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3.3.4 �������	
�������
�����������
��	�����������������
 ZnO 
��� 250 nm 	��


������������!"������#��
����$����� 

�������	
 3.18 ��
�������������������� ZnO ���
 250 nm �����
�������������!�

�������"#�$%��&������'(�)�������*���+)��$ ,-
���������� ZnO ���	�/��������-(�$�������4

��������� ZnO �	
�$����6�����'(�)�������*  

 

 

                  �.  0%ZnO / POM                                              �. 0.5%ZnO / POM          

                                                                                                                          

 

                     �. 1%ZnO / POM                                           �. 2%ZnO / POM                                 
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                      �. 4%ZnO / POM                                              ;. 6%ZnO / POM 

 

 

 

 

 

 

 

 

 

 

                                                      =.  8%ZnO / POM 

                                                                                                 

 ���%&� 3.18 ��
���������&$%���������� ZnO ���
 250 nm ��&��=�(����)�������*��� 

 +)��$,-
��	�����������$��� >����-(����+
&��?	�%
�������)��)* 
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3.3.5 �������������&�"�%&�"	
�������
�����������
��	�����������������
 ZnO 


��� 71 nm ��! 250 nm 	��
������������!"�����'&��
����$����� ��!��!"������#�

�
����$����� 

�������	
 3.19 ��
�������������������� ZnO ���
 250 nm �	
�-(����
��&���A�����

;	
�������)��)* ������A������%
�������)��)*���	��������&$%����������6
�
	������'
��/����

���	&A��	&A�%A��������&$%���������� ZnO ���
 71 nm �	
�/�����-(����
��&���A�����

;	
�������)��)* ������A������%
�������)��)*$���/�
%A ,-
����
�-(���'
����������� ZnO ���
 

250  nm  �	���
-�
�
�%�����������������& �)���)'(��	
$���(/���%���� ZnO �	������&���� 

���C�������
������������%�6
�&������ �����'
��/�������	&A��	&A���A������-(����)A���

���A������%
�������)��)*�	C��/�������
��������&$%���������� ZnO �����������-(����


��&���A�����;	
�������)��)* 

 

 

   �.  6%ZnO (71 nm) / POM  [inj]       �. 6%ZnO (250 nm) / POM  [inj]          
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  �. 6%ZnO (71 nm) / POM  [com]           �. 6%ZnO (250 nm) / POM  [com]                           

 

���%&� 3.19 ��
�������	&A��	&A��������&$%���������� ZnO ���
 71 nm ��� 250 nm 

��&��=�(����)�������*���+)��$ �	
�-(����
��&���A�����;	
���� ������A������%
����

���)��)* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

�$��%&� 2 (����%������!���
��!)�(�
�����������
��	�����!)�$�� PP 

��! TiO2 

 

3.4 (�
��
��������
 TiO2 %&��&�$�
$���"#��%����
�����������
��	�����!)�$�� PP 

��! TiO2 %&�
������	����*&�#�
������ (Compression molding) 

3.4.1 ��"#�����%��$������� (Tensile strength) 

���������	&A��	&A���
��������� TiO2 �	
�=��$������)�������*���+)��$ )A���

��'
��$�� TiO2 ���
 42.3 nm ������� Tensile strength ���
�����������'
��$�� TiO2 ���
 

130 nm ������%$������
%���
�������	
 3.20 ,-
����
��'
����� TiO2 �	
�	���������
���������


����%A������%���!�����6
����&�������������
��F� �)��� )'(��	
�%�C%���������� 42.3 nm �	

������������� 130 nm �����'
����� TiO2 ���
 130 nm �	��������&�	

	���� TiO2 ���
 

42.3 nm 

 

 
 

���%&� 3.20 ��� Tensile strength ���)�������*���+)��$������� PP ��� TiO2 �	
�	���
������ 

42.3 nm ��� 130 nm ,-
��-(����+
&��?	�%
�-(���� 
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3.4.2 ��"#��%&��&(��$� Young's modulus 

���C�����
��A=�(����)�������*���+)��$�	
�-(����
��&���A������%
�-(���� )A���  

��'
��$�������� TiO2 �%(��	
�	���
 42.3 nm ��� 130 nm ��6��������4 0.5-3.0 %+
&�(/���%� 

�)'
����	&A��	&A�%�
%���
�������	
 3.21 ��)A������  Young's modulus �	����)�
��-(��/���%A

���
 130 nm �$���'
��)�
������4��� TiO2 ���
 42.3 nm ���/�����	���+����
�� �)������

������ TiO2 ���
 130 nm �	
I���$��������'(�)�������*�	���
��F����� 6���������������%� 

��������I�����&$%�6
�
	���� ���4��
	&��%�����$�������� TiO2 ���
 42.3 nm �	
�������� 

�/������� Young’s modulus �
�� ��'
��
��&��������&$%��	
�&�������'
������������� 

 

 
 

���%&� 3.21 ��� Young's modulus ���)�������*���+)��$������� PP ��� TiO2 ���
 42.3 nm 

��� 130 nm ,-
��-(����+
&��?	�%
�-(���� 

 

3.4.3 ��"#��%&��&(��$� Stress at break 

���C�����
��A=�(����)�������*���+)��$�	
�-(����
��&���A������%
�-(���� )A���  

��'
��$�������� TiO2 �%(��	
�	���
 42.3 nm ��� 130 nm �����C�������  Stress at break �	���

�)�
��-(��%(� 2 ������ +
&������ TiO2 ���
 130 nm ���	��� Stress at break 
	���������� 

TiO2 ���
 42.3 nm 
%���
�������	
 3.22   ��'
����������� TiO2 ���
 130 nm �	
I���$����

����'(�)�������*�%(������I�����&$%�6
�
	 ���
�������������%��/�������&�����������	
�	���


���������%
���� 
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���%&� 3.22 ��� Stress at break ���)�������*���+)��$������� PP ��� TiO2 ���
 42.3 nm 

��� 130 nm ,-
��-(����+
&��?	�%
�-(���� 

 

3.5 ���&�"�%&�"
���
�������
 TiO2 %&��&(��$���"#��%��
�������
�����������
��

	�����!)�$�� PP ��! TiO2 

 �������
��������)A�����'
����
 TiO2 42.3 nm ���/���������4�����������&$%�

����������
������ 130 nm ��!��)���������
�������	
�����������/�����	)'(��	
C����A�����

���
�
,%A����	��A%$������$����������6
�������� �-��/������4�����������&$%��	�	
�������

���������
 130 nm �������& 
%���
�������	
 3.23   

 
 

���%&� 3.23 ��
������4�����������&$%����)�������*���+)��$������� PP ��� TiO2 �	
�	���


������ 130 nm ��� 42.3 nm ,-
��-(����+
&��?	�%
�-(���� 
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3.6 ���/��:��#�:;!�<��(��
�� fractured surface 
��=�������#���$�� �����
�<��� SEM 

�������	
 3.24 ��
��%�J4�)'(�C���	
�$���'
�������������� PP ��%�������C���%A 

TiO2 �	
�	���
������ 42.3 nm ��� 130 nm �	
����������� 0.5, 1 ��� 3 %+
& ��)A������

�����&$%���� TiO2 ���
 130 nm �������&$%�6
�
	�������
 42.3 nm �����������&$%� 

TiO2 �	
�	���
������ 42.3 nm �����
�������������%���!�������&����'(�)�������*������� 

TiO2 �	
�	���
������ 130 nm &�
������%(���������%���!��������)�
��-(�$���������������� 

TiO2  ,-
���������%���!��������	C�$����A%$������ 

 

      
 

    �. PP C�� 0.5% TiO2 ���
 42.3 nm    �. PP C�� 0.5% TiO2 ���
 130 nm 

 

 

  
 

   �. PP C�� 1% TiO2 ���
 42.3 nm       �. PP C�� 1% TiO2 ���
 130 nm 
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    �. PP C�� 3% TiO2 ���
 42.3 nm      ;. PP C�� 3% TiO2 ���
 130 nm 

 

���%&� 3.24 ��
�������	&A��	&AC�������
������ TiO2 �	
�	$����������&$%���������� 

TiO2 �	
�	���
������ 130 nm ��� 42.3 nm 
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"%%&� 4 

����(����%���� 

 

�$��%&� 1 (����%������!���
��!)�(�
�����������
��	�����!)�$�� POM 

��! ZnO 

 

���L-�J���A%$������&��) ��A%$��=���� �����A%$���������������)�������* POM 

�	
�	����=� ZnO ���
 71 nm ��� 250 nm ��!�����$���$�� )A��� ����$�������� ZnO �%(��	
�	

���
 71 nm ��� 250 nm ������'(�)�������* �����C������� Tensile strength �	���+����
�� 

������� Young's modulus �	���+����)�
��-(� ��'
��$�������� ZnO �������4��� �����'
��$��

������ ZnO �%(��	
�	���
 71 nm ��� 250 nm ������'(�)�������*�������4�)	&��������& ��

���C������� impact strength �	�������-(� ������ impact strength ���	����
����'
��$�������� 

ZnO �������4����-(� �����'
��/�������	&A��	&A��?	����-(����)A�������-(����=�(����
��&��?	

�%
�-(���������C������� +�����������A%$��=�����	��������������-(�����AA;	
�������)��)* 

����$�������� ZnO �%(��	
�	���
 71 nm ��� 250 nm ������'(����)�������* ��6��

���C�$����4����������������)�������*���+)��$������
������	
&����� �$������C����

��4�����������&$%��	�������-(�$�������4��������� ZnO �	
�$����6� �����'
��$�������� 

ZnO �%(��	
�	���
 71 nm ��� 250 nm ������'(�)�������* �����C�������
����������%����

������ ZnO ����-(�$�������4����$�������� ZnO 

 

�$��%&� 2 (����%������!���
��!)�(�
�����������
��	�����!)�$�� PP 

��! TiO2 

 

������
��A���
-������)A������
������ TiO2 ���
������ 130 nm ���C����

��A%$�������	���������� TiO2 ���
 130 nm 
%��%(���
����������� TiO2 ���
������ 130 nm 

�����I�=���%A������A%$������6
� ��'
�������������� TiO2 �	
�����������
����%A$%���!������

����6
�
	���� 6�������I�����&$%�6
��%
�I-��� PP �/����=�(�����%A���6
�6��
	 

  

 

 

 

 



45 

"%%&� 5 


��������!�>�)�#"�����?#�@����
� 

 

��'
���������$��)�������*���+)��$������� PP ��� TiO2 6�������I�/���������� 

TiO2 �%(�������
�����&$%�6
�
	 ������
��������������!�������������� TiO2 ��'
��$��

������ TiO2 �������4�)�
�����-(�  
%��%(�������
�������&������� ����	������'�A��'�

��%A�$��)'(�C���������$���$��
��&��������� [14] ,-
����/����$%�����������$���$�������&

$%�����'(����)�������*6
�
	�-(� ,-
���������C���������A%$���
���$���>���)�������*��������

+)��$�	����	

	�-(�  
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a b s t r a c t

The effects of particle size of zinc oxide (ZnO) on mechanical, thermal and morpho-
logical properties of pure polyoxymethylene (POM) and POM/ZnO nanocomposites
were investigated. POM/ZnO nanocomposites with varying concentration of ZnO were
prepared by a melt mixing technique in a twin screw extruder. The dispersion of ZnO
particles in POM composites was studied by scanning electron microscopy (SEM). The
agglomeration of ZnO71 (71 nm) particles in the polymer matrix increased with
increasing ZnO content. The POM/ZnO71 and POM/ZnO250 (250 nm) nanocomposites
showed decrease in tensile strength with increasing filler content. Young’s modulus
and stress at break of POM/ZnO71 and POM/ZnO250 nanocomposites increased with
increasing filler contents. The impact strength of POM nanocomposites increased up
to a ZnO content of 1.0 wt%. However, the POM/ZnO71 nanocomposites had higher
mechanical properties than the POM/ZnO250 nanocomposites. The degradation
temperature of POM/ZnO71 nanocomposites was higher than that of POM/ZnO250
nanocomposites.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Developing nanocomposites based on polymers and
nanoscale fillers has been an attractive approach to
achieving good properties [1]. Various nanoscale fillers,
including montmorillonite [2,3], silica [4–6], calcium
carbonate [1,7–9], aluminum oxide [10] and titanium
dioxide [11,12], have been reported to enhance
mechanical and thermal properties of polymers, such as
toughness, stiffness and heat resistance [9,13–15]. The
properties of particulate filled polymer composites

depend on the particle size, shape and loading, together
with distribution of filler particles in the matrix poly-
mer and good adhesion at the interface surface [16–18].
POM is one of the major engineering thermoplastics
because of its high strength, stiffness and excellent
chemical resistance. However, its poor impact resis-
tance limits its range of applications [19]. Ma et al. [20]
investigated the effects of nanoscale zinc oxide (ZnO)
on the electrical and physical characteristics of the
polystyrene (PS) nanocomposites. It was reported that
the addition of ZnO nanopowder increased the flexural
modulus and reduced the flexural strength. The glass-
transition temperatures and thermal degradation
temperatures of the ZnO/PS nanocomposites increased
with ZnO content. Tang et al. [21] studied the effects of

* Corresponding author. Tel./fax: þ66 034 219 368.
E-mail address: iamsirirat@yahoo.com (S. Wacharawichanant).
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organic nucleating agents and ZnO nanoparticles on
isotactic polypropylene (iPP). It was found that the
nonisothermal crystallization temperature of isotactic
polypropylene increases by 7 �C when an aliphatic tri-
amine was distributed efficiently within the polymeric
matrix by coating this nucleating agent onto ZnO
nanoparticles. Chae and Kim [22] prepared PS/ZnO
nanocomposites by solution mixing and investigated
the effects of ZnO nanoparticles on the physical prop-
erties of PS. They found that the thermal stability of PS
was enhanced with increasing ZnO content. Liufu et al.
[23] investigated the thermal degradation behaviour of
polyacrylate and its zinc oxide composites by differen-
tial scanning calorimetry (DSC), thermogravimetry (TG)
and Fourier transform infrared spectroscopy (FTIR).
Filler-free polyacrylate exhibited one DSC peak, indi-
cating that the polymer was degraded with only one
stage of weight loss. Polyacrylate/ZnO composites
underwent two minor weight losses as well as the
major weight loss. ZnO stabilized or destabilized the
polymer molecules according to the temperature
region.

This work studied the influence of particle sizes of
ZnO on morphology, mechanical and thermal properties
of POM/ZnO nanocomposites. POM/ZnO nanocomposites
with varying concentration of ZnO were prepared by
a melt mixing technique in a twin screw extruder.

2. Experimental

2.1. Materials

Polyoxymethylene (POM) was supplied with the
trade name of ‘‘DURACON’’ by Polyplastics Co., Ltd. The
melting temperature of the POM was around 165 �C.
ZnO in the form of a white powder with average
particle sizes of 71 nm (ZnO71) and 250 nm (ZnO250)
was purchased from Aldrich and S.R. LAB Co., Ltd,
respectively.

2.2. Sample preparation

POM pellets and ZnO particles were dried in an oven
at 70 �C for 3 h before melt extrusion. The POM/ZnO
nanocomposites were melt-compounded in the desired
compositions in a twin screw extruder at temperatures
in the range of 170–200 �C and a screw speed of
50 rpm. After compounding, the nanocomposites were
injection-molded into standard dumb-bell tensile bars
and rectangular bars.

2.3. Sample characterization

Tensile tests were conducted according to ASTM D
638 (ISO 527) with a universal tensile testing machine
LR 50k from Lloyd instruments. The tensile tests were
performed at a crosshead speed of 50 mm/min. Charpy
impact strength tests were performed according to D
6110-06 (ISO 179) at room temperature. Each value
reported represents the average of five samples.

Thermal properties were studied by thermogravi-
metric analysis (TGA) with a Perkin Elmer instrument,
TGA 7. The samples were cut into small pieces and then
heated from room temperature to 400 �C at a heating
rate of 10 �C/min under a nitrogen atmosphere.

Scanning electron microscopy (SEM) was used to
study the morphology of the impact fracture surfaces of
the POM/ZnO nanocomposites and to evaluate the
dispersion quality of the ZnO particles. All specimens
were coated with gold before SEM study.

Fig. 1. Tensile strength of pure POM and POM/ZnO nanocomposites at
various particle sizes of ZnO.

Fig. 2. Young’s modulus of pure POM and POM/ZnO nanocomposites at
various particle sizes of ZnO.

Fig. 3. Stress at break of pure POM and POM/ZnO nanocomposites at various
particle sizes of ZnO.
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3. Results and discussion

3.1. Effect of particle size of ZnO on mechanical properties

The tensile strength and stress at break for the nano-
composites of POM/ZnO250 and POM/ZnO71 as a function

of composite composition are represented in Figs. 1–3. The
trend in variation of the tensile strength of POM/ZnO
composites at various particle sizes of ZnO is presented in
Fig. 1. The values of tensile strength decreased with
increasing ZnO content and, hence, ZnO does not improve
the tensile strength of POM specimens prepared by injec-
tion molding. This is due to the decrease in the degree of
crystallinity with increasing ZnO content.

Young’s modulus of POM/ZnO nanocomposites is pre-
sented in Fig. 2. It can be seen that Young’s modulus of
POM/ZnO increased with increasing filler content. This may
be due to the increased interfacial area in the nano-
composite with filler. The POM/ZnO71 nanocomposites had
higher Young’s modulus than POM/ZnO250
nanocomposites.

Fig. 3 presents the variation in the stress at break with
varying concentrations of ZnO. It is observed that in POM/
ZnO nanocomposites the stress at break increased with
increasing ZnO content. The POM/ZnO71 nanocomposites
had higher stress at break than POM/ZnO250 nano-
composites. A significant increase in Young’s modulus and
stress at break has been observed in nanocomposites con-
taining ZnO due to the polar nature of the filler and the
polymer promoting good interaction and dispersion
between them.

The Charpy impact strength for the composites of POM/
ZnO is shown in Fig. 4. It is seen that the impact strength
increases up to a ZnO content of 1.0 wt% for POM/ZnO
composites, the improvement being due to increased
energy absorption during the impact process [24]. Addition
of ZnO beyond this level drastically decreases the impact
strength.

3.2. Effect of particle size of ZnO on thermal properties

Figs. 5 and 6 show melting temperature of pure
POM, POM/ZnO71 and POM/ZnO250 nanocomposites at
various filler contents. The results showed that the
melting temperatures were not significantly changed
when ZnO71 or ZnO250 was incorporated into the
polymer matrix.

The effect of ZnO71 and ZnO250 on the degradation
temperature of all nanocomposites is shown in Fig. 7.
The degradation temperature was measured by TGA

Fig. 5. Melting temperatures of pure POM and POM/ZnO71 nanocomposites.

Fig. 6. Melting temperatures of pure POM and POM/ZnO250
nanocomposites.

Fig. 7. Decomposition temperatures of pure POM and POM/ZnO nano-
composites at various particle sizes of ZnO.

Fig. 4. Impact strength of pure POM and POM/ZnO nanocomposites at
various particle sizes of ZnO.
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and was calculated at 5% weight loss of the nano-
composites. It can be seen that the degradation
temperature of the ZnO nanocomposites increased with
increasing filler content and was higher than the
degradation temperature of pure POM, which showed
lower thermal stability than the nanocomposites. In
comparison between the POM/ZnO71 and POM/ZnO250
degradation temperatures, the degradation tempera-
tures did not show great differences.

3.3. Effect of particle sizes of ZnO on morphology

The morphology of fracture surfaces of impact
specimens of the nanocomposites was examined by
SEM. Fig. 8(a) shows the micrographs of the impact
fracture surface of pure POM while Fig. 8(b–f) show the

micrographs of the impact fracture surfaces of POM
nanocomposites filled with 1.0, 2.0, 4.0, 6.0 and 8.0 wt%
of ZnO71, respectively. It is observed that the dispersion
of the ZnO71 on the polymer surface was non-uniform.
This non-uniform dispersion led to local agglomeration
of ZnO71 within the polymer. Fracture surfaces and the
surface roughness of POM/ZnO71 nanocomposites and
pure POM were similar. Moreover, the aggregation of
ZnO71 particles in the polymer matrix increased with
increasing ZnO71 content, and the dispersion of ZnO71
particles could have an influence on the mechanical
properties of POM composites.

The SEM micrographs of the impact-fractured
surfaces of POM/ZnO250 nanocomposites at various
filler contents together with pure POM are represented
in Fig. 9. The SEM micrographs show that the

Fig. 8. SEM micrographs (a) pure POM, (b) POM after adding 1.0 wt% of ZnO71, (c) POM after adding 2.0 wt% of ZnO71, (d) POM after adding 4.0 wt% of ZnO71, (e)
POM after adding 6.0 wt% of ZnO71 and (f) POM after adding 8.0 wt% of ZnO71.
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dispersion of the ZnO250 particles was relatively good,
only few aggregations exist as shown in Fig. 9(b–f). It
can be seen that, there was good adhesion inside POM/
ZnO250 nanocomposites. These observations support
the results of the tensile tests where the POM/ZnO250
nanocomposites displayed higher Young’s modulus
than the pure POM.

Fig. 10 shows a comparison of the micrographs of the
impact-fractured surfaces of POM/ZnO250 and POM/
ZnO250 nanocomposites at various filler content. It can be
seen that the POM/ZnO71 nanocomposites had more
agglomeration than POM/ZnO250 nanocomposites.

4. Conclusions

POM/ZnO nanocomposites were prepared by melt
compounding in a twin screw extruder. The POM/ZnO71

and POM/ZnO250 nanocomposites showed a decrease in
tensile strength with increasing filler content. Young’s
modulus of POM/ZnO71 nanocomposite and POM/
ZnO250 nanocomposites increased with increasing filler
content. The impact strength of POM nanocomposites
increased up to a ZnO content of 1.0 wt%. The degradation
temperature of POM/ZnO71 and POM/ZnO250 nano-
composites increased with increasing filler contents. In
addition, the degradation temperatures of POM/ZnO71
nanocomposites were slightly higher than that of POM/
ZnO250 nanocomposites.
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Fig. 9. SEM micrographs (a) pure POM, (b) POM after adding 1.0 wt% of ZnO250, (c) POM after adding 2.0 wt% of ZnO250, (d) POM after adding 4.0 wt% of
ZnO250, (e) POM after adding 6.0 wt% of ZnO250 and (f) POM after adding 8.0 wt% of ZnO250.
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