�•�� �ˆ�‘�”�•�‡��

�…� ‘� •� •�‡�•�…�‡� � �‡�–� � �Ž�‡� � � ”�—�„�ƒ�•� � � ’�‡� ”�†� � � •�ƒ� � � ˆ� ‘� ”� •�‡� � � ”�‡�…�–�‹�Ž�‹�‰�•�‡� � � ‹� •� ‹�–� ‹�ƒ�Ž�‡�á� � � •�ƒ� ‹� •� � � ‹�Ž�� �•�ï�›�� �ƒ�� �’�ƒ�•�� �†�‡�� �…�‘�”�”�±�Ž�ƒ�–�‹�‘�•�� �†�‹�”�‡�…�–�‡��

�‡�•�–�”�‡�� ���•�á�� ���‰� � � ‘� —� � � ��š� ä� � � �� ‡� � � ˆ� ƒ� …� –� ‡� —� ”� � � T� � � ”� ‡� ’� ”� ±� •� ‡� •� –� ‡� � � Ž� ï� ƒ� ’� –� ‹�–�—�†�‡�� �†�—�� �”�—�„�ƒ�•�� �•�� �’�”�‡�•�†�”�‡�� �Ž�ƒ�� �ˆ�‘�”�•�‡�� �‹�•�’�‘�•�±�‡���â��

�ƒ�—�–�”�‡�•�‡�•�–���†�‹�–�á���Ž�ƒ���”�ƒ�’�‹�†�‹�–�±���ƒ�˜�‡�…���Ž�ƒ�“�—�‡�Ž�Ž�‡���Ž�‡���”�—�„�ƒ�•���”�±�’�‘�•�†���•���Ž�ï�‡�•�•�‡�•�„�Ž�‡���†�‡���Ž�ƒ���•�‘�Ž�Ž�‹�…�‹�–�ƒ�–�‹�‘�•���‡�–���’�”�‡�•�†��

�Ž�ƒ���ˆ�‘�”�•�‡���‡�š�‹�‰�±�‡�ä�����‘�—�”���—�•���†�‹�•�‡�•�•�‹�‘�•�•�‡�•�‡�•�–���‹�•�‹�–�‹�ƒ�Ž���•�‹�•�‹�Ž�ƒ�‹�”�‡�á���—�•�‡���˜�ƒ�Ž�‡�—�”���†�‡���T���’�Ž�—�•���‰�”�ƒ�•�†�‡���•�‹�‰�•�‹�ˆ�‹�‡��

�—�•�‡���ƒ�’�–�‹�–�—�†�‡���•�—�’�±�”�‹�‡�—�”�‡���•���Ž�ƒ���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���’�ƒ�”���”�‡�…�—�‹�–�ä�����‡�’�‡�•�†�ƒ�•�–�á���T���‡�•�–���†�‡���Ž�ï�‘�”�†�”�‡���†�‡���s�r���’�‘�—�”���Ž�ƒ��

�•�ƒ�Œ�‘�”�‹�–�±�� �†�‡�•�� �…�‘�•�’�‘�•�‹�–�‹�‘�•�•�� �–�‡�•�–�±�‡�•�� �•�� �Ž�ï�‡�š�…�‡�’�–�‹�‘�•�� �†�‡�•�� �ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �”�‹�…�Š�‡�•�� �‡�•�� �’�ƒ�Ž�Ž�ƒ�†�‹�—�•�� �“�—�‹�� �•�‘�•�–�”�‡�•�–��

�†�‡�•���˜�ƒ�Ž�‡�—�”�•���’�Ž�—�•���‹�•�’�‘�”�–�ƒ�•�–�‡�•�����s�v�æ�s�w�������s�w�r���ä��



106�� Ch 4. Mise en forme ; déformation élastique��
��

��

Figure�� 4.25��:��Courbes��d’évolution��du��rapport��de��mise��en��forme��D0/D��en��fonction��de��la��température��de��recuit,��et��leurs��
courbes��d’interpolation��par��fonction��exponentielle��étirée��

��



Ch 4. Mise en forme ; déformation élastique 107��
��

��
��

4.5 Discussion ��des��résultats ��

4.5.1 Cinétiques ��de��la��mise��en��forme ��

���ƒ�•�•���Ž�ƒ���Ž�‹�–�–�±�”�ƒ�–�—�”�‡���•�…�‹�‡�•�–�‹�ˆ�‹�“�—�‡�á���Ž�‡�•���±�–�—�†�‡�•���†�‡���Ž�ƒ���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���†�‡���”�—�„�ƒ�•�•���ƒ�•�‘�”�’�Š�‡�•���•�‡���•�‘�•�–���’�ƒ�•��

� •� ‘� •� „� ”� ‡� —� •� ‡� •� ä� � � �� ‡� � � ’� Š� ±� •� ‘� •� °� •� ‡� � � †� ‡� � � ˆ� ”� ƒ� ‰� ‹� Ž� ‹� •� ƒ� –� ‹� ‘� •� � � –� Š� ‡� ”� •� ‹� “� —� ‡� � � ƒ� � � ±� –� ±� � � ‘� „� •� ‡� ”� ˜� ±� � � ƒ� ’� ”� °� •� � � †� ‡� •� � � ”� ‡� …� —� ‹� –� •� �

�‹�•�‘�–�Š�‡�”�•�‡�•���†�‡���Ž�‘�•�‰�—�‡�•���†�—�”�±�‡�•���‡�–���ƒ�—�š���–�‡�•�’�±�”�ƒ�–�—�”�‡�•���„�‹�‡�•���‡�•���†�‡�•�•�‘�—�•���†�‡���Ž�ƒ���–�”�ƒ�•�•�‹�–�‹�‘�•���˜�‹�–�”�‡�—�•�‡���•�����‰�ä��

���ä�
�ä�����•�–���‡�–���ƒ�Ž�ä�����s�w�s���� �‘�•�–�� �•�‘�†�±�Ž�‹�•�±���Ž�ƒ���”�‡�Ž�ƒ�š�ƒ�–�‹�‘�•�� �•�–�”�—�…�–�—�”�ƒ�Ž�‡���†�ƒ�•�•�� �Ž�‡�•�� �”�—�„�ƒ�•�•�� � 	�‡�v�r���‹�v�r�� �s�v�� �x� � �•�‹�•� � �‡�•��
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�”�‡�†�‹�•�–�”�‹�„�—�–�‹�‘�•���†�‡�•���…�‘�•�–�”�ƒ�‹�•�–�‡�•���‹�•�’�‘�•�±�‡�•���•�‘�‹�–���’�Ž�—�•���”�ƒ�’�‹�†�‡���“�—�‡���Ž�‡�•���•�±�…�ƒ�•�‹�•�•�‡�•���”�‡�•�’�‘�•�•�ƒ�„�Ž�‡�•���†�‡���Ž�ƒ��

� ˆ� ”� ƒ� ‰� ‹� Ž� ‹� •� ƒ� –� ‹� ‘� •� ä� � � �� ‘� —� •� � � ƒ� ˜� ‘� •� •� � � •� —� ‹� ˜� ‹� � � Ž� ‡� � � •� ‘� †� °� Ž� ‡� � � †� ï� �� ä� � � �� ƒ� —� „� � � ’� ‘� —� ”� � � Ž� ‡� •� � � …� ‹�•�±�–�‹�“�—�‡�•�� �†�‡�� �”�‡�†�‹�•�–�”�‹�„�—�–�‹�‘�•�� �†�‡�•��

�…�‘�•�–�”�ƒ�‹�•�–�‡�•�� �‹�•�–�‡�”�•�‡�•�� �‡�–�� �‹�•�’�‘�•�±�‡�•�ä�� ���‡�•�� �˜�ƒ�Ž�‡�—�”�•�� �–�‹�”�±�‡�•�� �’�ƒ�”�� �…�‡�� �•�‘�†�°�Ž�‡�� �•�‘�•�–�� �‡�•�� �ƒ�…�…�‘�”�†�� �ƒ�˜�‡�…�� �•�‘�•��
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Figure�� 4.31��:��Évolution��de��la��déformation��élastique��avec��la��
température��de��l’essai��en�ædessous��de��Tg��[178]��
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5.1 Composites��à��matrice ��métallique ��comme��matériaux ��de��structure ��

� ��ƒ� � � ”�±�†�—�…�–� ‹� ‘� •� � �†�‡� � �Ž�ƒ� � �…� ‘� •� •� ‘� •� •�ƒ�–� ‹� ‘� •� � �†�5�±� •�‡� ”�‰�‹�‡� � �‡�–� � �†�‡� •� � �±� •� ‹� •� •� ‹� ‘� •� •� � �†�‡� � �‰�ƒ�œ�� �†�—�� �•�‡�…�–�‡�—�”�� �†�‡�•�� �–�”�ƒ�•�•�’�‘�”�–�•��

���ƒ�—�–�‘�•�‘�„�‹�Ž�‡�•�á�� �’�‘�‹�†�•�æ�Ž�‘�—�”�†�•�á�� �–�”�ƒ�‹�•�•�á�� �ƒ�˜�‹�‘�•�•���� �•�‘�•�–�� �†�‡�•�� �‡�š�‹�‰�‡�•�…�‡�•���’�”�‹�‘�”�‹�–�ƒ�‹�”�‡�•�� �’�‘�—�”�� �—�•��

�†�±�˜�‡�Ž�‘�’�’�‡�•�‡�•�–���†�—�”�ƒ�„�Ž�‡�ä�����ï�—�–�‹�Ž�‹�•�ƒ�–�‹�‘�•���†�‡���•�‘�—�˜�‡�ƒ�—�š���•�ƒ�–�±�”�‹�ƒ�—�š���’�‡�”�ˆ�‘�”�•�ƒ�•�–�•���‡�–���’�Ž�—�•���Ž�±�‰�‡�”�•���†�ƒ�•�•���Ž�ƒ��

� …� ‘� •� •� –� ”� —� …� –� ‹� ‘� •� � � †� ‡� •� � � ˜� ±� Š� ‹� …� —� Ž� ‡� •� � � ‡� •� –� � � —� •� ‡� � � ˜� ‘� ‹� ‡� � � ‡� š� ’� Ž� ‘� ”� ±� ‡� � � †� ƒ� •� •� � � Ž� ‡� •� � � Ž� ƒ� „� ‘� ”�ƒ�–�‘�‹�”�‡�•�� �†�‡�� �”�‡�…�Š�‡�”�…�Š�‡�� �‡�–�� �†�‡�•��

�‰�”�ƒ�•�†�‡�•�� �‹�•�†�—�•�–�”�‹�‡�•�ä�� ���Ž�—�•�‹�‡�—�”�•�� �…�”�‹�–�°�”�‡�•�� �‰�—�‹�†�‡�•�–�� �…�‡�� �†�±�˜�‡�Ž�‘�’�’�‡�•�‡�•�–�ä� � � ��ƒ� •� •� � �Ž�‡�•� � � •�‡�…�–�‡�—�”� •� � �ƒ�—�–� ‘� •� ‘� „� ‹�Ž�‡� �

�‡�–���ƒ�±�”�‘�•�ƒ�—�–�‹�“�—�‡�á���“�—�ƒ�–�”�‡���…�”�‹�–�°�”�‡�•���‰�‘�—�˜�‡�”�•�‡�•�–���Ž�‡���…�Š�‘�‹�š���†�‡�•���•�ƒ�–�±�”�‹�ƒ�—�š���ã���Ž�ƒ���Ž�±�‰�°�”�‡�–�±���’�ƒ�”���”�ƒ�’�’�‘�”�–���ƒ�—�š��

�ƒ�…�‹�‡�”�•�á���Ž�ƒ���Š�ƒ�—�–�‡���’�‡�”�ˆ�‘�”�•�ƒ�•�…�‡���•�±�…�ƒ�•�‹�“�—�‡�á���Ž�ƒ���ˆ�‹�ƒ�„�‹�Ž�‹�–�±���‡�–���Ž�‡���…�‘�ð�–�ä�����‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���•���„�ƒ�•�‡���†�‡���•�ƒ�‰�•�±�•�‹�—�•��

�‡�–���†�5�ƒ�Ž�—�•�‹�•�‹�—�•���•�‘�•�–���Ž�±�‰�‡�”�•���‡�–���’�‡�—���…�‘�—�–�‡�—�š���’�ƒ�”���”�ƒ�’�’�‘�”�–���•���…�‡�—�š���†�‡���–�‹�–�ƒ�•�‡�ä�����‘�•�•�‡���Ž�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���Ž�±�‰�‡�”�•��

� ƒ� …� –� —� ‡� Ž� Ž� ‡� •� ‡� •� –� � � …� ‘� •� •� ‡� ”� …� ‹� ƒ� Ž� ‹� •� ±� •� � � •� ‡� � � •� ‘� •� –� � � ’� ƒ� •� � � ƒ� —� •� •� ‹� � � ’� ‡� ”� ˆ� ‘� ”� •� ƒ� •� –� •� � � “� —� ‡� � � Ž�‡�•�� �ƒ�…�‹�‡�”�•�á�� �Ž�5�±�Ž�ƒ�„�‘�”�ƒ�–�‹�‘�•�� �†�‡�•��

�…�‘�•�’�‘�•�‹�–�‡�•�� �•�� �•�ƒ�–�”�‹�…�‡�� �†�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� �Ž�±� ‰� ‡� ”� � � ƒ� ˜� ‡� …� � � †� ‡� � � •� ‘� —� ˜� ‡� ƒ� —� š� � � –� ›� ’� ‡� •� � � †� ‡� ��’�Š�ƒ�•�‡�•�� �†�‡�� �”�‡�•�ˆ�‘�”�…�‡�•�‡�•�–�� �‡�•�–��

�†�ï�ƒ�…�–�—�ƒ�Ž�‹�–�±�ä��

���ƒ�”���…�‘�•�•�±�“�—�‡�•�–�á���†�‡���•�‘�•�„�”�‡�—�•�‡�•���±�–�—�†�‡�•���‘�•�–���±�–�±���ˆ�ƒ�‹�–�‡�•���’�‘�—�”���‡�š�ƒ�•�‹�•�‡�”���Ž�ï�ƒ�’�–�‹�–�—�†�‡���•���Ž�ï�ƒ�•�‘�”�’�Š�‹�•�ƒ�–�‹�‘�•��

�†�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���•���„�ƒ�•�‡���†�‡���…�‡�•���±�Ž�±�•�‡�•�–�•���Ž�±�‰�‡�”�•�ä�����‡�•���˜�‡�”�”�‡�•���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���•�ƒ�•�•�‹�ˆ�•���•���„�ƒ�•�‡���†�‡���•�ƒ�‰�•�±�•�‹�—�•��

�’�‘�•�•�°�†�‡�•�–���—�•�‡���„�‘�•�•�‡���ƒ�’�–�‹�–�—�†�‡���•���Ž�ï�ƒ�•�‘�”�’�Š�‹�•�ƒ�–�‹�‘�•���ƒ�˜�‡�…���—�•���†�‹�ƒ�•�°�–�”�‡���…�”�‹�–�‹�“�—�‡���“�—�‹���ƒ�–�–�‡�‹�•�–���t�w���•�•�á���‡�–��

� —� •� ‡� � � Ž� ‹� •� ‹� –� ‡� � � ±� Ž� ƒ� •� –� ‹� “� —� ‡� � � †� ‡� � � Ž� ï� ‘� ”� †� ”� ‡� � � †� ‡� � � s� � � 
� �� ƒ� � � �� s� r� �� ä� � � �� ‡� � � ’� Ž� —� •� � � ‰� ”� ƒ� •� †� � � †� ‹�ƒ�•�°�–�”�‡�� �…�”�‹�–�‹�“�—�‡�á�� �”�±�…�‡�•�•�‡�•�–��

�”�ƒ�’�’�‘�”�–�±�á�� �†�ï�—�•�� �ƒ�Ž�Ž�‹�ƒ�‰�‡�� �ƒ�•�‘�”�’�Š�‡�� �•��� „�ƒ�•�‡� � �†�ï�ƒ�Ž�—�•�‹�•�‹�—�•� � �‡�•�–� � �†�‡� � �s� � �•�•� � � •�‡�—�Ž�‡�•�‡�•�–�á�� �ƒ�˜�‡�…�� �s�r�w�r�� �����ƒ�� �†�‡��

�Ž�‹�•�‹�–�‡���±�Ž�ƒ�•�–�‹�“�—�‡�����v���ä�����ï�ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•���”�‡�•�ƒ�”�“�—�ƒ�„�Ž�‡���†�‡���Ž�ƒ���”�±�•�‹�•�–�ƒ�•�…�‡���•�±�…�ƒ�•�‹�“�—�‡���†�‡���…�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•�á���’�ƒ�”��

�”�ƒ�’�’�‘�”�–�� �•�� �Ž�‡�—�”�•�� �Š�‘�•�‘�Ž�‘�‰�—�‡�•�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�•�á�� �‡�•�–�� �–�‘�—�Œ�‘�—�”�•�� �ƒ�…�…�‘�•�’�ƒ�‰�•�±�‡�� �’�ƒ�”�� �—�•�‡�� �’�‡�”�–�‡�� �‹�•�’�‘�”�–�ƒ�•�–�‡�� �†�‡��

�†�—�…�–�‹�Ž�‹�–�±�ä����

� �� ƒ� •� •� � � Ž� ‡� •� � � …� Š� ƒ� ’� ‹� –� ”� ‡� •� � � ’� ”� ±� …� ±� †� ‡� •� –� •� á� � � •� ‘� —� •� � � ƒ� ˜� ‘� •� •� � � †� ‹� •� …� —� –� ±� � � †� —� � � …� ‘� •� ’� ‘� ”� –� ‡� •� ‡�•�–�� �“�—�ƒ�•�‹�æ�ˆ�”�ƒ�‰�‹�Ž�‡�� �†�‡�•�� �˜�‡�”�”�‡�•��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� �•�‘�—�•�� �•�‘�Ž�Ž�‹�…�‹�–�ƒ�–�‹�‘�•�� �•�±�…�ƒ�•�‹�“�—�‡�ä�� ���‡�� �’�”�‘�„�Ž�°�•�‡�� �†�‡�� �ˆ�”�ƒ�‰�‹�Ž�‹�–�±�� �†�ƒ�•�•�� �Ž�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•��
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5.3 Processus��expérimental ��

5.3.1 Élaboration ��des��matériaux ��
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5.3.2 Production ��de��composite ��par ��compactage��à��chaud��
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�Ž�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�� �†�ï�—�•�‡�� �’�”�‡�•�•�‹�‘�•�� �†�‡�� �w�r�� �•�� �y�r�� �����ƒ�� �—�•�� �”�‡�…�—�‹�–�� �†�‡�� �t�� �•�‹�•�—�–�‡�•�� �•�� �Ž�ƒ�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�‡��

�…�‘�•�’�ƒ�…�–�ƒ�‰�‡���ƒ�–�–�‡�‹�•�–�‡���’�ƒ�”�� �—�•���…�Š�ƒ�—�ˆ�ˆ�ƒ�‰�‡���•���s�r�r�����ä�•�‹�•�æ�s�á���ƒ�˜�ƒ�•�–���—�•���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���”�ƒ�’�‹�†�‡���Œ�—�•�“�—�ï�•���Ž�ƒ��

�–�‡�•�’�±�”�ƒ�–�—�”�‡���ƒ�•�„�‹�ƒ�•�–�‡�ä�����‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���ƒ���±�–�±���”�±�ƒ�Ž�‹�•�±���’�ƒ�”���—�•�‡���…�‹�”�…�—�Ž�ƒ�–�‹�‘�•���‹�•�–�‡�”�•�‡���†�ï�‡�ƒ�—�����	�‹�‰�—�”�‡��

 �w�ä�t���ä�����ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���ƒ���±�–�±���•�‡�•�—�”�±�‡���’�ƒ�”���—�•���–�Š�‡�”�•�‘�…�‘�—�’�Ž�‡���ˆ�‹�š�±���ƒ�—���•�‹�˜�‡�ƒ�—���†�‡���Ž�ƒ���•�ƒ�–�‹�°�”�‡���…�‘�•�’�ƒ�…�–�±�‡�ä��
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Figure�� 5.2��:��Schéma��descriptif��du��dispositif��utilisé��pour��le��compactage��des��composites��

� �� ƒ� � � •� ±� –� Š� ‘� †� ‡� � � †� ‡� � � …� ‘� •� ’� ƒ� …� –� ƒ� ‰� ‡� � � Ž� ‘� ”� •� � � †� —� � � …� Š� ƒ� —� ˆ� ˆ� ƒ� ‰� ‡� � � ’� ƒ� ”� � � ‹� •� †� —� …� –� ‹� ‘� •� � � •� � � Š� ƒ� —� –�‡�� �ˆ�”�±�“�—�‡�•�…�‡�� �•�‘�—�•�� �’�”�‡�•�•�‹�‘�•�á��

�’�‡�”�•�‡�–�� �†�ï�‡�ˆ�ˆ�‡�…�–�—�‡�”�� �Ž�‡�� �’�”�‘�…�‡�•�•�—�•�� �†�‡�� �ˆ�ƒ��‘�•�� �”�ƒ�’�‹�†�‡�� �ƒ�ˆ�‹�•�� �†�‡�� �…�‘�•�–�”�Ø�Ž�‡�”�� �Ž�‡�� �…�›�…�Ž�‡�� �†�‡�� �–�”�ƒ�‹�–�‡�•�‡�•�–��

�–�Š�‡�”�•�‹�“�—�‡���ƒ�˜�‡�…���’�”�±�…�‹�•�‹�‘�•���‡�–���†�ï�±�˜�‹�–�‡�”���Ž�ƒ���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•���†�‡�•���’�ƒ�”�–�‹�…�—�Ž�‡�•���†�‡���˜�‡�”�”�‡���•�±�–�ƒ�Ž�Ž�‹�“�—�‡�ä��

��

5.3.3 Caractérisation ��des��composites ��

���ï�ƒ�•�ƒ�Ž�›�•�‡�� �†�‡�•�� �’�Š�ƒ�•�‡�•�� �ƒ�� �±�–�±�� �”�±�ƒ�Ž�‹�•�±�‡�� �’�ƒ�”�� �†�‹�ˆ�ˆ�”�ƒ�…�–�‹�‘�•�� �†�‡�•�� �”�ƒ�›�‘�•�•�æ� š� � � �� �� �� �� �� � � ‡� •� � � —� –� ‹� Ž� ‹� •� ƒ� •� –� � � Ž� ‡� �

�”�ƒ�›�‘�•�•�‡�•�‡�•�–�� ���=�� �†�‡�� �…�—�‹�˜�”�‡�ä�� ���ƒ�� �•�‹�…�”�‘�•�–�”�—�…�–�—�”�‡�� �†�‡�•�� �…�‘�•�’�‘�•�‹�–�‡�•�� �ƒ�� �±�–�±�� �±�–�—�†�‹�±�‡�� �•�—�”�� �—�•�� �•�‹�…�”�‘�•�…�‘�’�‡��

�±�Ž�‡�…�–�”�‘�•�‹�“�—�‡�� �•�� �„�ƒ�Ž�ƒ�›�ƒ�‰�‡�� ������������ �±�“�—�‹�’�±�� �†�ï�—�•�� �•�’�‡�…�–�”�‘�•�°�–�”�‡�� �†�‡�� �•�‹�…�”�‘�ƒ�•�ƒ�Ž�›�•�‡�æ�š�� �•�� �†�‹�•�’�‡�”�•�‹�‘�•��

�†�ï�±�•�‡�”�‰�‹�‡�������������ä�����‡�•���‡�•�•�ƒ�‹�•���†�‡���…�‘�•�’�”�‡�•�•�‹�‘�•���—�•�‹�ƒ�š�‹�ƒ�Ž�‡���‘�•�–���±�–�±���‡�ˆ�ˆ�‡�…�–�—�±�•���•�—�”���†�‡�•���±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�•���†�‡���v��

�•�•���†�‡���Ž�‘�•�‰�—�‡�—�”���‡�–���t��t���•�•�~���†�‡���•�‡�…�–�‹�‘�•�ä�����ƒ���˜�‹�–�‡�•�•�‡���†�‡���†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•���ƒ���±�–�±���ˆ�‹�š�±�‡���•���s�r�æ�u���•�æ�s�ä��

��
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5.4 Résultats ��expérimentaux ��

5.4.1 Composite��{Mg|Zr �æamorphe} ��

���ƒ�”�•�‹�� �Ž�‡�•�� �ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �…�‘�•�•�‡�”�…�‹�ƒ�—�š�� �•���„�ƒ�•�‡�� �†�‡�� �•�ƒ�‰�•�±�•�‹�—�•�á�� �Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� �����{�s�� �‡�•�–�� �…�‘�•�•�—�� �’�‘�—�”�� �•�ƒ�� �„�‘�•�•�‡��

�”�±�•�‹�•�–�ƒ�•�…�‡�� �•�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �ƒ�•�„�‹�ƒ�•�–�‡�á�� �•�ƒ�� �…�‘�—�Ž�ƒ�„�‹�Ž�‹�–�±�� �‡�–�� �•�ƒ�� �”�±�•�‹�•�–�ƒ�•�…�‡�� �•�� �Ž�ƒ�� �…�‘�”�”�‘�•�‹�‘�•�� ���s�{�w���ä�� ���‘�—�•��

�ƒ�˜�‘�•�•�� �’�”�±�’�ƒ�”�±�� �Ž�ƒ�� �…�‘�•�’�‘�•�‹�–�‹�‘�•�� ���‰�{�s�ä�v���Ž�z�ä�s���•�r�ä�v���• �r�ä�s�� �¨�� �ƒ�–�ä�� �’�”�‘�…�Š�‡�� �†�‡�� �Ž�ƒ�� �…�‘�•�’�‘�•�‹�–�‹�‘�•�� �…�‘�•�•�‡�”�…�‹�ƒ�Ž�‡��

���s�{�w���ä�� ���‡�� �Ž�‹�•�‰�‘�–�� �‡�•�–�� �…�‘�—�Ž�±�� �’�ƒ�”�� �•�‡�Ž�–�æ�•�’�‹�•�•�‹�•�‰�� �‡�–�� �Ž�‡�•�� �”�—�„�ƒ�•�•�� �‘�„�–�‡�•�—�•�� ���u�r�� �Á�•�� �†�ï�±�’�ƒ�‹�•�•�‡�—�”���� �•�‘�•�–��

�…�‘�—�’�±�•�� �‡�•�� �’�‡�–�‹�–�•�� �•�‘�”�…�‡�ƒ�—�š���†�ï�—�•�� �•�‹�Ž�Ž�‹�•�°�–�”�‡�ä�����ƒ�•�•�� �…�‡���…�ƒ�•�á���Ž�ƒ���˜�‹�–�‡�•�•�‡���†�‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–�� �•�5�‡�•�–���’�ƒ�•��

�—�•�� �’�ƒ�”�ƒ�•�°�–�”�‡�� �…�”�‹�–�‹�“�—�‡�� �’�—�‹�•�“�—�‡�� �Ž�‡�� �•�‡�Ž�–�æ�•�’�‹�•�•�‹�•�‰�� �‡�•�–�� �‡�ˆ�ˆ�‡�…�–�—�±�� �•�‡�—�Ž�‡�•�‡�•�–�� �’�‘�—�”�� �†�‘�•�•�‡�”�� �—�•�‡�� �ˆ�‘�”�•�‡��

�…�‘�•�˜�‡�•�ƒ�„�Ž�‡���’�‘�—�”���Ž�‡���„�”�‘�›�ƒ�‰�‡�ä��

���ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� ���”�w�y���„ �w���—�s�w�ä�v���‹�s�t�ä�x���Ž�s�r�� �����‹�–�”�ƒ�Ž�‘�›�� �x�� ���‹�…�‹�� ���”�æ�ƒ������ �ƒ�� �±�–�±�� �±�Ž�ƒ�„�‘�”�±�� �ƒ�—�� �Ž�ƒ�„�‘�”�ƒ�–�‘�‹�”�‡�� �‡�–�� �ƒ�•�‘�”�’�Š�‹�•�±��

�•�‘�—�•���ˆ�‘�”�•�‡���†�‡���”�—�„�ƒ�•�•���’�ƒ�”���•�‡�Ž�–�æ�•�’�‹�•�•�‹�•�‰�á���’�—�‹�•���Ž�‡�•���”�—�„�ƒ�•�•���•�‘�•�–���…�‘�—�’�±�•���‡�•���•�‘�”�…�‡�ƒ�—�š���ƒ�˜�ƒ�•�–���†�ï�²�–�”�‡��

�„�”�‘�›�±�•���s�w���Š�‡�—�”�‡�•���†�ƒ�•�•���—�•���„�”�‘�›�‡�—�”���•���„�‹�Ž�Ž�‡���‡�•���ƒ�…�‹�‡�”���‹�•�‘�š�›�†�ƒ�„�Ž�‡���•�‘�—�•���ƒ�”�‰�‘�•�ä�����•�•�—�‹�–�‡�á���Ž�ƒ���’�‘�—�†�”�‡���ˆ�‹�•�‡��

�‘�„�–�‡�•�—�‡���ƒ���±�–�±���•�²�Ž�±�‡���ƒ�—�š���•�‘�”�…�‡�ƒ�—�š���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�����‰�æ�����{�s���†�‡���•�‘�”�–�‡���“�—�‡���Ž�ƒ���ˆ�”�ƒ�…�–�‹�‘�•���˜�‘�Ž�—�•�‹�“�—�‡���†�‡���Ž�ƒ��

�’�‘�—�†�”�‡���ƒ�•�‘�”�’�Š�‡���•�‘�‹�–���†�‡���s�w�¨�ä�����‡���•�±�Ž�ƒ�•�‰�‡���ƒ���±�–�±���‡�•�•�—�‹�–�‡���„�”�‘�›�±���’�‡�•�†�ƒ�•�–���y���Š�‡�—�”�‡�•�ä��

���‡�•�� �•�‡�•�—�”�‡�•�� �…�ƒ�Ž�‘�”�‹�•�±�–�”�‹�“�—�‡�•�� �•�� �s�r�� ���ä�•�‹�•�æ�s� � � •� —� ”� � � †� ‡� •� � � ”� —� „� ƒ� •� •� � � ƒ� •� ‘� ”� ’� Š� ‡� •� � � �� ”�w�y���„ �w���—�s�w�ä�v���‹�s�t�ä�x���Ž�s�r��

�†�‘�•�•�‡�•�–�� �x�z�y�� ���� �‡�–�� �y�w�r�� ���� �’�‘�—�”�� �Ž�‡�•�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�•�� �†�‡�� �–�”�ƒ�•�•�‹�–�‹�‘�•�� �˜�‹�–�”�‡�—�•�‡�� ���‰�� �‡�–�� �†�‡�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�� ���š��

�”�‡�•�’�‡�…�–�‹�˜�‡�•�‡�•�–�ä�����•���‘�—�–�”�‡�á���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�—���•�‘�Ž�‹�†�—�•���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡���•�ƒ�–�”�‹�…�‡�����‰�æ�����{�s���±�–�ƒ�•�–���†�‡���y�v�s�����á��

�Ž�ƒ�� �’�‘�—�†�”�‡�� �…�‘�•�’�‘�•�‹�–�‡�� �ƒ�� �±�–�±�� �…�‘�•�’�ƒ�…�–�±�‡�� �t�� �•�‹�•�—�–�‡�•�� �•�� �y�s�u�� ���� �†�ƒ�•�•�� �Ž�‡�� �†�‹�•�’�‘�•�‹�–�‹�ˆ�� �‹�Ž�Ž�—�•�–�”�±�� �’�ƒ�”�� �Ž�ƒ�� �ˆ�‹�‰�—�”�‡��

 �w�ä�t�������ƒ�‰�‡���s�t�w���ä�����ƒ���’�”�‡�•�•�‹�‘�•���ƒ�’�’�Ž�‹�“�—�±�‡���’�‡�•�†�ƒ�•�–���–�‘�—�–���Ž�‡���…�›�…�Ž�‡���†�‡���…�‘�•�’�ƒ�…�–�ƒ�‰�‡���ƒ���±�–�±���w�r�������ƒ�ä��

���ƒ�� �ˆ�‹�‰�—�”�‡�� �w�ä�u�� �•�‘�•�–�”�‡�� �Ž�‡�� �…�Ž�‹�…�Š�±�� �†�‡�� �†�‹�ˆ�ˆ�”�ƒ�…�–�‹�‘�•�� �†�—�� �…�‘�•�’�‘�•�‹�–�‡�� �…�‘�•�’�ƒ�…�–�±�ä�� ���‡�� �Š�ƒ�Ž�‘�� �†�‡�� �†�‹�ˆ�ˆ�”�ƒ�…�–�‹�‘�•�� �•��

�‡�•�˜�‹�”�‘�•���t�E���³���u�y�¹���‹�•�†�‹�“�—�‡���Ž�ƒ���’�”�±�•�‡�”�˜�ƒ�–�‹�‘�•���†�‡���Ž�ƒ���•�ƒ�–�—�”�‡���ƒ�•�‘�”�’�Š�‡���†�‡�•���’�ƒ�”�–�‹�…�—�Ž�‡�•���†�‡���”�‡�•�ˆ�‘�”�–���ƒ�’�”�°�•���Ž�‡��

�…�‘�•�’�ƒ�…�–�ƒ�‰�‡�ä�� ���ƒ�� �•�ƒ�–�”�‹�…�‡�� �‡�•�–�� �…�‘�•�•�–�‹�–�—�±�‡�� �†�‡�� ���‰�� �‡�–�� �†�ï�‹�•�…�Ž�—�•�‹�‘�•�•�� �†�‡���Ž�ï�‹�•�–�‡�”�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�� ���‰�s�y���Ž�s�t�ä��

� �� ï� ‹� •� ’� ‘� ”� –� ƒ� •� …� ‡� � � ”� ‡� Ž� ƒ� –� ‹� ˜� ‡� � � †� ‡� � � Ž� ï� ‹� •� –� ‡� •� •� ‹� –� ±� � � †� ‡� •� � � Š� ƒ� Ž� ‘� •� � � ƒ� •� ‘� ”� ’� Š� ‡� •� � � ’� ƒ� ”� � � ”� ƒ� ’� ’� ‘� ”� –� � � •� � � •� ‘� •� � � ”� ƒ� –� ‹� ‘� � � †� ‡� � � s� w� ¨� � � ‡� •� �

� ˜� ‘� Ž�—� •� ‡� � � ‡� •� –� � � †�—�‡� � � •� � � Ž� ƒ� � � ’� Ž�—� •� � �‰� ”� ƒ� •� †� ‡� � � †� ‡� •� •� ‹� –�±� � � †� ï� ±�Ž�‡�…�–� ”� ‘� •� •� � � †� ‡� � � �� ”�w�y���„ �w���—�s�w�ä�v���‹�s�t�ä�x���Ž�s�r� � � ’� ƒ� ”� � � ”� ƒ� ’� ’� ‘� ”� –� � � •� � � Ž� ƒ� �

�•�ƒ�–�”�‹�…�‡�ä��
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���ƒ�� �•�‹�…�”�‘�•�–�”�—�…�–�—�”�‡�� �†�—�� �…�‘�•�’�‘�•�‹�–�‡��

� …� ‘� •� ’� ƒ� …� –� ±� � � ‡� •� –� � � ’� ”� ±� •� ‡� •� –� ±� ‡� � � †� ƒ� •� •� � � Ž� ƒ� �

�ˆ�‹�‰�—�”�‡�� �w�ä�v�ä�� ���‡�•�� �œ�‘�•�‡�•�� �…�Ž�ƒ�‹�”�‡�•�� �†�‡��

�Ž�5�‹�•�ƒ�‰�‡�� �‡�•�� �•�‘�†�‡�� �”�±�–�”�‘�†�‹�ˆ�ˆ�—�•�±��

�…�‘�”�”�‡�•�’�‘�•�†�‡�•�–�� �ƒ�—�š�� �’�ƒ�”�–�‹�…�—�Ž�‡�•�� �†�‡��

�˜�‡�”�”�‡�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡���â�� �Ž�‡�—�”��

�†�‹�•�–�”�‹�„�—�–�‹�‘�•�� �†�ƒ�•�•�� �Ž�ƒ�� �•�ƒ�–�”�‹�…�‡��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�� �‡�•�–�� �”�‡�Ž�ƒ�–�‹�˜�‡�•�‡�•�–��

�—�•�‹�ˆ�‘�”�•�‡�á�� �ƒ�˜�‡�…�� �—�•�‡�� �†�‹�•�–�”�‹�„�—�–�‹�‘�•��

�†�‡�� �–�ƒ�‹�Ž�Ž�‡�•�� �“�—�‹�� �˜�ƒ�� �†�‡�� �Ž�ï�±�…�Š�‡�Ž�Ž�‡��

�•�—�„�•�‹�…�”�‘�•�‹�“�—�‡���Œ�—�•�“�—�ï�•���‡�•�˜�‹�”�‘�•���w�r��

�Á�•�ä�����—�…�—�•�‡���‹�•�†�‹�…�ƒ�–�‹�‘�•���†�‡���’�‘�”�‘�•�‹�–�±��

�•�ï�‡�•�–���…�‘�•�•�–�ƒ�–�±�‡�á���•�‹���†�ƒ�•�•���Ž�ƒ���•�ƒ�–�”�‹�…�‡�á��

�•�‹���†�ƒ�•�•���Ž�‡�•���œ�‘�•�‡�•���ƒ�†�Œ�ƒ�…�‡�•�–�‡�•���‡�•�–�”�‡��

�Ž�‡�•�� �†�‡�—�š�� �’�Š�ƒ�•�‡�•�ä�� ���—�…�—�•�‡�� �”�±�ƒ�…�–�‹�‘�•��
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Figure�� 5.3��:��Cliché��de��diffraction��du��composite��de��Mg�æAZ91��renforcé��par��
des��particules��amorphes��de��Zr57Nb5Cu15.4Ni12.6Al10��

��

��
Figure�� 5.4��:��Image��MEB��en��mode��rétrodiffusé��du��composite��Mg�æAZ91��

renforcé��par��des��particules��amorphes��de��Zr57Nb5Cu15.4Ni12.6Al10��

��

��
Figure�� 5.5��:��Courbes��contrainte�ædéformation��en��compression��du��composite��

{Mg|Zr�æa},��et��de��l’alliage��matrice��Mg�æAZ91��seul��
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Tableau�� 5.4��:��Composition��de��l’alliage��commerciale��Al6061�æT6��en��pourcentage��massique��[195]��

Figure�� 5.8��:��Courbes��contrainte�ædéformation��en��compression��du��
composite��{Al|Cu�æa},��et��de��l’alliage��matrice��Al�æ520.0��seul��
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Figure�� 5.9��:��Images��MEB��des��particules��de��poudre��(a)��de��l’alliage��Al6061�æT6��et��(b)��des��rubans��amorphes��
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Figure�� 5.10��:��Images��MEB��de��poudre��mélangée��du��composite��{Al|FeCo�æa}��avant��le��compactage��(a)��en��mode��d’électrons��
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�’�ƒ�”�–�‹�…�—�Ž�‡�•���†�‡���Ž�ƒ���•�ƒ�–�”�‹�…�‡���†�ï�ƒ�Ž�—�•�‹�•�‹�—�•�á���…�‡���“�—�‹���”�±�†�—�‹�–���•�‘�•���‡�ˆ�ˆ�‡�–���‡�•���–�ƒ�•�–���“�—�‡���’�Š�ƒ�•�‡���†�‡���”�‡�•�ˆ�‘�”�–���â�����‹�‹�����Ž�ƒ��

�†�‹�•�–�”�‹�„�—�–�‹�‘�•���†�‡���–�ƒ�‹�Ž�Ž�‡���†�‡�•���’�ƒ�”�–�‹�…�—�Ž�‡�•���†�‡���Ž�ƒ���’�Š�ƒ�•�‡���ƒ�•�‘�”�’�Š�‡���	�‡���‘�æ�ƒ���•�‡�•�„�Ž�‡���²�–�”�‡���„�‹�•�‘�†�ƒ�Ž�‡���ƒ�˜�‡�…���—�•�‡��

�•�ƒ�Œ�‘�”�‹�–�±���†�‡���–�ƒ�‹�Ž�Ž�‡���•�‹�…�”�‘�•�‹�“�—�‡���‘�—���‡�•���†�‡�•�•�‘�—�•���‡�–���—�•�‡���•�‹�•�‘�”�‹�–�±���†�‡���ˆ�”�ƒ�‰�•�‡�•�–�•���’�‡�—���„�”�‘�›�±���†�ï�±�’�ƒ�‹�•�•�‡�—�”��

�’�”�‘�…�Š�‡���†�—���”�—�„�ƒ�•���•�°�”�‡���‹�•�•�—���†�—���•�‡�Ž�–�æ�•�’�‹�•�•�‹�•�‰�ä��
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Figure�� 5.12��:��Image��MEB��en��mode��rétrodiffusé��de��la��section��du��composite��{Al|FeCo�æa}��avec��analyse��EDX��des��trois��zones��:��
matrice,��renfort��et��interface��

��

���ƒ�� �ˆ�‹�‰�—�”�‡�� �w�ä�s�u�� �•�‘�•�–�”�‡�� �Ž�‡�•�� �…�‘�—�”�„�‡�•�� �†�‡��

�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�æ�…�‘�•�–�”�ƒ�‹�•�–�‡���‡�•���…�‘�•�’�”�‡�•�•�‹�‘�•��

�’�‘�—�”�� �—�•�� �±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�� �†�—�� �…�‘�•�’�‘�•�‹�–�‡��

�����Ž���	�‡���‘�æ�ƒ���á���‡�–���—�•���ƒ�—�–�”�‡���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡���†�‡���Ž�ƒ��

�•�ƒ�–�”�‹�…�‡�� ���Ž�x�r�x�s�æ���x�ä�� ���•�� �…�‘�•�’�‘�”�–�‡�•�‡�•�–��

�•�±�…�ƒ�•�‹�“�—�‡�� �•�‹�•�‹�Ž�ƒ�‹�”�‡�� �•�� �…�‡�—�š�� �†�‡�•�� �†�‡�—�š��

�…�‘�•�’�‘�•�‹�–�‡�•���’�”�±�…�±�†�‡�•�–�•���‡�•�–���‘�„�•�‡�”�˜�±���•�ƒ�—�ˆ��

�“�—�‡�� �Ž�ï�±�…�”�‘�—�‹�•�•�ƒ�‰�‡�� �†�‡�� �Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� �†�‡�� �Ž�ƒ��

�•�ƒ�–�”�‹�…�‡�� �…�ˆ�…�� �‡�•�–�� �•�‡�–�–�‡�•�‡�•�–�� �’�Ž�—�•�� �ˆ�ƒ�‹�„�Ž�‡�ä��

���•�‡�� �ƒ�•�±�Ž�‹�‘�”�ƒ�–�‹�‘�•�� �‹�•�’�‘�”�–�ƒ�•�–�‡�� �†�‡�•��

�’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �‡�•�–�� �‘�„�•�‡�”�˜�±�‡��

�•�—�‹�–�‡�� �•�� �Ž�ƒ�� �’�”�±�•�‡�•�…�‡�� �†�‡�•�� �’�ƒ�”�–�‹�…�—�Ž�‡�•��

�ƒ�•�‘�”�’�Š�‡�•�� �†�‡�� �”�‡�•�ˆ�‘�”�–�� �’�ƒ�”�� �”�ƒ�’�’�‘�”�–�� �•��

�…�‡�Ž�Ž�‡�•���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡���•�ƒ�–�”�‹�…�‡�ä�����‡���–�ƒ�„�Ž�‡�ƒ�—���•�—�‹�˜�ƒ�•�–���”�±�•�—�•�‡���…�‡�•���’�”�‘�’�”�‹�±�–�±�•���’�‘�—�”���Ž�‡�•���†�‡�—�š���•�ƒ�–�±�”�‹�ƒ�—�š�ä��

Figure�� 5.13��:��Courbes��contrainte�ædéformation��en��compression��du��
composite��{Al|FeCo�æa},��et��de��l’alliage��matrice��Al6061�æT6��seul��
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���ƒ�–�±�”�‹�ƒ�—�š��
���‹�•�‹�–�‡���±�Ž�ƒ�•�–�‹�“�—�‡��

�������ƒ����
���‹�•�‹�–�‡���•���Ž�ƒ��

�”�—�’�–�—�”�‡���������ƒ����
���±�ˆ�‘�”�•�ƒ�–�‹�‘�•���•��
�Ž�ƒ���”�—�’�–�—�”�‡�����¨����

���Ž�x�r�x�s�æ���x�� �t�v�r�� �µ���v�r�r�� �µ���s�v�ä�r��

�����Ž�����‘�	�‡�æ�ƒ���� �w�w�r�� �x�r�r�� �s�u�ä�r��

Tableau�� 5.5��:��Comparaison��des��propriétés��mécaniques��en��compression��entre��l’alliage��matrice��Al6061�æT6��et��le��composite��
{Al|FeCo�æa}��

���ï�ƒ�’�”�°�•���Ž�‡�•���˜�ƒ�Ž�‡�—�”�•���†�—���–�ƒ�„�Ž�‡�ƒ�—�� �w�ä�w�á���—�•�‡���ƒ�—�‰�•�‡�•�–�ƒ�–�‹�‘�•���†�‡���t�u�r�¨���‡�•�–���ƒ�’�’�‘�”�–�±�‡���•���Ž�ƒ���Ž�‹�•�‹�–�‡���±�Ž�ƒ�•�–�‹�“�—�‡��

�•�ƒ�‹�•�� �…�‘�•�–�”�ƒ�‹�”�‡�•�‡�•�–�� �ƒ�—�š�� �ƒ�—�–�”�‡�•�� �…�‘�•�’�‘�•�‹�–�‡�•�á�� �•�‘�—�•�� �…�‘�•�•�–�ƒ�–�‘�•�•�� �“�—�‡�� �Ž�ƒ�� �†�—�…�–�‹�Ž�‹�–�±�� �†�‡�� �Ž�ƒ�� �•�ƒ�–�”�‹�…�‡�� �•�ï�‡�•�–��

�’�ƒ�•���•�‡�•�•�‹�„�Ž�‡�•�‡�•�–���–�‘�—�…�Š�±�‡���’�ƒ�”���Ž�ƒ���’�”�±�•�‡�•�…�‡���†�‡���Ž�ƒ���’�Š�ƒ�•�‡���†�—���ƒ�•�‘�”�’�Š�‡�����s�{�x���ä��

��

5.5 Analyse��des��résultats ��

���‡�� �†�±�˜�‡�Ž�‘�’�’�‡�•�‡�•�–�� �†�ï�—�•�‡�� �•�‘�—�˜�‡�Ž�Ž�‡�� �…�Ž�ƒ�•�•�‡�� �†�‡�� �…�‘�•�’�‘�•�‹�–�‡�•�� �•�‡�� �•�‡�”�˜�ƒ�•�–�� �†�‡�•�� �˜�‡�”�”�‡�•�� �•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•��

� …� ‘� •� •� ‡� � � ’� Š� ƒ� •� ‡� � � †� ‡� � � ”� ‡� •� ˆ� ‘� ”� …� ‡� •� ‡� •� –� � � ƒ� � � Ž� ï� ‘� „� Œ� ‡� …� –� ‹� ˆ� � � †� ï� ƒ� ’� ’� ‘� ”� –� ‡� ”� � � —� •� ‡� � � …� ‘� •� „� ‹� •� ƒ�‹�•�‘�•�� �†�‡�� �„�‘�•�•�‡�� �”�±�•�‹�•�–�ƒ�•�…�‡��

�•�±�…�ƒ�•�‹�“�—�‡���’�ƒ�”���”�ƒ�’�’�‘�”�–���•���…�‡�Ž�Ž�‡���†�‡���Ž�ƒ���•�ƒ�–�”�‹�…�‡�á���‡�–���—�•�‡���„�‘�•�•�‡���†�—�…�–�‹�Ž�‹�–�±���’�ƒ�”���”�ƒ�’�’�‘�”�–���•���…�‡�Ž�Ž�‡���†�‡�•���˜�‡�”�”�‡�•��

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•�ä�� ���•�� �‡�š�’�Ž�‘�‹�–�ƒ�•�–�� �Ž�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �–�Š�‡�”�•�‘�•�±�…�ƒ�•�‹�“�—�‡�•�� �†�‡�•���’�ƒ�”�–�‹�…�—�Ž�‡�•�� �†�±�Œ�•�� �˜�‹�–�”�‹�ˆ�‹�±�‡�•�á��

�Ž�ï�ƒ�•�±�Ž�‹�‘�”�ƒ�–�‹�‘�•�� �†�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �ƒ�’�’�‘�”�–�±�‡�� �’�ƒ�”�� �Ž�‡�•�� �†�‹�•�’�‡�”�•�‹�‘�•�•�� �†�‡�� �’�ƒ�”�–�‹�…�—�Ž�‡�•�� �†�‡�� �˜�‡�”�”�‡�•��

� •� ±� –� ƒ� Ž� Ž� ‹� “� —� ‡� •� � � ‡� •� –� � � ”� ‡� •� ƒ� ”� “� —� ƒ� „� Ž� ‡� � � ‡� –� � � ’� ƒ�”�•�‹�� �Ž�‡�•�� �•�‡�‹�Ž�Ž�‡�—�”�‡�•�� �”�ƒ�’�’�‘�”�–�±�‡�•���†�ƒ�•�•�� �Ž�ƒ�� �Ž�‹�–�–�±�”�ƒ�–�—�”�‡�� �’�‘�—�”�� �—�•�‡��

� •� ƒ� –� ”� ‹� …� ‡� � � •� ±� –� ƒ� Ž� Ž� ‹� “� —� ‡� � � Ž� ±� ‰� °� ”� ‡� � � •� � � „� ƒ� •� ‡� � � †� ‡� � � •� ƒ� ‰� •� ±� •� ‹� —� •� � � ‘� —� � � †� ï� ƒ� Ž� —� •� ‹� •� ‹� —� •� ä� � � ��‡�•�� �–�ƒ�„�Ž�‡�ƒ�—�š�� �w�ä�x�� �‡�–�� �w�ä�y��

�…�‘�•�’�ƒ�”�‡�•�–�� �Ž�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �†�‡�� �“�—�‡�Ž�“�—�‡�•�� �…�‘�•�’�‘�•�‹�–�‡�•�� �•�±�Ž�‡�…�–�‹�‘�•�•�±�•�� �†�‘�•�–�� �Ž�ƒ�� �•�ƒ�–�”�‹�…�‡�� �‡�•�–��

�—�•���ƒ�Ž�Ž�‹�ƒ�‰�‡���•���„�ƒ�•�‡���†�‡���•�ƒ�‰�•�±�•�‹�—�•���‘�—���†�ï�ƒ�Ž�—�•�‹�•�‹�—�•���ã��

���Ž�Ž�‹�ƒ�‰�‡��
���‰��

���‡�•�ˆ�‘�”�…�‡�•�‡�•�–��
���‡�•�‡�—�”���†�‡��

�”�‡�•�ˆ�‘�”�…�‡�•�‡�•�–��
���¨���˜�‘�Ž�ä����

���‹�–�‡�•�•�‡���†�‡��
�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•��

���•�æ�s����

���‹�•�‹�–�‡��
�±�Ž�ƒ�•�–�‹�“�—�‡��

�������ƒ����

���‹�•�‹�–�‡���•���Ž�ƒ��
�”�—�’�–�—�”�‡��
�������ƒ����

���±�ˆ�‘�”�•�ƒ�–�‹�‘�•��
�•���Ž�ƒ���”�—�’�–�—�”�‡��

���¨����
���

±
�ˆ

�±
�”

�‡
�•

�…
�‡

��

���‰�� ���‹���� �v�� �s�ä�y������s�r�æ�v�� �s�w�v�� �t�u�{�� �{�ä�w�� ���s�{�r����

���‰�� ���‹���� �u�ä�t�� �s�ä�y������s�r�æ�v�� �u�y�r�� �u�z�{�� �u�ä�s�� ���s�{�y����

�����w�s�� ���‹�æ�x���Ž�æ�v���� �s�r�� �æ�� �t�{�w�� �u�z�x�� �w�ä�x��
���s�{�z����

�����w�s�� ���‹������ �s�r�� �æ�� �u�r�t�� �u�w�w�� �u�ä�t��

���‰�� ���s�v���Ž�z�x�� �s�r�� �x�ä�y������s�r�æ�u�� �v�r�t�� �v�w�z�� �w�ä�y�� ���s�{�{����

�����{�s�� ���‹������ �t�� �v�ä�r������s�r�æ�v�� �t�z�r�� �v�y�r�� �æ�� ���t�r�r����

�����{�s�� ���‹���™�� �t�r�� �w�ä�x������s�r�æ�v�� �t�t�r�� �u�w�w�� �s�ä�u�z�� ���t�r�s����

�����{�s�� ���—���� �u�ä�w�{�� �s�ä�y������s�r�æ�v�� �t�{�{�� �u�z�t�� �x�ä�r�� ���t�r�t����

�����{�s�� �����‹�����ª�����‹������ �s�r���ª���u�� �u�ä�u������s�r�æ�w�� �s�z�r�� �u�r�r�� �s�t�ä�r�� ���t�r�u����

�����{�s��
�������•���„�ƒ�•�‡���†�‡��

���”��
�s�w�� �s������s�r�æ�u�� �u�t�w�� �w�v�t�� �s�r�ä�w��

���‡��
�–�”�ƒ�˜�ƒ�‹�Ž��

��
Tableau�� 5.6��:��Propriétés��mécaniques��des��composites��de��matrice��de��magnésium��avec��différents��renforcements��(*��:��w��=��

whiskers��(ou��trichites),��p��=��particules)��
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���Ž�Ž�‹�ƒ�‰�‡��
���Ž��

���‡�•�ˆ�‘�”�…�‡�•�‡�•�–��
���‡�•�‡�—�”���†�‡��

�”�‡�•�ˆ�‘�”�…�‡�•�‡�•�–��
���¨���˜�‘�Ž�ä����

���‹�–�‡�•�•�‡���†�‡��
�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•��

���•�æ�s����

���‹�•�‹�–�‡��
�±�Ž�ƒ�•�–�‹�“�—�‡��

�������ƒ����

���‹�•�‹�–�‡���•���Ž�ƒ��
�”�—�’�–�—�”�‡��
�������ƒ����

���±�ˆ�‘�”�•�ƒ�–�‹�‘�•��
�•���Ž�ƒ���”�—�’�–�—�”�‡��

���¨����

���
±

�ˆ
�±

�”
�‡

�•
�…

�‡
��

�u�w�x�� ���‹�æ���„�æ���ƒ�� �t�r�� �v������s�r�æ�u�� �s�x�u�� �u�t�r�� �s�x�ä�r�� ���t�r�v����

�t�r�t�v�� ���‹������ �v�r�� �s������s�r�æ�u�� �u�w�r�æ�v�r�r�� �v�w�r�� �x�ä�x�� ���t�r�w����

�z�r�{�r�� ���‹������ �s�t�� �s������s�r�æ�u�� �u�z�s�� �y�v�r�� �t�w�ä�s�� ���t�r�x����

���Ž�æ���‰��
�	�‹�„�”�‡�•���†�‡��
�…�ƒ�”�„�‘�•�‡��

�u�r�� �s������s�r�æ�u�� �u�w�r�æ�v�w�r�� �w�t�r�æ�w�w�r�� �s�z�æ�t�r�� ���t�r�y����

�w�t�r�ä�r��
�������•���„�ƒ�•�‡���†�‡��

���—��
�s�w�� �s������s�r�æ�u�� �w�z�r�� �z�v�r�� �s�v�ä�r��

���‡��
�–�”�ƒ�˜�ƒ�‹�Ž��

�x�r�x�s�æ���x��
�������•���„�ƒ�•�‡���†�‡��

�	�‡�����‘��
�s�w�� �s������s�r�æ�u�� �w�r�r�� �x�r�r�� �s�u�ä�r��

��
Tableau�� 5.7��:��Propriétés��mécaniques��des��composites��de��matrice��d’aluminium��avec��différents��renforcements��(*��:��p��=��

particules)��

��

5.5.1 Propriétés ��mécaniques ��des��composites ��;��Règle��de��mélange��

���ƒ�� �”�°�‰�Ž�‡�� �†�‡�� �•�±�Ž�ƒ�•�‰�‡�� �‡�•�–�� �Ž�ƒ�”�‰�‡�•�‡�•�–�� �—�–�‹�Ž�‹�•�±�‡�� �’�‘�—�”�� �‡�•�–�‹�•�‡�”�� �Ž�‡�•�� �’�”�‘�’�”�‹�±�–�±�•�� �•�±�…�ƒ�•�‹�“�—�‡�•�� �†�‡�•��

� …� ‘� •� ’� ‘� •� ‹� –� ‡� •� � � –� ‡� Ž� Ž� ‡� � � “� —� ‡� � � Ž� ƒ� � � Ž� ‹� •� ‹� –� ‡� � � ±� Ž� ƒ� •� –� ‹� “� —� ‡� � � �� t� r� z� �� ä� � � �� ƒ� � � ˆ� ‹� ‰� —� ”� ‡� � � w� ä� s� v� � � •� …� Š� ±� •� ƒ� –� ‹� •� ‡� � � Ž� ‡� � � ’� ”� ‹� •� …� ‹� ’� ‡� � � †� ‡� •� � � †� ‡� —� š� �

�•�‘�†�°�Ž�‡�•�� �†�ï�ƒ�’�’�Ž�‹�…�ƒ�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �”�°�‰�Ž�‡�� �†�‡�� �•�±�Ž�ƒ�•�‰�‡�� �’�‘�—�”�� �Ž�‡�•�� �•�ƒ�–�±�”�‹�ƒ�—�š�� �…�‘�•�’�‘�•�‹�–�‡�•�� �•���†�‡�—�š�� �’�Š�ƒ�•�‡�•��
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Figure�� 5.17��:��Évolution��du��durcissement��d’une��matrice��en��Al��
en��fonction��de��la��taille��des��particules��de��renfort��pour��fv��=��

15%��

Figure�� 5.18��:��Évolution��du��durcissement��d’une��matrice��en��Al��
en��fonction��de��la��fraction��volumique��des��particules��de��
renfort��pour��une��taille��moyenne��de��particule��de��0.5��µm��
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Résumé 
 
Ce travail de thèse considère les modes de déformations des verres métalliques 
produits sous différentes formes (verres massifs, rubans et particules). La déformation 
hétérogène dans des échantillons massifs de verres métalliques à base de zirconium est 
étudiée par microscopie électronique à balayage. Le dégagement rapide de l'énergie 
élastique stockée sous forme de chaleur lors de la déformation est responsable de la 
fusion locale observée dans les bandes de cisaillement. Le calcul du profil de 
température autour d’une bande par un modèle analytique est cohérent avec les 
observations morphologiques et les rapports d’apparition de nano-cristaux dans la zone 
déformée. 
La mise en forme par recuit des rubans de verres métalliques a été étudiée. L’étude 
aboutit à la mise en forme sans fragilisation des rubans appartenant à différentes 
compositions de systèmes d’alliages dit métal-métal et métal-métalloïde. Un processus 
de traitement thermique est suggéré pour assurer la redistribution des contraintes 
imposées avant l’intervention de la fragilité thermique. Un brevet industriel basé sur ces 
résultats a été conjointement déposé avec un grand fabriquant de montres mécaniques. 
 
De nouveaux matériaux composites d’alliages légers commerciaux à base de Mg et d’Al 
renforcés par des dispersions de particules de verres métalliques ont été réalisés sans 
porosité. Une amélioration très nette des propriétés mécaniques est obtenue. 
 
Mots clefs : Verres métalliques, fusion des bandes de cisaillement, serration, mise en 
forme, ductilité, fragilisation thermique, composites, durcissement. 
 

…………………………………………………………………….. 
 

Abstract 
 
This thesis features the two modes of deformation of metallic glasses produced under 
different forms (bulk, ribbons and particles). Inhomogeneous deformation in bulk 
samples is studied by scanning electron microscopy. Heat generated by elastic energy 
release during deformation is responsible for the melting observed in shear bands, and 
calculations using an analytical model of the temperature profile around a band are 
consistent with morphological observations and reports of appearance of nano-crystals 
in or next to deformed areas. 
Shaping by annealing glassy ribbons was carried out. The study presents successful 
shaping without embrittlement of ribbons of different metal-metal and metal-metalloid 
compositions of glassy systems. A heat treatment process is suggested for redistribution 
of applied stresses before the intervention of thermal embrittlement. 
A joint patent for exploiting the findings has been filed with a major producer of 
mechanical watches.  
Development of new strong and light composite materials by dispersing glassy particles 
in aluminum and magnesium based matrices is presented and significant improvement 
in mechanical properties is obtained. 
 
Keywords : Metallic glass, amorphous, shear band melting, serration, Shaping, ductility, 
thermal embrittlement, composites, hardening.��


