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

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

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

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

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

�•�›�•�–�°�•�‡�•�� �†�5�ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� �†�‹�ˆ�ˆ�±�”�‡�•�–�•�ä�� ���‡�� �’�”�‡�•�‹�‡�”�� �˜�‡�”�”�‡�� �”�ƒ�’�’�‘�”�–�±�� �‡�•�–�� �Ž�‡�� ���—�y�w���‹�t�w� � � “� —� ‹� � � ƒ� � � ±� –� ±� � � ’� ”� ‘� †� —� ‹� –� � � ’� ƒ� ”� �

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

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

���†�‡�� �Ž�5�‘�”�†�”�‡�� �†�‡�� �s�r�w� � � •� � � s� r�x�� �†�‡�‰�”�±�•�� �’�ƒ�”�� �•�‡�…�‘�•�†�‡���� �±�–�ƒ�‹�‡�•�–�� �•�±�…�‡�•�•�ƒ�‹�”�‡�•�� �’�‘�—�”�� �Ž�ï�‘�„�–�‡�•�–�‹�‘�•�� �†�‡�� �Ž�ï�±�–�ƒ�–��

�˜�‹�–�”�‡�—�š�á���•���Ž�5�‡�š�…�‡�’�–�‹�‘�•���†�‡���“�—�‡�Ž�“�—�‡�•���”�ƒ�”�‡�•���ƒ�Ž�Ž�‹�ƒ�‰�‡�•���•���„�ƒ�•�‡���†�‡���•�±�–�ƒ�—�š���•�‘�„�Ž�‡�•���–�‡�Ž�•���“�—�‡�����†�æ���—�æ���‹�����t�����‡�–��

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

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

�’�‡�”�•�‡�–�–�ƒ�•�–�� �†�ï�ƒ�—�‰�•�‡�•�–�‡�”�� �Ž�‡�•�� �†�‹�•�‡�•�•�‹�‘�•�•�� �†�‡�� �Ž�5�±�…�Š�ƒ�•�–�‹�Ž�Ž�‘�•�� �‡�–�� �†�ï�‡�•�’�Ž�‘�›�‡�”�� �Ž�‡�� �–�‡�”�•�‡�� �†�‡�� �6���‡�”�”�‡�•��

���±�–�ƒ�Ž�Ž�‹�“�—�‡�•�� ���ƒ�•�•�‹�ˆ�•�6�� �������•�ä�� ���‡�•�� ����� �� •� � � ‘� •� –� � � •� –� ‹� •� —� Ž� ±� � � Ž� 5� ‡� •� –� Š� ‘� —� •� ‹� ƒ� •� •� ‡� ��’�‘�—�”�� �Ž�‡�—�”�� �‡�š�’�Ž�‘�‹�–�ƒ�–�‹�‘�•��

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

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

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



20�� Ch 1. Étude bibliographique��
��

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

���Ž�� �s�� ���Ž�z�x���‹�y�� �w���‘ �s���ƒ�s�� �t�r�s�r�� ���v����

���ƒ�� �s�w�� ���ƒ�x�w���‰�s�w���•�t�r�� �t�r�r�v�� ���w����

���‘�� �s�r�� ���‘�v�z���”�s�w���‘ �s�v���”�t�� �s�w�� �x�� �t�r�r�x�� ���x����

���—�� �s�r��
���—�v�x���”�v�t���Ž�y���w�� �t�r�r�v�� ���y����

���—�v�{��� �̂v�t���Ž�{�� �t�r�r�x�� ���z����

�	�‡�� �s�x�� �	�‡�v�s���‘ �y���”�s�w���‘ �s�v�� �s�w�� �x�� �t�� �t�r�r�w�� ���{����

���‰�� �t�w�� ���‰�w�v���—�t�x�ä�w���‰�z�ä�w�
�†�s�s�� �t�r�r�w�� ���s�r����

���†�� �y�t�� ���†�v�r���—�u�r���‹�s�r�� �t�r�� �s�{�{�y�� ���s�s����

���–�� �t�r�� ���–�v�t�ä�w���—�t�y���‹�{�ä�w�� �t�s�� �t�r�r�v�� ���s�t����

���‹�� �s�v�� ���‹�v�r���”�t�w���—�s�t���‹�u���‡�t�r�� �t�r�r�w�� ���s�u����

���”�� �t�w�� ���”�v�s�ä�t���‹�s�u�ä�z���—�s�t�ä�w���‹�s�r���‡�t�t�ä�w �s�{�{�u�� ���s�v����

���� �t�w�� ���u�x���…�t�r���Ž�t�v���‘ �t�r�� �t�r�r�u�� ���s�w����

���ƒ�� �s�s�� ���ƒ�x�t���Ž�s�w�ä�y���—�s�s�ä�s�w���‹�s�s�ä�s�w�� �t�r�r�u�� ���s�x����

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

Tableau�� 1.1��:��Liste��des��familles��d’alliages��de��verres��métalliques��selon��le��métal��de��base��avec��le��diamètre��critique��supérieur��
obtenu��dans��chaque��famille��et��l’année��de��publication��

��

1.2 Formation ��d’un ��verre ��métallique ��

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

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

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

�ˆ�‘�”�•�ƒ�–�‹�‘�•���†�—���˜�‡�”�”�‡�ä��

��

1.2.1 Cristallisation ��de��l’état ��liquide ��et��sa��suppression ��

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

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

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

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

�–�Š�‡�”�•�‘�†�›�•�ƒ�•�‹�“�—�‡�����s�z���ä��

� �� ‹� � � Ž� ï� ‘� •� � � …� ‘� •� •� ‹� †� °� ”� ‡� � � —� •� � � ‰� ‡� ”� •� ‡� � � •� ’� Š� ±� ”� ‹� “� —� ‡� � � †� ‡� � � ”� ƒ� ›� ‘� •� � � 6� ”� 6� á� � � ‘� •� � � ’� ‡� —� –� � � ‡� š� ’� ”�‹�•�‡�”�� �Ž�‡�•�� �–�‡�”�•�‡�•��

�–�Š�‡�”�•�‘�†�›�•�ƒ�•�‹�“�—�‡�•���’�ƒ�”���¿�
�t�m�j
L
�8

�7
�N�”�7�¿�‰�����‡�–���¿�
�q�s�n
 L � v� N� ”�6�P�P�G���á���‘�î���¿�‰���…�‘�”�”�‡�•�’�‘�•�†���•���Ž�ƒ���†�‹�ˆ�ˆ�±�”�‡�•�…�‡��

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



Ch 1. Étude bibliographique 21��
��

��
��

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

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

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

�…�‘�•�’�‘�•�ƒ�•�–�•���ã��

��

�¿�
�f�m�k 
L
�v
�u

�N�”�7� ä � ¿� ‰ 
 E � v� N� ”�6� ä � P�P�G�� Équation��1.1��

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

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

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

�—�•�� �”�ƒ�›�‘�•�� �…�”�‹�–�‹�“�—�‡�� �”���� 
L 
F
�6�¢�H�?

�¿�e
�ä�� ���‡�•�� �‰�‡�”�•�‡�•�� �†�‡�� �”�ƒ�›�‘�•�•��

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

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

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

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

�‡�•�–���†�‘�•�•�±�‡���’�ƒ�”���ã��

�¿�
�f�m�k
�Û 
L

�s�x�N
�u

�P�P�G
�7


k�¿�‰�:�� �;
o
�6 Équation�� 1.2��

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

�‰�‡�”�•�‡�•���ˆ�‘�”�•�±�•���’�ƒ�”���…�•�u���’�ƒ�”���•�‡�…�‘�•�†�‡���‡�•�–���‡�š�’�”�‹�•�±�‡���’�ƒ�”�����s�{���ã��

���f�m�k�:�� �; 
 L � ��4�Z���‡
�?�¿�K�=
�i �>�X �‡

�?�¿�K�^�e�c
�Û

�i �>�X Équation�� 1.3��

���‡���’�”�±�æ�‡�š�’�‘�•�‡�•�–�‹�‡�Ž�����r�������1�s�r�u�u���‰�‡�”�•�‡�•�ä�…�•�æ�u�ä�•�æ�s�����‡�•�–���±�‰�ƒ�Ž���•���•�� ���•�� �����Š���á���‘�î���•�� ���…�‘�”�”�‡�•�’�‘�•�†���ƒ�—���•�‘�•�„�”�‡��

� †� ï� ƒ� –� ‘� •� ‡� •� � � ’� ƒ� ”� � � —� •� ‹� –� ±� � � †� ‡� � � ˜� ‘� Ž� —� •� ‡� á� � � •�� �� �‡�•�–�� �Ž�ƒ�� �…�‘�•�•�–�ƒ�•�–�‡�� �†�‡�� ���‘�Ž�–�œ�•�ƒ�•�•�� ���±�� �s�ä�u�z�­�s�r�æ�t�u� � � 
� ä� ��æ�s� �� á� � � �� � � ‡� •� –� � � Ž� ƒ� �

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

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

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

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

���‡�� �•�±�…�ƒ�•�‹�•�•�‡�� �†�‡�� �‰�‡�”�•�‹�•�ƒ�–�‹�‘�•�� �ƒ�‹�•�•�‹�� �†�±�…�”�‹�–�� �‡�•�–�� �ƒ�’�’�‡�Ž�±�� �6�‰�‡�”�•�‹�•�ƒ�–�‹�‘�•�� �Š�‘�•�‘�‰�°�•�‡�6�ä�� ���Ž�� �‡�•�–�� �’�‘�•�•�‹�„�Ž�‡��

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

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

�‡�•�–���ƒ�’�’�‡�Ž�±���6�‰�‡�”�•�‹�•�ƒ�–�‹�‘�•���Š�±�–�±�”�‘�‰�°�•�‡�6�ä����

Figure�� 1.1:��Enthalpie��libre��de��germination��homogène



22�� Ch 1. Étude bibliographique��
��

��

Figure�� 1.2��:��Schéma��descriptif��d’un��germe��sous��forme��de��calotte��sphérique��sur��un��substrat��

���ƒ�� �ˆ�‹�‰�—�”�‡�� � s� ä� t� � � •� …� Š� ±� •� ƒ� –� ‹� •� ‡� � � —� •� � � ‰� ‡� ”� •� ‡� � � �� �� �� � � •� ‘� —� •� � � ˆ� ‘� ”� •� ‡� � � †� ‡� � � …� ƒ� Ž� ‘� –� –� ‡� � � •� ’� Š� ±� ”� ‹� “� —� ‡� � � †� ‡� ��”�ƒ�›�‘�•�� �6�”�6�� �•�—�”�� �—�•��

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

�¿�
�f�±�r 
L �5
�7
�N�”�7�¿�‰�:� t 
 F � u� …� ‘� •�E
 E � …� ‘� •�7�E�; 
 E � t� N� ”� ~� P�P�G�:� s 
 F � …� ‘� •�E�; 
 E � N� ”� ~�:�P�G�W
 F � P�P�W�;�•�‹�•�~�E�� Équation�� 1.4��

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

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

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

�P�P�W
 L � P�G�W
 E � P�P�G�…�‘�•�E Équation�� 1.5��

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

�Š�±�–�±�”�‘�‰�°�•�‡���ã��

�¿�
�f�±�r
�Û 
L

�s�x�N
�u

�P�P�G
�7


k�¿�‰�:�� �;
o
�6��̂:�E�; 
 L � ¿� 
�f�m�k

�Û ��̂:�E�; Équation�� 1.6��

�‘�î����̂:�E�; 
 L � :� t 
 F � u� …� ‘� •� E 
 E � …� ‘� •�7�E�; �v�¤ �ä��

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

�Š�±�–�±�”�‘�‰�°�•�‡���’�ƒ�”���ã��

���f�±�r�:�� �; 
 L � ��4�W���‡
�?�¿�K�=
�i �>�X �‡

�?�¿�K�^�e�c
�Û

�i �>�X �d�:�˜�; Équation�� 1.7��

���…�‹�á�� ���r��� � � �� 1� s� r�t�w� � � ‰� ‡� ”� •� ‡� •� ä� …� •�æ�t�ä�•�æ�s���� �‡�•�–�� �±�‰�ƒ�Ž�� �•�� �•�����•�� �����Š���á�� �‘�î�� �•���� �…�‘�”�”�‡�•�’�‘�•�†�� �ƒ�—�� �•�‘�•�„�”�‡�� �†�ï�ƒ�–�‘�•�‡�•�� �•��

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

���ï�ƒ�’�”�°�•�� �Ž�ï�±�“�—�ƒ�–�‹�‘�•�� �s�ä�x�á�� �¿�
�f�±�r
�Û � � 
 Q � � � ¿� 
�f�m�k

�Û �� �’�—�‹�•�“�—�‡�����ˆ�:�E�;�� 
Q �s�ä�� ���‡�–�–�‡�� �”�±�†�—�…�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �„�ƒ�”�”�‹�°�”�‡��

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



Ch 1. Étude bibliographique 23��
��

��
��

�Ž�ï�‹�•�‘�…�—�Ž�ƒ�•�–�� �–�‡�Ž�� �“�—�ï�—�•�‡�� �’�ƒ�”�–�‹�…�—�Ž�‡�� �†�ï� ‘�š�›�†�‡� � � �� t� r� ��á� � � ˆ�ƒ�˜� ‘� ”� ‹�•�‡� � �Ž�ƒ� � �‰�‡�”�•�‹�•�ƒ�–�‹�‘�•�� �Š�±�–�±�”�‘�‰�°�•�‡�ä�� ���‡�Ž�ƒ�� �‹�•�’�Ž�‹�“�—�‡��

�“�—�‡���Ž�ï�‘�„�–�‡�•�–�‹�‘�•���†�‡�•���������•���•�±�…�‡�•�•�‹�–�‡���—�•���6�•�‡�–�–�‘�›�ƒ�‰�‡�6���†�—���Ž�‹�“�—�‹�†�‡���–�‡�Ž���“�—�‡���Ž�‡���–�”�ƒ�‹�–�‡�•�‡�•�–���†�‡�•���±�Ž�±�•�‡�•�–�•��

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

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

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

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

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

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

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

�‹�•�‘�–�Š�‡�”�•�‡���‡�•�–���†�‘�•�•�±�‡���’�ƒ�”���Ž�ï�‡�š�’�”�‡�•�•�‹�‘�•���†�‡���
�‘�Š�•�•�‘�•�æ���‡�Š�Ž�æ���˜�”�ƒ�•�‹�æ���‘�Ž�•�‘�‰�‘�”�‘�˜�������
�����������t�t�æ�t�v�����ã��

� � 
 N
�N
�u

���:���;�ä ���7�:���;�ä�–�8 Équation�� 1.8��

� ‘� î� � � �� � �‡� •�–� � �Ž�ƒ� � � ˆ� ”�±� “�—�‡� •�…�‡� � �†�‡� � �‰�‡� ”� •� ‹� •�ƒ�–� ‹� ‘� •� � � ��2� “�—�ƒ�–� ‹� ‘� •� � � s�ä�u� �� � �‡�–� � � �� � �Ž�ƒ� � � ˜� ‹�–�‡� •� •�‡� � � ‹� •� ‘�–�Š�‡� ”� •�‡� � �†�‡� � �Ž�ƒ� � �…� ”� ‘� ‹� •� •�ƒ� •�…�‡� �

�…�”�‹�•�–�ƒ�Ž�Ž�‹�•�‡���†�‘�•�•�±�‡���’�ƒ�”�����t�w���ã��

� � 
 L
��̂•�F��

�u�N�ƒ�4
�6�D


d� s 
 F � ‡� š� ’
l
F
�¿���p�¿���d

����

p
h Équation�� 1.9��

�‘�î���ˆ���‡�•�–���Ž�ƒ���ˆ�”�ƒ�…�–�‹�‘�•���†�‡���•�‹�–�‡�•���ƒ�…�–�‹�ˆ�•���•���Ž�ï�‹�•�–�‡�”�ˆ�ƒ�…�‡���†�‡���…�”�‘�‹�•�•�ƒ�•�…�‡�á���ƒ�r���Ž�‡���†�‹�ƒ�•�°�–�”�‡���ƒ�–�‘�•�‹�“�—�‡���•�‘�›�‡�•�á���D���Ž�ƒ��

�˜�‹�•�…�‘�•�‹�–�±�á���' Tr = (Tl – T)/Tl���‘�î�����Ž���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���ˆ�—�•�‹�‘�•�á��������̂��Ž�ï�‡�•�–�Š�ƒ�Ž�’�‹�‡���•�‘�Ž�ƒ�‹�”�‡���†�‡���ˆ�—�•�‹�‘�•���‡�–������

���±���z�ä�u�s�v���
���æ�s�•�‘�Ž�æ�s�����Ž�ƒ���…�‘�•�•�–�ƒ�•�–�‡���—�•�‹�˜�‡�”�•�‡�Ž�Ž�‡���†�‡�•���‰�ƒ�œ���’�ƒ�”�ˆ�ƒ�‹�–�•�ä��

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

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

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

�¶�� �s�r�æ�t� � � ‡� •� –� � � …� Š� ‘� ‹� •� ‹� ‡� � � ’� ‘� —� ”� � � …� ƒ� ”� ƒ� …� –� ±� ”� ‹� •� ‡� ”� � � Ž� ‡� � � †� ±� „� —� –� � � †� ‡� � � Ž� ƒ� �

�–�”�ƒ�•�•�ˆ�‘�”�•�ƒ�–�‹�‘�•�� ���t�x���ä�� ���‘�—�”�� �—�•�‡�� �”�±�ƒ�…�–�‹�‘�•�� �†�‘�•�•�±�‡�á�� �Ž�ƒ��

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

�6���6���’�—�‹�•�“�—�‡���Ž�‡���–�ƒ�—�š���†�‡���–�”�ƒ�•�•�ˆ�‘�”�•�ƒ�–�‹�‘�•���‡�•�–���•�ƒ�š�‹�•�ƒ�Ž���•��

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

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

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

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

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

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

�…�”�‘�‹�•�•�ƒ�•�…�‡�����ä��

Figure�� 1.3: Courbe��TTT��de��Pd40Cu30Ni10P20 [26]



24�� Ch 1. Étude bibliographique��
��

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

�–�”�ƒ�•�•�ˆ�‘�”�•�ƒ�–�‹�‘�•���†�‡���w�­�s�r�æ�u�����t�y���ä�����‡�–�–�‡���…�‘�—�”�„�‡���•�‘�—�•���’�‡�”�•�‡�–���†�ï�±�˜�ƒ�Ž�—�‡�”���Ž�ƒ���˜�‹�–�‡�•�•�‡���†�‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–��

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

�–�ƒ�•�‰�‡�•�–�‡���“�—�‹���’�ƒ�•�•�‡���’�ƒ�”���Ž�‡���’�‘�‹�•�–���†�‡���ˆ�—�•�‹�‘�•���’�‘�—�”���–���±���r�����t�z�����ã��

�� �a 
N
���j 
 F � ��l

�–�l
Équation�� 1.10��

�‘�î�����Ž���‡�•�–���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���†�‡���ˆ�—�•�‹�‘�•���‡�–�����•���‡�–���–�•���Ž�‡�•���…�‘�‘�”�†�‘�•�•�±�‡�•���†�—���6�•�‡�œ�6���†�‡���Ž�ƒ���…�‘�—�”�„�‡���������ä�����‡���•�‡�œ��

�†�‡���Ž�ƒ���…�‘�—�”�„�‡���†�‡���Ž�ƒ���ˆ�‹�‰�—�”�‡�� �s�ä�u���‡�•�–���•���w�r���•�‡�…�‘�•�†�‡�•���‡�–���x�z�r�������‡�–���Ž�‡���–�ƒ�—�š���†�‡���”�‡�ˆ�”�‘�‹�†�‹�•�•�ƒ�•�–���…�”�‹�–�‹�“�—�‡���†�‡���…�‡�–��

�ƒ�Ž�Ž�‹�ƒ�‰�‡���‡�•�–���†�‘�•�…���†�‡���Ž�ï�‘�”�†�”�‡���†�‡���s�ä�w�����ä�•�æ�s�ä��

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

�’�‘�—�”���±�˜�‹�–�‡�”���Ž�ƒ���…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�ä�����‘�—�”���Ž�‡�•���•�±�–�ƒ�—�š���’�—�”�•�á���…�‡�–�–�‡���˜�‹�–�‡�•�•�‡���…�”�‹�–�‹�“�—�‡���ƒ�–�–�‡�‹�•�–���s�r�s�r�����ä�•�æ�s�����t�{�����…�‡��

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

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

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

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

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

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

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

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

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

�ƒ�—�’�ƒ�”�ƒ�˜�ƒ�•�–�ä��

��

1.2.2 Caractéristiques ��de��l’état ��vitreux ��

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

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

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

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

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

�’�‘�‹�•�–���6�ƒ�6���•�—�”���Ž�‡���†�‹�ƒ�‰�”�ƒ�•�•�‡�������������†�‡���Ž�ƒ���ˆ�‹�‰�—�”�‡�� �s�ä�v�ä�����—���…�‘�—�”�•���†�—���”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–�á���Ž�‡���˜�‘�Ž�—�•�‡���†�‹�•�‹�•�—�‡��

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

�–�Š�‡�”�•�‹�“�—�‡�� �†�‡�� �Ž�ï�±�–�ƒ�–�� �Ž�‹�“�—�‹�†�‡�� �‘�î�� �Ž�‡�� �’�‘�‹�•�–�� �6�„�6�� �…�‘�”�”�‡�•�’�‘�•�†�� �•�� ���Ž� á� � � –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � †� —� � � Ž� ‹� “� —� ‹� †� —� •� ä� � � �� � � …� ‡� –� –� ‡� �



Ch 1. Étude bibliographique 25��
��

��
��

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

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

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

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

�ƒ�’�–�‹�–�—�†�‡�� �•�� �Ž�ï�ƒ�•�‘�”�’�Š�‹�•�ƒ�–�‹�‘�•�á�� �Ž�ƒ��

�…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�� �’�ƒ�”�� �Ž�ƒ�� �‰�‡�”�•�‹�•�ƒ�–�‹�‘�•��

� Š� ‘� •� ‘� ‰� °� •� ‡� � � •� ‡� � � ’� ”� ‘� †� —� ‹� –� � � •� ‹� � � �� ‹� �� � � ‹� Ž� � � ›� � � ƒ� � � —� •� �

�‰�”�ƒ�•�†�� �•�‘�•�„�”�‡�� �†�‡�� �‰�‡�”�•�‡�•�� �’�”�±�•�‡�•�–�•�� �†�ƒ�•�•��

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

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

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

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

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

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

�…�‘�•�–�‹�•�—�‡�•�–���‡�•�•�—�‹�–�‡���†�‡���”�‡�ˆ�”�‘�‹�†�‹�”���Ž�‡���Ž�‘�•�‰���†�‡��

�Ž�ƒ���Ž�‹�‰�•�‡���†�‡���…�‘�•�–�”�ƒ�…�–�‹�‘�•���†�—���…�”�‹�•�–�ƒ�Ž���Œ�—�•�“�—�ï�ƒ�—���’�‘�‹�•�–���6�‡�6�ä��

���‹�� �Ž�ƒ�� �…�”�‹�•�–�ƒ�Ž�Ž�‹�•�ƒ�–�‹�‘�•�� �•�5�ƒ�� �’�ƒ�•�� �‡�—�� �Ž�‹�‡�—�� �‡�•�� �†�‡�•�•�‘�—�•�� �†�‡�� ���Ž� á� � � ’� ”� ‹� •� …� ‹� ’� ƒ� Ž� ‡� •� ‡� •� –� � � •� � � …� ƒ� —� •� ‡� � � †� ï� —� •� ‡� � � ˜� ‹� –� ‡� •� •� ‡� � � †� ‡� �

�”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–�� �±�Ž�‡�˜�±�‡�á�� �Ž�‡�� �Ž�‹�“�—�‹�†�‡�� �•�‡�� �–�”�‘�—�˜�‡�� �†�ƒ�•�•�� �Ž�ï�±�–�ƒ�–�� �Š�‘�”�•�� �±�“�—�‹�Ž�‹�„�”�‡�� �†�‹�–�� �6�•�‘�—�•�æ�”�‡�ˆ�”�‘�‹�†�‹�6�� �Ž�‡�� �Ž�‘�•�‰��

� †� —� � � •� ‡� ‰� •� ‡� •� –� � � 6� „� æ� …� æ� ˆ� 6� � � “� —� ‹� � � ‡� •� –� � � Ž� ï� ‡� š� –� ”� ƒ� ’� ‘� Ž� ƒ� –� ‹� ‘� •� � � †� ‡� � � Ž� ƒ� � � Ž� ‹� ‰� •� ‡� � � 6� ƒ� æ� „� æ� …� 6� ��‡�–�� �ƒ�—�…�—�•�‡�� �†�‹�•�…�‘�•�–�‹�•�—�‹�–�±�� �†�ƒ�•�•�� �Ž�‡��

�†�‹�ƒ�‰�”�ƒ�•�•�‡�� ���æ���� �•�ï�‡�•�–�� �‘�„�•�‡�”�˜�±�‡�ä�� ���˜�‡�…�� �Ž�‡�� �”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–�á�� �Ž�‡�•�� �ƒ�–�‘�•�‡�•�� �†�‡�˜�‹�‡�•�•�‡�•�–�� �†�‡�� �•�‘�‹�•�•�� �‡�•��

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

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

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

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

� †� ”� ‘� ‹� –� ‡� � � �� ƒ� ’� ’� ”� ‘� š� ‹� •� ƒ� –� ‹� ˜� ‡� •� ‡� •� –� � � ’� ƒ� ”� ƒ� Ž� Ž� °� Ž� ‡� � � •� � � Ž� ƒ� � � †� ”� ‘� ‹� –� ‡� � � 6� †� æ� ‡� 6� �� � � Œ� —� •� “� —� ï� ƒ� —�� �’�‘�‹�•�–�� �6�‰�6�� �’�‘�—�”�� �—�•��

�”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–�� �”�ƒ�’�‹�†�‡�á�� �‘�—�� �Œ�—�•�“�—�ï�•�� �6�Š�6�� �’�‘�—�”�� �—�•�� �”�‡�ˆ�”�‘�‹�†�‹�•�•�‡�•�‡�•�–���”�‡�Ž�ƒ�–�‹�˜�‡�•�‡�•�–�� �Ž�‡�•�–�ä�� ���ƒ�� �•�ƒ�–�‹�°�”�‡��

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

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

� ”� ‡� ˆ� ”� ‘� ‹� †� ‹� � � ‡� –� � � Ž� 5� ƒ� …� Š� °� ˜� ‡� •� ‡� •� –� � � •� � � Ž� ï� ±� –� ƒ� –� � � •� ‘� Ž� ‹� †� ‡� � � ˜� ‹� –� ”� ‡� —� š� � � �� �̃������� �‡�•�–�� �…�‡�Ž�Ž�‡�� �†�‡�� �Ž�ƒ�� �ü���”�±�‰�‹�‘�•�� �†�‡�� �–�”�ƒ�•�•�‹�–�‹�‘�•��

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

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

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

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

Figure�� 1.4��:��Diagramme��Volume��spécifique�æTempérature��de��
solidification��du��métal��liquide��



26�� Ch 1. Étude bibliographique��
��

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

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

�—�•� � � ’�‡�—�� � ’�Ž�—�•� � �Ž� ‘� ‹� •�á� � �†�5� ‘� î� � �Ž�‡� � � ˆ�ƒ� ‹�–� � � “�—�‡� � �Ž�‡� � � ˜�‡� ”� ”�‡� � �ƒ�—�� � ’� ‘� ‹� •�–� � �6�Š�6� � �ƒ�—�”�ƒ� ‹�–�� �—�•�� �˜�‘�Ž�—�•�‡�� �‹�•�ˆ�±�”�‹�‡�—�”�� ���—�•�‡�� �†�‡�•�•�‹�–�±��

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

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

��
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�…�‘�•�•�‡�� �Ž�‡�� �•�‘�•�–�”�‡�� �Ž�ƒ�� �ˆ�‹�‰�—�”�‡�� �s�ä�s�y�ä��

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

�†�‡�� �•�‘�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�˜�‡�…��
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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��
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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��
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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]��
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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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élastique��µ/B��pour��plusieurs��verres��métalliques��[115]��



Ch 1. Étude bibliographique 53��
��

��
��

��
Figure�� 1.28��:��Corrélation��de��l'énergie��de��rupture��avec��le��coefficient��de��Poisson���K��pour��plusieurs��matériaux��amorphes��[115]��
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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�‡�—�”�•��



58�� Ch 2. Techniques expérimentales��
��

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

���ï�‹�•�†�—�…�–�‡�—�”���…�‘�•�•�‹�•�–�‡���‡�•���—�•�‡���•�’�‹�”�‡���‡�•���…�—�‹�˜�”�‡�á���”�‡�ˆ�”�‘�‹�†�‹�‡���’�ƒ�”���—�•�‡���…�‹�”�…�—�Ž�ƒ�–�‹�‘�•���‹�•�–�‡�”�•�‡���†�ï�‡�ƒ�—�ä��
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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��
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2.2.3 Technique ��de��broyage ��à��billes ��
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�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�‹�•��
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�…�‡�•���”�—�„�ƒ�•�•�ä��
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2.3 Techniques ��de��caractérisation ��mécanique ��

2.3.1 Essai��de��compression ��

���‡�•���‡�•�•�ƒ�‹�•���†�‡���…�‘�•�’�”�‡�•�•�‹�‘�•���‘�•�–���±�–�±���”�±�ƒ�Ž�‹�•�±�•���†�ƒ�•�•���Ž�‡���Ž�ƒ�„�‘�”�ƒ�–�‘�‹�”�‡���������ƒ���ä�����‘�—�•���‘�„�–�‡�•�‘�•�•���—�•�‡���•�‡�•�—�”�‡��
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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�‹�•� •�‡�•�‡�•�–� �
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2.4.2 Diffraction ��des��rayons �æx��classique��en��réflexion ��
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Figure�� 2.7��:��Schéma��représentatif��d’un��diffractomètre��classique
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2.4.3 Diffraction �æx��en��transmission ��par ��rayonnement ��synchrotron ��
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Figure�� 3.5��:��Gros��plan��sur��l'image��MEB��de��la��marche��"B"��de��la��figure��
 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 ��

4.2.1 Échantillons ��
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4.2.2 Considérations ��sur ��les��essais��de��mise��en��forme ��
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4.3 Résultats ��expérimentaux ��
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4.3.1 Compositions ��manifestant ��une��transition ��vitreuse ��Tg��
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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��
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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��



Ch 4. Mise en forme ; déformation élastique 91��
��

��
��

��

��
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��

��
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��
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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��
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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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�„�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�‡�•�‡�•�–���†�‡�˜�‹�‡�•�•�‡�•�–��
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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��
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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��

� �� ‘� —� ”� � � Ž� ‡� •� � � ”� —� „� ƒ� •� •� � � �� —�x�r���”�u�r���Ž�s�r� á� � � Ž� ƒ� � � ˆ� ”� ƒ� ‰� ‹� Ž� ‹� •� ƒ� –� ‹� ‘� •� � � ‹� •� –� ‡� ”� ˜� ‹� ‡� •� –� � � •� � � Ž� ï� ±� –� ƒ� –� � � ƒ� •� ‘� ”� ’� Š� ‡� �� ã� � � „� ‹� ‡� •� � � “� —� ‡� � � Ž� ‡� •� � � ”�—�„�ƒ�•�•��
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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�‹�–�±��

�’�ƒ�”���’�Ž�‹�ƒ�‰�‡���ˆ�”�ƒ�•�…���†�ƒ�•�•���Ž�‡�•���†�‡�—�š���•�‡�•�•�ä��

��

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��

Figure�� 4.24��:��Rubans��PFC��de��Pd81Si19��formés��à��chaud��
dans��un��four��sous��air ��à��570��K��

Figure�� 4.23��:��Cliché��de��diffraction��du��ruban��Pd82Si18��après��la��mise��
en��forme��à��deux��sens��inversés��
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�•�ƒ�•�‹�ˆ�‡�•�–�‡�•�–�� �—�•�‡�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �†�‡�� �–�”�ƒ�•�•�‹�–�‹�‘�•�� �˜�‹�–�”�‡�—�•�‡�� ���‰�á�� �Ž�‡�•�� �”�‡�…�—�‹�–�•�� �ƒ�—�š�� ���ƒ� � � ´� � � ��‰�s�� �•�ï�‹�•�†�—�‹�•�‡�•�–��

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

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

�Ž�ï�‡�ˆ�ˆ�‡�–���†�—���–�‡�•�’�•���†�‡���”�‡�…�—�‹�–�����•�‡�…�–�‹�‘�•�� �v�ä�u�ä�u�á�����ƒ�‰�‡���s�r�t���á���•�‘�—�•���ƒ�˜�‘�•�•���˜�—���“�—�ï�—�•�‡���„�‘�•�•�‡���•�‹�•�‡���‡�•���ˆ�‘�”�•�‡���ƒ��

� ±� –� ±� � � ƒ� –� –� ‡� ‹� •� –� ‡� � � ’� ‘� —� ”� � � Ž� ‡� � � ”� —� „� ƒ� •� � � �� —�x�r���”�u�r���Ž�s�r�� �”�‡�…�—�‹�–�� �•�� �‡�•�˜�‹�”�‘�•�� �t�r�� ���� �‡�•�� �†�‡�•�•�‘�—�•�� �†�‡�� ���‰�s�á�� �‡�–�� �“�—�‡��

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

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

� Ž� ï� ±� …� ‘� —� Ž� ‡� •� ‡� •� –� � � ‡� •� –� � � •� ‡� ™� –� ‘� •� ‹� ‡� •� � � ˜� ‹� •� “� —� ‡� —� š� á� � � Ž� ƒ� � � •� ‹� •� ‡� � � ‡� •� � � ˆ� ‘� ”� •� ‡� � � ƒ� –� –� ‡� ‹� •� –� � � —�•�� �•�‹�˜�‡�ƒ�—�� �‡�•�…�‘�”�‡�� �’�Ž�—�•�� �±�Ž�‡�˜�±�ä��
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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� ’� ”� °� •� � � †� ‡� •� � � ”� ‡� …� —� ‹� –� •� �
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4.5.2 Fragilisation ��thermique ��
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4.5.3 Le��recuit ��de��mise��en��forme ��et��la��dureté ��
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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�•�•�’�‘�”�–�•��
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�†�±�˜�‡�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�‡�� �‡�–�� �†�‡�•��
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�…�‘�•�’�‘�•�‹�–�‡�•�� �•�� �•�ƒ�–�”�‹�…�‡�� �†�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� �Ž�±� ‰� ‡� ”� � � ƒ� ˜� ‡� …� � � †� ‡� � � •� ‘� —� ˜� ‡� ƒ� —� š� � � –� ›� ’� ‡� •� � � †� ‡� ��’�Š�ƒ�•�‡�•�� �†�‡�� �”�‡�•�ˆ�‘�”�…�‡�•�‡�•�–�� �‡�•�–��
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� —� •� ‡� � � Ž� ‹� •� ‹� –� ‡� � � ±� Ž� ƒ� •� –� ‹� “� —� ‡� � � †� ‡� � � Ž� ï� ‘� ”� †� ”� ‡� � � †� ‡� � � s� � � 
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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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�˜�‹�†�‡�ä��

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

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

�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�˜�‡�…�� �—�•�‡�� �†�‹�•�–�”�‹�„�—�–�‹�‘�•��
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Figure�� 5.3��:��Cliché��de��diffraction��du��composite��de��Mg�æAZ91��renforcé��par��
des��particules��amorphes��de��Zr57Nb5Cu15.4Ni12.6Al10��
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Figure�� 5.4��:��Image��MEB��en��mode��rétrodiffusé��du��composite��Mg�æAZ91��
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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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���������‡�•���•�‘�†�‡���”�±�–�”�‘�†�‹�ˆ�ˆ�—�•�±���†�‡���Ž�ƒ���•�—�”�ˆ�ƒ�…�‡���†�ï�—�•�‡���•�‡�…�–�‹�‘�•���†�—���…�‘�•�’�‘�•�‹�–�‡�ä�����‡�—�š���ƒ�•�’�‡�…�–�•���†�‹�•�–�‹�•�‰�—�‡�•�–���Ž�ƒ��

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

�����‰�����”�æ�ƒ�������ã�����‹�����Ž�ƒ���’�Š�ƒ�•�‡���ƒ�•�‘�”�’�Š�‡���ƒ���—�•�‡���†�‹�•�–�”�‹�„�—�–�‹�‘�•���‹�•�–�‡�”�æ�’�ƒ�”�–�‹�…�—�Ž�ƒ�‹�”�‡���ƒ�—�š���œ�‘�•�‡�•���†�‡���…�‘�•�–�ƒ�…�–���†�‡�•��

�’�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�•�‹�“�—�‡�•�� �†�‡�•��
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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��=��
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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��



140�� Ch 5. Composites métal-verre métallique��
��

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

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

��

5.6 Conclusions��et��perspectives ��

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�’�ƒ�”���Ž�ï�‡�ˆ�ˆ�‡�–���†�ï���”�‘�™�ƒ�•�ä��

���‡���–�”�ƒ�˜�ƒ�‹�Ž���’�”�±�•�‡�•�–�±���†�ƒ�•�•���…�‡���…�Š�ƒ�’�‹�–�”�‡���ƒ���±�–�±���‡�ˆ�ˆ�‡�…�–�—�±���•���Ž�ƒ���ˆ�‹�•���†�‡���Ž�ƒ���–�Š�°�•�‡���‡�–���•�±�”�‹�–�‡���†�ï�²�–�”�‡���ƒ�’�’�”�‘�ˆ�‘�•�†�‹��

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

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

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

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

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



Ch 5. Composites métal-verre métallique 141��
��

��
��

�x �2�–�—�†�‹�‡�”���Ž�ƒ���•�‹�…�”�‘�•�–�”�—�…�–�—�”�‡���†�‡�•���œ�‘�•�‡�•���†�‡���…�‘�•�–�ƒ�…�–���•�ƒ�–�”�‹�…�‡�æ�”�‡�•�ˆ�‘�”�–���’�ƒ�”���•�ƒ�…�”�‘�•�…�‘�’�‹�‡���±�Ž�‡�…�–�”�‘�•�‹�“�—�‡��

�‡�•���–�”�ƒ�•�•�•�‹�•�•�‹�‘�•�������������ä��

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

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

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



��

��

� � � �



��

��
��

Conclusion ��générale ��

Conclusion��générale��

��



��



Conclusion générale 145��
��

��
��

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

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

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

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

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

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

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

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

�•�‹�…�”�‘�•�…�‘�’�‹�“�—�‡�ä��

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�•�ƒ�”�…�Š�‡���†�‡���…�‹�•�ƒ�‹�Ž�Ž�‡�•�‡�•�–�����†�‡���’�ƒ�”���‡�š�‡�•�’�Ž�‡���s���Á�•���†�‡���Ž�‘�•�‰�—�‡�—�”�����•�‡���ˆ�‘�”�•�‡���•���Ž�ƒ���˜�‹�–�‡�•�•�‡���†�—���•�‘�•���†�ƒ�•�•���Ž�‡��

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

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

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

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

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



146�� Conclusion générale��
��

�…�‘�•�–�”�ƒ�‹�•�–�‡���–�‡�Ž�Ž�‡�� �“�—�‡�� �ü���”�‡�•�‡�•�–�‹�‡���ý�� �’�ƒ�”�� �Ž�ƒ�� �•�‘�•�†�‡�� �†�‡�� �Ž�ƒ�� �’�”�‡�•�•�‡�á�� �ƒ���±�–�±�� �…�‘�•�•�‹�†�±�”�±�ä�� ���‡�� �6�–�‡�•�’�•�6��

�‡�š�’�±�”�‹�•�‡�•�–�ƒ�Ž�á�� �†�‡�� �Ž�ï�‘�”�†�”�‡�� �†�‡�� �s�r�æ�s� � � •� � � s� r�æ�x��� •� � � •� —� ‹� ˜� ƒ� •� –� � � Ž� ƒ� � � •� ‡� •� •� ‹� „� ‹� Ž� ‹� –� ±� � � †� ‡� � � Ž� ƒ� � � •� ‘� •� †� ‡� � � ‡� –� � � Ž� ƒ� � � ”� ‹� ‰� ‹� †� ‹� –� ±� � � †� ‡� � � Ž� ƒ� �

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

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

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

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

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

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

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

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

� –� ‡� •� ’� ±� ”� ƒ� –� —� ”� ‡� � � †� ‘� •� –� � � Ž� ‡� � � •� ƒ� š� ‹� •� —� •� � � ‡� •� –� � � †� ‡� � � t� r� r� r� � � �� � � ƒ� ˜� ‡� …� � � —� •� ‡� � � Ž� ƒ� ”� ‰� ‡� —� ”� � � †� ‡� � � Ž�ƒ�� �œ�‘�•�‡�� �ƒ�—�� �†�‡�•�•�—�•�� �†�‡�� �Ž�ƒ��

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

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

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

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

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

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

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

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

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

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

�†�±�ˆ�‘�”�•�ƒ�–�‹�‘�•�ä��

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

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

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

�–�›�’�‡�•�� �†�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�•�� ���•�±�–�ƒ�Ž�æ�•�±�–�ƒ�Ž�á�� �•�±�–�ƒ�Ž�æ�•�±�–�ƒ�Ž�Ž�‘�Ã�†�‡���� �†�‡�� �†�‹�ˆ�ˆ�±�”�‡�•�–�•���•�›�•�–�°�•�‡�•�� ���„�‹�•�ƒ�‹�”�‡�•�á�� �–�‡�”�•�ƒ�‹�”�‡�•�� �‡�–��

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

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

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

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

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

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

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

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



Conclusion générale 147��
��

��
��

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

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

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

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

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

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

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

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

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

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

� ƒ� ˜� ‘� •� •� � � •� ‘� •� –� ”� ±� � � “� —� ‡� � � •� ²� •� ‡� � � ƒ� ’� ”� °� •� � � —� •� � � …� Š� ƒ� •� ‰� ‡� •� ‡� •� –� � � †� ‡� � � ˆ� ‘� ”� •� ‡� � � “� —� ‹� � � †� ±� ’� ƒ� •� •� ‡� ��� �r� �� �� � � ³� � � {� r� ¨� á� � � ‡� –� � � ’� ƒ� ”� ˆ� ‘� ‹� •� �

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

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

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

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

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

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

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

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

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

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

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

�•�±�‰�Ž�‹�‰�±�‡�ä��

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

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

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

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

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

�–�‘�—�–�‡���†�‹�ˆ�ˆ�±�”�‡�•�…�‡���†�‡���…�‘�—�”�„�—�”�‡�������r�������µ�s�����ƒ�˜�ƒ�•�–���‡�–���ƒ�’�”�°�•���Ž�‡���”�‡�…�—�‹�–�ä��

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

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

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

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



148�� Conclusion générale��
��

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�’�Š�ƒ�•�‡���ƒ�•�‘�”�’�Š�‡�ä��

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

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

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

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

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

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

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

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

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



Conclusion générale 149��
��

��
��

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

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

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

�•�—�’�±�”�‹�‡�—�”�‡���•���s�r�¨�ä����

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

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

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

�†�‘�‹�˜�‡�•�–���‡�•�…�‘�”�‡���²�–�”�‡���”�±�ƒ�Ž�‹�•�±�•�ä��



��



��

��
��

Références� � � �

Références��

��



��

��



Références 153��
��

��
��

�s�ä�� Klement, W., R.H. Willens, and P. Duwez, Non-crystalline structure in solidified gold-silicon 
alloys. Nature, 1960. 187(4740): p. 869-870. 

�t�ä�� Chen, H.S. and D. Turnbull, Formation, stability and structure of palladium-silicon based alloy 
glasses. Acta Materialia, 1969. 17(8): p. 1021-1031. 

�u�ä�� Chen, H.S., Thermodynamic considerations on formation and stability of metallic glasses. Acta 
Metallurgica, 1974. 22(12): p. 1505-1511. 

�v�ä�� Yang, B.J., et al., Developing aluminum-based bulk metallic glasses. Philosophical Magazine, 
2010. 90(23): p. 3215-3231. 

�w�ä�� Park, E.S. and D.H. Kim, Formation of Ca-Mg-Zn bulk glassy alloy by casting into cone-shaped 
copper mold. Journal of Materials Research, 2004. 19(3): p. 685-688. 

�x�ä�� Men, H., S.J. Pang, and T. Zhang, Effect of Er doping on glass-forming ability of 
Co50Cr15Mo14C15B6 alloy. Journal of Materials Research, 2006. 21(4): p. 958-961. 

�y�ä�� Xu, D.H., G. Duan, and W.L. Johnson, Unusual glass-forming ability of bulk amorphous alloys 
based on ordinary metal copper. Physical Review Letters, 2004. 92(24): p. 245504. 

�z�ä�� Jia, P., et al., A new Cu-Hf-Al ternary bulk metallic glass with high glass forming ability and 
ductility. Scripta Materialia, 2006. 54(12): p. 2165-2168. 

�{�ä�� Shen, J., et al., Exceptionally high glass-forming ability of an FeCoCrMoCBY alloy. Applied 
Physics Letters, 2005. 86(15): p. 151907. 

�s�r�ä��Ma, H., et al., Discovering inch-diameter metallic glasses in three-dimensional composition 
space. Applied Physics Letters, 2005. 87: p. 181915. 

�s�s�ä��Inoue, A., N. Nishiyama, and H. Kimura, Preparation and thermal stability of bulk amorphous 
Pd40Cu30Ni10P20 alloy cylinder of 72 mm in diameter. Materials Transactions Jim, 1997. 38(2): 
p. 179-183. 

�s�t�ä��Schroers, J. and W.L. Johnson, Highly processable bulk metallic glass-forming alloys in the Pt-
Co-Ni-Cu-P system. Applied Physics Letters, 2004. 84(18): p. 3666-3668. 

�s�u�ä��Guoa, F.Q., et al., Ductile titanium-based glassy alloy ingots. Applied Physics Letters, 2005. 
86(9): p. 091907. 

�s�v�ä��Peker, A. and W.L. Johnson, A highly processable metallic glass Zr41.2Ti13.8Cu12.5Ni10.0Be22.5. 
Applied Physics Letters, 1993. 63(17): p. 2342-2344. 

�s�w�ä��Guo, F.Q., S.J. Poon, and G.J. Shiflet, Metallic glass ingots based on yttrium. Applied Physics 
Letters, 2003. 83(13): p. 2575-2577. 

�s�x�ä��Tan, H., et al., Optimum glass formation at off-eutectic composition and its relation to skewed 
eutectic coupled zone in the La based La-Al-(Cu,Ni) pseudo ternary system. Acta Materialia, 
2003. 51(15): p. 4551-4561. 

�s�y�ä��Schroers, J., et al., Gold based bulk metallic glass. Applied Physics Letters, 2005. 87(6): p. 
061912. 

�s�z�ä��Abraham, F.F., Homogeneous nucleation theory. Academic Press, New York and London, 
1974. 

�s�{�ä��Turnbull, D., Formation of crystal nuclei in liquid metals. Journal of Applied Physics, 1950. 21: 
p. 1022�í1028. 

�t�r�ä�� Gebert, A., J. Eckert, and L. Schultz, Effect of oxygen on phase formation and thermal stability 
of slowly cooled Zr65Al7.5Cu7.5Ni10 metallic glass. Acta Materialia, 1998. 46(15): p. 5475-5482. 

�t�s�ä��Duhamel, C., et al., Influence of fluxing in the preparation of bulk Fe-based glassy alloys. 
Journal of Alloys and Compounds, 2009. 483(1-2): p. 243-246. 

�t�t�ä�� Kolmogorov, A.N., A statistical theory for the recrystallization of metals. Akad. nauk SSSR, 
Izv., Ser. Matem, 1937. 1: p. 355. 

�t�u�ä��Johnson, W.A. and R.F. Mehl, Reaction kinetics in processes of nucleation and growth. Trans. 
Am. Inst. Min. Metall. Eng., 1939. 135: p. 416. 

�t�v�ä��Avrami, M., Kinetics of phase change. Journal of chemical physics, 1939; 1940; 1941(7; 8; 9): 
p. 1103; 212; 177. 

�t�w�ä��Davies, H.A., J. Aucote, and J.B. Hull, The kinetics of formation and stabilities of metallic 
glasses Scripta Metallurgica, 1974. 8(10): p. 1179-1189. 

�t�x�ä��Uhlmann, D.R., A kinetic treatment of glass formation. Journal of Non-Crystalline Solids, 1972. 
7(4): p. 337-348. 



154�� Références��
��

�t�y�ä��Loffler, J.F., J. Schroers, and W.L. Johnson, Time-temperature-transformation diagram and 
microstructures of bulk glass forming Pd40Cu30Ni10P20. Applied Physics Letters, 2000. 77(5): p. 
681-683. 

�t�z�ä��Yavari, A.R., P. Hicter, and P. Desre, The effect of fusion volume on the kinetics of formation of 
metallic glasses by liquid-quenching. Journal De Chimie Physique Et De Physico-Chimie 
Biologique, 1982. 79(7-8): p. 579-582. 

�t�{�ä�� Turnbull, D., The undercooling of liquids. Scientific American, 1965. 212(1): p. 38-46. 
�u�r�ä��Vandenbeukel, A. and J. Sietsma, The glass-transition as a free-volume related kinetic 

phenomenon. Acta Metallurgica Et Materialia, 1990. 38(3): p. 383-389. 
�u�s�ä��Clavaguera, N. and M.T. Clavaguera-Mora, Critical cooling rate vs. reduced glass transition: 

Scaling factors and master curves. Bulk Metallic Glasses, 1999. 554: p. 237-242. 
�u�t�ä��Davies, H.A., The formation of metallic glasses. Phys. Chem. Glasses, 1976. 17: p. 159-173. 
�u�u�ä��Angell, C.A., Formation of glasses from liquids and biopolymers. Science, 1995. 267(5206): p. 

1924-1935. 
�u�v�ä��Busch, R., E. Bakke, and W.L. Johnson, Viscosity of the supercooled liquid and relaxation at 

the glass transition of the Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk metallic glass forming alloy. Acta 
Materialia, 1998. 46(13): p. 4725-4732. 

�u�w�ä��Turnbull, D., Under what conditions can a glass be formed? Contemporary Physics, 1969. 
10(5): p. 473-488. 

�u�x�ä��Davies, H.A. and B.G. Lewis, Generalized kinetic approach to metallic glass formation. Scripta 
Metallurgica, 1975. 9(10): p. 1107-1112. 

�u�y�ä��Yavari, A.R., Small volume change on melting as a new criterion for easy formation of metallic 
glasses. Physics Letters A, 1983. 95(3-4): p. 165-168. 

�u�z�ä��Yavari, A.R. and A. Inoue, Volume effects in bulk metallic glass formation. Materials Research 
Society Symposium Proceedings, 1999. 554: p. 21-30. 

�u�{�ä��Yavari, A.R., J.L. Uriarte, and A. Inoue, Volume effects in amorphisation by rapid solidification 
and solid state reaction and in bulk glass-forming alloys. Mechanically Alloyed, Metastable and 
Nanocrystalline Materials, Part 2, 1998. 269-2: p. 533-540. 

�v�r�ä��Desre, P.J., On the effect of the number of components on glass-forming ability of alloys from 
the liquid state: Application to the new generation of multicomponent bulk glasses. Materials 
Transactions Jim, 1997. 38(7): p. 583-588. 

�v�s�ä��Inoue, A., Stabilization of metallic supercooled liquid and bulk amorphous alloys. Acta 
Materialia, 2000. 48(1): p. 279-306. 

�v�t�ä��Sa Lisboa, R.D., et al., Topological instability as a criterion for design and selection of 
aluminum based glass former alloys. Applied Physics Letters, 2005. 86(21): p. 211904. 

�v�u�ä��Egami, T. and Y. Waseda, Atomic size effect on the formability of metallic glasses. Journal of 
Non-Crystalline Solids, 1984. 64(1-2): p. 113-134. 

�v�v�ä��Miracle, D.B., The efficient cluster packing model - An atomic structural model for metallic 
glasses. Acta Materialia, 2006. 54(16): p. 4317-4336. 

�v�w�ä��Sommer, F., Association model for the description of the thermodynamic functions of liquid 
alloys .1. Basic concepts. Zeitschrift Fur Metallkunde, 1982. 73(2): p. 72-76. 

�v�x�ä��Nishiyama, N. and A. Inoue, Glass-forming ability of Pd42.5Cu30Ni7.5P20 alloy with a low critical 
cooling rate of 0.067 K/s. Applied Physics Letters, 2002. 80(4): p. 568-570. 

�v�y�ä��Doolittle, A.K., Studies in Newtonian flow II. The dependence of the viscosity of liquids on free 
space. Journal of Applied Physics, 1951. 22: p. 1471–1475. 

�v�z�ä��Cohen, M. and D. Turnbull, Molecular transport in liquids and glasses. Journal of chemical 
physics, 1959. 31(5): p. 1164-1169. 

�v�{�ä��Yavari, A.R., et al., Excess free volume in metallic glasses measured by X-ray diffraction. Acta 
Materialia, 2005. 53(6): p. 1611-1619. 

�w�r�ä��Guinier, A., Théories et techniques de la radio-cristallographie. Dunod, 1964. 
�w�s�ä��Yavari, A.R., On the structure of metallic glasses with double diffraction halos. Acta 

Metallurgica, 1988. 36(7): p. 1863-1872. 
�w�t�ä��Greer, A.L., Rapidly solidified alloys: processes, structures, properties and applications. edited 

by H.H. Lieberman (Marcel Dekker, New York), 1993: p. 269. 



Références 155��
��

��
��

�w�u�ä��Egami, T., Structural relaxation in amorphous alloys - compositional short-range ordering. 
Materials Research Bulletin, 1978. 13(6): p. 557-562. 

�w�v�ä��Harmelin, M., et al., Structural relaxation and crystallization of Fe78B13Si9 amorphous ribbons 
studied by dilatometry and differential scanning calorimetry. Thermochimica Acta, 1988. 130: 
p. 177-192. 

�w�w�ä��Taub, A.I., Threshold stresses in amorphous alloys .2. structural relaxation. Acta Metallurgica, 
1982. 30(12): p. 2129-2133. 

�w�x�ä��Greer, A.L., Atomic transport and structural relaxation in metallic glasses. Journal of Non-
Crystalline Solids, 1984. 61-2(Jan): p. 737-748. 

�w�y�ä��Haruyama, O., et al., The free volume kinetics during structural relaxation in bulk Pd-P based 
metallic glasses. Materials Science and Engineering a-Structural Materials Properties 
Microstructure and Processing, 2007. 449: p. 497-500. 

�w�z�ä��Taub, A.I. and F. Spaepen, The kinetics of structural relaxation of a metallic glass. Acta 
Metallurgica, 1980. 28(12): p. 1781-1788. 

�w�{�ä��Fan, G.J., et al., Thermodynamics, enthalpy relaxation and fragility of the bulk metallic glass-
forming liquid Pd43Ni10Cu27P20. Acta Materialia, 2004. 52(3): p. 667-674. 

�x�r�ä��Slipenyuk, A. and J. Eckert, Correlation between enthalpy change and free volume reduction 
during structural relaxation of Zr55Cu30Al10Ni5 metallic glass. Scripta Materialia, 2004. 50: p. 
39–44. 

�x�s�ä��Hajlaoui, K., et al., On the free volume kinetics during isochronal structural relaxation of Pd-
based metallic glass: effect of temperature and deformation. Journal of Materials Science, 2010. 
45(12): p. 3344-3349. 

�x�t�ä��Yavari, A.R., Formation of boron-rich zones and embrittlement of Fe-B-type metallic glasses. 
Journal of Materials Research, 1986. 1(6): p. 746-751. 

�x�u�ä��Le Caër, G. and J.M. Dubois, Amorphous Materials - 6. Study by Mossbauer Spectrometry of 
amorphous metallic alloys and amorphous semiconductors. Revue de Physique Appliquee, 
1980. 15(6): p. 1049-1056. 

�x�v�ä��Baxter, D.V., A. Williams, and W.L. Johnson, EXAFS studies of the metallic glass La80Ga20. 
Journal of Non-Crystalline Solids, 1984. 61(2): p. 409-414. 

�x�w�ä��Waseda, Y., The structure of non-crystalline materials. McGraw-Hill, 1980. 
�x�x�ä��Bernal, J.D., Geometrical approach to the structure of liquids. Nature, 1959. 183(4655): p. 141-

147. 
�x�y�ä��Bernal, J.D., Geometry of the structure of monatomic liquids. Nature, 1960. 185(4706): p. 68-

70. 
�x�z�ä��Polk, D.E., Structural model for amorphous metallic alloys. Scripta Metallurgica, 1970. 4(2): p. 

117-122. 
�x�{�ä��Bennett, C.H., Serially deposited amorphous aggregates of hard spheres. Journal of Applied 

Physics, 1972. 43: p. 2727. 
�y�r�ä��Sadoc, J.F., J. Dixmier, and A. Guinier, Theoretical calculation of dense random packings of 

equal and non-equal sized hard spheres applications to amorphous metallic alloys. Journal of 
Non-Crystalline Solids, 1973. 12: p. 46-60. 

�y�s�ä��Ichikawa, T., The assembly of hard spheres as a structure model of amorphous iron. Physica 
Status Solidi A-Applied Research, 1975. 29: p. 293. 

�y�t�ä��Finney, J.L., Fine-structure in randomly packed, dense clusters of hard spheres. Materials 
Science and Engineering, 1976. 23(2-3): p. 199-205. 

�y�u�ä��Gaskell, P.H., New structural model for amorphous transition-metal silicides, borides, 
phosphides and carbides. Journal of Non-Crystalline Solids, 1979. 32(1-3): p. 207-224. 

�y�v�ä��Bijaoui, D., A.R. Yavari, and F. Livet, Proc. Symp. on magnetic properties of amorphous 
metals, Benalmadena, North-Holland, Amsterdam, 1988: p. 132-135. 

�y�w�ä��Dubois, J.M. and G. Le Caër, Local order and physical properties of iron-rich metallic glasses. 
Acta Metallurgica, 1984. 32(11): p. 2101-2114. 

�y�x�ä��Miracle, D.B., W.S. Sanders, and O.N. Senkov, The influence of efficient atomic packing on the 
constitution of metallic glasses. Philosophical Magazine, 2003. 83(20): p. 2409-2428. 



156�� Références��
��

�y�y�ä��Miracle, D.B., A structural model for metallic glasses. Nature Materials, 2004. 3(10): p. 697-
702. 

�y�z�ä��Yavari, A.R., Solving the puzzle of eutectic compositions with 'miracle glasses'. Nature 
Materials, 2005. 4(1): p. 2-3. 

�y�{�ä��Sheng, H.W., et al., Atomic packing and short-to-medium-range order in metallic glasses. 
Nature, 2006. 439(7075): p. 419-425. 

�z�r�ä��Zhu, S.L., et al., A new Ti-based bulk glassy alloy with potential for biomedical application. 
Materials Science and Engineering a-Structural Materials Properties Microstructure and 
Processing, 2007. 459(1-2): p. 233-237. 

�z�s�ä��Lutanie, E., Innovative metallic glass shows promise for bone surgery BIOMATERIALS. 
Materials Today, 2009. 12(12): p. 12. 

�z�t�ä��Bhatnagar, A.K., et al., Changes in resistivity behavior of metallic-glass Fe70Ni12B16Si2 due to 
molybdenum substitution for nickel. Journal of Applied Physics, 1994. 76(10): p. 6107-6109. 

�z�u�ä��Pardo, A., et al., Influence of chromium additions on corrosion resistance of 
Co73.5Si13.5B9Nb3Cu1 metallic glass in marine environment. British Corrosion Journal, 2002. 
37(1): p. 69-75. 

�z�v�ä��Nagel, S.R., Thermoelectric power and resistivity in a metallic glass. Physical Review Letters, 
1978. 41(14): p. 990-993. 

�z�w�ä��Yong, L., et al., Superconductivity and negative temperature coefficient of the resistivity of bulk 
metallic glass Zr46.75Ti8.25Cu7.5Ni10Be27.5. Acta Physica Sinica, 2004. 53(3): p. 844-849. 

�z�x�ä��Yavari, A.R., M.F. Oliveira, and F.W.J. Botta, Shaping of bulk metallic glasses by simultaneous 
application of electrical current and low stress. Mat. Res. Soc. Symp. Proc., 2001. 644: p. 
L12.20. 

�z�y�ä��Nielsen, O.V. and H.J.V. Nielsen, Magnetic-anisotropy in Co73Mo2Si15B10 and 
(Co0.89Fe0.11)72Mo3Si15B10 metallic glasses, induced by stress-annealing. Journal of Magnetism 
and Magnetic Materials, 1980. 22(1): p. 21-24. 

�z�z�ä��Nielsen, O.V., et al., Magnetic-anisotropy in (Fe,Co)75Si15B10 and (Fe0.11Co0.89)72Mo3Si15B10 
metallic-glass ribbons, induced by constant stress and constant strain annealing. Journal of 
Magnetism and Magnetic Materials, 1983. 36(1-2): p. 73-80. 

�z�{�ä��Inoue, A. and N. Nishiyama, New bulk metallic glasses for applications as magnetic-sensing, 
chemical, and structural materials. Mrs Bulletin, 2007. 32(8): p. 651-658. 

�{�r�ä��Ashby, M.F. and A.L. Greer, Metallic glasses as structural materials. Scripta Materialia, 2006. 
54(3): p. 321-326. 

�{�s�ä��Cottrell, A.H., The mechanical properties of matter. John Wiley and Sons, Inc., 1964. 
�{�t�ä�� Aljerf, M., et al., Punching surface patterns onto aluminium foils using BMG stamps surface-

structured in the super-cooled liquid temperature range. Reviews on Advanced Materials 
Science, 2008. 18(2): p. 154-158. 

�{�u�ä��Spaepen, F., Microscopic mechanism for steady-state inhomogeneous flow in metallic glasses. 
Acta Metallurgica, 1977. 25(4): p. 407-415. 

�{�v�ä��Nieh, T.G. and J. Wadsworth, Homogeneous deformation of bulk metallic glasses. Scripta 
Materialia, 2006. 54(3): p. 387-392. 

�{�w�ä��Dubach, A., et al., Micropillar compression studies on a bulk metallic glass in different 
structural states. Scripta Materialia, 2009. 60(7): p. 567-570. 

�{�x�ä��Argon, A.S., Plastic deformation in metallic glasses. Acta Metallurgica, 1979. 27(1): p. 47-58. 
�{�y�ä��Gravier, S., Comportement mécanique des verres métalliques massifs - effet d’une 

cristallisation partielle. 2006. Th : Méc. : INP de Grenoble, 219 p. 
�{�z�ä��Lu, J., G. Ravichandran, and W.L. Johnson, Deformation behavior of the 

Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass over a wide range of strain-rates and 
temperatures. Acta Materialia, 2003. 51(12): p. 3429-3443. 

�{�{�ä�� Inoue, A., Bulk amorphous alloys - Practical characteristics and applications. Materials 
Science Foundations, 1999. 6: p. 1-35. 

�s�r�r�ä��Kawamura, Y., T. Nakamura, and A. Inoue, Superplasticity in Pd40Ni40P20 metallic glass. 
Scripta Materialia, 1998. 39(3): p. 301-306. 



Références 157��
��

��
��

�s�r�s�ä��Nieh, T.G., et al., Plasticity and structural instability in a bulk metallic glass deformed in the 
supercooled liquid region. Acta Materialia, 2001. 49: p. 2887–2896. 

�s�r�t�ä��Leamy, H.J., T.T. Wang, and H.S. Chen, Plastic flow and fracture of metallic glass. 
Metallurgical and Materials Transactions B, 1972. 3(3): p. 699-708. 

�s�r�u�ä��Lowhaphandu, P., S.L. Montgomery, and J.J. Lewandowski, Effects of superimposed 
hydrostatic pressure on flow and fracture of a Zr-Ti-Ni-Cu-Be bulk amorphous alloy. Scripta 
Materialia, 1999. 41(1): p. 19-24. 

�s�r�v�ä��Liu, C.T., et al., Test environments and mechanical properties of Zr-base bulk amorphous 
alloys. Metallurgical and Materials Transactions a-Physical Metallurgy and Materials Science, 
1998. 29(7): p. 1811-1820. 

�s�r�w�ä��Inoue, A., et al., High-strength Cu-based bulk glassy alloys in Cu-Zr-Ti and Cu-Hf-Ti ternary 
systems. Acta Materialia, 2001. 49(14): p. 2645-2652. 

�s�r�x�ä��Bruck, H.A., A.J. Rosakis, and W.L. Johnson, The dynamic compressive behavior of beryllium 
bearing bulk metallic glasses. Journal of Materials Research, 1996. 11(2): p. 503-511. 

�s�r�y�ä��Zhang, Z.F., J. Eckert, and L. Schultz, Difference in compressive and tensile fracture 
mechanisms of Zr59Cu20Al10Ni8Ti3 bulk metallic glass. Acta Materialia, 2003. 51(4): p. 1167-
1179. 

�s�r�z�ä��Conner, R.D., et al., Shear band spacing under bending of Zr-based metallic glass plates. Acta 
Materialia, 2004. 52(8): p. 2429-2434. 

�s�r�{�ä��Mukai, T., et al., Effect of strain rate on compressive behavior of a Pd40Ni40P20 bulk metallic 
glass. Intermetallics, 2002. 10(11-12): p. 1071-1077. 

�s�s�r�ä��Eshelby, J.D., Solid states physics. 1956. 3: p. 115. 
�s�s�s�ä��Kelly, A., W.R. Tyson, and A.H. Cottrell, Ductile and brittle crystals. Philosophical Magazine, 

1967. 15(135): p. 567 – 586. 
�s�s�t�ä��Chen, H.S., Glassy Metals. Reports on Progress in Physics, 1980. 43(4): p. 353-432. 
�s�s�u�ä��Wang, W.H., Roles of minor additions in formation and properties of bulk metallic glasses. 

Progress in Materials Science, 2007. 52(4): p. 540-596. 
�s�s�v�ä��Yokoyama, Y., et al., Study of the structural relaxation-induced embrittlement of hypoeutectic 

Zr-Cu-Al ternary bulk glassy alloys. Acta Materialia, 2008. 56(20): p. 6097-6108. 
�s�s�w�ä��Lewandowski, J.J., W.H. Wang, and A.L. Greer, Intrinsic plasticity or brittleness of metallic 

glasses. Philosophical Magazine Letters, 2005. 85(2): p. 77-87. 
�s�s�x�ä��Schroers, J. and W.L. Johnson, Ductile bulk metallic glass. Physical Review Letters, 2004. 

93(25): p. 255506. 
�s�s�y�ä��Johnson, W.L. and K. Samwer, A universal criterion for plastic yielding of metallic glasses with 

a (T/Tg)
2/3 temperature dependence. Physical Review Letters, 2005. 95(19): p. 195501. 

�s�s�z�ä��Liu, Y.H., et al., Energetic criterion on the intrinsic ductility of bulk metallic glasses. Scripta 
Materialia, 2010. 62(8): p. 586-589. 

�s�s�{�ä��Davis, L.A., Hardness/strength ratio of metallic glasses. Scripta Metallurgica, 1975. 9(4): p. 
431-435. 

�s�t�r�ä��Keryvin, V., Indentation of bulk metallic glasses: Relationships between shear bands observed 
around the prints and hardness. Acta Materialia, 2007. 55(8): p. 2565-2578. 

�s�t�s�ä��Rose, R.M., L.A. Shepard, and J. Wulff, Structure and properties of materials - IV electronic 
properties. John Wiley & Sons, Inc., 1966. 

�s�t�t�ä��Brandes, E.A. and G.B. Brook, Smithells metals reference book (7th edition). Butterworth-
Heinemann, 1997. 

�s�t�u�ä��Inoue, A., et al., Ultra-high strength above 5000 MPa and soft magnetic properties of Co-Fe-
Ta-B bulk glassy alloys. Acta Materialia, 2004. 52(6): p. 1631-1637. 

�s�t�v�ä��Zhang, Y. and A.L. Greer, Thickness of shear bands in metallic glasses. Applied Physics 
Letters, 2006. 89(7): p. 1907. 

�s�t�w�ä��Kimura, H., et al., Physical and mechanical properties of Zr-based metallic glasses. Materials 
Transactions Jim, 1995. 36(7): p. 890-895. 

�s�t�x�ä��Pampillo, C.A., Flow and fracture in amorphous alloys. Journal of Materials Science, 1975. 
10(7): p. 1194-1227. 



158�� Références��
��

�s�t�y�ä��Nowak, S., et al., Mechanical behavior of Zr-based bulk metallic glasses. Strength of Materials, 
2008. 40(1): p. 154-157. 

�s�t�z�ä��Gilbert, C.J., et al., Light emission during fracture of a Zr-Ti-Ni-Cu-Be bulk metallic glass. 
Applied Physics Letters, 1999. 74(25): p. 3809-3811. 

�s�t�{�ä��Lewandowski, J.J. and A.L. Greer, Temperature rise at shear bands in metallic glasses. Nature 
Materials, 2006. 5(1): p. 15-18. 

�s�u�r�ä��Yang, B., et al., In-situ thermographic observation of mechanical damage in bulk-metallic 
glasses during fatigue and tensile experiments. Intermetallics, 2004. 12(10-11): p. 1265-1274. 

�s�u�s�ä��Yavari, A.R., J.J. Lewandowski, and J. Eckert, Mechanical properties of bulk metallic glasses. 
Mrs Bulletin, 2007. 32(8): p. 635-638. 

�s�u�t�ä��Hajlaoui, K., et al., Shear delocalization and crack blunting of a metallic glass containing 
nanoparticles: In situ deformation in TEM analysis. Scripta Materialia, 2006. 54(11): p. 1829-
1834. 

�s�u�u�ä��Zhang, T. and H. Men, Plastic deformability and precipitation of nanocrystallites during 
compression for a Cu-Zr-Ti-Sn bulk metallic glass. Journal of Alloys and Compounds, 2007. 
434: p. 10-12. 

�s�u�v�ä��Cottrell, A.H., A note on the Portevin-Le Chatelier effect. Philosophical Magazine, 1953. 
44(355): p. 829 – 832. 

�s�u�w�ä��Wright, W.J., R.B. Schwarz, and W.D. Nix, Localized heating during serrated plastic flow in 
bulk metallic glasses. Materials Science and Engineering a-Structural Materials Properties 
Microstructure and Processing, 2001. 319: p. 229-232. 

�s�u�x�ä��Dalla Torre, F.H., et al., Negative strain rate sensitivity in bulk metallic glass and its similarities 
with the dynamic strain aging effect during deformation. Applied Physics Letters, 2006. 89(9): 
p. 091918. 

�s�u�y�ä��Dalla Torre, F.H., et al., Temperature, strain and strain rate dependence of serrated flow in bulk 
metallic glasses. Materials Transactions, 2007. 48(7): p. 1774-1780. 

�s�u�z�ä��Jiang, W.H., et al., Temperature dependence of serrated flows in compression in a bulk-metallic 
glass. Applied Physics Letters, 2006. 89(26): p. 1909. 

�s�u�{�ä��Battezzati, L. and D. Baldissin, Quantitative evaluation of lengthscales for temperature rise in 
shear bands and for failure of metallic glasses. Scripta Materialia, 2008. 59(2): p. 223-226. 

�s�v�r�ä��Cheng, Y.Q., et al., Cold versus hot shear banding in bulk metallic glass. Physical Review B, 
2009. 80(13): p. 134115. 

�s�v�s�ä��Kimura, H. and T. Masumoto, Deformation and fracture of an amorphous Pd-Cu-Si alloy in V-
notch bending tests .1. Model mechanics of inhomogeneous plastic-flow in non-strain hardening 
solid. Acta Metallurgica, 1980. 28(12): p. 1663-1675. 

�s�v�t�ä��Kimura, H. and T. Masumoto, Deformation and fracture of an amorphous Pd-Cu-Si alloy in V-
notch bending tests .2. Ductile-brittle transition. Acta Metallurgica, 1980. 28(12): p. 1677-1693. 

�s�v�u�ä��Alliage amorphe mécanique. Brevet n° 10356022.3, 21 juillet 2010. 
�s�v�v�ä��Kissinger, H.K., Reaction kinetics in differential thermal analysis. Analytical Chemistry, 1957. 

29(11): p. 1702–1706. 
�s�v�w�ä��Ichitsubo, T., et al., Glass-liquid transition in a less-stable metallic glass. Physical Review B, 

2005. 72(5): p. 052201(1-4). 
�s�v�x�ä��Wu, T.W. and F. Spaepen, The relation between embrittlement and structural relaxation of an 

amorphous Metal. Philosophical Magazine B, 1990. 61(4): p. 739-750. 
�s�v�y�ä��Alvarez, F., A. Alegria, and J. Colmenero, Relationship between the time-domain Kohlrausch-

Williams-Watts and frequency-domain Havriliak-Negami relaxation functions. Physical Review 
B, 1991. 44(14): p. 7306-7312. 

�s�v�z�ä��Baeurle, S.A., A. Hotta, and A.A. Gusev, A new semi-phenomenological approach to predict 
the stress relaxation behavior of thermoplastic elastomers. Polymer, 2005. 46(12): p. 4344-
4354. 

�s�v�{�ä��Kohlrausch, R., Theory of the electric residue in the Leyden jar. Philosophical Magazine Series 
4, 1876. 7(47): p. 412-426. 

�s�w�r�ä��Aljerf, M., K. Georgarakis, and A.R. Yavari, Shaping of metallic glasses by stress-annealing 
without thermal embrittlement. Submitted to Acta Materialia, 2011. 



Références 159��
��

��
��

�s�w�s�ä��Ast, D.G. and D.J. Krenitsky, Stress relaxation in coiled ribbons of Fe40Ni40P14B6 and 
Fe29Ni49P14B6S2. Journal of Materials Science, 1979. 14(2): p. 287-295. 

�s�w�t�ä��Li, Q., Critical cooling rate for the glass formation of ferromagnetic Fe40Ni40P14B6 alloy. 
Materials Letters, 2007. 61(16): p. 3323-3328. 

�s�w�u�ä��Taub, A.I. and F.E. Luborsky, The kinetics of stress relaxation and the effect of pre-annealing 
amorphous alloys. Materials Science and Engineering, 1982. 56(2): p. 157-166. 

�s�w�v�ä��Taub, A.I., A new method for stress relieving amorphous alloys to improve magnetic properties. 
IEEE Transactions on Magnetics, 1984. 20(4): p. 564-570. 

�s�w�w�ä��Taub, A.I. and J.L. Walter, Scaling the kinetics of flow and relaxation in amorphous alloys. 
Materials Science and Engineering, 1984. 62(2): p. 249-260. 

�s�w�x�ä��Taub, A.I. and F.E. Luborsky, Creep, stress relaxation and structural change of amorphous 
alloys. Acta Metallurgica, 1981. 29(12): p. 1939-1948. 

�s�w�y�ä��Tsao, S.S. and F. Spaepen, Iso-configurational flow and structural relaxation in metallic glass. 
Proc. 4th Int. Conf. on Rapidly Quenched Metals, Sendai, Japan, 1981: p. 463-468. 

�s�w�z�ä��Steif, P.S., Ductile versus brittle behavior of amorphous metals. Journal of the Mechanics and 
Physics of Solids, 1983. 31(5): p. 359-388. 

�s�w�{�ä��Komatsu, T., K. Matusita, and R. Yokota, Structural relaxation and embrittlement in Fe-Ni 
based metallic glasses. Journal of Materials Science, 1985. 20(4): p. 1375-1382. 

�s�x�r�ä��Kramer, E.A., W.L. Johnson, and C. Cline, Effects of neutron-irradiation on a superconducting 
metallic glass. Applied Physics Letters, 1979. 35(10): p. 815-818. 

�s�x�s�ä��Vaillant, M.L., et al., Changes in the mechanical properties of a Zr55Cu30Al10Ni5 bulk metallic 
glass due to heat treatments below 540 °C. Scripta Materialia, 2002. 47(1): p. 19-23. 

�s�x�t�ä��Li, P., et al., Influence of annealing on the elastic properties and microstructure of 
Cu58.1Zr35.9Al6 bulk metallic glass. Materials Science and Engineering A, 2010. 527: p. 3416–
3419. 

�s�x�u�ä��Yavari, A.R., Absence of thermal embrittlement in some Fe-B and Fe-Si-B glassy alloys. 
Materials Science and Engineering, 1988. 98: p. 491-493. 

�s�x�v�ä��Kumar, G., et al., Embrittlement of Zr-based bulk metallic glasses. Acta Materialia, 2009. 
57(12): p. 3572-3583. 

�s�x�w�ä��Fukami, T., et al., Comparison of mechanical properties between as-quenched and annealed 
metallic glass Pd44Cu31Ni8P17. Pricm 6: Sixth Pacific Rim International Conference on 
Advanced Materials and Processing, Pts 1-3, 2007. 561-565: p. 1303-1306. 

�s�x�x�ä��Tam, C.Y. and C.H. Shek, Abrasive wear of Cu60Zr30Ti10 bulk metallic glass. Materials Science 
and Engineering a-Structural Materials Properties Microstructure and Processing, 2004. 384(1-
2): p. 138-142. 

�s�x�y�ä��Murali, P. and U. Ramamurty, Embrittlement of a bulk metallic glass due to sub-Tg annealing. 
Acta Materialia, 2005. 53(5): p. 1467-1478. 

�s�x�z�ä��Tam, R.C.Y. and C.H. Shek, Relaxation and crystallization of Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk 
amorphous alloys. Materials Science and Engineering a-Structural Materials Properties 
Microstructure and Processing, 2004. 364(1-2): p. 198-201. 

�s�x�{�ä��Inoue, A., T. Zhang, and Y.H. Kim, Synthesis of high strength bulk amorphous Zr-Al-Ni-Cu-Ag 
alloys with a nanoscale secondary phase. Materials Transactions Jim, 1997. 38(9): p. 749-755. 

�s�y�r�ä��Yokoyama, Y., et al., Evolution of mechanical properties of cast Zr50Cu40Al10 glassy alloys by 
structural relaxation. Materials Transactions, 2005. 46(12): p. 2755-2761. 

�s�y�s�ä��Tabor, D., The hardness of metals. Oxford University Press, London, U.K., 1951. 
�s�y�t�ä��Schuh, C.A. and T.G. Nieh, A survey of instrumented indentation studies on metallic glasses. 

Journal of Materials Research, 2004. 19(1): p. 46-57. 
�s�y�u�ä��Johnson, K.L., The correlation of indentation experiments Journal of the Mechanics and Physics 

of Solids, 1970. 18(2): p. 115-126. 
�s�y�v�ä��Van Steenberge, N., et al., Dynamic softening and indentation size effect in a Zr-based bulk 

glass-forming alloy. Scripta Materialia, 2007. 56(7): p. 605-608. 
�s�y�w�ä��Heggen, M., F. Spaepen, and M. Feuerbacher, Creation and annihilation of free volume during 

homogeneous flow of a metallic glass. Journal of Applied Physics, 2005. 97(3): p. 033506. 



160�� Références��
��

�s�y�x�ä��Schuh, C.A., A.C. Lund, and T.G. Nieh, New regime of homogeneous flow in the deformation 
map of metallic glasses: elevated temperature nanoindentation experiments and mechanistic 
modeling. Acta Materialia, 2004. 52(20): p. 5879-5891. 

�s�y�y�ä��Oliver, W.C. and G.M. Pharr, An improved technique for determining hardness and elastic 
modulus using load and displacement sensing indentation experiments. Journal of Materials 
Research, 1992. 7(6): p. 1564-1583. 

�s�y�z�ä��Kato, H., H. Igarashi, and A. Inoue, Temperature dependence of the yield strain of a Zr-based 
metallic glass at the glassy state. Journal of Alloys and Compounds, 2009. 483(1-2): p. 150-
153. 

�s�y�{�ä��Conner, R.D., R.B. Dandliker, and W.L. Johnson, Mechanical properties of tungsten and steel 
fiber reinforced Zr41.25Ti13.75Cu12.5Ni10Be22.5 metallic glass matrix composites. Acta Materialia, 
1998. 46(17): p. 6089-6102. 

�s�z�r�ä��Conner, R.D., H. Choi-Yim, and W.L. Johnson, Mechanical properties of 
Zr57Nb5Al10Cu15.4Ni12.6 metallic glass matrix particulate composites. Journal of Materials 
Research, 1999. 14(8): p. 3292-3297. 

�s�z�s�ä��Hays, C.C., C.P. Kim, and W.L. Johnson, Microstructure controlled shear band pattern 
formation and enhanced plasticity of bulk metallic glasses containing in situ formed ductile 
phase dendrite dispersions. Physical Review Letters, 2000. 84(13): p. 2901-2904. 

�s�z�t�ä��Doglione, R., S. Spriano, and L. Battezzati, Static mechanical characterization of a bulk 
amorphous and nanocrystalline Zr40Ti14Ni11Cu10Be25 alloy. Nanostructured Materials, 1997. 
8(4): p. 447-456. 

�s�z�u�ä��Fan, C., et al., Deformation behavior of Zr-based bulk nanocrystalline amorphous alloys. 
Physical Review B, 2000. 61(6): p. R3761-R3763. 

�s�z�v�ä��Kato, H. and A. Inoue, Synthesis and mechanical properties of bulk amorphous Zr-Al-Ni-Cu 
alloys containing ZrC particles. Materials Transactions Jim, 1997. 38(9): p. 793-800. 

�s�z�w�ä��Kinaka, M., et al., High specific strength Mg-based bulk metallic glass matrix composite highly 
ductilized by Ti dispersoid. Materials Science and Engineering a-Structural Materials Properties 
Microstructure and Processing, 2008. 494(1-2): p. 299-303. 

�s�z�x�ä��Pan, D.G., et al., Enhanced plasticity in Mg-based bulk metallic glass composite reinforced with 
ductile Nb particles. Applied Physics Letters, 2006. 89(26): p. 261904. 

�s�z�y�ä��Durand, J.M., M. Vardavoulias, and M. Jeandin, Role of reinforcing ceramic particles in the 
wear behavior of polymer-based model composites. Wear, 1995. 181: p. 833-839. 

�s�z�z�ä��Lim, C.Y.H., et al., Wear of magnesium composites reinforced with nano-size alumina 
particulates. Wear, 2005. 259(1-6): p. 620-625. 

�s�z�{�ä��Slipenyuk, A., et al., Properties of P/M processed particle reinforced metal matrix composites 
specified by reinforcement concentration and matrix-to-reinforcement particle size ratio. Acta 
Materialia, 2006. 54(1): p. 157-166. 

�s�{�r�ä��Hassan, S.F. and M. Gupta, Development of ductile magnesium composite materials using 
titanium as reinforcement. Journal of Alloys and Compounds, 2002. 345(1-2): p. 246-251. 

�s�{�s�ä��Hassan, S.F. and M. Gupta, Development of high strength magnesium based composites using 
elemental nickel particulates as reinforcement. Journal of Materials Science, 2002. 37(12): p. 
2467-2474. 

�s�{�t�ä��Thakur, S.K. and M. Gupta, Improving mechanical performance of Al by using Ti as 
reinforcement. Composites Part a-Applied Science and Manufacturing, 2007. 38(3): p. 1010-
1018. 

�s�{�u�ä��Scudino, S., et al., Production and mechanical properties of metallic glass-reinforced Al-based 
metal matrix composites. Journal of Materials Science, 2008. 43(13): p. 4518-4526. 

�s�{�v�ä��Scudino, S., et al., Mechanical properties of Al-based metal matrix composites reinforced with 
Zr-based glassy particles produced by powder metallurgy. Acta Materialia, 2009. 57(6): p. 
2029-2039. 

�s�{�w�ä��Properties and selection nonferrous alloys and special-purpose materials. ASM Handbook - 
ASM International, 1992. Volume 2. 

�s�{�x�ä��Aljerf, M., et al., Strong and light metal matrix composites with metallic glass particulate 
reinforcement. Submitted to Materials Science and Engineering A, 2011. 



Références 161��
��

��
��

�s�{�y�ä��Hassan, S.F. and M. Gupta, Development of a novel magnesium/nickel composite with improved 
mechanical properties. Journal of Alloys and Compounds, 2002. 335(1-2): p. L10-L15. 

�s�{�z�ä��Xi, Y.L., et al., Titanium alloy reinforced magnesium matrix composite with improved 
mechanical properties. Scripta Materialia, 2006. 54(1): p. 19-23. 

�s�{�{�ä��Tang, H.G., et al., The mechanical properties of magnesium matrix composites reinforced with 
10 wt.% W14Al86 alloy particles. Journal of Alloys and Compounds, 2007. 437(1-2): p. 285-288. 

�t�r�r�ä��Deng, K.K., et al., Effect of submicron size SiC particulates on microstructure and mechanical 
properties of AZ91 magnesium matrix composites. Journal of Alloys and Compounds, 2010. 
504(2): p. 542-547. 

�t�r�s�ä��Zheng, M.Y., K. Wu, and C.K. Yao, Effect of interfacial reaction on mechanical behavior of 
SiCw/AZ91 magnesium matrix composites. Materials Science and Engineering a-Structural 
Materials Properties Microstructure and Processing, 2001. 318(1-2): p. 50-56. 

�t�r�t�ä��Ho, K.F., M. Gupta, and T.S. Srivatsan, The mechanical behavior of magnesium alloy AZ91 
reinforced with fine copper particulates. Materials Science and Engineering a-Structural 
Materials Properties Microstructure and Processing, 2004. 369(1-2): p. 302-308. 

�t�r�u�ä��Trojanova, Z., et al., Mechanical and fracture properties of an AZ91 Magnesium alloy 
reinforced by Si and SiC particles. Composites Science and Technology, 2009. 69(13): p. 2256-
2264. 

�t�r�v�ä��Lee, M.H., et al., Fabrication of Ni-Nb-Ta metallic glass reinforced Al-based alloy matrix 
composites by infiltration casting process. Scripta Materialia, 2004. 50(11): p. 1367-1371. 

�t�r�w�ä��Tan, Z.H., et al., The compressive properties of 2024Al matrix composites reinforced with high 
content SiC particles at various strain rates. Materials Science and Engineering a-Structural 
Materials Properties Microstructure and Processing, 2008. 489(1-2): p. 302-309. 

�t�r�x�ä��Bauri, R. and M.K. Surappa, Processing and compressive strength of Al-Li-SiCp composites 
fabricated by a compound billet technique. Journal of Materials Processing Technology, 2009. 
209(4): p. 2077-2084. 

�t�r�y�ä��Cai, J., et al., Effect of strain rate on the compressive mechanical of aluminum alloy matrix 
composite filled with discontinuous carbon fibers properties. Materials Science and Engineering 
a-Structural Materials Properties Microstructure and Processing, 2008. 485(1-2): p. 681-689. 

�t�r�z�ä��Kim, H.S., On the rule of mixtures for the hardness of particle reinforced composites. Materials 
Science and Engineering a-Structural Materials Properties Microstructure and Processing, 2000. 
289(1-2): p. 30-33. 

�t�r�{�ä��Voigt, W., Ñber die Beziehung zwischen den beiden Elastizitätskonstanten isotroper Körper. 
Annalen der Physik (Wied. Ann.), 1889. 38: p. 573–587. 

�t�s�r�ä��Reuss, A., Berechnung der Fließgrenze von Mischkristallen auf Grund der 
Plastizit¨atsbedingung f¨ur Einkristalle. Journal of Applied Mathematics and Mechanics 
(ZAMM), 1929. 9: p. 49–58. 

�t�s�s�ä��Inoue, A., B.L. Shen, and C.T. Chang, Super-high strength of over 4000 MPa for Fe-based bulk 
glassy alloys in [(Fe1-x,Cox)0.75B0.2Si0.05] 96Nb4 system. Acta Materialia, 2004. 52(14): p. 4093-
4099. 

�t�s�t�ä��Mayers, M. and K. Chawla, Mechanical behavior of materials (2nd edition). Cambridge 
University press, 2009: p. 558-591. 

�t�s�u�ä��Kudashov, D.V., et al., Microstructure and room temperature hardening of ultra-fine-grained 
oxide-dispersion strengthened copper prepared by cryomilling. Materials Science and 
Engineering a-Structural Materials Properties Microstructure and Processing, 2004. 387-89: p. 
768-771. 

�t�s�v�ä��Frost, H.J. and M.F. Ashby, Deformation mechanism maps. Pergamon Press, Oxford, 1982. 
��



��



��

��
��

Annexes

Annexes��

��



��



Annexes 165��
��

��
��

Annexe��I��:��Conduction ��transitoire ��à��une��dimension ��

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

�•�ƒ�–�‹�°�”�‡�� �•�‡�•�‹�æ�‹�•�ˆ�‹�•�‹�� �•�� �—�•�‡�� �–�‡�•�’�±�”�ƒ�–�—�”�‡�� �‹�•�‹�–�‹�ƒ�Ž�‡�� ���r��

�������š�á�r���� �±�� ���r� �� � � ‡� •� –� � � ‡� •� � � …� ‘� •� –� ƒ� …� –� � � ’� ƒ� ”� � � —� •� � � …� ‘� –� ±� � � ƒ� ˜� ‡� …� � � —� •� ‡� �

� •� ‘� —� ”� …� ‡� � � †� ‡� � � …� Š� ƒ� Ž� ‡� —� ”� � � •� � � ˆ� Ž� —� š� � � …� ‘� •� •� –� ƒ� •� –� � � “� � � �� 	� ‹� ‰� —� ”� ‡� � � �� æ� s� �� ä� �

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

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

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

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

�Ž�‹�•�‹�–�‡�•���•�‘�•�–���ã�������r�á�–�����±�����•�á�������»�á�–�����±�����r�ä��

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

�Ž�ƒ���…�Š�ƒ�Ž�‡�—�”���‡�•�–���ã��

�¼��
�¼�–


 L � =
�¼�~��

�¼�~�š�~
Équation��A�æ1��

�‘�î���=���±���•���O�ä���’���‡�•�–���Ž�ƒ���†�‹�ˆ�ˆ�—�•�‹�˜�‹�–�±���–�Š�‡�”�•�‹�“�—�‡���‡�•�����•�~�ä�•�‡�…�æ�s���á���•���Ž�ƒ���…�‘�•�†�—�…�–�‹�˜�‹�–�±���–�Š�‡�”�•�‹�“�—�‡���‡�•�������ä�•�æ�s�ä���æ

�s� �� á� � � O� � � Ž� ƒ� � � •� ƒ� •� •� ‡� � � ˜� ‘� Ž� —� •� ‹� “� —� ‡� � � ‡� •� � � �� •� ‰� ä� •�æ�u���� �‡�–�� ���’� � � Ž� ƒ� � � …� ƒ� ’� ƒ� …� ‹� –� ±� � � –� Š� ‡� ”� •� ‹� “� —� ‡� � � •� ƒ� •� •� ‹� “� —� ‡� � � ‡� •� � � �� 
� ä� •� ‰�æ�s�ä���æ�s���ä��

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

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

�–�‡�•�’�±�”�ƒ�–�—�”�‡���•�‡���†�±�’�Ž�ƒ�…�‡���†�ƒ�•�•���Ž�‡���•�ƒ�–�±�”�‹�ƒ�—���•���—�•�‡���˜�‹�–�‡�•�•�‡���˜�a�f�_�j�c�s�p
 L � A�6�ä�����‹�•�•�‹�á���‘�•���†�±�ˆ�‹�•�‹�–���Ž�ƒ���†�‹�•�–�ƒ�•�…�‡��

�”�±�†�—�‹�–�‡���ã��

�D
L
�š

�A�:�–�; Équation��A�æ2��

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

��
%
L
� � 
 F � ��4

���q
 F � ��4

Équation��A�æ3��

���ƒ�”���Ž�ƒ���–�”�ƒ�•�•�ˆ�‘�”�•�ƒ�–�‹�‘�•����
%�:�š�á �–�; 
 L � �
%�:�D�;�á���Ž�5�±�“�—�ƒ�–�‹�‘�•���†�‡���…�‘�•�†�—�…�–�‹�‘�•���†�‡���Ž�ƒ���…�Š�ƒ�Ž�‡�—�”���†�‡�˜�‹�‡�•�–���ã��

�š�A�6

�A�6
�†��
%

�†�D

 L 
 F

�=
�A�6

�†�~��
%

�†�D�~ Équation��A�æ4��

�‡�–���‡�•���”�‡�•�’�Ž�ƒ�­�ƒ�•�–���š���’�ƒ�”���Ž�ƒ���†�±�ˆ�‹�•�‹�–�‹�‘�•���†�‡���D���ã��

�A�A�6�D
�†��
%

�†�D

 L 
 F� =

�†�~��
%

�†�D�~ Équation��A�æ5��

Figure��A�æ1 :��Schéma��présentatif��des��considérations��
pour��résoudre��l’équation��de��conduction��de��chaleur��



166�� Annexes��
��

� �� ‘� —� ”� � � •� —� ’� ’� ”� ‹� •� ‡� ”� � � Ž� ƒ� � � †� ±� ’� ‡� •� †� ƒ� •� …� ‡� � � †� —� � � –� ‡� •� ’� •� á� � � Ž� ‡� � � ’� ”� ‘� †� —� ‹� –� � � A� A�6� � � ‡� •� –� � � •� —� ’� ’� ‘� •� ±� � � …� ‘� •� •� –� ƒ� •� –� ä� � � �� •� � � ’� ”� ‡� •� ‹� °� ”� ‡� �

�ƒ�’�’�”�‘�š�‹�•�ƒ�–�‹�‘�•�á���‘�•���’�‘�•�‡���A�A�6
L �t�=�ä�����•���‹�•�–�±�‰�”�ƒ�•�–���‘�•���‘�„�–�‹�‡�•�–���†�‘�•�…���ã��

�A�ä �†�A 
L �t�=�ä �†�–�������� �œ ���������A�:�–�; 
L �¾�v�=�–��

���•���‘�—�–�”�‡�á���’�‘�•�‘�•�•���’ 
L �†��
%�†�D�¤ �ä�����ï�±�“�—�ƒ�–�‹�‘�•�����æ�w���†�‡�˜�‹�‡�•�–�ã��


F�t�D�’ 
L
�†�’
�†�–

�������� �œ ��������
�†�’
�’


L 
F�t�D�ä �†�–�������� �œ ���������’ 
L ���5�‡�?�—�~��

�‡�–���Ž�ƒ���•�‘�Ž�—�–�‹�‘�•���†�‡���Ž�ï�±�“�—�ƒ�–�‹�‘�•�����æ�w���‡�•�–���ã��

��
%
 L � ��6 
 E � ��5
± �‡�?�s�†�—
�—

�4
��

���‡�•���…�‘�•�†�‹�–�‹�‘�•�•���ƒ�—�š���Ž�‹�•�‹�–�‡�•�����š�±�r�����‹�•�’�‘�•�‡�•�–�����t���±���s�á���‡�–���’�‘�—�”�����š���o ���»�����•�‘�—�•���ƒ�˜�‘�•�•���ã��

� r 
 L � s 
 E � ��5
± �‡�?�s�~
�¶

�4
�†�— 
L �s 
F ���5

�¾�N
�t

�������� �œ �������� ���5 
 L 
 F
�t

�¾�N
��

���‹�•�•�‹�á���Ž�ƒ���•�‘�Ž�—�–�‹�‘�•���ˆ�‹�•�ƒ�Ž�‡���‡�•�–���ã��

� � 
 F � ��4

���q
 F � ��4

 L � s 
 F

�t

�¾�N

± �‡�?�s�~

�—

�4
�†�— 
L �‡�”�ˆ�…
l

�š

�¾�v�=�–

p Équation��A�æ6��

�‘�î���‡�”�ˆ�…���±���s�æ���‡�”�ˆ���‡�•�–���Ž�ƒ���ˆ�‘�•�…�–�‹�‘�•���†�5�‡�”�”�‡�—�”���…�‘�•�’�Ž�±�•�‡�•�–�ƒ�‹�”�‡�ä��

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

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

�’�ƒ�”�–�‹�…�—�Ž�‹�‡�”���Ž�‡���ˆ�Ž�—�š���†�‡���…�Š�ƒ�Ž�‡�—�”���ã��

�“�:�š�á�–�; 
 L 
 F�•
�¼���:�š�á�–�;

�¼�š Équation��A�æ7��

�ƒ�˜�‡�…���Ž�‡�•���…�‘�•�†�‹�–�‹�‘�•�•���‹�•�‹�–�‹�ƒ�Ž�‡�•���‡�–���ƒ�—�š���Ž�‹�•�‹�–�‡�•���ã���“���š�á�r�����±���r�á���“���r�á�–�����±���“�•�á���“���»�á�–�����±���r�ä��

���‡���Ž�ƒ���•�²�•�‡���ˆ�ƒ�­�‘�•�á���Ž�ƒ���•�‘�Ž�—�–�‹�‘�•���†�‡���Ž�5�±�“�—�ƒ�–�‹�‘�•���†�‡���…�‘�•�†�—�…�–�‹�‘�•���†�‡���Ž�ƒ���…�Š�ƒ�Ž�‡�—�”���‡�•�–���ã��

�“�:�š�á�–�; 
 L � “�q�‡�”�ˆ�…
l
�š

�¾�v�=�–

p Équation��A�æ8��

���•���‹�•�–�±�‰�”�ƒ�•�–���Ž�ï�±�“�—�ƒ�–�‹�‘�•�����æ�y�á���‘�•���‘�„�–�‹�‡�•�–���Ž�ï�±�“�—�ƒ�–�‹�‘�•���†�‡���Ž�ƒ���–�‡�•�’�±�”�ƒ�–�—�”�‡���ã��



Annexes 167��
��

��
��

�� �:�š�á�–�; 
 L � ��4 
E
�“�q

�•

n
¨

�v�=�–
�N

�‡�?�v�~ �8�‘�r�¤ 
 F � š� ä � ‡� ”� ˆ� …
l
�š

�¾�v�=�–

p
r Équation��A�æ9��

��

Annexe��II ��:��Résistance��spécifique ��et��réduction ��de��masse��

���5�‹�†�±�‡���†�5�‹�•�–�”�‘�†�—�‹�”�‡���†�‡���•�‘�—�˜�‡�ƒ�—�š���•�ƒ�–�±�”�‹�ƒ�—�š��

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

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

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

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

�†�±�˜�‡�Ž�‘�’�’�±�•�ä��

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

�—�•�‡���’�‹�°�…�‡�������’�ƒ�”���—�•�‡���’�‹�°�…�‡�����á���“�—�ï�‘�•���•�‘�—�•�‡�–��

� Ž� ƒ� � � •� ²� •� ‡� � � ˆ� ‘� ”� …� ‡� � � ƒ� ’� ’� Ž� ‹� “� —� ±� ‡� � � 	� á� � � …� ‘� •� •� ‡� � � Ž� ‡� �

�•�‘�•�–�”�‡���Ž�ƒ���ˆ�‹�‰�—�”�‡�����æ�t�á���‘�•���’�‡�—�–���±�…�”�‹�”�‡���ã��

�P�E���E 
 L � P�F���F�� Équation��A�æ10��

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

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

�:�� �E 
 F � ��F�; ���¤ �E 
 L � s 
 F � ��F �� �E�¤ ��

�:�� �E 
 F � ��F�; ���¤ �E 
 L � s 
 F
�O�F���F���F
�O�E���E���E

Équation��A�æ11��

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

���‘�•�…�á���’�‘�—�”���Ž�ƒ���•�²�•�‡���Ž�‘�•�‰�—�‡�—�”���������	�‹�‰�—�”�‡�����æ�t���á���‡�–���‡�•���—�–�‹�Ž�‹�•�ƒ�•�–���Ž�ï�±�“�—�ƒ�–�‹�‘�•�����æ�s�r���’�‘�—�”���—�•�‡���•�‡�…�–�‹�‘�•������ ��

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

�:�� �E 
 F � ��F�; ���¤ �E 
 L � s 
 F
�O�F�P�w�á�E

�O�E�P�w�á�F

 L � s 
 F

�V�E
�V�F Équation��A�æ12��

�‘�î���V 
L �P�w �O�¤ ���‡�•�–���Ž�ƒ���”�±�•�‹�•�–�ƒ�•�…�‡���•�’�±�…�‹�ˆ�‹�“�—�‡���†�‡���Ž�ƒ���•�ƒ�–�‹�°�”�‡�ä��

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

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

�•�±�–�ƒ�Ž�Ž�‹�“�—�‡�•���ã��

Figure��A�æ2 :��Schématisation��de��l’essai��mécanique��utilisé��afin��de��
calculer��la��résistance��spécifique��



168�� Annexes��
��

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

�������ƒ����
���ƒ�•�•�‡���˜�‘�Ž�—�•�‹�“�—�‡��

���•�‰�ä�•�æ�u����
���±�•�‹�•�–�ƒ�•�…�‡���•�’�±�…�‹�ˆ�‹�“�—�‡��

�����•�ä�•�‰�æ�s����
���±�†�—�…�–�‹�‘�•���†�‡��

�•�ƒ�•�•�‡�����¨����

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

�����‰�����”�æ�ƒ���� ���� �u�t�w�� �t�w�v�r�� �s�t�y�{�w�r��

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

�����Ž�����—�æ�ƒ���� ���� �w�z�r�� �u�t�x�r�� �s�y�y�{�s�r��

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

�����Ž���	�‡���‘�æ�ƒ���� ���� �w�w�r�� �u�u�w�y�� �s�x�u�z�v�r��
��

Tableau��A�æ1��:��Résistance��spécifique��et��réduction��de��masse��calculées��pour��les��trois��composites��traités��dans��cette��étude��

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

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

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

�•�ƒ�–�”�‹�…�‡���†�ï�ƒ�Ž�—�•�‹�•�‹�—�•�����Ž�æ�w�t�r�ä�r���”�‡�•�ˆ�‘�”�…�±�‡���†�‡���’�ƒ�”�–�‹�…�—�Ž�‡�•���ƒ�•�‘�”�’�Š�‡�•���†�‡�����—�w�v���”�u�x���‹�s�r�ä��

��

Annexe��III ��:��évaluation ��des��impacts ��

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

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

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

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

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

�s
�O�n�f�_�q�c


 L 
 Í
�™�g

�O�g�g

Équation��A�æ13��

�‘�î���™�‹���‡�–���O�‹���•�‘�•�–���Ž�ƒ���ˆ�”�ƒ�…�–�‹�‘�•���•�ƒ�•�•�‹�“�—�‡���‡�–���Ž�ƒ���•�ƒ�•�•�‡���˜�‘�Ž�—�•�‹�“�—�‡���†�‡���Ž�ï�±�Ž�±�•�‡�•�–���‹�ä����

���ƒ���†�‡�•�•�‹�–�±���†�—���…�‘�•�’�‘�•�‹�–�‡���‡�•�–���ã��

� O 
 L � O�E� ä � ��E 
 E � O�F� ä � ��F Équation��A�æ14��

���‘�•�…�á���Ž�‡���˜�‘�Ž�—�•�‡���†�ï�—�•�‡���–�‘�•�•�‡���†�‡���…�‡���…�‘�•�’�‘�•�‹�–�‡���������±���s�r�r�r���•�‰�����‡�•�–���ã��

�� 
L
��
�O


L
��

�O�E� ä � ��E 
 E � O�F� ä � ��F
Équation��A�æ15��

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

���E 
 L � ��E�ä�� ���������â�������������F 
 L � ��F�ä�� Équation��A�æ16��



Annexes 169��
��

��
��

�‡�–���Ž�ƒ���•�ƒ�•�•�‡���†�‡���…�Š�ƒ�“�—�‡���’�Š�ƒ�•�‡�������‡�–�������‡�•�–���ã��

�� �E 
L ���E� ä � O�E�����������â �������������F 
L ���F� ä � O�F Équation��A�æ17��

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

���G�m�k�n�m�q�g�r�c
L
�� �E

��
� ä � ��E 
E

�� �F

��
� ä � ��F Équation��A�æ18��

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

���T�f�_�q�c
 L 
 Í � ™�g� ä � ��g

�g
Équation��A�æ19��

�‘�î�����‹���Ž�‡���’�”�‹�š���†�ï�—�•�‡���–�‘�•�•�‡���†�‡���Ž�ï�±�Ž�±�•�‡�•�–���‹�ä��

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

�’�”�‹�š���†�ï�—�•�‡���–�‘�•�•�‡���†�‡���…�‘�•�’�‘�•�‹�–�‡���ã��

���r�m�l�l�c
L
�s

���E
�Ã �™�g

�O�g�g


E
���F

�Ã
�™�h
�O�h�h


n
���E

�Ã �™�g
�O�g�g

� ä 
 Í � ™�g� ä � ��g
�g


E
���F

�Ã
�™�h
�O�h�h

� ä 
 Í � ™�h� ä � ��h
�h


r
Équation��A�æ20��

���•�� �—�–�‹�Ž�‹�•�ƒ�•�–�� �Ž�ï�±�“�—�ƒ�–�‹�‘�•�� ���æ�t�r�á�� �•�‘�—�•�� �‡�•�–�‹�•�‘�•�•�� �Ž�‡�� �’�”�‹�š�� �†�‡�•�� �•�ƒ�–�‹�°�”�‡�•�� �’�”�‡�•�‹�°�”�‡�•�� �†�ï�—�•�‡�� �–�‘�•�•�‡�� �†�—��

�…�‘�•�’�‘�•�‹�–�‡�������Ž�����—�æ�ƒ�����•���s�s�{�w���@�����Ž�‡���’�”�‹�š���‡�•�–�‹�•�±���†�ï�—�•�‡���–�‘�•�•�‡���†�‡���Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�����Ž�æ�w�t�r�ä�r���‡�•�–���†�‡���s�s�z�r���@�á���‡�–��

�s�y�t�r���@���’�‘�—�”���—�•�‡���–�‘�•�•�‡���†�‡�����—�w�v���”�u�x���‹�s�r���ä��

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

�•�‘�•�†�‹�ƒ�Ž�‡���†�‡���˜�±�Š�‹�…�—�Ž�‡�•���Ž�±�‰�‡�”�•���‡�•���t�r�r�{���±�–�ƒ�‹�–���†�‡���y�t�ä�u���•�‹�Ž�Ž�‹�‘�•�•���˜�±�Š�‹�…�—�Ž�‡�•���…�‘�•�–�‡�•�ƒ�•�–���z�ä�s�y���•�‹�Ž�Ž�‹�‘�•�•���†�‡��

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

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

���‘�—�”���Ž�ï�—�•�‹�‘�•���‡�—�”�‘�’�±�‡�•�•�‡�á�������������������‘�”�Ž�†�™�‹�†�‡�����Š�–�–�’�ã�����™�™�™�ä�†�—�…�•�‡�”�‡�—�”�‘�’�‡�ä�…�‘�•�������†�‘�•�•�‡���’�Ž�—�•���†�‡��

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

��

��

��

��



170�� Annexes��
��

���‡�‰�•�‡�•�–�� ���‡�•�‡�—�”���‡�•���ƒ�Ž�—�•�‹�•�‹�—�•��[�•�‰]��

���‘�–�‡�—�”�•�� �v�t�ä�z�s��

���‹�–���†�‡���–�”�ƒ�•�•�•�‹�•�•�‹�‘�•�� �s�w�ä�x�{��

���Š�Ÿ�•�•�‹�•�á���•�—�•�’�‡�•�•�‹�‘�•���‡�–���†�‹�”�‡�…�–�‹�‘�•�� �s�s�ä�w�y��

���‘�—�‡�� �t�r�ä�t�s��

�2�…�Š�ƒ�•�‰�‡�—�”�•���†�‡���…�Š�ƒ�Ž�‡�—�”�� �s�t�ä�t�{��

�	�”�‡�‹�•�•�� �w�ä�s�v��

�	�‡�”�•�‡�–�—�”�‡�•�� �w�ä�s�w��

���‘�”�’�•���¬�����‘�—�–�”�‡�•�� �t�ä�z�z��

�2�…�”�ƒ�•�•���–�Š�‡�”�•�‹�“�—�‡�•�� �s�ä�w�r��

���‘�—�–�”�‡���†�‡���’�ƒ�”�‡�æ�…�Š�‘�…�•�� �t�ä�y�t��

���‘�—�•���Ž�‡�•���ƒ�—�–�”�‡�•���…�‘�•�’�‘�•�ƒ�•�–�•�� �u�ä�{�t��

Total �� 123.89 ��
��

Tableau��A�æ2��:��Liste��des��segments��de��véhicules��légers��avec��ses��teneurs��en��aluminium��

���•�����—�”�‘�’�‡���†�‘�•�…�á���Ž�ƒ���–�‡�•�‡�—�”���•�‘�›�‡�•�•�‡���†�ï�—�•���˜�±�Š�‹�…�—�Ž�‡���‡�•���ƒ�Ž�—�•�‹�•�‹�—�•���‡�•�–���†�‡���Ž�ï�‘�”�†�”�‡���†�‡���s�t�u�ä�z�{���s�v�v�r���±��

�z�á�x�¨�ä��

���”�‡�•�‘�•�•�� �Ž�5�‡�š�‡�•�’�Ž�‡�� �†�—�� �”�‡�•�’�Ž�ƒ�…�‡�•�‡�•�–�� �†�‡�� �Ž�ï�ƒ�Ž�Ž�‹�ƒ�‰�‡�� ���Ž�æ�w�t�r�ä�r�� ���s�s�z�r�� �@���–�‘�•�•�‡���� �’�ƒ�”�� �Ž�‡�� �…�‘�•�’�‘�•�‹�–�‡��

�����Ž�����—�æ�ƒ���� ���s�s�{�w�� �@���–�‘�•�•�‡���á�� �Ž�ƒ�� �”�±�†�—�…�–�‹�‘�•�� �”�‡�Ž�ƒ�–�‹�˜�‡�� �†�—�� �’�‘�‹�†�•�� �†�‡�� �v�s�ä�y�t�¨�� �����ƒ�„�Ž�‡�ƒ�—�� ���æ�s�á�� ���ƒ�‰�‡���s�x�z����

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

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

�����������������‘�”�Ž�†�™�‹�†�‡���†�‘�•�•�‡���Ž�‡�•���ˆ�ƒ�‹�–�•���•�—�‹�˜�ƒ�•�–�•�ã��

�x ���ƒ�� �”�±�†�—�…�–�‹�‘�•�� �†�‡�� �s�r�¨�� �†�‡�� �Ž�ƒ�� �•�ƒ�•�•�‡�� �–�‘�–�ƒ�Ž�‡�� �†�—�� �˜�±�Š�‹�…�—�Ž�‡�� �†�‹�•�‹�•�—�‡�� �Ž�ƒ�� �…�‘�•�•�‘�•�•�ƒ�–�‹�‘�•�� �†�‡��

�…�ƒ�”�„�—�”�ƒ�•�–���†�‡���{�¨�ä��

�x � �� ‡� •� †� ƒ� •� –� � � Ž� ƒ� � � †� —� ”� ±� ‡� � � †� ‡� � � ˜� ‹� ‡� � � †� —� � � ˜� ±� Š� ‹� …� —� Ž� ‡� á� � � Ž� ‡� � � ”� ‡� •� ’� Ž� ƒ� …� ‡� •� ‡� •� –� � � †� ‡� � � t� � � •� ‰� � � †� 5�ƒ�…�‹�‡�”�� �’�ƒ�”�� �s�� �•�‰��

�†�5�ƒ�Ž�—�•�‹�•�‹�—�•���‹�•�’�Ž�‹�“�—�‡���—�•�‡���±�…�‘�•�‘�•�‹�‡���†�‡���t�r���•�‹�Ž�‘�‰�”�ƒ�•�•�‡�•���†�‡�������t�ä��

���ƒ�� �•�ƒ�•�•�‡�� �˜�‘�Ž�—�•�‹�“�—�‡�� �†�—�� �…�‘�•�’�‘�•�‹�–�‡�� �����Ž�����—�æ�ƒ���� ���u�t�x�r�� �•�‰�ä�•�æ�u���� �‡�•�–�� �s�ä�t�y�� �ˆ�‘�‹�•�� �…�‡�Ž�Ž�‡�� �†�‡�� �Ž�ƒ�� �•�ƒ�–�”�‹�…�‡�� ���Ž�æ

�w�t�r�ä�r�����t�w�x�r���•�‰�ä�•�æ�u���ä�����ƒ�”���…�‘�•�•�±�“�—�‡�•�–�á���’�‘�—�”���s�¨���†�‡���•�—�„�•�–�‹�–�—�–�‹�‘�•�á���Ž�ƒ���”�±�†�—�…�–�‹�‘�•���†�—���’�‘�‹�†�•���†�—���˜�±�Š�‹�…�—�Ž�‡��

�‡�•�–�� ���r�ä�v�v���s�ä�t�y���­���r�ä�r�s�­�s�t�u�ä�z�{���� �³���r�ä�v�u�� �•�‰�ä�� ���5�‡�•�–�� ���r�ä�w�v���s�v�v�r���� �³�� �r�ä�r�u�¨�� �†�‡�� �”�±�†�—�…�–�‹�‘�•�� �†�‡�� �Ž�ƒ�� �•�ƒ�•�•�‡��

�–�‘�–�ƒ�Ž�‡�á���‡�–���r�ä�r�t�y�¨���†�ï�±�…�‘�•�‘�•�‹�‡���†�‡���…�ƒ�”�„�—�”�ƒ�•�–�ä��

� �� ƒ� � �…� ‘� •� •� ‘� •� •� ƒ� –� ‹� ‘� •� � � •� ‘� ›� ‡� •� •� ‡� � � †� ‡� � �…�ƒ� ”� „�—� ”� ƒ� •� –� � � ’� ‡� •� †� ƒ� •� –� � � Ž�ƒ� � � †�—� ”�±�‡� � � †� ‡� � � ˜� ‹� ‡� � � †� 5�—�•�� �˜�±�Š�‹�…�—�Ž�‡�� �‡�•�–�� �‡�•�–�‹�•�±�‡�� �•��

�t�r�r�r�r�� �Ž�‹�–�”�‡�•�á�� �…�‘�”�”�‡�•�’�‘�•�†�ƒ�•�–�� �‡�•�� ���—�”�‘�’�‡�� �•�� �t�r�r�r�r�� �@�ä�� ���ï�±�…�‘�•�‘�•�‹�‡�� �†�‡���r�á�w�y�� �•�‰�� ���s�� ���� �r�ä�v�u�� �•�‰���� �†�‡��

�…�‘�•�’�‘�•�‹�–�‡���‡�•�–���†�‡���x���@�á���‘�—���“�—�‡�Ž�“�—�‡���s�r�r�r�r���@���’�ƒ�”���–�‘�•�•�‡���†�‡���…�‘�•�’�‘�•�‹�–�‡�ä�����‡�Ž�ƒ���Ž�ƒ�‹�•�•�‡���—�•�‡���‰�”�ƒ�•�†�‡���•�ƒ�”�‰�‡��

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



Annexes 171��
��

��
��

���ƒ�…�Š�ƒ�•�–���“�—�‡�� �Ž�ƒ���…�‘�•�•�‘�•�•�ƒ�–�‹�‘�•�� �•�‘�•�†�‹�ƒ�Ž�‡���†�‡���…�ƒ�”�„�—�”�ƒ�•�–�•�� �Ž�‹�“�—�‹�†�‡�•�� �‡�•���t�r�r�z�� �±�–�ƒ�‹�–���†�‡���z�w�� �•�‹�Ž�Ž�‹�‘�•�•�� �†�‡��

�„�ƒ�”�‹�Ž�•���’�ƒ�”���Œ�‘�—�”�����•�‘�—�”�…�‡�ã�����•�‡�”�‰�›�����•�ˆ�‘�”�•�ƒ�–�‹�‘�•�����†�•�‹�•�‹�•�–�”�ƒ�–�‹�‘�•���æ�����������á���•�—�’�’�‘�•�‘�•�•���“�—�‡���v�r���•�‹�Ž�Ž�‹�‘�•�•���†�‡��

�„�ƒ�”�‹�Ž�•���•�‘�•�–���…�‘�•�…�‡�”�•�±�•�á���ƒ�Ž�‘�”�•���—�•�‡���±�…�‘�•�‘�•�‹�‡���†�‡���r�ä�r�t�y�¨���…�‘�”�”�‡�•�’�‘�•�†�”�ƒ�‹�–���•���’�Ž�—�•���†�‡���s�r�r�r�r���„�ƒ�”�‹�Ž�•���’�ƒ�”��

�Œ�‘�—�”�á���‘�—���‡�•�˜�‹�”�‘�•���u�ä�x���•�‹�Ž�Ž�‹�‘�•�•���†�‡���„�ƒ�”�‹�Ž�•���’�ƒ�”���ƒ�•�ä�����‡�Ž�ƒ���…�‘�”�”�‡�•�’�‘�•�†���•���Ž�5�‹�•�’�ƒ�…�–���†�‡���s�¨���†�‡���•�—�„�•�–�‹�–�—�–�‹�‘�•�ä��

���•�‡�� �•�—�„�•�–�‹�–�—�–�‹�‘�•�� �—�•�� �’�‡�—�� �’�Ž�—�•�� �‘�’�–�‹�•�‹�•�–�‡�� �†�‡�� �s�r�¨�� �’�‡�”�•�‡�–�–�”�ƒ�‹�–�� �†�‡�� �”�±�ƒ�Ž�‹�•�‡�”�� �†�‡�•�� �±�…�‘�•�‘�•�‹�‡�•�� �†�‡�� �u�x��

�•�‹�Ž�Ž�‹�‘�•�•���†�‡���„�ƒ�”�‹�Ž�•���’�ƒ�”���ƒ�•���†�‡���…�ƒ�”�„�—�”�ƒ�•�–�á���•�‘�‹�–���t���•�‹�Ž�Ž�‹�ƒ�”�†�•���†�ï�‡�—�”�‘�•���’�ƒ�”���ƒ�•�ä��

���ƒ�”�� �ƒ�‹�Ž�Ž�‡�—�”�•�á���•�‡�Ž�‘�•�� �������������� ���‘�”�Ž�†�™�‹�†�‡�á�� �…�‘�•�•�‡�� �•�‡�•�–�‹�‘�•�•�±�� �…�‹�æ�†�‡�•�•�—�•�á�� �s�¨�� �†�‡�� �•�—�„�•�–�‹�–�—�–�‹�‘�•�� �’�ƒ�”�� �Ž�‡��

�…�‘�•�’�‘�•�‹�–�‡�� �ƒ�•�°�•�‡�� �•�� �—�•�‡�� �”�±�†�—�…�–�‹�‘�•�� �†�‡�� �r�ä�v�u�� �•�‰�� �†�—�� �’�‘�‹�†�•�� �†�—�� �˜�±�Š�‹�…�—�Ž�‡���â�� �…�‡�Ž�ƒ�� �…�‘�•�†�—�‹�–�� �•�� �z�á�x�� �•�‰�� �†�‡��

�”�±�†�—�…�–�‹�‘�•�� �†�‡�•�� �±�•�‹�•�•�‹�‘�•�•�� �†�‡�� �����t� � � ’� ƒ� ”� � � ˜�±�Š� ‹�…�—�Ž�‡� � � •�—� ”� � � •�ƒ� � �†�—� ”�±�‡� � �†�‡� � � ˜� ‹�‡�ä� � � �� ˜�‡�…� � � ’�Ž�—� •� � � †�‡� � � y� t� � � •� ‹�Ž�Ž� ‹� ‘� •� •� � � †�‡� �

�•�‘�—�˜�‡�ƒ�—�š���˜�±�Š�‹�…�—�Ž�‡�•���’�ƒ�”���ƒ�•�á���’�Ž�—�•���†�‡���w�r�r���•�‹�Ž�Ž�‹�‘�•�•���†�‡���–�‘�•�•�‡�•���†�ï�±�•�‹�•�•�‹�‘�•�•���†�‡�������t���•�‡�”�ƒ�‹�‡�•�–���”�±�†�—�‹�–�‡�•�ä��

���•�‡�� �•�—�„�•�–�‹�–�—�–�‹�‘�•�� �’�Ž�—�•�� �‘�’�–�‹�•�‹�•�–�‡�� �†�‡�� �s�r�¨�� �•�‡�� �–�”�ƒ�†�—�‹�”�ƒ�‹�–�� �’�ƒ�”�� �w�� �•�‹�Ž�Ž�‹�ƒ�”�†�•�� �†�‡�� �–�‘�•�•�‡�•�� �†�‡�� �����t� � �±�•�‹�•� � �‡�•� �

�•�‘�‹�•�•���’�ƒ�”���ƒ�•�ä��



��

��



Liste ��des��publications ��
��
��
�s�æ�����Ž�Œ�‡�”�ˆ�á�����ä�á�����‡���‘�—�Ž�‡�…�á�����ä�á���
�ƒ�„�ƒ�–�Š�—�Ž�‡�”�á���
�ä�����ä�á�����‡�•�‡�—�˜�‹�Ž�Ž�‡�á�����ä�á�����ƒ�˜�ƒ�”�‹�á�����ä�����ä�â��Punching��
surface��patterns��onto��aluminium��foils��using��BMG��stamps��surface�æstructured��in��the��
super�æcooled��liquid��temperature��range�ä�� ���‡�˜�‹�‡�™�•�� �‘�•�� ���†�˜�ƒ�•�…�‡�†�� ���ƒ�–�‡�”�‹�ƒ�Ž�•�� ���…�‹�‡�•�…�‡�á��
2008 �ä���s�z���t���ã���’�ä���s�w�v�æ�s�w�z�ä��

�t�æ�����Ž�Œ�‡�”�ˆ�á�����ä�á�����ä���
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á���ƒ�•�†�����ä���ä�����ƒ�˜�ƒ�”�‹�á��Shaping��of��metallic��glasses��by��stress�æ
annealing��without��thermal��embrittlement�â�����—�„�•�‹�–�–�‡�†���–�‘�����…�–�ƒ�����ƒ�–�‡�”�‹�ƒ�Ž�‹�ƒ�á��2011 �ä��

�u�æ�� ���Ž�Œ�‡�”�ˆ�á�� ���ä�á�� ���ä�� �
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á�� ���‘�—�œ�‰�—�‹�•�‡�æ���—�œ�‰�‹�•�á�� ���ä�� ���ä�á�� ���‡���‘�—�Ž�‡�…�á�� ���ä�á�� ���•�‘�—�‡�á� � � �� ä� á� �
���ƒ�˜�ƒ�”�‹�á�� ���ä���ä�â��Strong��and�� light ��metal��matrix�� composites��with��metallic�� glass��
particulate��reinforcement� ä� � � �� —� „� •� ‹� –� –� ‡� †� � � –� ‘� � � �� ƒ� –� ‡� ”� ‹� ƒ� Ž� •� � � �� …� ‹� ‡� •� …� ‡� � � ƒ� •� †� � � �� •� ‰� ‹� •� ‡� ‡� ”� ‹� •� ‰� � � �� á� �
2011 �ä��

�v�æ�� �
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á�� ���ä�á�� ���Ž�Œ�‡�”�ˆ�á�� ���ä�á�� ���‹�á�� ���ä�á�� ���‡���‘�—�Ž�‡�…�á�� ���ä�á�� ���Š�ƒ�”�Ž�‘�–�á�� �	�ä�á�� ���ƒ�˜�ƒ�”�‹�á�� ���ä�� ���ä�á��
���Š�‘�”�•�‘�•�Š�˜�‘�•�–�‡�•�•�‘�á�����ä�á�����ƒ�„�ƒ�…�Š�•�‹�•�‘�˜�ƒ�á�����ä�á�����˜�ƒ�•�‰�‡�Ž�ƒ�•�‹�•�á���
�ä�����ä�á�����‹�”�ƒ�…�Ž�‡�á�����ä�����ä�á���
�”�‡�‡�”�á��
���ä�����ä�á�����Š�ƒ�•�‰�á�����ä�â��Shear��band��melting��and��serrated��flow��in��metallic��glasses�ä�����’�’�Ž�‹�‡�†��
���Š�›�•�‹�…�•�����‡�–�–�‡�”�•�á��2008 �ä���{�u���u���ã���’�ä���r�u�s�{�r�y�ä��

�w�æ�����—�†�‹�•�ƒ�á�����ä�����ä�á���
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á�����ä�á�����‹�á�����ä�á�����Ž�Œ�‡�”�ˆ�á�����ä�á�����‡���‘�—�Ž�‡�…�á�����ä�á�����ƒ�˜�ƒ�”�‹�á�����ä���ä�á�����•�‘�—�‡�â��
A��magnesium��alloy��matrix��composite��reinforced��with��metallic��glass�ä�� ���‘�•�’�‘�•�‹�–�‡�•��
���…�‹�‡�•�…�‡���ƒ�•�†�����‡�…�Š�•�‘�Ž�‘�‰�›�á��2009 �ä���x�{���s�w�æ�s�x���ã���’�ä���t�y�u�v�æ�t�y�u�x�ä��

�x�æ�� �
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á�� ���ä�á�� ���‹�á�� ���ä�á�� ���Ž�Œ�‡�”�ˆ�á�� ���ä�á�� ���—�†�‹�•�ƒ�á�� ���ä�á�� ���‡���‘�—�Ž�‡�…�á�� ���ä�á�� ���ƒ�˜�ƒ�”�‹�á�� ���ä���ä�á��
���‘�—�œ�‰�—�‹�•�‡�æ���—�œ�‰�‹�•�á�����ä���ä�á�����ƒ�—�‰�Š�ƒ�•�á���
�ä�á�����•�‘�—�‡�á�����ä�â��Glass��Formation��in��the��Nb�æSi��binary��
system�ä���
�‘�—�”�•�ƒ�Ž���‘�ˆ�����Ž�Ž�‘�›�•���ƒ�•�†�����‘�•�’�‘�—�•�†�•�á��2010 �ä���w�r�v���s���ã���’�ä�����s�v�����s�y�ä��

�y�æ�����—�†�‹�•�ƒ�á�����ä�����ä�á���
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á�����ä�á�����Ž�Œ�‡�”�ˆ�á�����ä�á�����‹�á�����ä�á�����”�ƒ�…�…�‹�•�‹�á�����ä�á�����ƒ�˜�ƒ�”�‹�á�����ä�����ä�á�����•�‘�—�‡�á��
���ä�â��Cu�æbased��metallic��glass��particle��additions��to��significantly��improve��overall��
compressive��properties��of��an��Al��alloy�ä�� ���‘�•�’�‘�•�‹�–�‡�•�� ���ƒ�”�–�� ���ã�� ���’�’�Ž�‹�‡�†�� ���…�‹�‡�•�…�‡�� �ƒ�•�†��
���ƒ�•�—�ˆ�ƒ�…�–�—�”�‹�•�‰�á��2010 �ä���v�s���s�r���ã���’�ä���s�w�w�s�æ�s�w�w�y�ä��

�z�æ�� �
�‡�‘�”�‰�ƒ�”�ƒ�•�‹�•�á�� ���ä�á�� ���ƒ�˜�ƒ�”�‹�á�� ���ä�� ���ä�á�� ���Ž�Œ�‡�”�ˆ�á�� ���ä�á�� ���‘�—�œ�‰�—�‹�•�‡�æ���—�œ�‰�‹�•�á�� ���ä�� ���ä�á�� ���–�‘�‹�…�ƒ�á�� ���ä�á��
���ƒ�—�‰�Š�ƒ�•�á�� �
�ä�á�� ���•�‘�—�‡�á�� ���ä�â��On��the��atomic��structure��of��Zr�æNi��and��Zr�æNi�æAl��metallic��
glasses�ä���
�‘�—�”�•�ƒ�Ž���‘�ˆ�����’�’�Ž�‹�‡�†�����Š�›�•�‹�…�•�á��2010 �ä���s�r�z���t���ã���’�ä���r�t�u�w�s�v�ä��

� � � �



��



��

��
��



��

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.��


