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ABSTRACT 
The cooling slope (CS) method is one of the forming processes in semi-solid state that the molten alloy with a suitable 
pouring temperature is poured on a cooling slope for achieving fine and non-dendritic structure. In this method, the 
parameters such as cooling slope length and angle, pouring temperature and rate, mold temperature were affected on 
microstructure and morphology of primary phases. In this paper, at first discusses the effect of these parameters on the final 
microstructure of A356 aluminum alloy and the effective equations in cooling slope process and their influence on the grain 
size diameter and hardness were examined. It was found that both cooling slope length and pouring rate on grain size 
diameter and hardness are more effective than other factors. The advantages of using the protective atmosphere with tests 
such as XRD and ultrasonic test are studied. The results shown that with using the protective atmosphere in cooling slope 
method don�t have a significant effect on the grain size diameter. However, the strength and ductility of the alloy is 
increased 17.8 and 28.1% respectively, due to the reduction in the porosities and inclusions. 
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��À¯YÁ�¶»Z�½Z»��ºÅ�Ä��Ä¿Z³ABC��t���µÂ��¶»Z���Y\Ì���Y{�

�C�½Y�Ì»��{���ÌiPe�����{�Z/]�Y���/»Y�¾ËY�d¸���d�Y�¶»Ze�¶]Z«�µ|»��]
�t���µÂ���¬¿�¾f§�³���¿\Ì���Y{���|/»Zm�Ä¼Ì¿�[Z£Á{�|Ì·Âe��{

Ê»�t���µÂ���¬¿��{�¯�ÄÌmÂe�½YÂe�\Ì/���Y{����ÉZ/»{��ÅZ/¯��{
�{ZnËY�,[Y~»Ä¿YÂmÉZÅ�����[Y~/»��/]��À/e�µZ¼�Y�½Z»��c|»�Á�ÄÌ·ÁY

Ê»�Ê¸ne�|]ZË��
��

��
��¶°�����Y{Â¼¿���ÌiPe��Ä^�Zv»��{�¦¸fz»�¶»YÂ����«�¾Ë�f¼¯

¾Ì´¿ZÌ»�Ä¿Y{ZÅ���
��

µÁ|m��{����¶»YÂ��d�Ì·�iR»���]��«�¾Ë�f¼¯���¾Ì´¿Z/Ì»�Ä/¿Y{�Z/Å�
d�Y�Ã|��ÄWY�Y���¾Ë�f�Ì]�ÌiPe�����À/¯YÁ�Ä/]��Â]�»�º/Å�½Z/»����¾Ì/]

�t���µÂ��¶»YÂ�\Ì���Y{��w�¿�ÁÉ�Ë��Z]��BC��À¯YÁ�,�ºÅ�½Z/»��
�¶»YÂ��¾Ì]�ÉZ»{É�Ë��Z]��w�¿�ÁÉ�Ë��Z]����t�/��µÂ/��Á�\Ì/���Y{�

�ABC�t���µÂ��,�\Ì���Y{��C��À¯YÁ�,��º/Å�½Z/»�����¶/»YÂ��¾Ì/]
�ÉZ»{�Á�t���µÂ�É�Ë��Z]��AC�t���ÄËÁY��Á��\Ì���Y{�Ê»�|�Z]��

��
��µÁ|m�����¶»YÂ��d�Ì·�iR»���]¾Ë�f¼¯�Ä¿Y{�¾Ì´¿ZÌ»���«ZÅ���

�|��{�ÌiPe�Ä¿Y{�Ã�Y|¿Y��]�� �f»Y�Za��
������ ��À¯YÁ½Z»��ºÅ�BC��
������ ��À¯YÁ½Z»��ºÅ�ABC 

������ �t���µÂ�\Ì���Y{��
������ ��À¯YÁ½Z»��ºÅ�AC 

����� �t���ÄËÁY�\Ì���Y{��
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�Ê���]�Á�¦¸fz»�¶»YÂ��¨�¼eY��§Zv»�ÉÁ����ZÌ·M��YÂyÌÀÌ»Â·MÂ¹���� ��� 

�ÌiPe���À¯YÁºÅ½Z»���t���µÂ��\Ì/���Y{���w�/¿�Á�É�Ë��Z/]��ÉY�Y{
���Ê/»�Ä/¿Y{�Ã�Y|/¿Y�{|���]��iY�¾Ë�f�Ì]�|/�Z]�������Ê/ÀvÀ»�Ä/]�Ä/mÂe�Z/]

É| ]Á{�¶°���{���Ê»�Ã|ÅZ�»{Â��Ä¯�����d¼/��ÓZ/]�Ä/ÌuZ¿�Á{��{
�ÉZ¼¿��{�Ä¿Y{�Ã�Y|¿Y�½Y�Ì»��Y{Â¼¿��Y�`q�d¼��¾ÌËZa�Á�d�Y��ÌiPe�

�¶»Z��Á{B��ÁC�¾Ë�f¼¯�Ä]�Ã|Ì���{Ây��Y|¬»��d�Y��
��

���
��¶°�������Y{Â¼¿�É| ]Á{�ÌiPe���À ȲÁ�ÉY�]½Z»��ºÅ�BC���Zf§���{

¾Ì´¿ZÌ»���«�¾Ë�f¼¯�Ä¿Y{ZÅ��ÉZ»{��{C������t���ÄËÁY��Á�����
��

������w�¿��ËY�§Y�Z]É�Ë��Z]��t���µÂ���ËY�§Y�Á\Ì���Y{,�¾Ì´¿ZÌ»�
Ä¿Y{�Ã�Y|¿YZÅ��Ä]¾Ë�f¼¯�Ê»�Y���»Y�¾ËY�d¸��Ä¯�Ã|Ì���{Ây��Y|¬»��½YÂ/e
�Â^���{���Ë�/�����Á�t�/��ÉÁ��[Y~/»��/e�¾ËY�]Z/À]����µZ/¼fuY��ÅZ/¯

Ä]�½M�ÉÁ��[Y~»�{Z¼n¿Y�[Zzf¿Y�d¸�w�¿�É�Ë��Z]����ËY�/§Y�Á��eÓZ]
¾ËY��{��d�¿Y{�µZÌ���]��Àe�µZ¼�Y�½Z»��c|»�����/]�ÃÁÔ/��,c�Â/�

�{Y| e�¶»Z¯�¶Ì°�eÄ¿YÂmZÅÄ¿Y{�¶Ì°�e��Ì��,��ÉZ/Å£��/Ì��fË�|/¿{Ê�
Ä]Ê»�¹Zn¿Y�¶»Z¯��Â��¶»Z��¾Ì»Á{��{�Ì³�iR»���Ä/¿Y{�Ã�Y|/¿Y��]�Z/Å��Y�

��À¯YÁºÅ½Z»���¶»YÂ��¾Ì]�ÉZ»{É�Ë��Z]��w�/¿�,�É�Ë��Z/]���µÂ/��Á
�t��\Ì���Y{�Ê»�¶Ì°�e��|Å{ 

������Ê´¿Â´q�Ê���]�dÆm�ÌiPe��cY�ÌÌ¤eºÅ½Z»�������/]�¶/»Z��Ä/��¾ËY
µ|»�¾ËY¶°��Ê^ °»��Y{Â¼¿��Y�,�����Ã{Z¨f�Y|Ã�d/�Y���½Z/¼Å���Â/�

�,d�Y��z�»�Ä¯�ÌiPe��¶»Z�ABC�Ä¿Y{�Ã�Y|¿Y��]ZÅ��ÌiPe�É��Ê/¨À»
Ä]��d�Y�������Y�/«�µZ/»�¿��Y{Â/¼¿�`/q�d¼/���{�¶»Z��¾ËY�Ä°¿M�d¸�

¶°��d�Y�Äf§�³��d^j»�Z]�Ä¯�ÊÀ »�¾Ë|]�,����À/¯YÁ�½|�ABC�
�Ä¿Y{�Ã�Y|¿Y�½Y�Ì»�ËY�§Y�Ê»��|]ZË�w�¿��{É�Ë��Z]�mm/s����µÂ��Á

t���mm���Ä]�É�Ë��Z]�ÉZ»{��iY�,�Ê/»��ÅZ¯�c|���|/]ZË���d/¸�
�w�¿��ËY�§Y��iY��{�Y���»Y�¾ËYÉ�Ë��Z]����t�/��{�/°¸¼���]�\Ì/���Y{�

Ê»�{Â¼¿�Âm�Á�d�m�½YÂe��w�¿��ËY�§Y�Z],É�Ë��Z]��t���\Ì/���Y{�
�������ÉY�/]�Ê§Z/¯�d/��§�Ä/°¿M��Y�¶/^«�[Y~/»�Á�Äf�Y|¿�Ê]Ây�{�°¸¼�

Ä¿YÂm�µÂ��Z]�t���ÉÁ���Y�|�Z]�Äf�Y{�¶»Z¯�Ê¿�º¯���Â^�Ê»�|À¯
�h�Z]��»Y�¾ËY�Ä¯��iY��ÅZ¯É|Ë�^e��Z¯Á�Z��t���Ê»{{�³��Z/]��
�t���µÂ���ËY�§Y\Ì���Y{�Ê»�Ã|ÅZ�»��iY�Ä¯�{Â��ÉZ»{�Z]�É�Ë�

�Á�Äf§ZË��ËY�§YÄ¿Y{�¾Ì´¿ZÌ»���«ZÅ��ÅZ¯�Ê»�|]ZË��
��

��
¶°��������Ê^ °»��Y{Â¼¿�ÌiPe���À¯YÁºÅ½Z»���ÉZÅ�f»Y�ZaABC�

��]�Y|¬»�¾Ë�f¼¯�Ä¿Y{�Ã�Y|¿YZÅ��t���ÄËÁY���{������
��

¶°�������Y{Â¼¿�¾Ì´¿ZÌ»Ä¿Y{�Ã�Y|¿YÉZÅ���\/�u��]�Y��Ã|��Ä^�Zv»
¾Ì´¿ZÌ»�Ä¿Y{�Ã�Y|¿YÉZÅ�Ê»�½Z�¿�Ê «YÁ½Z¼Å��|Å{��¾/ËY��{�Ä¯��Â�

Ã{Y{�d�Y��z�»��Y{Â¼¿���/y�Ä]�d^�¿�Ê¼¯��ZÌ�]�Ê³|À¯Y�a�ZÅ
��|¿�Y{�®Ë�\Ì��Z]¾ËY�]ZÀ]�Ê»���Ê/�ZË��µ|/»�Ä¯{Â¼¿�Z�{Y�½YÂe

]Ä�x�Za�ÉY�]�Ã|»M�d�{�¾Ì´¿Z/Ì»���Ä/¿Y{�Ã�Y|/¿Y�Z/Å����Ê]Â/y�d/«{��Y
��Ä�]Y���d�Y��Y{�Ây�]��Ä�]Y�����«�¾Ì´¿ZÌ»�Ä¿Y{�Y��Z/Å����\/�u��/]

�É{Á�Á�¶»YÂ�Ä¿Z»Z��Ê»�½Z�¿��Y�§Y�¹�¿��Y�¶�Zu�|Å{��

�����87.54 0.30 0.36 0.19

0.31 0.21

Grain Size ABC BC AC

C D

   

 
  

��

� �
¶°��������Y{Â¼¿��¾Ì´¿ZÌ»�Ä¿Y{�Ã�Y|¿YZÅ���
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��� ��|¸m�,�|Ì·Âe�Á�dyZ���Z�§YÂÅ�®Ì¿Z°»�Ä»ZÀ¸�§���Ã�Z¼��,��,�½Zf�]Ze���� 
��

������ÌiPe�Êfz��½Y�Ì»�¾Ë�f�Ì]��]�ZÅ�f»Y�Za��
�¶»YÂ��µZ»�¿��Y{Â¼¿�iR»�Ä]�Êfz��½Y�Ì»��]�c�Â�¶°�����Ê»��|/�Z]�

�hv^»��{�Ä¯�Är¿M�Ä]�d^�¿¾Ë�f¼¯���«�Ä¿Y{ZÅ���Á�|/��Ã{Y{�s��
Ä]Ä¿Y{�Ã�Y|¿Y�ºÌ¬f�»�Ä�]Y��d¸�ZÅ�����¶/»Z��¥~/u�,Êfz/��½Y�Ì»�Á

��À¯YÁ½Z»��ºÅ��Ä¿Z³Á{AC����ËY�/§Y�Á��ÌiP/e�����t�/��Ä/ËÁY��¶/»Z�
\Ì���Y{�e�¶]Z«�µ|»��]P�w�¿�¾ÌÀr¼Å��d�Y�¶»É�Ë��Z]��Ê¸»Z���Ì¿
�iR»��|��{�Á�Ã|��Ê¬¸e�ÌiPe���¶/»Z��Z]�É�]Y�]�0Z^Ë�¬e�Ä/ËÁY����t�/�
\Ì���Y{���Êfz/��µ|»��{�¶»Z���Å��Zf§��Ê���]�dÆm��d�Y�Äf§ZË
Ê»�Ê°Ë��Â·Zf»��ËY���Y|f]Y�d�ËZ]�iR»����{�/¯�Ê���]�Y��Êfz���]

�Ê°Ë��Â·Zf»�¶»YÂ��¾Ë�f¼Æ»�iR»��Êfz���]��/¿Y�¶»Z/���Á�Ä/¿Y{�Ã�Y|
�ZfyZ���{�{ÂmÂ»�ÉZÅ�Z§�Á�É�ZÌ·M���ZÀ��Ê»���Ä/]�Ä/mÂe�Z]��|�Z]

Ä¿Â¼¿�Ä¼Å��{�ZÅ�Z§�Á�É�ZÌ·M���ZÀ��½{Â]�½Z�°Ë��¬§�ZnÀËY��{�,ZÅ
�ÌiPe����Ê/»��Y�/«�Ê/���]�{�Â»�Ä¿Y{�Ã�Y|¿Y����cY�/ÌÌ¤e�Z/nÀËY��{��{�/Ì³

Ã�Y|¿Y�Êfz��Ã|��É�Ì³������°ËÁÊ»�|�Z]��
��

��
¶°���������Êfz���Y|¬»�Ä^�Zv»��{�¦¸fz»�¶»YÂ���ÌiPe��Y{Â¼¿��

��
�����µÁ|m��{����¶»YÂ��d�Ì·�iR»��ÄWY�Y�Êfz���Y|¬»�¾Ë�f�Ì]��]

�¾Ë�f�Ì]��d�Y�Ã|��ÌiPe���À¯YÁ�Ä]��Â]�»ºÅ�½Z/»�����¶/»YÂ��¾Ì/]
�t���µÂ�\Ì���Y{��w�¿�ÁÉ�Ë��Z]��À¯YÁ�,ºÅ�½Z/»�����¶/»YÂ��¾Ì/]

�w�¿�Á�É�Ë��Z]�ÉZ»{É�Ë��Z]��t���µÂ��Á\Ì���Y{���t�/��µÂ/��,
\Ì���Y{�t���ÄËÁY��,\Ì���Y{�w�¿�,É�Ë��Z]���À¯YÁ�ÁºÅ½Z»���¾Ì]

�w�¿�Á�É�Ë��Z]�ÉZ»{�¶»YÂ�É�Ë��Z]�Ê»�|�Z]��
�������À¯YÁ��f»Y�ZaºÅ½Z»���t���µÂ��\Ì/���Y{����É�Ë��Z/]�w�/¿�Á

��d¯�Z/�»�ºÆ��Z]�Êfz���Y|¬»��]�Y���iY�¾Ë�f�Ì]�����Y�Y{��
Ê»�µÂ���ËY�§Y�Z]��|�Z]�[Y~»��ËY�§Y�µZ¼fuY�Ä°¿M��]�ÃÁÔ��t��

Ê»��ËY�§Y�t���ÉÁ��Ã|��|¼nÀ»��t�/��,|]ZË�\Ì/���Y{��Ä/]��d/¸�
Ä¼Ì¿�|ÀËY�§�Ê»Z¼e�{Y|y�����Ä/]�t�/��ÉY|/f]Y��{�½|/��|»Zm��Ê]Â/y

Ê¼¿�¶¼���|À¯¾ËY�]ZÀ]���Ã|¿Z/���t�/��ÉZÆf¿Y�Ä]�Y��{Ây�Ä¯�Ê]Y~»�

º¯��ZÌ�]��Z¼e�d�Y�t���Z]�É�e�\Ì/���Y{����Á�Z/ÆÀe�Á�Äf/�Y{ÉÁ��
[Y~»����Ã|/��|/¼nÀ»�ÉZ/ÅÉÁ���������/iY��ÅZ/¯��d/�Y�Ã|/Ë�¤·�t�/�

��t���É|Ë�^e��������t�/��µÂ/���ËY�/§Y�Á�É�Ë��Z/]�w�/¿��ËY�/§Y�Z]
\Ì���Y{������Ã|Ì/���{Â/y��Y|/¬»�¾Ë�f/�Ì]�Ä/]�Êfz��½Y�Ì»�ºÅ��Z]�,

Ê»�Y���»Y�¾ËY�d¸���d�Y��{�½YÂe�Â^���Ë����Á�t�/��ÉÁ��[Y~»��e
¾ËY�]ZÀ]��[Y~»�{Z¼n¿Y�µZ¼fuY��ÅZ¯ÉÁ��Ä]�½M�[Zzf¿Y�d¸��w�/¿�

�d�¿Y{��eÓZ]�É�Ë��Z]��
��

��µÁ|m�����¶»YÂ��d�Ì·�iR»��Êfz���Y|¬»�¾Ë�f�Ì]��]��
�|��{�ÌiPe�Êfz���]�� ¶»Z���

������ ��À¯YÁºÅ½Z»��BC��
������ ��À¯YÁºÅ½Z»��ABC 

������ �t���µÂ�\Ì���Y{��
����� �t���ÄËÁY�\Ì���Y{��
����� �w�¿É�Ë��Z]��
����� ��À¯YÁºÅ½Z»��AB 

��
������¾ËY�]ZÀ]�{Y| e�¶»Z¯�¶Ì°�e��]�ÃÁÔ��Ä/¿YÂm�Z/Å���¶Ì°/�e��Ì/��,
Ä¿Y{ÉZÅ�ÊfË�|¿{�Ì£�Ä]Ê»�¹Zn¿Y�¶»Z¯��Â���{�Ì³�¾ËY�]Z/À]���Á{��/Å

Ä]�É|Ë�^e�Á�Ê��]��Z¯Á�Z��|Àf�Å�µZ §�Ê]Ây��¶»Z��¾Ì»Á{��iR/»�
��À¯YÁ�,Êfz���Y|¬»��]ºÅ½Z»���¶»YÂ��¾Ì]�ÉZ»{�É�Ë��Z/]��w�/¿�,

É�Ë��Z]��t���µÂ��Á\Ì���Y{��Z]�������Ê/»�|/��{���|/�Z]��|/À¿Z»
��{�Ä¯�Är¿Mhv^»�¾Ë�f¼¯��¾Ì´¿ZÌ»�Ä/¿Y{�Ã�Y|¿Y�Z/Å�����{�,|/��½Z/Ì]

�¶»Z���iY��Ì¿�ZnÀËY�ÉZ»{É�Ë��Z]���Ê/»�º/Æ»��ZÌ�]���|/�Z]��µÂ/���{
t���mm�����w�¿�ÁÉ�Ë��Z]�mm/s����ËY�§Y�Z]��ÉZ/»{�É�Ë��Z/]�

Ê»��ÅZ¯�c|��Ä]�Êfz���Y|¬»�|]ZË����t�/��º/¯�µÂ��Ä]�ÄmÂe�Z]
\Ì���Y{��ÉZ»{��ËY�§Y�Z]�,{�Â»�¾ËY��{�É�Ë��Z/]����{�Â/y�]�¾Ì/u��{

�������Ä/¿YÂm�{Y|/ e�,½M��/]�½|/��É�Z/m�Á�t�/��Z/]�[Y~»���Ä/Ì·ÁY�ÉZ/Å
Ä]�Ã|�{ZnËYÊ»��ÅZ¯�c|��������ËY�/§Y�\/mÂ»��/»Y�¾Ì/¼Å�Á�|/]ZË
Ä¿Y{�Ã�Y|¿YZÅ��Á¾ËY�]ZÀ]���Ë{Z¬»�Ze�Êfz���ÅZ¯���������/°ËÁ

Ê»{{�³�t���µÂ���\Ì���Y{�À¯YÁ��Y��a�,�ÉZÅºÅ�½Z/»��BC��Á
ABC��ÉÁ���iY�¾Ë�f�Ì]�ÉY�Y{�Êfz���Y|¬»Ê»����f»Y�Z/a�¾/ËY��|�Z]

��Ê/���]��Y�¶�Zu�lËZf¿�Ä]�ÄÌ^��Êfz���Y|¬»�Ê���]��{��¾Ì´¿Z/Ì»
Ä¿Y{�Ã�Y|¿YZÅ��ÌiPe�º¯����/�¿��{�Z/]��/»Y�¾ËY�d¸��Ä¯�d�Y�Äf§ZË�É�e�

�¶»YÂ��¾Ë�f¼Æ»�¾f§�³�iR»���Z/Å�Z§�,É�ZÌ·M���ZÀ��|À¿Z»�Êfz���]
Ê»�ÄÌmÂe�¶]Z«�Ä¿Y{�Ã�Y|¿Y�Á�����t�/��µÂ/���/¬¿�¾Ì/]�¾ËY��{��|�Z]

\Ì���Y{��Ä/¼Ì¿��Â¸z»�|Ì·Âe��{����Ä/¿Y{�Ã�Y|/¿Y��ÅZ/¯�Á�|/»Zm��Á�Z/Å
¾ËY�]ZÀ]�ÄÌmÂe�Êfz���ËY�§Y�������Ã{Á|/v»�Ä/]�Ä/mÂe�Z/]��d/�Y��Ë~/a

www.SID.ir


www.SID.ir

Arc
hive

 of
 S

ID

�Ê���]�Á�¦¸fz»�¶»YÂ��¨�¼eY��§Zv»�ÉÁ����ZÌ·M��YÂyÌÀÌ»Â·MÂ¹���� ��� 

��Ë{Z¬»�¾ÌÌ e��{�Ã|��[Zzf¿Y�ÊËZ»{�ÉZ»{É�Ë��Z]�t���,�\Ì��Y{�
Ä¿YÂm�{ZnËY�Á�[Y~»�ÉZ»{��ÅZ¯��{����Ã{�/¯�¶/¼��ª/§Â»�ÄÌ·ÁY�ÉZÅ
�t���µÂ���ËY�§Y�Z]�¾ÌÀr¼Å��d�Y\Ì���Y{���/]�Êfz/��½Y�Ì»Ä�¶/Ì·{�

���Z/]��d/�Y�Äf§ZË��ËY�§Y�t���ÉÁ��[Y~»�¦«Âe�½Z»��c|»��ËY�§Y
�¾ËY��ËY�§Y�¶»Z¯�{ZnËY�Á�[Y~»�ÉZ»{��ÅZ¯�ÉY�]�Ê§Z¯�d��§�½Z»�

Ä¿YÂmÉZÅ�Ê»�ºÅY�§�ÄÌ·ÁY��|ËM���º/Æ»�Ä/°ÀËY�Z/]����t�/��Ä/¨Ì�Á�¾Ë�/e
\Ì���Y{�,�[Y~»��]��Àe�µZ¼�YÊ»�¾ËY�Ä¯�|�Z]�����ÅZ/¯�\^/���/»Y

�Êfz���Y|¬»��]��f»Y�Za�¾ËY��iYÊ»,{Â���Z]�Ä¯�d�Y{�ÄmÂe�Êf�ËZ]
��Ì�¿�Ê¸»YÂ��,t���µÂ���ËY�§Yw�¿�É�Ë��Z]��ÉZ»{�Á�É�Ë��Z]��Ì¿

Ä¿Â³�Ä]�Êf�ËZ]��Ä/¯�|ÀÀ¯��ÌÌ¤e�ÉY������{�[Y~/»�¶/»Z¯��Â/^��½Z/°»Y
µÂ��Á�t���ÉÁ���Y�{ZË��ÉZÅ¾ËY�]ZÀ]����t�/��¶/»Z¯�{�°¸¼��\Ì/���Y{�

�|ËM�ºÅY�§��
¶°�����������{|/��\/�u��/]�Y��Ã|/��Ä^/�Zv»�Êfz���Ë{Z¬»��Y{Â¼¿

Ê»�½Z�¿�Ê «YÁ�Êfz�½Z¼Å��|Å{���z/�»��Y{Â¼¿�¾ËY��{�Ä¯��Â�
Ã{Y{�d�Y������®/Ë�\Ì/��Z/]��/y�Ä/]�d^�¿�Ê¼¯��ZÌ�]�Ê³|À¯Y�a�ZÅ
��|¿�Y{¾ËY�]ZÀ]�Ê»]�Ê�ZË��µ|»�Ä¯{Â¼¿�Z�{Y�½YÂeÄ�ÉY�]�Ã|»M�d�{

�������Ä/�]Y���d/�Y��Y{�Â/y�]�Ê]Â/y�d/«{��Y�Ä¿Y{�Ã�Y|¿Y�{|��x�Za���
�É{Á�Á�¶»YÂ��\�u��]�Êfz���Y|¬»�Ä�]Y�Ä¿Z»Z��¹�¿��Y�¶�Zu�Y�§Y�

Ê»�½Z�¿�Y��|Å{��

�����68.78 3.76 2.96 5.15

4.18 3.38 1.89 .

Hardness ABC AB BC

C D B
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¶°��������Y{Â¼¿���cY�ÌÌ¤eÊfz���Y|¬»���
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������ÄÀÌÆ]�d·Zu�Ä�ËZ¬»É�Ë��Z]���{�Á�YÂÅ�§Zv»��¨�¼eY�dve�� �
�t���ÄÀÌ»���{�Äf§�³�¹Zn¿Y�cZ¬Ì¬ve�Ê»Z¼e��{\Ì���Y{��Ê/���]�,

Ä¿Â¼¿��YÂy�ÉÁ���ËY����{�É|Ì·Âe�ÉZÅÄfzË��YÂÅ��{�É�³���Ã{Â/]
�d�Y�¾ËY�]ZÀ]��É��fz»�tÌ�Âe�d�Y�¹�Ó�Á��Z³��Zf§��Z]��Z^e�Y��{

{{�³�ÄWY�Y��¸§��¹ÂÌÀÌ»Â·M�É�¸§�Y]�Ä¯�d�Ä�[Y~»�d·Zu��{��Â�y
����Y���/�ZÀ���Y��ZÌ/�]�Z/]�Ê°Ë�Ì§�dÌ·Ôu�Á�ÊËZÌ¼Ì���À¯YÁ�dÌ¸]Z«

Ä]��{�Y{É�Â��À¯YÁ�¾ËY�Ä¯����Ê/¨¸fz»�cZ/^Ì¯�e�{Z/nËY�Ä]��nÀ»�ZÅ
Ê»��c�Y�¾Ì/Àr¼Å�Á�YÂ/Å�½�Ì�¯Y��{{�³����¾Ë�/f¼Æ»�½M��{�{Â/mÂ»
�À»P��[Y~»��{�É�¸§�Ì£�cZ^Ì¯�e�{ÂmÁ�/ÌÀÌ»Â·MÂ¹����¹Z/¼e��|Àf/�Å

�À¯YÁ�¾ËY��Y�¶�Zu���ZÀ����Á�Ã{Â/]�|/»Zm�Z/Å��d/ve��ÌiP/e���½Â¿Z/«
Ê»��ÁZÀ��[Y~»��{��¯Âf�YÄ]�Á�|À�Z]���Ä/ �«��{�Ê/�·ZyZ¿�c�Â�

Ê»��ÅZ���{�¶u�¶]Z«��Z³�ZÆÀe��Ì¿�½�Á�|ÌÅ��|¿Â�ÌÀÌ»Â·MÂ¹��[Y~»
Ê»|�Z]�Ê»�YÂÅ��{�{ÂmÂ»�ZË�Á�[M��Zz]�ªË����Y�Ä¯��[Y~/»�Z]�|¿YÂe

Ä]��|Å{��À¯YÁ��d/·Zu��{�½�Á�|ÌÅ�dÌ·Ôu�Ä°¿M�¶Ì·{�¹Â/ÌÀÌ»Â·M�
�Ä/]�dÌ·Ôu��Y�Ã|��k�Zy�ÉZÅ�Z³�,d�Y�º¯��ZÌ�]�|»Zm��c�Â/�

��Ã|/��Ä/fzË��Ä �«��{�¶z¸ze�Á�[Z^u,�����ÅZ/¯�cZ/^mÂ»��c|/�
�Y��Ê°Ì¿Z°»��YÂyÄ]{�Y{�µZ^¿{���

�����½Z¼Å����ÅZ/¯�h/�Z]��ËY���¾ËY�µ�fÀ¯�d�Y��z�»�Ä¯��Â�
Ê�·ZyZ¿�½Y�Ì»[Z^u�Á�ZÅÊ»�É|Ì·Âe�Ä¿Â¼¿��{�É�Z³�ÉZÅ��{{�³��Y

��Z�Y��]�Ä¯�Zn¿MÄf§�Ë~a�c�Â��cZ¬Ì¬ve,��½ÂÀ¯Ze��ÌiP/e����¨/�¼eY
�§Zv»��t����Á���{\Ì���Y{��®/Ày������Y�/«�Ê/���]�{�Â/»�Ã|/ÀÀ¯
�Äf§�´¿�{Â]¾ËY�]ZÀ]�ªÌ¬ve�¾ËY��{���ÌiP/e��̈ /�¼eY�����/]�½Â/³�M��Z/³��

Ê�·ZyZ¿�Á�¶z¸ze�½Y�Ì»�����Y�/«�Ê/���]�{�Â/»��ZÌ·M��{�{ÂmÂ»�ÉZÅ
d§�³��Ê�·ZyZ¿�½Y�Ì»�¾ËY�Ä¯�|��Ê���]�¾ÌÀr¼Å�Ã�Y|¿Y�Äq�Ze�ZÅ

�����Ä/ÀÌÆ]��ËY�/���{�É|/Ì·Âe��Z/Ì·M�Ê°Ì¿Z°»��YÂy�½Y�Ì»��]��ÌiP/e�
���Ê/¨¸fz»�cZ/�ËZ»�M��Â�À»�¾Ë|]��d�Y{�|ÀÅYÂyÉÁ���Ä/¿Â¼¿��ÉZ/Å

����d/·Zu�Á{��{�Ä/ÀÌÆ]��ËY�/���{�É|Ì·Âe��{���d/ve�Á�YÂ/Å��¨/�¼eY�
�§Zv»�d§�Ë~a�c�Â����

¶z¸ze�½Y�Ì»�Ê���]��¶°������Ä/¿Â¼¿��/]�¶/z¸ze��Y�ÉYÄ��{Â/mÁ
Ê»�½Z�¿�Y���ZfyZ��ÄÀÌ»���{�Ã|»M����¹�/¿��Y�Ã{Z¨f/�Y�Z/]�Ä/¯�|Å{���Y�/§Y

Material Plus 4.1���Y�«�Ê]ZË��Y�Á�Ê���]�{�Â»¶°���{��d�Y�Äf§�³�
���½Z°»�½|��Y|Ìa�Á�Ä^�Zv»�ÃÂv¿���¿�{�Â»�ÉZÅ�Ä¯����/»�«�²/¿��Z]

����´¿Z/�¿�Z/]�Á�Ã|���ËZ¼f»���d/�Y�Ã|/���z/�»���Ê/»�½Z/�¿�Y��|/Å{��
¹�¿��{�Ã|��ÄWY�Y�ÉZÅ�f»Y�Za�ÊmÁ�y�¾ÌÀr¼Å��Y�§YÃ|��k�{|¿Y���

�����Á�®ÌeZf/�YÁ�|ÌÅ��Á��Á{��Y�Ä/¿Â¼¿�¶/z¸ze�½Y�/Ì»�Ê���]�ÉY�]
��Á���d�Y�Ã|��Ã{Z¨f�Y�®Ì¿Â�Y�f·M�ZË�®ÌeZf�YÁ�|ÌÅ��Á��,µÁY

Ê»��|Ì¼��Y�½Â¿Z«��Y�Ã{Z¨f�Y�®Ë��Y�Êf¼�«�ZË�¹Z¼e�ÃZ³�Å��|�Z]
Ä�Â£�Ê·ZÌ���{�º�mÄ]�,{Â���Á���½�Á�Z/]��/]Y�]�ÊËÁ�Ì¿�µZÌ��Ä¸Ì�Á

Ä]Zm�µZÌ�Ê»�{�YÁ�º�m�Ä]�Ã|��Zm��®^/��º/�m�ÄnÌf¿��{�Á�{Â����/e
Ê»Â��½�Á��{�Y|¬»�Z]�µ{Z »�Ä¯�º�m�ºnu�ºÅ�µZÌ��½|��®^��

�Ê/»��|Ì¼��Y�ÉÁ�Ì¿�Y��d�Y�º�m�½�Á�|/À»Z¿.����Ê/ «YÁ�½�ÁW��
Ðy��{�º�m�½�Á�Z]�d�Y��]Y�]�����YÂ/Å��{�º/�m�½�Á�Z/]�0ÓÂ/¼ »�Ä¯�,

��É�ÅZ��½�Á�Á�d�Y��]Y�]�W���d/�Y�µZÌ���{�º�m�½�Á�Z]��]Y�]��
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Y�®Ë�d§ZË�{�Z]�Ä �«��{�\Ì���Â�u�Á�Äf§�³��Y�«�Ä �«��Y�¶^«�Â¯
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Ê»�Z¨ËY�ºÅ�Y��Ã|ÀÀ¯�d§ZË�{��¬¿�Ã|Àf��§��|ËZ¼¿��
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��{�Ã|��ÄfzË�YÂÅ��Ádve��Ä/]�Y���½Â³�M��Z³��¶°/��c�Â/�������Ä/]
�����Ã{Á|/v»��{�Y��¶/z¸ze�½Y�/Ì»�½YÂ/f]�Ze�Ã{Â¼¿�ºÌ�¬e��z]��ZÆq

®qÂ¯]�É�eÄ�����/z]��/Å�[Y�/a��Y�Ã{Z¨f�Y�Z]�½M��Y�| ]��{�ÁM�d�{
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��

�����¶°����������Â/¯Y�¶°/���{�¶/z¸ze�º/nu�½Y�Ì»��Y�¶�Zu�lËZf¿
�Ã�Z¼��ÄÌuZ¿��{�Á�Ä¿Â¼¿�Á{��Å�ÉY�]�Y��Êf�³�]���Ê/»�½Z�¿���|/Å{

½Z¼Å���Ã|/��Ä/fzË��Ä¿Â¼¿��{�¶z¸ze�½Y�Ì»�d�Y��z�»�Ä¯�Ä¿Â³
��{YÂÅ��Ã|��ÄfzË��Ä¿Â¼¿��{�¶z¸ze�½Y�Ì»��Y��f�Ì]�d/ve����Z/³

Ê»�½Â³�M|�Z]�����/]�{|/��|/�Z]��f¼¯�¶z¸ze�½Y�Ì»�Äq��ÅÄ��d/�{
����Ã{Y{�½Z/�¿��´/�ËZ¼¿�Äv¨/��ÉÓZ]��{�Ä¯�Êf�³�]�Â¯Y��Y�Ã|»M

Ê»½Z¼Å�Á�{Â]�|ÅYÂy��f¼¯�{Â�Ê»�Ã|ÅZ�»�¶°���{�Ä¯��Â��{Â�
Ä]��Ë{Z¬»�¾ËY��]Y�]�\Ìe�e�����Á���Ê»��|�Z]��

0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

1.0

2.0

3.0

4.0

Feature Sphericity

ratio

co
un

t
Field Summary

Bitplane Bitplane 1

Max: 0.705609 #/

Min: 0.144014 #/

Mean: 0.520555 #/

Std Dev: 0.166264 #/

Fld Area: 498768 µm

Tot Area: 498768 µm

Fld Count: 1 ##

Obj Count: 13 ##

Over: 0 ##

Under: 0 ##

Accepted: 100 %
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