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�7�D�W���&�K�H�H���$�Y�H�Q�X�H�����.�R�Z�O�R�R�Q�����+�R�Q�J���.�R�Q�J 
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�I�L�O�O�H�U�V�� �K�D�Y�H�� �E�H�H�Q���D�G�G�H�G�� �L�Q�V�L�G�H�� �W�R���I�R�U�P�� �6�0�3�� �F�R�P�S�R�V�L�W�H�V�� �D�Q�G���D�F�K�L�H�Y�H�� �D���J�R�R�G��

�P�H�F�K�D�Q�L�F�D�O�� �S�H�U�I�R�U�P�D�Q�F�H�����D�Q�G�� �W�K�H�V�H�� �I�L�O�O�H�U�V���L�Q�F�O�X�G�H���F�D�U�E�R�Q���Q�D�Q�R�W�X�E�H�����&�1�7������ �F�D�U�E�R�Q��

�Q�D�Q�R�I�L�E�H�U�����6�L�2�����S�D�U�W�L�F�O�H���D�Q�G���Q�D�Q�R�F�O�D�\���>����-�����@�����0�D�Q�\���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���V�K�R�Z�H�G���W�K�D�W��

�W�K�H�� �U�H�F�R�Y�H�U�\�� �V�W�U�H�Q�J�W�K�V���R�I�� �W�K�H�� �6�0�3�V���F�D�Q�� �E�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�G�� �G�X�H�� �W�R�� �W�K�H��

�Q�D�Q�R-�V�L�]�H�G�� �H�I�I�H�F�W�V���R�I���W�K�H���Q�D�Q�R�S�D�U�W�L�F�O�H���I�L�O�O�H�U�V���>�����@�����+�R�Z�H�Y�H�U���� �W�K�H�� �L�Q�W�H�U�I�D�F�L�D�O�� �U�H�D�F�W�L�R�Q�V����
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�P�D�W�U�L�[�� �K�D�Y�H�� �Q�R�W�� �E�H�H�Q�� �I�X�O�O�\�� �X�Q�G�H�U�V�W�R�R�G���>�����������@�����$ micromechanical model was 

previously utilized to study the interphase influences on the mechanical behavior of 

SMP �Q�D�Q�R�F�R�P�S�R�V�L�W�H, and the environmental conditions were considered in the 

modelling process [19,20]. Monte Carlo simulation was also used to study the 

percolation behavior of SMP nanocomposite reinforced by carbon black [21].  
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�%�D�V�H�G�� �R�Q���W�K�H�� �H�T�X�D�W�L�R�Q�V�� �������� �D�Q�G�� �������������D�Q�D�O�\�W�L�F�D�O�� �U�H�V�X�O�W�V�� �R�I���U�H�F�R�Y�H�U�\���V�W�U�H�V�V�� �D�V�� �D��

�I�X�Q�F�W�L�R�Q���R�I���U�H�O�D�[�D�W�L�R�Q���W�L�P�H���I�R�U���W�K�H���3�/�$�(���V�L�O�L�F�D���Q�D�Q�R�F�R�P�S�R�V�L�W�H�V���L�Q�F�R�U�S�R�U�D�W�H�G���R�I����������������



�D�Q�G�� ������ �Z�H�L�J�K�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �V�L�O�L�F�D���D�U�H���R�E�W�D�L�Q�H�G���� �D�V���V�K�R�Z�Q�� �L�Q���)�L�J���� �������:�L�W�K�� �D�Q��

�L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H���Z�H�L�J�K�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �V�L�O�L�F�D���� �W�K�H�� �U�H�O�D�[�D�W�L�R�Q�� �W�L�P�H�� ���W���� �L�V�� �J�U�D�G�X�D�O�O�\��

�G�H�F�U�H�D�V�H�G���I�U�R�P���������P�L�Q���� �������P�L�Q���W�R���������P�L�Q�����$�W���D���W�H�P�S�H�U�D�W�X�U�H���7� ���������. ���D�Q�G���U�H�O�D�[�D�W�L�R�Q��

�W�L�P�H�� t � �����������P�L�Q���� �W�K�H���U�H�F�R�Y�H�U�\���V�W�U�H�V�V���L�V���L�Q�F�U�H�D�V�H�G���I�U�R�P������������ �0�3�D���� ���������� �0�3�D���W�R������������

�0�3�D�� �Z�L�W�K�� �D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H���Z�H�L�J�K�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �V�L�O�L�F�D���I�U�R�P���������� ������ �W�R������ ����

�U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H�V�H�� �D�Q�D�O�\�W�L�F�D�O�� �U�H�V�X�O�W�V�� �I�L�W�� �Z�H�O�O�� �Z�L�W�K�� �W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���>�����@���R�I��

�3�/�$�(���V�L�O�L�F�D�� �Q�D�Q�R�F�R�P�S�R�V�L�W�H�V���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �F�R�Q�V�W�L�W�X�W�L�Y�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �R�I�� �U�H�F�R�Y�H�U�\��

�V�W�U�H�V�V���D�Q�G���U�H�O�D�[�D�W�L�R�Q���W�L�P�H���K�D�V���D�O�V�R���E�H�H�Q���Z�H�O�O���S�U�H�G�L�F�W�H�G���E�\���W�K�H���S�U�R�S�R�V�H�G���P�R�G�H�O���� 

�������7�K�H�U�P�R�G�\�Q�D�P�L�F���E�H�K�D�Y�L�R�U�� 

�0�H�D�Q�Z�K�L�O�H���� �V�W�R�U�D�J�H���P�R�G�X�O�X�V���L�V���D�Q�R�W�K�H�U���L�P�S�R�U�W�D�Q�W�� �S�D�U�D�P�H�W�H�U�� �W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H��

�W�K�H�U�P�R�G�\�Q�D�P�L�F�V�� �R�I�� �6�0�3���Q�D�Q�R�F�R�P�S�R�V�L�W�H���� �L�W�� �L�V���F�U�L�W�L�F�D�O���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H�� �Z�R�U�N�L�Q�J��

�P�H�F�K�D�Q�L�V�P���R�I���W�K�H�V�H���W�K�H�U�P�R�G�\�Q�D�P�L�F���E�H�K�D�Y�L�R�U�V�����$���V�W�D�W�L�V�W�L�F�D�O���P�R�G�H�O���>�����@���L�V���H�P�S�O�R�\�H�G���W�R��
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�Z�K�H�U�H��n�V ���D�Q�G��n�I ���D�U�H�� �W�K�H���G�L�D�P�H�W�H�U���D�Q�G���Z�H�L�J�K�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�V����

�U�H�V�S�H�F�W�L�Y�H�O�\���� 

�$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H���+�D�O�S�L�Q-�7�V�D�L�� �U�X�O�H�� �>�����@���� �W�K�H�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V�� ���� ��E T ���� �R�I��
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�Z�K�H�U�H��nE ���L�V���W�K�H�� �P�R�G�X�O�X�V�� �R�I���Q�D�Q�R�S�D�U�W�L�F�O�H���� f �� exp( )nf a b�I�  � ������I�X�Q�F�W�L�R�Q���L�V�� �X�V�H�G�� �W�R��

�F�R�U�U�H�F�W���W�K�H���H�I�I�H�F�W���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H���R�Q���W�K�H���P�R�G�X�O�X�V���R�I���Q�D�Q�R�F�R�P�S�R�V�L�W�H���� 

�7�R�� �Y�H�U�L�I�\�� �H�T�X�D�W�L�R�Q�� ������������the analytical results of storage moduli as a function of 

temperature for the �3�/�$�(���V�L�O�L�F�D�� �Q�D�Q�R�F�R�P�S�R�V�L�W�H�V�� have been plotted and�� �W�K�H�Q��

�F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���U�H�S�R�U�W�H�G���L�Q�� �O�L�W�H�U�D�W�X�U�H���>14�@. 

�9�D�O�X�H�V���R�I���D�O�O���W�K�H���S�D�U�D�P�H�W�H�U�V���X�V�H�G���L�Q���W�K�H���F�D�O�F�X�O�D�W�L�R�Q�V���X�V�L�Q�J���H�T�X�D�W�L�R�Q�������������D�U�H���S�U�H�V�H�Q�W�H�G��

�L�Q���7�D�E�O�H�� ������Fig. 4 �S�O�R�W�V���W�K�H���D�Q�D�O�\�W�L�F�D�O���U�H�V�X�O�W�V�� �R�I�� �V�W�R�U�D�J�H�� �P�R�G�X�O�L���� �Z�K�L�F�K���D�U�H�� �L�Q�� �J�R�R�G��

�D�J�U�H�H�P�H�Q�W�V���Z�L�W�K�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O���R�Q�H�V����As shown in Figs. 4(a)����4(b)���D�Q�G��4(c), �W�K�H��

�V�W�R�U�D�J�H���P�R�G�X�O�X�V�� �L�V���L�Q�L�W�L�D�O�O�\���L�Q�F�U�H�D�V�H�G�� �I�U�R�P�� ���������� �0�3�D���� ���������� �0�3�D�� �W�R�� ���������� �0�3�D�� �Z�L�W�K��

�D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H���Z�H�L�J�K�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H���� n�I �����I�U�R�P�� �������� ������ �W�R�� ��������

�+�R�Z�H�Y�H�U�����L�W���W�X�U�Q�V���W�R���E�H���G�H�F�U�H�D�V�H�G���I�U�R�P�������������0�3�D���W�R�����������0�3�D���Z�L�W�K���D���I�X�U�W�K�H�U���L�Q�F�U�H�D�V�H��

�L�Q���W�K�H��n�I ���I�U�R�P���������W�R���������D�W�����������. �����D�V���V�K�R�Z�Q���L�Q��Figs. 4(c)���D�Q�G��4(d)�����7�K�H�V�H���D�Q�D�O�\�W�L�F�D�O��

�D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V���K�D�Y�H���V�W�U�R�Q�J���L�Q�W�H�U�D�F�W�L�R�Q�V���Z�L�W�K��

�W�K�H���P�D�F�U�R�P�R�O�H�F�X�O�H���F�K�D�L�Q�V�����Z�K�L�F�K���U�H�V�W�U�L�F�W���W�K�H�L�U���U�H�O�D�[�D�W�L�R�Q���P�R�W�L�R�Q�V���G�X�H�� �W�R���D���V�W�U�R�Q�J��

�W�R�S�R�O�R�J�L�F�D�O�� �H�Q�W�D�Q�J�O�H�P�H�Q�W�����7�K�L�V�� �K�D�V�� �E�H�H�Q���U�H�Y�H�D�O�H�G���I�U�R�P�� �W�K�H�� �U�H�V�X�O�W�V���Z�K�H�Q�� �W�K�H���Z�H�L�J�K�W��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�� �L�V���L�Q�F�U�H�D�V�H�G���I�U�R�P�� ������ �W�R�� �������� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �W�K�H��



�W�R�S�R�O�R�J�L�F�D�O���H�Q�W�D�Q�J�O�H�P�H�Q�W���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H���D�Q�G���P�D�F�U�R�P�R�O�H�F�X�O�D�U���F�K�D�L�Q���L�V���W�K�H�Q���G�H�F�U�H�D�V�H�G��

�Z�L�W�K�� �D�� �I�X�U�W�K�H�U�� �L�Q�F�U�H�D�V�H�� �L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�� �I�U�R�P�� ������ �W�R�� �������� �U�H�V�X�O�W�L�Q�J�� �L�Q��

�U�H�O�D�[�D�W�L�R�Q�� �P�R�W�L�R�Q�V�� �D�F�F�H�O�H�U�D�W�H�G���� �7�K�H�V�H���D�Q�D�O�\�W�L�F�D�O�� �D�Q�G�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V�� �D�U�H��

�I�R�O�O�R�Z�L�Q�J���W�K�H���S�H�U�F�R�O�D�W�L�R�Q���U�X�O�H���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�V���L�Q���W�K�H���Q�D�Q�R�F�R�P�S�R�V�L�W�H�V���>�����@�� 

�7�D�E�O�H�� ������Values of parameters used in equations (13) and (14) for the PLAE 

nanocomposites with various weight concentrations of �V�L�O�L�F�D.  

1( )E MPa  
2( )E MPa  

3( )E MPa  ( )nE GPa  ( )T K�E
 a  b  1m  2m  
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�H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���>�����@���D�Q�G���D�Q�D�O�\�W�L�F�D�O���U�H�V�X�O�W�V���X�V�L�Q�J���H�T�X�D�W�L�R�Q�����������������D�����I�R�U���3�/�$�(���������E����
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                      (18) 

�:�L�W�K�� �D�� �I�X�U�W�K�H�U���L�Q�F�U�H�D�V�H�� �L�Q�� �W�H�Q�V�L�O�H�� �V�W�U�H�V�V���� �D�� �F�H�U�W�D�L�Q�� �D�P�R�X�Q�W���R�I�� �P�H�F�K�D�Q�L�F�D�O�� �H�Q�H�U�J�\���L�V��

�Q�H�F�H�V�V�D�U�\���W�R���U�H�V�L�V�W���W�K�H���V�X�E-�H�Q�W�D�Q�J�O�H�P�H�Q�W���R�I���P�D�F�U�R�P�R�O�H�F�X�O�H���F�K�D�L�Q�V��[44]���� 

                     (19) 



where�� ���L�V�� �W�K�H���P�H�F�K�D�Q�L�F�D�O�� �H�Q�H�U�J�\���� ��is the maximum stretch ratio of elastic 

deformation and  is the activation energy of �V�X�E-�H�Q�W�D�Q�J�O�H�P�H�Q�W.  

As discussed in Ref. [24], the number of �V�X�E-�H�Q�W�D�Q�J�O�H�P�H�Q�W ( ) is determined by 

both the temperature and stretch ratio, which has the following expression,  

       (20) 

�Z�K�H�U�H�����L�V���W�K�H���F�R�Q�V�W�D�Q�W���� ���L�V���W�K�H���H�T�X�L�Y�D�O�H�Q�W���S�O�D�V�W�L�F���V�W�U�H�W�F�K���U�D�W�L�R�����Z�K�L�F�K���K�D�V���D��

�I�X�Q�F�W�L�R�Q���R�I�� � �����Z�K�H�Q�� �� 
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�Z�K�H�U�H�����L�V���W�K�H���F�R�Q�V�W�D�Q�W���D�Q�G�� ���L�V��the number of �V�X�E-�H�Q�W�D�Q�J�O�H�P�H�Q�W at . 

By substituting equation (21) into (20), a constitutive relationship among the 

number of �V�X�E-�H�Q�W�D�Q�J�O�H�P�H�Q�W ( ), temperature (T) and stretch ratio ( ) can be 

described using the following equation,  
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�7�K�H���L�Q�W�H�U�Q�D�O���I�R�U�F�H���������F�D�Q���E�H���I�X�U�W�K�H�U���G�H�U�L�Y�H�G���D�V�� 

            (25) 

�7�K�H���W�H�Q�V�L�O�H���V�W�U�H�V�V���� �����F�D�Q���E�H���R�E�W�D�L�Q�H�G���X�V�L�Q�J�� 

                       (26) 

By substituting equation (24) into (26), the constitutive relationship between the 

tensile stress ( ) and stretch ratio ( ) below  can be obtained,  
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�)�L�J���� ������Analytical and experimental results [14] of recovery stress with respect to 

stretch ratio of �3�/�$�(���Q�D�Q�R�F�R�P�S�R�V�L�W�H�V with various weight concentrations of �V�L�O�L�F�D.  
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�H�P�S�O�R�\�H�G�� �I�R�U�� �F�R�P�S�D�U�L�V�R�Q�V�����$�W��=313 K (where ) and stretch ratio of 

=1.275���� �W�K�H�� �U�H�F�R�Y�H�U�\�� �V�W�U�H�V�V�� �R�I�� �6�0�3���Q�D�Q�R�F�R�P�S�R�V�L�W�H���L�V�� �J�U�D�G�X�D�O�O�\�� �L�Q�F�U�H�D�V�H�G�� �I�U�R�P�� ��������
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�Q�D�Q�R�S�D�U�W�L�F�O�H�� ��n�I ���� �I�U�R�P�� �������� �������� ������ �W�R�� ���������7�K�H�V�H�� �D�Q�D�O�\�W�L�F�D�O�� �U�H�V�X�O�W�V�� �U�H�Y�H�D�O�� �W�K�D�W�� �W�K�H��

�U�H�F�R�Y�H�U�\���V�W�U�H�V�V���L�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�G���G�X�H���W�R���W�K�H���W�R�S�R�O�R�J�L�F�D�O���H�Q�W�D�Q�J�O�H�P�H�Q�W���E�H�W�Z�H�H�Q��

�P�D�F�U�R�P�R�O�H�F�X�O�H���F�K�D�L�Q�V���D�Q�G���Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �Z�K�H�U�H�D�V���W�K�H���V�X�E-�H�Q�W�D�Q�J�O�H�P�H�Q�W���L�V���G�H�S�U�H�V�V�H�G��

�Z�L�W�K���D�Q���L�Q�F�U�H�D�V�H���L�Q���W�K�H���Z�H�L�J�K�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�V���L�Q���W�K�H���Q�D�Q�R�F�R�P�S�R�V�L�W�H���� 

�$�V���V�K�R�Z�Q���L�Q���)�L�J���������D���� it is found that �W�K�H���V�W�U�H�V�V���L�V���G�U�D�P�D�W�L�F�D�O�O�\���L�Q�F�U�H�D�V�H�G���I�U�R�P����������
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can be expressed as a function of temperature:  

����� � � � � � � ���� � � � (29) 

By substituting equation (29) into (20)���� �W�K�H�� �W�R�W�D�O�� �Q�X�P�E�H�U�� �R�I�� �H�Q�W�D�Q�J�O�H�P�H�Q�W�V�����1���� �D�V��
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�U�H�S�R�U�W�H�G���L�Q���O�L�W�H�U�D�W�X�U�H���>30�@�����Z�K�H�U�H���W�K�H���W�H�P�S�H�U�D�W�X�U�H���L�V���D�E�R�Y�H���W�K�H�L�U�����Y�D�O�X�H�V. �9�D�O�X�H�V���R�I��

�W�K�H���S�D�U�D�P�H�W�H�U�V���X�V�H�G���L�Q���H�T�X�D�W�L�R�Q�������������D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H��������As shown in Fig. 7(a)����

�W�K�H�V�H���D�Q�D�O�\�W�L�F�D�O���U�H�V�X�O�W�V���Y�D�O�X�H�V���D�U�H���L�Q���J�R�R�G���D�J�U�H�H�P�H�Q�W�V���Z�L�W�K���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���R�Q�H�V. T�K�H��
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�U�D�W�L�R��� �����������0�H�D�Q�Z�K�L�O�H���� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �W�H�P�S�H�U�D�W�X�U�H�� �R�Q���W�K�H���U�H�F�R�Y�H�U�\���V�W�U�H�V�V���K�D�V�� �E�H�H�Q��

�S�O�R�W�W�H�G���L�Q��Fig. 7(b)�����7�K�H���U�H�F�R�Y�H�U�\���V�W�U�H�V�V���L�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�G���I�U�R�P�����������0�3�D���W�R����������
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Table 5. Value of parameters used in equation (35). 
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Shape fixity ratio ( ) is also a critical factor in modelling the shape memory 

behavior of SMP nanocomposites. In the programming progress, SMP nanocomposite 

is initially  heated above the  and deformed under the external force ( ). It is then 

cooled back to the temperature () below the , enabling it with a maximum value 

of �S�U�R�J�U�D�P�P�L�Q�J strain of ( ) while the external force is removed, where it has a 

stored strain ( ). As discussed by Yu et.al [48], the shape fixity ratio ( ) is 

calculated by the following expression,  

                      (36) 

where  is the storage modulus of SMP nanocomposite at the . 
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Table 6. Value of parameters used in equations (27) and (32). 
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Figure 9. (a) �&�R�P�S�D�U�L�V�R�Q�V�� �E�H�W�Z�H�H�Q���W�K�H���D�Q�D�O�\�W�L�F�D�O�� �U�H�V�X�O�W�V���R�I�� �H�T�X�D�W�L�R�Q�V�� ���������� �D�Q�G�� ����������
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5. Conclusions 
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