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 !�	 6	������ $�/%���7 �$%����8 $�/9.�� �:�+ �� !��;&+� ��	� ��	� <��&��� )	�'�5 �+� .> %���7 <��  )	?�/ �*+��� @�	: ���
���4 A57 � �B��	C��5�	: >�	�B ����' �� �"�� ��	� � D�E�5 � ���� !�4�F $�/ .�G�4 HI�G� �
�: > !4���� ��� ���G H���5 �J�K� 

> $�"�� ��	�4� >' ���� �	E� $���4  !�C L��F 6	������ $�/%���7 $�E)DU( ���B !��;&+� � .<��"��E ��	� <��&� 4� �O�  $�/%���7 �
 <&G"�5 <�"�+)(WHA��  �C� .� P� Q	;� R��S $���� � !�	 HO�� � </7 �<&G"�5 )	?�/ $����� 4� �*�'�5 �/%���7 <�� �#*�E $%��� 

�� T+��� ��C� . ����: ��(�� )�O�� <��?�/Self sharpening ) �B��	C��5 �	: (A�5 ��(�� U��
 4� �/%���7 <�� ��  � �##' ����G8 $�/
�+� �G�� �#?�8 .> �/%���7 <�� @�	: >' ��E <�� 4� �+� >&G�� V���&��4 W	� � �5���� R����� > R�C �� > A/��8 <�� �� � <�� �+

!�C >&:���8 H��	� �+�.  
  
$
�&  ��	%��'�:  

 � V���&��4 � 9.�� � <&G"�5WHA.  
  

1-()%*)  
 ��Q >JX� $���� <&G"�5C°341  �� ���"Y $���� �

 ����19.26gr/cm3�+� . P� Z�&+P� [��� $���� <��?�/
 )414GPa  (�� � �C� > >' �+� $��. ���5  Z�&+P� �	


���� \	5���� . )4�)7 ��5� 183.85gr ��&:�+ � !�	bcc  ����
 R���. !��B �� ����5 [��E �#C !��B R���. ����� �

�� ���S 4��B��� ���B ]1[ .<&G"�5 ��Q _�X� R��;5 > >E	5 �  �
 $%�	��&� `�� ��/%���7 4� >&+� <�� �:�+ !�� ���5 �</7� HO��

 [�+ �� �� <���� >' �+� ��	81930��7 �� $�c��  )74� �O�
����B !��;&+� ]2[  %���7 <�� !��� @�	: 4��� )�	5 ���"Y > 

 <�17-19gr/cm3 �##' 6�OK&+� �895MPa ���G5 6�OK&+� �
615MPa �*G� [	
 ���d5 ���� �16% �&e+ )���� �27HRC �

 Z�&+P� [���275GPa��' !��C�  .�� <��?�/  ����' > )�	5
>�4� ���	5 �� )7 ��5 <�"�+ $�/[� �&G�+ �  ��� �� �f�;� $�/

>�C� 0#�#5X.   
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HOC) 1:(<&G"�5 $�/%���7 $�/����' .  

  
 m� $�/���' �� n�h� ��	� �O��&O�� $�/�	&'�&�'

P� %�&�� >�	�B !�d� � Z��5 !�4 �F $�/ �/  ���o� R���� �
<�"�+ ZC	� >�	�B ���� � pc+ � �/  ��' !��C� ��5�8 $�/

HOC)1(  ]1[.  
:> %���7 <�� @�	  W	� � �5���� R����� > R�C

4�+� >&G�� V���&�� ]3[ . @�	: �	*� $�� ��� >���4 T�'�5
q�� �O���O��+� � . � �(��5 ��h��:�� >' ����	� >��' �.�
 4�

 n9� <&G"�5 � ����� r�&#� Hh. �� �� $��. <� R�*�'�5
����� �� � �	*� �� %���7 <�� �O���O� @�	: �� �#e ]4[ .

�+��  )�#� !�C 6�(�� %���7 <�� �GOC [�� �� >' ���/
�� > ��&:�+��� <�� �� �GOC >' �/�  m�	5 �� %�	��' R�	�

� >&.�B R�	� >��� HK� 4� �� W��C <&G"�5 $�/  � �	C
 $��98 n�J��� <��&#� > ���&+� $�� T+��� ������C T�'�5

 )���.�7 � HO�� ��	8 ���� 3���  > !�C ���	5 </7 ��	8 �
 <� !4���� � H��	�' `��5 �5 7 � <&G"�5 ��	8 > )��O�� 

���� R��Q !4���� <�"���� 3-2  @	�: � )��O��99/99 ����
�� �C�  ]5[ .��� $�/�&����8  �"&G�� �/ > ��� �&e+ � ��&:�+

����� H�X&� > � B>�	 ���4 �� <&G"�5 �5��� R��Q 0�4	5 >' $� >
u: �� ���d5 v��uJ��� ����un� � $��98u�  � ���Bu���.� �u A  

 HOC)2:(>���� �� V���&��4 �5���� R����� Z�5��C $�  

 HOC)2:(>���� �� V���&��4 �5���� R����� Z�5��C $�.  
  

�� A���.� >���4 4�. ����  A/�' v�� >(�&� �� � ���
�� �&e+ )���� ���B w�� � � ��� )�C �5>��� !4�  ��� �&e+ �/

�� A/�'  <� �C	E L5 4� �C�� [�h5� $���S� � � ���
 >���� �&e+ )���� �&#� ��*�� H��� > <&G"�5 ���E R��Q

�� ���8 A���.� ��'  ]2[ . <� _�*5�� ��4 >J�� >�c: �	
 > �
�� )�#� �� �/�&����8 <�� �/� :  

+ HSCSSVSH = HL ( 1- CSSVS)                                    (1)  
 >J�� <�� ��HL �>���4 �&e+ CSS  <� x��5 )����

 ����E R��QVS  � ���E ��(� �G'HS  �+� ���E �&e+ .
 H��� <���Y y+	5 �+� <O�� ��� r�&#� Hh. 6�OK&+�
 Hh. �� $��. <� R�*�'�5 � A���E ��	C 0S�� ��z�5 �K5

��&G/ �/�	&'�. <��&��� r�&#� . ���X� �O������	��5 {�K� 4�
�+� >���4 4�. 4� �5P� r�&#� Hh. �� �h��:��  ]9 � 6[.  

  
2-+�*,� .&�   

 %���7 A/��8 <�� ��WHA ������C T�'�5 � :  
 5.6Ni-1.4Fe 93W-q��5 �O���O� $4�+%���7 U��
 4� � >

>���� �� V���&��4 R����� HO�+ HOC U�J� $�) 2 ( )7 $��
&.�B �o� ��> �C .  
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HOC )3:( ����h5SEM%���7 WHA.
  

 $��� �� ����4��G'� >���� 4� �� >' T�5�5 <��
12000C  )��4 �90min  ����� |�� �14200C/min  $��� �5

 $��� A/�' |�� � ��� <�� �� $����"� 4� }8 � 6�B �&��4
4000C/min ������B ��+ y�K� $��� �5  . %���7WHA  �

 ������C T�'�5 $��� �� ���E 4�. �� �	'9�12500C  R�� >
����B �&��4 ���+ Z� . $�/��� �� !���� %���7 <��14450C �

14600C�14700C  �14850C  R�� >4  >X�S�����B �&��4 .
 %���7 <��?�/WHA  $��� ��15800C ����B �&��4 0��� 4�. ��.  

!4���� $���� >���� $�/��	8  $�/W:2.5�m �Ni:2.5�m�  
Fe:3.5�m ���	 . ~� [	�K�>  !�/�#� ��E >&.� ��'

���  %���7 ��&:�+WHA T�'�5 � ���'��	� [	�K� �
������C10grK3Fe CN)6�10grKOH(����B ��e&��  .  

(�/�� �	  
 HOC)3 ( ����h5SEM ���  %���7 ��&:�+WHA  T�'�5 �

���C� �� :93W-5.6Ni- 1.4Fe �� )�#� �� �/� .  
�� !�/�#� ���B��� � >�	��z �&��4 $��� >'   <�� ��&:�+

� ���G %���7��� �z �C� 4� �&�' $��� �� �&S� � 14600C �&��4
�� R�	� ���B  $���4 ���G �"&+	�8 4	�/ <&G"�5 R��Q �

 �"��O� � <&G"�5 R��Q r�&#� Hh. �"�� R��*� > �� �����  

CHO )4:(���   %���7 ��&:�+WHA  0��� ���� �� �����E � .  
  

�+� ���4 .4� A� ��� >' ���"�/ <��?�/14700C ��C�
�C ��/�	: $��' <&G"�5 R��Q . HOC)4(���   %���7 ��&:�+

WHA � ���E ���� �� �� �� �� )�#� 0��� �/�  .  
U�J��  y+	&� �JS $���� <&G"�5 R��Q HOC <�� 3�m 

�&��4 <&G"�5 >��� !4���� 4� �5��� ���G >' ��&G/ 4�. �� !�C 
 ���� >' 0���30-40�m�� ���&G/  ��C� .�� !�/�#�  ���B

>��� $���� 0��� 4�. �� !�C �&��4 >�	�� >'  �*��X5 <&G"�5 $�/
� $��' �5�	� �� ��+� >&+	�8 >���4 4�.  !�C �&��4 >�	�� >'

>��� <� [�h5� <�*� ���E 4�. �� > � <&G"�5 L�&e� $�/  �/
���7 )��*GY� �+ .  
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3-0��4) & 5���6   
HOC U�J�) 3( >���4 ��(� �G' 6�� >���� �&��4 �z� �� 

�� A/�' <&G"�5 R��Q �"&+	�8 � A���.� ��� . $�/��� ��
 4� �� �� H*S14600C<&G"�5 RP�h5� ���X� ���d5– � <&G"�5 

 4� H*S ��� A���.� � ��� �G�� ���4 ���14700C �)7 4� �� > 
 RP�h5� )���� <&G"�5– A/�' ��E	5 H�S ���X� > <&G"�5 

��  $��� �� >���4 ��Q W��C 4� �C�� ���d5 <�� >' ���
14600C�+�  . <�� > ��� A���.� � >���4 ��(� �G' A���.�

 4�. �� <&G"�5 ���c� ��&��4 $��� A���.� � >' �+� H���
�� �&#� ��� >���4 A���.� ��� ��(� �G' >(�&� �� � �	C 

��  A/�' <&G"�5 R��Q <� RP�h5� )���� )7 0*5 > � ���
�� ��� . <&G"�5 RP�h5� ���X� A/�' �"�� H��� >&*��– 

 <&G"�5 R��Q <� ��E��� >���4 A/�' ��� A���.� � <&G"�5
�+� >���4 4�. �� �	E	� . HOC ��)5(�� >o�c�   >' ���B

)��4 A���.� � <&G"�5 R��Q y+	&� !4���� 4� >�	��z 4 > 90 
 4� >X�S�6 > 27�� A���.� )��O��  ��� . R��Q !4���� <� >J��

	��z )��4 � <&G"�5��� �� > > )�	5  �C	� ��4 R�	�: 
rt – r0

3 = K ( t - t0 )                                                    ( 2 ) 
  >'rt )��4 �� R��Q <�"���� W��C t �r0 <�"���� W��C 

 )��4 �� R��Qt0� k�+� �B��	C �C�� |�� ��z  .
)��/ HOC �� >' �	
) 6 (!��� )�#�  ��	� %���7 $�� !�C

 ��z !��;&+�k��� 25.5�m  �� �C�.  
<&G"�5 RP�h5� ����- �*G� 4� �+� R��*� <&G"�5 

<&G"�5 r�&#� Hh. ���G�-���G� H' > <&G"�5   $�/
	E	� r�&#� Hh.> � ��&:�+��� �� � >&C	� ��4 R�	�  >'

NWW <&G"�5 r�&#� Hh. ����5- � <&G"�5 NWM  Hh. ����5
 � <&G"�5 >���4 r�&#�CWW  <&G"�5 RP�h5� ���� ���– 

 $�� >' �+� ���� [	
 � !�	e�� y: Z� $�� <&G"�5
��� ��	h5 �� !��#' ��&:�+ �	C  

  CWW = 2NWW / ( NWM + 2NWW )                        ( 3 )   

�	C �� >��	�� �&+� 4� 6��� $��� �� �/ > >' ��'  
HOC )5:(R��Q !4���� � >�	��z �&��4 )��4 A���.� ��z�5 .  

 HOC)6:(6�� >���� �&��4 )��4 � <&G"�5 R��Q !4���� R����d5 .  
HOC) 7:(%���7 >&���&'�� � �##' 6�OK&+� WHA.

  
<&G"�5 RP�h5� ����-�5  �� 0��� 4�. �(� � <&G"

> 0��� 4�. > �*G� ���E 4�. �����.  ��+� �&�' � �&#� T�5�5
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> ���E 4�. �����. �� >O��	
 <&G"�5 RP�h5� ���� �- 
> 0��� 4�. �(� � <&G"�5  T�5�574 � 11 �� ��� !�	 ���� 

> 0��� 4�.  T�5�535 � 17�� ����  �C� .>  �� �&��4 ��' �	

� 4�. $%��� >&���&'�� A���.� � �##' 6�OK&+� A/�' v�� 0��

�� ���E 4�. �� �&��4 > �*G� �GOC ���B .HOC) 7( 
A�5 $�/���	��- ���� � A��' –�G5 �� �� )��4   > $�/

 )�#� ���E � 0��� 4�. �� ���� �� $�� >�F � A#' T�5�5
�� �/�.  

 ���E 4�. �� >' P� 6�OK&+�> �� �+�  ���7 4� �C��
�+� 0��� 4�. �� �&��4 > �*G� <&G"�5 R��Q ZY	' !4���� .

�  R�C���B x�+�Ashby  � !4�. �� $�/%���7 ���G5 6�OK&+�
 4�. <� >&.�B ���S 6�� 4�. y+	&� ���eF 6�� >#�� }O�

�e+  �� ��&� !4�. �� %���7 Z� HOC ���d5 ���4 ����� >J�� �5
6�� 4�. �� W��C �5 �	C .. y+	5 !�C >I��� [	��Ashby 

>  �+� ��4 R�	�:
�y = �0 + kGb�-2                                                       ( 4 )

 >'�y ����G5 A�5 �0�%���7 �5�Q A�5 k ���z T��F G 
 ��C� [���b  � 4�B� ����� >���4 4�. y+	&� ���eF ��� 

 �+�.  
  
4-(8��6  ���9  
�–4 $������ � >�	��z �&��  <&G"�5 <�"�+ $�/%���7 ��&:�+

�Gu� ��u �z	u !�	u> 4� H*S $��� �� <&G"�5 R��Q >O�5�	�
OC1460>   4� A� $��� �� � >&+	�8 R�	�OC1470 

> ��� �� $��' R�	� ���C !�/�#� ��&:�+.   
2 –��  <&G"�5 RP�h5� ��– �� 0��� 4�. �(� � <&G"�5 

�&��4 �����.> 0��� 4�. �� �&��4 > �*G� ���E 4�.   � �&#� T�5�5
> �+� �&�'  RP�h5� ���� ����E 4�. �&��4 �����. �� >O��	


 <&G"�5–> 0��� 4�. �(� � <&G"�5   T�5�574 � 11 %  �!�	

> 0��� 4�. �� �&��4 �� ���  T�5�535 � 17 % �� �C� .  
3 –>�	�� $P� 6�OK&+� !�C �&��4 �/ �&��4 > �*G� ���E 4�. �� 

�� <&G"�5 R��Q ZY	' !4���� 4� �C�� 0��� 4�. �� �C� .  
4 –>�	�� �&��4  � �##' 6�OK&+� A/�' v�� 0��� 4�. �� �/

 ���E 4�. �� �&��4 > �*G� �GOC $%��� � >&���&'�� A���.�
����B .  
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An investigation into the effect of sintering heat treatment on the WHA alloy properties 

Behzad Tolaminejad 1, Ali Mehryab2, Hamid Omidvar3
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2-Maham Industries
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Abstract 
The application of WHA heavy alloys increases instead of DU bullets due to its high penetration capability and the absence of 

the environmental problems. These alloys consist of some principal elements such As tungsten, iron and nickel. Meanwhile, 
tungsten heavy alloys have the self sharpening effect via the induced tensile and torsional residual stresses. Hence, their properties 
depend on the heat treatment cycles. In this research, the role of mentioned parameters on the microstructure evolution and 
mechanical propereties were investigated. 
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