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ABSTRACT 

 

This research aims to study properties of polymer blend between poly(vinyl chloride) 

(PVC) and low-density polyethylene (LDPE) reinforced by rubber-wood sawdust. Two different 

mixing procedures were studied and it was found that using both single-screw extruder and 

then two-roll mill led to greater mechanical properties than using only single-screw extruder. 

The experimental results suggested that as the LDPE contents were increased, the mechanical 

properties of the polymer blend progressively decreased due to poor interfacial adhesion. The 

phase compatibility between PVC and LDPE phase could be improved by three different types 

of compatibilizers which included chlorinated polyethylene (CPE), poly(methyl-methacrylate-co-

butylacrylate) (PA 20) and poly(ethylene-co-methacrylate) (Elvaloy
�

). The PA 20 was found to 

be more suitable compatibilizer for the polymer blends in order to prepare the composites. The 

results from
 13

C-NMR showed that no grafted product of PVC and LDPE was found and 

decomposition temperature (Td) of PVC in the polymer blends of PVC100:LDPE10 increased 

because of a radical transfer reaction of PVC and LDPE during the mixing process. But the Td 

of PVC in the blend decreased with the loading of the PA 20 and the wood sawdust. Scanning 

electron microscopy (SEM) was used to observe the phase morphology of the blends. It was 

found that the better phase dispersion and smaller particle size of LDPE of the polymer blends 

with the PA 20 compatibilizer were obtained. In addition, Tg  of PVC decreased in the 
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PVC/LDPE (100/10) blends with and without the CPE and Elvaloy compatibilizers. When PA 20 

was used, Tg of PVC was very close to that of neat PVC. Besides, tensile and flexural moduli 

of the composites increased as sawdust contents were increased but tensile, flexural and 

impact strengths decreased. Slight improvement in mechanical properties was achieved if PA 

20 was incorporated in the composites. Phase compatibility could be improved by the 

incorporation of Silane A-137, Silane A-1100 or MAPE. The results showed that overall 

mechanical properties of the composites with the use of Silane and/or MAPE were significantly 

increased. Morphological and thermal properties of the composites were also improved with the 

addition of Silane and /or MAPE. 

 

Keywords: polymer blend, composite, mechanical properties 
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J�/

����
����	��	��	
��A		����������
���
		
�$��(NJ������
�	��)��	
����� ��	�
	�!%#��J�/��
��N/�A	

�!
�&'�6����
��	�)����<�2,� 

 ��
���	�!
��#�J�/	���#�
�������
#J�&���+)�� ��� ���������������� (Poly(vinyl chloride), 

PVC) KA
��
�
�(�"
�
�����&'���%�����$���+&	�2�����
 �(#������������������ ��	������
		
�

�"
�
�"
�&'�����%"
�!
�)��T�J�&���+)�� ��#��
��& ����&��	�)J��(#��������+&	�2�����
�"
�&'��/��

�!�%"
���	�)
����!��
��$T���� �A���/�!	
�����
����+��������	���#�
�������
�� ����&'��!
��
)	����


J�	��)��	
���������<�2,��
	 PVC �/�������������&'����*B���
���
	 PVC ��!#�<
���/J�

�����
�	��)��	
����� KA
��"
J�/��)����
�	
#<
������)�������	�$�� PVC �&�!
#��& ��#	
�

��!#�<
����
���
	��
��/���"
J�/�	�� 	������������	��%��!%���
�J�������/
�$�� PVC �!
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����&��	�)$��6
�+����!� ��	�
	�!%	
���!#�<
����	��
�#���"
J�/�	�����6��N����)	�)���6���!
#�J�

������/
������J�/����<�2,��!�!�&�!
#��& ����%"
���	����	+����� �����%��A���	�!	
������
�&���	��

	
���!#�<
����
���
	��
��/��J������
�	��)��	
������/�# 

����
���A
�J�	
�&��)&�+���)���$�����������������/��+�	
����� ��� 	
��"
��/���������

�������� (Wood polymer composite, WPC) ���
��������/6����
��$A%� KA
�����+���������!%�!

��)����!
�"
��- ��� �!��)�������	��!
�! �!��
��$T�����N� ����!�%"
���	�)
���
��&�!#)��!#)	�)����+��
� 

�
�
�(����	������������������/���!#��&'��������� KA
��!��)����!
���
���	�)	
�J�/�
���/ KA
�����

�������������&��	�)�/�#����+������� ��� ��������������	K� (Matrix) ��������������� 

(Reinforcement) �!
��#�J�/ ��� ��/�J#������
��� ���� ��/�J#�
��)�� ��/�J#�	/� �&'��/� �����/�J#

����
�!%�!�
�
��� �A���/�!	
��"
��/�J#�
	6����
�� (Natural fibers) �
J�/��� ���� �
	��/����$!%

���
�# KA
��!$/��!��
#�#�
� ���� �
��
# �
�
(N	 ���#���/��+�	
����� �%"
���	�)
 ��
���
�����
"
 

����"
J�/����
����	��	��	
��A		�������
���
		
�$��(N�����
�	��)��	
����� �
�
�(#��#��
#��/

�
�6����
�� ���#���&'�	
�������+�������%��
	�+��
�	�����/�&��N&��/�!	�/�# 

 ��/�J#6����
���
	��/#
��
�
 (Hevea brasiliensis) �&'���/������A
��!
��
��J��!
���"
�
�"


��/��������������������
���
	&���+)��&����*��#�!	
������	����<�2,��
	��/#
��
�
�&'��"
���

�
	 ����!�����/����
��
	$A%��+	&� ��/#
��
�
�!
�!�
#+ 20-25 &� ��(N	�������"
�$/
�N��+��
�	�����/ 

���
��&��N&�&'������������� ����
������� ����
��J�/ ��#J�&� �.*. 2546 &����*��#�����	����<�2,�

�
	��/#
��
�
����&'��N���
 5,983 �/
�)
� &� �.*. 2547 ���
�$A%��&'� 8,317 �/
�)
� [6] KA
���T���/

��
&���
2��/#
��
�
�!
�!���
�$A%������J�/&���
2$!%���
�#��/#
��
�
������
	$A%��/�# �����%�	
��"
�*B

��/���$!%���
�#�!
������
		
��&��N&�
J�/�&'����(+��)J�	
�������/����������������� ���"
J�/

�
�
�(���
��N���
$���*B����+��/����
�!%�/�# �#�
���	T�!	
�J�/&���#����
	��/�J#6����
�� #���!

$/��"
	��)
�&��	
����
���
	�����/�J#��� ���� ����
��/����/�
"
	��
��/�J#������
��� �!��)����N�K�)

��
���%� ���&�-�
�!
�"
��- ��� ���
��"
	
������/�J#���&J���������������	K� 	
�	���
#���$��

��/�J#���	
�#A����	�)�������������!�� �!	��%���)����/
���
����!#������
��
�
�(J�	
������

����A����� ��#�|�
����
�J�/��������������	K� ���� ���������!� (PE) �������������!� (PP) 

���&�-�
����
�!%�
�
�(�	/�$��/��#	
�J�/�
��N���) (Coupling agents) �
����#��� 

(Compatibilizers) ����	
�&��)�<
������/�J#��#	
����	�
� (Grafting) KA
���6!	
�J�/�
��N���)�&'��!


��#����
���
	����	����"
��/��
# ��#	
�����	J�/�
��N���)�"
���)��))�������������������))J�

��))��A
����/������	�
��N���)�!
�
�
�(�$/
	����/�!��%�	�)�����	K������/�J#��/�!
J�/ �A�&��)&�+���)���

$����������J�/���
���	�)	
�J�/�
��
	#�
�$A%� 

 J��
�����#�!%�A��	!
#�$/��	�)	
����!#� 	
����������
������	
�����)��)�����
� C $����

���������������
� PVC ��� LDPE ��/�	� ��)�������	� ��)����
�	
#<
� ��)����
���
��/�����

��2S
����#
$���������������!
��/ �
	��%�&��)&�+���)���$����������������#J�/�
����#��� 

���
���
	��
�����$/
	��$�� PVC KA
��!��)����!$�%���� LDPE KA
��!��)�������!$�%��"
J�/	
�#A����!
#�

�����
� 2 ��O<
�����! �&'���J�/��)���$���������������!��
�
"
 �����%��"
�&'��/��&��)&�+��/�#�
�
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���#���KA
����"
��/
�!
��/
#�&'����
����
�������
� PVC ��� LDPE �����J�/	
�#A����!
#�

�����
���O<
��!$A%� ��)���$���������������A��N�$A%� ��#J�	
�������!%��/�&�!#)��!#)�
����#��� 

3 ���� ��� �������������������!� (Chlorinated polyethylene, CPE) ������������������
��������

�
���������)������������� (Methyl-methacrylate-co-butylacrylate, PA 20) ��� �������������

�����
������!����������������� (Ethylene and methyl acrylate, Elvaloy) �
	��%��"
������������

�!%�
�����&'�����������#J�/$!%���
�#��/#
��
�
�&'�����+�����������*A	B
��)����!
�"
��-��
�C $��

����������������� ����"
	
�*A	B
�	!
#�	�)	
�&��)&�+���)���$���������������������#J�/�
��N�

��)�K��� (Silane coupling agent) 2 ���� ��� A-137 ��� A-1100 ����
����#��������
����	

�������
#��	�
������������!� (Maleic anhydride-grafted-polyethylene, MAPE) ��� Fusabond 
®
 

MB100D �!��
 MFI 2 g/10 min ���
����#&��)&�+�	
�#A��	
������
���%������/�J#	�)�����	K�J�/�!	
�

#A��	
��!
�!$A%� 

 

1.2  �
�<-*��
���'�������	
� 

1. ���
�*A	B
��6!	
���������������������
�����������������������������!�������
�

��
�����
"
 

2. ���
�*A	B
����
�J�	
�&��)&�+���)���$����������������#J�/�
����#��� 

3. ���
��������������
	�����������������
�����������������������������!�������
�

��
�����
"
��#J�/$!%���
�#��/#
��
�
�&'��
��������� 

4. ���
�*A	B
����
�J�	
�&��)&�+���)���$��������������������!
���!#���/ ��#J�/�
��N�

��) Silane ���/���� �
����#��� MAPE 

5. ���
�*A	B
��)�����
� C $������������������� ���� ��)����
�	
#<
� ��)�������	� 

��)����
���
��/�� �����2S
����#
$��������������������!
������/ 

 

1.3  '���'�'�������	
� 

1. *A	B
��6!	
���������������������
�����������������������������!�������
�

��
�����
"
 ��#J�/����
������!������	�!#�������!
#��������
��������� 2 �N		��%� 

2. *A	B
��)�������	�  ��)����
���
��/��  ���(A���2S
����#
$���������������!


����
���� ����!% PVC:LDPE �&'� 100:10 100:20 100:30 100:40 ��� 100:50 

3. *A	B
	
�&��)&�+���)���$����������������#J�/�
����#���������
�C ��� ����������

���������!� ������������������
���������
���������)������������� ������������

���������
������!����������������� ��#J�/&���
2 15 �&����KT�����#�%"
���	$�� 

LDPE 
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4. *A	B
��)�������	� ��)����
���
��/�� ���(A���2S
����#
$�����������
	���������

����!
J�/$!%���
�#��/#
��
�
�&'��
��������� ��#&���
2$!%���
�#��/#
��
�
�!
*A	B
 ��� 

10 20 30 40 ��� 50 phr 

5. *A	B
(A���	���)$���������&���
2$���
��N���) Silane ����
����#��� MAPE�!
J�/

J�	
�&��)&�+���)���$������������������� 

6. *A	B
(A���$������
���������
��
��N���) Silane ����
����#��� MAPE �!
J�/J�	
�

&��)&�+���)���$������������������� 

 

1.4  ��"#%������	���:�
� 

1. �
�
�(�������������������&��)&�+���)���$����������������#J�/�
����#������
�J�/

�!��)�����#����!$A%� 

2. �
�
�(�������������
	�����������������
� PVC ��� LDPE �!$!%���
�#��/#
��
�
�!


�!��)�����#����!$A%� 

3. �
�
�(J�/&���#����
	$!%���
�#�!
��/�
	�+��
�	���������/������������J�	
���������

��
���	 ���
������&'������������������ 
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�""#% 2 

">BK#!����
���� 

 

2.1 ����������
� [7] 

������������ (Polymer blend) �&'�	
��"
��������� 2 ���������
		��
�
���	�����
��"
J�/

��/����<�2,�J����������
��	/�$��)����!
����!$���������������KA
�����
�
�(J�/�
��������� (Additives) 

J�	
�&��)&�+���)�������
��%���/ ��#J�&���+)���!�N/J�/��
���J��������������
	$A%�����!	
�����

�&'�	
��/
	���#�
�	�/
�$�
� 

��
��!
�/���"
�A�(A�J�	
��"
J�/��/��)����!
�/��	
�$�������������� ��� ��6!	
���� ����
�����

���������J�	
������������� 2 ���� �����
		��
J�/����$/
	����/�! KA
��&'�&����#J�	
���)�+�

��)���$�������������� 

 

       2.1.1  �
�<-*��
���'�����"&�����������
� 

 -     ���
��"
J�/��)����!$A%�����!�
�
(N	�� 

 -     ���
�����
��)���J�/��/�
��!
�/��	
� 

 -     ���
��"
J�/��)�������$������������!��
�N�$A%� 

 -     ���
�&��)&�+�����&��	�)$��	
�����
��!
�N	�/
�/��	
� 

 -     ���
�	
��"
	��)�
J�/J���J�	��)��	
��+��
�	��� ���� 	
��"
�*B��
���	��
#C 

���� 	��)�
$A%��N&J��� 

J�	
�����	����������!
���"
�
����/���"
�A�(A�$/��!���$/���!#$�����������������������
�J�/

�&'�$/��N�J�	
�&��)&�+���)���J�/��/�
��!
�/��	
� ���
���
	���������������A
��/������#$/���!#$��

����������!	������A
� 

 

�����"#% 2.1 $/��!���$/���!#$����������� [8] 

&���<� ��
�#�� $/��! $/���!# 

Polyamide PA �!��
��$T����	����	�N�   �	��	
���!#�N&�
	��
�

�/����/��
# 

Polycarbonate PC �!��
����!#��!
�+2�<N���
"
 

�����	
���!#�N&�
	��
�

�/�� 

 

������������"
���
#���

�
����! 
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�����"#% 2.1 (���) 

&���<� ��
�

#�� 

$/��! $/���!# 

Polyoxymethylene POM ��
��$T�����A����       

���+����N� 

�����������	����	���

�	��	
���	��	��/��
# 

poly(ethylene terephthalate) 

poly(butylene terephthalate) 

PET 

PBT 

������
����
#���

�
����!��/�! 

	
�������N������
�

���!#��
"
�!
�+2�<N���
"
 

High impact polystyrene HIPS ��
��$T����	����	�N� ��!#�N&�
	��
��/����/��
# 

Acrylonitrile butadiene 

styrene copolymer 

ABS ��
��$T����	����	�N� 

������<
������


�
	
*��/�! 

��!#�N&�
	��
��/����/��
# 

Poly(vinyl chloride) PVC ��
��
�
�(J�	
�

��������N� 

�&�
� ��	��	��
# 

Polyethylene PE ��
��
�
�(J�	
�#��

����N� ���������"


���
#����
����! 

 

Polyphenylene ether PPE �����	
���!#�N&�
	

��
��/�� �!��
��$T��N�

��
��
�
�(J�	
�

��������N� 

��
��$T����	����	�
"
 

 

 2.1.2  �&�	&��
�������#%���
�����������
� [9] 

 -  ������������ ��� ����������!
��/�
		
�������������������������������#�
��/�# 2 ����

$A%��&  

 -  �������������!
�$/
	����/�!�!��O<
���!#� (Miscible polymer blend) ��� �������������&'�

���%���!#�	���&��(A�����)����	+�KA
��!�����
������$��	
���� (Free energy of mixing,  �Gm)       

�Gm � 0 

 -  �������������!
����$/
	���!��
#��O<
� (Immiscible polymer blend) ��� �������������!
�!  

�Gm �  0 

 -  �������������!
�!��
��$/
	����/ (Compatible polymer blend) ��� �������������!
���

�&'���O<
���!#�����!	
�#A���������
���������� (Interfacial adhesion) $���������������!��#���

�"
�A�(A������
������$��	
���� 
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 -   	��)��	
�����&�������������J�/�$/
	����/ (Compatibilization) ��� ��6!�!
J�/J�	
����

�&���������������
�����������!
����&'���O<
���!#���#	
�����������������������
�����&���%����

���
�J�/	
�#A���������
����������$���������������!$A%� 

 -  �
����#��� (Compatibilizer) ��� ��������������������������KA
�J�/J�	
�����J����������

����!
����&'���O<
���!#� ���
�����&���%����������$���������������"
J�/��)���$���������������!

$A%� 

 

2.1.3 ����
����<E����������':��
���:!������
����<E�����
��':��
���: [7] 

 ��
��
�
�(J�	
����
#�$/
	����/����)����	+� (Miscibility) J��
�����������
��	�� ��� 

���
��	��$A%����"
J�/�	����))��O<
���!
#����%���!#� (Homogeneous single-phase system) �!��)����#N�

�����
���������� 2 ���� �����#��
��&���&'��������	�)��
��$/�$/�$����������� ������%�C 

����&��	�)�!
�!�����	!
#�$/��	�)��
��
�
�(J�	
����
#�$/
	����/����)����	+� (Molecular 

miscibility) ��/�	�  

- �%"
���	����	+��
"
 

- ��
��&'���A	KA
��!��
���
	�)*N�#� 

- ��
��!$�%���/
#	�� 

- ���6�������������	�� 

��
��
�
�(J�	
�����$/
	����/ (Compatibility) ����&'���)���J��
�&O�)���$�����������

���)
������!
�$/
	����/J�����)����	+�����!&���#�������
�	
��/
 �#�
���	T�
���))���������

�������J�-�J��
�	
��/
�&'���))�!
�$/
	�������/J�����)����	+� (Immisible) ����#	��	�&'���))

��
#��O<
� (Multi-phase system) �"
J�/�	��	
�&��)&�+���))������
�J�/�������O<
��	��	
�#A�

�	
�	���!$A%�KA
��&'�	
������)����!
�!$���������O<
�����	���&'���
����+�$����)�����%�����!
���

�
�
�(��/�
	��)���$�������������!#�������!#� 

 

2.1.4  

�L����"��'������������
� [10] 

��#��
��&��2S
����#
$���������������! 3 �)) KA
�J�/��
��
�
�(J�	
��$/
��/$������

���������&'����	�	2,�J�	
��"
��	 �������J��N&�!
 2.1 J��N&�!
 2.1 (	) ������2S
����#
$����

�����������!
�$/
	����/�!�!��O<
���!#��&��(A�����)����	+� (Miscible) ��	B2�$����2S
����#
��/
#

	�)��������������))����� (Random copolymer) 	
��!
�������������
�
�(�$/
	����/�!���
���
�
	

	
��	�������	���#
 (Interaction) �����
���N����	����$����������� A ������������ B �N&�!
 2.1 ($) 

������2S
����#
$���������������!
����$/
	���!��
#��O<
� (Immiscible) KA
��&'��))�!
�)�
	J�

������������ ��%��!%���
���
	&����#��%�S
���
� C ���� ��
�����$�������������������� ��)�����
�

�!$�%� ��)���	
����
# ��	�
	�!%#���!��2S
����#
�))�!
�$/
	����/�!)
���������#	��O<
�	���#�
�

������ (Partially miscible) �������J��N&�!
 2.1 (�) 
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��*"#% 2.1 ��2S
����#
$�������������������
� ��������� A (_____) ��� ��������� B 

            (----------) ��# (	) miscible ($) immiscible ��� (�) partially miscible [9] 

  

��2S
����#
$���������������!���6��������)���$����������������#�|�
���)�������	� 

�
	��2S
����#
J��N&�!
 2.1 ($) ��� (�) 	
�	���
#������	
�#A���������
���������� (Interfacial 

adhesion) $������������������! �"
J�/�	����#�"
��������
���O<
� KA
��"
J�/��)�������	��
"
 �����%�

J�	
����������������
�J�/��/��)����
��!
�/��	
� �"
�&'��/����
)��
��
�
�(J�	
��$/
	��$����

���������������� �������#�
�������������J��N&�!
 2.2 

 

(�) (�) 

(�) 
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��*"#% 2.2 ��
��
�
�(J�	
��$/
	����/$�������������� 1 = �!�
	 2 = �! 3 = �
��$/
	����/ 

            ���$A%��#N�	�)����&��	�)��� 4 = ����! [11] 

 

�
	�N&�!
 2.2 ����T���/��
����������������J�-��$/
	����/����! �����%��"
�&'��/���!��6!	
�J�

	
�&��)&�+���)���$���������������!
����$/
	���!��
#��O<
�J�/�!	
�#A���������
�����������!$A%� 

 

2.1.5 ����������
�!*�����������
�E�:�':��
���: [8, 10] 

	
������
����#����&'���6!	
���A
�J�	
�&��)&�+���)���$�������������� KA
��!���"
J�/ 

- ����A���� (Interfacial tension) $��������������������!��
���� �"
J�/	���
#���

J���O<
���/�!$A%� 

- ���
�	
�#A���� (Adhesion) �����
���������� �"
J�/	
�(�
#����
���/� (Stress 

transfer) �	����/�!$A%� 

��#�
����#����
��&'������������������)���	�������	�
� KA
��
�
�(���	KA���
��$/
�&

J���O<
�$�������������� ���J��N&�!
 2.3 �����������������!
�����
����#��� ��#J��N&�!
 2.3 (	) 

�&'���������������)))���	 ���J��N&�!
 2.3 ($) �&'���������������))���	�
� KA
�������	���/��
����

�����������%� 2 �))�!%���!������/
�������	�)��������������#�����!
������ A �����	KA���
��&J�

�����������������!
�&'���������� A ��������!
������ B �����	KA���
��&J������������������!
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�&'���������� B �
	��6!	
��!%�&'�	
�&��)&�+�	
�#A���������
���������� (Interfacial adhesion) �"
J�/

��)�������	�$���������������!$A%� 

 

 
 

��*"#% 2.3 �����������������
� A ��� B �!
�����
����#����)) (	) ��������������)))���	                        

  ��� ($) ��������������))���	�
� [10] 

 

J�	
�����	����������������
��"
��/
�!
�&'��
����#����/���"
�A�(A�&����#$���%"
���	����	+�

J����������$��������������� ��� (/
�!�%"
���	����	+��
"
 ��
�#
�$���
#�K���%� �"
J�/	
����	KA�

��
��&J���������������/�/�# �����J�/	
�#A���������
�����������
"
 ���(/
�%"
���	����	+��N��
	

�	���&�"
J�/�
#�K�����
���!
��/#
	 	
����	KA���
��$/
�&J��������������
"
������!#�	�� KA
�����#�
�

$���
����#����!
J�/J������������� ����J��
�
��!
 2.2 

 

 

 

 

 

 

 

 

 

 

(�) (�) 
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�����"#% 2.2 ����������������
����#���J��
�	
��/
 [11-12] 

�"
��) ������������ �
����#��� ����#�
���������/
 

1 PA6/PE PE-g-MAH or  

E-MAA (Zn) 
Fusabond� E 

Surlyn� 1652 

2 PA6/PP PP-g-MAH Fusabond� P 

3 PBT/PP E-BA-GMA Elvaloy� PTW 

4 PBT/PA E-BA-GMA Elvaloy� PTW 

5 PET/Polyolefin E-BA-GMA Elvaloy� PTW 

6 PC/ABS E-Acrylate Elvaloy� AC ��� Elvaloy� 

PTW 

7 PC/PBT E-Acrylate Elvaloy� AC 

 

2.2 �����
��  

�������� (Composite) ��
#(A� ����+�!
&��	�)�/�#����&��	�)������� (�����
		��
) �!


��	��
�	���#�
���T���/��� (Distinct components) �#N��/�#	�� ����!��)�����	��
�	���#�
������� 

���
�����&'�����������/����!��
��$T�����
		��
���������&��	�)#��# ����+����������������

��������������!��)����!
�!��
#&��	
� �!
�"
��-�!
�+� ��� �!��
��$T�����N� ����!�%"
���	�)
 ���
�

�&�!#)��!#)	�)����+��
�C ���� ���� &���+)���A��!	
�J�/�
�����+���������&'�������/
������)���

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

��������#���!��)����!
	�/
� ���
���
	�!����������
#�N&�)) ��� $A%��#N�	�)����&��	�)$������+

�������� �����%��A��
�
�(����	J�/����+��������J�/���
���	�)�
������&���<���/  

  

2.2.1  ����*�������
�'�������
�� [13] 

  ��������&��	�)�/�# 2 ����&��	�)���	 ��� 

       2.2.1.1 
����
���!�� 

 ������������ (Reinforced part) ��� �����!
�&'�������/
��!
J�/��
��$T�����	�����+�������� 

��
#(A� �&'�������)������	$������+�������� ����+�!
�&'����������������!��
��$T����������+���

�N�  ��#�!
��	B2�$���������������!��
#�)) ����#�
����� �������������))���� �))�&'�	/�� 

�������!
�!$�
���T	 ����!
��#�J�/�
	�!
�+� ��� �������������))��/�J# (Fiber) ������
�C ���� ��/�J#

�	/� (Glass fibers) ��/�J#�
��)�� (Carbon fiber) ��/�J#����
�� (Kevlar  fiber) ��� �
��&'���/�J#

#
� (Long fibers) ������/�J#��%� (Short fibers) ��	�
	�!%�
��&'���/�J#���	�������� (Weaves) J�/

�!������/
��))��
�C 
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       2.2.1.2 ��"���N� 

�����	K� (Matrix) ��� �����!
#A��������������$/
�/�#	��J�/�#N�J��"
��������	
���!#�����!


	"
��� ��	�!��
��$T����������+����/�#	��
������������ �����	K��&'�����&��	�)�!
�!��
�

������
�� (Continuous phase) ���"
��/
�!
�&'����	�
�(�
#������!
��/��) (Load transfer medium) 

�&�N������������� ��	�
	�!%�����	K����"
��/
�!
&	&����������������
		
���!#�<
����
���
	

��
�����/�� ���� �+2�<N�� ��
���%� �&'��/� 

 ����+�����	K��!
J�/J�	
���������+���������!�
	�
#��
#��������!��)�����
	��
# KA
��
�

�)������$������+�����	K���/ 3 ���� ��� ��������� ��������K�
��	�� 

 ��������������	K��!
��#�J�/J��������� ��� ���������&���<���������K� (Thermosets) 

���
���
	J�/�
���%��/��%"
���	����	+��
"
�!��
������
"
 �
�
�(���	�)������������$A%��N&��/��
# 

����#�
���������K��!
��#�J�/ ��/�	� ����	K!��K�� (Epoxy resins) ������������� (Vinyl esters) �}��

��	 (Phenolics) ������������ (Polyimides) ���
��
		
�J�/��������� (Monomers) ���� �����	����� 

(Oligomers) �!
�!��
#��N����	���� �"
J�/�	��&O�	���#
���
�����	���/�#���6����
������	���&'����������

������/
���
����
����� KA
�����
�
�(���������"
	��)�
$A%��N&J�����/ ������������������������

��
���	J�/�&'������	K��"
���)���������/�#	��
 ��/��
���!��/���/�	
�&��#+	���&'����������
	

$A%� ���
���
	�!��)�������	��!
�/�#	��
 ���+2�<N���
"
	��
 ����!$/��! ��� �
�
�($A%��N&��/��
#���%� 

 	
�J�/����+�����&'������	K��"
���)����������#�J�/	�)��/�J#�����&'������������� KA
��!

��
��$T�����N�����!$/��"
	�� ��� �%"
���	$������+�N� ����#�
������	K������!
��#�J�/ ��� ���N����!#� 

(Aluminium) ���
��!#� (Titanium) ��	�!�K!#� (Magnesium) ��������� (Copper) KA
�	
�J�/����

����K�
��	���&'������	K���#�J�/	�)���������!
J�/�
��+2�<N���N����������
����!  

 

2.2.2  ���!���$���'�������
�� 

�
�
�(�)������+����������/��
#�)) ���� �)���
���	B2�$�������������� KA
��
�
�(

�)������$������������/����!% 

 1. ���������))��/�J# (Fibrous composites) ��� ���������!
�!�������������&'���/�J# 

(Fibers) �
��&'���/�J##
� (Long fibers) ������/�J#��%� (Short fibers) ��	�&'���/�J#$�
���T	 �!

��
��$T����������+����N� �"
J�/���������!��
��$T�����
����	
���!#����$����/�J#�N�	��
���

��
� C 

 2. ���������))���������
����� (Larminar composites) ��� ���������!
&��	�)�/�#��%�

��������$������+�!
#A����	���/�#������
�������	K� �!��	B2��&'���%� C ��/
#����&��	) �����&'�

������/
���/
#����A%� 

 3. ���������))�&'�	/�� (Particulate composites) ��� ���������!
�!�������������&'���T� 

(Beads) ���� (Flake) ������ (Powder) �!
�!$�
���T	 

��	�
	�!%�
�
�(�)������$������������/�
���	B2�	
��	��$���������� ����!% 
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 1. ���������
	6����
�� (Natural composites) ��� ����+���������!
�	��$A%�����
�

6����
�� ���� ��/�&'���������$����/�J#�K��N��� (Cellulose) �&'������������� ��#�!�
��"
��	

��	��� (Lignin) �&'������	K�#A��K��N�����/�/�#	�� ����	���N	�������&'���������$����A	�$T����

���!#� ���� �����	K!��&
���� (Hydroxyapatite) �#N�J������	K�$���
������!#����!#�����
��� 

(Collagen) �&'��/� 

 2. ���������
		
�������
��� (Synthetic composites) ��� ����+���������!
��/�
		
�

������
��� ���� ��
���	�������� ����+���)���	�
� �&'��/� 

 

�����"#% 2.3 $/��!���$/���!#$������������������� [13-14] 

$/��! $/���!# 

1.    ���#���%"
���	$������+ 

2. �!��)�������%"
���	�N� ���� ��
�

�$T��������%"
���	 

3. �
�
�(�"
J�/�!��)����$T�����|�
�

J���*�
��!
�/��	
���/ 

4. �!�
#+	
�J�/�
��
� �/
��
�	
��A	

	���� 

�
�
�(���
���������)���	
��"


��
��/�����	
��"
����
     

1. ���(+��)�������
�����J�	
�$A%��N& 

     ���������!�
�
�N� 

2. �!��)���J����$�
�$��	
������!#�

���$���������������
"
 

3. �!��)����/
���
����!#��
"
 

4. �!����!#	�)��
�����/�����
������!
�&'�

�����	K��	��	
���!#�<
� 

5. #
	J�	
���� (Attaching) �������
��

���	�)����+��
� 

6. #
	J�	
����������
�����)���$��

�������� 

 

2.2.3 ���*���-���E$:��������
�� [13] 

J�	
�&��#+	��J�/�
�����+�������� ��%��������	
���	�))�N&��
����������/
�$�������

����
�
�(&��#+	����/	�)	
�J�/�
�J��+��
�	�����
� C ���� �+��
�	���#
�#��� (Automotive) 

����
��)�� (Aircraft) #
���	
* (Aerospacecraft) �+&	�2�	!�
 (Sporting goods) �
�
��!
 2.4 ����

����#�
�	
�J�/�
�$����������J��+��
�	�����
�C 	
��!
�!	
�J�/�
������������������+��
�C 

�������� ���
���
	�!�%"
���	�)
 ����<�2,����������!��%������/�#��%�����/��	
�	
�&��	�)�
	 

�
�
�($A%��N&��%��
��!
�!�N&��
�K�)K/����/ 
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�����"#% 2.4 ����#�
�	
�J�/�
�����+�������� [13] 

�-�
������ �
���������E$:��� 

����
��)�� &���N  &�	  J)���  �
�����  �������
�� 

#
���	
* 	����#��	
*  �(
�!��	
* 

#
�#��� ���(�� ����&��	�)����
��#��� 	���� 

���� ���(������  �
���
 

���! �������
����! (���	T) 

�+&	�2�	����/
� �
����  &���N ������������ ���� �	/
�!% )���� 

�+&	�2�����
 �����������
  	��������������� 

 

2.3 �
:�E���: [15] 

              ��/�&'�����+6����
���!
�!��
��"
��-�
	 ���
���
	�
�
�(�"
�&�&'����%������J�	
�

&��	�)�
�
� 	
��������%"
 	
��"
������������ 	
���/
�)/
�  ��	�
	�!%�/���/#���&'�������%"
�!	

�/�# 

 J��
�	
��/
�)����/�&'� 2 ���� ��� ��/���%����� (Softwoods) �����/���%��$T� (Hardwoods) 

��#�
*�#���
	
��
��5	B*
�����&'��
	S
�J�	
��)������!% 

- ��/���%����� �&'���/�!
��/�
	�/���/��	�� Coniferae �!
�!��	B2�J)��!#���T	 (Needle 

leaves) ���!�N&��	B2��&'��N&���	��# (Cone) ��/���%���������!�����!
�&'�����"
��!#��%"


J�������/
�$�����%��#�
�  

- ��/���%��$T� �&'���/�!
��/�
	�/���/�!
�!J)	�/
�����!����"
��!#��%"
�������#N�J�������/
�$��

���%��#�
���� ����#�
���/���%��$T� ���� ��/��T� ��/��	  

����&��	�)�
����!$����/���%����������/���%��$T���	��
�	��J��/
�&���
2$������&��	�)

�
����!�!
�!�#N�J����%���/ �������J��
�
��!
 2.5 
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�����"#% 2.5 ����&��	�)��
�C $����/���%����������/���%��$T� [16] 

����$����/  ( % $���%"
���	)  

�
#����!#� ��/���%����� ��/���%��$T� 

����&��	�)�
����! (��/��/�) 

�K��N��� 

�����K�N��� 

��	��� 

 

43-61 

28-32 

29-37 

 

43-64 

15-35 

22-35 

	
������
���6
�+ (��/��/�) 

H 

C 

O 

S 

N 

$!%�(/
 

 

6.1 

53.0 

38.3 

- 

0.1 

1.7 

 

6.2 

51.0 

39.0 

- 

0.2 

2.5 

 

2.3.1 ����*�����'���
:�E���: [16] 

 ����&��	�)�!
�"
��-$����/�J#��/ �
�
	�����!
�&'���������������!#� ��#�! 2 ������/
����	�!


�"
��- ��� �
���)������ 65-75% ��� ��	��� 18-35% ����!�����!
�&'��
��	�������!#���
�C 

��	�
	�!% �!�����!
�&'��
�������!#�&���
2  4-10% 

 

       2.3.1.1 �N�����
 

 �K��N����&'�����&��	�)���	J����%���/�!
�!�#N�&���
2 40- 50 % �)�#N�J������K��� (Cell 

wall) $����/ �K��N�������&'� 	�N������������ (Glucan polymer) �!
&��	�)�/�#�
#�K����$�� 1,4-

�-bonded anhydroglucose unit ���������$���K��N��� ��� 	�N���KA
��!�N�����! C6H12O6  

 

 
 

��*"#% 2.4 ������/
�$���K��N��� [16] 
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       2.3.1.2  �O���N�����
 

�����K��N����&'�����&��	�)J����%���/KA
��!�#N�  25-35% ������/
�$�������K��N���

&��	�)�/�#�����K	�
������/
#	�)�K��N��� ����!�����!
��	��
� ��� �����K��N��� &��	�)�/�#

�%"
�
�����	+���!
#���
#���� ���� 	�N��� ������  	
��	��� �K��� ��
)���� 	��	�N�N����

	���	��	
��	�N����	 J�$2��!
�K��N���&��	�)�/�#����	+�	�N���������!#��&'�����J�-� 

 

 
 

��*"#% 2.5 ������/
�$������������!
�)J������K��N��� [17] 

 

2.3.1.3 ������ 

 ��	����"
��/
�!
�������&'�	
��!
���##A��	
��K��N�����������K��N����$/
��/�/�#	�� 

������/
�$����	���&��	�)�/�#�
������
��	��������
��	�#N����	�� KA
��!�%"
���	����	+��N�����!
�!

&���
2��	����#N��
	���!��
��$T�����N� 
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��*"#% 2.6 ������/
�$�����������J���	��� [16] 

 

 
 

��*"#% 2.7 ������/
�$����	���J���/���%����� [18] 
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       2.3.1.4  
�����"�#���)%�Q 

�
������!#�KA
��
�
�(�	����/�/�# �%"
 ���� ���	����� ���� ��	K� ����
��#�� �&��!� ����

��	 ��	��� 	
� ��K�� �	����K�� �
�����
�!%�"
��/
�!
�������&'����	�
�J�	��)��	
����
)���KA�

$���/���/ �"
��/
�!
�	T)���������
� ����"
��/
�!
����/
��+�����!#� 

 

      2.3.1.5 
������"�#��  

�
�������!#��!
�!J����%���/ ���� ����K!#������ ������K!#�����������	�!�K!#������ 

 

2.3.2 ��:������� [19-21] 

$!%���
�#�!
J�/�&'��
����������"
���)�
�����#�!%�&'��*B��/�!
������
	�+��
�	���	
�������/���

�!
�"
�
	��/���%�����������/#
��
�
 (Hevea   brasiliensis) 

 

 ��:�������"#%E$:E������	
��#( 

 ��
��
��5	B*
���� Hevea   brasiliensis 

 ��*�   Enphorbiaceae 

 ��	B2��!
�	��  �!(�
�	"
�����#N�J���!&�����	
 J�&����*��#&�N	�
	�
�<
� 

J �/  < 
 � � � �� � � � 	  � � � J � &� � �+ )� � $ # 
 # ��% � �!
 & �N 	 �N� < 
 �    

�������	�|!#������ 

��	B2���
��&$����/ #
��
�
�&'���/#���/�&���<����%����� ���
�����T��!
�!��
��N�

&���
2 25-30 ���� �&���	��	�!�!����$/
���%"
  J�/�&���	�!�!���N

�&��(A��!��������!�������� �&���	��
&���
2 6.5- 15.0 

��������� �/������!�&���	)
�	��
�/��	� 

��	B2�������/
�$�����%���/  ���
���
�"
�/��
�$�
�����T��&'���%�C �#�
�������  ��%�J��+�

�&'����%���/����$/
��$T���!#	��
�	� (Central axis) (����	�
�&'����%�

��/ (Wood ���� Xylem) ��%��#�
�����- (Cambium) �&���	���� (Soft 

blark) KA
��!����"
��!#��
�
� �&���	�$T� (Hard bark) �#�
��&���	 

(Cork cambium) ����&���	��/� (Cork) �
��"
��) �����
��&���	

��������&���	�$T��!����%"
#
� (Latex vessels) �&'��"
����
	 

 

2.4 
�������� (Coupling agent) [13] 

���
��
�������������/�J#������!#�(N	�"
J�/	���
#����#N�J������	K�����������!
�&'��
������!#�

�"
J�/��#��������
���O<
� (Interface) �������� ���
���
	��
���	��
�$�����+��� ���&�����6�;	
�

$#
#����
���
��/�� ��
��!$�%� 	
��A��N��
����! �����
��������
����!�A��"
J�/�	��&�-�
J��
�

&O�)����
	�
# ����!% 
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  1. 	
�	���
#��� (Dispersion) $���
���������!
�&'�$���$T�J������	K�$������ �"
��/#
	

�"
J�/����
	
�	���
#����/
�� �����	
�	���
#����!
���+� �A��!�������)���$������<�2,��+��/
# 

 2. ��
��$T���� (Strength) ����& ���
���
	��
���������������#��� 

 3. ��
����
�������	����	 (Impact Strength) ���
"
���#�
��
	���
��	����
�������

��������#��� 

 4. ��)�
���
��/�� (Thermal Cycling) �"
J�/�	����
�����$/
	�� (Mismatch) �����
�

��+<
�$���
�������!#��!
�!	
�$#
#����
���
��/���
"
	�)��������������	K��!
�!	
�$#
#����
�

��
��/���N��"
J�/�	����
��/��������)����2��#��� 

 5. 	
�J�/�! (Pigmentation) �"
J�/�	��	
��#	������	
�	���
#���$����+<
��!
�!�!���������

��/�#�
����
��� 

6. ��
���%� (Humidity) �����J�/�	����
���	��
������
�	
�$#
#������	
������$�� 2 

��><
� �	����
�������
�����������#���J������!
�!��
���%� ��#��
���%����$/
�
�
���#����"
J�/

�	����
�����������	����
��/�����J��!
�+� 

�/�#���+����%���� �A��	����
���	��
��!
��T���/��������#��������
��������������
��������

�"
J�/�	��&�-�
$A%��
	�
#  ���&�-�
����
�!%���	/�$��/��#	
�J�/�
��N���) (Coupling agents) ���
�

���#J�/�
������������$/
	����/�!	�)��������� ����+���������!
�!�+2<
��N��"
�&'��!
�/�������)

��
����!#������
���O<
���#�!���#A������
���� 	
�&��)�<
���%�����/�#�
��N���)�!
���
��� ��

�����������	���"
�
����!���	
#<
�	�)��������� �
��N���)������
� C �!
��#�J�/���� �
��N���) 

Silane (Silane coupling agents) ����&'��
��N���)�!
��#�J�/	���
�
� KA
��!�N��������/
���
��&����N&�!
 

2.8 

 

R-(CH2)n-Si-X3

Hydrolyzable 
   GroupsSilicon

 atom

Linker
Organofunctional
       Group

 
 

��*"#% 2.8 ������/
�$���
��N���) Silane [7] 

 

������/
�$���
��N���) Silane &��	�)�/�#K������ (Si) �&'��+�*N�#�	�
�$������	+���#��

��)	�)��N�$���
������!#� (R) ���� ��N������ ��N������� ��N�������� ��N������&��� �����N�����	K! 

�&'��/� ��#���"
��/
�!
#A����	�)�����	K���������� ���J�����$����N�������!#� (X) ���� ����	K! ����

����	K!���
�
�(#A����	�)�
�������!#� ��������N&�!
 2.9 
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��*"#% 2.9 	
��	��&O�	���#
$���
��N���) Silane [22] 

 

��N�������!#� (X) ��(N	�������K��/�#�%"
	�
#�&'���N��K����� (Silanol, –O-Si) ��#���"


&O�	���#
	�)�����/
$���
�������� ����
��N���)����	���&'����6������
��
��������	�)�
��N���) 

$2��!
�
������!#� (R) �	��&O�	���#
	�)�����	K�$�����������&���<��
������!#��/�#���6����
����� 

���/����	
���/
�������
������
���#�<
#J�������/
� (Interpenetrating networks) &O�	���#
	
�

���
���#������
� Silane 	�)��N������	K��$����/�J#�K��N�����%������
���
��
�
�(J�	
�#A��	
�

	��	�)��������������	K� KA
�	
�����	J�/�
��N���) Silane �
�
�(��	�))���6��
������!#� (R)  J�/

���
���	�)�����	K�����������!
��	��
�	���& ���� ��N������ ��N�����	K! ��N����!� ��N��������&��� 

�&'��/� �/�#���+�!%�
�������� �
��N���) ��������	K���������� ��%�����A�	�
#�&'�����	+����
�����

$�
�J�-���A
�����	+� ��#�����	K!�K��� (Alkoxy silanes, R-Si-OH) ���	�����6�	�)��N������	K�

�)���%������/�J# ��������N&�!
 2.10 
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��*"#% 2.10 	��		
��	��&O�	���#
$���
��N���) Silane [23] 

 

�����	K!�K����	����
�&O�	���#
�������K�� �"
J�/�	����N������	K��J�������/
�����
�
�(

�	��&O�	���#
	
���)�������	�)��N������	K��$����/�J#�K��N�����/����	+��%"
�&'� �����#��/KA
���

�	�����6����
�����$A%� ��	�
	�!%&O�	���#
�����
���N��K����� (Silanols,  Si-OH) 	�)��N������	K�

�$����/�J#��/�#���	��������/
������K�����K� (Polysiloxane structure, (RSi-(OR
/
)n) $A%��/�# KA
�

������/
��!%�����
���#������
���/�J#	�)���������J�/�
�
�(#A��	
�����$/
	����/�!#�
�$A%���
���� 

��	�
	�!%������/
�$���
��N���) Silane �
�
�(�)���
��"
������6���N� ������!#� (X) ��/

�&'� 4 �)) ��� Monoalkoxysilane Dialkoxysilane Trialkoxysilane ��� Dipodal Silane ��������N&�!
 

2.11 
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��*"#% 2.11 ������/
�$���
��N���) Silane ��#�)���
���N�������!#� (X) [24] 

 

���#���
�
�(�)���
��
������!#� (R) ��/�!	��
#�)) ����#�
�����N&�!
 2.12 

&���#����!
��/��)�
		
�J�/�
��N���) 

1.  	
�&���	����/�J# ���
�&���	����/�J#�	/��
		
�$!�$�������"
J�/�����������
�������	�� 

����
�
�(J�/����J�	��)��	
���
���	����������/ 

2.  	
�	���
#����#N�J����+��!$A%� ���#�"
J�/�	����)����!
���
�����%��
�	�����
���� 

J�$2��!
��+<
�������/�J#�������/��!&���#����
		��
����!
����&'�	/��J�-� 

3.  ��
������
"
 J���))��%��
����
#������������&'����
�
		
�J�/�
��N���)��%���%� ��#

�
���
�
��N���)�������)��+<
�$���
�������!#���#���N�����J�/�	��	
��A��N��
�������	�����
��

�+<
��A��"
J�/�	��	
�����
���!
�#�
������J���))$�������!
�����/ 

4.  	
��A		����$������)) ����&'�&�-�
�!
�"
��-��#�|�
�J����������
���	�!
�!��/�J#�	/�

������%� J�$2��!
�������"
���
#)
�)��B��)�	��
	
�)"
)����%���� &���	����/�J#�	/������$T���/ ���

�
	�+&	�2�J�	��)��	
�$�������!
	��	���� ��/�!	
��
#�
���
���/�������%��
�$������)))��#

	��
	��)��	
�����������!
J�/�������� 

5.  ��
��$T����$����
���	����������/�J#������%��
�J�/�
��N���)�
�&��)&�+���/J�)
�	�2!

�
�����!�������!���/�#�
	 	
�J�/��/�J#������%����
�&��)&�+���
����
�������	����	�
��!

&���#���J�)
�	�2!���J�)
�	�2!�
��"
J�/�	��	
���	�&�
���/J��/
���!#�	����
��/
��
����

��)�
���
��/�� (Thermal cycling) �
����!����������!���
		
�J�/ �
��N���)��#��
���	��
��!


�	��$A%��!%$A%��#N�	�)���! 	��)��	
� �������&���
� C �!
#�������
)�A��/���!	
�*A	B
�/�#��
�

��������������/�#��
�������J��������))����& 
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��*"#% 2.12 ������/
�$���
��N���) Silane ��#�)���
��
������!#� (R) [24] 

 

2.5 
��$����
� (Compatibilizer) [25-26]  

 	
������
����#����&'���6!	
���A
�J�	
�&��)&�+���)�����
� C $�������������� KA
��!��J�/ 

� ����A���� (Interfacial tensuion) $��������������������!��
���� �"
J�/	
�	���
#

���J���O<
��!$A%� 

� ���
����#A���� (Adhesion) �����
���������� �"
J�/	
�(�
#����
���/� (Stress 

transfer)  �	����/�!$A%� 

� ���#����
��A�����!
��%���������
������O<
� �"
J�/�������������!��2S
����#
�!


��(!#�$2���
�	��)��	
��&��N& 

 

��#�
����#����
��&'������������������)�T�	����	�
��� KA
��
�
�(���	KA���
��$/
�&

J���O<
�$�������������� �"
J�/��)�������	�$���������������!$A%� J�	
�����	����������������
�
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�"
��/
�!
�&'��
����#����/���"
�A�(A��%"
���	����	+�J����������$��������������� ��� (/
�!�%"
���	

����	+��
"
 ��
�#
�$���
#�K���%� �"
J�/	
����	KA���
��&J���������������/�/�# �����J�/	
�#A�

��������
�����������
"
 ���(/
�%"
���	����	+��N��
	�	���& �"
J�/�
#�K�����
���!
��/#
	 	
����	KA�

��
��&J�������������	T�
"
������!#�	�� J��
�����#�!%J�/ �
����	�������
#��	�
������������!� 

(Maleic anhydride grafted Polyethylene : MAPE) ������/
�����N&�!
 2.13 �&'��
����#��� ������

���!��&'���A
�J�����������!
��#�J�/	���#�
�������
# ������
���
	�&'�����������!
����!$�%������J�/���
�

�"
	
����	�)����+��
��!
�!$�%� ��	�!��)����/
����#A����!
#������
���%��������! ����
�
�(�!
���"
	
�

�	/�$��/��#	
������
��!	������A
����&���
����
���)���	
��$/
	����/ 

 �
����	�������
#��	�
������������!��&'�	
����	�
����������!�KA
��&'�����������!
��(!#�

��/� KA
����"
J�/��)����
����!�����}��	�� (Physical chemisca) �!$A%� ��#	
����
���
��&'�$�%�$������

�����!���#�"
J�/��
��&'�)�	���
�$A%� �����
��
�
�(J�	
�#A�������
�$A%� �)��
�������
#���&'�

�����!
�	��	
����
���#� �	��	
��&�!
#��&���
����! ���
���
��
�
�(J�	
��/
��
���
��/�� ���

���
���
��
�
�(J�	
��$/
	����/	�)�����������
� �����%��
�������� (Additive) ��/�&'��#�
��! 	
�

�"
�
���������N&�!
 2.14 

 

 

O
C

C

O

O

CH2

C
H

C

  PE chain 

��*"#% 2.13 ������/
�$�����������!�	�
����
����	�������
#�� [27] 

 

 
 

��*"#% 2.14 	
��"
�
�$�����������!�	�
����
����	�������
#�� [27] 
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����������&��*E$: 

(	) �
����
#J��%"
 (Aqueous solution) 

�&'���6!�!
J�/	����
��&��#�"
�
�����������	�)�%"
�&'�$������$/���/������
��N���)J�$2��!


�������K��&'���N��K����� (Silanol) ��#���"
&O�	���#
	�)���$���
������������
��N���)�	���&'�

���6������
��
�������� �
��N���) �����������������	��K������ ����
	��%�����!
�!�
���������#N���

(N	�"
J�/	���
#���J���������� 

($) 	
������/� (Dry blending) 

�&'���6!�!
�"
��#�"
�
���������
���	�)�
��N���)��/��#��� ��#�!
���$���
����������/� 

����&'��������!
�"
��/#
	�
	 

(�) &O�	���#
�!
�	��$A%�<
#J� (In situ reaction) 

	
��"
�����!%�&'�	
�����
J�/��
# ��#J�$�%����	
�&��)&�+���%����KA
��&'�$�%�������*B���/��

J�/�
������������
��N���)	���
#����#N�J���������������	K� ��#�
��N���)������
���!
�&#�����$��

�
������������"
&O�	���#
	���#�
����
������)����2��#��� KA
��"
�&'��/��J�/�
��N���)�������*B 

����/���!�!$�%����	
�&��)&�+�	��� (pre-treating) 	
��"
�&J�/J��
�	
��/
#������&'��!
�N/��	�
	��	 

 

2.6 �����	
�"#%��#%��':�� 

Fang  Z. ����2� [3] ��/*A	B
	
��&�!
#��&����2S
����#
$�������������������
� 

LDPE ��� PVC ���
�J���
����#��� (Compatibilizer) ����
����#	
�	���
#��� (Dispersant) ��#

J�/����
����J�	
���� LDPE/PVC ���
	�) 70/30 ���J�/���������� ���������!� (Chlorinated 

Polyethylene (CPE)) �&'��
����#������#
�)�������!� (Butadiene rubber (BR)) �&'��
����#

	���
#�����#J�/����
����J�	
���� LDPE/PVC/CPE ���� BR ���
	�) 70/30/7.5 ���J�/����
�����

��))&}� HBI 90 Hakke Rheocord �+2�<N��J�	
���� 160
0
C KA
�J�	
�������!%��/�&�!#)��!#)��

$����
���T���)J�	
���������	B2��
���2S
����#
 �)��
�������������!
J�/��
���T���)�N� 

(150 ��)/�
�!) �!$�
���+<
�$����������������T	�� �&'���J�/�!	
�	���
#����!	��
���
�J�/

��
���T���) 50 ��)/�
�! ��	�
	�!%#���)��
���
�J�� CPE ��� BR J������������� �"
J�/	
�

	���
#���$���������������!$A%���#�|�
� CPE �"
J�/$�
�$������������������� ��� ���
��!	
�

����
���T���)J�	
��������+<
���T	C ���	��)�
������	���!	 KA
���
��
		
����� BR ���
���

��
���T���)J�	
�������)��
 �	��	
�������$����+<
���T	C �"
J�/	
�	���
#���$�����������

������� 

Xu C. ����2� [4] ��/*A	B
	
�	���
#������	
��	��	
����
���#�$��������������

�����
� PVC ��� LDPE ��#J�/ BR �&'��
����#	���
#��� ������������&�����	�K�� (Dicumyl 

peroxide, DCP) �&'���������
�&O�	���#
��+�N���������
�J�/�	��	
����
���#������
� PVC ��� LDPE KA
�

J�	
�������!%��/�&�!#)��!#)��)�������	�$�������������������
� PVC/LDPE ���
��!	
����� BR 

��� DCP ����J�������A
���!#��#�
���!#� �)��
��
��
��$T�����A� (Tensile strength) ����/�#��
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��A�#�� 2 �+�$
� (%Elongation at break) �!��
�
"
	��
�������������!
�!	
�������%� BR ��� DCP 

���
�������)��2S
����#
$���������������/�#	�/���+����*������T	�����))����	�
� (Scanning 

electron microscope) �)��
�������������!
���� BR ��!#��#�
���!#��!	
�	���
#$����O<
��!$A%�

���
��&�!#)��!#)	�)�������������!
�����/���� BR ����	
����� DCP ��!#��#�
���!#� �)��
�!	
�#A�

�	
������
���%����$�������������� ���	
�	���
#���$����O<
�����!���
��&�!#)��!#)	�)	
����� 

BR ������
��!	
�������%� BR ��� DCP �)��
 	
�	���
#$����O<
��!$A%�����!	
�#A��	
������
�

��%����$��������������KA
�������6�	�)��)�������	��!
��/ 

Ma G. ����2� [28] ��/*A	B
	���
#��� 	
����
���#� ���&�
	O	
�2�	
���	��) 

(Entrapping phenomenon) �!
�	��$A%�J������������������
� PVC ��� LDPE KA
��! DCP �&'����

�����
�&O�	���#
��+�N������ ����!#
�����!�)�������!� (SBR) �"
��/
�!
�&'��
����#	���
#��� ��#

��� PVC ����
����������/�#����
�������������N		��%� (Two-roll mill)  J�/�+2�<N��J�	
���� 145-

160 	C �&'����
 5 �
�! �
	��%����� LDPE ��� SBR ���J�/�$/
	����/��A����� DCP �������&�!	 5 

�
�!   �
	��% �$A% ��N&�/ �#�� 6!	
�	����  �" 
��% ��
��!
 ��/�
���
#�/ �# �����������N �
� 

(Tetrahydrofuran, THF) ���
��	�� PVC ��	�
	������������ ��/��"
�����!
������
		
��	���&

�����
����/�#�����������
�����&	�����	&� (FTIR) �
		
�*A	B
�)��
���
�J�/����
����$������

���������&'� PVC/LDPE (100/10) ��� PVC/LDPE/DCP (100/10/1) �)��
���
��"
�����!
������
	

	
��	���&�����
����/�#������ FTIR  ����)�!	�!
�"
����� 1426 cm
-1 

 ��� 1256 cm
-1 

 KA
��&'��!	�!


)��)�	��
�&'�$�� PVC ������
����	��	
����
���#�	�������
� PVC ��� LDPE ������
�J�/����
���� 

PVC/LDPE/DCP (50/50/1) ��� PVC/LDPE/DCP (10/100/1) &�
	O��
����
�
�(�	�� PVC ��	

�
	�������������/�# THF ��/��%���� ������
�	��&�
	O	
�2�	
���	��)$�� PVC �/�# LDPE 

���
���
	 LDPE �	��	
����
���#��&'���
�����#�! DCP �&'���������
�&O�	���#
��+�N������ ����)��
 

��
��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
� $���������������!
�!	
���� DCP ��� SBR �!

��
�N�$A%����
���
	�!	
����
���#�$�� LDPE ����!	
�	���
#��O<
��!
�!��#������)��/�
	��2S
�

���#
$����������������#J�/	�/���+����*���))��� (Optical microscope) 

Fang Z. ����2� [1] ��/*A	B
���6���$������
����$����
�����$�������������������
� 

PVC ��� PE �!
�!�������2S
����#
$�������������� ��#��/������������J�����
���� PVC/PE 

(50/50) �/�#����
�������))&}� HBI 90 Hakke Rheocord ���$A%��N&��#	��)��	
����$A%��N& J�

�����
�	
������/�&�!#)��!#)��
���T���)�!
 30 50 ��� 100 rpm ���
�*A	B
����
����$����
�

���� �
		
�*A	B
�)��
 ���
�J�/��
���T���) 50 rpm ����
����$����
����� PVC/PE  �!��


J	�/��!#� 1 �
	�!
�+� ��� �!��
 0.99 �"
���)	
�J�/��
���T���) 30 ��� 100 rpm �!��
����
������
�

���� 0.82 ��� 1.13 �
��"
��) ����
		
�*A	B
��)�������	� �)��
�!
����
������
�����J	�/��!#� 

1 J�/��)����/
��
�����A� ����/�#��	
��A�#�� 2 �+�$
��N��+� ���
���
	��2S
����#
$�����������

����!��
�������
��	����%������O<
� ����J�	�2!�!
J�/��
���T���) 30 rpm �)��
�! PE �&'���O<
�

������
���"
J�/�!��)����/
��
����	����	�N��+� 
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Sombatsompop N. ����2� [2] ��/*A	B
	
��	��	
����	�
������
� LDPE ��� PVC  KA
�

�	��$A%������
�	��)��	
����$�������������%� 2 �����!% ��#J�/������ Gel permeation 

chromatography (GPC) ��� Solid-State 
13

C-NMR &���
2 LDPE �!
J�/J�	
�*A	B
 ��� 0-16.7 

�&����KT�����#�%"
���	 ���J�/����
����������	�!#������N�J�	
���� �+2�<N��J�	
���� 140 150 

160  ��*
�K��K!#� �
		
�������)�/�#������ GPC �)��
 
Mw $�� PVC �!��
���
�$A%����
�

&���
2 LDPE ���
�$A%� ��#�!��
�N��+��!
&���
2 LDPE ���
	�) 13.0 �&����KT�����#�%"
���	 ��#�!
 Mn 

�!��
����&�!
#��&�� KA
��6�)
#��/��
 Macroradical $�� PVC ��� LDPE �!
�	��$A%������
�	��)��	
�

���KA
��!��
��/���������|����	��	
����	�� (Cross-recombination) �A��"
J�/ Mw $�� PVC �!��


�N�$A%� ���
�������)������/
�$����������������!#)	�)������/
�$�� PVC ��� LDPE  ��#J�/

������ Solid-State 
 13

C-NMR �)��
J� PVC �����!	�!
 57.3 ppm KA
���
#(A�������/
�$�� –

CHCl- ��� 46.2 ppm ����(A� –CH2- J�����$�� LDPE �)�!	�!
 32.5 ppm ����(A� –CH3- ����J�

�������������)�!	���
��
	J� PVC ��� LDPE �!
�"
����� 26 ��� 22 ppm KA
��&'��&��/��
�&'�

�"
�����$���
��)��������!
�#N�J�������/
�$�� LDPE �!
���	�
��#N�)�������/
�$�� PVC ��	�
	�!%

	
�������)��#J�/��)���	
����
#$�� PVC J� THF �)��
J������������� PVC ����
�
�(

���
#��/��� �
	$/��N��!%�&'�	
����)��+���
�	��	
����	�
������
������������� 2 �����!% 

Marcovich N. E. ����2� [29] ��/*A	B
��)����
���
��/�������)�������	�$�����������

�������������
����������!�������
���
�����
"
�))��/���� (Linear Low Density Polyethylene, 

LLDPE) �������/ ���
��������	
��	�&�����	�K�� KA
�J�/ 2,5-dimethyl 2,5-diterbuthyl-

peroxyhexane (DBPH)) ��� �
����	�������
#�� (Maleic anhydride (MA)) ��#J�/����
������!�

�����	�!#������N� �+2�<N��J�	
���� 180 190 180 220 ��*
�K��K!#� ���$A%��N&��#	
����$A%��N& 

(Compression molding) J�/�+2�<N�� 140 ��*
�K��K!#� �&'����
 20 �
�! �
		
�������)��
�

�&'���A	�)��
 ���
����� DBPH ��� MA ��
��
��&'���A	$�� LLDPE ���� ���
���
	�	��&O�	���#


�����
� LLDPE ��� MA  ���
��!�&�����	�K���&'���������
�&O�	���#
��+�N�������	���&'� �
�����������

�����!� (Maleated PE) KA
��&'�	
��)	��	
��	����A	$�� LLDPE ������
��������/��
��
��&'���A	

�N�$A%� ���
���
	����/�"
����&'��
�	����A	 (Nucleating agent) ������
����� MA ��� DBPH ��
��
�

�&'���A	�������
���
	����������������/#A��	
�	����/�!$A%��A��&'�	
��)	��	
�����
���!
$���
#�K� 

LLDPE J�	
��	��A	 ������)�������	�$�����������)��
���
����� MA ��� DBPH ��)�������	�

�!	��
���
������|�
� DBPH ���
���
	�&'�	
�&��)&�+�	
�#A��	
������
���%���� (Interfacial 

adhesion) $������������������/ ������)����
���
��/�����
�������)�/�#������ Derivative 

thermogravimetry (DTG) �)��
�+2�<N��	
���!#�<
�$�� LLDPE �!
�!	
����� MA ��� DBPH ���� 

��� 482 ��� 479 ��*
�K��K!#� ���
��&�!#)��!#)	�) LLDPE KA
��!�+2�<N��	
���!#�<
����
	�) 484 

��*
�K��K!#� ����J����������!	
���!#�<
��
���
��/�� 3 $�%������#J� 2 $�%������	�&'�	
�

��!#�<
�$������/����$�%��!
 3 �&'�$�� LLDPE 
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Rozman H. D. ����2� [30] ��/*A	B
��)�������	�$������������������������
�������

���!�������
���
�����N� (High-Density Polyethylene, HDPE) �����/#
��
�
 ��#�&�!#)��!#)

�����
�	
�J�/����/�����/�J#��/J�	
��"
�������� &���
2��/�!
J�/J�	
�*A	B
 ��� 20 30 ��� 40 % 

��	�
	�!%��/&��)&�+���)�������	�$���������� ��#	
�J�/�
��N���) (Coupling agent) KA
���/�!	
�

�&�!#)��!#)�
��N���) 2 ���� �����
� 3-(Trimethoxysilyl) propyl methacrylate (TPM) ��� 3-

Aminopropyltriethoxysilane (APE) &���
2�!
J�/J�	
�*A	B
 ��� 1 3 ��� 5% ��#�&�!#)��!#)	�)

&���
2����/�!
J�/  �
	��	
�������)��
��)�������	�$�����������!
J�/����/�����/�J#��/�!��
��

�+���	
���	��	 (Modulus of rupture) ������+���	
��A�#�� (Tensile modulus) �!
�N�$A%����
�&���
2

��/�
	$A%� ����)��
���������!
��/�
	����/J�/��
�!
�N�	��
	
�J�/��/�J#��/ ���
���
	����/�
�
�(

	���
#���J������	K���/�!	��
��/�J#KA
���	�	��	
��������&'������/�J#�!
�!$�
�J�-� �"
J�/	���
#���

J������	K���/����! ������
��
��$T����	����	 (Impact strength) ��
��
��$T�����A�����/�#��	
�

�A�#�� 2 �+�$
� �!��
�����&'��"
��) ���
���������/������/�J#��/J�&���
2�!
�
	$A%� �
	��	
�

��������
������
��N���)�)��
 ���������!
J�/ TPM �&'��
��N���)�!��
���+���	
��A�#���
"
�� ����!

�/�#��	
��A�#�� 2 �+�$
��N�$A%� ��%�J����������
	����/�����/�J#��/ �������������!
J�/ APE �&'�

�
��N���) �)��
 ���������!
�"
�
	����/�!��
��
��$T�����A�������+���	
��A�#���N�$A%� �"
���)

��
��$T����	����	�!��
�������
��!&���
2����/������/�J#�
	$A%�������
�J�/ TPM �&'��
��N���)J�       

���������!
�"
�
	��/�J#��/�)��
��
��
��$T����	����	�!��
�N�$A%� 

Liao B. ����2� [31] ��/*A	B
���6���$��	
�&��)&�+���/�J#��/�!
�!�������)�������	�$����

��������������������
� LLDPE �����/�J#��/������ (Aspen fiber) ��#J�/�
��N���)���
��� 

(Titanate coupling agent ) 2 ���� ��� TC-PBT ��� TC-POT (�!������/
���
�	���!
��N� R ��� TC-

PBT �! C4 Chain alkyl ��� TC-POT �! C8 – C10 Chain alkyl) ���	
����	�
��/�#�������������� 

(Acrylonitrile) ����
�����J�	
���� LLDPE ��� ��/�J#��/ ��� ����
��������� 2 �N		��%� �+2�<N��J�

	
���� ��� 160 ��*
�K��K!#� �&'����
 10 �
�! ���$A%��N&��#	
����$A%��N&J�/�+2�<N�� 170 ��*


�K��K!#� �&'����
 10 �
�! ��	
�����)��)�������	��)��
 	
�&��)&�+���/�J#��/��%�	
�J�/�
��N�

��)���	
����	�
� (Grafting) J�/��
��
��$T�����A� �/�#��	
��A�#�� �!
�!	��
	
����&��)&�+���/�J#��/ 

��#�|�
�	
�&��)&�+���/�J#��/�/�#	
����	�
��/�#�������������� J�/��)�������	��!
�!	��
 ���
���
	

	
����	�
��&'�	
��"
J�/������/
��!
�&'���A	 (Crystalline) $����/�!��
�����	���&'����2S
� 

(Amorphous) �
	$A%� �"
J�/�	��	
��	
����	�) LLDPE ��/�!$A%� 

Zhang F. ����2� [32] ��/�"
	
�*A	B
�5��	���	
��	��A	 ���	
���������$������

��������������
����������!����	�
��/�#�
����	�������
#�� (MAPE) ����������������
� MAPE 

�����/�J#�K��N��� �
		
������
��� MAPE �/�#������ DSC �)��
�+2�<N��	
�������������

���
�&���
2 MA ���
�$A%� ����J�����������/*A	B
 PE �!
���	�
��/�#�
����	�������
#�� (MAPE) 

������������!��!
�����/���	�
��/�#�
����	�������
#�� (UPE) �&'������	K� ��#J�/&���
2��/�J# 5 15 

30 ��� 60 �&����KT�����#�%"
���	 �
	������ DSC �)��
J��������������
� UPE �����/�J#

�K��N����!�5��	���	
��	��A	���	
�����������A	�&�!
#��&����T	�/�#���
�&���
2��/�J#
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�K��N������
�$A%� �����������������
� MAPE ��� ��/�J#�K��N����!�+2�<N��	
��	��A	�����#�
�

��T���/������
�J�/&���
2��/�J#�K��N��� 5 % ����+2�<N�������������#C ���� ��%��!%���
���
		
�

�	�������	���#
 (Interaction) �����
� MAPE �����/�J#�K��N��� �"
J�/	
�����
���!
$���
#�K� PE 

����
���!
��/#
	$A%� 

Canche -Escamilla G. ����2� [33] ��/*A	B
��)�������	�$����/�J#�K��N����!
���	�
��/�#

��������
������ (Methyl methacrylate, (MMA)) ���)������������� (Butyl acrylate, (BA)) 

��	�
	�!%��/*A	B
��)�������	�$���������������
� PVC �����/�J#�!
�����/&��)&�+���%���� ���

&��)&�+���%�����/�#	
����	�
�	�)������������
������ (Poly(methyl methacrylate), PMMA) ��� ��

��)������������� (Poly(butyl acrylate), PBA) ��#�����/�J#�K��N�������
�&��	�) PVC J�

����
�������))&}� Brabender torque rheometer  �+2�<N��J�	
���� 160 ��*
�K��K!#� ���$A%�

�N&�/�#��6!	
����$A%��N&��#J�/�+2�<N�� 160 ��*
�K��K!#� �
		
�*A	B
�)��
 ���
����
�&���
2 

PMMA ��� PBA  J�	
����	�
�)���/�J#�!��J�/���+���#���#+�� (Modulus of elasticity) �����
�

�$T�����A�$����/�J#���� ���
���
	��
��&'���A	 (Crystallinity) $����/�J#�K��N��������
		
����

	�
��/�# PMMA ����!�����!
�&'����2S
�$�� PMMA �	
��#N�)���%����$����/�J#�K��N��� �"
���)

��)�������	�$������������������������
��
�&��	�) PVC �����/�J#�K��N��� ��#J�/&���
2��/�

J# 5 10 15 20 25 ��� 30 % �)��
��
���+���#���#+���N�$A%��
�&���
2$����/�J#�!
���
�$A%� ������

������!
����/�#��/�J#�!
���	�
��/�# PMMA J�/��
�N��+� �����
��$T�����A��������
�&���
2$����/�J#

���
�$A%���(A�&���
2��/�J# 15 % ���
����
�&���
2��/�J#�&'� 30 % ���������!
����/�#��/�J#�!
���	�
�

�/�# PMMA J�/��
��
��$T�����A��N�$A%�����N�	��
���������!
����/�#��/�J#�!
�����/��
�	
�&��)&�+�

��%���� ����!
&��)&�+���%�����/�# PBA ��%��!%���
���
	 PMMA ��� PVC �!��
��
�
�(J�	
��$/
	�� 

(Compatibility) ��/�! 

Sombatsompop N. ����2� [34] ��/*A	B
���)�� (Torque) J�	
���� ��)����/
�����A� 

���	����	 �����)����/
���
��/��$���������������
� PVC ��� $!%���
�#��#J�/�
��N���)�K���

������
� C ��� N-2(aminoethyl)-3-aminopropylenemethy dimethoxysilane (KBM602), N-2 

(aminoethyl) -3-aminopropyltrimethoxysilane (KBM603) N-2 (aminoethyl) -3-

aminopropyltriethoxysilane (KBE603) ��6!	
���������
��
	&��)&�+���%����$��$!%���
�#��#J�/�
��N�

��)�K������������&���
2�!
J�/ 0–2 �&����KT�����#�%"
���	$��$!%���
�# �
	��%����$!%���
�#����!�!K!

���&
���J�����
�����������
���T��N��&'����
 5 �
�! ����������/�#����
����������	�!#�����

�N� �+2�<N���!
J�/ 165 175 175 185 ��*
�K��K!#� ��
���T���) 40 rpm ��#J�	
�������!%*A	B


&���
2$!%���
�#�!
 9.1 �&����KT�����#�%"
���	 ��� 41.2 �&����KT�����#�%"
���	 �
	��	
�������)��
 

���)��J�	
������������$��$!%���
�#�!
&��)&�+���%�����/�#�K��� �!��
�N�	��
���������!
J�/$!%���
�#�!


�����/&��)&�+���%���� ������)���!��
���
�$A%����
�&���
2�K������
�$A%� ��#���
�$A%��#�
�������J����

������!
J�/$!%���
�# 41.2 �&����KT�����#�%"
���	 ���)���!
���
�$A%�������
�	�������	���#
�����
���%����

$��$!%���
�#����K��� ��)����/
���
��$T�����A�������+���$�����������!��
�N�$A%����
�&���
2�K

������
�$A%� ��#�!��
�N��+�J����� 0.5 – 1 �&����KT�����#�%"
���	 ��#���������!
J�/�K������� KBM 
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603 J�/��)����/
�����A��N��!
�+� ��$���K��������)����/
���
��$T����	����	�)��
 KBE 603 J�/

��)������	����	�N��+��!
&���
2 1.5 �&����KT�����#�%"
���	 �"
���)��)����
���
��/��$�� PVC J�

�������� ���
�&���
2�K������
�$A%� �+2�<N��	
���
#���$�� PVC ����&�!
#��&�� �
	��	
�

�����������
������/
����&���
2$���K����!
��
�	���!�������)�������	�$���������� 

	��BS
 ���	+������ [35] ��/�"
	
�*A	B
�	!
#�	�)��)���$������������!���#J�/$!%���
�#�
	��/

��T���	�&'��
�����������#J�/�
��N���) Silane ���� A-172 (Vinyl-tris-(2-methoxyethoxy) silane) 

����
����	�������
#��	�
�������������!� (MAPP) ���
�&��)&�+���
��$/
	����/���	
�#A��	
�

	��$�������	K���������������� �)��
 �
��N���)��%� 2 ���� ���#�"
J�/��
��
��$T�����A������
�

�$T������/���$�������������
�$A%� ���	
�J�/�
��N���) Silane J�/��)�������	��N�	��
	
�J�/ MAPP 

�"
���)	
�J�/�
��N���)��%������������	�����#&��)&�+���)����/
���/����!	��
	
�J�/�
��N���)����

��!#���	�
	�!%	
�J�/�
��N���)����!
����
���� MAPP:Silane ���
	�) 1:1 ���
����!
�+� ������2S
�

���#
$�����������
		
�J�/	�/���+����*�����T	�����))����	�
� (SEM) ����J�/��T���
	
�J�/

�
��N���)�
�
�(&��)&�+����#A����!
#������
���O<
���%�����!
��	��
�	����/ 

Fernanda M.B. ����2� [36] ��/*A	B
��$��	
�&��)&�+���%����$����/�J#��/�!
��/�
	�#�
���/

$���/��� (Aspen) �!
�!�����)�������	�$���������������
���/�J#��	�)�����	K��!
�&'�����������!�

���� MAPP ��	�
	�!%#��*A	B
�<
���!
���
����!
J�/J�	
�������
����!#���
���	����������#�"


	
���� PP �����/�J#���!
�+2�<N����
� C ��� 170 180 ��� 190 ��*
�K��K!#� �&'����
 10 ��� 

15 �
�! ��
���T���) 60 ��)����
�! �"
	
�&��)&�+���%����$����/�J#��/�/�#�
��N���) Silane ��#�!

����$���
��N���) Silane &���
2�
��N���) Silane ���	��)��	
������))���%����$�������	K�$�� 

PP ���� MAPP �!
��	��
�	�� �
	��	
�������)��
�+2�<N��������
J�	
�����!
���
��� ��� 

180  ��*
�K��K!#���� 10 �
�! �
��"
��) J�$2��!
	
�&��)&�+��<
������/�J#��/�/�#�
��N���) 

Silane  ���� A-172 J�&���
2 4% ��#�%"
���	 �!
�����)�/�# MAPP 2 % w/v ���&���
2��/�J#��/�!
 

10 % w/w J�/��
��
��$T�����A� ��
���+��� �����
��
����
����	
���/����N��!
�+� 

Rajeev K. ����2� [37] ��/*A	B
�������������
����K�����	����������!������/�J#&�

	����
 (Kenaf fiber)��#J�/  MAPP �&'��
����#���J�����
������!��))�	�!#������N����|!�$A%��N&

��%��
� ��	�
	�!%#��*A	B
���������!
&��)&�+���%������/�J#�/�#�
����
# Amino-ethyl-amino-

propyltirmethoxysilane J��%"
�������)��)�������	���
� C �
	���
�����#�)��
���
����
�&���
2 

MAPP 2-5 %�"
J�/��
��)����/
�����A������)����/
���/������
�$A%������
��$T����	����	�����
�

���!#� (Toughness) ���� ��	�
	�!%��)�����
� C $�����������!
&��)&�+���%�����/�# Silane �!


&���
2��/�J#���
	���&�!#)��!#)	�)	
�J�/ MAPP ��%� �)��
	
�J�/ Silane J�/��
��)����/
�����A� 

��)����/
���/��� �����
��$T����	����	�N�	��
	
�J�/ MAPP 

Balasuriya P.W. ����2� [38] ��/*A	B
(A���6!	
�&��)&�+���%����$���������������
� 

HDPE ����*B��/ (Wood flakes) �/�#�
����	�������
#�� (MA) ���J�����
������!��))�	�!#�

�����N� (Twin-screw extruder) ��� Silane (N-(4-vinylbenzyl)-N
/
-(3-trimethoxysilypropyl-
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ethyl)enediamine, CVBS) �
		
������
����/�#����
�� DSC ��� FTIR  �
�
�(�)������/
��!
�	��

�
	 HDPE ��� Silane ���	�
��/�#��/�J#��/�!
�"
�������&	���� 1111 ��� 1032 cm
-1
 �&'�������/
�

$�������K����K� ����)�!	�!
�"
����� 1865, 1786, 1795-1775 �&'���N��������
#�� ��	�
	�!%�!


�"
����� 1305 ��� 1220 cm
-1
 $�� C-O Stretching $�� Cyclic anhydride KA
����#���
���
��
�
�(

J�	
��$/
	����/�����
���/�J#��/��� PE �
	��$����)�������	�������
���������!
&��)&�+���%����

�/�# Silane ��� MA ��%��
�
�(&��)&�+���
��$T�����A� ��
����!#������
��$T����	����	�))

��K�� ��#�)��
	
�&��)&�+���%�����/�# MA 1-2 % ��#�%"
���	$!%���
�# ��� Silane 1-3 % ��#

�%"
���	$!%���
�#J�/��)�������	��!
���
����!
�+� 

Miller A.C. ��� Berg J.C. [39] ��/*A	B
(A���$���
��N���) Silane �!
�����))���T��N�K�)�!


�&'��	/��!
�!	
�#A����	�)��������������	K� ��� Polyvinylbutyral ��#�����T��	/��!
&��)&�+�����/�# 

Silane ��)���������� KA
� Silane �)���&'����� ���������	K!�K��� (Monoalkoxy silane) �������	

K!�K��� (Dialkoxy silane) �����������	K!�K��� (Trialkoxy silane) �
	 	
�����)�)��
�������

��	K!�K����!��)���	
�#A�����!
�������������
"
�!
�+� �"
J�/�!��)�����������	����	�
"
�+� J�$2��!


�������	K!�K��������������	K!�K��� �!	
�#A�����!
�$T�����
	$A%��
��"
��) ���
���
	�!���6��!


�$T���������
���O<
�$����%�����	/�	�)��������������	K��
	$A%� 

Pickering K.L. ����2� [40] ��/*A	B
(A���$���
��N���) Silane �!
�!����������������
�

��/�J#�/���	�) PE KA
��
��N���) Silane �!
J�/��� �	��
-�������������������	K!�K��� (�-
Aminopropyltrimethoxy silane) KA
��"
��/
�!
&��)&�+���%����$����/�J# ��#�&�!#)��!#)��/�J#�!


&��)&�+��/�# 2 % NaOH 	�����/��A�&��)&�+��/�# Silane 	�)��/�J#�!
&��)&�+��/�# Silane �#�
���!#� 

�
	��$�� X-ray photoelectron spectroscopy ���  NMR �!
J�/*A	B
��	B2�$����/�J#�)��
 ��/�J#

�!
&��)&�+��/�# Silane �#�
���!#�J�/��)�������	��
"
	��
 J�$2��!
��/�J#�!
&��)&�+��/�# NaOH 	���J�/

��)�������	��!
�!	��
 ���
���
	 NaOH ���#�"
J�/�	��	
����
��������6���/�!	��
 

Abu-Sharkh B.F. ��� Hamid H. [41] ��/*A	B
��)�������	������
���������<
��
	
*

$������+�������������
���/�J#�
	&
���	�) PP ��#J�/�
����	�������
#�� �&'��
����#��� ���

J�/ Tinuvin �&'��
����
���(!#�<
��
���
��/��&���
2 0.5 % ��#�%"
���		
�����"
��#J�/����
��

����!������	�!#�������!
#� ��#����&'� 3 �N�� ��� �N���!
 1 J�/ PP 	�) Tinuvin �N���!
 2 �!	
�����

��/�J#&
��� 29 % ��#�%"
���	 ���
��
	�N���!
 1 ����N���!
 3 �!	
������
����#��� 6 % ��#�%"
���	 

���
��
	�N���!
 2 ���$A%��N&�/�#����
��|!���
���	 ����"
�&����)��)�������	������
��������

�<
��
	
* �)��
 �N���!
 2 �!
�!	
�������/�J#�!��
���������<
��
	
*�
		��
�N���!
 1 �!
����!

	
�������/�J#����
		��
�N���!
 3 �!
�!	
������
����#��� ���J��N���!
 3 �!
�!	
������
����#���J�/

��)�������	��!
�!	��
���
���
	�	��	
�#A��	
������
���/�J#	�) PP ��/�!	��
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�""#% 3 

����&����������	
� 

 

3.1 
�����#"#%E$:E������	
� 

1. ���������������� (Poly(vinyl chloride)) : B0401 CLA �
	)��B�� ��#��
���	���

���!<�2,� �"
	�� ��
�� KA
� PVC Compound �!
J�/J�	
�����&��	�)�/�#�
�����������
#���� 

����!% 

 

�����"#% 3.1 ����&��	�)$�� PVC Compound* 

����&��	�) &���
2 (phr) 

Suspension PVC grade K 66 100 

Tetrabasic lead sulfate 1.2 

Calcium  stearate 1.2 

Polyethylene wax 0.1 

CaCO3 4 

* $/��N��
	)��B���N/���� 

 

2. ���������!�������
���
�����
"
 (Low density polyethylene) : LD1905F  �
	)��B�� 

��#���������!� �"
	�� �!��)�������!% 

 

�����"#% 3.2 ��)���$�����������!�������
���
�����
"
 * 

��)�����
��& ����# LD1905F Test method 

����
	
���� (Melt flow rate) g/10 min 5.0 ASTM D  1238 

��
���
���� (Density) g/cm
3
 0.919 ASTM D  1505 

��
��$T�����A� 2 �+�$
� (Tensile 

strength at break) 

kg/cm
2 

MD:210 

TD:170 

ASTM D  638 

	
��A�#�� 2 �+�$
� (Elongation at 

break) 

% MD:200 

TD:720 

ASTM D  638 

���+�����/��� (Flexural modulus) kg/cm
2
 2,100 ASTM D  790 
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�����"#% 3.2 (���) 

��)�����
��& ����# LD1905F Test method 

��
��$T������/
 (Hardness) - 46 ASTM D  2240 

�+��������� (Melting point) 	C 110 ASTM D  2117 

* $/��N��
	)��B���N/���� 

** MD ��
#(A� Machine  direction ��� TD ��
#(A� Transverse direction 

3. �������������������!� (Chlorinated polyethylene, CPE) �
	 )��B�� ���!���! �"
	�� �!��)�������!% 

 

�����"#% 3.3 ��)���$���������������������!� (CPE 135A)* 

��)�����
��& ����# CPE 135A Test method 

&���
2����!� (Chlorine content) % 35 Q/WYX003-2002 

��
��/��J�	
����� (Heat of fusion) J/g 0.6 Q/WYX003-2002 

��
���
���� (Bulk density) g/cm
3
 0.58 GB/3402-1994 

��
��$T������/
 (Shore hardness A) - 56 GB/T531-1999 

��
������N��!
 (Mooney Viscosity  

ML(1+4) 125 
0
C 

- 98 GB/T3232-1992 

��
��$T�����A� (Tensile strength) MPa 10 GB/T328-1998 

	
��A�#�� 2 �+�$
� (Elongation at 

break) 

% 850 GB/T528-1998 

* $/��N��
	)��B���N/���� 

4. ������������������
� ��������
���������)������������� (Methyl-methacrylate-co-

butylacrylate) : PA 20 $��)��B�� Kaneka Corporation �"
	��  

 

�����"#% 3.4 ��)���$��������������������
���������
���������)������������� (PA 20)* 

��)�����
��& PA  20 Test method 

��
�(����"
��
��!
�) (Apparent specific gravity ) 0.42 – 0.52 JIS K6721 

	
�	���
#$�
���+<
� (Particle size distribution  

% )  
0 (� 1000 

�m) 

Wet sieve method 

��
������"
��
� (Specific viscosity ,� sp) 0.84 – 1.15 200 mg material in 50 ml 

toluene 

��(!#�<
��
���
��/�� (Thermal stability) Equal to STD Geer’s Oven (190	C) 

* $/��N��
	)��B���N/���� 
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5. ������������������
������!����������������� (Ethylene and methyl acrylate) : 

Elvaloy� 1125 AC �
	)��B�� ���!���������� �"
	�� �!��)�������!% 

 

�����"#% 3.5 ��)�����
��&$��������������������
������!����������������� (Elvaloy
�

 1125 AC)* 

��)�����
��& ����# Elvaloy
�

 

1125 AC 

Test method 

&���
2������������� (Methyl 

acrylate) 

% 25 DuPont Method 

����
	
���� (Melt flow rate) g/10 min 0.4 ISO 1133 / ASTM 

D1238  

��
���
���� (Density) kg/m
3 

944 ISO 1183 / ASTM 

D792  

�+��������� (Melting point) 	C (	F) 90(194) ISO 3146 / ASTM 

D3418  

�+2�<N��������� (Vicat  softening  

temperature) 
	C (	F) 48(118) ISO 306 / ASTM 

D155  

��
��$T�����A� (Tensile strength) MPa 14 ISO 527-2 / ASTM 

D638  

	
��A�#�� 2 �+�$
� (Elongation at 

break) 

% 760 ISO 527-2 / ASTM 

D638 

���+���	
��A�#�� (Tensile modulus) MPa 25 ISO 527-2 / ASTM 

D638  

* $/��N��
	)��B���N/���� 

 

6. �
��N���)�K��� (Silane Coupling Agent)  

6.1 Silquest  A-137 (Octyltriethoxysilane) �
	  Sigma-aldrich.Inc 

 

CH3(CH2)7Si(OCH2CH3)3 

 

Molecular Weight 276.5 g/mol 
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�����"#% 3.6 ��)���$�� Silquest A-137 

��)��� Test Method A-137* 

Specific Gravity at 25/25
 O

C ASTM D 93 0.879 

Boiling Point at 760 mm Hg,
 O

C  ASTM D 93 84  

Flash point,
 O

C ASTM D 93 100 

* $/��N��
	)��B���N/���� 

 

   6.2 Silquest A-1100 (gamma-Aminopropyltriethoxysilane) �
	 Optimal Tech 

Co.,Ltd 

 

H2NCH2CH2CH2Si(OCH2CH3)3 

 

Molecular Weight 221.37 g/mol 

 

�����"#% 3.7 ��)���$�� Silquest A-1100* 

��)��� Test Method A-1100* 

Physical Form ASTM D 93 Liquid 

Color ASTM D 93 Light straw 

Specific Gravity at 25/25
 O

C ASTM D 93 0.946 

Boiling Point at 760 mm Hg,
 O

C  ASTM D 93 217  

Refractive Index ASTM D 93 1.420 

Flash point,
 O

C ASTM D 93 96 

* $/��N��
	)��B���N/���� 

 

7. �
����	�������
#��	�
������������!� (Maleic anhydride- grafted- polyethylene, MAPE) 

Fusabond 
®
 MB100D 

 

 

 

 

 

 



 36

�����"#% 3.8 ��)���$�� Fusabond 
®
 MB100D* 

��)��� ����# Test Method MB100D* 

Melt flow rate (190
 O

C/2.16 kg) g/10 min ASTM  D1238 2 

Density g/cm
3
 ASTM  D1505 0.96 

Melting point 
 
at 760 mm Hg

 
 

O
C ASTM  D3418 134 

Tensile strength at break MPa ASTM D 638 29 

Elongation at break  % ASTM D 638 1250 

* $/��N��
	)��B���N/���� 

 
8.	����K���	 (Acetic acid) 

9.���
��� (Methanol)  

10.�%"
&�
*�
	����� (Deionized water : DI) 

11. $!%���
�#�
	��/#
��
�
 (Hevea   brasiliensis): �
	����"
��������������
��& 

 

3.2 ���)%���)�"#%E$:E������	
� 

1. ����
������!��))�	�!#�������!
#� (Single-screw extruder) : THERMO  HAAKE 

POLY DRIVE �+�� Axon ab.Plasma : Sew Eurodrive 

2. ����
��������� 2 �N		��%� (Two-roll-mill) LABTECH ENGINEERING �+�� LRM 110 

3. ����
��$A%��N&�))���$A%��N& (Compression molding machine) : LABTECH 

ENGINEERING �+��  LP20 

4. ����
������)��
��$T�����A� (Universal  testing machine) : LLYOD 

INSTRUMENT LTD. �+�� LR 5K 

5. ����
������)��
��$T����	����	 (Izod impact tester) : )��B�� Yasuda Seiki 

Seisakusho �+�� 258-PC   

6. 	�/���+����*������T	�����))����	�
� (Scanning electron microscope, SEM) : 

)��B�� LEO  �+��  L455  VP 

7. ����
�������
�����&	��������������  (Fourier transform infrared 

spectrophotometer, FTIR) : Perkin Elmer  �+�� FTIR  Spectrum GX 

8. ����
����������	�
��������� (Thermal Gravimeter, TGA) : �+�� Pyris 1 TGA Perkin 

Elmer 

9. ����
�� Differential scanning calorimeter, DSC : Mettler Toledo DSC822
e
 

10. ����
�� Dynamic mechanical analyzer, DMA : Mettler Toledo DMA/SDTA 861
e
 

11. ����
��������!#����	����	���K���K�  (Nuclear Magnetic Resonance 

Spectroscope) �+�� Bruker advance 300 system  
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12. ����
��)� (Grinder) : Bosco Engineering 

13. ����
�������#	$�
� 

14. ���	���
��S
�$�
� 50 ��� 80 ��� 

15. �N/�) 

16. �	!#� 

17. ����
����
� 

18. (+����	����
��/�� 

19. �������!#�� 

20. ������������ 
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!������&�������� 

 

   

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PVC LDPE 

����
����J�	
���� (phr) 

  100:0  100:10  100:20  100:30  100:40  100:50 

*A	B
��6!	
����  
1. ���J�����
������!������	�!#�������!
#� 
2. ���J�����
������!������	�!#�������!
#���� ����
��������� 2 �N		��%� 

$A%��N&��#	
����$A%��N&�������)��)�����
� C  

�����
�����N����	���� ��)��� ��)����
���
� ��2S
����#
 

����	����
����$�������������������6!	
����  

&��)&�+���������������#J�/�
����#��� 5 10 ��� 15 % ��#�%"
���	$�� LDPE 

����	�������&���
2�
����#���  

�������������
����������������$!%���
�#�
	��/#
��
�
KA
�&���
2�!
J�/��!#)	�)�%"
���	$�����������

0  % 10  % 20  % 30  % 40  % 50  %

�����#��6!�!
���
������$A%��N&��#	
����$A%��N&���
�����)��)�����
� 

�����
�����N����	���� ��)�������	� ��)����
���
� ��2S
����#
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$!%���
�# 

0% 10% 40% 20% 

�
��N���) Silane A-137 

��� A-1100 

�
����#��� MAPE   

Fusabond MB100D  

0% 1% 3% 5% 0% 1% 3% 5% 

����	&���
2�
��N���) Silane ����
����#��� MAPE �����

Silane : MAPE 

1:1 1:2 2:1 

���J�����
������!������	�!#�������!
#�������J�����
��������� 2 

$A%��N&��#	
����$A%��N&���
�����)��)�����
� C 

�����
�����N� 
���	���� 

��)���

����	�

��)����
� 
��
��/�� 

��2S
�

���#


30% 

PVC 100 : LDPE 40 : PA 20  15 % 
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3.3 ��2#���"���� 

 

3.3.1 ,A�B���2#����
�!���
���
���"#% �����
�'������������
��������                 

PVC !�� LDPE  

1. ���!#�������������J�����
������
�C ��#J�/ PVC 100 phr ��� LDPE 0 10 20 30 40 

��� 50 phr 

2. �"
 PVC ��� LDPE J�����
������
�C ���J�����
������!������	�!#�������!
#� ��#J�/

�+2�<N�� 170 180 190 190 ��*
�K��K!#� KA
��&'��+2�<N��J�����&����
� (Feed section) ����	
�

�����
��
� (Transition section) ����	
���� (Metering section) �������
# (Die) �
��"
��) J�/

��
���T���) 60 ��)����
�! 

3. �"
$������!
��/�&)��/�#����
��)� 

4. �)��$������&'� 2 ���� 

5. �"
$����������!
 1 �&$A%��N&��#	
����$A%��N& ��#J�/�+2�<N��J�	
�����/�� 200 ��*


�K��K!#� �����
���� 1300 kg/cm
3
 �&'����
 8 �
�! ��#�)���������
J�	
�����/���&'�����!% ��� ���

�/�� 4 �
�! �
	��%��"
	
�	����$A%������
��������
	
*�!
�#N�J�������������������"
��� 5 ���%� 

���J�/��
��/������&�!	 4 �
�! �����
	��%�����#T� 4  �
�! ��#�+2�<N���!
J�/�#N�J����� 3-5 ��*


�K��K!#� 

6. �"
$����������!
 2 �&����/�#����
������)) 2 �N		��%� ��#J�/�+2�<N�� 165-175 ��*


�K��K!#� ���J�/���
J�	
���� 10 �
�! �
	��%��"
�
$A%��N&��#	
����$A%��N&��#J�/�<
����!#�	�) 

$/� 5  

7. �"
��%��
��!
��/�
	$/� 5 ��� 6 �&����)��)�������	� ��)����
���
��/�� ��2S
����#


��������
�����N����	���� 

 

3.3.2 ,A�B�*�
�*�-�
��
��'������������
�������� PVC !�� LDPE ���E$:
��$���

�
�$��� CPE 

 1. ����������������
����#���J�����
������
� C ����
�
��!
 3.7 ��#J�/�
����#�������  

CPE  

�����"#% 3.9 ���������
�C �!
J�/&��)&�+��������������/�# CPE 

&���
2 �N���!
 

PVC (phr) LDPE (phr) �
����#��� (%/wt LDPE) 

1 100 * 5 

2 100 * 10 

3 100 * 15 

��
#���+  * ��� &���
2  LDPE �!
 10 20 30 40 ��� 50 phr 
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 2. $�%����	
���� 	
�$A%��N&�����)�����
�C�
����$/��!
 3.3.1 

 

3.3.3 ,A�B�*�
�*�-�
��
��'������������
�������� PVC !�� LDPE ���E$:
��$���

�
� CPE, PA 20 !�� Elvaloy 

 1. ����������������
����#���J�����
������
� C ����
�
��!
 3.8��#�&�!#)��!#)�
����#

��� 3 ���� ��� CPE, PA 20 ��� Elvaloy  

 

�����"#% 3.10 ���������
�C �!
J�/&��)&�+��������������/�# CPE, PA 20 ��� Elvaloy
�

 

&���
2 �N���!
 

PVC (phr) LDPE (phr) �
����#��� (%/wt LDPE) 

1 100 * 5 

2 100 * 10 

3 100 * 15 

��
#���+  * ��� ����	&���
2  LDPE �!
J�/��)�����#����!�!
�+� 

 

 2. $�%����	
���� 	
�$A%��N&�����)�����
�C�
����$/��!
 3.3.1 

 

3.3.4 ������#�������
�������������������
�!��'#(��)%��	����:������� 

 

3.3.4.1 ������#��'#(��)%�� 

1. �"
$!%���
�#��
�����
���#	$�
���#J�/���	������$�
� 50 ��� 80 ��� ��#������6�	�)

��
�#
�J����� 180 (A� 300  ������ 

 2. �"
$!%���
�#�!
��/�$/
�N/�)�!
�+2�<N�� 105 	C �&'����
 2 ��
���� 

 3. �"
$!%���
�#�!
��/�&J�/J�	
����������!#�������������& 

 

3.3.4.2 ������#��'#(��)%��"#%*�
�*�-��)(�����
:�E��:��
�������� Silane 
 1.  �"
$!%���
�#��
�����
���#	$�
���#J�/���	��$�
� 50 ���80 ��� ��#������6�	�)��
�

#
�J����� 180 (A� 300 ������ 

 2.  �"
$!%���
�#�$/
�N/�)�!
�+2�<N�� 105 ��*
�K��K!#� �&'����
 2 ��
���� 

 3.  &��)&�+���%����$��$!%���
�#�/�#�
��N���) Silane ���� A-137 ���� A-1100 ��#	
����
#

J�����"
���
#��#J�/�
��N���) Silane J�&���
2 1 3  ��� 5 % $���%"
���	$!%���
�# 

3.1 ��6!	
����!#�	
�&��)&�+���%����$��$!%���
�#�/�#�
��N���) Silane ���� A-137 J�/

�
��N���) Silane ���� A-137 ���
#J��
����
#���
���&���
2 100 % w/w ��#�%"
���	 

Silane &�~�	���/�#��
���T���) 2,000-3,000 ��)/�
�! �&'����
 30 �
�! 
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3.2  ��6!	
����!#�	
�&��)&�+���%����$��$!%���
�#�/�#�
��N���) Silane ���� A-1100 

J�/�
��N���) Silane ���� A-1100 ���
#J�	����K���	�!
����
���� 1:1 �
	��%� ���
#J��%"


&�
*�
	����� (Deionized water :DI) 100 % w/w ��#�%"
���	 Silane &�~�	���/�#

��
���T���) 2,000- 3,000 ��)/�
�! �&'����
 30 �
�! 

4.  �"
$!%���
�#�!
��/�$/
�N/�)�!
�+2�<N�� 80 ��*
�K��K!#� �&'����
 6 ��
���� 

 5.  �"
$!%���
�#�!
��/�&J�/J�	
����������!#�������������& 

 

3.3.4.3 ������#��'#(��)%��"#%*�
�*�-��)(�����
:�E��:�� MAPE 

 1.  �"
$!%���
�#��
�����
���#	$�
���#J�/���	��$�
� 50 ���80 ��� ��#������6�	�)��
�

#
�J����� 180 (A� 300 ������ 

 2.  �"
$!%���
�#�$/
�N/�)�!
�+2�<N�� 105 ��*
�K��K!#� �&'����
 2 ��
���� 

 3.  ���$!%���
�#	�)�
����#��� MAPE ���� Fusabond 
®
 MB100D ��#J�/J�&���
2 1 3 ��� 

5 % $���%"
���	$!%���
�# 

 5.  �"
$!%���
�#�!
��/�&J�/J�	
����������!#�������������& 

 

3.3.4.4 '
(�������"&���������������
��"#%�����:*�
�*�-��:��
����������)�
��$���

�
� 

1. ���$!%���
�#	�)���������J�����
���������
�C ����
�
��!
 3.11 
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�����"#% 3.11 �N�������
�C �!
J�/J�	
��"
����������#����!	
�J�/�
��N���)���/�����
����#��� 

 

&���
2 �N�� 

PVC (phr) LDPE (phr) �
����#��� (%/wt 

LDPE) 

$!%���
�# (%/wt 

polymer blend) 

1 100 * - 10 

2 100 * - 20 

3 100 * - 30 

4 100 * - 40 

5 100 * - 50 

6 100 ** - 10 

7 100 ** - 20 

8 100 ** - 30 

9 100 ** - 40 

10 100 ** - 50 

11 100 * *** 10 

12 100 * *** 20 

13 100 * *** 30 

14 100 * *** 40 

15 100 * *** 50 

16 100 ** *** 10 

17 100 ** *** 20 

18 100 ** *** 30 

19 100 ** *** 40 

20 100 ** *** 50 

 

��
#���+   *    ��� ����	&���
2  LDPE �!
J�/��)�������	��!�!
�+� 

                    **  ����	&���
2 LDPE �!
J�/��)�������	��
"
 

                    *** ��� ����	�������&���
2$���
����#����!
J�/��)�����#����!�!
�+� 

 2. $�%����	
���� 	
�$A%��N&�����)�����
�C�
����$/��!
 3.3.1 
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3.3.4.5 '
(�������"&���������������
�����E$:
�������� Silane 

1.  ���$!%���
�#�!
��
�	
�&��)&�+���%������/�	�)���������
� C ����
�
��!
 3.12 

 

�����"#% 3.12 ���������
� C �!
J�/J�	
��"
���������!
&��)&�+���%������/�J#�/�#�
��N���) Silane 

&���
2 

PVC 

(phr) 

LDPE 

(phr) 

PA 20 

(%/wt 

LDPE) 

$!%���
�# 

(%/wtPVC+LDPE) 

A-137 

(%/wt $!%���
�#) 

A-1100 

(%/wt $!%���
�#) 

100 40 * 10 0,1,3,5 % - 

100 40 * 20 0,1,3,5 % - 

100 40 * 30 0,1,3,5 % - 

100 40 * 40 0,1,3,5 % - 

100 40 * 10 - 0,1,3,5 % 

100 40 * 20 - 0,1,3,5 % 

100 40 * 30 - 0,1,3,5 % 

100 40 * 40 - 0,1,3,5 %  

 

��
#���+   *    ����	&���
2�
����#����!
J�/��)�������	��!�!
�+� 

 

3.3.4.6 '
(�������"&���������������
�����E$:
��$����
� MAPE 

 1.  ��
����������
� C �
��
�
��!
 3.13 

2.  $�%����	
��"
���������
����$/� 3.3.1 
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�����"#% 3.13 ���������
� C �!
J�/J�	
��"
���������!
&��)&�+���%������/�J#�/�# MAPE 

 

&���
2 

PVC 

(phr) 

LDPE 

(phr) 

PA 20 

(%/wt 

LDPE) 

$!%���
�# 

(%/wtPVC+LDPE) 

MB100D 

(%/wt $!%���
�#) 

100 40 * 10 0,1,3,5 % 

100 40 * 20 0,1,3,5 % 

100 40 * 30 0,1,3,5 % 

100 40 * 40 0,1,3,5 % 

100 40 * 10 - 

100 40 * 20 - 

100 40 * 30 - 

100 40 * 40 - 

 

��
#���+   *    ����	&���
2�
����#����!
J�/��)�������	��!�!
�+�  

 

3.4  ��2#������	���������!�����"�
�� 

 3.4.1  ������	�������������df���$
�'������������
�!�������
�� 

        3.4.1.1  ���d�����
�*��"�
��*h 

	
�����)�"
��/��#�"
�
�����#�
��!
��
�	
�����/�#����
������!������	�!#�������!
#���/�

)��/�#����
��)��#
) �
	��%��"
�&���J�������������&���
2 10 �
�! ��/��A��"
�&)��/�#����
��

)���
���T��N� (1400 ��)����
�!) �"
J�/��/�
�����#�
��!
�!$�
���T	 ��
����	������$�
� 0.025 

��������� �
	��%��"
�&)�	�) KBr  �����
����/�#����
�������
�����&	�������������� J�������$

���
�  4000-400  cm
-1
  Resolution ���
	�) 4 ����"
�����)$��	
� scan ���
	�) 16 

       3.4.1.2  13C - NMR 

 	
�����)�"
��/��#J�/��6!���!#�����#�
�������J����$/��!
 3.4.1.1 �����������/�#����
�� 

Nuclear Magnetic Resonance �!
��
�(!
 75.4 MHz J�/��/���
�*N�#�	�
�$�� Zirconia rotor 7 mm  

Recycle delay ��� Contact times ���
	�) 2 s ��� 1 ms �
��"
��) ��#�+	��&	������/�
		
�

��	�K%"
 2000 ���%� 
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3.4.2  ���"�
��
��
���$���� 

��)�������	���/�"
	
�����)�
��
��S
���
�C ����
�
��!
 3.14 

 

�����"#% 3.14 �
��S
���
�C J�	
�����)�������������������������������� 

��)��� �
��S
��!
J�/����) ����#�!
�
#�
� 

��
��$T�����A� 

(Tensile strength) 

	
��A�#�� 2 �+�$
� 

(Elongation at break) 

��
��$T����	����	 

(Impact strength) 

��
��$T������/��� 

(Flexural strength) 

���+�����/��� 

(Flexural modulus) 

ASTM D 638 

 

ASTM D 638 

 

ASTM D 256 

 

ASTM D 790 

 

ASTM D 790 

MPa 

 

% 

 

kJ/m
2
 

 

MPa 

 

MPa 

 

 

       3.4.2.1 ����!'D�!���A� ���-�

 !���:��������A��)� � 	-�'�� 

 	
�����)��)����/
�����A��&'��&����
��S
� ASTM D 638 ��#J�/����
������)��)���

����	� (Universal testing machine) ����&��	�� WINDAP J�	
��"
��2��%��
�����#�
��#N�J�

�N&����)��� ����N&�!
 3.1 J�/��%��
�����#�
� 8 ��%�J�������N�����J�/�<
��J�	
�����)����!% 

  - �����K��� (Load cell)  5 	��������� (kN) 

  -  ��
���T�J�	
��A� (Test speed)  5 ���������/�
�! 

  -  Grammage    1.0 	���/�
�
����� 

  -  ����)�K��� (Cell  class)  0.5 

                         -  ��
�#
�$���	� (Gauge length)  25          ��������� 

 

 
   

��*"#%  3.1  ��	B2���%��
�����)����!
�"
�
����) [42] 

 

��
��$T�����A�  ���+���  ����/�#��	
��A�#��  2  �+�$
�  �
�
�(�
��/�
	 ��	
�����&�!%  

��
��$T�����A� (Tensile strength, 
)                =         F1 

              A 
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���+��� (Tensile modulus , E)                           =  ((F3 /  A) – (F2 /  A)) 

                             1/100 

�/�#��	
��A�#�� 2 �+�$
� (%Elongation  at  break, At)  =     l  -   l0       x  100 

                     l0 

���
� F1  ��� ����!
J�/J�	
��A�#����%��
�����#�
�   2  �+��N��+� (����#�&'�������; N) 

 F2 ���  F3 ��� ����!
J�/J�	
��A�#����%��
�����#�
��!
  2 ��� 3 %  ��
����!#� (N) 

A   ��� ��%��!
��/
���$����%��
�����#�
�������
��/� (����#�&'��
�
����������;      

mm
2
) 

l    ��� ��#���
������
��+�����+������"
	
��A���%��
�����#�
� 2 �+�$
� (����#�&'�

���������; mm)  

l0   ��� ��#��!
��%��
�����#�
���)�!
�+�����!��%��!
��/
���$�
�	�� (Gauge  length  

����#�&'����������; mm  ���
	�)  25  mm) 

 

3.4.2.2 ����!'D�!����:��� !�����-�

��:��� 

 	
�����)�
��
��
��$T������/��� (Flexural strength)  ������+�����/��� (Flexural 

modulus)  �&'��&����
��S
� ASTM D 790 ��#	
�����)��������%�J�/��%��
�����#�
� 10 ��%� �N&�!
 

3.2 �&'�<
�	
�����)��
��$T������/��� �<
���!
J�/J�	
�����)�&'�����!% 

 - �����K��� (Load cell)   5 	��������� (kN) 

 - ��
���T�J�	
�	� (Compression speed)  5 ���������/�
�! 

 - ��#���
�$��$
�����)��%��
� (Span length) 40 ��������� 

 - Grammage     1.0 	���/�
�
����� 

 - ����)�K��� (Cell class)    0.5 

�N���!
J�/J�	
��"
��2��
��
��$T������/���������+�����/����!����!% 

  ��
��
��$T������/��� ; 
f = 1.5FL 

          bh
2
 

  ���+�����/��� ; Eb  =  L
3
     x   �F 

                   4bh
3
       �d 

���
� F ��� ���	��N��+��!
�"
J�/��%��
���/��� (����#�&'�������; N) 

  L ��� Span length ���
	�) 40 mm 

  b ��� ��
�	�/
�$������#�
�  

  h ��� ��
���
$������#�
�  

�F �������
�$�����	� 2 �+����
��/�(A����	��!
 20 N J����� ��
����

�&'���/���� (����#�&'�������; N) 
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�d ��� ��#�	���/���J��������	� 0-20 N (����#�&'����������; mm) 

 

 
��*"#%  3.2 	
�����)��
��$T������/��� [43] 

 

3.4.2.3  ����!'D�!�����!"� 

 	
�����)��
��$T����	����	 (Impact strength) �&'��&����
��S
� ASTM D 256 ��#

J�	
�����)J�/�
��S
��))��K�� (Izod type) ��%��
�����#�
� 10 ��%�J�������N�� ��#�"
	
�)
	 

(Notch) ��%��
�	�������) �N&�!
 3.3 ��������
����� Izod impact �!
J�/J�	
�����) ����N&�!
 3.4  

������%��
��!
J�/J�	
�����) 

 
��*"#% 3.3 ����
���������)��
��$T����	����	�))��K�� [44] 
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��*"#% 3.4  ��%��
�����#�
��!
J�/J�	
�����)��
��$T����	����	 [44] 

 

  ��# A ������
�#
�  10.16 ± 0.05 ��������� 

  ��# B ������
�#
�  31.5 – 32.00 ��������� 

  ��# C ������
�#
�  60.30 – 63.50 ��������� 

  ��# D �����+��N&���  V   ���
	�)  22.5
0  

±  0.5 
0 

  ��
��$T����	����	�
�
�(�
��/�
	��	
��������&�!% 

   ��
��$T����	����	 (IS) = W/A 

 ���
� IS ��� ��
��
��$T����	����	 (����#�&'�	����N�����
�
�����; kJ/m
2
) 

  W ��� ��
�����
�	����	 (����#�&'�	����N�; kJ) 

  A ��� ��%��!
��/
���$������#�
� (�
�
�����; m
2
) 

   

3.4.3  

�L����"�� 

	�/���+����*������T	�����))����	�
� (SEM) J�/�"
�
*A	B
��	B2���%����$������������!


��	��	�!
�+2�<N���
"
 (Cryogenic fracture) 	
����!#�����#�
��"
��/��#�"
��%��
�����#�
��!
��/�
		
�

$A%��N&�/�#	
�	�����
���J������������� (Liquid nitrogen) ����"
	
���	����! �����
	��%��"
�


�����)�/�#�������"
�$/
����
�� SEM ����& ��#�"
	
�*A	B
	
�	���
#���$�������������� ��/�J#

���*A	B
	
�#A���������
���/�J#	�)��������� 
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3.4.4  
��
��"�������:�� 

        3.4.4.1  �-��1������
����
� (Decomposition temperature, Td) 

������ Thermogravimetry analysis (TGA) J�/�"
�
*A	B
��)����
���
��/������+2�<N��

	
���
#���$�� PVC J������������� ����������� �<
��J�	
�����) ��� ����
	
�J�/��
�

�/�� 10 ��*
�K��K!#�����
�! J������+2�<N�� 50 – 600 ��*
�K��K!#� �������)J�)��#
	
*

�������� 

        3.4.4.2  Differential scanning calorimeter (DSC) 

DSC  �&'�����
������!
J�/�
�+2�<N��	
��	��A	 (Crystallization temperature, Tc) �+2�<N��

	
��������� (Melt temperature, Tm) �����%��!
J�/	�
�KA
��&'���
�!
)�	(A�&���
2��
��/���!
J�/J�

	
�����������A	 (Enthalpy of fusion, �Hf) ���
��"
��2��*
$��	
��	����A	 (Degree of 

crystallinity) $���
��
	�N���������&�!% 

�Hf                     =     ��%��!
J�/	�
� (mJ) 

                            �%"
���	$���
�����#�
� (mg) 

                             �Hnormalised            =       �Hf   x   100 

                                                   100 - % ��#�%"
���	$���
��!
����!��A	 

                 Degree of crystallinity   =  �Hn x    100     

                                                          �Hf0     

 ���
�  �Hf        =   Enthalpy of fusion $���
�������%��!
J�/	�
� KA
���/�
	����
�� 

        �Hf0        =   Enthalpy of fusion  $�����������!��!
�!��*
	
� 

  �&'���A	 100 %  ���
	�) 293.6 J/g [30] 

                 �Hnormalised , �Hn    =  Enthalpy of fusion  $�����������!�J�$�������#�����!#) 

                                                   &���
2$�����������!� 100 % ��#�%"
���	 

�<
���!
J�/*A	B
 ��� ����
	
�J�/��
��/�� 10 ��*
�K��K!#�����
�! J������+2�<N�� 25 – 150 ��*


�K��K!#� 

 

       3.4.4.3  ���,A�B��-��1�������*�#%��
<�����:��!�:� 

 ���
�*A	B
�+2�<N��	
��&�!
#��(
����/
#�	/�$�� PVC J��������������!
&��)&�+���������/

&��)&�+��/�#�
����#���������
� C ����)��# Dynamic Mechanical Analyzer (DMA, Mettler 

Teledo DMA/SDTA 861) ��	B2�����#�
��!
�"
�
����)�&'�����#�
��!
$A%��N&��#J�/	��)��	
����

$A%��N& �))$��	
�����) ��� �))J�/����|��� (Shear–bending mode) �<
��J�	
�����) ��� 

����
	
�J�/��
��/�� 4 ��*
�K��K!#�����
�! J������+2�<N�� 20–130 ��*
�K��K!#� ��#J�/��
�(!
 

1 Hz 
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�""#% 4 

�����"����!����	���������"���� 

 

 �
�����#�!%��/*A	B
��)�����
�C $�������������������
�����������������������������!�

������
���
�����
"
 KA
�J�/����
����J�	
���� PVC100 : LDPE10 20 30 40 ��� 50 ��#��/*A	B


��6!	
���������
�	
�J�/����
������!������	�!#�������!
#���!#�$�%������!#����	
�J�/����
�����

���� 2  �N		��%� �����
	����/�#����
������!������	�!#�������!
#������%���/*A	B
	
�J�/�
����#

������
�&��)&�+���)���$����������������#��/�&�!#)��!#)�
����#��� 3 ���� ��� ��������������

�����!� (Chlorinated polyethylene, CPE) ������������������
���������
���������)����������

��� (Methyl methacrylate-co-butylacrylate, PA 20) ��� ������������������
������!�����������

������ (Ethylene and methyl acrylate copolymer, Elvaloy) ��	�
	�!%��/*A	B
��)���$����������

�����
��������������!
��
�	
�&��)&�+���������/&��)&�+��/�#�
����#������$!%���
�#�
	��/#
��
�
 

��#*A	B
(A�	
�&��)&�+���)���$�����������
	�������������!
�!	
�J�/�
��N���) Silane ���/����

�
����#��� MAPE KA
�J�/��	
����������!% 

 

4.1 �����,A�B�
��
������Q '������������
�������� PVC !�� LDPE 

 

4.1.1 ���,A�B�����df���$
�'������������
�"#%�����:*�
�*�-��:��
��$����
� 

	
������
�����N����	�����
����!)���%����$���������������"
��/��#	
�J�/����
�� FTIR ���

���
�2
�
	������������J�����
���� PVC100:LDPE 10 ��/��	
����������N&�!
 4.1 �
	�N&�!
 4.1 

������&	����$���/�#��	
������
����$�� PVC ��������������������
� PVC ��� LDPE  ��#

J��N&�!
 4.1 (	) �&'���&	����$�� PVC 100% KA
��)�!	�����
�����&	�������� 2835 – 2962 cm
-1
 

KA
��&'���	B2�	
���
�$�� C-H Stretching $�� CH2 �!
�!�#N�J��
#�K�$�� PVC  �����!	���� 1700 – 

1750 cm
-1

  �&'�	
���
�$�� Carbonyl stretching KA
���N� Carbonyl �	���
		��)��	
���!#�<
�

���
���
	��
��/����#�!��	K���������#N��/�# (Thermal oxidative degradation) �!
�	��$A%�J� PVC 

[45] ����"
������!	�!
 1635 cm
-1 

 �&'���	B2�	
���
��)) –C=C- Stretching KA
��	���
		
���!#

�<
�$�� PVC ���
���
		��)��	
��!��������������� (Dehydrochlorination process) �"
J�/�!

������/
�$�����6��N� (-CH=CH-) �	��$A%� [5] �����!	���� 1430 – 1470 cm
-1 

 �&'���	B2�	
���
��)) 

C-H bending $�� CH2 KA
��!�#N�J��
#�K�$�� PVC  �()�!	���� 1300 – 1400 cm
-1 

 �&'���	B2�	
�

�&�!
#��N& (Deformation) $�� CH2  �"
���)�!	���� 600 – 800 cm
-1
 �&'���	B2�	
���
��)) C-Cl 

Stretching KA
��!�#N�J�������/
�$�� PVC  ����J��N&�!
 4.1 ($) ������&	����$��������������

�����
� PVC ��� LDPE KA
���
��$/� (Intensity) $���!	�!
�"
����� 1635 cm
-1
 ������T	�/�#������
 

LDPE �!
����#N�J� PVC 	!�$�
�	
��	�� polyene ��� ��N��
��)���� ���
���
	�����!
��!#�<
�$�� 
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PVC �
�(N	����+/��/�# LDPE �"
J�/����
�
�(�	���&'� polyene ��/ �������	
��!
��������	�) O2 

KA
��"
J�/�����/���
��$/�$���!	��N��
��)�������� [5] 

 

 
��*"#% 4.1  �����
�����&	��
$��  (	)  PVC 100 : LDPE 0 ��� ($)  PVC 100 : LDPE 10 

 

�"
�����$����&	�����!
�"
��-$�� PVC ����������������
�
�(��+&��/����
�
��!
 4.1 

 

�����"#% 4.1 �"
�������&	����$�� PVC ��������������������
� PVC ��� LDPE 

�"
������!	 (cm
-1
) ��	B2�	
���
� ��	�
��/
���� 

2835 – 2962 C–H  Stretching $�� CH2 46-47 

1700 – 1750 C=O Stretching $���
��)���� 46-47 

1635 -C=C- Stretching 5, 46-47 

1430 – 1470 C-H  Bending $��  CH2 46-47 

1300 – 1400 C-H  Deformation $�� CH2 46-47 

600 – 800 C-Cl Stretching 46-47 

 

4.1.2 ���,A�B�����df���$
�'������������
�"#%*�
�*�-��:��
��$����
� 

 �
		
�*A	B
��N����	����$���������������!
&��)&�+��/�#�
����#��� 3 ���� ��#J�/ PVC 

100 phr ��� LDPE 10 phr ����
����#��� 15 �&����KT�����#�%"
���	$�� LDPE ��/��	
������

����N&�!
 4.2 

 

(�) 

(�) 
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��*"#%  4.2  �����
�����&	��
$�� (	) PVC 100:LDPE 10 ($) PVC 10 :LDPE 10:CPE 15% 

             (�) PVC 100 : LDPE 10: PA 20 15%  ��� (�) PVC 100 : LDPE 10 : Elvaloy 15 % 

 

�
	�N&�!
 4.2 ������&	����$���/�#��	
������
����$�� PVC ��������������������
� 

PVC ��� LDPE KA
�J�/�
����#��� 3 ���� ��#�N&�!
 4.2 ($) �&'��
����#������� CPE �
	�

�&	�����)��
�!�"
�������
� C $���!	��/
#	�)$�� PVC 100 : LDPE 10 ���
���
	 CPE �!

������/
���/
# PVC ��� LDPE ��� �! CH2  ��� C-Cl  �A��"
J�/�)�!	���� 2835 – 2962 cm
-1 

KA
�

�&'���	B2�	
���
��)) C-H Stretching 1430 -1470 cm
-1 

 �&'���	B2�	
���
��)) C-H Bending 

��� 600-800 cm
-1 

�&'���	B2�	
���
��)) C-Cl Stretching �����N&�!
 4.2 (�)-(�) �&'��
����#���

���� PA 20 ��� Elvaloy ��#J�������/
�&��	�)�/�#��������KA
��!��N��
��)���� �����%��"
�����

$���!	�A��	��	
�K/����)	�)��N��
��)�����!
�	��$A%�J� PVC ��� J����� 1700–1750 cm
-1
 �&'���J�/

�"
�����$���!	J	�/��!#�	�)�������������!
�����/&��)&�+��/�#�
����#��� 

 

 

 

 

 

 

 

(�) 

(�) 

(�) 

(�) 
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4.1.3  ������	�������������
�:��'������������
� ���E$:�"���� Solid-State 13C-NMR  

	
������
�����N����	�����
����!)���%����$���������������!
����
���� PVC100 : LDPE10  

��/��	
����������N&�!
 4.3 

 
 

��*"#%  4.3  
13

C-NMR ��&	����$�� PVC 100 : LDPE 10 

   

 �
	 
13

C-NMR ��&	����$��������������J�����
���� PVC 100 : LDPE 10 �)��
�!�!	�!


�"
����� 57.8 ��� 47.2 ppm KA
������/��	�)��&	����$�� PVC [2] ����!	�!
 32.7 ppm �����/��

	�)��&	����$�� LDPE [2] KA
��6�)
#��/��
����������������	��	
����	�
� (Graft) ��������	�������

	���#
 (Interaction) �����
�������������  �
���+�!
������������J��
�����#�!%����	��	
����	�
���%��
�

�	���
	�<
���!
J�/J�	
������
�	�)�
�����#�!
��
��
 [2] ��� �!	
������!#���)��!#� KA
��
�����"


J�/�	��	
���!#�<
��������	����+�N������$�� PVC ��� LDPE �A�����	��	
����	�
� ���J��
�����#�!


��
��
�!	
����(A� 5 ��) �"
J�/ PVC ��� LDPE �	��	
���!#�<
�����!��+�N������ (Free radical) 

�#N�J���))$�������������� KA
��&'��
���+J�/�	��	
����	�
������
� PVC ��� LDPE  

 

 

 

 

 

57.
8 

47.
2 

32.
7 
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       4.1.4  
��
���$���� 
J�	
�*A	B
��)�������	�$�������������� ��/�)��	
�*A	B
��	�&'�	
�*A	B
��6!	
����$����

���������������
� PVC ��� LDPE �����$��	
�&��)&�+���������������#J�/�
����#��� 

4.1.4.1  ���,A�B���2#����
�'������������
�!����'��*����� LDPE ���
��
��

�$����'������������
� 

 J�	
�*A	B
��6!	
����$�������������� 2 �)) ��/�	� 	
�J�/����
������!������	�!#�����

��!
#�J�	
������!#�$�%������!#� ���	
����
�$�%����	
������#J�/����
��������� 2 �N		��%� ��#

*A	B
�������������!
�!&���
2$�� PVC 100 phr ��� LDPE 10 20 30 40 ��� 50 phr 

 

0

10
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30
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un

g'
s 

m
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(�) 
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%
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��*"#%  4.4  ��$��&���
2 LDPE �����)����/
�����A�$��������������  PVC / LDPE   

                (	) ���+���  ($) ��
��$T�����A� ��� (�) �/�#��	
��A�#�� 2 �+�$
�         

(�) 

(�) 
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 ��
�������6������
����+��� ��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
� $�����������

��� PVC / LDPE ����J��N&�!
 4.4 �)��
���
��!	
�����/�#����
��������� 2 �N		��%� �����
	�!
��/

����/�#����
������!������	�!#�������!
#���/���%� �"
J�/��)����
�����A��!��
�N�	��
�������������!


�����
�	
�����/�#����
��������� 2 �N		��%� ���
���
		
�����/�#����
��������� 2 �N		��%� �!	
�J�/

��
��/��J�	
���� �"
J�/��������� 2 �����
�
�(���� (Fuse) ���	����/�
	$A%�����	��	
�

	���
#���$����������������/�!$A%�KA
��&'�	
����
�&�����6�<
�J�	
���� �A��&'���J�/��#�"
��� 

(Defects) �!�/�#	��
�������������!
��
�	
�����
	J�/����
������!������	�!#�������!
#���!#��#�
�

��!#� ����)��
��)����/
�����A�$����������������%� 2 �)) �&'��&J��
���!#�	�� 	��
���� 	
����� 

LDPE ��J� PVC �"
J�/��
���+��� ��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
� $��������������

�!��
�
"
�� ��	�
	�!%���
�&���
2 LDPE ���
�$A%�#�
��"
J�/��)����
�����A��!�����/����� ���
���
	

��)����/
�����A���%��&'�	
�*A	B
�5��	���$��������������
��!	
�J�/��
���/� (Stress) �A�J�/����

�����#��#
���	 ��#J������/�$��	
��A����	��	
���!#�<
��))#���#+�� (Elastic deformation) ��� 

�
�
�(��	��)�
J��"
�����������/���
�&���#������J������!%��
�����
�2
(A���
#�����+��� 	
���� 

LDPE KA
��!��
������+�� (Soft) �
		��
 PVC �"
J�/��
#�����+����!��
�������
�&���
2 LDPE ���
�$A%� 

�A��"
J�/�!��
��
�
�(�/
��
����	
���!#�N&��/�/�#�� ���
�J�/����A����
�$A%���(A��+��!
����������	��

	
���!#�<
����$
���	�
		�� ���
���������������/��)����A��
#�K�����	+����������������
���!


�
��������!
(N	�A�J�������
����!#��N�C �����
	�+���
	 (Yield point)  �
#�K�������������	��

	
����
����+� (Slip) ��	�
		
�#A����!
#������
��
#�K� �	��	
���!#�<
��))��
���	 (Plastic 

deformation) �
#�K�$���������������
�
�(	��)����N��<
�������/ ����
	�!
�����������������
� 

PVC ��� LDPE ����
�
�(�$/
	����/ ���
���
	 PVC ������
��!$�%����� LDPE ����!$�%��A�����!	
�

#A����!
#������
��
#�K��"
J�/�!��	B2��������!��#�"
���J���%��
� �����%����
�J�/����A��
#�K��A����
��

��+���	�
		����/��
# ��)����/
���
��$T�����A�����/�#��	
��A�#�� 2 �+�$
��A��!��
���� ���
� 

LDPE �!&���
2���
�$A%� 
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��*"#%  4.5  ��$��&���
2 LDPE �����)����/
�	
���/���$�������������� PVC / LDPE (	)  

              ���+�����/��� ��� ($) ��
��$T������/��� 
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	�N&�!
 4.5 �)��
��)����/
�	
���/����&'��&J������!#�	�)��)����/
�����A� 	��
���� ���
�

���
�	
�����/�#����
��������� 2 �N		��%� �"
J�/��)���$���������������!��
�N�	��
	
������!#�

(�) 

(�) 
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$�%������!#� ��#	
������%� 2 �))��%����
����
�&���
2 LDPE ��
���+�����/��������
��
��$T����

��/����!�����/��������
���
	��
���+������
�2
(A���
��$T� (Stiffness) $����%��
� �����%����+���

$���������������A��!��
�������
�&���
2 LDPE KA
��!��
������+���!&���
2���
�$A%� �"
���)��
��
�

�$T������/����&'���
��
���/��N��+��!
J�/�	���%��
�	����	��	
���!#�N&�#�
�(
�� ���
���%��
���/��)���

	����	��	
�	���
#��� ������
���%��
��!��#�"
����"
J�/����
�
�(	���
#�����/�#�
�������
�� 

���
���
�����$/
	��$�� PVC ��� LDPE ���
����
�&���
2 LDPE �A��������&'�	
����
���#�"
���J�

��%��
� ��
��$T������/����A����� 
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��*"#% 4.6   ��$��&���
2 LDPE �����)����/
���
��$T����	����	$��������������  

              PVC / LDPE 
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	�N&�!
 4.6 �)��
��
��
��$T����	����	�
	��6!	
������%� 2 �)) �!�����/��������
�

&���
2 LDPE ���
�$A%� ��#	
�����/�# 2 $�%����J�/��
�!
�N�	��
��T	�/�# ���
���
	��
��$T����

	����	�&'�	
�J�/�����
��	���%��
�����!	����!
���	��	
���	��	�#�
�(
���	����
���/�)����2��#

)
	$����%��
�J�����+<
#J�/����&'�)����2�!
�!��
���/��N��
#�K�����	+����
���+���	�
		���	��	
�

��	��	���
��/���/�&��&���#�����
���	�
�	��	
���	��	������
�� �����%����
���%��
��!��#�"
����
	

��
�����$/
	��$���������������"
J�/����
�
�(�����
���������
��
#�K���/ ��)����/
���
�

�$T����	����	�A����� 
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4.1.4.2 ��'��
��$����
����
��
���$����'������������
� 

 �
	��)�������	�$������������!
�!��
�
"
�� �����%��A��"
�&'��/���!	
�&��)&�+���)���$������

�������� �"
���)J��
�����#�!%��/*A	B
��6!	
�&��)&�+���)���$����������������#J�/�
����#���KA
�

�)��	
�*A	B
��	�&'�����!% *A	B
��$���
����#��������������������������!� (Chlorinated 

polyethylene, CPE) ���
�&��)&�+���
��
�
�(J�	
��$/
	����/�����
� PVC ��� LDPE ��#J�/

&���
2J�	
�*A	B
 ����!% PVC 100 phr ��� LDPE J�&���
2��
� C ��� 10 20 30 40���50 phr 

���J�/ CPE J�&���
2 5 10 15 �&����KT�����#�%"
���	$�� LDPE  ����
	������)�!
��/������	

����
����$�������������� 1 ����
�������
��"
�
&��)&�+���)�����#J�/�
����#����������������

���������
���������
���������)������������� (Methyl methacrylate-co-butylacrylate, PA 20) 

���������������������
������!�����������������(Ethylene and methyl acrylate copolymer, 

Elvaloy) 
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��*"#% 4.7  ��)����/
�����A�$�������������� PVC / LDPE ��#J�/�
����#�������  CPE                     

             (	) ���+��� ($) ��
��$T�����A� ��� (�) �/�#��	
��A�#�� 2 �+�$
�   

(�) 

(�) 
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��
�������6������
����+��� ��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
� $�����������

�������
����#������� CPE ����J��N&�!
 4.7 �)��
 ���
�J�/�
����#����"
J�/��
���+����N�$A%� 

���
���
	���
��"
	
�&��)&�+���
��$T����)����2��%���������
���O<
������#�/
��
�	
���!#�N&����

	
���+����
��$���
#�K����
���/��)����A��"
J�/	
���!#�<
��))#���#+�� (Elastic deformation) 

�&'��&��/#
	$A%� ���
���
	�
#�K��!	
��	!
#����	���"
J�/�
#�K�����
���!
��/#
	 ��� �!��
��$T� 

(Stiffness) ��
���+����A��!��
���
�$A%� ��%��!%�6�)
#��/�
	������/
�$���
����#��� ��� CPE �!

������/
� C-Cl ������	�)������/
�$�� PVC �A��	��	
�#A����!
#�	����/��#��	B2�$����
��!$�%� 

��	�
	�!% CH2 J�������/
�$�� CPE �
�
�(�	��	
��	!
#����	��$���
#�K� (Chain entanglement) 

	�) LDPE ��/ �"
���)��
��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
�$�� �������������!��
�N�$A%�

������!#�	�� ���
���
		
�&��)&�+�	
�#A���� (Adhesion) �����
����������$���������������!��J�/

��#�"
���$����%��
����� �����%����
���/��)����A��A��
�
�(�����
������/�#�
�������
�� ��)����
����

�A��A��N�$A%� 

 J�����$��&���
2	
�J�/ CPE J��������������!
����
���� PVC100 : LDPE10 20 ��� 30 

���
�J�/&���
2 CPE 10 ��� 15 �&����KT�����#�%"
���	$�� LDPE ���+����!��
���� ��%��!%�6�)
#��/��


���
���
	J�������/
�$�� CPE �!
&��	�)�/�# CH2 KA
��!��
������+�� �����%����
����
�&���
2�
	$A%�

�A������J�/��%��
��!��
��$T��������+����A��!�����/��
"
�� �"
���)�������������!
����
���� 

PVC100 : LDPE 40 ��� 50 ���+����!��
�N��+����
�J�/&���
2 CPE 15 �&����KT�����#�%"
���	$�� 

LDPE �
	�����	��
�������
J�	
�����	J�/&���
2�
����#����/���"
�A�(A�����
����$�����������

�/�# �"
���)��
��$T�����A��)��
���
�J�/&���
2 CPE 15 �&����KT�����#�%"
���	$�� LDPE �"
J�/��

����������J��+	����
�����!��
��$T�����A��N��!
�+� �������	���/��
��
���
�$A%���T	�/�#���
��&�!#)��!#)

	�)�������������!
�����/&��)&�+��/�#�
����#��� �����/�#��	
��A�#�� 2 �+�$
� �!��
���
�$A%��#�
�

������J�����
���� PVC100 : LDPE10 ���J�����
������
��!��
���
�$A%���T	�/�#���
��%� ������
J�

��%��
�$���������������!
�!����
����$�� LDPE J�&���
2�
	�"
J�/�!��#�"
�������������
������
�

��#���$����O<
��
	 ���
�(N	�A�#���A�����
�
�(�����
������/�#�
�������
�� ��)����!
��/�A��!��
�
"
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 ��*"#%  4.8  ��)����/
�	
���/���$�������������� PVC / LDPE  ��#J�/�
����#�������  CPE  

              (	)  ���+�����/������ ($) ��
��$T������/��� 
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�
	�N&�!
 4.8 �)��
��)����/
�	
���/���$���������������&'��&J�����
���!#�	�)��)���

�/
�����A� ��� ���
�&��)&�+��/�#�
����#������� CPE �"
J�/���+�����/��������
��$T������/����!

��
�N�$A%� ���
���
	���
��!	
�&��)&�+���
��$T���������
���O<
� �"
J�/���
���)���	��
�
�(	���
#

�����/�#�
�������
��  �"
���)&���
2	
�J�/ CPE �)��
�!��	B2�������	�)��)����/
�����A� ��� �!


����
���� PVC100 : LDPE10 20 ��� 30 ���+�����/������
��������
�J�/&���
2 CPE 10 �&����KT���

��#�%"
���	 LDPE J�����
���� PVC100 : LDPE40 ��� 50 ���+����!��
�N��+����
�J�/&���
2 CPE 15 

�&����KT�����#�%"
���	$�� LDPE ������
��$T���� ��/����!�����/�J	�/��!#�	����/��
�����
�&���
2 

CPE �&'� 10 ��� 15 �&����KT�����#�%"
���	$�� LDPE 

0

10

20

30

40

50

60

70

80

0 5 10 15

CPE (%/wt LDPE)

Im
pa

ct
 s

tre
ng

th
 (k

J/
m

2 )

10
20
30
40
50

LDPE (phr)

 
 

��*"#%  4.9   ��
��$T����	����	$��������������  PVC / LDPE ��#J�/�
����#������� CPE 

 

�
	�N&�!
 4.9 �)��
���
�&��)&�+�	
�#A���������
���O<
�$�� PVC ��� LDPE �/�#�
����#

����"
J�/�������������
�
�((�
#����
���/� (Stress transfer) �����
���#���$����O<
�$����

������������/ �"
J�/�/
��
����	����	��/�!$A%���T	�/�# ��#&���
2 CPE �!
���
���J�����
���� 

PVC100 : LDPE10 ��� 10 �&����KT�����#�%"
���	$�� LDPE  ���J�����
������
��!�����/����
�$A%�

��T	�/�#���
��%� ���
���
	���	����	�&'�	
�����)��#J�/���	����	�))����!���J� �����%����
�

��%��
�#���!��#�"
����#N��A�����
�
�(�����
������/�#�
�������
����
��$T����	����	�A��!��
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�
	��)�������	�$���������������!
��
�	
�&��)&�+��/�#�
����#������� CPE �)��
�!

��)�����#����!$A%�J��+	����
����$��	
������#�|�
���
���+��� �!	
����
�$A%��#�
������� ���
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��
��$T�����A������
��$T������/�����%����
�$A%���T	�/�# KA
�J��
�����#�!%��/*A	B
�������������
�

���������������$!%���
�#�
	��/#
��
�
 �A��/���"
�A�(A���
��$T����$����%��
� �
	���+���!%�A�

����	����
����$�� PVC100 : LDPE10 ���
�*A	B
	
�&��)&�+���)�����#J�/�
����#������� CPE 

PA 20 ��� Elvaloy J�&���
2 5 10 ��� 15 �&����KT�����#�%"
���	$�� LDPE 	����"
������������

�&�"
�&'�����+������������& 
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��*"#%  4.10  ��)����/
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 �
	�N&�!
 4.10 �)��
���+��� ��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
� �!��
�N�$A%����
�J�/

�
����#�����%� 3 ���� ���
���
		
�&��)&�+�	
�#A���������
���O<
�$���
����#��� �
	�!
	��
�(A�

J��
����#������� CPE �&��/���%� �"
���) PA 20 ��� Elvaloy KA
�J�������/
��!��N���������KA
��!

�<
�$�%��A��	��	
�#A����!
#�	�) PVC ��#J�/��)�����
��!$�%���� CH2 �	!
#����	�)�
#�K�$�� LDPE 

��	�
	�!% PA 20 #���!��/
�!
���#J�	��)��	
������"
���) PVC ��� ���#J�	
�������/�!$A%� �����%�

�A��!��J�	
�&��)&�+���)���$����������������/�!	�
���A
�KA
��&'�	
�����#�"
���)����2��#���

$����O<
� �&'���J�/��)����/
�����A��!��
�N�$A%� ��# PA 20 �!
&���
2 15 �&����KT�����#�%"
���	$�� 

LDPE J�/���+��������
��$T�����A��!
�N��!
�+� ���� Elvaloy �!
&���
2 15 �&����KT�����#�%"
���	$�� 

LDPE J�/��
�/�#��	
��A�#�� 2 �+�$
��!
�N��!
�+� 
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��*"#%  4.11  ��)����/
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���/���$�������������� PVC100 : LDPE10 ����
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              (	)  ���+�����/���  ���  ($)  ��
��$T������/���   
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��*"#% 4.12 ��
��$T����	����	$�������������� PVC100 : LDPE10 ����
����#��� 3 ����  

 

 �
	�N&�!
  4.12 �)��
��
��$T����	����	$���������������!��
�N�$A%����
�&��)&�+�

��
��
�
�(J�	
��$/
	����/$����������������# PA 20 �!
&���
2 15 �&����KT�����#�%"
���	$�� 

LDPE J�/��
�!
�N��!
�+� 

�
		
�&��)&�+���)���$����������������#J�/�
����#��� ���� CPE PA 20 ��� Elvaloy 

�
�
�(�����&'��&����KT���	
����
�$A%�$����)�������	���/����
�
��!
 4.2 

 

 

 

 

 

 

 

 

 

 

 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

5 10 15

(%/wt LDPE)

Im
pa

ct
 s

tre
ng

th
 (k

J/m
2 ) 

CPE PA 20 Elvaloy

without compatibilizer 58 .9 MPa



 70

�����"#%  4.2  �&����KT���	
����
�$A%�$����)�������	�$�������������� (PVC100 : LDPE10)       

                  ���
�&��)&�+��/�#�
����#���J��������&���
2��
� C 	����#�&�!#)��!#)	�) 

                  �������������!
����!�
����#��� 

CPE PA 20 Elvaloy Mechanical 

Properties 5 % 10 % 15 % 5 % 10 % 15 % 5 % 10 % 15 % 

Young’s 

modulus 

(MPa) +89.4 +196.7 +176.3 +97.7 +155.9 +207.3 +78.2 +100.8 +203.6 

Tensile 

strength 

(MPa) +2.0 +4.4 +6.0 +0.1 +1.4 +7.3 +0.2 +0.4 +1.4 

% 

Elongation at 

break +78.0 +133.2 +131.1 +56.1 +66.5 +81.0 +45.8 +71.8 +140.3 

Flexural 

modulus 

(MPa) +42.3 +28.3 +24.0 +21.0 +21.5 +24.7 +9.4 +0.8 +1.2 

Flexural 

strength 

(MPa) +12.3 +10.1 +7.5 +1.6 +0.9 +5.6 +3.2 +2.7 +11.1 

Impact 

strength 

(kJ/m
2
) +7.4 +11.9 +9.7  +16.4  +21.0 +33.5  +9.4 +12.5  +17.1 

 

�
	�
�
��!
 4.2 �)��
	
�&��)&�+��/�#�
����#�����%� 3 ���� ��� CPE PA 20 ��� Elvaloy 

J�����������������
���� PVC100 : LDPE10  �"
J�/��)�������	��!��
�N�$A%� ��#����	���/��
	
����
�

&���
2 PA 20 �"
J�/��)�������	��N�$A%��
�&���
2	
����
�$A%�$�� PA 20 ���	
����
�&���
2$�� 

CPE ��� Elvaloy ����"
J�/��)�������	����
�$A%��
�&���
2�
����#����!
���
�$A%� ��#	�2!�!
J�/ CPE 

��� Elvaloy J�&���
2 10 ���� 15 �&����KT�����#�%"
���	$�� LDPE J�/��)����/
����+�����/����!

�����/��
"
	��
�!
J�/&���
2 5 �&����KT�����#�%"
���	$�� LDPE KA
�����J�/��T���
	
�����	J�/�������

&���
2$���
����#����!��
��"
��-�����)�������	� ����
	��2S
����#
$�����������������
�

&��)&�+��/�#�
����#�������������������J��N&�!
 4.15 �)��
 ��	B2�$����2S
����#
$������

���������!
J�/ Elvaloy �&'��
����#����!	
�	���
#���$�� LDPE J� PVC �!
�!�!
�+� ��������/J�/

��)�������	���#����!
�!�!
�+����
��&�!#)��!#)	�)	
�J�/�
����#������� PA 20 ��%��!%�6�)
#��/��
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��	B2�	
��"
��/
�!
$�� PA 20 ��	�
	�����#J�/ LDPE  �!$�
���T	�����	���
#���J� PVC ��/�!

$A%���/���%�#���&'�	
�&��)&�+���)���$�� PVC ��� PA 20 ��#&	���"
��/
�!
�&'��
����#���� 

(Processing aid) J�	��)��	
���� PVC  ��#J�������/
�$�� PA 20 &��	�)�/�# ��������
���

������)������������� KA
��$/
	�) PVC ��/�!��#J�/��)�����
��!$�%� �/�#���+�����	��
��A��&'�	
�

&��)&�+� PVC KA
��&'���O<
��!
������
��J������������� �����%��A��"
J�/��)�������	���#����N�	��
	
�

J�/�
����#���� CPE ��� Elvaloy KA
��"
��/
�!
�&'��
����#�����!#��#�
���!#� 

 ���
���
	J��
�����#�!%��/*A	B
(A���)���$���������������
����������������$!%���
�#�
	��/

#
��
�
 �����%�J�	
�����	&���
2����
����#����"
�&'��/���"
�A�(A���)���J��/
���
��$T���� KA
�

�
	�
�
��!
 4.2 ����T���/��
 PA 20 �!
&���
2 15 �&����KT�����#�%"
���	$�� LDPE J�/��)�����#���

�!
�N�	��
J�/�
����#������� CPE ��� Elvaloy ��#�|�
���
��$T����	����	 KA
������/��	�)��

$�� Tg �!
����J��
�
��!
 4.4 (KA
���	��
�(A�J����$/� 4.17) ��� �
		
�J�/�
����#������� PA 20 

J�����������������
���� PVC100 : LDPE10 �"
J�/��
 Tg  J	�/��!#�	�) PVC Compound �
		��


	
�J�/ CPE ��� Elvaloy ����������������!
�����/&��)&�+��/�#�
����#��� ��	�
	�!%�!�
�����# 

[46] �!
�)��
	
�J�/�
����������!
&��	�)�/�#�������	 (Acrylic-based modifier) J�	
�&��)&�+���)���

��
��$T����	����	$���������������
� PVC �����/�J#��/�!���"
J�/��
��$T����	����	�N�$A%�

���J��
�����# [47] �!
J�/ PA 20 J�	
�&��)&�+���)���J��/
���
��$T�����A�$���������������
� 

PVC �����/ �
	�����	��
��"
J�/��
)��/��
 PA 20 ���
���J�	
��&'��
����#�������
��!
J�/J�

	
�&��)&�+���)����/
���
��$T����	����	 �����%�J�	
�*A	B
��)���$�����������A���/����	J�/ PA 

20 �!
&���
2 15 �&����KT�����#�%"
���	$�� LDPE 

�
	��)����!
���
�$A%�$�����������������
�&��)&�+��/�#�
����#�����%� 3 ���� �
�
�(����

��
�������6��!
�
���
���	��$A%���/�����
�����������������
����#��� ����!% 

 

 

CH2 CH2 CH2 CH CH2

Cl
CH2 CH2

CH2C

H

Cl

dipole - dipole
interaction

physical entanglement

PE CPE

PVC

PE

(a)

 

CH2 CH2 CH2 CH CH2

Cl
CH2 CH2

CH2C

H

Cl

dipole - dipole
interaction

physical entanglement

PE CPE

PVC

PE

(a)

 

(�) 
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CH2 CH2 CH2 C

CH3

C OCH3

CH2 CH2

CH2 C CH2 C CH2 C

H

Cl

H

Cl

H

Cl

OO

CH2 CH

C OC4 H9

Physical entanglement

PE
PE

PVC

Acrylic

dipole-dipole
interaction

(b)

 

CH2 CH2 CH2 C

CH3

C OCH3

CH2 CH2

CH2 C CH2 C CH2 C

H

Cl

H

Cl

H

Cl

OO

CH2 CH

C OC4 H9

Physical entanglement

PE
PE

PVC

Acrylic

dipole-dipole
interaction

 

CH2 CH2 CH2 C

CH3

C OCH3

CH2 CH2

CH2 C CH2 C CH2 C

H

Cl

H

Cl

H

Cl

OO

CH2 CH

C OC4 H9

Physical entanglement

PE
PE

PVC

Acrylic

dipole-dipole
interaction

(b)

 
 

 

 

CH2 CH2

O

CH2 C
H

Cl

physical entanglement

dipole -dipole
interaction

PE PE

PVC

Elvaloy

( c)

CH2 CH2 CH2 CH2 CH2 CH
C OCH3

CH2 CH2

O

CH2 C
H

Cl

physical entanglement

dipole -dipole
interaction

PE PE

PVC

Elvaloy

CH2 CH2

O

CH2 C
H

Cl

physical entanglement

dipole -dipole
interaction

PE PE

PVC

Elvaloy

( c)

CH2 CH2 CH2 CH2 CH2 CH
C OCH3

CH2 CH2

O

CH2 C
H

Cl

physical entanglement

dipole -dipole
interaction

PE PE

PVC

Elvaloy

 
��*"#%  4.13  	��	$�������	���#
�!
�
���
���	��$A%������
������������� PVC100 : LDPE10 ���  

               �
����#��� 3 ����  (	) CPE ($) PA 20 ��� (�) Elvaloy 

 

�
	�N&�!
 4.13 (	) �&'�	��	�!
�
���
���	��$A%�J��������������!
J�/ CPE �&'��
����#���KA
�

����T���/��
 CPE �!������/
��!
��/
#	�) PVC ��� LDPE �A��"
J�/�	��	
�#A�	����#��
��!$�%� 

(Dipole-dipole interaction) ��� CH2 J�������/
�$�� CPE �	!
#����	�)�
#�K�(Chain 

entanglement) $�� LDPE  �"
���)�N&�!
 4.13 ($) �&'�	��	�!
�
���
�	��$A%�J��
����#������� PA 

(�) 

   PA 20 

(�) 
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20 ��#�
	������/
�$�� PA 20 &��	�)�/�#������������
���������)������������� KA
��
�
�(

�	�������	���#
��/��#J�/��)�����
��!$�%�$����N��������� ���� LDPE �	!
#����	�) CH2 �!
�!�#N�J�

������/
� ����
	�N&�!
 4.13 (�) �&'�	��	�!
�
���
�	��$A%�J��
����#������� Elvaloy �
	������/
�

�!
�&'�������������������
������!����������������� �����%������!
�!$�%� ��� ����������������	��

�����	���#
	�) PVC ��������!����	!
#����	�)�
#�K�$�� LDPE �
	�����	���#
�!
�	��$A%��&'�	
�

&��)&�+�	
�#A���������
���O<
�$�������������� ��� �
�
�(�����
������/�#�
�������
�����
���/��)

����A��"
J�/��)�������	�$���������������N�$A%� 
 

4.1.5 ���,A�B�

�L����"��'������������
�������� PVC !�� LDPE 

4.1.5.1 ���,A�B�

�L����"��'�� PVC !������������
� 

 	
�*A	B
��2S
����#
&��	�)�/�#  PVC 100 �&����KT��� ����������������!
����
����$�� 

PVC100 : LDPE 10 �������J��N&�!
 4.14 

   
 
 

                          
      
                                                                                                           
��*"#%  4.14  ��%������	��	$�� (	) PVC (500X)  ($) PVC (1500X)   (�) PVC100 : LDPE10   

                (500X)  ��� (�)  PVC100 : LDPE10 (1500X) 

(�) (�) 

(�) (�) 
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 �
	�N&�!
 4.14 (	) ��� (�) �)��
��2S
����#
$�� PVC ���
��&�!#)��!#)	�)������������

�����
� PVC ��� LDPE  �!��	B2���
�	�� ��� J�����$�� PVC ��%�����!��	B2���!#) ���J�����

���������!�����!
�&'���T�	���
#����#N��#�
������
"
���� �
	��	B2��!
��	��
�	���!%������
�����!


	���
#����#N� ��� ��+<
�$�� LDPE ���J��N&�!
 4.14 (�) �)��
��+<
�$�� LDPE �!
	���
#����#N��!

��	B2��&'���T�����!$�
������
"
���� ��	�
	�!%��%����$�� PVC KA
��&'������	K�����	��	
�#A��	
�

	�) LDPE KA
��&'������!
	���
#����#N� ��#����	���/�
	)����2��+�KA
��&'�)����2�!
��+<
�$�� LDPE 

��+���	�&��%���%�����!��	B2���!#) KA
������/��	�)��$����)�������	��!
�!��
�
"
�����
���� LDPE 

���&J� PVC �����	K� 

 

  4.1.5.2  ���,A�B�

�L����"��'������������
�"#%*�
�*�-��:��
��$����
� 

 ����
����$���������������!
�"
�
*A	B
 ��� PVC100 : LDPE 10 ����
����#��� 

3 ���� ��� CPE  Elvaloy  ��� PA 20 ��#J�/&���
2  15 �&����KT�����#�%"
���	$�� LDPE �
	�N&�!
 

4.15 (	) (�) ��� (�)  �)��
��2S
����#
$���������������!
&��)&�+��/�#�
����#�����%� 3 ���� �!

	
�	���
#���$�� LDPE J� PVC KA
��&'������	K���/�!$A%� ��� �!��+<
�$�� LDPE ���	�#N�J� PVC 

KA
��&'������	K��#�
���
"
�������J��N&�!
 4.15 ($) (�) ��� (|) �)��
��+<
�$�� LDPE �!$�
���T	

�����
��&�!#)��!#)	�)��2S
����#
$���������������!
�����/&��)&�+��/�#�
����#���KA
��&'���

���
���
�
	�
����#����"
��/
�!
�������&'����
����
�������
� PVC ��� LDPE �A��&'�	
�&���	��

	
�������$�� PVC ���� LDPE J������
�	��)��	
�����A��!���"
J�/$�
� LDPE ����	
�

	���
#����!$A%��A������J�/��)�������	�$���������������!
J�/�
����#����!�����/��N�$A%�  
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 (	)      ($) 

  
(�)      (�) 

  
(�)      (|) 

��*"#%  4.15  ��%������	��	$�� PVC100 : LDPE10 ��#J�/�
����#��� 3 ���� (	) CPE 15%  

                (500X)  ($) CPE 15% (1500X)   (�) PA 20 15% (500X)  (�) PA 20 15% (1500X) 

                (�) Elvaloy 15% (500X) ��� (|) Elvaloy 15% (1500X)        
 

 

 

 



 76

4.1.6 ���,A�B��-��1������
����
�'�� PVC 100 �*����ND����*�#���"#���
� PVC E�

����������
� 

                �����"#% 4.3 �+2�<N��	
���
#���$�� PVC 100 �&����KT��� ��� PVC J������������� 

�
#	
� �+2�<N��	
���
#���  (	C) 

PVC 100 % 287.9 

PVC 100 : LDPE 10 291.3 

PVC 100 : LDPE 10 : CPE 15 % 284.0 

PVC 100 : LDPE 10 : PA 20 15 % 289.9 

PVC 100 : LDPE 10 : Elvaloy 15 % 281.1 

 

 �
	�
�
��!
 4.3 �)��
�+2�<N��	
���
#��� (Decomposition temperature, Td) $�� PVC     

J��������������!
����
���� PVC100 : LDPE 10 �!��
�N�$A%� KA
��6�)
#��/��
�	���
	&O�	���#
	
�(�
#

�����+�N������ (Radical transfer reaction) KA
�������/����N&�!
 4.16 
CH2CH CH2CH

Cl Cl Cl

thermal degradation

CHCH2CH
Cl Cl

CH2CH

CH2CHCH2C
H

CH2CHCH2

CH2CH CH2CHCH2CH2

PE with more branching

CH2CHCH2CH
Cl Cl

CH2CH2

more degradation 
 of PVC

CH2 CH2CH
Cl

CH2CH2 CH2

PVC with more methylene 
in the chain

CH2CH

CH2

C

 and crosslinking  
 

��*"#% 4.16  	��		
��	��	
�(�
#�����+�N�����������
�	��)��	
���� [48] 
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�
	�N&�!
 4.16 ����(A�	��		
��	��	
�(�
#�����+�N�����������
�	��)��	
������#���
�

�
	��+�N�������!
�	���
		
���!#�<
�$�� PVC �/�#	��)��	
��!������!����� (Dehydrogenation 

process) �	���&'���+�N������$�
�J�-� (Macro–radical) $�� PVC KA
����!
#��"
J�/�	����+�N������

$�����������!
�	���
		
���+���	�
	�
#�K�$�� LDPE �����+�N������$�����������!%�
����$/


�"
&O�	���#
	�)��+�N������$�
�J�-�$�� PVC ��/KA
����"
J�/J��
#�K�$�� PVC �!��N� CH2 ���
�$A%����
�

&���
2	
���!#�<
�$�� PVC ���
�$A%� ������+�N������J�������/
�$�� LDPE �
��	��&O�	���#
	�)

��+�N������J�������/
�$�� LDPE �"
J�/������/
�$�� LDPE �!	�
�	/
� (Branching) �����	��	
�

���
���#� (Crosslinking) J�������/
��
	$A%� KA
��
	&O�	���#
�!%�A��"
J�/��	
��!
���	��	��)��	
��!

������!������	����/�/�#���&'���J�/ PVC �!��(!#�<
��
	$A%� [48] �"
J�/ Td �N�$!%� ������
��!�
����#

����#N�J��������������"
J�/�+2�<N��	
���
#����!��
�
"
��KA
��6�)
#��/��
���
�����
����#����"
J�/

�������������!��
��$/
	����/�
	$A%� ��� �����!
�!$�%�J� CPE PA 20 ��� Elvaloy #A����!
#�	�) PVC  

��������!
�!������/
������� LDPE ���	��	
��	!
#����	��$���
#�K�����	+� KA
���	B2��!%�!���"
J�/

&O�	���#
	
�(�
#�����+�N�������!
�	��J� PVC ��� LDPE �	����/�/�#�� �����%�	
���!#�<
�$�� 

PVC �A��!��	
��	����/��
#	��
	�2!�!
���J�/�
����#��� 
  

4.1.7  ���,A�B��-��1�������*�#%��
<�����:��!�:� (Tg) '�� PVC 

 

�����"#% 4.4 ��
 Tg $�� PVC 

�N����������� Tg  (	C) 

PVC 100 % 91 

PVC100 : LDPE10 89 

PVC100 : LDPE10 : CPE 15 % 88 

PVC100 : LDPE10 : PA 20 15 % 90 

PVC100 : LDPE10 : Elvaloy 15 % 89 

  

 �
	�
�
��!
 4.4 �)��
��
 Tg $�� PVC J��������������!
����!�
����#����!��
�������
�

�&�!#)��!#)	�) PVC 100 �&����KT��� ���
���
		
����� LDPE KA
��!������/
��!
�����+��(Flexible) ���
�

��/��)��
��/���
#�K��A��
�
�(����
���!
��/��
# ��	�
	�!%���
�����
����#����)��
 Tg $�� PVC 

J��������������!
J�/�
����#������� PA 20 �!�����/�J	�/��!#�	�) Tg  $�� PVC 100% ������


	
��"
��/
�!
$���
����#������� PA 20 KA
��!��	B2��������&'����
����
�������
� PVC ��� 

LDPE �!&�����6�<
��
		��
	
�J�/�
����#������� CPE ��� Elvaloy Tg  �!
��/�
		
�J�/ PA 20 

�����/��	�)��)�������	��!
���
�$A%��������J��
�
��!
 4.2 
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4.1.8 ���,A�B��-��1��������������!���-��1����������A�'�� LDPE E�����

������
� 

���
�*A	B
��	���)$��	
���������������������
� PVC ��� LDPE ��#J�/��6!	
���� 2 

�)) ��� J�/����
������!������	�!#�������!
#���!#�$�%������!#� ��� J�/����
������)) 2 �N		��%�

�����
	����/�#����
������!������	�!#�������!
#� ��#�!��	
������ ����!% 

 

4.1.8.1 �-��1��������������'�� LDPE 

	
�*A	B
�+2�<N��	
��������� (Melt temperature, Tm) �"
��/��#	
�J�/����
�� Differential 

scanning calorimeter (DSC) J�	
�����)��/*A	B
�����+2�<N����%���� 25-150 ��*
�K��K!#� ����


	
�J�/��
��/�� 10 ��*
�K��K!#�����
�!  

 

�����"#% 4.5 �+2�<N��	
��������� (Tm) $�� LDPE 

����#�
� �+2�<N��	
��������� (	C) 

LDPE 100 % 112.2 

PVC100 : LDPE10 (Single screw) 111.4 

PVC100 : LDPE10 (Single screw + Two roll 

mill) 

111.1 

PVC100 : LDPE10 : CPE 15 % 111.6 

PVC100 : LDPE10 : PA 20 15 % 110.9 

PVC100 : LDPE10 : Elvaloy 15 % 111.9 

  

 �
	�
�
��!
 4.5 �)��
�+2�<N��	
�����������A	$�� LDPE J�����������������
���� 

PVC100 : LDPE10 �!
�!	
�����/�#$�%�����!
��
�	�����	
�J�/������J�/�
����#����!��
J	�/��!#�	�� 

������
��6!	
��������"
J�/�5��	���	
�����������A	$�� LDPE �&�!
#��& 
 

4.1.8.2 �-��1����������A�'�� LDPE 

	
�*A	B
�+2�<N��	
��	��A	 ������&������*
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��&'���A	J�/��������!#�	�)	
�*A	B
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���/��	
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�����"#% 4.6 �+2�<N��	
��	����A	 ������&������*
��
��&'���A	$�� LDPE 

����#�
� Tc 

(	C) 

�Hf 

(J/g) 

�Hn 

(J/g) 

% 

Crystallinity 

LDPE 100 % 97.6 93.01 93.01 31.68 

PVC 100 : LDPE10 (Single screw) 97.9 3.49 38.39 13.08 

PVC 100 : LDPE10 (Single screw + Two roll 

mill) 

98.1 3.22 35.42 12.06 

PVC 100 : LDPE10 : CPE 15 %  97.7 3.89 43.37 14.77 

PVC 100 : LDPE10 : PA 20 15 %  98.1 3.37 37.57 12.79 

PVC 100 : LDPE10 : Elvaloy15 %  97.3 3.79 42.25 14.39 

 

4.2 �����,A�B�
��
������Q '�������
�������������������
�!��'#(��)%��	��

��:������� 
 

4.2.1 ���,A�B�����df���$
�'�������
��'������������
�"#%*�
�*�-�!�������:

*�
�*�-��:��
��$����
� 

 �
		
�*A	B
��N����	����$����������$���������������!
&��)&�+��/�#�
����#������� PA 

20 ��������/&��)&�+��/�#�
����#�����#J�/ PVC 100 phr LDPE 10 phr PA 20 15 �&����KT�����#

�%"
���	$�� LDPE ���$!%���
�# 10 ��� 50 �&����KT�����#�%"
���	$�������������� ��/��	
������

����N&�!
 4.17 
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��*"#%  4.17  �����
�����&	��
$�� (	) PVC100 : LDPE10 : PA 20 15%  ($) PVC100 : LDPE10  

              : SD10% (�)  PVC100 : LDPE10 : SD 50% (�)  PVC100 : LDPE10 : SD10% :  

              PA 20 15% ��� (�) PVC100 : LDPE10 : SD50% : PA 20 15%   

 

�
	�N&�!
 4.17 ������&	����$���/�#��	
������
����$���������������
��������������!


&��)&�+���������/&��)&�+��/�#�
����#������� PA 20 ���$!%���
�#��#J�/&���
2 10 ��� 50 

�&����KT��� �
	��&	����J��N&�!
 4.17 ($)-(�) ���
����$!%���
�#J��������������)�!	�!
��
��&�
	�

�&	����$���������������!
�"
�������
�C ����!% ��	B2��!		�/
�J����� 1650-1720 cm
-1 

KA
��&'�

��	B2�	
���
��)) C=O Stretching $���
��)����KA
��!�#N�J�������/
�$����/�J#��/��#�!
��������

�!
�!$!%���
�# 50 �&����KT��� �!�!	�!
�"
������!%�������	��
���������!
J�/$!%���
�# 10 �&����KT��� ��	�
	�!%

#���!�!		
�#�����$�������������
��	KA
��!�#N�J�������/
�$����	����!
�!�#N�J���/�J#��/�&'��!	J�-�

J�����  1650-1450 cm
-1
 KA
���T�������J����������!
J�/&���
2$!%���
�# 50 �&����KT��� ����	
���
�

�)) O-H Stretching �)J����� 3450 – 3500 cm
-1
 KA
��!�#N�J�������/
�$���K��N��� �����K��N���

�����	����!
�!�#N�J����%���/ ��	�
	�!%�)��
 J��N&�!
 4.17 (�)��� (�) �!�!	&�
	O�!
�"
����� 1505 cm
-1
 

�&'���	B2�	
���
��)) C=C Stretching �!
�#N�J������������
��	KA
��&'�������/
�$����	��� [46, 

47] �"
���)���������
	�������������!
J�/�
����#����)��
 �"
�����$���!	�!��	B2���/
#	�)

���������!
�����/J�/�
����#������� PA 20 

�"
�����$����&	�����!
�"
��-$���������������
����������������$!%���
�#�
	��/#
��
�
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�����"#% 4.7 �"
�������&	����$���������������
����������������$!%���
�#�
	��/#
��
�
 

�"
������!	 (cm
-1
) ��	B2�	
���
� ��	�
��/
���� 

3450 – 3500 O-H Stretching 46-47 

1450-1650 �����������
��	 46-47 

1650-1720 C=O Stretching 46-47 

1500-1600 C=C Stretching in aromatic 46-47 

1430 – 1470 C-H  bending $��  CH2 46-47 

1300 – 1400 C-H  Deformation $�� CH2 46-47 

600 – 800 C-Cl Stretching 46-47 

 

4.2.2  
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�������������������
�!��'#(��)%��	����:������� 
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�*A	B
 2 �)) ��� J�/������J�/�
����#��� �������&���
2�
�

���#��� ��� PA 20 15 �&����KT�����#�%"
���	$�� LDPE �"
���)$!%���
�#��/*A	B
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2$!%���
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��
�������6������
����+���  ��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
�	�)&���
2$!%

���
�# ��������N&�!
 4.18 �)��
���+����!�����/����
�$A%����
�&���
2$!%���
�#���
�$A%� ���
���
	$!%���
�#�!

���+����!
�N�	��
������������ �����%����+�����#���$�����������A��!�����/��N�$A%� ��#���������!


�"
�
	�������������!
�!&���
2 LDPE 10 J�/��
�!
�N�	��
���������!
�"
�
	�������������!
�!&���
2 

LDPE 40 ���
���
	 LDPE �!��	B2��!
�����+�������%����
�J�/$!%���
�#J�&���
2�!
���
	�����������!
�!

&���
2 LDPE �
"
	��
�A��!���+����!
�N�	��
 ��	�
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���������!
�!�
����#���J�/���+����!
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	��
���������!
����!�
����#��� ������
�&���
2��/�
	$A%� ��� 50 �&����KT��� �)��
���+���$�����

������!
&��)&�+���������/&��)&�+��/�#�
����#����!�����/�J	�/��!#�	�� 

�"
���)��
��$T�����A�����/�#��	
��A�#�� 2 �+�$
� $�����������
	�������������!
�!

&���
2 LDPE 10 ��� 40 �!�����/��������
���
		
�#A��	
������
���/�J#��������	K��
"
�"
J�/

��%��
��!��#�"
��� (Defects) �����%����
�J�/����A��	���%��
�)����2�!
��/�J#������	�)��O<
������	K�

��%��&'�)����2�!
�!��
���/��N��"
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��	B2���%���������
���O<
�$��$!%���
�#��������������� �
	�N&�!
 4.22 (	) ��� (�) KA
��&'�

���������!
����!�
����#��� �)��
������
�)����2��#��������
���O<
�$��$!%���
�#�������������!

$�
�	�/
�	��
������
�J����������!
�!�
����#��� �������J��N&�!
 4.22 ($) ��� (�) KA
��&'��&��/��
 

PA 20 �
�#A��	
�	�)$!%���
�#��#J�/��)�����
��!$�%� �&'���J�/�
�
�(#A��	
�	�) PVC KA
��&'���><
�

���	J���������������/�!$A%� 
 

4.2.4 ���,A�B��-��1������
����
�'��  PVC  E������
�������������������
�

!��'#(��)%��	����:�������  

����
����$���������������!
J�/J�	
�*A	B
�+2�<N��J�	
���
#���$�� PVC  J��������� 

��� PVC100 : LDPE10 ��	�
	�!%��/*A	B
�+2�<N��J�	
���
#������
�&��)&�+��������������/�#�
�

���#������� PA 20 �������J��
�
��!
 4.8 
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�������� 4.8 �������	
��
��������� PVC �����	����������
	� 

���
�� �������	
��
������  (�C) 

PVC100 : LDPE10 291.3 

PVC100 : LDPE10 : PA 20 15 % 289.9 

PVC100 : LDPE10 : SD10 243.7 

PVC100 : LDPE10 : SD 50 234.9 

PVC100 : LDPE10 : SD10 : PA 20 15 

% 

254.0 

PVC100 : LDPE10 : SD50 : PA 20 15 

% 

238.3 

  

��
�������� 4.8 �!�"��������	��
��
������ (Decomposition temperature, Td) ��� PVC 

�#����$�����
����&�"��'�
�����&�'*+����
�!��	-�!�/6� (Hydrophilic) 
"�� PVC ;�< LDPE ��
�!��	

&�"-�!�/6� (Hydrophobic) ��
��
��/������	������="���� [51-52] �!�"�?�	���&�'�����	���+/���=��"�
��

�#������������	
��
��������� PVC �$� ���@<&B�#������������"����$/�&�'������
����F�6���'

�<������ Cl ���#��
��
 PVC  ��$�����
�<������&B�#����*+���������?G�!�
��
;�<
����F

#+�#�#��"�	��I
�����##�#������
�<����������
���$��������"�'�������*+����
�����/ �$� Cl ;������
	#�+/���

��
J�<�-"���/ ����
�"� ���@<&B�#���� #����/���$�����<!!�������'�� PVC �
	#
���
��
����+��6���' 

Cl ���#&?
�'�����@<
�!&B�#�����<���&#' ;�"��$���-'
��-"��=
� �!�"��������	
��
��������� 

PVC 
���+/���I
�'�� ��$�����
��
J�<
���6�������
��-"��=
� �$� 
"���������/��� PA 20 �<�+#

�������
�!
"���������/��� PVC �$� C-Cl #����/� Cl �+�����
�
�
	#���@<
�!&B�#����&#'�'�����?G�=���' 

Td ���"�
���+/� 
 

4.2.5 	��
�	��
�������	����
��������
�������	���	���	�
� LDPE ���
��!

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


��K+
J��-'�����
"����� PVC100 : LDPE10 �#��-';�<&�"�-'
��-"��=
�-�	# PA 20 

?�	��� 15 �?����*I����#��/6����
��� LDPE ;�<?�	�����/��$������K+
J� �$� 10 ;�< 50 �?����*I���

�#��/6����
������	�����=
�  �6�&#'�#�
���-'���$��� Differential scanning calorimeter (DSC) ��


���#
�!�<K+
J�-"���������	��/�;�" 25-150  ��K��*��*��
 �����
����'�����'�� 10 ��K�

�*��*��
�"����� 
 

4.2.5.1 
�������	����
������
� LDPE 


��K+
J��������	
����������=�+
��� LDPE �������
	�&#'=�
���#���#����/ 
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�������� 4.9 �������	
���������� (Tm) ��� LDPE 

�����"�� �������	
���������� (�C) 

PVC100 : LDPE10 111.1 

PVC100 : LDPE10 : SD10 110.4 

PVC 100 : LDPE10 : PA 20 15 : SD10 110.7 

PVC 100 : LDPE10 : SD50 110.4 

PVC 100 : LDPE10 : PA 20 15 : SD50  109.7 

 

��
�������� 4.9 �!�"���$��=
���/��$���?�	��� 10 ;�< 50 �?����*I����#��/6����
������	

�����=
��������	�����=
��<��"�� PVC ;�< LDPE ����-';�<&�"�-'
��-"��=
�&�"�6���'�������	
��

��������=�+
��� LDPE �������
	��?�����;?����
��
  
 

4.2.5.2 
�������	���	���	�
� LDPE 


��K+
J��������	
���
=�+
 ������?M;�<��K������?G�=�+
�-'����	��#���
�!
��K+
J�

�������	
����������=�+
*+��&#'=�
���#���#����/ 

 

�������� 4.10 �������	
���
	#=�+
 ������?M;�<��K������?G�=�+
��� LDPE 

�����"�� Tc (�C) �Hf 

(J/g) 

�Hn 

(J/g) 

% 

Crystallinity 

PVC100 : LDPE10 98.1 3.22 35.42 12.06 

PVC100 : LDPE10 : SD10 97.1 4.12 50.37 17.15 

PVC100 : LDPE10 : PA 20 15 : SD10  96.3 3.93 48.64 15.57 

PVC100 : LDPE10 : SD50 95.4 2.42 53.19 18.12 

PVC100 : LDPE10 : PA 20 15 : SD50 95.3 2.28 50.55 17.22 

 

 �������	
���
	#=�+
�?G��������	
���
	#=�+
���"������	����� �#���
=�
��K+
J�#��;
#�

���������� 4.10 �!�"� 
����	���/��$�����&?�����	�����=
���;�"�<�����
"������6���K+
J�&�"�6���'

�������	
���
	#=�+
�?�����;?����
��
 ;�"������?M;�<��K������?G�=�+
���"���	���+/���$������/��$���

���"���<!! ��/���/��$�����
=�+
����
	#�+/�
����F�
	#=�+
��I
 R �+/�;!!��/�U�
 (Transcrystallization) 

[49] ���!�	����$/�=	������/��$���&#' �$� ��/��$����6���'�����?G�
��
"�=�+
�#���$��?�	�����/��$�����
�+/��6�

��'��K������?G�=�+
���"���	���+/� 
"��
���-'
��-"��=
���=��6���'������?M;�<��K������?G�=�+
��

�"��#����I
�'�� *+���?G�&?&#'�"�
��-"��=
�����
	#
���+#�������
�!��/��$����#��-'
�!��	��������/��6�

��'��/��$����6���'�����?G�
��
"�=�+
&#'�#����$�����
	#��

��-"��=
��6���'�
	#
���+#��������<��"�� 
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PVC ;�< LDPE 
"�=���'
����#����������� LDPE �?G�&?&#'��
�+/� ����
����F��
���
	#=�+
�+�

�#�� 

 

 4.3 	��
�	�����
�"����#��+ Silane ���/��&
 MAPE ��������#
"�+,��    

�#�� - �
��
��!"�� 

 ����/������/�?G�
���6������
	���
���	�����=
� PVC:LDPE 100:40 ����� PA-20 �?G�
��

-"��=
����������?G������
	��#��-'
����"��! Silane A-137 ;�< Silane A-1100 ;�<
��-"��=
� 

MAPE ��?�	���;�
�"��
�� &#';
" 0 1 3 ;�< 5% �#��/6����
�����/��$��� ���F+�K+
J��
����
�!
��

�-' Silane A-137 ��$� Silane A-1100 ;�<
��-"��=
� MAPE �������
"���"�� R &#';
" 1:1 1:2 ;�< 

2:1�����=��"�
�!��	�-	�
� 
��X���	���;�<
�!��	��������'����������
	� 

 

  4.3.1 	��
�	�����#67�	$:,��
��
��!"������:* Silane ��&
 MAPE 

 

 
 
��?��� 4.23 �	�Y����#
�?
���������	�����=
� PVC/LDPE/PA20 (
) &�"�� Silane ��$� MAPE (�) 

=
� Silane A-137 (�) =
� Silane A-1100 ;�< (�) =
� MAPE 
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 ��
�	�Y����#
�?
�������?��� 4.23 �!�"� �����"�������
	� PVC/LDPE �
�	�;���#�     

��/��$�����'��
���
��'��
�!�	�Y�����
�?
������;
#�����?��� 4.17 �#��6�;��"���
-"�� 3400-3500 

cm
-1
 �
	#��

��
���;!! O-H stretching ������"&B#��
*	�����/��$��� ����6�;��"� 1650-1720 cm

-1

�?G�
��
���������"����!��	� (C=O stretching) ����!������?�<
�!��/��$��� 1430-1470 cm
-1 

�
	#��
 

C-H bending ��� CH2 ����?G�
���*"���
������	�����=
��<��"�� PVC ;�< LDPE 
6����!
���-' 

Silane A-137 ��'��

6���^��	���+/�������6�;��"� 1095-1190 cm
-1 

*+���
	#��

��
���;!! Si-O-C 

stretching [46-47] ;�<��
����6�;��"� 1020-1030 cm
-1 

;
#�F+�
��
������ Si-OH stretching [46-47] 

�-"��#���
�!
���-' Silane A-1100 �����'��

6���^����6�;��"��#���
�� 
"��
���-' MAPE ;
#���
���

�6�;��"� 1732 cm
-1 

*+���
	#��

��
���;!! C=O stretching [46-47] ���*'����!
���<��"�����"             

����!��	�����!����/��$���;�<���"����!��	�������"������
�'��������	�	
;��&B#���#� 

 

  4.3.2 ���
�"����#��+ Silane ��������#
"�+,���:��	��
��
��!"�� 

  4.3.2.1 Silane A-137 

 ��
��?��� 4.24 (
)-(�) �!�"�
�!��	#'��;��#+�������	����������
	���;����'����#��+/���$����


���-'
����"��! Silane A-137 ��/���/��$�����

�����
����"��! Silane A-137 ?�<
�!#'��
"�����&�"����/� 

(���"��
�	�) ;�<
"������/� (���"����
*�) 
����F�-$��������'����
��������	�����=
��
	#
���+#

�������
�!����
������*�����
����?G�����?�<
�!���
�����/��$���&#'="�����
���
��������-	�
�;�<


���-$������;!!&#�������6�#�! ;�<?�	��� Silane A-137 �����'
�!��	#'��;��#+�#����
�#���"���

?�	��� 3% ��
��
��/����!�"�?�	�����/��$������;�
�"��
�� �6���'
�!��	#'��;��#+���������
	������


���-' Silane A-137 �?G�&?���6�����#���
�� 
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��?��� 4.24 
�!��	#'��;��#+���������
	�����-' Silane A-137 �?G�
����"��! (
) ��#���
 (�) ����

;�I�;��#+� ;�< (�) �'���<
��#+��$# � ��#��# 
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��?��� 4.25 
�!��	#'��
����'�����������
	�����-' Silane A-137 �?G�
����"��! (
) ��#���
��'��� 

;�< (�) ����;�I�;����'��� 

 

 
�!��	#'��
����'�����������
	������
���-'
����"��! Silane A-137 ;
#�&#'#����?��� 4.25 

��
=�
���#����!�"� 
����"��! Silane A-137 �6���'
�!��	#'��
����'�����������
	���	���+/���$��

�?���!����!
�!�����
	����&�"��
���-' Silane A-137 
6����!?�	��������'
�!��	#'��
����'���#����
�# 
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�$� 3% �-"��#���
�!
�!��	#'��;��#+� ��
��
��/����!�"�?�	�����/��$��������	���+/� �6���'��#���
��'���

��	���+/�;�"�6���'����;�I�;����'����#�� 
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��?��� 4.26 ����;�I�;��
�<;�
��������
	�����-' Silane A-137 �?G�
����"��! 

 

 ��
��?��� 4.26 �!�"� ����;�I�;��
�<;�
��������
	�����-' Silane A-137 �?G�
����"��!��'

;����'������	���+/���/�;�"
���-' Silane A-137 ��� 1% ;�<?�	�����/��$��������	���+/� �6���'����;�I�;��


�<;�
��;����'�&�"�?�����;?�� 

 

  4.3.2.2 Silane A-1100 

 ��#���
 ����;�I�;��#+�;�<�'���<
��#+��$# � ��#��#��������
	�����-'
������! Silane 

A-1100 ;
#�&#'#����?��� 4.27 (
)-(�) ����6�#�! ��
=�
���#����!�"� 
����"��! Silane A-1100 

�6���'
�!��	#'��;��#+���������
	���	���+/���"��-�#��� �#�?�	������ Silane A-1100 ���#����
�#���"��� 

3% �-"��#���
�!
���-' Silane A-137 ��$�����
����
�'����� Silane A-1100 ���?�<
�!#'��
"������/�

�����/� 2 ?��� &#';
" ���"�<�	��;�<����
*� 
����F�
	#
���+#��������<��"�����	�����=
�;�<��/��$���

&#'�#�
���+#�������;!!&#��� ��
��
��/?�	�����/��$��������	���+/��6���'��#���
��	���+/� ;�"�6���'����

;�I�;��#+�;�<�'���<
��#+��$# � ��#��#�#�� 
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��?��� 4.28 
�!��	#'��
����'�����������
	�����-' Silane A-1100 �?G�
����"��! (
) ��#���
��'��� 

;�< (�) ����;�I�;����'��� 

 

 ��
��?��� 4.28 �!�"�
�!��	#'��
����'�����������
	������
���-' Silane A-1100 ��';����'�

�����'��
�!
���-' Silane A-1100 ����?��� 4.24 
�"���$� �6���'��#���
��'���;�<����;�I�;����'�����

�"���	���+/��#���'�"������
���
�#��$���-' Silane A-1100 ��?�	��� 3% 

 ����;�I�;��
�<;�
��������
	�����-' Silane A-1100 �?G�
����"��!���"���

�"�����

;�I�;��
�<;�
��������
	����&�"��
���-' Silane A-1100 �?G�
����"��! #��;
#�����?��� 4.29 ;�<

?�	�����/��$��� 10% ��'�"�����;�I�;��
�<;�
��
���
�# 
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��?��� 4.30 
�!��	#'��;��#+���������
	�����-' MAPE �?G�
��-"��=
� (
) ��#���
 (�) ����;�I�;��

#+� ;�< (�) �'���<
��#+��$# � ��#��# 

 

 
�!��	#'������;�I�;��#+���������
	������
���-' MAPE �?G�
��-"��=
�
����F;
#�&#'

#����?��� 4.30 ��
=�
���#����!�"�
���-' MAPE �6���'��#���
 ����;�I�;��#+�;�<�'���<
��#+�

�$# � ��#��#��	���+/� �#�?�	��� MAPE �����'�"�
�!��	�-	�
�#����
�# �$� ?�	��� 3% �#��/6����
���

��/��$��� 
����	���+/����
�!��	#'��;��#+��
	#�+/���$�����

���������
����� MAPE ���?���#'����+���?G�
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"�����&�"����/� (
"����� MAPE) ;�<?�����
#'����+���?G�
"������/� (
"��������	�	
 ;��&B&#�#�) *+��


����F�
	#
���
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�!���	�����=
�;�<�
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�!
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��?��� 4.32 ����;�I�;��
�<;�
��������
	�����-' MAPE �?G�
��-"��=
� 

 

 ����;�I�;��
�<;�
��������
	�
����F?��!?���&#'�#�
���-' MAPE �#�?�	��� MAPE 

��� 3% ��'�"�����;�I�;��
�<;�

�����
�#�#��U��<��$���-'?�	�����/��$��� 10% ��'�"�����;�I�;��


�<;�
��

�"���$���-'��/��$�����?�	��������	���+/� 

 

�����
	�	������
	#�+/����<!!�����
	����?�<
�!#'�����	�����=
��<��"�� PVC ;�< LDPE 

����� PA20 �?G�
��-"��=
� ��/��$���;�<
����"��!;�</��$�
��-"��=
�
����F;
#�&#'#����?��� 4.33 


6����! Silane A-137 ��/������
	�	������
	#�+/���
"�����&�"����/� �$� 
������
�����-	�
� (Physical 

entanglement) �
	#
���
�������
�!���	�����=
� 
"��?����������/�������"&*�����
����F
�'��

���@<&B�#������$�;���+#�������;!!&#���
�!���"&B#��
*	������/��$��� ���6�����#���
��
���-' 

Silane A-1100 
"���������/��������
�� Silane ��$����"&*�����
����F�
	#
��
�'�����@<
�!��/��$���

&#'�-"��#���
�!
������ Silane A-137 ;�"?�����
#'���������/�
����F�
	#;���+#�������;!!&#���
�!

����?�<
�!��� PVC �����	�����=
�&#' ��$���	����� MAPE �!�"����";��&B#���#���� MAPE 


����F�
	#?_	
	�	������
�!��/��$��� ;�<
"������?G����	���	������ MAPE 
����F�
	#
���
�������

�-	�
�&#'
�!����
��������	�����=
����;
#�F+�����&�"����/� 
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��$���?���!����!=����
����"��! Silane A-137 Silane A-1100 ;�< MAPE �!�"�
���-'  


����"��! MAPE ��'
����	���+/����
�!��	�-	�
��#������

�"�
���-'
����"��! Silane A-137 ;�< 

Silane A-1100 ��$���?���!����!��?�	���
���-'�����"�
�� ��$�����
 MAPE 
����F
�'�����@<       

���������
�!��/��$���&#' ��
?_	
	�	���<��"�� MA ;�< OH group ��
��
��/����
	#�+/���$�����
����

������
���*"��� PE �� MAPE ����

�"��������
���*"������"&B�#�����!��������
�'����� 

Silane A-137 �6���'�
	#
������
�����-	�
�&#'��

�"� 

��$���?���!����!�<��"��
����"��! Silane #'��
������!�"� Silane A-137 *+�������"?����'��

��+���?G�
"��&�"����/� ��'
�!��	�-	�
��#����#�
�"�
���-' Silane A-1100 *+�����"?����'����+���?G�
"��

�������/� (���"�<�	��) ��/���/��$�����
���	�����=
��<��"�� PVC ;�< LDPE ��/�
"����� LDPE 
����F

�
	#;���+#�������
�!
"�����&�"����/��� Silane A-137 &#';�"��
������ Silane A-1100 
"�����PE &�"


����F��'�
��&#'
�! Silane A-1100 #����/���$���-' MAPE ��$� Silane A-137 �����?����'����+���?G�


"�����&�"����/� �+���'
�!��	�-	�
��#�������#�
�"�
���-' Silane A-1100 ���?�����/�
���'���?G�
"�������

��/� ��
��
��/?�	������ Silane A-137 A-1100 ;�< MAPE �����'
�!��	�-	�
����#����
�# �$� 3% �#�

�/6����
�����/��$��� 
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  4.3.4 	��
�	�����#67�	$:,��
��
��!"������:* Silane ��� MAPE 

 ������'���/�?G�
��K+
J�F+�=����
�!��	�-	�
���������
	�����-'
����"��!;�<
��-"��=
�

��?�	����������� 3% �������
"���"�� R &#';
" Silane A-137: MAPE Silane A-1100:MAPE 1:1 1:2 

;�< 2:1 �#��-'?�	�����/��$����'���< 10 20 30 ;�< 40 

 

 
 

��?��� 4.34 �	�Y����#
�?
���������	�����=
� PVC/LDPE/PA20 (
) &�"�� Silane ��$� MAPE (�) 

=
� Silane A-137 ;�< MAPE (1:1) ;�< (�) Silane A-1100 ;�< MAPE (1:1) 

 

 ��
��?��� 4.34 �!�"�
���-'
����"��! Silane A-137 ;�<
��-"��=
� MAPE ��'��
���

���$��
�!
���-'
����"��! Silane A-137 ��$�
��-"��=
� MAPE �����
���#��� 
�"���$� ��'��
���

�6�;��"� 1020-1030 cm
-1
, 1095-1190 cm

-1
 ;�< 1734 cm

-1 
*+���
	#��

��
������ Si-O-C 

stretching, Si-OH stretching ;�< C=O stretching ����6�#�! 
6����!
���-'
����"��! Silane A-1100 

;�<
��-"��=
� MAPE ;
#���
����6�;��"��
�'�����
�!
���-' Silane A137 ;�< MAPE 
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  4.3.5 ���
� Silane:MAPE ��������#
"�+,���:��	��
��
��!"�� 

  (	) Silane A-137:MAPE 
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	�����-' Silane A-137:MAPE �������
"���"�� R �!�"� �����
"����� Silane A-

137:MAPE �"�� R �6���'
�!��	#'��;��#+���������
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 ����;�I�;��
�<;�
��������
	����"���	���+/���

���-'
����"��!;�<
��-"��=
���

�����
"���"�� R #��;
#�����?��� 4.37 �#����?�	�����/��$��� 10% ��'�"�����;�I�;��
�<;�
���
�����
�#

��

��?��!?���#'��
����"��!;�<
��-"��=
� Silane A-137:MAPE �������
"���"�� R 
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	�����-' Silane A-1100:MAPE (
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 (�) ����;�I�;��

#+� ;�< (�) �'���<
��#+��$# � ��#��# 
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	�����-' 

Silane A-1100:MAPE �������
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"���"�� R ��'�"�
�!��	#'��;��#+����

��	���+/�����
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 ����;�I�;��
�<;�
��������
	����"���	���+/���

���-' Silane A-1100:MAPE ��

�����
"���"�� R (��?��� 4.40) �-"��#���
�!
�!��	#'��;��#+�;�<
�!��	#'��
����'��� 

 

 ��

���-'
����"��!�"�
��-"��=
� Silane A-137:MAPE ;�< Silane A-1100:MAPE ��

�����
"�� 1:1 1:2 ;�< 2:1 �!�"�;����'�
�!��	�-	�
��#������������
	����"���	���+/�����
 R 

�����
"�� �#�
���-' Silane A-137:MAPE ����
 R �����
"����'
�!��	�-	�
��#�������#�
�"�
���-' 

Silane A-1100:MAPE #��;
#����������� 4.11-4.14 ��/���/��$�����
����&�"����/���� Silane A-137 ���

��'�
��&#'
�!���	�����=
��<��"�� PVC ;�< LDPE ����-'�?G�����	
*� *+��
�����@�
�!
���-' Silane A-

137 �������"���#���������'���� 4.3.2.1 �����'
�!��	�-	�
��#�������#�
�"�
���-' Silane A-1100 ��

����'���� 4.3.2.2 ��
��
��/����!�"������
"����� Silane A-137:MAPE ��$� Silane A-1100:MAPE ��� 

1:2 ��';����'����#�
�"�
���-'��������
"�� 1:1 ��$� 2:1 *+����#�"��
	#��
?�	��� MAPE �����

�"� 


"�=���'����&�"����/����
��-"��=
���

�"��+���'�
��
�!���	�����=
�&#'��

�"� 
�!��	�-	�
�

�#�����+�#�
�"�
���-'�������
"���$�� R 
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�������� 4.11 
�!��	�-	�
���������
	���
 PVC/LDPE ����-'��/��$���?�	��� 10% ;�<��
���-'
��

��"��! Silane A-137 ;�</��$�
��-"��=
� MAPE ��?�	����"�� R 

A-137:MAPE Mechanical 

properties 0:0 1:0 0:1 1:1 1:2 2:1 

Young’s modulus 

(MPa) 

78.4 204.0 273.9 211.3 283.7 244.8 

Tensile strength 

(MPa) 

8.9 13.8 15.3 14.6 15.7 14.5 

%Elongation  

at break 

6.8 10.9 10.6 11.1 13.2 11.7 

Flexural strength 

(MPa) 

20.2 34.7 37.9 31.0 34.8 32.3 

Flexural modulus 

(MPa) 

777.1 1239.3 1442.4 1118.4 1457.5 1227.6 

Impact strength 

(kJ/m
2
) 

1.5 3.5 3.0 2.9 2.9 3.1 

 

�������� 4.12 
�!��	�-	�
���������
	���
 PVC/LDPE ����-'��/��$���?�	��� 30% ;�<��
���-'
��

��"��! Silane A-137 ;�</��$�
��-"��=
� MAPE ��?�	����"�� R 

A-137:MAPE Mechanical 

properties 0:0 1:0 0:1 1:1 1:2 2:1 

Young’s modulus 

(MPa) 

92.3 283.5 337.9 261.6 326.7 278.9 

Tensile strength 

(MPa) 

7.6 11.7 12.3 12.9 13.6 13.3 

%Elongation 

at break 

5.6 8.8 8.6 7.4 10.2 8.8 

 

Flexural strength 

(MPa) 

19.0 28.5 32.4 29.6 31.8 30.0 

Flexural modulus 

(MPa) 

913.7 1567.8 1607.1 

 

1276.6 1566.9 1475.6 

Impact strength 

(kJ/m
2
) 

1.3 3.2 2.9 2.7 2.6 2.8 
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�������� 4.13 
�!��	�-	�
���������
	���
 PVC/LDPE ����-'��/��$���?�	��� 10% ;�<��
���-'
��

��"��! Silane A-1100 ;�</��$�
��-"��=
� MAPE ��?�	����"�� R 

A-1100:MAPE Mechanical 

properties 0:0 1:0 0:1 1:1 1:2 2:1 

Young’s modulus 

(MPa) 

78.4 190.9 273.9 204.19 248.7 196.3 

Tensile strength 

(MPa) 

8.9 10.5 15.3 10.6 12.4 10.3 

%Elongation  

at break 

6.8 10.3 10.4 9.9 10.5 8.8 

Flexural strength 

(MPa) 

20.2 28.3 37.9 27.7 28.1 27.8 

Flexural modulus 

(MPa) 

777.1 1145.4 1442.4 897.4 952.5 797.3 

Impact strength 

(kJ/m
2
) 

1.5 3.2 3.0 2.7 2.8 2.7 

 

�������� 4.14 
�!��	�-	�
���������
	���
 PVC/LDPE ����-'��/��$���?�	��� 30% ;�<��
���-'
��

��"��! Silane A-1100 ;�</��$�
��-"��=
� MAPE ��?�	����"�� R 

A-1100:MAPE Mechanical 

properties 0:0 1:0 0:1 1:1 1:2 2:1 

Young’s modulus 

(MPa) 

92.3 270.7 337.9 220.8 297.0 231.1 

Tensile strength 

(MPa) 

7.6 10.0 12.3 10.1 11.2 9.3 

%Elongation  

at break 

5.6 7.9 8.6 7.2 7.8 6.9 

Flexural strength 

(MPa) 

19.0 26.5 32.4 25.3 26.2 25.3 

Flexural modulus 

(MPa) 

913.7 1350.6 1607.1 

 

1102.8 1204.8 1028.3 

Impact strength 

(kJ/m
2
) 

1.3 3.1 2.9 2.6 2.6 2.5 
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  4.3.6 ���
� Silane ���/��&
 MAPE��������#
",�B�����'��
��
��!"�� 

 

  
(
)      (�) 

  
(�) (�) 

 

��?��� 4.41 
��X���	�����������
	��<��"�� PVC/LDPE ����-' PA20 (
) &�"��
���-'
����"��!

;�<
��-"��=
� (�) �-'
����"��! Silane A-137 (3%) (�) �-'
����"��! Silane A-1100 (3%) ;�< (�) 

�-'
��-"��=
� MAPE (3%) 

 

 ��

��X���	�����������
	�����?��� 4.41 �!�"������
	����&�"��
���-'
����"��! Silane 

;�<
��-"��=
� MAPE (��?��� 4.42 (
)) ;
#�F+���_���������	�����=
�����?G�����	
*�����"���'��

���!��$���?���!����!
�!
���-'
����"��! Silane ;�</��$�
��-"��=
� MAPE (��?��� 4.42 (�)-(�)) ���

;
#�F+���_����������	
*�����<����#
�"� ��
��
��/����!�"�
���-'
����"��! Silane ;�</��$�
��

-"��=
� MAPE �6���'�����	�������?
�����$/�=	������/��$���*+��&�"�!�������"�����&�"��
���-';�<&�"

�!����;�
�"�����
��X���	�����������
	���

���-'
����"��! Silane ;�</��$�
��-"��=
� 

MAPE 
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(
)      (�) 

 

  
(�)      (�) 

 

  
(�)      (U) 

��?��� 4.42 
��X���	�����������
	��<��"�� PVC/LDPE (100/40) ����-' PA20 �#��-'        


����"��! Silane ;�<
��-"��=
� MAPE �������
"���"�� R (
) Silane A-137:MAPE 1:1 (�) 

Silane A-137:MAPE 1:2 (�) Silane A-137:MAPE 2:1 (�) Silane A-1100:MAPE 1:1 (�) Silane A-

1100:MAPE 1:2 ;�< (U) Silane A-1100:MAPE 2:1 
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 ��

���-'
����"��! Silane ;�</��$�
��-"��=
� MAPE ����?
��=
��!�"� 
��X���	���

��������"�������
	�����
J�<��'��
�!�����"�������
	������
���-'
����"��!��$�
��-"��=
������

-�	#�#��� 
�"���$� ��
��?
�����$/�=	������/��$���#'�����	����� ��
��
��/���&�"�!����;�
�"����



���-'�����
"�����
��=
���������
"��;�
�"��
�� (1:1, 1:2 ��$� 2:1) #��;
#�����?��� 4.42 

 

  4.3.7 ���
� Silane ���/��&
 MAPE��������#
"�+,����������*
��
�       

�
��!"�� 

 

�������� 4.15 �������	
��
��������� PVC �������
	����?�	�����/��$��� 10% ;�< 30%�����
���-'


����"��!;�</��$�
��-"��=
����?�	��� 3%  

�������	
��
������ (
o
C) 

10% SD 30% SD 

�����"�� 

Onset peak Onset peak 

PVC 100 % 272.6 283.2 272.6 283.2 

Sawdust 251.9 271.3 251.9 271.3 

PVC : LDPE : PA 20 240.3 261.5 230.5 250.3 

PVC : LDPE : PA 20 : 3% A-137 245.9 268.5 237.4 258.9 

PVC : LDPE : PA 20 : 3% A-

1100 

250.4 269.3 240.2 262.9 

PVC : LDPE : PA 20 : 3% MAPE 251.3 274.4 250.8 274.2 

 

�������� 4.16 �������	
��
��������� PVC �������
	����?�	�����/��$��� 10% ;�< 30%�����
���-'


����"��!;�</��$�
��-"��=
����?�	��� 5% 

�������	
��
������ (
o
C) 

10% SD 30% SD 

�����"�� 

Onset peak Onset peak 

PVC 100 % 272.6 283.2 272.6 283.2 

Sawdust 251.9 271.3 251.9 271.3 

PVC : LDPE : PA 20 240.3 261.5 230.5 250.3 

PVC : LDPE : PA 20 : 5% A-137 241.0 262.7 237.7 256.9 

PVC : LDPE : PA 20 : 5% A-

1100 

243.5 268.5 252.8 265.8 

PVC : LDPE : PA 20 : 5% MAPE 252.9 271.7 248.0 267.5 
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 ��
�������� 4.15 ;�< 4.16 �!�"��������	
��
��������� PVC �������
	���;����'�

��	���+/���I
�'����$����
���-'
����"��! Silane A-137 Silane A-1100 ;�<
��-"��=
� MAPE ��/�
��

�-'��?�	��� 3% ;�< 5% �#���#�"��
	#�+/���$�����

���
	#����
	�	���<��"�����	�����=
� 
����"

��!;�</��$�
��-"��=
� ;�<��/��$��� ��$���?���!����!�������	
��
��������� Silane A-137 Silane 

A-1100 ;�< MAPE �!�"�
���-'
����"��!��$�
��-"��=
���'�������	
��
��������� PVC 

�
�'�����
�� 

 

�������� 4.17 �������	
���?�����
F��<��'��;
'���� PVC �������
	���
���	�����=
����?�	���

��/��$��� 30%�����
���-'
����"��!;�</��$�
��-"��=
����?�	��� 3% 

 

�����"�� Tg (�C) 

PVC/LDPE/PA20/SD 88.2 

PVC/LDPE/PA20/SD + Silane A-137 

PVC/LDPE/PA20/SD + Silane A-1100 

PVC/LDPE/PA20/SD + MAPE 

86.5 

87.4 

86.0 

PVC/LDPE/PA20/SD + (1:1) Silane A-137:MAPE 

PVC/LDPE/PA20/SD + (1:2) Silane A-137:MAPE 

PVC/LDPE/PA20/SD + (2:1) Silane A-137:MAPE 

86.5 

86.4 

86.3 

PVC/LDPE/PA20/SD + (1:1) Silane A-1100:MAPE 

PVC/LDPE/PA20/SD + (1:2) Silane A-1100:MAPE 

PVC/LDPE/PA20/SD + (2:1) Silane A-1100:MAPE 

85.8 

85.3 

85.8 

 

 ��

���#
�!���������	
���?�����
F��<��'��;
'���������"�������
	���
����	� 

DMA ���������� 4.17 �!�"� �������	
���?�����
F��<��'��;
'���������
	������
���-'
����"��! 

Silane A-137 Silane A-1100 ��$�
��-"��=
� MAPE ���"���6�
�"������
	����&�"��
���-'
����"��! 

Silane A-137 Silane A-1100 ��$�
��-"��=
� MAPE ��
��
��/
���-'
��=
��6���'�������	
��

�?�����
F��<��'��;
'���;����'�&�"�?�����;?����/���
������
���-' Silane A-137 ;�< MAPE 

���F+� Silane A-1100 ;�< MAPE 
"�������
"��;�<-�	#���
����"��!
"�=���'�������	
���?�����


F��<��'��;
'���;����'�&�"�?�����;?���-"��#���
����/��������
"�� 1:1, 1:2 ;�< 2:1 ��$�����


�������	
���?�����
F��<��'��;
'���� PVC �
	#�+/���
;���+#�������;!!&#������������
�� 

#����/�
���#������������	
���?�����
F��<��'��;
'�����
	#�+/���$�����

���#�����;���+#

�������;!!&#���*+���
	#��

���
	#
���-$�������<��"�����	���������	
*�;�<
"���
�	�;�������

��
	� 
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+���� 5 

"��C��	����(,'����*
�"�
��� 

 

5.1 "��C��	����(,' 

 ����	�����/�?G�
��K+
J�
�!��	�"��R ������	�����=
��<��"�� PVC ;�< LDPE �#��-'       

��/��$���&�'��������?G�
���
�	�;�� K+
J��	@�
��=
��<��"��
���-'���$�����#��#-�	#�
���������#����

�������/�����#���;�<
����	����/����
��=
��#��-'���$���=
�-�	# 2 ��

�	/� 
���-'
��-"��=
� 

&#';
" ����	����#���	���	��� (CPE) ���	������"���<��"�����	�����&����� ;�< !	��	��<&����� 

(PA 20) ;�<���	������"���<��"�����	���;�<���	��<&����� (Elvaloy) ��
��?��!?���
���+#�
�<

�<��"����_���������	�����=
���$����'
�!��	�#����#��+/� ��
��
��/&#'K+
J�
�!��	�"��R ������

��
	��<��"�����	�����=
����?��!?���;�<&�"&#'?��!?���#'��
��-"��=
�;�<��/��$�����
&�'������� 

;�<K+
J�=����
����"��! Silane ;�</��$�
��-"��=
� MAPE �����=��"�
�!��	�"�� R ��������
	�

*+��
��?=�����	���&#'#����/ 

1. 
��K+
J��	@�
��=
����	�����=
��<��"�� PVC 100 phr ;�< LDPE 10 20 30 40 ;�< 

50 phr �!�"�
��=
� 2 ��/���� �$� =
�#'�����$�����#��#-�	#�
���������#����;�<���$���=
�-�	# 2 

��

�	/���'
�!��	�-	�
����
��
�"�
��=
�#'�����$�����#��#-�	#�
���������#�����������/�����#��� ;�<

��

������
�!����
�'��������	�����=
��#��-'�����
"�� PVC100 : LDPE10 #'������	� 
13

C-

NMR  �!�"� PVC &�"�
	#
���"�
	��
�! LDPE �����'
���<����-'��
��=
�
6����!������	�����/ 

2.  
��K+
J�=����
��?��!?���
�!��	�"��R ������	�����=
��#��-'
��-"��=
� 3 -�	# 

�$� CPE PA 20 ;�< Elvaloy ?�	������K+
J� 5 10 ;�< 15 �?����*I����#��/6����
��� LDPE *+��

�!�"�
��-"��=
���/� 3 -�	#�6���'
�!��	�#����������	�����=
�
���+/� *+��
�#��'��
�!
��X��

�	���������	�����=
� �$� ��$���-'
��-"��=
��6���'���#��� LDPE ��I
��;�<
����F
�<������

�� PVC *+���?G�����	
*�&#'#��+/��#�-�	#;�<?�	������
��-"��=
��������<
���
���6����	�����

=
�&?�6���
#������
	� �$� PA 20 ?�	��� 15 �?����*I����#��/6����
 LDPE ��$�����
��'
�!��	

�#����
��
�"� �#��U��<����;�I�;��
�<;�

��*+���?G�
�!��	����6��?G���
���6�&?�6��?G���
#����

��
	��"�&? 

3. 
��K+
J��������	
��
��������� PVC �����	�����=
�;�<�����
	��#�����	�          

��������
���	����	
�!�"���������
"����� PVC100 : LDPE10 �������	
��
��������� PVC ���"�


���+/���$�����

���
	#?_	
	�	��F"������������	
�<������	�����=
�*+���
	#�+/��<��"��
�<!��
��

=
� ;�"��$����
��-"��=
���$���/��$����6���'�������	��
��
���������"���6��� 

4. 
��K+
J��������	
���������� �������	
���
=�+
;�<��K������?G�=�+
��� LDPE 

�����	�����=
���������
"�� PVC100 : LDPE10 �<��"��
��=
��#��-'���$�����#��#-�	#�
��������

�#�����������"���#���;�<��	����/����
��=
��#��-'���$���=
�-�	# 2 ��

�	/� �!�"�
�!��	#��
�"����
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;����'��
�'�����
��;�<��$���-'
��-"��=
������	�����=
�
�!��	���&#'��=��
�'�����
�!��$�����&�"

?��!?���#'��
��-"��=
� 

5. 
��K+
J�
�!��	�"��R ��������
	��<��"�����	�����=
����?��!?���;�<&�"&#'?��!?���#'��


��-"��=
�;�<��/��$�����
&�'������� �#��-'�����
"�� PVC100 : LDPE 10 ;�< 40 phr 
��-"��

=
�-�	# PA 20 15 �?����*I����#��/6����
��� LDPE ;�<?�	�����/��$������K+
J� �$� 10 20 30 40 

;�< 50 �?����*I����#��/6����
������	�����=
� *+���!�"���$��?�	���&�'��
�+/���#���

���+/� ;�"

����;�I�;��#+��'���<
��#+��$# � ��#��# ����;�I�;����'��� ����;�I�;��
�<;�
���"��#�� �#�

�!�"������
	�������	�����=
������
"�� PVC100 : LDPE10 ��'
�!��	���#�
�"������
	������

�����
"��������	�����=
� PVC100 : LDPE40 ;�<�����
	������
��-"��=
���'
�!��	�#����
��


�"������
	����&�"��
��-"��=
���I
�'�� 

6. ��

��?��!?���
�!��	��������
	� PVC100 : LDPE40 (PA20) �
�	�;��#'����/��$�����

?�	����"�� R �!�"�
���-' Silane A-137, Silane A-1100 ��$� MAPE �6���'
�!��	�-	�
��#����

��������
	���;����'���	���+/���"���#"�-�# ��
��
��/
���-' Silane A-137 ��$� MAPE �6���'   

�����
	���
�!��	�-	�
��#�������#�
�"�
���-' Silane A-1100 
6����!
���-' Silane ;�< MAPE 

�"��
���6���';����'�
�!��	�-	�
��#������������
	����"���	���+/�����
 R �����
"�� �#�
���-' 

Silane A-137:MAPE ����
 R �����
"�� (1:1, 1:2 ;�< 2:1) ��'
�!��	�-	�
��#�������#�
�"�
���-' 

Silane A-1100:MAPE ;�<�����
"����� Silane A-137:MAPE ��$� Silane A-1100:MAPE ��� 1:2 ��'

;����'����#�
�"�
���-'��������
"�� 1:1 ��$� 2:1 

7. 
��X���	�����������
	������
����	� Silane A-137, Silane A-1100 ��$� MAPE ;
#�

F+�
�������	�������?
�����$/�=	������/��$��� ;�<����
J�<�-"��#���
��
�!
����	� Silane ;�< 

MAPE �"��
�� �������
"���"�� R 

8. ��

�!��	��������'����������
	��!�"� �������	
��
��������� PVC �������
	���

;����'���	���+/���I
�'����$����
���-'
����"��! Silane A-137 Silane A-1100 ;�<
��-"��=
� MAPE 


6����!�������	
���?�����
F��<��'��;
'���� PVC �������
	���;����'��#����

���-' Silane 

A-137, Silane A-1100 ��$� MAPE ��/���
������
���-'�����-�	#�#���;�< 2 -�	#�"��
����

�����
"���"�� R 

 

5.2  �*
�"�
��� 

K+
J���	����	���#'��
���#
�!���������-	/���������
	���#'��
���-'�����	� �-"� 

�#
�!
�����"�;
� UV 
���?�����
����-	/����;�<
�����"�
���#	�Y����
�K �?G��'� 
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ABSTRACT: This article aimed to investigate the mechan-
ical, morphological and thermal properties of PVC/LDPE
blend with and without the addition of compatibilizers. The
effects of LDPE content, compatibilizer type and rubber-
wood sawdust loading on the properties of the blend were
evaluated. The experimental results suggested that as the
LDPE content was increased the mechanical properties of
PVC-LDPE blend progressively decreased due to poor in-
terfacial adhesion. The continuity and compatibility be-
tween PVC and LDPE phases could be improved through
three different types of compatibilizers which included chlo-
rinated polyethylene (CPE) poly(methyl-methacrylate-co-
butyl acrylate) (PA20) and poly(ethylene-co-methacrylate)
(Elvaloy). The PA20 was found to be the most suitable

compatibilizer for the blend. A radical transfer reaction was
proposed in this work to explain the structure and thermal
changes of the PVC in PVC-LDPE blend. The decomposition
temperature of PVC in the blend decreased with the loading
of the PA20 and the wood sawdust. As the sawdust content
was increased the tensile and flexural moduli increased with
considerable decreased in the tensile, flexural and impact
strength, a slight improvement being achieved if the PA20
was incorporated in the composite. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 102: 598–606, 2006

Key words: polymer blend; poly(vinyl chloride); composite;
wood sawdust; mechanical properties

INTRODUCTION

Wood has been used as a building and engineering
material and offers several advantages of not just be-
ing esthetically pleasing but also renewable and recy-
clable. Wood and natural fibers have a number of
benefits as reinforcements for synthetic polymers be-
cause of their high specific strength and stiffness, rel-
atively low density, biodegradability, and low cost.1 In
addition, wood fibers contribute to the solution of
environmental problems caused by the disposing of
large volumes of nonbiodegradable materials.1 Wood-
based composites with a continuous polymer phase
are now gaining interest, giving the opportunity to
process the composite by using conventional thermo-
plastic processing equipment. The processing of wood
composites also minimizes abrasion of the equipment

due to the low hardness of wood compared to inor-
ganic fillers used in a great number before. Many
researchers have studied on composites of homo-poly-
mer and wood or cellulose fibers, the homo-polymers
including poly(vinyl chloride),2–7 polyethylene,8–11

and polypropylene.12–15 The main drawback of natu-
ral fiber-reinforced polymers is the lack of good inter-
facial adhesion between fiber and matrix, which re-
sults in poor properties of the final products. There-
fore, to develop such composites with good
mechanical properties, it is necessary to use coupling
agents or compatibilizers in the composite systems,
the widely used coupling agents including silane cou-
pling agents,5,9,16–18 maleic-anhydride-grafted-poly-
mers.8,11,13–15

It is well known that the binary blend of PVC and
LDPE is typically immiscible at molecular level and
causes a poor interphase structure and mechanical
properties. In this respect, enhancing the compatibility
of PVC and LDPE is one of the key technologies to
obtain polymer blends with desirable properties. The
ideal compatibilizer should contain two domains: one
domain being able to form entanglements or segmen-
tal crystallization within the polymer matrices and the
other being able to form a strong adhesive bond with
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other type of materials. Two possible ways to improve
the mechanical properties of PVC/LDPE blend are to
add a compatibilizer19–21 and/or to cocrosslink these
two components.22–24 Ghaffar et al. and Hajian et
al.19,20 suggested that the use of solid phase dispers-
ants such as chlorinated polyethylene (CPE), ethyl-
ene–propylene–diene rubber (EPDM), acrylonitrile–
butadiene–styrene copolymer (ABS), and polyure-
thane (PU) could improve the tensile properties of
PVC/LDPE and PVC/PS blends. Sombatsompop et al.
reported that loading LDPE into PVC led to the for-
mation short-chain LDPE-grafted PVC copolymers
through a macroradical cross-recombination reac-
tion.23 Besides, phase dispersion-crosslinking syner-
gism in the binary blend of PVC/LDPE coexisted with
the presence of both dicumyl peroxide (DCP) initiator
and solid phase dispersant.22 The cocrosslinking prod-
ucts and the entrapping phenomenon were also pro-
posed for PVC/LDPE/DCP system.24 The grafting,
cocrosslinking, and entrapping phenomena brought
about the improvement of the mechanical and thermal
properties in the PVC/LDPE blend.19–24

In literatures, either PVC or LDPE has been used
separately as a continuous phase and is reinforced by
wood and cellulose fibers,19–23 but the properties of
PVC and PE blend incorporating with wood fibers
have never been reported. This is very important since
PVC is often used as a blend with other types of
plastics such as polyethylene in packaging applica-
tions. Thus, it is of great interest to examine the prop-
erties of PVC/LDPE blend incorporated with natural
fibers. This article focused on PVC/LDPE blend and
their composite with rubber-wood sawdust. To im-
prove compatibility between PVC and LDPE binary
polymer blend, three different types of compatibilizers
were used. Mechanical, morphological, and thermal
properties of PVC/LDPE blend with and without
compatibilizers were then determined. The effects of
LDPE and wood sawdust contents on such properties
were also studied.

EXPERIMENTAL

Raw materials

Poly(vinyl chloride) (PVC, B0504BLA suspension
grade, K value � 66) was supplied by Thai Plastics
and Chemicals (Bangkok, Thailand). The compound
composed of 1.2 phr calcium stearate, 1.2 phr tetraba-
sic lead sulfate, 0.1 phr polyethylene wax, and 4 phr
calcium carbonate. Low-density polyethylene (LDPE,
LD1905F) with MFI of 5 (tested at 21.6 N and 190°C)
was obtained from Thai Polyethylene (Bangkok, Thai-
land). Three compatibilizers were chlorinated polyeth-
ylene (CPE-135A with Cl content of 35%), poly(methyl
methacrylate-co-butyl acrylate) (Acrylic-PA20), and
poly(ethylene-co-methacrylate) (Elvaloy-1125AC with

25% methacrylate), which were supplied from
Serichemical (Bangkok, Thailand), Srithepthai
(Bangkok, Thailand), and Chemical Innovation
(Bangkok, Thailand), respectively. Rubber-wood saw-
dust (Hervea Brasiliensis), collected from local furniture
factory, was sieved through standard sieve of 50–80
mesh, corresponding to the particle length of 180–300
�m. The sieved sawdust was dried in an oven at 105°C
for 2 h before use.

Blend preparation and experimental design

Melt-blending of PVC with LDPE was performed us-
ing a single-screw extruder (Thermo Haake Poly
Drive) using a screw speed of 60 rpm and a tempera-
ture range from 170 to 190°C, starting from feed zone
to die zone. The obtained extrudates were further
compounded in a two-roll mill (LabTech Engineering,
LRM 110) for 10 min using the temperature of 165°C
before transferring into a compression molding ma-
chine (LabTech Engineering, LP 20). The compressing
temperature and time were set at 200°C and 8 min,
respectively.
Since this work aimed to study the effects of com-

patibilizer type and rubber-wood sawdust contents on
the properties of the PVC-LDPE blends, the following
subworks are noted. Firstly, the amount of the LDPE
was varied at 0, 10, 20, 30, 40, and 50 phr to study the
effect of LDPE content on the properties of the PVC/
LDPE blends. Secondly, three different compatibiliz-
ers, including CPE, PA20, and Elvaloy-1125AC, were
used and added at a fixed amount of 15% by weight
into the PVC-LDPE blend having a constant LDPE
amount of 10 phr. Finally, the wood sawdust content
was varied from 0 to 50%.

Mechanical properties

All mechanical tests were carried out at the tempera-
ture of (23 � 1)°C and relative humidity of (50 � 5)%.
Tensile test was conducted according to ASTM D-638.
The tensile measurements from dumbell specimens
were carried out using Universal Testing Machine
(LLOYD Instrument, LR 5k) using WINDAP software
with 5 kN load cell and a crosshead speed of 5 mm/
min. For flexural property, ASTM D-790 was used as a
reference. Three-point bending test was set up in the
Universal Testing Machine to examine the flexural
modulus and strength of the PVC-LDPE blends and
sawdust-PVC-LDPE composites using a rectangular
specimen. Span length used was 40 mm and the com-
pression speed was 5 mm/min using 5 kN load cell.
Izod impact tester (Yasuda Seiki Seisakusho, 258-PC)
was used to evaluate the impact strength of the blends
and the composites. The notched testing specimens
were used following the ASTM D-256. The impact
property results were reported in terms of impact
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energy divided by the area of the specimen (kJ/m2). It
should be noted that the mechanical property results
of the composites reported in this work were obtained
by averaging from ten independent tested specimens.

Thermal properties

Glass transition temperatures of the samples were
evaluated using a shear-bending mode dynamic me-
chanical analyzer (DMA, Merrier Teledo DMA/SDTA
861) at a temperature range from 20 to 130°C with a
heating rate of 4°C/min and a fixed frequency of 1 Hz.
In addition, thermal decomposition temperatures of
the blends and the composites were carried out using
thermal gravimetry TGA (Perkin–Elmer, Pyris 1). The
specimen was tested under nitrogen atmosphere using
a temperature range of 35–700°C and a heating rate of
10°C/min. The thermal degradation temperatures
were reported by the onset temperature where the
weight loss started to occur.

Scanning electron microscopy

A LEO 1455 VP scanning electron microscopy was
employed to study the interfacial morphology and
phase dispersion of the PVC/LDPE blends and their
composites. The samples were immersed in a nitrogen
liquid before fractured. After that the samples were
sputter-coated with a thin layer of gold to prevent
electrical charging during the observation. The surface
characteristics were examined and operated at 6 kV
accelerating voltage.

RESULTS AND DISCUSSION

Effect of compatibilizer type in PVC-LDPE blend

It is reasonable to assume that no chemical adhesion
exists between PVC and LDPE in the blend.19–24 As
can be seen in Table I, incorporation of LDPE into PVC
resulted in significant changes in tensile, flexural, and
impact properties. The Young’s modulus of the blend
decreased with increasing LDPE content. This was
expected due to the fact that the LDPE is softer phase
in nature as compared to PVC rigid phase. It was
observed that the tensile strength and elongation at
break of the blend progressively decreased with LDPE
content due to poor interfacial adhesion, the LDPE
phase acting as defects and disturbing the continuity
of the PVC matrix phase. Similar to tensile properties,
the flexural and impact properties of the blend signif-
icantly dropped as a result of increasing LDPE content
in the PVC matrix. The reductions in the mechanical
properties suggested poor interfacial adhesion be-
tween the PVC and LDPE phases. Considering the
impact strength, which reflected an ability of the blend
to receive and transfer a sudden shock load or me-
chanical energy across a given cross section to failure,
it was observed that by adding LDPE content of
greater than 10 phr, the reduction in the impact
strength became more apparent. This was probably
associated with phase compatibility or continuity level
in the PVC-LDPE blend.
To overcome the poor interfacial bonding of the

incompatible PVC and LDPE blend, three different
compatibilizers were introduced; these being CPE,

TABLE II
Mechanical Properties of PVC/LDPE Binary Blend for Different Types of Compatibilizers

Mechanical properties

Compatibilizer in PVC/LDPE blend

No compatibilizer 15% CPE 15% PA20 15% Elvaloy

Young’s modulus (MPa) 43.7� 8.3 124.9 � 24.6 138.9� 46.9 121.1� 35.4
Tensile strength (MPa) 31.5� 1.5 33.4 � 1.8 33.8 � 1.4 32.0 � 0.3
Elongation-at-break (%) 57.7� 21.8 133.3� 37.7 104.4 � 38.3 138.7� 20.8
Flexural modulus (MPa) 1598� 315 1982 � 137 1993� 169 1523� 400
Flexural strength (MPa) 47.3� 3.3 50.8� 1.5 48.6 � 1.9 52.6 � 3.4
Impact strength (kJ/m2) 58.9 � 5.8 64.6 � 4.2 78.7 � 6.9 70.1 � 6.1

TABLE I
Mechanical Properties of PVC/LDPE Binary Blend with Different Contents of LDPE

PVC/LDPE
ratio

Young’s modulus
(MPa)

Tensile strength
(MPa)

Elongation-at-break
(%)

Flexural modulus
(MPa)

Flexural strength
(MPa)

Impact strength
(kJ/m2)

100/0 72 � 18 38.6 � 1.6 178.2� 38.7 2763 � 386 67.1� 6.6 78.5� 6.1
100/10 45 � 15 31.5 � 1.5 57.7� 21.8 2599 � 216 47.3 � 3.3 58.9 � 5.8
100/20 41� 14 21.5 � 2.7 29.8� 11.8 1010� 133 40.4� 3.1 4.6� 1.4
100/30 34 � 12 16.1 � 1.6 28.3 � 4.5 653 � 28 25.3 � 1.7 2.7 � 0.6
100/40 33� 11 12.6 � 1.5 18.9� 3.0 645� 70 23.4� 1.2 2.0� 0.5
100/50 31 � 10 8.0 � 1.3 17.1� 3.3 585 � 69 15.9 � 1.4 1.9 � 0.4
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PA20, and Elvaloy. The blend ratio of the PVC/LDPE
was fixed at 100/10 and 15 wt % of the compatibilzers
was used for each compatibilizer. Table II shows the
effect of compatibilizer type on the mechanical prop-

erties of the PVC-LDPE blend and suggested that all
the compatibilizers improved the mechanical proper-
ties of the blend. This could be explained on the basis
of the improved compatibility between PVC and
LDPE phases. In this work, the compatibilizing mech-
anism of each compatibilier in the PVC-LDPE blend
was proposed as shown in Figure 1. The purpose of
this was to explain the property differences of the
blend caused by introducing different compatibilizers
into the blend. It can be seen that the CPE has a similar
chemical structure to both PVC and LDPE and it can
form a dipole–dipole interaction with PVC and a
physical chain entanglement with LDPE [Fig. 1(a)].
The PA20 in Figure 1(b) is composed of poly(methyl
methacrylate) and poly(butyl acrylate) and the long
vinyl chains in the molecule can be compatible with
LDPE phase, while the polarity of the PMMA and
PBA molecules form a dipole–dipole interaction with
PVC phase. The Elvaloy is a copolymer between eth-
ylene and methacrylate monomers, which can be com-
patible with LDPE and PVC as shown in Figure 1(c),
respectively. Table III illustrates percentage differ-
ences in the mechanical properties of PVC/LDPE
blend containing the three compatibilizers at 10 phr
LDPE. In general, it was observed that the PA20 had
more effect on the mechanical property improvement
of the blend as compared with the other two compati-
bilizers. The compatibilizing effect of PA20 over that
of CPE and Elvaloy can be supported by glass-transi-
tion temperature (Tg) results shown in Table IV. It can

Figure 1 Proposed compatibilizing mechanism in PVC-
LDPE blend system with various compatibilizers: (a) CPE,
(b) PA20, and (c) Elvaloy.

TABLE III
Percentage Differences in Mechanical Properties of PVC/LDPE Binary Blend using Different Compatibilizers

Properties

Compatibilizer in PVC/LDPE blenda

15% CPE 15% PA20 15% Elvaloy
7.5% CPE and 7.5%

PA20

Young’s modulus 176 207 204 168
Tensile strength 5.90 7.30 1.40 1.80
Elongation at break 131 81 140 150
Flexural modulus 24 25 1.20 19.40
Flexural strength 7.50 2.70 11.10 7.30
Impact strength 9.70 34 17.10 19.10

a Values given are percentage values.

TABLE IV
Effect of Compatibilizer Type on Glass-Transition

Temperature of PVC in PVC/LDPE Blend

Blend system

Glass-transition temperature
of PVC in PVC/LDPE blend

(°C)

PVC 91.4
PVC/LDPE (100/10) 88.5
PVC/LDPE (100/10) � 15% CPE 87.7
PVC/LDPE (100/10) � 15% PA20 90.3
PVC/LDPE (100/10) � 15% Elvaloy 88.8
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be seen that the addition of PA20 into the PVC/LDPE
blend shifted the Tg to higher temperature about 2°C
as compared to the blend without compatibilizers.
This was not the case for the blends with CPE and
Elvaloy compatibilizers. This suggested that PA20
could act as a better compatibilizer for the PVC/LDPE
blend. It was also interesting to note that the Tg of the
blend with PA20 was very close to that for neat PVC.

The effect of PA20 as a compatibilizer in PVC com-
posites could further be substantiated by Mengeloglu
et al.,25 who observed that the impact strength of
PVC/wood-fiber composites could be improved
through an addition of acrylic-based modifier, and by
Sombatsompop and Phromchirasuk,7 who found that
incorporation of PA20 in PVC-wood composites en-
hanced the tensile and ultimate elongation of the com-

Figure 2 SEMmicrographs of PVC/LDPE blend with different compatibilizers: (a) no compatibilizer, (b) CPE, (c) PA20, and
(d) Elvaloy.
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posites. Thus, it could be said that the PA20 was
suitable and could be used as both compatibilizing
and impact-modifying agents. When using a combi-
nation of the CPE and PA20 compatibilizers, the over-
all mechanical properties tended to follow those in the
blend with CPE. As expected, the overall mechanical
properties of the binary blend with Elvaloy compati-
bilizer fell in between those with CPE and PA20 com-
patibilizer, since Elvaloy structure is composed of eth-
ylene and methacrylate monomers, roughly resem-
bling the molecular structures of the CPE and PA20
compatiblizers. It was very important to highlight,
since this article aimed to improve the compatibility of
the PVC and LDPE phases incorporated with rubber-
wood sawdust particles, the relevant mechanical
properties probably involve elastic (tensile and flex-
ural modulus) and impact strength. Taking the prop-
erties in Tables II and III into account, it can be pre-
liminarily concluded that the compatibilizers could be
used to improve the continuity and compatibility be-
tween PVC and LDPE phases and thus enhance me-
chanical properties, and the PA20 appeared to be the
most suitable compatibilizer for these specific applica-
tions.
The improved continuity and compatibility be-

tween PVC and LDPE phases could be substantiated
by considering the SEM micrographs of PVC-LDPE
blends with and without the compatibilizers, whose
results are shown in Figures 2(a)–2(d). Figure 2(a)
represents the fracture surface of PVC-LDPE blend
sample without the compatibilizers. It was observed
that the LDPE as a disperse phase was located inside
the empty voids of the PVC continuous phase, sug-
gesting a poor compatibility between PVC and LDPE
phases. When the three compatibilizers [CPE, PA20,
and Elvaloy in Figs. 2(b)–2(d)] were used, the phase
compatibility appeared to improve, which can be ev-
idenced by smaller interphase boundary between PVC
and LDPE components. It was also observed that the
particle size of LDPE disperse phase in the PVC con-
tinuous phase was smaller than that presented in Fig-
ure 2(a). In addition, the fractured surface of the blend
with the compatibilizers was smoother than that of the
blend with no compatibilizers. This was why the over-

all mechanical properties of the PVC-LDPE blends
were improved by the addition of the compatibilizers.
Table V shows the changes in decomposition tem-

perature (Td) of the PVC in PVC/LDPE blend with
and without the compatibilizers. It can be seen that the
decomposition temperature of the PVC increased
when incorporating LDPE into the blend. In this
present study, we proposed a unique explanation for
the increase in Td of the PVC to be associated with a
radical transfer reaction between PVC to LDPE mole-
cules during processing. The proposed radical transfer
reaction is shown in Figure 3. It can be explained that
the PVC macroradicals produced from a dehydrochlo-
rination reaction during melt blending process has
promoted degradation of long-chained PE and prob-
ably led to a hydrogen abstraction from the PE mole-
cules. The PE macroradicals subsequently underwent
a branching, which produced short-side chain forma-
tion in LDPE molecule of the blend. If this was the
case, the dehydrochlorination of the PVC had less
chance to occur and thus more stabilized PVC mole-
cules in the blend.26 It was interesting to note that the
Td of the PVC decreased when incorporating the three
compatibilizers. This may be expected, since the PVC
and LDPE phases became more attached to each other
via the compatibilizers. If this was the case, the pro-
ductions of LDPE and PVC radicals for the radical
transfer reaction during processing became mini-
mized, and thus the degradation of the PVC in the
blend could take place more easily.

Effect of rubber-wood sawdust in PVC/LDPE
blend

Two selected PVC/LDPE blend ratios (100/10 and
100/40) with PA20 compatibilizer were used to study

TABLE V
Effect of Compatibilizer Type on Decomposition

Temperature of PVC in PVC/LDPE Blend

Blend system

Decomposition temperature
of PVC in PVC/LDPE

blend (°C)

PVC 287.6
PVC/LDPE (100/10) 291.3
PVC/LDPE (100/10) � 15% CPE 284.0
PVC/LDPE (100/10) � 15% PA20 289.9
PVC/LDPE (100/10) � 15% Elvaloy 281.1

Figure 3 The proposed radical transfer reaction in PVC/
LDPE blend.
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the effect of rubber-wood sawdust content on the me-
chanical properties of the binary blends, the results
being shown in Figures 4–9. The overall observations
and explanations to the results are listed in fragment-
ing points as follows:

• The tensile and flexural moduli (Figs. 4 and 7,
respectively) of the blends increased with increas-
ing sawdust content. Tensile strength (Fig. 5) and
elongation at break (Fig. 6), flexural strength (Fig.
8) and impact strength (Fig. 9) of the blends dra-
matically decreased with 10 phr rubber-wood
sawdust content, the properties leveling-off at
higher sawdust loadings. The increase in the
moduli of the blend with increasing sawdust con-
tent was caused by the fact that the sawdust is
more rigid phase as compared to the binary

blend. The sharp drops in tensile, flexural, and
impact strengths were associated with poor dis-
persion of the sawdust particles in the blend ma-
trix. It is widely known that the sawdust particles
(fibers) tended to cling together due to strong
interfiber hydrogen bonding, and resisted disper-
sion of the individual fiber in the polymer phase,
and thus reduced mechanical strength of the
blends.27 It was worth taking note that the me-
chanical properties of the PVC-LDPE blend stabi-
lized with sawdust loadings of greater than 10
phr. This could be of economical benefit to indus-
tries as one could add greater amounts of wood
sawdust particles to replace the polymer phase
without significant changes in mechanical prop-
erties, therefore leading to cost savings.

• The blends with PA20 compatibilizer appeared to
have greater mechanical strength than those with-

Figure 4 Young’s modulus of PVC/LDPE blend with and
without PA20 for different wood sawdust contents. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 5 Tensile strength of PVC/LDPE blend with and
without PA20 for different wood sawdust contents. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 6 Elongation at break of PVC/LDPE blend with
and without PA20 for different wood sawdust contents.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7 Flexural modulus of PVC/LDPE blend with and
without PA20 for different wood sawdust contents. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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out PA20. The compatibilizing mechanism has
already been discussed earlier. It was also found
that the PA20 could perform more effectively in
improving the phase compatibility between PVC
and LDPE in the absence of wood sawdust parti-
cles.

• The magnitude of the mechanical property reduc-
tion as a function of rubber-wood sawdust con-
tent of the blend with 10 phr LDPE were greater
than those with 40 phr LDPE.

Table VI shows the changes in decomposition tem-
perature (Td) of the PVC in PVC/LDPE (100/10) blend
affected by acrylic compatibilizer and wood sawdust.
It can be seen that the addition of wood sawdust
particles caused an enormous reduction in the Td of
the PVC to about 40°C. However, the decomposition
temperature of the PVC in the composites was im-

proved by the addition of PA20. It was also noticeable
that adding PA20 slightly increased the Td of PVC in
the PVC-LDPE blend, the Td reduction being very
remarkable in the wood-sawdust/PVC-LDPE com-
posites. The sharp reduction in the Td value by addi-
tion of wood sawdust was probably related to incom-
patibility between the hydrophilic wood sawdust and
the hydrophobic PVC and LDPE molecules. Besides,
previous work6,27 has suggested that increasing the
sawdust content could result in a reduction of the
decomposition temperature of the PVC, the reasons
being associated with the hydrogen bonding in the
hydrophilic sawdust, which could cleave Cl atom
from the PVC and thus reduce thermal stability of the
PVC in the blend.27

CONCLUSIONS

The mechanical and thermal properties PVC/LDPE
blends affected by additions of three different com-
patibilizers and rubber-wood sawdust were studied. It
was found that the mechanical properties of PVC-
LDPE blend decreased with increasing LDPE loadings
due to phase incompatibility. All the compatibilizers
(CPE, PA20, and Elvaloy) used in this work improved
the continuity and compatibility between PVC and
LDPE phases and thus enhanced the mechanical prop-
erties of the blend. The PA20 was found to be the most
suitable compatibilizer for the blend. The structural
and thermal changes of the PVC in the blend were
explained via a radical transfer reaction. The decom-
position temperature of the PVC in the blend de-
creased with the additions of the compatibilizer and
the wood sawdust particles. As the sawdust content
was increased, the tensile and flexural moduli in-
creased with considerable decreases in the tensile,
flexural, and impact strength, a marginal improve-
ment being observed if the PA20 was incorporated.
Adding PA20 into the blend decreased the Td of PVC
slightly in the PVC-LDPE blend, but remarkably in the
wood-sawdust/PVC-LDPE composite. It was ob-
served that the PA20 could perform more effectively

Figure 8 Flexural strength of PVC/LDPE blend with and
without PA20 for different wood sawdust contents. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 9 Impact strength of PVC/LDPE blend with and
without PA20 for different wood sawdust contents. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

TABLE VI
Effect of PA20 and Rubber–Wood Sawdust on

Decomposition Temperature of PVC in PVC/LDPE
Blend

Blend system

Decomposition temperature
of PVC in PVC/LDPE

blend (°C)

PVC 287.6
PVC/LDPE (100/10) 291.3
PVC/LDPE (100/10) � 15% PA20 289.9
PVC/LDPE (100/10) � 10% sawdust 243.7
PVC/LDPE (100/10) � 15% PA20 �
10% sawdust 254.0
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in improving the phase compatibility between PVC
and LDPE in the absence of wood sawdust particles.

The authors would also like to thank Dr. Chanchai Thongpin
for her valuable advice and comments during the prepara-
tion of the article.
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Abstract 

Composite samples were prepared from PVC/LDPE blend, compatibilized by PA20 

(methyl methacrylate-co-butyl acrylate copolymer), and reinforced by different levels 

of rubber-wood sawdust. In order to improve the mechanical properties of the 

composites, Silane A-137 (Octyltriethoxy silane), Silane A-1100 (�-

aminopropyltriethoxy silane) or MAPE (maleic anhydride-grafted-polyethylene) were 

introduced. It was found that the addition of Silane A-137, Silane A-1100 and MAPE 

could improve tensile, flexural and impact properties of the composites, regardless of 

the sawdust contents. Physical or chemical interactions for all coupling agents with 

the composites used were proposed in this work. Silane A-137 or MAPE tended to 

give better improvement in the mechanical properties of the composites than Silane 

A-1100, due to the presence of the non-polar chain ends of Silane A-137 or MAPE 

molecules. In addition, the addition of either Silane A-137 and MAPE or Silane A-

1100 and MAPE at different ratios into the wood-PVC/LDPE composites was also 

studied. The experimental results suggested that the optimum mechanical properties 

could be obtained using MAPE at 3%wt sawdust for single coupling system, and 

Silane A-137:MAPE of 1%:2%wt sawdust for mixed coupling system. Moreover, 

morphological and thermal properties of the composites were examined using SEM, 

DMA and TGA techniques. 

 

Key words:  

polymer blend, poly(vinyl chloride), composite, wood sawdust, mechanical properties 
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Introduction 

Polymer blend and composites have been studied extensively and the properties of 

polymer blends and composites can be determined by miscibility and structure of all 

components [1]. Three or more phases in polymer blend and composite systems have 

increasingly attracted the interests of researchers and industry, especially, in terms of 

efforts to improve and modify the composite properties. 

 

Among polymer matrices used for wood-filled composites, poly(vinyl chloride) 

(PVC) is one of the most widely used thermoplastics in packaging and construction 

applications. PVC products are likely to be contaminated by olefin polymers such as 

polyethylene (PE) and polypropylene (PP) [2]. PVC/PE blend has been utilized in 

several applications such as, blister packing, electric cable sheathing, but its 

mechanical properties and service performance are much inferior because of their 

phase incompatibility. One of the most common method to improve the mechanical 

properties of the incompatible blend is to add a suitable compatibilizer. Previous work 

[2] has shown that mechanical, morphological and thermal properties of the 

PVC/LDPE blend were significantly improved by addition of poly(methyl 

methacrylate-co-butyl acrylate) (PA20). 

 

In general, fiber reinforced polymer composites yield a unique combination of high 

performance, great versatility and processing advantages at favorable cost. Among 

other fillers used for such polymeric products, wood fibers become an important class 

of the reinforcing materials. They show many advantages, including low density, little 

demand during processing, little requirement on processing equipment, 

biodegradability, high stiffness and relatively low price [3]. However, the wood fibers 
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are incompatible with the polymer due to their hydrophilic character which results in 

uneven dispersion in the composites, thus a poor stress transfer between the matrix 

and the filler and unsatisfactory properties of the final produced [3]. As a 

consequence, research efforts have been focused on improving interfacial adhesion of 

the fiber and polymer phases, usually through use of coupling agents, such as silane 

coupling agents [4-10] and maleic anhydride-grafted-polymer [5-8,10-17]. The 

interfacial adhesion can be both chemical and physical, which are referred to covalent 

and hydrogen bonds, and molecular entanglements, respectively.  

 

Our previous work [2] has shown that the compatibility between PVC and LDPE 

could be improved by incorporating poly(methyl-methacrylate-co-butyl acrylate) 

(PA20) which acted as phase compatibilizer, but the mechanical strength of 

PVC/LDPE blends decreased by addition of wood fibres. The work was now extended 

to improve the interfacial adhesion between the wood fiber and PVC/LDPE blend by 

introducing different chemical coupling agents at various dosages, PA20 being used 

as the compatibilizer for PVC and LDPE phases. The level of interfacial adhesion was 

evaluated through mechanical, morphological and thermal properties of the wood 

filled PVC/LDPE composites. Possible molecular interactions among materials phases 

(PVC, LDPE, wood, PA20) in the composites were also proposed. 
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Experimental 

Raw materials 

1. Poly(vinyl chloride) (PVC, B0504BLA suspension grade, K value = 66) was 

supplied by Thai Plastics and Chemicals, Co. Ltd (Bangkok, Thailand). The 

compound composed of 1.2 phr calcium stearate, 1.2 phr tetrabasic lead sulfate, 

0.1 phr polyethylene wax and 4 phr calcium carbonate.  

2. Low-density polyethylene (LDPE, LD1905F) with MFI of 5 (tested at 21.6 N and 

190°C) was obtained from Thai Polyethylene, Co. Ltd (Bangkok, Thailand).  

3. The compatibilizer used was poly(methyl methacrylate-co-butyl acrylate) (PA20), 

supplied from Srithepthai Co. Ltd (Thailand). In this work, PA20 was used as the 

compatibilizer for PVC and LDPE phases. 

4. Rubber-wood sawdust (Hervea Brasiliensis), collecting from local furniture 

factory, was sieved through standard sieve of 50-80 mesh, corresponding to the 

particle length of 180-300 μm. The sieved sawdust was dried in an oven at 105°C 

for 2 h before use.  

5. Octyltriethoxy (A-137) and �-aminopropyltriethoxy (A-1100) silane coupling 

agents were supplied by Sigma-Aldrich, Co. Ltd. (Bangkok, Thailand) and 

Optimal Tech, Co. Ltd. (Bangkok, Thailand), respectively. The chemical 

structures of both silane coupling agents are given in Table 1. Maleic anhydride-

grafted-polyethylene (MAPE - Fusabond MB100D) with MFI of 2g/10 min 

(tested at 21.6 N and 190°C) was supplied by Chemical Innovation, Co. Ltd. 

(Bangkok, Thailand). 
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Blend preparation and experimental design 

Melt-blending of PVC with LDPE was performed using a single-screw extruder 

(Thermo Haake Poly Drive) using a screw speed of 60 rpm and a temperature range 

from 170 to 190°C, starting from feed zone to die zone. The obtained extrudates were 

further compounded in a two-roll mill (LabTech Engineering, LRM 110) for 10 min 

using the temperature of 165�C before transferring into a compression molding 

machine (LabTech Engineering, LP 20). The compressing temperature and time were 

set at 200�C and 8 min, respectively. Since this work aimed to study the effect of 

coupling agent type and content on the mechanical properties of the PVC/LDPE blend 

filled with various contents of wood sawdust, the three steps of experimental 

procedures are noted.  

� Firstly, the amount of the sawdust was varied at 10, 20, 30, 40 and 50% in order to 

study the effect of sawdust content on the properties of the PVC/LDPE (100/40) 

blends using PA20 for 15%wt of LDPE. 

� Secondly, Silane A-137, Silane A-1100 and MAPE at 1.0, 3.0 and 5.0%wt of 

wood sawdust were used in order to improve properties of the composites. 

� Finally, the influence of using mixed coupling agents(silane:MAPE) on interfacial 

strength was studied, the percentage ratios of Silane:MAPE used being 2:1, 1:1 

and 1:2. 

 

Mechanical properties 

All mechanical tests was carried out at the temperature of 23�1�C and relative 

humidity of 50�5%. It should be noted that the mechanical property results of the 

composites reported in this work were obtained by averaging from ten independent 

tested specimens. Tensile test was conducted according to ASTM D-638. The tensile 
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measurements from dumbell specimens were carried out using Universal Testing 

Machine (LLOYD Instrument, LR 5k) using WINDAP software with 5 kN load cell 

and a crosshead speed of 5 mm/min. For flexural property, ASTM D-790 was used as 

a reference. Three-point bending test was set up in the Universal Testing Machine in 

order to examine the flexural modulus and strength of the PVC/LDPE blends and 

Sawdust/PVC/LDPEcomposites using a rectangular specimen. A span length used 

was 40 mm and a compression speed was 5 mm/min using 5 kN load cell. Izod impact 

tester (Yasuda Seiki Seisakusho, 258-PC) was used to evaluate the impact strength of 

the blends and the composites. The notched testing specimens were used, this 

following the ASTM D-256. The impact property results were reported in terms of 

impact energy divided by the area of the specimen (kJ/m2). 

 

SEM investigations 

A LEO 1455 VP scanning electron microscopy was employed to study the interfacial 

morphology of the PVC/LDPE blends reinforced by wood fibers. The samples were 

immersed in a nitrogen liquid before fractured. After that the samples were sputter-

coated with a thin layer of gold to prevent electrical charging during the observation. 

The surface characteristics were examined and operated at 6kV accelerating voltage. 

 

Thermal properties 

Glass transition temperatures of the samples were evaluated using a shear-bending 

mode Dynamic Mechanical Analyzer (DMA, Merrier Teledo DMA/SDTA 861) at a 

temperature range from 20 to 130�C with a heating rate of 4�C /min and a fixed 

frequency of 1 Hz. In addition, thermal decomposition temperatures of the blends and 

the composites were carried out using thermal gravimetry TGA (Perkin Elmer, Pyris 
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1). The specimen was tested under nitrogen atmosphere using a temperature range of 

35-700�C and a heating rate of 10�C/min. The thermal degradation temperatures were 

reported by the onset temperature where the weight loss started to occur. 
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Results and Discussion 

Effect of Coupling Agents on Mechanical Properties  

Mechanical properties of the wood-PVC/LDPE composites for different wood and 

coupling agent contents are shown in Figures 1-6. It can be seen that the moduli (both 

tensile and flexural in Figures 1 and 4) increased with increasing wood contents 

while the opposite effect was observed for the ultimate properties (Figures 2, 3 and 

5). These two effects were related to an increased stiffness of the composites, and the 

discontinuity of the polymer phases in the composite samples, respectively. It was 

interesting to mention the change of impact strength of the composites by varying 

wood contents as shown Figure 6. It can be seen that the impact strength did not 

change with increasing wood contents. This may be because the addition of PA20 

which acted as a phase compatibilizer in PVC and LDPE matrices overruled the effect 

of wood sawdust. The obtained results were in good agreement with other reports [9-

17] showing that coupling agents such as Silane or MAPE caused the improvement in 

mechanical properties of cellulose fiber-homopolymer composites. 

 

Considering the effect of type and content of coupling agents, it was observed that all 

mechanical properties of the composites (Figures 1-6) tended to increase with 

increasing the coupling agents, and then decrease at higher loading of the coupling 

agents. The results showed that the addition of low loading of Silane or MAPE caused 

an improvement of the mechanical properties. This was due to chemical interactions 

between each coupling agent and PVC/LDPE blend as shown and will be detailed 

later in Figure 7. On the contrary, higher loadings of Silane and MAPE brought about 

an obvious reduction in the mechanical properties. This was because of a self-

condensation reaction of the Silane coupling agent [4]. The results were found to be in 
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line with those reported by Sombatsompop et al [5] who used MAPP coupling agent 

in PP/wood sawdust composites. 

 

When different coupling agent types were compared it was found that MAPE and 

Silane A-137 gave better improvement than Silane A-1100. The dosages for optimum 

mechanical properties for these three coupling agents were different, 3.0% for MAPE 

and 1.0% for Silane A-137 and Silane A-1100. The differences in required dosages 

may be related to levels of modifications and interactions of the coupling agents in the 

composites. The schematic diagrams of chemical and physical interactions between 

the PVC/LDPE matrix and the wood fiber reinforcement through the use of Silane 

coupling agents or MAPE are proposed in Figure 7. In the case of Silane A-137 

(hydrocarbon silane) shown in Figure 7(a), dipole-dipole interaction and hydrogen 

bonds can be formed between the coupling agent and the wood surfaces. Besides, the 

physical entanglement can be found between the hydrocarbon chain-ends of Silane A-

137 and the PVC/LDPE blend. Similar schematic reactions for kenaf fiber reinforced 

polypropylene composites modified by silane coupling agent were reported by 

Karnani et al. [10]. For Silane A-1100 (amino silane) as shown in Figure 7(b), the 

silanol groups in the Silane coupling agent and hydroxyl groups can be formed. 

However, neither the amino groups nor the hydroxyl groups at the both ends of the 

Silane A-1100 molecules can interact with PVC/LDPE phases. Similarly, MAPE 

coupling agent contains anhydride polar groups and PE non-polar part (Figure 7(c)) 

and the polar anhydride groups can form ester linkages with wood surfaces via strong 

covalent bonds while non-polar long-chain PE can perform physical entanglement 

with LDPE in PVC/LDPE matrix. This may be the reason why the mechanical 

property improvement using MAPE was more significant than that using Silane A-
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137 or A-1100. Ester and physical linkages were also purposed for the cellulose fibers 

reinforced polypropylene composites modified by maleic anhydride copolymer [17]. 

 

Effect of Silane:MAPE ratio on Mechanical Properties 

The effect of the use of mixed Silane and MAPE was examined by varying different 

ratios of Silane:MAPE, i.e. 2%:1%, 1%:1% and 1%:2%, the total content of Silane 

and MAPE being maintained at 3.0%wt sawdust. It can be seen in Figures 8-13 that 

using both Silane and MAPE caused a significant enhancement in mechanical 

properties of the wood-PVC/LDPE composites. According to the results and 

explanations given when using single coupling agent in Figure 7, the use of mixed 

Silane A-137:MAPE or mixed Silane A-1100:MAPE still caused the physical and 

chemical linkages in different active sites. For mixed Silane A-137:MAPE, the dipole-

dipole interaction and hydrogen bonds were probably formed on the polar ends of 

Silane A-137 with the sawdust surfaces, and the covalent bonds by ester linkages 

were given via anhydride part in MAPE and hydroxyl groups in the sawdust. At the 

same time, the physical entanglement was obtained on the non-polar ends of mixed 

Silane A-137 and MAPE with the PVC/LDPE matrix. For mixed Silane A-

1100:MAPE, the sawdust reinforcement interacted with the PVC/LDPE matrix by 

dipole-dipole interaction from Silane A-1100, and the physical entanglement and 

covalent bonds were caused by presence of MAPE. It should be noted that the 

physical entanglement could not be obtained between the Silane A-1100 and the 

PVC/LDPE matrix since the chain ends of the Silane A-1100 molecules are polar, 

leading to less physical interaction between the matrix and the reinforcement, 

compared with that of using both Silane A-137 and MAPE. This explanation 

suggested that the mixed Silane A-137:MAPE resulted in better improvement in the 
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mechanical properties of the composites than the mixed Silane A-1100:MAPE. This 

was consistent with the mechanical properties of the composite using only Silane A-

137, Silane A-1100 or MAPE (Figures 1-6). 

 

When different ratio of mixed Silane A-137:MAPE and mixed Silane-A-1100:MAPE 

were taken into account, it was found that using the highest amount of MAPE (at the 

ratio of 1%:2% Silane:MAPE) led to the optimum mechanical properties of the 

composites. It was postulated that by the presence of MAPE the possibility of the self-

condensation reaction in Silane A-137 became minimized, this leading to higher 

active sites of the Silane to interact with the PVC/LDPE matrix and the sawdust 

reinforcement. 

 

Effect of Silane or MAPE on Morphological Properties  

Morphological properties of the Sawdust/PVC/LDPEcomposites are shown in Figure 

14. It can be seen in Figure 14(a) that the matrix of PVC and LDPE blend 

compatibilized by PA20 was rather rough because high amount of LDPE (40 phr) was 

added into the PVC phase. Besides, the sawdust dispersed in the matrix phase of 

PVC/LDPE blend shows poor interfacial adhesion. When using Silane A-137, Silane 

A-1100 or MAPE, the SEM micrographs in Figures 14(b)-(d) suggested that wetting 

phenomena was obtained, i.e. the wood particles were covered by the PVC/LDPE 

polymer matrix phase, indicating an improvement of the interfacial adhesion between 

the PVC/LDPE matrix and the wood reinforcement. The morphological results were 

in line with the improvement of mechanical properties of the composites by the 

presence of the three coupling agents. 
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Effect of Silane and/or MAPE on DMA and Thermal Properties 

Thermal properties of the Sawdust/PVC/LDPEcomposites were examined using 

DMA and TGA techniques. The relationships between storage modulus and loss 

modulus with temperature of the composites using Silane and/or MAPE are shown in 

Figure 15. It can be seen that storage modulus or elastic energy of the composites 

with modifications by Silane A-137 and MAPE shifted upwards to higher values 

while that with Silane A-1100 remained the same as that without addition of coupling 

agents. The composites with different ratios of Silane A-137:MAPE or Silane A-

1100:MAPE also showed an increase in storage modulus. The DMA results 

confirmed the property enhancement of the composites through the use of chemical 

coupling agents. Similar behavior was found for changes in loss modulus of the 

composites. 

 

In general, the loss tangent or tan � is the ratio of the loss modulus to the storage 

modulus and the tan �max value could be used to give glass transition temperatures 

(Tg) of polymers. It was found that the tan � max decreased with addition of the three 

coupling agents although both storage and loss moduli increased accordingly. The 

values of Tg of the different composite samples obtained from DMA technique are 

shown in Table 2. The results suggested that the composites treated with Silane A-

137, Silane A-1100 or MAPE had slightly lower Tg than the untreated composites, but 

the Tg values did not change with varying types and contents of the coupling agents. 

The evidence of the increase in storage modulus and the decrease in tan � indicates 

the reinforcement occurring in the composites. Thermal decomposition temperatures 

(Td) of the wood-PVC/LDPE composites obtained from the onset temperature that the 

composites started to decompose, were tabulated in Table 2. A slight increase in the 
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Td was observed for all treated composite, indicating the reinforcement of the 

composites by the use of the three coupling agents. 
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Conclusion 

Composites from PVC/LDPE blend reinforced by rubber-wood sawdust were 

prepared and modified using three different coupling agents (Silane A-137, Silane A-

1100 or MAPE). The effect of sawdust content, Silane or MAPE content and the ratio 

of Silane:MAPE were examined. It was found that mechanical properties i.e. tensile, 

flexural and impact properties of the composites were improved with addition of 

Silane or MAPE into the composites. Moreover, Silane A-137 and MAPE showed 

greater effect on mechanical property enhancement than Silane A-1100. Physical or 

chemical interactions in the composite systems were different for each coupling agent. 

Wetting phenomena was also observed in the composite samples, regardless of the 

types of the coupling agents. The experimental results suggested that the optimum 

mechanical properties could be obtained using MAPE at 3.0%wt sawdust for single 

coupling system, and Silane A-137:MAPE of 1%:2%wt sawdust for mixed coupling 

system. In addition, the slight increase of Td and the slight decrease of Tg of the 

composites incorporated with Silane A-137, Silane A-1100 or MAPE were obtained. 
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Table 1 Chemical structures and descriptions of Silane coupling agents 

 

Silane types Chemical description Chemical structure 

Silane A-137 

Silane A-1100 

Octyltriethoxy silane 

�-aminopropyltriethoxy silane 

CH3(CH2)7Si(OCH2CH3)3 

H2NCH2CH2CH2Si(OCH2CH3)3
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Table 2 Glass transition (Tg) and thermal decomposition (Td) temperatures of 

the Sawdust/PVC/LDPEcomposites using different types and ratios of 

Silane or MAPE 

 

Samples Tg (�C) Td (�C) 

PVC/LDPE/PA20/SD 88.2 230 

PVC/LDPE/PA20/SD + Silane A-137 

PVC/LDPE/PA20/SD + Silane A-1100 

PVC/LDPE/PA20/SD + MAPE 

86.5 

87.4 

86.0 

237 

231 

235 

PVC/LDPE/PA20/SD + (2%:1%) Silane A-137:MAPE 

PVC/LDPE/PA20/SD + (1%:1%) Silane A-137:MAPE 

PVC/LDPE/PA20/SD + (1%:2%) Silane A-137:MAPE 

86.3 

86.5 

86.4 

239 

232 

236 

PVC/LDPE/PA20/SD + (2%:1%) Silane A-1100:MAPE 

PVC/LDPE/PA20/SD + (1%:1%) Silane A-1100:MAPE 

PVC/LDPE/PA20/SD + (1%:2%) Silane A-1100:MAPE 

85.8 

85.8 

85.3 

233 

239 

237 
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Figure 1 Young’s modulus of the sawdust/PVC/LDPE composites using 

different contents of Silane A-137, Silane A-1100 and MAPE 
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Figure 2 Tensile strength of the sawdust/PVC/LDPE composites using different 

contents of Silane A-137, Silane A-1100 and MAPE 
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Figure 3 Elongation at break of the sawdust/PVC/LDPE composites using 

different contents of Silane A-137, Silane A-1100 and MAPE 
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Figure 4 Flexural modulus of the sawdust/PVC/LDPE composites using 

different contents of Silane A-137, Silane A-1100 and MAPE 
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Figure 5 Flexural strength of the sawdust/PVC/LDPE composites using 

different contents of Silane A-137, Silane A-1100 and MAPE 
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Figure 6 Impact strength of the sawdust/PVC/LDPE composites using different 

contents of Silane A-137, Silane A-1100 and MAPE 
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Figure 8 Young’s modulus of the sawdust/PVC/LDPE composites using 

different ratios of Silane A-137:MAPE and Silane A-1100:MAPE 
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Figure 9 Tensile strength of the sawdust/PVC/LDPE composites using different 

ratios of Silane A-137:MAPE and Silane A-1100:MAPE 
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Figure 10 Elongation at break of the sawdust/PVC/LDPE composites using 

different ratios of Silane A-137:MAPE and Silane A-1100:MAPE 
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Figure 11 Flexural modulus of the sawdust/PVC/LDPE composites using 

different ratios of Silane A-137:MAPE and Silane A-1100:MAPE 
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Figure 12 Flexural strength of the sawdust/PVC/LDPE composites using 

different ratios of Silane A-137:MAPE and Silane A-1100:MAPE 

0

1

2

3

4

5

6

0% 2% : 1% 1% : 1%  1% : 2%

A-1100:MAPE

Im
pa

ct
 S

tr
en

gt
h 

(k
J/

m
2 ) 

0

1

2

3

4

5

6

0% 2% : 1% 1% : 1%  1% : 2%

A-137: MAPE

Im
pa

ct
 s

tr
en

gt
h 

(k
J/

m
2 ) 

10% SD 20% SD 30% SD 40% SD

0

1

2

3

4

5

6

0% 2% : 1% 1% : 1%  1% : 2%

A-1100:MAPE

Im
pa

ct
 S

tr
en

gt
h 

(k
J/

m
2 ) 

0

1

2

3

4

5

6

0% 2% : 1% 1% : 1%  1% : 2%

A-137: MAPE

Im
pa

ct
 s

tr
en

gt
h 

(k
J/

m
2 ) 

10% SD 20% SD 30% SD 40% SD

 

Figure 13 Impact strength of the sawdust/PVC/LDPE composites using different 

ratios of Silane A-137:MAPE and Silane A-1100:MAPE 
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Figure 14 SEM micrographs of the sawdust/PVC/LDPE composites using (a) no Silane or 

MAPE (b) Silane A-137 (c) Silane A-1100 and (d) MAPE. 
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Figure 15 (a) Storage modulus and (b) loss modulus of the sawdust/PVC/LDPE 

composites using different types and ratio of Silane or MAPE 
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Figure 16 Tan � of the sawdust/PVC/LDPE composites using different types and ratios of 
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Abstract 

 To obtain silk weight gain and improve silk properties, Bombyx mori silks were 

grafted by either 2-hydroxy ethylmethacrylate (HEMA) or methyl methacrylate (MMA). It 

was found that moisture regain of the HEMA- and MMA-grafted silks depended on the 

hydrophilicity of the used monomers. Acid and alkaline resistances of the HEMA- and MMA-

grafted silks were clearly improved. Both commercial synthetic dyes, i.e. acid and reactive 

dyes as well as natural dye extracted from turmeric, with potassium aluminum sulphate 

mordant, were used in this present study. The results suggested that % dye uptake was 

increased with the presence of PHEMA or PMMA in the silk fibroin structure, regardless of 

the types of the dyestuffs. Compared to the degummed silk, washfastness level of the HEMA-

grafted silk dyed by acid and reactive dyes was similar to that of the degummed silk. 

However, colorfastness to washing of the MMA-grafted silk dyed by acid dyed was improved 

when % polymer add-on was 65%. In addition, washfastness for both of the grafted silks was 

improved when they were dyed with curcumin natural dyestuff. Acid and alkaline 

perspiration fastness properties were found to remain unchanged for the HEMA- and MMA-

grafted silks when acid, reactive and curcumin dyes were applied. 

 

Key words: Silks, Graft copolymers, Dyes, Colorfastness 
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INTRODUCTION 

 Bombyx mori silks are excellent fibers conventionally used for making yarns, cloths or 

decorative articles since silks present many outstanding attractions including strength, 

dyeability, luster, moisture absorption, etc. that distinguish them from other natural and 

synthetic fibers. However, silks still lack some important performances such as colorfastness 

properties, abrasion resistance, dimensional stability etc. and these properties are needed to 

improve. In recent years, graft copolymerization is a well-known technique to impart new 

property or heighten the existing properties in the parent polymer with minimum degradation 

of the original properties [1]. The nature of grafted copolymer is dependent on types of 

grafting monomer and degree of grafting [2]. 

 There has been many researches focused on grafting technique onto silk fibroin using 

different types of vinyl monomers, i.e. methyl methacrylate (MMA) [3-6], methacrylamide 

(MAA) [5, 7], 2-hydroxy ethylmethacrylate (HEMA) [5, 7-8] and ethoxy ethylmethacrylate 

(ETMA) [9]. It was found [3-9] that silks grafted by vinyl monomers showed the 

improvement of thermal stability and wrinkle recovery; whereas % crystallinity of silk fibroin 

remained unchanged. Nevertheless, mechanical properties of grafted silks slightly dropped 

with the increase of % polymer add-on. T.K. Maji et al. [3] reported that moisture regain of 

MMA-grafted silk decreased because of the hydrophobicity of the MMA monomer. When 

potassium sulfate and tri-n-butylborane were used as the initiators for grafting silks with 

MMA monomer, it was found that [6] greater % polymer add-on caused greater weight-

averaged molecular weight of the PMMA. M. Tsukada et al. [7] studied the structures and 

properties of tussah silks grafted by HEMA and MAA and the results suggested that very high 

weight gain of 175% could be obtained but high weight gain caused noticable granules on the 

surface of the grafted silks. In addition, moisture regain of not only HEMA- but also MAA-

grafted silks was higher than that of the degummed silk [5]. The effect of 3 different types of 
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the initiators, i.e. ammonium persulfate (APS), (2, 2’-azobis(2-amidinopropane) 

dihydrochloride (ADC) and 2,2’-azobisisobutyronitrile (AIBN) on properties of MMA-, 

MAA- and HEMA-grafted silks was also examined [5]. Furthermore, ETMA-grafted silks 

also showed the appearance of ETMA oligomers on the surface of the ETMA-grafted silk, 

especially when the % polymer add-on was more than 40% [9]. 

 In general, silks used for textile application are necessary to be dyed for customer 

attraction. Textile fibers are expected to present good fastness properties to ensure that they 

remain in their natural state after dyeing process and normal daily life usage. Dye uptake is, 

therefore, the important parameter for dyeing procedure; whereas, colorfastness properties are 

the most essential aspects for fabric exploitations. 

In the view of dyestuffs, synthetic dyes are commercially available due to various 

choices of color shades and ease of use but the major concern is the environmental problem. 

Natural dyes, as a result, become other options since they present environmental 

compatibility, low toxicity and low allergic reaction to fabric wearers. One of the popular 

natural bright yellow dyes is curcumin (1, 7-bis(4-hydroxy-3-methoxyphenyl)-1, 6-

heptadiene-3, 5-dione)) extracted from the root of turmeric, a perennial herb Zingiber 

officinale. The yellow colorant has been used as the natural dyestuff and also as the food 

colorant [11-12]. Nevertheless, the main problem with natural dyes is the poor fastness 

properties [13-14]. 

There are only a few researchers reported on dyeing properties of the grafted silks [9-

10]. M. Tsukada et al. stated on the improvement of % dye uptake when the ETMA-grafted 

silk was dyed with acid dye [9]. Furthermore, fastness to washing and perspiration of the 

degummed silk dyed with acid, basic and curcumin dyes could be improved by grafting with 

MMA and MAA monomers with % grafting of approximately 45% [10]. Nevertheless, no 

research investigated on dyeing properties of the cultivated silk (Bombyx mori) grafted by 
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HEMA. In general, HEMA is one of the important vinyl monomers since it is usually used as 

daily wear contact lens due to its biocompatibility and hydrophilic property. Because of the 

hydrophilic property of HEMA, it can be used as the grafting monomer for silk fibroin that 

will lead to comfort during wearing silk fabric. Therefore, this paper was focused on dyeing 

properties, i.e. dye uptake, colour measurement and color fastness properties of the HEMA-

grafted silk, compared with the MMA-grafted silk. Besides, physical and morphological 

properties of the HEMA- and MMA-grafted silks were also investigated. 
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EXPERIMENTAL 

Materials 

 Raw silks (Bombyx mori) were supported by Jim Thompton, Thailand. Reagent grades 

of 2-hydroxy ethylmethacrylate (HEMA) and methyl methacrylate (MMA) monomers 

including formic acid were obtained from Merck, Co. Ltd. Ammonium persulfate (APS) was 

used as the initiator. Alkali solutions of both sodium carbonate and sodium bicarbonate as 

well as Sandopan 60 soap solution were used for degumming. Acid dye (Erionyl Yellow A-R, 

C.I. Acid Orange 67) and reactive dye (Cibacron Yellow W-R, C.I. Reactive Yellow 205) 

belonged to Ciba Specialty Chemicals, Thailand. Curcumin (Curcuma longa, C.I. Natural 

Yellow 3) was obtained locally and the mordant used for natural colorant dyeing was 

potassium aluminium sulphate from Fluka, Co. Ltd. 

 

Degumming and Grafting 

Raw silks were firstly degummed in an aqueous solution, containing 0.05 mol/l 

sodium carbonate, 0.05 mol/l sodium bicarbonate and soap, at 80�C for 30 min. Grafting was 

performed by immersing silks in the reaction system at pH 3 (adjusting with formic acid), 

containing 0.05 mol/l APS initiator as well as 0.8 mol/l of HEMA or MMA monomer. The 

material-to-liquor ratio during the treatment was maintained at 1:20. The temperature was 

gradually raised from room temperature to 80�C within 30 min and then maintained at this 

level for different periods of time. The grafted silks were thoroughly rinsed with acetone, 

followed by water and then vacuum dried. % weight gain was calculated from the weight 

difference of the dried silks before and after the graft treatment. 
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Dyeing 

 The degummed, HEMA- and MMA-grafted silks were dyed using exhaustion method 

with commercial acid and reactive dyestuffs in order to observe the dyeing characteristics of 

the silks. The concentration of the dyeing solution was kept at 3% o.w.f. and the ratio of dye 

solution to silk weight was maintained at 30:1. For acid dyeing, an initial temperature was 

30�C and the dyeing temperature was then raised to 90�C within 30 min and the silks were 

further dyed at this temperature for 45 min. Reactive dyeing process started from dyeing at 

the tempearture of 60�C for 45 min, followed by washing with cold and warm water until no 

change in color was obtained. Finally, the dyed silks for both acid and reactive dyes were 

dried at room temperature. It should be noted that dyeing condition and recipe conformed the 

manufacturer suggestions. Furthermore, natural colorant extracted from turmeric was 

prepared [10] by immersing turmeric in 75% ethanol solution, the suitable solvent for 

curcumin extraction, using the 1:20 material to liquid ratio for 1 h. The resulting filtrate was 

then used for further dyeing. The curcumin dyeing process was carried out using the dyeing 

temperature of 60�C for 10 min and the material to liquid ratio was maintained at 1:30. 

Potassium aluminium sulphate mordant (8% o.w.f.) was used during the dyeing procedure 

(metamordant) for curcumin dyeing. In addition, % dye uptake was examined from the 

increase in the weight gain before and after dyeing processes and 3 measurements were 

carried out for calculating and averaging % dye uptake values. 

 

Morphology 

 A LEO 1455 VP scanning electron microscopy was employed to study surface 

morphology of the degummed and grafted silks. The samples were sputter-coated with a thin 

layer of gold to prevent electrical charging during the observation. The surface characteristics 

were examined and operated at 6kV accelerating voltage. 



 7

 

IR Spectroscopic Study 

 FTIR spectra of silk samples were recorded on a Spectrum 2000 GX spectrometer 

(Perkin-Elmer) using KBr disk technique with a resolution of 4 cm-1 in a spectral range of 

4000-650 cm-1 using 16 scans per sample. 

 

Moisture regain 

 The degummed and grafted silks were placed in a controlled room with the 

temperature of 21�C and 65% RH until the constant weight of the samples were obtained. The 

weight difference with the samples after drying in an oven at the temperature of 105�C for 2h 

was then calculated [15]. 

 

Chemical resistance 

 The silks were immersed in 3 M HCl and 0.1 M NaOH solutions at 65�C for 1 h, 

followed by washing in distilled water. The dried samples were then weighted and the weight 

loss was calculated in terms of percentage [15]. 

 

Color measurement 

 Color parameters i.e. L*, a*, b*, C* and H� were measured with the Miniscan XE plus 

Spectrophotometer using D65/10� illuminant evaluated by CIE L* a* b* system. In this 

system, L* represents lightness, a* redness if positive and greenness if negative and b* 

yellowness if positive and blueness if negative. In addition, C* and H� showed chroma and 

color angle in color space of the samples, respectively. 5 measurements were carried out for 

each sample to obtain averaged color parameters. 
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Colorfastness 

 Colorfastness of the silk samples was performed for washing, acid and alkaline 

artificial perspiration solutions according to ISO 105 C01-C03 and ISO 105 E04, respectively. 

Colorfastness for washing and perspiration tests was carried out using both sample and 

standard (silk and cotton) fabrics that were sewn together and tested under the same 

conditions. For washing colorfastness, the sewn fabric was washed at 42�C for 30 min in a 

standard soap solution. Both fabrics were then separated and dried. For perspiration 

colorfastness testing, the sewn fabric were immersed in either acid (pH = 5.5) or alkaline (pH 

= 8.0) artificial perspiration solutions at room temperature for 30 min. Then, they were 

transferred into a perspirometer for pressing and the perspirometer was kept in an oven at the 

temperature of 37�C for 4 h and then the fabric was dried by air. It should be noted that 

washing and perspiration fastness levels, observed against greyscale, were classified as 

numbers ranging from 1 and 5, referring to poor to excellent fastness, respectively. In 

contrast, staining level on standard silk and cotton fabrics was labelled from 1 (the maximum 

stain) to 5 (the minimum stain). 
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RESULTS AND DISCUSSION 

 Grafted silks by HEMA and MMA vinyl monomers can be obtained via free radical 

polymerization using APS initiator. Two chemical reactions can take place i.e. grafting of 

monomers and macromonomers onto silk fibroin molecules and polymerization of individual 

monomers leading to homopolymers. For grafting technique, high polymer add-on as well as 

low level of homopolymerization is essential for industrial application. 

 

Morphology 

 Surface morphology of the silks can be examined using SEM technique. Figure 1 

shows SEM micrographs of the degummed, HEMA- and MMA-grafted silks. The surface 

morphology revealed that the surface of the degummed silk was rather smooth as shown in 

Figure 1(a) but the rough surface of the HEMA- and MMA-grafted silks were obtained. The 

surface of the HEMA-grafted silks appeared to compose of polymer film coated on the silk 

(Figure 1(b)); however the surface of the MMA-grafted silks presented the granules of 

oligomer particles (Figure 1(c)). The observed surface morphology was due to the grafting 

process that caused bonding between the silk and the vinyl monomers. 

 

IR Spectroscopic Study 

 The modifying agent used for chemical modification of silk fibroin can be examined 

using IR technique. IR spectra of the degummed and grafted silks are represented in Figure 2. 

IR spectrum of the degummed silk in Figure 2(a) showed the significant wavenumbers at 

3411, 2921, 1646 and 1517 cm-1, due to NH stretching, CH stretching, C=O stretching and 

NH bending in amides (amide I and amide II), respectively [4, 8]. The HEMA-grafted silks 

presented similar IR spectra to the degummed silk, except for the peak position of 3411 cm-1, 

attributed to NH stretching, that shifted to higher wavenumber. The IR spectrum in Figure 
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2(b) of the HEMA-grafted silks presented the other absorption bands at the wavenumbers of 

1728 and 1262 cm-1, referred to C=O stretching of the ester groups in PHEMA. Moreover, 

additional absorption bands at 1738 and 1252 cm-1, assigned for C=O stretching and C-O 

stretching of ester groups of PMMA, respectively; could be observed for the MMA-grafted 

silk (Figure 2(C)). 

 

Moisture regain 

 Comfort during wearing silk fabrics is very important in views of textile application. 

Comfort can be indirectly determined via the ability of the textile to absorb moisture. 

Moisture regain of the degummed, HEMA- and MMA-grafted silks is represented in Table 1. 

Due to the hydrophilic characteristic of PHEMA, the moisture regain of the HEMA-grafted 

silk was dominantly higher than that of the degummed silk. As expected, greater content of 

PHEMA in the HEMA-grafted silk resulted in slightly higher % moisture regain. However, 

the MMA-grafted silk represented lower moisture regain than the degummed silk because of 

the hydrophobic nature of the PMMA, adhering on the surface of the MMA-grafted silk. 

 

Chemical resistance 

 Acid and alkaline resistances can be expressed in terms of percentage of weight loss of 

the silks after the immersion of the samples in the specific solutions for a specific time. It can 

be seen in Table 1 that % weight loss of the HEMA-grafted silk after acid and alkaline 

immersion were clearly decreased, probably due to the steric hindrance from the bulky group 

of the HEMA molecules, causing the difficulty for the proton from the acid to react with the 

fiber; and also, the hydrolysis by the alkaline became lower. Similar results (Table 1) could 

be obtained for the MMA-grafted silk showing that the weight loss decreased significantly, 
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indicating of the improvement of acid and alkaline resistances. This could be due to the 

hydrophobic property of the MMA monomer used for the grafting. 

 

Dyeing Properties 

 In general, dyeing properties are unavoidably significant for textile utilization both for 

manufacturers and customers. The degummed silk was dyed with yellow commercial dyes of 

acid and reactive dyes including natural dye extracted from turmeric with the mordant. 

 

Dye uptake 

 Both of the grafted silks showed greater % dye uptake than that of the degummed silk 

as shown in Table 2 when acid, reactive and curcumin dyes were used. This could be because 

there is greater possibility of the dye molecule to penetrate into the silk amorphous area in the 

grafted silks, and therefore, the grafted chain can interact with the dye molecules in the 

opened amorphous area, leading to the enhancement of the amounts of the dyes in the opened 

boundary [10]. Besides, the increase of the % weight gain resulted in the increase of % dye 

uptake for the HEMA- and MMA-grafted silks. 

 For acid dyeing, cation of silk can attract to anion of acid dye; therefore, ionic bonding 

can mainly be formed. In contrast, chemical reaction is expected for the use of reactive dye. 

When curcumin dyestuff, the natural yellow colorant in flavonoid group, is applied, dipole-

dipole interaction can be mainly formed between HEMA and MMA side group and the 

curcumin dyestuff, containing carbonyl, hydroxyl and methoxy groups [14]. 

 Normally, salts of inorganic elements such as aluminium, iron, copper, etc., called 

mordant, are used with dyeing natural dyestuffs for improving not only interaction between 

dye and silk molecules but also color fastness properties of the resulted dyed material. In 
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addition, the formation of complex molecule could occur among the dyestuff, grafted silk 

fibroin and mordant molecules, brought about greater dyeing ability of the grafted silks. 

 

Color parameters 

 Color difference in textile samples can be classified using spectrophotometer. Table 3 

presents color parameters obtained after color measurement, i.e. L*, a*, b*, C* and H� for the 

degummed and grafted silks, dyed with acid, reactive and curcumin dyes. It can be seen that 

for all of the grafted silks dyed with acid dye showed similar a* and b* values but L* and C* 

values for the HEMA- and MMA-grafted silk were higher than those of the degummed silk, 

showing greater brightness and chroma in the grafted silks. For the reactive dye, L* and a* 

values were approximately equal for all samples, b* for both of the grafted silk was higher 

than that of the degummed silk and the HEMA-grafted silk with 75% polymer add-on 

presented the greatest b* value, indicating of the most yellowness in the sample. In addition, 

C* or chroma could be ranged in the following order: HEMA>MMA>degummed silks. 

Furthermore, L*, b* and C* values for both of the grafted silks dyed by curcumin dyestuff 

were higher than the degummed silk. 

 

Colorfastness properties 

The ability of the dye molecules to retend within the fiber structure is an important 

aspect when dyed textile fabric is used. Better fastness properties results in the same color 

shade as the original state after the fabrics are used for a period of time. The important 

colorfastness properties are colorfastness to washing and perspiration. Colorfastness level and 

staining level on standard silk and cotton fabrics of the degummed, HEMA- and MMA-

grafted silks were represented in Tables 4 and 5, respectively. 
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Colorfastness to Washing 

 Colorfastness to washing is very important for both dyeing and finishing processes. 

Washfastness test was performed by washing the standard and sample fabrics in the standard 

solution at the controlled temperature and time; after that, the color change was observed 

against grey scale and the washfastness level was reported from 1 to 5 as shown in Table 4. 

Washfastness property of the HEMA-grafted silk with % grafting of 28% and 75% dyed with 

acid dye was found to be in the same level as that of the degummed silks. Since the washing 

fastness level of the degummed silk was already in excellent level; therefore, the fastness to 

washing could be maintained by the grafting process using HEMA monomers. In addition, the 

staining level on silk and cotton standard fabrics was indicated as the fair level as presented in 

Table 5. 

 On the contrary, the MMA-grafted silk with % grafting of 65% dyed with acid dye 

showed better washfastness level than the degummed silk (Table 4) due to the ionic 

interaction between the carbonyl group of the MMA monomer and the anion of the dye 

molecule; therefore, the movement of the dye molecules was inhibited. In addition, stain on 

the standard silk and cotton fabrics was minimized with the 65% weight gain of the MMA-

grafted silk (Table 5). However, low grafting level of approximately 12% of MMA does not 

result in the improvement of fastness to washing of the MMA-grafted silk (Table 4). 

 Because reactive dye can form covalent bond with silk fibroin, the degummed, 

HEMA- and MMA-grafted silks presented the excellent levels of fastness to washing as 

shown in Table 4. Besides, all the silk samples showed the least staining ability on the 

standard silk and cotton fabrics when reactive dye was used as indicated in Table 5. 

 When the curcumin was used, the colorfastness to washing (Table 4) of both of the 

grafted silks could be improved, because the HEMA- and MMA-grafted silks can interact 

with the curcumin dyestuff and form complex compounds between the dye, monomer and 
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mordant. Moreover, the improvement of colorfastness level to washing for both of the grafted 

silks, implied that, during the washing action, color maintenance capability was improved 

with the presence of PHEMA and PMMA molecules within the amorphous region of the 

grafted silk fibroin. On the contrary, great stain on the standard fabrics for all silks dyed with 

curcumin was obtained, as indicated by staining levels of 1 or 1-2 as shown in Table 5, 

eventhough colorfastness level for washing was increased by grafting with HEMA and MMA 

monomers. 

 

 Colorfastness to Perspiration 

 Each person excludes different chemical compositions of perspiration depending on 

body metabolism. In general, human perspiration can be divided into 2 different groups; i.e. 

acid and alkaline types, so 2 dissimilar tests were performed for the dyed silks, obtained from 

the degummed and grafted silks. Table 4 present numerical levels of colorfastness for acid 

and alkaline artificial perspiration solutions, containing histidine monohydrochloride 

monohydrate, sodium chloride and sodium orthophosphate. 

When acid dye was applied, it was found that colorfastness levels to both acid and 

alkaline perspiration solutions of HEMA-grafted silk were in the same level as that of the 

degummed silk and the staining levels were moderate (Table 5). Colorfastness properties to 

acid and alkaline perspiration as shown in Table 4 for the MMA-grafted silk dyed with acid 

dye with % grafting of 65% showed better result, compared to the degummed silk, probably 

due to the formation of ionic bond between the MMA-grafted silk and the acid dye. On the 

other hand, the improvement of acid perspiration fastness for the MMA-grafted silk with 65% 

weight gain gave the same staining level on the standard fabrics as the MMA-grafted silk with 

12% weight gain as represented in Table 5. Nevertheless, the fastness to acid and alkaline 

perspiration for the MMA-grafted silk with 12% grafting was similar to that of the degummed 
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silk. It was also shown in Table 4 that all silks dyed by acid dye presented lower fastness to 

acid and alkaline perspiration solutions than the silks dyed by reactive dye, due to the 

covalent bond formation when reactive dye was used. 

 In the case of reactive and curcumin dyestuffs, colorfastness to acid as well as alkaline 

perspiration for the degummed, HEMA- and MMA-grafted silks was found to be in the same 

excellent level (Table 4), regardless of the % grafting, indicating that dye retention manners 

due to acid and alkaline perspiration solutions were maintained. 

 When staining level after acid and alkaline perspiration fastness tests was concerned, 

it was found in Table 5 that all the samples dyed with reactive dye showed the highest 

staining level (the least stain) but the opposite results (the highest stain) was obtained when 

curcumin dye was used. The staining levels for all the samples tested for acid and alkaline 

perspiration could be ranged in the following order: reactive dye>acid dye>curcumin dye. 

 

CONCLUSION 

 The HEMA-grafted silk showed higher moisture regain, acid and alkaline resistances 

than those of the degummed silk, regardless of % weight gain. Dye uptake of both of the 

HEMA- and MMA-grafted silks was increased when acid, reactive and curcumin dyes were 

applied. For colorfastness properties, the HEMA-grafted silk dyed with acid and reactive dyes 

presented the same fastness level to washing, acid and alkaline perspiration as the degummed 

silk. In contrast, colorfastness to washing of the MMA-grafted silk with 65% weight gain was 

better than that of the degummed silk when acid dye was applied. Nevertheless, washfastness 

of the degummed silks dyed with curcumin could be improved by grafting with HEMA and 

MMA monomers. 
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Figure captions 

Figure 1 SEM micrographs of (a) degummed silk (b) HEMA-grafted silk (75% grafting) 

and (c) MMA-grafted silk (65% grafting). 

Figure 2 IR spectra of (a) degummed silk (b) HEMA-grafted silk (75% grafting) and (c) 

MMA-grafted silk (65% grafting). 

 

Table captions 

Table 1 Moisture regain of the degummed, HEMA- and MMA-grafted silks. 

Table 2  % Dye uptake of the degummed, HEMA- and MMA-grafted silks using acid, 

reactive and curcumin dyestuffs. 

Table 3  Color parameters of the degummed, HEMA- and MMA-grafted silks using 

acid, reactive and curcumin dyestuffs. 

Table 4  Color fastness properties of the degummed, HEMA- and MMA-grafted silks 

using acid, reactive and curcumin dyestuffs. 

Table 5 Staining level on white standard fabrics of the degummed, HEMA- and MMA-

  grafted silks using acid, reactive and curcumin dyestuffs. 

 



Table 1 Moisture regain, acid and alkaline resistances of the degummed, HEMA- and 

  MMA-grafted silks 

Weight loss (%) Samples Weight gain (%) Moisture 

regain (%) Acid Alkaline 

Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

4.7 ± 0.1 

6.6 ± 0.1 

7.0 ± 0.1 

4.3 ± 0.2 

4.1 ± 0.1 

4.9 ± 0.1 

4.2 ± 0.5 

4.1 ± 0.4 

3.1 ± 0.3 

2.0 ± 0.2 

3.6 ± 0.6 

3.4 ± 0.2 

3.2 ± 0.6 

1.5 ± 0.3 

1.1 ± 0.5 

 

Table 2  Percentage of dye uptake of the degummed, HEMA- and MMA-grafted silks 

using acid, reactive and curcumin dyestuffs 

Dye uptake (%) Samples Weight gain 

(%) Acid dye Reactive dye Curcumin dye 

Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

37.5 ± 3.5 

45.5 ± 3.8 

50.3 ± 4.1 

45.8 ± 4.2 

49.9 ± 5.3 

39.6 ± 3.9 

5.0 ± 0.5 

10.8 ± 0.3 

17.9 ± 0.5 

N/A* 

14.6 ± 2.2 

17.3 ± 2.8 

29.8 ± 2.9 

27.5 ± 3.1 

32.6 ± 2.5 

 

N/A* was due to the hydrophobicity of the silks. 



Table 3  Color parameters of the degummed, HEMA- and MMA-grafted silks using 

acid, reactive and curcumin dyestuffs 

Color parameters Dyestuffs Samples Weight gain 

(%) L* a* b* C* H� 

Acid dye Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

44.0 

47.3 

48.2 

46.3 

46.4 

36.1 

36.8 

38.3 

35.9 

35.3 

79.3 

80.8 

82.4 

79.0 

79.1 

83.5 

88.8 

91.3 

85.8 

86.6 

68.9 

70.6 

64.5 

69.9 

67.5 

Reactive dye Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

53.9 

54.9 

55.5 

55.7 

N/A* 

31.9 

29.5 

31.6 

29.2 

N/A* 

77.6 

86.7 

91.5 

83.4 

N/A* 

83.9 

91.6 

96.7 

87.7 

N/A* 

62.9 

62.9 

63.9 

64.1 

N/A* 

Curcumin Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

51.3 

54.6 

56.5 

56.4 

57.2 

14.3 

15.6 

17.5 

16.7 

17.2 

78.5 

81.9 

82.1 

81.1 

85.3 

80.8 

83.4 

84.3 

83.8 

87.7 

79.8 

79.3 

76.6 

77.7 

78.4 

 

N/A* was due to the hydrophobicity of the silks. 

 

 

 



Table 4  Colorfastness properties of the degummed, HEMA- and MMA-grafted silks 

using acid, reactive and curcumin dyestuffs 

Color fastness level Fastness 

properties 

Samples Weight gain 

(%) Acid dye Reactive 

dye 

Curcumin 

Washing Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

4 

4 

4 

4 

4-5 

4-5 

4-5 

4-5 

4-5 

N/A 

3 

3-4 

3-4 

3-4 

3-4 

Acid 

perspiration 

Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

4 

4 

4 

4 

4-5 

4-5 

4-5 

4-5 

4-5 

N/A 

4-5 

4-5 

4-5 

4-5 

4-5 

Alkaline 

perspiration 

Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

4 

4 

4 

4 

4-5 

4-5 

4-5 

4-5 

4-5 

N/A 

4-5 

4-5 

4-5 

4-5 

4-5 

 

N/A* was due to the hydrophobicity of the silks. 

 

 



Table 5 Staining level on white standard fabrics of the degummed, HEMA- and 

MMA-grafted silks using acid, reactive and curcumin dyestuffs 

Staining level 

Acid dye Reactive dye Curcumin 

Fastness 

properties 

Samples Weight 

gain (%) 

Silk Cotton Silk Cotton Silk Cotton

Washing Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

3 

3 

3 

3-4 

4 

3-4 

3-4 

3-4 

3-4 

4 

4-5 

4-5 

4-5 

4-5 

N/A 

4-5 

4-5 

4-5 

4-5 

N/A 

1 

1 

1 

1 

1 

1-2 

1-2 

1-2 

1-2 

1-2 

Acid 

perspiration 

Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

3-4 

3-4 

3-4 

3-4 

3-4 

4 

4 

4 

4 

4 

4-5 

4-5 

4-5 

4-5 

N/A 

4-5 

4-5 

4-5 

4-5 

N/A 

1 

1 

1 

1 

1 

1-2 

1-2 

1-2 

1-2 

1-2 

Alkaline 

perspiration 

Degummed silk 

HEMA-grafted silk 

 

MMA-grafted silk 

 

- 

27.6 ± 4.7 

74.8 ± 4.4 

11.5 ± 1.0 

65.3 ± 1.9 

3 

3 

3 

3-4 

3-4 

4 

3-4 

3-4 

3-4 

3-4 

4 

4-5 

4-5 

4-5 

N/A 

4 

4-5 

4-5 

4-5 

N/A 

1 

1 

1 

1 

1 

1-2 

1-2 

1-2 

1-2 

1-2 

 

N/A* was due to the hydrophobicity of the silks. 

 



 

 

 

Figure 1 SEM micrographs of (a) degummed silk (b) HEMA-grafted silk (75% polymer 

add-on) and (c) MMA-grafted silk (65% polymer add-on) 



 

 

Figure 2 IR spectra of (a) degummed silk (b) HEMA-grafted silk (75% polymer add-

on) and (c) MMA-grafted silk (65% polymer add-on) 
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