
)����� �	�
��:��/�/����
��� ���� :��/��/��(

÷

��� ��� �	
����������� �� ������ ���� ������� �����  �
! "��� 
#	 $�
 �� %�� ��&'()*

��+�+",� �%��� ∗��"&-	 �./�0 1

	 �� !"#
�$%& �&'( ��)*�&� �+�,�*� ,-&� & �,�*� �
.&  

�2�%�:�/& 0&�12���"3% 4�� �5 678 ,9�:��� �� ;<=��>'�5 ?@7A�� ��B",�,C �.& 5=%� 5 ���AE�% = :�F 3GC �=0&�12��� 
4& > '&HI%& 2B > 
2JB � KG
�&� 5 =�5�"�� AG�& L2G%� G�,C ���MA%& .�:2)�&=& 2B > 4& > 
�B 0&�12��� KG"�:��� �� �,C �=
��>'�5ºC NOP�QOP�OOP� .�*� �& �/ ,I:�
��2R� S,IA�: '�	 +B �: .& ��
�5 ��:2)�& S&#	&
T�78 �����:B" B# �,C �/ ,�&

2�B �5 U25 �
�275 VW� �=��GXC T� / T:�/�%&� .�*� ����� ,:�
�275 Y=��)Z ���[5�� �
&#	& �5 ��:
��� T=���>'�5 
T:�/
�A	�,�& .�")��"�'&,�& S=\�275 �A� �5 � ,�( �%� �5 � C 4�� �5 �:
4�� H�:=8�"] B=� 4�� ,I��� 
7".2���9;�:

���
,C ��,�.�A�
�5 H7^B '& �,�( �%�"� 3
7".2���9� .�*� �;�:�&#	& �5 �/ ,:�
�'&,�& ��� T=\�275 &#	& �:
T� / � T�GXC 
� T:�/�
,I5�.2JB
�: =� '& �,�( �%� �5 "�� AG�& L2G%� G��!& B "7��"� .�*� #�&#	& �5 �/ ,:�
52E �5 0&�12��� ���� T�

,C��� /,�&.

%*����������:�/& 0&�12���"678 ,_3%9;<_�GXC T� / _�
7".2���9;�:_�,��: 9 I!&�.

���4� 
�"�:���% R=�/& "�:,=� ��  `�aE �a5 b�MC 
a!c�.�a�#R: 

!,I��%�� AG�& 
G�	�MC � d�5 �AX�� "A>& �"G�'
;2a` �� ��
e2��:=f � �' � 5��/ �
��=�Ig �� 
� 6���aI	=a� .�*a� �-
,I:� .�'&,�&=� 0&�1 �
��%�IC�\�2a75 �a:=�,�'�a% =��

R�� T�� ��:��AE�%2����hB �� ""� �2X�5 �  
!c��:=	"#
aG�
��&� ���(]j9N.[�l&"678 ,
� m"V���%�=n2a� n�a5 �	�GaC 

< �&=��,- �S�> o�AX�� p/N��� �� ���� .� Aq�& =�a%& r�B& 
� SAaC&� �a7s �5 �l
a!c��a:�
X8 '& a"3:)A�a5&��T��a%� 

 Aq�&
q���)Z � �2� ���� �5 �3��- �:=�:� 5��l d�5 ='a
��=
��&� .�l& ��2R� .&2Is �5"�: )�a- �E�a% �� 678 ,='�a! =�

 `�aa5=�aa:=aaC�2E ",=�>  aa5 aa
�=��)Aaa%� �taa�� �aa:=
�� Aq�&2A>&"q��^Mg �=�R� 
�a� �2a75 T
�� aAq�& �&2a� �6=�

2A	��B�l"��:� �& 8 ���MA%& ��2� ��!a"� .&�&� 6a78 ,"�al&=
52E ��"�5 �"	�MC��"-�� �� =af ��K"`�aIh�� Aq�& @a"` 

�%& .e2� ;2` ���:=S"
�>  B'&mµ Q/Puvw ��,IIl=�2a� 
�"-�� �� � ��25=e2a� ;2a` �a:='&  B,aI75 mµ O/j,ag�� �

 A*"5=� u�B'�5 &� �2� '& �,:�]Q9x.[
;�% ���:=&E"4$B  �:=�� A�! &=�' �� "�I=�E�% 

�AC %�
5��� 0&�12��� =�/&"�5 678,�%& �,�( 3Rs .4��-
�:=M7A�� �& 5 =�*�IR:� 0&�12��� =�/&"3% ,I��� 678,9

52% R: �;<��u�� !��&� �2w� .�
!c��:=��AE�% =,I��� 
�'&,�&=\�275 � � �:"T� /� G�:=�5 ��,��� �5 0�2g"��

'
��=4�� �5 �:=)A�5 �E�% ���&� ]y9jj.[
�GXC  5 ���  z& �%� 5 T:�c> S
& '& b,:� =�275 =

4�� �5 �,C �"�B 678 ,"�/& 0&�12��� �� �,��� =�: T� /#
�

∗;2{�� �,I�
2�:SM7B  5�R� �:)jjQ(POjNxxPjQpQG"�� AG�& ��> ��:lmotevali@mshdiau.ac.ir 

� ��"5 ;�%|���Z }��RC �|2% �#"
�> ��~^Mg '& �����B��� 



,�2��% ���&' ��2A� .& 
& �%�IC ���/ � �%�IC�275 �7[� ���

3%9\�275 �'&,�& ���& 5 � ;<�%&  A*"5 �8� �5 �: .=& 5
;,� '& �GXC T� / �%� 5 ���MA%& @7A�� =�: H
�A� � �,C

,�,C ��
��� V: �5.

	
�� $�
�
& ��
T:�c> S�����/& 0�&12��� "3% 4�� �5 678 ,9;<

�AE�%��:2)�& �=2B > 4& > X.( �B �:"�,C �,.�5 K�%
;,� '& ���MA%&�:=� �@7A�� ")��"�GXC T� / � 0&�12��� S

�275=��2R� �A� � �:
�5 H
,G
���  )
,�,C �� .I�R:"S
��JB
�5  � '& �,�( �%�"L2G%� G�:=�� AG�& ��"#%� 5�
,�,C .3-& �& @7A��
%� 5 S��2B ��&�& �� "� ��&� ��-
,�2C.

��5 �6�7� � �8�	 $�
�"���  �
! 9SnO 
S
& ��*:�c> ��/�3% 4�� '& 0&�12��� �E�% =& 5 9;<

,C ���MA%&.3% 4�� �� 9/ B '& ;<"W� �&,5( 0�X" 
:"�/��,"378 � �:"� ���MA%& �:��& ��2C
�� ! �� 4�� S

4���:=u2` � ���,I5=���2C .�B 0&�12���"�5 �,C �&
S
4�� �5 �X�� 4���:=�
 )I)R: '& �� �  Bd�5 �27E �"#

TI/&�v>
 =5" A*=,��&��2E 5 .& 5=�3% �"�B �/�;2� 
 7/
�� �5(�� 678 ,cc�� u( ��
�2",� �cc��,C 3- ;2��B& .

0,� �5 3g�- ;27^� K�%�/���� �� �s�% =oC�� �5 
%�"`�Ih� .#R: �7"��,C ��' V: .V: |�)I:.�' 
%&"m
 A"%,)3��s�	�XR:'�% (�5�2� �X�� ���5
+

 7l �5 �X��
B& � 678 ,"7! S7";2q)7> 3��s"'�% R (�X�� �5
�2����5
 7l �5 �X�� �+
�&�( �5 678 ,��	��& ;27^� �5 

0,� �5 3g�- ;27^� � ,C���� �� �s�% =oC��� 
�%(
�27^� �B ,C T��5 S)R: ( �%�
,.;27^� �.( '& K>

�  *5 ��
,C �A��0,� �5 ������ �� �s�% =oC�� �� 
�5 S��� |�R-� �2`"�A�� ":��� ! V�l�IX�Z ;< �B ,C �

q*B"32C�.�7- � ��=:��� ! ,�5 ��A�� "�� V��� =
oC�� 0,� �5 ��|�[�& �s�% �	 !�< ��qM> �3g�- 
,C .��&�& �5==��� �� �:��� ! �7- � oC��� 0,� �5 ��

o$��l ;< �s�%,C m*E .��> �
 *5 '& �,C m*E ;< .�
.��: �� � e��E A%��f�% "�,,C��2> ��� AG�& HI%���2� 

 W��5,�( �%���:��� �� =@7A�� ��� �����oC��� 
:��� ! ��2l ���,�,C .

& 5=%� 5 ��275 ��AE�% =�0&�12��� '&4& > HI% 
�� AG�&�2B > X)(XRD ;,� D8 l� 5 �l C �E�% � �

& 5=��JB
 TEM �FESEM �"� '& #"�� Aq�& L2q%� q�
�!& B"7���'( �� �2w2� 
#l � ��)*=%�� 	 ��)*�&� �� �

�"�� AG�& L2G%� G�*5�� ��!"� 3"�&,���)*�&� �� �2w2� 
.& �B,C ���MA%& .

& aa5=
�aa%�IC �'�aa	 ��AE�aa% �SnO` �aa" 2aaB > 4& aa> @
X|�aaa! �aaa5 0&�12��aaa� PQ/P��� A�aaa!=°�P9°�P =θ�

,aaC �aaA	 ! .�aa78 0,aaC �aa5 �aaw2B �aa5�aa:=@aa"` �� �2aaw2� 
hB � 4& >""0&  �A�a5&� �aI�> � 0,aC �a5 =�a78 �Aa%&� ��a:=

7aag&�\�2aa75 �'&,aa�& ��2aa75 ,aaC� 0&�12��aa� ��AE�aa% n2aa� � �aa:
,�( �%,5 .

$�
�����":+� #��;' �"'�� $��� X

�I�>=�78 �:=` �� 4& > "@�:=�5HI% 4& > '& �,�( �%� 
2B >X5��")��"�'&,�& S=\�275 � � �:"T� /� G �: �A�5&�
�%& .�'&,�&=\�275 �� �:"��=�'2- �'&,�& '& �:�%� �5 &� 

���/ ,:�C& > ��,R: "� �,�,�2C&
�'&,�& �5 ���#� �'&,�& S-
=G*B 0&�1 "��,I:� 3
� .��G"��]j�.[� �GXC T� /"#
C����2!��2! 3�&2s '& �,I��� �275 Y8&2�=
�[5�� ��
� �:

TIB�:=��GXC �� �,��� .2!��2! �%&]j�.[�'&,�&=\�275 -
 : �GXC T� / � �:
��2! �5 +&=��=�78 �:=�  z& �& 5 �-

,��&v! .��  :=&
&#	& �s�5 3�&2s S
� � �78 0,C � �I�> T"#
�[5�w�
�&' 
�&=� �78 �,�2C .� �GXC T� /�0�2g �5 ,�&2B


�E&2IG
�� �
,C�5 �E&2IG .3GCj&
�� &� T� / n2� �� S
� .�*� �GXC�,:� .�5 �w2B �5&
�GI�GXC T� /�
AE&2IG�

�B �� .(""�'&,�& S=\�275 �&� T�� �:�4�� �,�:=M7A�� �
& 5=7^B "�:2)�& 3=�B � 4& > ""� S")��"�'&,�& S=5\�27 �:

%� 5 ���%& �,C .
G�;�&,A� '& B 
4�� S& 5 �:=�B""S
�")��"�'&,�& S=\�275 �%& � C 4�� �: .=�I�> 4�� S
& ��

n�MB�& V"� �� �I�> |�RB '& ���MA%& �5 �78 '& K�% � �,C ���( 5
��5&�=j�'&,�& =� �X%�^� \�275 ��2C ]j��jN.[

)j(

S
& �� ��5&� D�")��"�'&,�& S=\�275 ��:β�� �78 =�I�> 
�n�MB�& V"�K3GC  z& �5�z )& 5=� / 0&�1 = 5& 5 
+

]jQ([� �λ�%& KG
& 2B > e2� ;2` .� �/ �A��- ��"� R
 ��A��2� ��78)�C2/ (��78 =�I�> �&,�� ,C�5 3��/βD'& �

��5&�=�A��-�� ��� �/ "%2! �78 � R��I�> ,C�5 ='& �78 
��5&�N5�� �%��(
,]jO.[



,7w�����RC ���#"
�> ���� T� /� G"�  5 ��>'�5 =���  z& �%� 5�GXC =�: =. . .���

#��<�R�
*�TIB n&2�& '& .(  z& � 5�78 =4& > .@�&9u �T� / .�,5 �275 9T� / 
L � �275 �� �E&2IG9�� T� / 
�275 �� �E&2IG.

& ��
!,C S�> �[I�C�� ��5 ��)A%� '& βinsS�> � �!,C�
�'&,�&!" =�5 ��,C βobs�,C ��&� .�*�,�& .

)�(

)N(�/j)
4�� �7�& �� �/ �[�( '&�:=�2B "� �2��� �&2� ,
�: ��&� .,C #
�GXC �� T� / �5 �& R:��%&& 5 =�� ��E T:�/ �B""S

�'&,�&=�5 \�275 
� V�% .��#R: ,
\�275 .,C #&#	& � �:
T
�I�> �� T� /=�78 �	 !  W� �� &� �:]jQ.[�'&,�&=\�275 

�5 �: 
θcos

1�5 �GXC T� / �
θtan

1�%& �%�IA� ]jp.[

!,C S�>  !&��78 ��	 �:C�� ��'&,�& '& =\�275 T� / � �:
 � �,C�5 ��2R� ��
� 0��Xs �5 �
�: z&  !&  )=^JB ��)A%� "�

& �,�2C
�5 ��  :  z& �� S
!,C S�> �� ,��� 4& > U2�E 
,�2C �A	 !  W� .

& 5=�B""C�� T� / S�hB '& ""�5 �A�5 ��GXC 3GC  

AE&2IG�
�� �
AE&2IG�� �T� / �'& .&2B
G�'&4�� �% 

�,C �$g&=�
7".2���9;�: )W-H1(� / ���MA%& .;,� -

1- Williamson-Hall (W-H) 

�:=�
7".2���9;�:)W-H (hB ;,� '& ,IB��Xs""3GC  

�E&2IGUDM) 2(hB TIB ;,� �""3GC  
�E&2IG�

)USDM (��)Z ;,� ��< �& =hB""3GC  
�E&2IG
UDEDM�.;,� ��UDM�C % ��� �%& � )���R: �275 

��-�� �� �� �/ ;,USDM �UDEDM .( �C % 
� �A	 !  W� �� � )���R:����2C ]j�.[ 5�I5 3GC jT� / �

� )���R:�w2�hB""A� �� � 0�^Mg �7g�	  "hB �[""�&'  
�-
=� 4& > ���2C
I����=z�B �78 3^� "�  ���&v! ����

hB &� �78 0,C""R�  �,:� ]j�.[&��
�GXC T� / ;,� S
��275 0��w |�RB��
�%& �E&2IG.;,� �� UDM & 5=�275 -

�:�
�5�C %& 5 � )���R: =�X%�^� =��5&� '& T� / =Q
� ���MA%&��2C ]jO.[

)Q(
& ��
���5&� Sε�T� / �&,�� �& )A�& =�I�> ��78 �:=

�@"` �� �2w2�θ�
�&' =�4& > D\�275 �'&,�& � �:λ;2` 
�%& �A	 ! ��G5 e2� .;,� ��USDM� T� / "�E ��%& 

���� � 	 ��2CA� �� � �%& +Z2/ �GXC T� /"�[

2- Uniform Deformation Model (UDM) 
3- Uniform Deformation Stress Model (UDSM) 
4- Uniform Deformation Energy Density Model (UDEDM) 
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