
�1���"1386



�������� �	
�� ������
)����� �	
�� �� (

� ����� ������ ���������

���� ����� �! ����"��� �!��  #���� �"�� 
 ����� ������  _��� %����

���
�

" �
'�(� �)�� *��+ � ,+ �-  ���.� /�� �- ����0#� ��1�,�� /�2 3�4"���1+ �5 6��7�� � ��

1�! � �8���8� 9�1+ �-,:�� /�2�; "

����	��
��� �

������� <���� �	�� /��=+ �>���? �	:�@

����� �����
 ������A BC�� �	��

 �����
��D ��E�� F���-



����� ��	
����� ��	
����� ��	
����� ��	


1/5/86:    �������م ا��
�ت ����ن ����

��	
 ���� ���� ������������                                                                                                                                     ..........

)��� ����� ��ان (
����� � � �� !��� ���

���!�و�  ��وه

����:��م و ��م %��$اد"�  ���"��#�� $��%&           � �'( )�*���� +����& ,����  

 �&$'�
	�����:دا��.-,84132031:*�رة دا�� ��� � ��

: ر��9 ��8-�6 � �����5-4: 123 0/���ر


���� /������ ���������� :��م و ��م %��$اد"� ا�24د راه��6������ ����


�$ان ����ن ���� ;� ��ر�4:��� !� ��"� �#� $%&�'�	�� �( �)� �* +��� ,��� � +� $( -�������"� .�/0 	� �( �1 2�34�� � 

��5� 6�"��5	�*�7 8"
9 � �+��� 

�$ان ����ن ���� ;� ا�.��>�:Study The Effect Of   Additives on The Scratch  andMar Resistance of 

Automotive Clear Coat Relating to Their Mechanical  and  Appearance
 Properties

آ�ر����� ار��: ع ��وژ� ��
ي                د��

��دي       ����� اي                     آ�ر��دي ي�����      

9:�!-اد واA- 31/6/86:��ر�< %�?�1/7/84:��ر�< �3وع
�$Kـ>�ن،�J$,  � 4 � �� ـ ��ا;ـ� %�اش،ا�Gود� ـ  ��Fو�ـ  در ;   :واژ, ه�ي آ��ـ-ي ;ـ� ��ر4ـ�       

،�Kرواش،%�اش ���M��24 ������،ا�Kي�Lه�
,Mar:ژ, هــ�ي آ��ــ-ي ;ــ� ا���Nــ>� �� scratch, Plastic, Fracture , Appearance ,Acrylic Melamine 

,Polysiloxane

 ,�N�:��Rه� و �����5ده� ;� ��R$ر PQ$د �!��52�Oي ��وه�� دا�

:ا�24د راه��6

 $'�:دا�

:��ر�< :ا��Tء ا�24د راه��6 

 /01�1 :  �2�3� ������

 /01�2 :456 7���� � ����� "
�� � +��0&��
 �& 8�19 +��1� ��:�� +& +��� ;���� �5<�� $�4#�� +& � +��0&��




 ��ر��ارم، �در و 
	ر��
� �� وا�	ار ��� ��ادره�� و         ��اه��ن ��

.  ام ه�#�"� ز 	��در ��



�8�7 � G�H� �-��# ���/�2 �����2�� D� F��.���C ��7��� 

�� ���� !��	� ��"�� #��$% �&�	� ��"�'(����) *+�� ��"�� F�I�� ��  �:

����� /��� �� J� K��� J��.

 ��8�7 � G�H� �-D� �����# 

�=M� J=M� �	:��C�0- ���"� ,��% �� NO?��!����D ���� -"# .��� �/ �� 0� .1��� 
�
�2�+.

- J��P�2��7�?�=� D� �8�7 �/ G���� N��+ ��:��  1Q G���� /�R5 � F����) :�" ����� 

���1+(@ /�R5/���? �	:�)  ������D5 ��� U�	�: ������ �8���� ��� � ����� �	
�� ������

���:����(@ �	8� �?��� G���� N��+ � �7�EV G���� N��+ ) �	
�� ������ ��� � ����� �8����

���:����(@���D�1� G���)����  :�" �C��Efka) ��:W�:  :�"((@" N��+� ���X)���� �C��

  :�"Byk) " ��17  :�"���(( @�! G����� ��)�����1�  :�"(@ U��! ���
� �	:� /�R5

)�����  
�� � N�? ������ ���" �8����( ��0��? G���� /�R5) F�# �21C  :�"( ��1���R /�R5 @

) ��� J'��11+ ����� ���( �
�#� /�R5@)Y��" �	
�� ������ Z�0�# �8����( /��� G���� /�R5@

 �'��! ���� G���� /�R5 � � K��� J�� F�I�� �� �: ���	��� ��������� /��� �� J�.



45�6� 7���2

�8Q�

 8�� 9:2:����#�/ <=�>� 

1[1[���.�................................................................................................................................................................1

1[2[� �-  ���. ,+ �� /��\�*��+..............................................................................................................2

1[2[1[ =�" � <�	�]� /��"��+ � ,+.........................................................................................4

1[2[2[ =�" � <�	�]� /��"��+ � ,+ ^���7 _���".............................................................5

1[2[3[1� ��)�7 /�2�; 1�! �- *��+ � ,+ `.......................................................................................6

1[3[*��+ � ,+ �-  ���.� �- �)1� /�2 �	����� .........................................................................................7

1[3[1[ 9�1+�	�W�18=����� <,.........................................................................................................8

1[3[2[,��� �M(� a�bX��..............................................................................................................10

1[3[3[��"��+ c1� ����2 a�bX��................................................................................................11

1[4[ �-  ���.� �1��- /�2 *��  � /��\� ,+*��+..............................................................................12

1[4[1[����0#� ��1� /��\� ,+ �-  ���.� ��2� �1��- .................................................................13

1[4[1[1[U�
# ��C ���- ����0#� ��1� ............................................................................................14

1[4[1[2[ ����0#� ��1�  /��V2��C /��U�
# ...............................................................................15

1[4[1[3[ ��1� ����0#� ��
-� �-1���.....................................................................................................18

1[4[1[3[1[ ��1�1��� ����0#� ������ �M(� d]�� ���-..................................................18

1[4[1[3[2[ ��1�1��� ����0#� /���� ������ �M(� d]��................................................19



1[5[  ���.� �-��D�� /�2 *��  �2 ,��� �-+ � /��\� ,*��+......................................................21

1[5[1[����� d1(� ���� �- �-��D�� /���1�D5......................................................................................21

1[5[1[1[ �2������D5 *����� Amtec.........................................................................................23

1[5[1[2[ �2������D5 *����� Touzart and matignon....................................................24

1[5[2[�2 ��"��+ `�1�� �����- �-��D�� /���1�D5 ...................................................................................24

1[5[2[1[ 1��� � ����� /��"�� indentation.............................................................................25

1[5[3[*��+ 1��� � ����� /��"�� .........................................................................................................30

 9:2?��:�����@�#/�A� �

2[���.� ................................................................................................................................................................34

2[1[��1�.................................................................................................................................................................34

2[1[1[���.� ................................................................................................................................................34

2[1[2[,:�� �1��W1��# ���7 ...............................................................................................................35

2[2[ ����0#� D� ��4	�� Y�	X� /�2 *�� ����- ,:�� �1��W1��# �� �2.......................................36

2[2[1[��=:1��� ��� ���� �- /�2 ����0#� ...........................................................................................36

2[2[2[�8���� 1��� ����0#� .........................................................................................................................37

2[3[�2 ��1�� /D�� ���5 *�� .......................................................................................................................37

2[4[1�D5 ����- K��� F�I�� �� ��4	�� ��1� Y�	X� /�2 �.................................................................38

2[4[1[ 0��R ����� �I�� Y�A �1�D5 .................................................................................................38

2[5[�� /���1�D5  Z�	�W�18=�� a���1b+ �-��D–,:�� Z�	�]�18=��......................................39



2[5[1[,�: �1�D5 .....................................................................................................................................39

2[5[2[����� �1�D5  �8���8� �8�............................................................................................................40

2[6[ �1�D5 DSC................................................................................................................................................40

2[7[�8���8� a���1b+ �-��D�� /�2 �1�D5 ................................................................................................41

2[7[1[D�8�� ��8�� �	X� �1�D5 ............................................................................................................41

2[7[2[ 1��� �	X� �-��D�� �1�D5 .............................................................................................................41

2[8[,:�� *��+ �-  ���.� �-��D�� /�2 �1�D5 .......................................................................................43

2[8[1[,:�� /1�	=" �" /D�� ���" �1�D5 ................................................................................43

2[8[2[1��� *��+  =7 ...............................................................................................................................44

2[9[,:�� /�2�; 1�! ����- /�2 �1�D5 ................................................................................................44

2[9[1[f��  �R��- .......................................................................................................................................44

2[9[2[��18���	8H�� 1��1C �1�D5 .........................................................................................................45

2[10[*��+ ��18���8�� 0�'��5 ......................................................................................................................45

2[10[1[/�1� g18���8�� 0�'��5 ..............................................................................................................45

2[10[2[��7� g18���8�� 0�'��5...............................................................................................................45

2[10[3[����	8'� g18���8�� 0�'��5 .......................................................................................................46

 9:2?��:BC/ � D ���

3[1[ ,:�� �M(� 0�'��5 D� ^��V f��	� ����-  )ATR( ....................................................................48

3[2[�8������ 0�'��5 _�17 �- ���  ��- f��	� [  �8���8� �7���V...................................................57



3[2[1[/� ���" U�.	�� /��� /��C D���� ............................................................................................57

3[2[2[ /�2 Z�� ����- α � β3]7�  ��h��7 ��M�� �� ...............................................................60

3[2[3[,:��  X� �����# �- Y�	X� ����0#� ��1� �)� ����- ........................................................61

3[2[4[3]7� U��� �- ����0#� ��1� �)�7 ����- ...................................................................................65

3[2[5[,:�� �	���K1�2 �- ����0#� ��1� �)� ����- .........................................................................67

3[3[ �1�D5 D� ��5  ��- f��	� DSC.........................................................................................................70

3[4[D�8�� ��8�� �	X� �1�D5 f��	� ...........................................................................................................72

3[5[3�4" ,:�� Z�	�W�18=�� a���1b+ �- ����0#� ��1� ��)�7 ����- ........................................75

3[5[1[         9�1i+ �i- �� 6�i�7�� � 3�4i" ,:��  =8" /K��� �- Y�	X� /�2 ����0#� �)� ����- 

,:�� ����...............................................................................................................................................................84

3[5[2[Y�	X� /�2 ,:�� Z�	�]� ��	#� �=��.� ............................................................................85

3[5[3[,:�� Z�	�W�18=�� 9�1+ �- ,�:  ?�� �)� ����- ...............................................89

3[5[4[ /�2 �1�D5 D� ^��V f��	� 6��7�� ����- DMTA ,�: � ...........................................94

3[6[*��+ �-  ���.� �-��D��  �! �2������D5 *����: �1�D5 f��	� ................................................95

3[6[1[1-�� /�1� g18���8�� ����b7 ����- 1�	=" �1�D5 �� *��+ �- 6....................................93

3[6[2[ ��	�� _�17 �- 1�	=" �1�D� F�I�� D� B� ,:�� �M(� 0�'��5

�	�171#��	8H��1��1C............................................................................................................................................102

3[6[2[1[/�	�171#��	8H�� 1��1C �1�D5 f��	� �- �� 6��7�� � *��+ /K1'1#�1� ����- .105

3[6[3[*��+ `1� �- �5 6��7�� � *��+ /��\� N���7 �- ��� �)� ����- ......................................108

3[6[4[�-  ���.� J�-�� 6��7�� ����-  *��+ )1�	=" �1�D5�� (��8�� �	X� �..................111



3[6[5[ 1�	=" �1�D5 D� ^��V f��	� J�-�� 6��7�� /���R�- )car wash ( ,�: �..............112

3[7[ ,:�� /�2�; 1�! �- Y�	X� /�2 ����0#� �8�	�� a��)� ����-  ........................................115

3[7[1[ ,:��  �#�4" /��C D���� �1�D5..........................................................................................115

3[7[2[ g18���8�� _�17 �- ,:�� ��D� N��# �M(� /K1'1#�1� ����- AFM..............117

3[8[ �1�D5 D� ^��V f��	� ����- Nano indentation.....................................................................119

3[8[1[ /��\C ������ �1�D5 )Indentation( ...................................................................................119

3[8[1[1[,:�� Z�	�]� � Z�	�W� ^8" ���j7 ��0�� ����M� .......................................126

3[8[2[ �1�D5 _�17 �- *��+ �-  ���.� �- 1��� ����0#� ��1� �)� ����- *��+ 1���.............130

3[8[3[    �1i�D5 f��i	� �i���- Nano indentation       �i���0#� /��iV /�i2 ,i:�� /�� �i- 

��18����................................................................................................................................................................136

3[8[3[1[,:�� Z�	�]� � Z�	�W� ��	#� �- ��18���� ����0#� ��1� �)� ����- ........139

3[8[4[ ����0#� /��V /�2 ,:�� *��+ �-  ���.� ����-  1���...............................................141

3[8[5[���" � �12  �� D� 3�4" ,:�� N��# �M(� 9�1+ ����- ......................................146

3[8[6[*��+ � ,�: �1�D5 D� ��5  ��- f��	� �=��.� � ����- .........................................148

4[��C �I�	� /....................................................................................................................................................150

5[a�������� .......................................................................................................................................................152

6[%!��� ..............................................................................................................................................................153



�����

 ��� ����	�
 ������ ��� �� ���� �� �� ��� �� ����� ����� �����  ��� ��!�"

 	�# $ %�&� '�	$�� �(!� )&#�� �����* �+ )!�� �� $	"�, -�. ��� %+$	 /0�0+  )&&+ �00(1

 	��2 �03�1 /41 5)! �� �	 �� )#��1 �� ")(��  )&!��, 6��.$ $ �)0.� ��� ��	��7)0!	�,

)�".�	" �����  ��� �� �3�� 6���* �� �9� ���&(� :��, $ %, "�;��  )�)
 �.	�� %�$<
 ��

 $ ��=�> 	��2 �?# )� �(. $ %, "�;��  )�)
  )&&@ A��&@ 6���* �.	�� �B �@ /.�  )�"�>

  �4# 7:��,"�C�* A$�)�� D��#� �� �,��  �0E $ �#�# ��� �#"$�=��� �#�# �$	  �� /�$�F� G��,

���H
 %, I0���@� ���
 �� J��! %@$	 I� :��, $  /"�0> 	��2 �.	�� "	�� �0�L�  .

                  $ %M, �� /�$�F� �����	� /�� I01���1� :�$	�@ $ :��, �#�# ��� ����� �� ��.�	 ��� 	"

      %&1 ���#���� �� $ :��, /           �M.	�� ���� ���2 �$"�� �;&. N0� $ �1	��� �0O�#� 7�PP+ %#�@

"$�=� "��� "�C�*  �4#/.�  )!  "���.� �# . $ �1� $ �#$��CO� 7�	�# ��� Q�C.$�C0� �0&R�

             %M+$	 ����M�  ��� �� �� 5��03�1 $ :��, �S�O�=	�� �.	�� /�� ������= $��CT.� �0#�> �0#

=�> 	��2  "���.� "	��/.� ��. �90�0. �#�# �#"$�=� "��� �@ )�)0� ��P# %�$<
 ��� ���#���� U���#

                 �	 /V
 )&���= 7��  "�1 $ %@$	 �4�. G��, ��  $L* 7�.	�� "	�� �#"$�=� "��� ���. JL,��

                    W0�M.L
 ��M� :��, $ �� %, "�;�� /. �� %@$	 	��=	 �@ �	��� 7 "�" 	��2 �03�1 /41 �0#

  /.� ��=�� X�. .�     �M�� 	" /YM9! ��� :��, $ %, "�;�� /�� Z�[ �$�0# $ �\��F] �0&R

 /MM.� �MM�=�� %���MM=� 5)PMM� ��PMM@$	 .  5�0^�_MM, ��MM, 	�0YMM� `�MMa1	�  )MM&�" ��PMM# U��MM�#

                 %M+$	 W0�M.L
 	�M�=	 %���=� �0&R� $  "�� %+$	 :��, ����� 	" /�$�F� $ W0�.[��CY�$

         W0�.L
 D�# �� ���� :��, "�;�� �� �;&�)+             �M� �	�" �	 ��M�� /M!H> �� ���H
 c0��1 /0���2 �

)&!�� (             )��# W+ %+$	 :��, ����� 	" /�$�F� %���=� �� )#��1 �� �+ "�! ��.   ��VM. %���=�

                 "�Ma�� /M�� ��M\�" 6��* )#��1 �� �� -�. �� �#�C0�0. �#"$�=� 5����� e.�1 %+$	 -�.

)!�� %+$	 :��, �� /�$�F�.



��� اول

�	 
����ت��ور



��� ��� :	
�� � �����

1

1�1������

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

       0�
� #� ����1 2+3 �
� 45�� 6-'-5 �0775 .   #7�)9�
� 
�  �:;� ��� <3�/     �
� =�;-3  4>��

 �
,/   ?
'� 4>��(basecoat/clearcoat)      4@5�� A/ �
� =�;-3(monocaot)     �!
@/ �
@.�� 

  63�  ��
� �/ .               B0-���1 ��C � 4'7� ���
�  .�� �-DE !� #+-F� *G� ����H "
-� ��� ��C��
� �
�

�0-3�               �-@( �0@� *I� �
DJ � �K ���L "0� �0-M5 �-DE !� �0.�� �07��1 ��
3� B  ��M@�;�

      ��� �0�0�/ BA-/
��/� � #�3�    4>�� ��
� ����    *
;(  � ����1 2+3 �
�      #@3�� � 0@7�
-� 

63�  ��K ��E �!
3����1 N�)� �
� 65�  .3�/ � O-�F/ )5�� �
5 ���3� �� 
�C%[1-6].

 P�1 � ��I, 41  � 6��
�� 4��)�� ��� �� ��0.�� �
���� ��
�! "
��F� 
�3��  ��� ��

45�� 2+3 #K0C)QR � #�G3 4��)��  �
, � 
�C% S�J� T
3�  5 0C� ����C �
�7M-, 6.C
�� ?0� 
� 

            45�� ��I, ?
+.C� 6-��
E 
� � U
VF�3� 4��)�� 
� � 45�� �1��  � �07��1 ���L ��'C � ���� !�

                       �
@W�� 
@� � P�@1 � 4@1 �
@W�� 6�� U!	 ��-C 4��)�� � �07��1 65( !� �-K��� ?0� 
�

0�
� #� "% *G� -J 65(.

 ��� � ?
'� �
� 45�� #�
-�-� �
�1
3  XK B0�
D-� Y�� �
-;� 
�C% ��I, 41 Z��1

0�
�C #� ��0F� 
�C% �� �� ��
�1
3 ��--Q/ �
W�� 
�M5�� ��� #�5 #K[�� �-�
/ 
�� . !� ��
'�3� �IR

 �0��K \+� ��DE ��
E �[/��3� "��7.� P�1 � ��I, 41  � 6��
�� �07�� ��D�� #C��)�� ����

63� .�
�1
3 � ]�C  �  �;� ���� ���  � 6��
�� Z��1 ��D�� S��� 07C���-� B^��G� _$ !� "
�

0C�� ��I, 41 . U0H 
��% ��`��H U)-C
`� !� #�
K 
�C% O-E� �� !� ��
-;� ��Y� 0C���-� �����

7�' # ��� � �
-a��1 9�� 4>�� ?
'�0�
�  ���� �07�� ��D�� #C��)�� ���� ���  �:;� ��� B



��� ��� :	
�� � �����

2

C �
.�� 
� P�1  � 6��
��0�
� #� / �0-b-, � /�
( B0C� �0�  cH ��!
�  � #K!
/  �  5 �C
.[7-10]

 �IR , ��� ��[��40� #.3 � 41 �
W�� �0�0, �0775 ��75 �
�����
, #3�� ��c 63� �

P�1 ��FC B�`��H ���0�� ]��C� !� #1�  -J � �C
C � 
� #C��)�� �C
C� ���   � 6��
�� Z��1

 � ��I, 41�-K ��E #3�� ���� P�1  .

1�2�� �� ��	
� �� 
 ��������

 �
��5 S�J�41 P�1 � 
�C% U��'� dE�� �� 
�� B0C-K #� ��E ��
'�3� ���� ?���� ��+�

0�
� #� ��
'�� . B#��H D�.� d�
7� �� �0�  e��� ^��
./ T
3� � 41(Mar) �
�-K0�� S-3%  � 

 
� #F+3 O�H ��0(50
/ 
7�, � ���C
C 
�0a �  B��9-� _f$� "�`-� ��  
� g� 
/ ���C
C 
�0a 

   5 #R
( ��P�1(scratch)O�H ����� !� �M-� 0.5!�  ��> �10µm63� [5,6, 11-14].

�� 45�� #�
C��/ ���a  � S-/�� P�1 � ��I, 41  � 6��
�� #�5 ��+� � 
�  ��
�� 


� S-3%��
C #
� 4�
3 !� �  ��K hC �� / O-�H �
� S-3% �0775 �
W�� ����H � gD3 

��M-� .�V� �� 
�C% #'-a�/ #��H �
(f+a� 
� ���� 
�M5�� #F+3 �
� #K0�� S-3% ]��C�)1j

1 (63� �0� ���� "
MC[13] .

  �-3�� A-/
��/� � #�3� ��M�;� B�)-�% lC� � 0-R�/ m�+1 �� ��
5 4-R�, � -�./


� T� �  X�
,  1
� B0-�5 07C
� #�
-�� "0� �0-M5 
� � �� B�)�973 ���1� B#V-�3f, �

 � 41 �0775 �
W�� ����H ������  ��� !� ����1 45�� 2+3 ��� � 63� �1
C B�E
X B61��

 ��0� �� � 0�
� #� P�1)1j1 ( ����H !� #1� <3�/ �0� �
W�� �
� P�1 � 41 �
.��

63� �0�  e��� �07��1.
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[Cracking]    [Scratch (Rough trough][Mar]

[Delaminating][Chipping]

�`�)1j1 (  � m��� ��
�/0�� S-3% ]��C� 
� 45�� #F+3 �
� #K[14] 

 ��0�)1j1 (
� �07��1 !� #1� <3�/ �0� 0-R�/ �
� P�1 �
.��

Scratch depth
(µµµµm)

Scratch width
(µµµµm)

Source of
Scratch damage

0.05-0.66-10Carwash

0.2-0.810-20Hand wash

0.02-0.048-20Tree branch

0.8-1.4170- 190Key

0.2-0.77-13Paper bag

0.008- 0.14-19Fingrnail

 
�C%  5 0�� #� "
MC 
� 45�� 2+3 ��� � �0� �
W�� �
� P�1 � 41 / O-E� #3��  

 #�5 ��$  �  5 07�;� ��
� ���� ��� � ^��G� ��-Y
/ 
� ��
'�� �
� �n�R����� � �
V�� �����
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 A-�3f, �
� P�1 � 41  �3� ��  �(plastic or ductile)6;V� � (fracture)  ��
E 

07�
� #� =-;�/[1,5,12,16-18].

1�2�1����� 	 ������ �
����� 	 ��

            ����� A-�3f, �
� P�1 � 
� 41 B��
� �V� hC !�  � �
�  DR%  �0�)    C
@���� (  "�0@�

              �V� B07�
� #� �
�! 
�D;C �
7�, � O�H 
� 45�� S�G/ � #K�
,)1j2 .(   SR
�  �VC    �@�� ���� ��

    P�1 � 41 !� ]�C      ��I, =-�/ 6-��
E 
� ) .�� 4�
5�
 (          ���@( �
@�H� 
@� � "
@�! 6�IK 
� 
�C%

   �V� B63�)1j3 .(         
� U��/ � ��  C�0C� B)-/ �
�  DR ����� 6;V� �
� P�1 � 
� 41  5 #R
( ��

Bg-�3f, �
� P�1 ?f1� � 07�
� #� #F+3 #K0� ��
, � )�� �
� o/ 
��   "
@�! 6@�IK �

 �V� B07�
� #� =-�/ ��
E -J 
���1 !� ]�C ��� dE�� �� � ���0C 
�C% ��� � �-Y
/)1j4( B[1].

�`�)1j2 ( p�`3�`-� ��
�/ #C��VR�(SEM)) ^R� ( �#�/�(AFM)) * (g-�3f, P�1[1,11]

�`�) 1 j3 ( =-�/ 6-��
E 6�IK!� 0.� g-�3f, P�130 !��)^R�(B250��!)*(  �430!��)q( [16] 

^R�*

q * ^R�
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�`�)1j4 ( p�`3�`-�  ��
�/#C��VR�) ^R� ((SEM)�)* (#�/�(AFM) P�16;V�[11,16] 

1�2�2����� 	 ������ �
����� 	 �� �����  ���

#�a� ����
, B"% � �07��1 <3�/ �0� �
�H� ��-C  � 45�� A� ��.R� rVH � s3
, ��FC

0�
� #� �0� �
W�� P�1 � 41 ]�C �0775 �--./ � . dE�� �� ��-C t.� �� 4>�� g�  > #C
�!

1  �07��  �-K #� ��E  B  
��
���    �
��V� --Q/ �  #/�
'��    �  �;�   g-�3	��`;�� Z��1  � ��1 !� !�

-�0�0 .              0@C�9-� =-;�/ 6;V� � A-�3f, BA-�3	�  �3�  3  � 
� s3
, � 
��
��� ���.    s@3
, �� 

 A-�3	� �
��-�, �
�-WC! 45�� ��-C �
�H� 6�� ��#� #���� "% 
� � �0� �0-M5  � 0775

   ?I( 
�  �-C  �a
�f� 6R
(  � "
V� �  -R�� ��1�#��KC0 B "�0�% S�G/ �
X�  `C #K�
, ���C0 .

� ���IK #�C #E
� 45�� 2+3 ��� � ��1 !� �Y� u-� �07��1 6R
( ��� �� �-�F/ �nC� 45�� 

0�
�C #� ��!v rw3 � �-1L �� �07��1 <3�/ �0�[11,17 ,18]  .

      ��-C BA-�3f, �
� s3
, ��  �
�H�      #�
W�
� SD3 �07��1 <3�/ �0�  
�-WC!   � ��� #�

 45�� ��-�, �
�-WC! #�
W�
� � 65( Y� �� "0� �-1L "�0� 45��  � �0� ����� �nC� ^�/

 � �IR B��K #�  �� #@��-C 
�C%  �  VC% 9� B0C�K� ��1 ��� �
�  � 07C��/ #�C 
�-WC! �-C ?I( 


��� �-�F/ B -R�� �0� �
�H� ��-C ^R
G� 6��[16] .

^R�*
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 �� --Q/ �0� �
�H� ��-C 
� "��7H u-�  � 
� 45�� ��-�, �
�-WC! B6;V� �
� �V�

C 4��)�� ���a �� � 0775 #�C #���� �07��1 <3�/ �- 4x�  �!� "
-� #9�;D�� �
��-C

 B
�-WC! "0� ��
, A-�3f, 
� � A-�3	� �V� --Q/ �0��� ��  V7�� 
� � B63� #��( 
�C% S�G/ �

 
�C% ��F/ 0( !� �07��1 �-C 4��)�� 
�  ���� �� � ���� "
MC ��1 !� )#9�;D�� ��-C ( �
X�

0C�K #� 0�0� �
� #K0�� S-3% � #K�
, .

R              U
VF�3� BA-�3	��V;�� Z��1 d�
/ 6;V� � A-�3f, �
� P�1 � 41 �
W�� <��� �I

           � #�
-�-@��
�1
3 -Y
@/ 6@F/ ��@1  @5 4@5�� �@�-�, �
@�-WC! "
@-� #9�;@D�� �
��-C �

0�
D-� B63� 45�� "�-3	��� .f.� �� � 
� s3
, ]�C � �07��1 <3�/ �-C �
�H� 6H3 � 
�� ��

 R�����  W-�C0�
� #� Y�� �
� P�1 � 41 �n� .      !� �@a
( �
@� P�@1 � 4@1 ]�@C �
y� ���

         07�
� #� ��
'�� 9�0V� 
� ����1 A-/
��/� � #�3� ��M�;� .       
@� �
�! ��-C #�3� ��M�;� ��

��K #� �
�H� 45�� � �
�! 6H3 
� =5 �-C A-/
��/� ��M�;� �� � =5 6H3 .

�� 
�  5 0�� #� "
MC 
� #3�� �
� s3
, !�� �
��(� B
�� 4�
5 � �-C �
�H� 6H3 4��)

0�
� #� 4��)�� 
�M5�� �� 6;V� .

 ��1 !�  �� 
� ��.R� rVH � �
� s3
, ]��C� !� #D-5/ B#.E�� <��� �� 2+3 �
�M5�� �M-�

63� 
�C% A-�3	��V;�� Z��1 � #�
-�-� �
�1
3 d�
/ A�� 0a��  5 07�0-� "
MC.

1�2�3�!
� ��"
# $%&' �� ���� 	 �� (%) ��

 �0�  � 0�0-� ��E -Y
/ 6F/ �� 
�C% ��
� ���� B
� 45�� 2+3 ��� � P�1 � 41 �
W��

���� #9�;� �0� �
W�� �
� P�1 � 
� 41 ]�C � �n�R�����  � -Y
/ ��� .
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  5 03� #� hC  � ��� �
9C ��  DR �
� ?
a � 
� 41g-�3f, �
� P�1 B� 6� ����

0�
�C �
W�� 6;`� �
� P�1 � 
� 41 / =h7�
C #307� �V� � )-/ �
�  DR !� ���5 ��
� .

 �
� 41 �
�! �
7�, 
��g-�3f, �
� P�1 ���� 6�� ��� � �/ "
�
�C -Y
/ "% 6;V� ]��C� !� 

���� ��
� .� ��Y� 
� P�1 � 
� 41 !� ]�C ��� =-�/ 6-��
E  5 63� #R
( �� ��� 
� �� 
�C% #'7

0�
�C #� =5 "
�! 6�IK .

                     �
@� P�@1 ?
@a � 6;@V� �
@� P�@1 )@-/ �
@�  DR �� ��C ��
'�� �
M�C� 6�.� ��f.�

       �� � 07�;@� �0�
M@� ��
E #a
1  ���! 6F/  6;V� �
� P�1 � 41  BA-�3f,   @9�� �
@���!

�K #� 0�0,
CC0  . �� �`� )1j5 ( �0� ���� "
MC \�c�  � S�+� ���63� ][1,15.

�`� )1 j5( Y�P�1 �n�R����� B��C �
MC� #9C�VX� g-�3f,  )^R� ( 6;`� �)* (0�
�C --Q/ 0�
� �V�

1�3����� 	 �� �� ��	
�� �� �!%� �
" ����*
� 

                � ��I@, 4@1  � 6��
�� � Y�� ����
, ������ 2+3 �
� 45�� A-�3	��V;�� Z��1

  P�1%  
�C63� .            6H@3 � 
@��  @� B4@5�� ��
�1
@3 � #/�L �
-a��1 � ��fH ��1 6-a
1 ���

���� #9�;� )-C �07��1 <3�/ �-C �
�H� .

)ب()�-,(
:Scratches

Plastic deformation
:Scratches

Only rupture
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     ! 07C
� 45�� #F+3 �
-a��1 �-7b���            )@-C � #�G@3 Bo
V+@a� S�@c � #K0C)QR B�

             4@1  � 6��
�� �0775 ��75 9�� �
�����
,  ��� !� �07��1 o�C #307� �
�GM�    � ��I@, 

07�
� #� P�1.

1�3�1� /�%� ���0�%1�	2	* ��

  A-�@@3	� �
@@� 4@@5��  �@@3� ��  @@� 2+@@3 �
@@� 4@@5�� A-�3	��V;@@�� Z��@@1 @@hC !�

(elastomeric coatings)  ��  M@-�  � (glassy coatings)   0C�@� #@� =-;@�/   .  �
�M@5��

         ��  M-� �
��C� �
�� ����� A-�3	�(Tg)       � <-@F� �
@�� !� ��5             @�  �;@� 
@�C% l@C
� ��0@� 

    
/ A� !� #cH �	
�/�  �-;C��50063� --Q�� �
V3
, 
9�  .    6;@V� 4C@5 
@���H 
�M5�� ���

(failure strain) 6;V� 47/ � ��0� S-//  � B#cH �	
�/�  �-;C�� 4��)�� 
� � 0C��� #�	
� 

0�
� #� 4�
5 
�C% 6;V� 4C5 � 4��)�� .

    � 
� 41 �-VM/ �
��(�       --Q/ � 0�
� #� 'a 
D��/ 
� 45�� ��� �� A-�3f, �
� P�1 

                    ���a �� � 0C�9-�� ��1  -R�� 6R
(  � 
�C% ��DH ! � 0.�  �a
�f� 
� �07��1 !� �a
( �
� �V�

          � 
@� 4@1 �
@W�� � �@�-�, �
�-WC! #K�
, B45�� ��F/ 0( !� 4-�  � �07��1 ��-C 4��)��

     � #.+E  6;V� �
� P�163 .3��-          �	
�/�  �-;C�� � 6;V� 4C5 4��)��  5 0�0-� "
MC 
�

                      @� 6@��
�� 4��)@�� z@H
� B<-F� �
�� ���0F� �� ��  M-� �
��C� �
�� &'( 
� "
�)�� #cH

        ��� #� 
� 45�� ��� ��I, 41 � P�1 .       4@1  � 6��
�� ����� A-�3	� �
�M5�� #�5 ��+�

07�;� ���� �� P�1 � ��I,][19-23. 

                   ��0@� � 07@�
� #� <-F� �
�� !� �M-� ��  M-� �
��C� �
�� ����� ��  M-� �
� 45��

     !�  
�C% lC
�1.3   
/ 7    63� --Q�� �
V3
, 
9-K  .              #@9��X 4�
@5 
@�  @5 0@�� #@� "
MC 
�-3��

(toughness) �
W�� 
�C% �� 6;V� ]�C !� #�
���1 
/0�H B��  M-� �
� 45�� 6;V� �nC� 
� 


