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3Abstract 
This thesis is composed of three parts: Manufacture and 

characterization of the hemp/polypropylene agro-composites; Ageing and 

its influence on the mechanical behaviors; Determination of the residual 

stresses in laminates of agro-composites. In the polypropylene matrix, the 

hemps fibers were used as reinforcement in the composites. The 

composites were elaborated through compression molding method under 

different parameters as: temperature, pressure, time...etc. The influences of 

these parameters on the quality of the manufacturing process are analyzed. 

The results showed that the temperature has a significant effect on the 

mechanical properties of the agro-composites. The composite 

manufactured under 190°C has the better mechanical properties than other 

composites. Moreover, the accelerated aging treatment is carried out with 

two factors: Relative Humidity and Ultra-Violet. Finally, we developed the 

incremental hole-drilling method to analyze the residual stress generated 

during the manufacturing process but also generated during aging process. 

Specific calibration coefficients for these materials were determined by the 

finite element method. 
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4Résumé 

Cette thèse se compose de trois parties : Elaboration et Caractérisation 

des agro-composites chanvre/polypropylène, Vieillissement et son 

�L�Q�I�O�X�H�Q�F�H�� �V�X�U�� �O�H�� �F�R�P�S�R�U�W�H�P�H�Q�W�� �P�p�F�D�Q�L�T�X�H�� �G�¶�D�J�U�R-composites et 

Détermination des contraintes résiduelles dans les agro-composites 

stratifiés. Dans la matrice de base en polypropylène, un tissu de chanvre a 

été utilisé comme renfort dans des composites. Ces derniers sont élaborés 

�S�D�U�� �F�R�P�S�U�H�V�V�L�R�Q�� �W�K�H�U�P�L�T�X�H�� �D�Y�H�F�� �G�L�I�I�p�U�H�Q�W�V�� �S�D�U�D�P�q�W�U�H�V�� �G�¶�p�O�D�E�R�U�D�W�L�R�Q��

comme �����O�D���W�H�P�S�p�U�D�W�X�U�H�����O�D���S�U�H�V�V�L�R�Q���H�W���O�H���W�H�P�S�V�«�H�W�F�����/�Hs influences de ces 

paramètres sur la qualité physique-mécanique de ces matériaux sont 

analysées. Les résultats ont montré que la température a un effet significatif 

sur les propriétés mécaniques des composites. Le composite fabriqué sous 

190°C présente de meilleures propriétés mécaniques que les autres 

�F�R�P�S�R�V�L�W�H�V���� �1�R�X�V�� �D�Y�R�Q�V�� �H�Q�V�X�L�W�H�� �p�W�X�G�L�p�� �O�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�� �G�H�X�[�� �W�\�S�H�V�� �G�H��

vieillissement sur les propriétés du matériau : un vieillissement en 

Humidité Relative (RH) et puis un vieillissement aux Ultra-Violets (U.V). 

Enfin, nous avons développé la méthode du trou incrémental pour analyser 

les contraintes résiduelles générées lors du précédé de fabrication mais 

aussi générées pendant le vieillissement. Pour cela, des coefficients de 

calibration spécifiques à ces matériaux ont été déterminés par la méthode 

des éléments finis. 
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5General Introduction 
There is a growing interest to use natural fibers as reinforcements in 

composites for their environmental advantages and to replace artificial fibers as 

glass or carbon fibers. The natural fibers present low cost, low density, 

biodegradability, flexibility during processing and storing carbon dioxide during 

growth make them attractive to researchers and manufacturers. 

The principal objectives of this thesis are to manufacture the hemp fiber 

reinforced polypropylene composites, to characterize the performances of the 

composites, to study the ageing effects on the behaviors of the composites and to 

analyze the residual stresses induced in the composites. 

In the polypropylene matrix, the hemps fibers were used as reinforcement in 

the composites. The composites were elaborated through compression molding 

method under different parameters as: temperature, pressure, time...etc. The 

influences of these parameters on the quality of the manufacturing process are 

analyzed. The results showed that the temperature has a significant effect on the 

mechanical properties of the agro-composites. The composite manufactured under 

190°C has the better mechanical properties than other composites. Moreover, the 

accelerated aging treatment is carried out with two factors: Relative Humidity and 

Ultra-Violet. Finally, we developed the incremental hole-drilling method to analyze 

the residual stress generated during the manufacturing process but also generated 

during aging process. Specific calibration coefficients for these materials were 

determined by the finite element method. 

In the chapter 1, in order to understand the state of the art of the agro-

composites, we are concentrated on the bibliographic introduction of the natural 

fibers and their composites. Natural fibers reinforced polymer composites are of 

great attraction to applications in many fields. Different types of composites and 

their chemical and physical properties were presented. The manufacturing methods 

of the composites are summarized. For thermoplastic polymers, the compression 

molding method is emphasized. Furthermore, the durability of the natural fibers 
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reinforced composites, especially the humidity and ultraviolet ageing are introduced. 

At last, the residual stresses in the composites are introduced. The residual stresses 

can generate in three levels in the composites. The determination methods and the 

influences of the residual stresses on the composites are also discussed. 

In the chapter 2, the hemp fibers are characterized, and different kinds of hemp 

reinforced polypropylene composites are elaborated. The hemp fabrics show a 

difference of properties in the longitudinal and transversal directions. The spiral 

angle of the hemps is measured and analyzed. The hemp fiber reinforced 

polypropylene composites are manufactured by compression molding method.  

In the chapter 3, the humidity ageing and the ultraviolet ageing of the 

composites are carried out. The effects of humidity ageing on the mechanical 

properties and the diffusion of water in the composites are discussed. The water 

uptake in different composite and the dimension stability are measured and analyzed. 

The effects of UV ageing on the morphology and the mechanical properties are 

discussed. The microscopic observation is also performed to identify the 

degradation difference during the UV ageing. 

In the chapter 4, the residual stresses and their influences on the composites 

are discussed. The incremental hole drilling method is introduced. A finite element 

model is established. The coefficients of calibration are determined by employing 

this model. The hole drilling process is introduced. The residual stresses are 

determined by the hole drilling method in the composites. The influence of 

temperature, cooling rate and humidity ageing on the residual stresses are discussed. 

In the end, a conclusion chapter is summarized to finish this thesis. And a 

resume in French of this thesis is also attached. 
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1.1 Introduction  

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

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

�I�D�E�U�L�F�D�W�L�R�Q���P�H�W�K�R�G�V���R�I���F�R�P�S�R�V�L�W�H�V�����,�Q���D���V�H�F�R�Q�G���V�W�H�S�����Z�R�U�N���L�V���S�U�H�V�H�Q�W�H�G���D�F�U�R�V�V���W�K�H��

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

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

�O�D�P�L�Q�D�W�H�G���F�R�P�S�R�V�L�W�H�V�� 

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

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

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

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

�P�H�W�K�R�G�V�� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�F�R�P�S�R�V�L�W�H�V�� 

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

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

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

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

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

�D�Q�G���J�U�H�H�Q���P�D�W�U�L�F�H�V�����1�D�W�X�U�D�O���I�L�E�H�U�V�����K�H�P�S�����I�O�D�[�����M�X�W�H�����N�H�Q�D�I�����V�L�V�D�O�����M�X�V�W���W�R���Q�D�P�H���D���I�H�Z������

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

�I�U�R�P���Z�K�L�F�K���W�K�H���Q�D�W�X�U�D�O���I�L�E�H�U�V���F�R�P�H���D�U�H���U�H�Q�H�Z�D�E�O�H�����Q�R�W���W�K�H���I�L�E�H�U�V���W�K�H�P�V�H�O�Y�H�V�����6�R���L�W��

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

�Z�H���G�R���Q�R�W���S�R�V�H���W�K�U�H�D�W���W�R���W�K�H�P���>���@�� 

�%�H�V�L�G�H�V�� �W�K�H�� �V�F�D�U�F�H�� �Q�R�Q���V�X�V�W�D�L�Q�D�E�O�H�� �U�H�V�R�X�U�F�H�V���� �D�Q�R�W�K�H�U�� �F�U�X�F�L�D�O�� �I�L�H�O�G�� �W�K�D�W�� �F�D�Q��

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

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

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

�7�K�H���8�9���U�D�G�L�D�W�L�R�Q���D�F�F�H�O�H�U�D�W�H�V���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���E�R�W�K���W�K�H���P�D�W�U�L�F�H�V���D�Q�G���W�K�H���I�L�E�H�U�V����

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

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

1.2 Natural Fibers 

�7�K�H���X�V�H���R�I���Q�D�W�X�U�D�O���I�L�E�H�U�V���G�D�W�H�V���E�D�F�N���W�R���D�E�R�X�W�������������%�&���L�Q���K�X�P�D�Q�¶�V���K�L�V�W�R�U�\�����(�O�L�V�R��

�.�Y�D�Y�D�G�]�H���H�W���D�O�����>���@���K�D�Y�H���U�H�S�R�U�W�H�G���D���I�L�Q�G�L�Q�J���R�I���Z�L�O�G���I�O�D�[���I�L�E�H�U�V���D�W���'�]�X�G�]�X�D�Q�D���&�D�Y�H��

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

�V�W�R�Q�H���W�R�R�O�V�����Z�H�D�Y�L�Q�J���E�D�V�N�H�W�V�����R�U���V�H�Z�L�Q�J���J�D�U�P�H�Q�W�V�����������������W�R�����������������\�H�D�U�V���E�H�I�R�U�H���W�K�H��

�S�U�H�V�H�Q�W���� �'�L�I�I�H�U�H�Q�W�� �N�L�Q�G�V�� �R�I�� �I�L�E�H�U�V�� �D�U�H�� �D�F�F�H�V�V�L�E�O�H�� �D�O�O�� �W�K�U�R�X�J�K�� �W�K�H�� �H�D�U�W�K���� �)�L�E�H�U�V�� �D�U�H��

�P�D�L�Q�O�\���G�L�Y�L�G�H�G���L�Q�W�R���W�Z�R���F�D�W�H�J�R�U�L�H�V�����Q�D�W�X�U�D�O���I�L�E�H�U�V���D�Q�G���V�\�Q�W�K�H�W�L�F���I�L�E�H�U�V�����1�D�W�X�U�D�O���I�L�E�H�U��

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

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

�I�O�D�[���� �M�X�W�H���� �N�H�Q�D�I���� �Q�H�W�W�O�H���� �U�D�P�L�H���� �V�L�V�D�O���� �F�R�W�W�R�Q���� �H�W�F�������� �D�Q�L�P�D�O�� �I�L�E�H�U�V�� ���V�L�O�N���� �Z�R�R�O���� �K�D�L�U����

�D�O�S�D�F�D�����H�W�F���������D�Q�G���P�L�Q�H�U�D�O���I�L�E�H�U�V�����D�V�E�H�V�W�R�V�������1�H�Y�H�U�W�K�H�O�H�V�V�����V�\�Q�W�K�H�W�L�F���I�L�E�H�U�V���D�Q�G���D�Q�L�P�D�O��

�I�L�E�H�U�V���D�U�H���Q�R�W���G�L�V�F�X�V�V�H�G���L�Q���R�X�U���Z�R�U�N�� 
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1.2.1 Chemical composition and structure 

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

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

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

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

�S�D�O�P�����7�K�H���F�R�P�S�O�H�[���V�W�U�X�F�W�X�U�H���R�I���S�O�D�Q�W���I�L�E�H�U���L�V���V�K�R�Z�Q���L�Q��Fig. 1-1���>���@�����7�K�H���F�H�O�O���Z�D�O�O���R�I��

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

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

�I�U�R�P���L�Q�W�H�U�L�R�U���W�R���H�[�W�H�U�L�R�U�����6�������6�������6�����>���������@�����7�K�H���O�D�\�H�U���6�����L�V���W�K�H���W�K�L�F�N�H�V�W���D�Q�G���J�R�Y�H�U�Q�V��

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

�Q�X�W�U�L�H�Q�W�V���G�X�U�L�Q�J���W�K�H���S�O�D�Q�W�¶�V���J�U�R�Z�W�K���D�Q�G���S�K�R�W�R�V�\�Q�W�K�H�V�L�V���� 

 

Fig. 1-1 Schematic representation of plant fiber structure [3] 

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

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

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

�F�R�P�S�R�X�Q�G�V�����7�K�H���F�K�H�P�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q���D�O�W�H�U�V���I�U�R�P���S�O�D�Q�W���W�R���S�O�D�Q�W����Table 1-1���V�K�R�Z�V��

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

Cellulose is the most important chemical composition of plant cell walls. 

Cellulose is defined as a linear condensation polymer containing chain of variable 

length of 1-4 linked ��-d-anhydroglucopyranose units [9], as shown in Fig. 1-2 [10]. 

This carbohydrate (C6H10O5)n can be degraded to only glucose (C6H12O6). Cellulose 

has good resistance to hydrolysis, oxidizing agents, alkali and temperature under 

150 oC. Lots of reviews have detailedly discussed the structure and chemical 

continuants of the cellulose [11-14]. The degree of polymerization of natural 

cellulose molecules is between 7000 and 15000. The DP (Degree of Polymerization) 

of primary cell walls is between 2000 and 6000, and the secondary cell walls 1400, 

taking cotton fiber for an example. 

Table 1-1 Chemical composition of some natural fibers 

Type of fiber 
Chemical composition (%) 
Cellulose Hemi-cellulose Lignin 

Abaca 56-63 20-25 7-9 

Bagasse 55.2 16.8 25.3 

Bamboo 26-43 30 21-31 

Coir 32-43 10-20 43-49 

Corn cobs 45 35 15 

Corn stalks 35 25 35 

Cotton 95 2 1 

Curaua 73.6 9.9 7.5 

EFB 50 30 17 

Flax 71 18.6-20.6 2.2 

Hemp 68 15 10 

Henequen 78 4-8 13 

Jute 61-71 14-20 12-13 

Kenaf 72 20.3 9 

Oil palm 65 - 29 

Pineapple 81 - 12.7 

Ramie 68.6-76.2 13-16 0.6-0.7 

Rice straw 41-57 33 8-19 

Sisal 65 12 9.9 

Wheat straw 38-45 15-31 12-20 
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Fig. 1-2 Chemical structure of cellulose 

Hemicellulose 

Hemicellulose is the second abundant constituent of natural-fiber cell walls. 

Hemicelluloses (Fig. 1-3 [15]) are lower molecule weight polysaccharides 

(including hexoses, pentoses, uronic acid residues, excluding pectin), often 

copolymers forming branch-containing random, amorphous branched and non-

linear structures. Hemicellulose is easily hydrolyzed by dilute acids or alkalis; it 

remains linked with cellulose after removing the lignin. Hemicellulose controls the 

moisture absorption, biodegradation, and thermal degradation properties of all the 

natural cellulosic fibers [16-21]. 

 

 

Fig. 1-3 Example of hemicellulose structure: L-arabino-D-xylane [15] 

Lignin  

Lignin (Fig. 1-4) is formed by non-reversible removal of water from sugars 

(primarily xylose) to create aromatic structures [21]�����D�Q�G���L�W�¶�V���W�K�H���K�L�J�K�O�\���E�U�D�Q�F�K�H�G��

polymers. Lignin has been reported to be the most thermally stable among the three 

major components of pant cell walls, to confer mechanical stability to the plant, to 

protect the cellulose/hemicellulose from harsh environmental conditions like water. 
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�%�X�W���L�W�¶�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���W�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I���I�L�E�H�U�V���D�Qd sensitive to UV radiation [9, 

21-24]. 

 

Fig. 1-4 The three alcoholic monomers of lignin 

Other components 

Pectin is a structural hetero-polysaccharide contained in the primary cell walls 

of plants, and it gives plants flexibility. Waxes are a class of chemical compounds, 

consisting different types of alcohols. Waxes and oil consist on fiber surfaces 

protecting the fiber surfaces. 

1.2.2 Physical and mechanical properties 

There are lots of different species plant fibers, their appearance, physical and 

mechanical properties differ as well. Because they are in diverse growing conditions 

and can be affected by measuring methods. Table 1-2 summarizes the factors 

affecting the fiber quality of different stages [25]. Nishino [26] identified several 

factors which can influence the physical and mechanical properties of natural fibers, 

as shown in Table 1-3. 

Because of many factors of fiber quality and properties, the fibers present 

different performances influenced by the cellulose content, degree of 

polymerization and microfibrillar angle. It has been reported that higher tensile 

resistance was found in natural cellulosic fibers of a higher content of cellulose and 

a higher degree of polymerization and a smaller microfibrillar angle. Table 1-4 

shows the mechanical properties of different fibers. Due to their high variability in 

the same species, most of the natural fibers display large ranges of the values of the 

properties. 
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Table 1-2 Factors effecting fiber quality at various stages of natural fiber production 

Stage Factors effecting fiber quality 

Plant growth Species of plant, local climate, cop cultivation, cop location, fiber 
location in plant 

Harvesting stage Fiber ripeness, which affects: cell wall thickness, coarseness of fiber, 
adherence between fibers and surrounding structures 

Fiber extraction stage Decortication process, type of retting method 

Supply stage Transportation conditions, storage conditions, age of fiber 

Table 1-3 Factors affecting the physical and mechanical properties 

Materials Microscopic: crystallinity, microfibril angle, crystal modifications 
Macroscopic: fineness, porosity, size and shape of lumen 
Factors as in table 2. 

Measurement 
conditions 

Tensile speed, initial gauge length, moisture, temperature, different 
cross-section of fibers at different points 

Mwaikambo L. Y. [27] studied the tensile properties of alkalized jute fibers. 

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

physical characteristics of its internal structure (cellulose content, crystallinity index, 

and micro-fibril angle). Marie Genet et al. [28] revealed that fiber tensile strength 

was significantly and positively related to percentage cellulose in roots of Sweet 

chestnut. But high variability of cellulose content was observed, which could be 

explained by other chemical and anatomical parameters. They could affect the 

tensile strength of roots. Sefain M.Z. [29] found that wood pulp was more reactive 

because of a lower degree of polymerization. Sawpan M.A. [30] observed that 

�W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K���D�Q�G���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���X�Q�W�U�H�D�W�H�G��and treated (alkali, silane, maleic 

anhydride, acetylation) hemp fibers increased with increased crystallinity index. 

Mwaikambo L.Y. et al. [31, 32] estimated the effect of fiber diameter, cellulose 

content, crystallinity index and micro-fibril angle on the tensile properties of treated 

hemp and sisal fibers. Fibers with small diameter, relatively high cellulose content, 

lower crystallinity (different from Sawpan M.A.) had high strength and modulus. 

Asim Shahzad [33] identified that fiber strength was inversely related to fiber width, 

showing that as the fiber width increased, fiber strength decreased. 
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Table 1-4 Physio-mechanical properties of some natural fibers with comparative values 
for E-glass 

Fiber Density 
(g/cm3) 

Tensile strength 
(MPa) 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V 
 (GPa) 

Elongation at break 
(%) References 

Abaca 1.5 400 12 3-10 [7] 

Coir 1.2 175 4-6 30 [34] 

Cotton 1.5-1.6 287-597 5.5-12.6 7.0-8.0 [35, 36] 

Flax 1.5 345-1035 27.6 2.7-3.2 [37, 38] 

Flax 1.53 1339±486 58±15 3.27±0.4 [39] 

Hemp 1.48 690 70 1.6 [40] 

Hemp 1.52 920 70 1.7 [41] 

Jute 1.3 393-773 26.5 1.5-1.8 [35, 42, 43] 

Kenaf - 930 53 1.6 [40] 

Kenaf 1.19 240-600 14-38 - [21] 

Sisal 1.5 511-635 9.4-22 2.0-2.5 [44] 

E-glass 2.55 3400 71 3.4 [41] 

As the surface impurities present in plant materials, the interface between fiber 

and matrix is impaired. So some chemical and physical methods are developed with 

the purpose of taking good advantages of the physical and structural performances 

of the fibe�U�V�����,�Q���%�H�F�N�H�U�P�D�Q�Q���*���:���¶�V���V�W�X�G�\��[45], after alkali treated (a solution of 

5wt.% NaOH/2 wt.% Na2SO3), the crystallinity index of hemp fiber was elevated, 

the fiber lignin contents was reduced, the thermal stability increased, and the tensile 

strength and You�Q�J�¶�V�� �P�R�G�X�O�X�V�� �Z�H�U�H�� �H�Q�K�D�Q�F�H�G���� �$�Q�G�� �D�O�V�R���� �W�K�H�� �W�H�Q�V�L�O�H�� �V�W�U�H�Q�J�W�K�� �R�I��

composites consisting of treated hemp fibers proved to be higher than that of 

untreated. 

1.3 Reinforced composites by natural fibers 

�&�R�P�S�R�V�L�W�H�V���Z�H�U�H���G�H�I�L�Q�H�G���L�Q���G�L�I�I�H�U�H�Q�W���Z�D�\�V���E�\���G�L�I�I�H�U�H�Q�W���U�H�V�H�D�U�F�K�H�U�V�����2�Q���D��

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

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

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

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

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

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

�L�Q�V�W�D�Q�F�H�� 

�/�L�N�H�� �D�J�U�L�F�X�O�W�X�U�H���� �Q�D�W�X�U�D�O�� �I�L�E�H�U�V�� �K�D�Y�H�� �E�H�H�Q�� �D�� �S�D�U�W�� �R�I�� �K�X�P�D�Q�� �O�L�I�H�� �V�L�Q�F�H�� �W�K�H��

�G�D�Z�Q���R�I���F�L�Y�L�O�L�]�D�W�L�R�Q�����)�U�D�J�P�H�Q�W�V���R�I���F�R�W�W�R�Q���D�U�W�L�F�O�H�V���G�D�W�L�Q�J���E�D�F�N���W�R�������������%�&���K�D�Y�H��

�E�H�H�Q���X�Q�H�D�U�W�K�H�G���L�Q���0�H�[�L�F�R���D�Q�G���3�D�N�L�V�W�D�Q���>�����@�����,�W���Z�D�V���D�V���H�D�U�O�\���D�V���������������\�H�D�U�V���D�J�R��

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

�F�R�P�S�R�V�L�W�H�V���P�D�W�H�U�L�D�O�V���>�����@���� �'�X�U�L�Q�J�� �O�D�V�W���F�H�Q�W�X�U�\���� �Q�D�W�X�U�D�O���I�L�E�H�U�V���D�U�H���J�H�W�W�L�Q�J���P�R�U�H��

�D�Q�G�� �P�R�U�H�� �D�W�W�H�Q�W�L�R�Q���� �,�Q�� ������������ �K�H�P�S�� �D�Q�G�� �I�O�D�[�� �I�L�E�H�U�V�� �Z�H�U�H�� �X�V�H�G�� �L�Q�� �U�H�V�L�Q�� �P�D�W�U�L�[��

�F�R�P�S�R�V�L�W�H�V�� �I�R�U�� �W�K�H�� �E�R�G�\�Z�R�U�N�� �R�I�� �D�� �+�H�Q�U�\�� �)�R�U�G�� �F�D�U���>�����@���� �%�H�J�L�Q�Q�L�Q�J�� �L�Q�� ���������V����

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

�$�V�� �W�K�H�� �X�Q�L�Y�H�U�V�D�O�� �D�Z�D�U�H�Q�H�V�V�� �R�I�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �S�R�O�O�X�W�L�R�Q�V���� �V�X�V�W�D�L�Q�D�E�O�H��

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

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

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

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

�I�O�H�[�L�E�L�O�L�W�\�����H�F�R���I�U�L�H�Q�G�O�L�Q�H�V�V�����U�H�F�\�F�O�D�E�L�O�L�W�\���D�Q�G���H�D�V�\���S�U�R�F�H�V�V�L�Q�J�����$�Q�G���Q�D�W�X�U�D�O���I�L�E�H�U��

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

Table 1-5���V�X�P�P�D�U�L�]�H�G�� �W�K�H�� �S�U�L�Q�F�L�S�D�O���D�G�Y�D�Q�W�D�J�H�V�� �D�Q�G�� �G�L�V�D�G�Y�D�Q�W�D�J�H�V�� �R�I�� �Q�D�W�X�U�D�O��

�I�L�E�H�U�V���D�V���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V���L�Q���F�R�P�S�R�V�L�W�H�V���P�D�W�H�U�L�D�O�V���>�����@�����*�H�U�P�D�Q�\���K�D�V���E�H�H�Q���D�W���W�K�H��

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

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

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

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

�L�Q���W�K�H���V�D�P�H���S�H�U�L�R�G�� 

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

�G�X�U�L�Q�J���D�Q�G���M�X�V�W���D�I�W�H�U���W�K�H���6�H�F�R�Q�G���:�R�U�O�G���:�D�U���O�H�G���W�R���D���K�L�J�K�O�\���J�U�R�Z�L�Q�J���S�U�R�G�X�F�W�L�R�Q��

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

�F�R�P�S�R�V�L�W�H�V�� 

Table 1-5 Principal advantages and disadvantages of natural fibers as reinforcements in 
composites materials 

Advantages Disadvantages 

�y Low cost; �y Absorption of water; 

�y High specific mechanical properties 
(resistance and rigidity); 

�y Low thermal resistance 
(200 to 230°C max); 

�y Biodegradability; �y Biodegradability; 

�y Non-abrasive for tooling; �y Weak dimensional stability; 

�y Neutral for the emission of CO2; �y Anisotropic fiber; 

�y Require little energy to be produced; �y Discontinuous reinforcement; 

�y No residue after incineration; �y Request managing of stock for industrial 
application; 

�y No irritation during the manipulation  
of the fibers; 

�y Variation in quality depending on the place  
of growth, weather. 

�y Good thermal and acoustic insulation;  

�y Renewable resource.  

1.3.2 Petrochemical composites 

The polymer market is dominated by commodity plastics with 80% consuming 

materials based on non-recyclable conventional petroleum resources. The 

petrochemical based matrix comprises two large kinds of plastics, thermoplastics 

and thermosets. Because of the low thermal resistance of natural fibers (shown in 

table 5), so the reported polymer matrices are dedicated to polymers with a relatively 

low processing temperature. Polypropylene (PP), polyester (PE), polystyrene (PS) 

and polyvinyl chloride (PVC) are employed in thermoplastic matrices, whereas 

polyester, epoxy resin, phenol formaldehyde and vinyl esters are utilized as 

thermosets. The thermoset matrix is the most widely used for natural fiber 

reinforced composites.  
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1.3.2.1 Thermoplastic 

PE matrix based composites reinforced by natural fibers are investigated by 

many researchers, in lots of aspects, such as the hygrothermal weathering 

properties, isothermal crystallization behavior, single fiber pullout, interfacial 

properties, surface modifications and mechanical properties. To vary the content 

of fibers and to control the bonding between fibers and matrices could improve 

the strength and stiffness.  

The coupling agents added to RHDPE/fiber (pine, bagasse) composites 

could increase or decrease the crystallinity level [51]. The modulus, tensile 

strength and impact strength occurred maxima for the RHDPE/bagasse at 4.5% 

content MAPE, while the RHDPE/pine at 2.4%. Angelo G. Facca [52] predicted 

the stiffness of some commercially important natural fiber composite 

formulations employing available micromechanical models. The Halpin-Tsai 

equation was found to be most accurate to predict the experimental data for 

natural fiber reinforced thermoplastics. Similar investigations (polyethylene 

based composites) were carried out using sisal [53, 54], curaua [55] fibers, and 

LDPE as matrices with coconut [56], technocel, alfa, pine, avicel [57], sisal [58] 

and coir fibers [59]. 

Zampaloni M. [60] focused on the manufacture of sheet form composites 

with chopped kenaf fiber and polypropylene powder through compression 

molding. Kenaf/PP composites showed a higher modulus/cost (140-150 $/kg) and 

a higher specific modulus (55-60 kN�xm/kg) than other natural fibers and E-glass 

fiber. Mohanty A. K. [61] studied the natural fibers reinforced PP composites 

employing powder impregnation processing. And through suitable blend of 

surface treated bast and leaf fibers, the desired properties of the composite 

materials were obtained. And mechanical and thermal properties [62, 63], water 

absorption [64], flame retardant properties [65] interface investigations, fiber and 

matrix modifications [66, 67], compatibilizer [68] were studied by other scientists. 
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1.3.2.2 Thermosets 

Thermosets are characterized by their high modulus, strength, thermal and 

chemical resistances, however, they also present low impact resistance and 

cannot be reformed.  

K. Al -Kaabi and A. Al-Khanbashi [69] found that fiber content and fiber 

surface treatments had effects over the flexural properties and impact strength of 

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

at 9 wt.% and 2 cm that the fiber fraction and fiber length were optimized. Piedad 

Ganan et al. [70] evaluated the mechanical and thermal properties of sisal fiber 

reinforced epoxy matrix composites as a function of modification of sisal fiber 

by mercerization and silane treatment. M.S. Sreekala et al. [71] studied the stress 

relaxation in phenol-formaldehyde composites reinforced with short oil-palm 

empty fruit bunch fibers as a function of fiber loading, fiber treatment, physical 

aging and strain level. 

1.3.3 Bio-composites 

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

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

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

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

�Q�D�W�X�U�D�O�O�\�� �U�H�Q�H�Z�D�E�O�H�� �U�H�V�R�X�U�F�H�V���� �V�X�F�K�� �D�V�� �V�W�D�U�F�K���� �3�R�O�\�O�D�F�W�L�G�H�� �D�F�L�G�� ���3�/�$���� �D�Q�G��

�3�R�O�\�K�\�G�U�R�[�\�E�X�W�\�U�D�W�H�� ���3�+�%������ �%�L�R�S�R�O�\�P�H�U�V�� �D�U�H�� �P�D�L�Q�O�\�� �X�V�H�G�� �L�Q�� �V�K�R�U�W���O�L�I�H��

�D�S�S�O�L�F�D�W�L�R�Q�� �O�L�N�H�� �S�D�F�N�D�J�L�Q�J���� �%�L�R�S�R�O�\�P�H�U�V�� �D�U�H�� �H�Q�W�L�U�H�O�\�� �E�L�R�G�H�J�U�D�G�D�E�O�H�� �D�Q�G�� �P�X�F�K��

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

�F�R�P�S�R�V�L�W�H�V�� 

1.3.4 Nanocomposites 

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

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

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

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

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

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

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

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

�W�K�H���P�D�M�R�U���R�E�V�W�D�F�O�H�V���I�R�U���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���D�Q�G���F�R�P�P�H�U�F�L�D�O�L�]�D�W�L�R�Q���>�����@�� 

1.3.5 All -cellulose composites 

�$�� �Q�H�Z�� �D�O�O���F�H�O�O�X�O�R�V�H�� �F�R�P�S�R�V�L�W�H�� ���$�&�&���� �D�S�S�H�D�U�H�G�� �L�Q�� �U�H�F�H�Q�W�� �\�H�D�U�V���� �F�H�O�O�X�O�R�V�H��

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

�H�[�F�H�S�W�L�R�Q�D�O�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �$�&�&�V�� �R�Y�H�U�� �W�K�R�V�H�� �R�I�� �W�U�D�G�L�W�L�R�Q�D�O�� �E�L�R��

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

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

1.3.6 Mechanical properties of composites 

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

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

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

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

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

�F�H�U�W�D�L�Q���D�S�S�O�L�F�D�W�L�R�Q�����$���W�H�Q�V�L�O�H���W�H�V�W���L�V���W�K�H���U�H�I�O�H�F�W�L�R�Q���R�I���W�K�H���D�Y�H�U�D�J�H���S�U�R�S�H�U�W�\���W�K�U�R�X�J�K��

�W�K�H���W�K�L�F�N�Q�H�V�V�����D�Q�G���L�V���X�Q�L�I�R�U�P���W�K�U�R�X�J�K�R�X�W���W�K�H���F�U�R�V�V���V�H�F�W�L�R�Q�����$���I�O�H�[�X�U�D�O���V�W�U�H�V�V���Y�D�U�L�H�V��

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

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

�U�H�V�L�V�W�� �I�U�D�F�W�X�U�H�� �X�Q�G�H�U�� �V�W�U�H�V�V�� �D�S�S�O�L�H�G�� �D�W�� �D�� �K�L�J�K�� �V�S�H�H�G���>���@���� �&�U�H�H�S�� �E�H�K�D�Y�L�R�U�� �L�V�� �W�K�H��

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

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

�7�K�H�� �J�H�Q�H�U�D�O�O�\�� �I�D�P�R�X�V�� �U�X�O�H���R�I���P�L�[�W�X�U�H�V�� ���5�2�0���� �H�T�X�D�W�L�R�Q�� �F�D�Q�� �S�U�H�G�L�F�W�L�Q�J�� �W�K�H��

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

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

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

 �� �Ö
L ���Ù���Ù
E���à �� �à  ������������ 
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1.4 Manufacturing/Processing  
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�F�R�P�S�R�V�L�W�H���P�R�X�O�G�L�Q�J�����/�&�0���� 

1.4.1 Compression molding 

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

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

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

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

�$�E�G�H�O�P�R�X�O�H�K���0�����>�����@���D�Q�G���K�L�V���F�R�O�O�H�D�J�X�H���P�D�Q�X�I�D�F�W�X�U�H�G���D�����������P�P���W�K�L�F�N���V�K�H�H�W�V��

�E�\�� �F�R�P�S�U�H�V�V�L�R�Q�� �P�R�O�G�L�Q�J�� �D�W�� ���������R�&�� �Z�L�W�K�� �F�H�O�O�X�O�R�V�H�� �U�H�L�Q�I�R�U�F�H�G�� �/�'�3�(�� ���W�K�H�� �O�R�Z��

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

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

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

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

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

�0�3�6�� �D�Q�G�� �0�5�3�6�� �G�L�V�S�O�D�\�H�G�� �E�H�W�W�H�U�� �P�H�F�K�D�Q�L�F�D�O�� �S�H�U�I�R�U�P�D�Q�F�H�V�� �W�K�D�Q�� �I�L�E�H�U�V�� �W�U�H�D�W�H�G��

�Z�L�W�K���+�'�6�����6�H�X�Q�J���+�Z�D�Q���/�H�H���H�W���D�O�����>�����@���F�R�P�S�U�H�V�V�L�R�Q���P�R�O�G�H�G���W�K�H���F�R�P�S�R�V�L�W�H�V���Z�L�W�K��

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

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

�W�U�D�Q�V�L�W�L�R�Q���]�R�Q�H���L�V���O�H�V�V���W�K�D�Q���������P�����%�R���0�D�G�V�H�Q���H�W���D�O�����>�����@���V�W�X�G�L�H�G���W�K�H���S�K�\�V�L�F�D�O���D�Q�G��

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

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

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

�G�X�U�L�Q�J�� ������ �P�L�Q�� �D�Q�G�� �S�U�H�V�V�� �F�R�Q�V�R�O�L�G�D�W�L�R�Q�� �X�Q�G�H�U�� �������� �0�3�D�� �D�Q�G�� ���� �P�L�Q�����$�� �P�R�G�L�I�L�H�G��

�Y�H�U�V�L�R�Q���R�I���W�K�H���³�U�X�O�H���R�I���P�L�[�W�X�U�H�´�����L�Q�F�R�U�S�R�U�D�W�H�G���S�D�U�D�P�H�W�H�U�V���R�I���S�R�U�R�V�L�W�\���F�R�Q�W�H�Q�W���D�Q�G��

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

�F�R�P�S�R�V�L�W�H�V���W�H�Q�V�L�O�H���S�U�R�S�H�U�W�L�H�V�� 
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1.4.2 Factors influencing the process 

�'�X�U�L�Q�J�� �S�U�R�F�H�V�V�L�Q�J���� �W�K�H�� �F�R�P�S�R�V�L�W�H�V�� �T�X�D�O�L�W�\�� �D�Q�G�� �L�W�V�� �I�L�Q�D�O�� �S�U�R�S�H�U�W�L�H�V�� �F�D�Q�� �E�H��

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

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

1.4.2.1 Moisture 

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

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

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

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

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

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

�L�P�S�R�U�W�D�Q�W���V�W�H�S�� 

�$�Q�D���(�V�S�H�U�W���H�W���D�O�����>�����@���K�D�Y�H���L�Q�Y�H�V�W�L�J�D�W�H�G���W�R���U�H�O�D�W�H���N�L�Q�H�W�L�F�V���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V��

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

�D�E�V�R�U�S�W�L�R�Q�� �R�Q�� �Q�D�W�X�U�D�O�� �I�L�E�H�U�V���3�3�� �F�R�P�S�R�V�L�W�H�V�� �I�R�O�O�R�Z�H�G�� �W�K�H�� �N�L�Q�H�W�L�F�V�� �R�I�� �D�� �)�L�F�N�L�D�Q��

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

�W�K�H�� �P�D�W�U�L�[�� �W�\�S�H�� �D�Q�G�� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �E�\�� �P�H�D�Q�V�� �R�I�� �W�K�H�� �$�U�U�K�H�Q�L�X�V�� �O�D�Z���� �:�D�W�H�U��

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

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

�L�Q���W�H�P�S�H�U�D�W�X�U�H�����6�X�K�D�U�D���3�D�Q�W�K�D�S�X�O�D�N�N�D�O���D�Q�G���0�R�K�L�Q�L���6�D�L�Q���>�����@���I�R�X�Q�G���W�K�D�W���W�K�H���I�O�D�Z�V��

�D�Q�G���J�D�S�V���D�W���W�K�H���L�Q�W�H�U�I�D�F�H���R�I���W�K�H���I�L�O�O�H�U���D�Q�G���K�L�J�K���G�H�Q�V�L�W�\���S�R�O�\�H�W�K�\�O�H�Q�H�����+�'�3�(�����D�U�H��

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

�F�R�P�S�R�V�L�W�H�V���Z�L�W�K�R�X�W���F�R�P�S�D�W�L�E�L�O�L�]�H�U���� 

1.4.2.2 Fiber/polymer type and content 

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

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

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

�F�R�P�S�R�V�L�W�H�V�¶���V�W�L�I�I�Q�H�V�V�����+�R�Z�H�Y�H�U�����L�Q�F�U�H�D�V�H�G���I�L�E�H�U���F�R�Q�W�H�Q�W���L�Q�F�U�H�D�V�H�V���W�K�H���F�R�P�S�R�V�L�W�H�V�¶��

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

�S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���I�L�E�H�U�V���F�R�P�S�R�V�L�W�H�V�� 

1.5 Long-term performance 

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

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

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

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

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

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

�1�D�W�X�U�D�O���I�L�E�H�U�V���S�R�O�\�P�H�U���F�R�P�S�R�V�L�W�H�V���H�[�S�R�V�H�G���L�Q���D�Q���R�X�W�G�R�R�U���H�Q�Y�L�U�R�Q�P�H�Q�W���P�D�\��

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

�W�H�P�S�H�U�D�W�X�U�H�����X�O�W�U�D�Y�L�R�O�H�W���U�D�G�L�D�W�L�R�Q�����)�X�U�W�K�H�U�P�R�U�H�����E�L�R�G�H�J�U�D�G�D�W�L�R�Q���F�R�X�O�G���E�H���L�Q�G�X�F�H�G��

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

�F�R�Q�V�L�G�H�U�D�W�L�R�Q���L�Q���W�K�L�V���V�H�F�W�L�R�Q�� 

1.5.1 Humidity  

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

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

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

�7�K�L�V���K�\�G�U�R�S�K�L�O�L�F�L�W�\�� �O�H�D�G�V���W�R���L�Q�F�R�P�S�D�W�L�E�L�O�L�W�\�� �E�H�W�Z�H�H�Q���W�K�H���K�\�G�U�R�S�K�L�O�L�F���I�L�E�H�U�V���D�Q�G��
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Fig. 1-5 Free water and bound water in polymer matrix [12]  

 

Fig. 1-6 Effect of water on fibre �±matrix interface [12] 
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Fig. 1-7 Moisture absorption of the studied natural fibers at 23 oC/ 75% RH [92] 
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�V�H�H�P�H�G�� �W�R�� �R�E�H�\�� �Q�R�Q���)�L�F�N�L�D�Q�� �E�H�K�D�Y�L�R�U�� �F�R�P�S�D�U�H�G�� �W�R�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�����7�K�L�V�� �L�V��

�D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �P�R�L�V�W���� �K�L�J�K�� �W�H�P�S�H�U�D�W�X�U�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �D�Q�G�� �P�L�F�U�R���F�U�D�F�N�V��

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

�W�\�S�L�F�D�O���J�U�D�S�K�V���R�I���)�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q���D�Q�G���Q�R�Q���)�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q�����U�H�V�S�H�F�W�L�Y�H�O�\�� 

 

Fig. 1-8 a) fickian diffusion at room temperature, b) non-fickian diffusion at elevated 
temperature [12] 

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

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

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

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

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

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

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

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

1.5.2 Thermal  

�7�H�P�S�H�U�D�W�X�U�H�� �F�D�Q�� �E�H�� �D�Q�� �L�P�S�R�U�W�D�Q�W�� �I�D�F�W�R�U�� �Z�K�L�F�K�� �P�D�\�� �D�I�I�H�F�W�� �W�K�H�� �P�R�L�V�W�X�U�H��

�D�E�V�R�U�S�W�L�R�Q�� �E�H�K�D�Y�L�R�U�����$�F�F�R�U�G�L�Q�J�� �W�R�� �+���1���� �'�K�D�N�D�O�� �D�Q�G�� �K�L�V�� �F�R���Z�R�U�N�H�U�V���� �W�K�H�� �Z�D�W�H�U��

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

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

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

�X�S�W�D�N�H���V�H�H�P�H�G���W�R���R�E�H�\���Q�R�Q���)�L�F�N�L�D�Q���E�H�K�D�Y�L�R�U���F�R�P�S�D�U�H�G���W�R���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�� 

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

�I�L�E�H�U�V�� �L�V�� �V�K�R�Z�Q�� �L�Q��Fig. 1-9�����7�K�H�U�P�D�O�� �G�H�F�R�P�S�R�V�L�W�L�R�Q�� �S�U�R�F�H�V�V�H�V�� �R�I�� �G�L�I�I�H�U�H�Q�W��

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

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

�Q�D�W�X�U�D�O���I�L�E�H�U�V���G�X�U�L�Q�J���I�L�U�H���L�V���F�O�D�V�V�L�I�L�H�G���L�Q�W�R���W�K�U�H�H���P�D�L�Q���V�W�D�J�H�V���L�Q��Table 1-6�� 

 

Fig. 1-9 Typical thermogravimetric decomposition process of natural fibres [95, 96] 
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Table 1-6 Three main stages of weight loss of natural fibers 

Stage 1 Stage 2 Stage 3 

50�±100 oC: Evaporation of 
  moisture in the fibers 

200�±300 oC: Decomposition 
  of hemicelluloses 

400�±500 oC: Weight loss due to 
lignin 
  and cellulose degradation 

300 oC: Corresponds to the 
  thermal decomposition of 
  hemicellulose and the 
  glycosidic links of cellulose 

360 oC: Corresponds to the 
  thermal decomposition of 
  �.-cellulose 

200�±500 oC, max at 350 oC: Lignin 
  peak is wider and appears 
  superposed on the other two 
peaks 

250�±300 oC: Characteristic of 
  low molecular weight 
  components, such as 
  hemicelluloses 

300�±400 oC: Corresponds to 
  the thermal degradation of 
  cellulose 

Near 420 oC: Due to lignin 
  decomposition  

220�±315 oC: Pyrolysis of 
  hemicelluloses 

315�±400 oC: Pyrolysis of 
  cellulose 

160�±900 oC: Pyrolysis of lignin 

97 oC: Attributed to water loss 325 oC: Attributed to protein 
  degradation 

Major thermal decomposition of 
the composites began at about 260 
oC and beyond 390 oC the rate of 
decomposition was slow 

1.5.3 Ultraviolet  

�8�O�W�U�D�Y�L�R�O�H�W�� ���8�9���� �L�V�� �D�Q�R�W�K�H�U�� �L�P�S�R�U�W�D�Q�W�� �I�D�F�W�R�U�� �Z�K�L�F�K�� �J�U�H�D�W�O�\�� �L�Q�I�O�X�H�Q�F�H�V�� �W�K�H��

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

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

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

�>�����@���� 

�/�L�J�Q�L�Q�� �K�D�V�� �E�H�H�Q���U�H�S�R�U�W�H�G���W�R���E�H�� �W�K�H�� �P�R�V�W���W�K�H�U�P�D�O�O�\�� �V�W�D�E�O�H�� �D�P�R�Q�J���W�K�H�� �P�D�M�R�U��

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

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �F�R�Q�G�L�W�L�R�Q�����,�W�¶�V�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �W�K�H�� �G�H�J�U�D�G�D�W�L�R�Q�� �R�I�� �I�L�E�H�U�V�� �D�Q�G��

�V�H�Q�V�L�W�L�Y�H���W�R���8�9���U�D�G�L�D�W�L�R�Q�����/�L�J�Q�L�Q���K�D�V���D���S�K�H�Q�R�O�L�F���V�W�U�X�F�W�X�U�H�����D�Q�G���D�F�W�V���D�V���W�K�H���E�L�Q�G�H�U��

�E�H�W�Z�H�H�Q���W�K�H���P�L�F�U�R�I�L�E�U�L�O�V���L�Q���W�K�H���F�H�O�O���Z�D�O�O�V���R�I���W�K�H���W�U�D�F�K�H�L�G����Fig. 1-10���V�K�R�Z�V���D���P�R�G�H�O��

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

�8�9�� �O�L�J�K�W�����7�K�H�� �P�H�F�K�D�Q�L�V�P�� �R�I�� �O�L�J�Q�L�Q�� �S�K�R�W�R�G�H�J�U�D�G�D�W�L�R�Q�� �L�V���F�R�P�S�O�L�F�D�W�H�G���� �Z�L�W�K��

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

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

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

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

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

 

Fig. 1-10 Model of the structure of softwood lignin showing two chromophoric groups 
(A and B) [98] 

 

Fig. 1-11 Oxidation reactions initiated by ultraviolet radiation [94]  

�3�R�O�\�P�H�U�V�¶���S�K�R�W�R�G�H�J�U�D�G�D�W�L�R�Q���G�X�U�L�Q�J���L�U�U�D�G�L�D�W�L�R�Q���I�R�U���D���O�R�Q�J���W�L�P�H���G�X�U�D�W�L�R�Q���F�D�Q��
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�E�H�� �D�� �G�H�W�U�L�P�H�Q�W�� �W�R�� �F�R�P�S�R�V�L�W�H�V�¶���V�W�U�X�F�W�X�U�H�V�� �D�Q�G�� �S�U�R�S�H�U�W�L�H�V���� �2�[�L�G�D�W�L�Y�H�� �U�H�D�F�W�L�R�Q�V��

�L�Q�G�X�F�H�G���E�\���X�O�W�U�D�Y�L�R�O�H�W���U�D�G�L�D�W�L�R�Q���D�U�H���V�K�R�Z�Q���L�Q��Fig. 1-11���>�����@�����7�K�H���G�H�J�U�D�G�D�W�L�R�Q���R�I��

�3�3���L�V���D�W�W�U�L�E�X�W�H�G���W�R���S�K�R�W�R�R�[�L�G�D�W�L�R�Q���S�U�R�P�R�W�H�G���E�\���8�9���L�U�U�D�G�L�D�W�L�R�Q�����3�3���P�R�O�H�F�X�O�H�V���D�I�W�H�U��

�H�[�W�H�Q�V�L�Y�H���S�K�R�W�R�G�H�J�U�D�G�D�W�L�R�Q���L�V���V�K�R�Z�Q���L�Q��Fig. 1-12���>�����@�����3�K�R�W�R�G�H�J�U�D�G�D�W�L�R�Q���L�Q�G�X�F�H�V��

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

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

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

 

Fig. 1-12 Schematic representation of PP molecules after extensive photodegradation 
[94] 

�$�V�� �Z�D�V�� �G�L�V�F�X�V�V�H�G���� �O�L�J�Q�L�Q�� �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �W�R�� �E�H�� �P�R�V�W���U�H�V�S�R�Q�V�L�E�O�H���I�R�U�� �8�9��

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

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

1.6 Residual stresses in composites 

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

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

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

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

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

�E�H�W�Z�H�H�Q���W�K�H���I�L�E�H�U�V���D�Q�G���P�D�W�U�L�F�H�V�����E�H�W�Z�H�H�Q���W�K�H���S�O�L�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���R�U�L�H�Q�W�D�W�L�R�Q�V���I�R�U��
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�F�R�P�S�R�V�L�W�H�� �O�D�P�L�Q�D�W�H�V���� �6�L�Q�F�H�� �U�H�V�L�G�X�D�O�� �V�W�U�H�V�V�H�V�� �H�[�L�V�W�� �L�Q�� �D�O�P�R�V�W�� �D�O�O�� �F�R�P�S�R�V�L�W�H��

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

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

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

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

�G�H�V�L�J�Q���D�Q�G���P�R�G�H�O�O�L�Q�J���� 

1.6.1 Formation of residual stress 

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

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

�F�D�W�H�J�R�U�L�]�H�G�� �L�Q�W�R�� �W�K�U�H�H�� �G�L�I�I�H�U�H�Q�W�� �O�H�Y�H�O�V���� �W�K�H�� �P�L�F�U�R�� ���I�L�E�H�U���P�D�W�U�L�[���� �O�H�Y�H�O���� �W�K�H�� �P�D�F�U�R��

���O�D�P�L�Q�D�W�L�R�Q�����O�H�Y�H�O���D�Q�G���W�K�H���J�O�R�E�D�O���O�H�Y�H�O���>�����������������������@�� 

�2�Q�� �W�K�H�� �P�L�F�U�R���P�H�F�K�D�Q�L�F�D�O�� �O�H�Y�H�O���2�Q�� �W�K�H�� �P�L�F�U�R���V�F�D�O�H���� �W�K�H�� �G�L�V�H�T�X�L�O�L�E�U�L�X�P�� �L�Q��

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

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

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

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

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

�V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U�� �V�K�U�L�Q�N�D�J�H�� �R�I�� �W�K�H�� �P�D�W�U�L�[�� �W�K�D�Q�� �W�K�D�W�� �R�I�� �W�K�H�� �I�L�E�H�U���� �D�Q�� �L�P�S�R�U�W�D�Q�W��

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

�D�P�E�L�H�Q�W�� �P�D�W�U�L�F�H�V���>�������� �������@�����8�Q�G�H�U�� �W�K�H�� �K�\�S�R�W�K�H�V�L�V�� �Z�K�L�F�K�� �I�L�E�H�U���P�D�W�U�L�[�� �E�R�Q�G�L�Q�J��

�H�[�L�V�W�V���G�X�U�L�Q�J���F�R�R�O�L�Q�J����Fig. 1-13���V�K�R�Z�V���W�K�H���U�H�V�X�O�W�H�G���U�H�V�L�G�X�D�O���V�W�U�H�V�V���G�L�V�W�U�L�E�X�W�L�R�Q�����$��

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

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

�G�L�U�H�F�W�L�R�Q���I�R�U�P���D�Q�G���G�H�Y�H�O�R�S�� 

�2�Q�� �W�K�H�� �P�D�F�U�R���P�H�F�K�D�Q�L�F�D�O�� �O�H�Y�H�O���2�Q�� �W�K�H�� �P�D�F�U�R�� �R�U�� �O�D�P�L�Q�D�W�L�R�Q�� �O�H�Y�H�O���� �W�K�H��

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

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

�$�V�� �V�K�R�Z�Q���L�Q��Fig. 1-14���� �I�R�U���H�[�D�P�S�O�H���� �L�Q���W�K�H�� �F�U�R�V�V���S�O�\�� �F�R�P�S�R�V�L�W�H�V���� �W�K�H�� �����ƒ���I�L�E�H�U�V��

�L�P�S�R�V�H���D���P�H�F�K�D�Q�L�F�D�O���F�R�Q�V�W�U�D�L�Q�W���R�Q���W�K�H�����ƒ���I�L�E�H�U�V���G�X�U�L�Q�J���F�R�R�O�L�Q�J���D�Q�G���Y�L�F�H���Y�H�U�V�D�� 
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Fig. 1-13 Schematic view of the effect of cooling on the matrix around a fibre. The 
bonded (constrained) case represents the situation after processing [99] 

 

Fig. 1-14 Schematic view of residual stress formation in unbalanced cross-ply laminate 
[99] 

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

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

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

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

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

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

�V�R�O�L�G�L�I�L�H�G����Fig. 1-15���V�K�R�Z���W�K�H���U�H�V�X�O�W���R�I���W�K�L�V���S�U�R�F�H�V�V�� 
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Fig. 1-15 Laminate skin-core residual stress distribution (grey area) [99] 

1.6.2 Determination of residual stress 

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

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

�F�R�Q�V�L�G�H�U�D�W�L�R�Q���L�Q���G�X�U�L�Q�J���G�H�V�L�J�Q���D�Q�G���S�U�R�G�X�F�L�Q�J����Table 1-7���U�H�Y�L�H�Z�V���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O��

�W�H�F�K�Q�L�T�X�H�V���X�V�H�G���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V���>���������������@�� 

�7�K�H�V�H���W�H�F�K�Q�L�T�X�H�V���D�U�H���G�L�Y�L�G�H�G���L�Q�W�R���W�Z�R���F�D�W�H�J�R�U�L�H�V�����G�H�V�W�U�X�F�W�L�Y�H���W�H�F�K�Q�L�T�X�H�V���D�Q�G��

�Q�R�Q���G�H�V�W�U�X�F�W�L�Y�H�� �W�H�F�K�Q�L�T�X�H�V�����' �H�V�W�U�X�F�W�L�Y�H�� �P�H�W�K�R�G�V�� �G�H�S�H�Q�G�� �R�Q�� �U�H�O�H�D�V�L�Q�J�� �L�Q�W�H�U�Q�D�O��

�V�W�U�H�V�V�H�V���E�\���U�H�P�R�Y�L�Q�J���P�D�W�H�U�L�D�O�����5�H�O�H�D�V�L�Q�J���W�K�H�V�H���V�W�U�H�V�V�H�V���F�D�X�V�H�V���G�H�I�R�U�P�D�W�L�R�Q�V���L�Q���W�K�H��

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

�W�K�L�V���U�H�P�R�Y�D�O���V�W�H�S�����2�U���R�W�K�H�U�Z�L�V�H�����W�K�H���Q�R�Q���G�H�V�W�U�X�F�W�L�Y�H���W�H�F�K�Q�L�T�X�H�V���D�Y�R�L�G���D�Q�\���P�D�W�H�U�L�D�O��

�U�H�P�R�Y�D�O���D�Q�G���V�R�P�H���P�X�V�W���X�V�H���V�R�P�H���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���D���U�H�I�H�U�H�Q�F�H���R�I���³�V�W�U�H�V�V���I�U�H�H� �́��V�W�D�W�H����

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

�H�Y�D�O�X�D�W�L�R�Q���R�I���W�K�H���U�H�V�L�G�X�D�O���V�W�U�H�V�V�� 

1.6.3 Influence of residual stress 

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

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

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

�������@�� 

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

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

�x �'�H�E�R�Q�G�L�Q�J���R�I���I�L�E�H�U���P�D�W�U�L�[���L�Q�W�H�U�S�K�D�V�H���P�D�\���D�S�S�H�D�U�� 

�x �7�K�H�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�U�P�R�S�O�D�V�W�L�F�� �F�R�P�S�R�V�L�W�H�� �O�D�P�L�Q�D�W�H�V�� �P�D�\�� �E�H��

�G�H�F�U�H�D�V�H�G���E�\���W�K�H�U�P�D�O���U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V�� 

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

�F�U�D�F�N�L�Q�J�� 

�x �' �L�P�H�Q�V�L�R�Q�D�O���L�Q�V�W�D�E�L�O�L�W�\���R�U���³�V�S�U�L�Q�J���L�Q� �́� 

Table 1-7 Overview of experimental techniques for residual stresses determination, 
percent accuracy estimates are for measurements of large stresses (~50% of yield 
stress), percentage numbers will be greater when measuring small stresses [107] 

Methods Precision Depth 
penetration Advantages Limitations 

Splitting 20-50% Specimen 
thickness 

Routine comparative 
quality control 

Non-uniform and untypical 
stresses 

Layer removal 10-30% Specimen 
thickness 

Flat plates and cylinders of 
uniform thickness 

Time consuming procedure 
subject to measurement 
drift 

Hole drilling 5-30% Up to 2mm 
typically 

Near surface 
measurements of in-plane 
uniform stresses 

Stresses often are not 
uniform, max=70% of yield 

Deep hole 5-15% Specimen 
thickness Large components 

Now done only by 
specialists and 
compromised by plasticity 

Slitting 5-20% Specimen 
thickness 

1-D perpendicular stress in 
prismatic shaped 
specimens 

Stresses that are non-
uniform across width 

XRD ~20MPa <0.03mm 
Near surface 
measurements on 
crystalline materials 

Variations in grain structure 
and surface texture 

Synchrotron 
diffraction ~50 MPa >5mm Deeper non-destructive 

measurements than X-ray 

Requires synchrotron 
radiation source and 0 
stress reference 

Ultrasonic >25 MPa 1-20mm Low cost comparative Requires material-specific 
calibration 

Photoelastic 10-30% Specimen 
thickness 

Full-field measurements in 
transparent materials 

Transparent materials, not 
quantitative 

Indentation Qualitative <1mm Comparative 
measurements Results are not quantitative 
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1.7 Conclusion 

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

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

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

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

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

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

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

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

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

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

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

�$�O�W�K�R�X�J�K�� �W�K�H�� �V�K�R�U�W�� �Q�D�W�X�U�D�O���I�L�E�H�U�� ���I�U�R�P�� �V�H�Y�H�U�D�O�� �P�L�F�U�R�P�H�W�H�U�V�� �W�R�� �G�R�]�H�Q�V�� �R�I��

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

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

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

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

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

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

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

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

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

�S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V�����6�H�Y�H�U�D�O���G�H�V�W�U�X�F�W�L�Y�H���D�Q�G���Q�R�Q���G�H�V�W�U�X�F�W�L�Y�H���P�H�W�K�R�G�V���D�U�H��

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

�,�Q���W�K�L�V���F�K�D�S�W�H�U�����W�K�H���I�L�U�V�W���R�E�M�H�F�W�L�Y�H���L�V���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H���K�H�P�S��

�I�L�E�H�U�V�� �D�Q�G�� �S�R�O�\�S�U�R�S�\�O�H�Q�H���� �6�H�F�R�Q�G�O�\���� �W�K�H�� �K�H�P�S�� �I�L�E�H�U�� �U�H�L�Q�I�R�U�F�H�G�� �F�R�P�S�R�V�L�W�H�V�� �D�U�H��

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

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

�'�X�H�� �W�R�� �W�K�H�L�U�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �I�U�L�H�Q�G�O�L�Q�H�V�V���� �W�K�H�� �Q�D�W�X�U�D�O�� �I�L�E�H�U�V�� �K�D�Y�H�� �E�H�H�Q�� �J�H�W�W�L�Q�J��

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

�'�L�I�I�H�U�H�Q�W���I�L�E�H�U�V���K�D�Y�H���E�H�H�Q���V�W�X�G�L�H�G���L�Q���W�K�H���U�D�Q�J�H�����������—�P���±�����F�P���L�Q���O�H�Q�J�W�K���������—�P���±����������

�—�P���L�Q���G�L�D�P�H�W�H�U���>�������������������������������������������������������������@�����$�Q�G���W�K�H�U�P�R�S�O�D�V�W�L�F���F�R�P�S�R�V�L�W�H�V���K�D�Y�H��

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

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

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

�S�U�R�S�H�U�W�L�H�V���R�I���I�L�Q�D�O���V�D�P�S�O�H�V�� 

�$���Z�R�Y�H�Q���K�H�P�S���I�D�E�U�L�F���Z�D�V���I�L�U�V�W�O�\���F�K�D�U�D�F�W�H�U�L�]�H�G���W�K�U�R�X�J�K���W�H�Q�V�L�O�H���W�H�V�W�V���D�Q�G���6�(�0��

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

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

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

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

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

2.2 Materials and Methods 

2.2.1 Materials 

�7�K�H�� �K�H�P�S�� �I�L�E�H�U�� �I�D�E�U�L�F�����³�%�5�,�6�2�1�� �Q�D�W�X�U�H�O�´�����Z�D�V�� �V�X�S�S�O�L�H�G�� �E�\�� �(�Q�W�H�U�S�U�L�V�H��

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

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

�W�K�L�V���N�L�Q�G���R�I���K�H�P�S���D�V���I�R�O�O�R�Z�V�� 

 



Chapter 2. Elaboration and Performance of the Reinforced Composites 

40 
 

Table 2-1 Information on hemp fiber fabric  
Composition 100% Hemp 

Weight 290 g/m2 

Width 148 cm ± 3% 

Origin Culture and Fabrication Europe 

Chain/Tram 10/1 

�7�K�H���S�R�O�\�S�U�R�S�\�O�H�Q�H���Z�D�V���S�U�R�Y�L�G�H�G���E�\���'�2�:�����)�5�$�1�&�(�����7�K�H���E�D�V�L�F���S�U�R�S�H�U�W�L�H�V���R�I��

�S�R�O�\�S�U�R�S�\�O�H�Q�H���D�U�H���V�K�R�Z�Q���L�Q��Table 2-2�� 

Fig. 2-1���V�K�R�Z�V���W�K�H���U�H�F�H�L�Y�H�G���V�W�D�W�H���R�I���K�H�P�S���I�L�E�H�U���I�D�E�U�L�F���D�Q�G���S�R�O�\�S�U�R�S�\�O�H�Q�H�� 

Table 2-2 Basic properties of polypropylene 

Density (g/cm3) 0.91 

Melt Flow Rate (230 oC/2.16kg) 3.2 

Thickness (mm) 0.8 

Width (mm) 1000 

 

Fig. 2-1 The received state of received (a) (b) hemp fabric and (c) polypropylene 



Chapter 2. Elaboration and Performance of the Reinforced Composites 

41 
 

2.2.2 Characterization methods 

2.2.2.1 Numerical microscopy 

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

�.�(�<�(�1�&�(���9�+�;���6���������D�V�V�H�P�E�O�H�G���Z�L�W�K���D�Q���R�E�M�H�F�W�L�Y�H�����P�D�J�Q�L�I�L�F�D�W�L�R�Q���������î�a���������î������

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

�W�K�H���I�L�E�H�U�V���Z�H�U�H���S�X�O�O�H�G���W�L�J�K�W�O�\���� 

2.2.2.2 Scanning electron microscopy (SEM) 

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

�6�(�0�����7�K�H���K�H�P�S���I�L�E�H�U�V���Z�H�U�H���V�W�X�F�N���W�R���D���S�D�S�H�U�����D�Q�G���F�R�D�W�H�G���Z�L�W�K���F�D�U�E�R�Q���Z�L�W�K���D���6�(�0��

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

�R�E�V�H�U�Y�H�G���X�V�L�Q�J���D���+�,�7�$�&�+�,���6�������������1���R�U���D���+�,�7�$�&�+�,���6�8�������������P�L�F�U�R�V�F�R�S�H�� 

2.2.2.3 Fourier transform infrared spectroscopy (FTIR) 

�$���3�H�U�N�L�Q���(�O�P�H�U���V�\�V�W�H�P�� ���������� �)�7�,�5���6�S�H�F�W�U�R�P�H�W�H�U���7�Z�R���Z�D�V�� �X�V�H�G�� �Z�L�W�K�� �D�Q��

�8�Q�L�Y�H�U�V�D�O���$�W�W�H�Q�X�D�W�H�G���7�R�W�D�O���5�H�I�O�H�F�W�D�Q�F�H���$�F�F�H�V�V�R�U�\�����8�$�7�5�����W�R���J�D�W�K�H�U���W�K�H���,�5���V�S�H�F�W�U�D��

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

2.2.2.4 Differential scanning calorimetry (DSC) 

�'�L�I�I�H�U�H�Q�W�L�D�O���V�F�D�Q�Q�L�Q�J���F�D�O�R�U�L�P�H�W�U�\�����'�6�&�����������(�9�2���D�Q�D�O�\�]�H�U�����Z�D�V���X�V�H�G���I�R�U���W�K�H��

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

�K�H�U�P�H�W�L�F�� ������ �P�J�� �D�O�X�P�L�Q�X�P�� �F�U�X�F�L�E�O�H�V�����'�X�U�L�Q�J�� �D�Q�D�O�\�V�L�V���� �D�S�S�U�R�[�L�P�D�W�H�� ������ �P�J�� �R�I��

�V�D�P�S�O�H�V���Z�H�U�H���K�H�D�W�H�G���I�R�U�P���5�R�R�P���7�H�P�S�H�U�D�W�X�U�H���W�R���D�E�R�X�W�����������R�&���D�W���D���K�H�D�W�L�Q�J���U�D�W�H���R�I��

�������R�&���P�L�Q���D�Q�G���W�K�H�Q���F�R�R�O�H�G���G�R�Z�Q�� 

2.3 Characterization of hemp fiber 

�,�W���Z�D�V���Q�H�F�H�V�V�D�U�\���W�R���U�H�F�R�J�Q�L�]�H���W�K�H���S�U�R�S�H�U�W�L�H�V���D�Q�G���W�K�H���S�H�U�I�R�U�P�D�Q�F�H�V���R�I���W�K�H���D�V��

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

�I�D�E�U�L�F�� 

2.3.1 Tensile tests 

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

�U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����7�K�H���W�H�Q�V�L�O�H���W�H�V�W���Z�D�V���E�D�V�H�G���R�Q���W�K�H���V�W�D�Q�G�D�U�G���W�H�V�W���P�H�W�K�R�G���$�6�7�0���'��

�����������'�� ���������0���±�����������$�6�7�0�B�,�Q�W�H�U�Q�D�W�L�R�Q�D�O�� �������������� �7�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �F�X�W�� �L�Q�W�R��

�U�H�F�W�D�Q�J�X�O�D�U�� �V�W�U�L�S�V���� �D�V�� �V�K�R�Z�Q�� �L�Q��Fig. 2-2���� �7�H�Q�V�L�O�H�� �W�H�V�W�V�� �Z�H�U�H�� �H�P�S�O�R�\�H�G�� �L�Q�� �W�K�H�� �W�Z�R��

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

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

 

Fig. 2-2 Dimensions and shape of the test samples 

�0�D�W�H�U�L�D�O�V�����K�H�P�S���I�L�E�H�U���I�D�E�U�L�F�V�� 

�'�L�P�H�Q�V�L�R�Q�V�������������P�P���î���������P�P���î�����������P�P�� 

�6�S�H�H�G���R�I���W�H�V�W�L�Q�J���������P�P���P�L�Q�� 

�7�H�P�S�H�U�D�W�X�U�H�����5�R�R�P���7�H�P�S�H�U�D�W�X�U�H�� 

�(�[�W�H�Q�V�R�P�H�W�H�U�����D�Q���L�Q�L�W�L�D�O���R�S�H�Q�L�Q�J���O�H�Q�J�W�K���R�I�������������P�P�� 

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

�J�O�X�H�� 
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Fig. 2-3���V�K�R�Z�V���W�K�H���W�\�S�L�F�D�O���I�R�U�F�H���G�L�V�S�O�D�F�H�P�H�Q�W���F�X�U�Y�H���R�I���W�K�H���K�H�P�S���I�D�E�U�L�F���V�D�P�S�O�H�V����

�)�U�R�P���W�K�L�V���I�L�J�X�U�H�����W�K�U�H�H���P�D�L�Q���S�D�U�W�V���Z�H�U�H���P�D�U�N�H�G�����2�$�����$�%�����%�&�����$�W���2�$���V�W�D�J�H�����W�K�H���V�O�R�S�H��

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

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

�H�[�W�U�H�P�X�P�����$�I�W�H�U���%�����W�K�H���I�R�U�F�H���I�H�O�O���D�W���D���K�L�J�K���V�S�H�H�G�����X�Q�W�L�O���&�����Z�K�L�F�K���P�H�D�Q�W���W�R���E�H���I�U�D�F�W�X�U�H��

�R�I���W�K�H���V�D�P�S�O�H�V�� 

 

Fig. 2-3 The typical curve of the hemp fabric samples 

2.3.2 Measurement of the cross-section  

�7�K�H���K�H�P�S���I�L�E�H�U���I�D�E�U�L�F�V���Z�H�U�H���Z�R�Y�H�Q���Z�L�W�K���K�H�P�S���I�L�E�H�U���\�D�U�Q�V�����D�V���V�K�R�Z�Q���L�Q��Fig. 

2-4�����D�Q�G���W�K�H�U�H���Z�H�U�H���J�D�S�V���E�H�W�Z�H�H�Q���W�K�H���\�D�U�Q�V�����6�R���W�K�H���U�H�D�O���I�R�U�F�H���E�H�D�U�L�Q�J���V�H�F�W�L�R�Q���V�K�R�X�O�G��
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Fig. 2-4 Gaps between hemp yarns 

 

Fig. 2-5 Measurement of the width of the force-bearing hemp 
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Fig. 2-6 Widths measured by numerical microscope and Vernier Caliper 

2.3.3 Tensile properties 
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Fig. 2-7 Verification of the relationship coefficient between numerical microscope and 
Vernier Caliper  
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Fig. 2-8 Mechanical properties of hemp fabric, a) Tensile St�U�H�Q�J�W�K�����E�����<�R�X�Q�J�¶�V��
Modulus; c) Fracture Strain. 

2.3.4 SEM observation 
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Fig. 2-9�� 

 

Fig. 2-9 SEM micrographs of the hemp fibers. a) and b) hemp fiber untested; c), d), e) 
and f) hemp fibers tested. 

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

�W�Z�L�V�W�H�G���W�R�J�H�W�K�H�U�����)�U�R�P��Fig. 2-9���D�����D�Q�G���E�������W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���X�Q�W�H�V�W�H�G���I�L�E�H�U���L�V���F�R�Y�H�U�H�G��

�D���O�D�\�H�U���R�I���U�R�X�J�K���V�X�E�V�W�D�Q�F�H�V�����6�P�D�O�O���E�U�D�Q�F�K�H�V���Z�H�U�H���I�R�X�Q�G���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���I�L�E�H�U�V����

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



Chapter 2. Elaboration and Performance of the Reinforced Composites 

49 
 

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

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

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

�W�H�V�W�H�G�� �I�L�E�H�U�V�� �Z�D�V�� �O�H�V�V�� �U�R�X�J�K�� �W�K�D�Q�� �W�K�H�� �X�Q�W�H�V�W�H�G�� �I�L�E�H�U�V���� �)�U�R�P��Fig. 2-9���H���� �D�Q�G�� �I������ �D��

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

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

�O�L�J�Q�L�Q�� 

2.3.5 Spiral angle 

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

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

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

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

��Fig. 2-10�������:�H���W�K�R�X�J�K�W���W�K�D�W���L�W���P�D�\���K�D�Y�H���D�Q���L�Q�I�O�X�H�Q�F�H���R�Q���W�K�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V��

�R�I���W�K�H���K�H�P�S���I�L�E�H�U�V�����6�R���W�K�H���D�O�W�H�U�D�W�L�R�Q���R�I���W�K�H���V�S�L�U�D�O���D�Q�J�O�H���Z�D�V���P�H�D�V�X�U�H�G���D�Q�G���D�Q�D�O�\�]�H�G�� 

 

Fig. 2-10 The spiral angle presents in the hemp yarns 

�$�V���W�K�H���Z�L�G�W�K���R�U���G�L�D�P�H�W�H�U���R�I���W�K�H���K�H�P�S���\�D�U�Q�V���Z�D�V���G�L�I�I�H�U�H�Q�W���I�U�R�P���H�D�F�K���R�W�K�H�U���L�Q��

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

�7�K�H���V�S�L�U�D�O���D�Q�J�O�H���R�I���W�K�H���K�H�P�S���\�D�U�Q�V���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���W�H�Q�V�L�O�H���W�H�V�W�V���Z�D�V���P�H�D�V�X�U�H�G���L�Q��
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�E�R�W�K���O�R�Q�J�L�W�X�G�L�Q�D�O���D�Q�G���W�U�D�Q�V�Y�H�U�V�D�O���G�L�U�H�F�W�L�R�Q�V�����,�Q��Fig. 2-11�����W�K�H���P�H�D�V�X�U�L�Q�J���P�H�W�K�R�G��

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

 

Fig. 2-11 Measurement of the spiral angle, a) Longitudinal direction; b) Transversal 
direction. 

 

Fig. 2-12 Spiral angle alteration 

�)�U�R�P��Fig. 2-12���� �W�K�H�� �D�O�W�H�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �V�S�L�U�D�O�� �D�Q�J�O�H�� �L�Q�� �E�R�W�K�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �D�Q�G��

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

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

�����������ƒ�����Z�K�L�O�H���W�K�D�W���R�I���W�K�H���O�R�Q�J�L�W�X�G�L�Q�D�O���G�L�U�H�F�W�L�R�Q���Z�D�V���������������O�R�Z�H�U�����������������ƒ���“�������������ƒ�� 

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

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

a) b) 



Chapter 2. Elaboration and Performance of the Reinforced Composites 

51 
 

�����������L�Q���O�R�Q�J�L�W�X�G�L�Q�D�O���D�Q�G���W�U�D�Q�V�Y�H�U�V�D�O���G�L�U�H�F�W�L�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\���� 

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

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

�D�O�V�R���V�W�D�W�H�G���L�Q���/�L�W�H�U�D�W�X�U�H���>�����@����Fig. 2-13�����*�H�Q�H�U�D�O�O�\�����W�K�H���U�H�L�Q�I�R�U�F�H�P�H�Q�W���S�H�U�F�H�Q�W�D�J�H��

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

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

�U�H�V�S�H�F�W�L�Y�H�O�\�� 

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

�G�L�V�F�X�V�V�H�G�����7�K�H���J�O�R�E�D�O���G�H�I�R�U�P�D�W�L�R�Q����Fig. 2-14�����L�V�� 
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�Å�,
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�)�R�U���D���G�H�I�R�U�P�D�W�L�R�Q���R�I�������������“���������������W�K�H���G�H�U�L�Y�H�G���D�Q�J�O�H���.���L�V�����������ƒ���“�����������ƒ�����7�K�L�V��

�P�L�F�U�R�I�L�E�U�L�O���D�Q�J�O�H���F�R�U�U�H�V�S�R�Q�G�V���Z�L�W�K���W�K�D�W���R�I���W�K�H���I�O�D�[�����6�R���I�R�U���W�K�H���K�H�P�S���I�L�E�H�U���Z�L�W�K���D��

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

 

Fig. 2-13 Basic diagram of the structure of a plant fiber [50] 
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Fig. 2-14 Simple representation of the reorientation of the microfibrils [122] 

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

�Z�L�W�K���W�K�H���V�S�L�U�D�O���D�Q�J�O�H���R�I���W�K�H���K�H�P�S���\�D�U�Q�V�����D�V���V�K�R�Z�Q���L�Q��Fig. 2-15�����$�V�V�L�J�Q���/�����W�R���E�H���W�K�H��

�L�Q�L�W�L�D�O���O�H�Q�J�W�K���R�I���W�K�H���V�D�P�S�O�H�V���Z�L�W�K���D���I�L�E�H�U���R�U�L�H�Q�W�D�W�L�R�Q���R�I���D�Q���L�Q�L�W�L�D�O���D�Q�J�O�H���.�������D�Q�G���P�D�N�H��

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

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

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

�O�H�Q�J�W�K���R�I���R�Q�H���K�H�P�S���\�D�U�Q���Z�L�W�K�R�X�W���D�Q�J�O�H���/�� 
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�7�K�H���W�U�D�Q�V�Y�H�U�V�D�O���U�H�R�U�L�H�Q�W�D�W�L�R�Q���0�7�5��� ���������� �� 

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

�F�R�U�U�H�V�S�R�Q�G���Z�L�W�K���W�K�H���I�U�D�F�W�X�U�H���V�W�U�D�L�Q���G�L�I�I�H�U�H�Q�F�H���������������� �6�R�� �W�K�H�� �P�D�L�Q���U�H�D�V�R�Q���R�I�� �W�K�H��

�I�U�D�F�W�X�U�H���V�W�U�D�L�Q���G�L�I�I�H�U�H�Q�F�H���L�V���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���G�L�I�I�H�U�H�Q�W���V�S�L�U�D�O���D�Q�J�O�H���R�I���W�K�H���K�H�P�S���\�D�U�Q�V�� 
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Fig. 2-15 Basic diagram of the reorientation of the hemp yarns 

2.4 Manufacture of reinforced composites 

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

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

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

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

�D�U�H���S�U�H�V�H�Q�W�H�G���L�Q��Fig. 2-16�����$�V���F�D�Q���E�H���V�H�H�Q�����D�O�O���R�I���W�K�H���W�K�U�H�H���F�R�P�S�R�V�L�W�H�V���F�D�Q���I�R�U�P���D��

�F�R�P�S�O�H�W�H�� �V�K�H�H�W���� �E�X�W�� �F�R�P�S�R�V�L�W�H�V�� �P�D�G�H�� �I�U�R�P�� �K�H�P�S�� �I�L�E�H�U���� �3�3�� �J�U�D�Q�X�O�H�V�� ���R�U�� �V�W�U�L�S�V����

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

�I�L�E�H�U�V���D�U�H���H�[�S�R�V�H�G�����:�K�H�U�H�D�V���W�K�H���F�R�P�S�R�V�L�W�H�V���P�D�G�H���I�U�R�P���3�3���V�K�H�H�W�V���D�Q�G���K�H�P�S���I�L�E�H�U�V��

�S�U�H�V�H�Q�W���D���E�H�W�W�H�U���I�R�U�P�D�E�L�O�L�W�\�� 

 

Fig. 2-16 Composites manufactured with different PP forms. a) PP granules, b) PP 
strips, c) PP sheets. 
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2.4.2 Choice of the fiber and polymer 

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

�F�R�P�S�O�H�W�H�Q�H�V�V���R�I���W�K�H���I�L�Q�D�O���F�R�P�S�R�V�L�W�H�V�����3�U�H�I�D�E�U�L�F�D�W�H�G���3�3���I�L�O�P�V���F�R�X�O�G���I�D�F�L�O�L�W�D�W�H���W�K�H��

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

�R�I���W�K�L�V���W�K�H�V�L�V�� 

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

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

���P�� �L�Q�� �G�L�D�P�H�W�H�U���>���������� �������@���� �D�Q�G�� �K�H�P�S�� �I�L�E�H�U�V�� �D�U�H�� �W�Z�L�V�W�H�G�� �W�R�J�H�W�K�H�U�� �W�R�� �P�D�N�H�� �X�S�� �D��

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

2.4.3 Manufacturing  process 

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

(1) �3�U�H�K�H�D�W���W�K�H���K�H�P�S���I�L�E�H�U�V���W�R���H�O�L�P�L�Q�D�W�H���W�K�H���P�R�L�V�W�X�U�H���F�R�Q�W�D�L�Q�L�Q�J���L�Q���W�K�H���I�L�E�H�U�V����

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

(2) �$�V�V�H�P�E�O�\���R�I���W�K�H���P�R�O�G�V���D�Q�G���W�K�H���U�D�Z���P�D�W�H�U�L�D�O�V�����Z�K�H�U�H���W�K�H���K�H�P�S���I�L�E�H�U�V���D�Q�G��

�W�K�H���3�3���I�L�O�P�V���Z�H�U�H���O�D�L�G���X�S���Z�L�W�K���D���S�U�H�V�F�U�L�E�H�G���S�U�R�S�R�U�W�L�R�Q�� 

(3) �&�R�Q�W�L�Q�X�R�X�V�O�\���K�H�D�W���W�K�H���P�R�O�G�V���L�Q���D�Q���R�Y�H�Q���Y�L�D���D���S�U�H���S�U�R�J�U�D�P�P�H�G���Z�D�\�� 

(4) �5�H�D�O�L�]�H���W�K�H���F�R�P�S�U�H�V�V�L�R�Q���P�R�O�G�L�Q�J���S�U�R�F�H�V�V�� 

(5) �&�R�R�O���G�R�Z�Q���W�K�H���P�R�O�G�V���D�Q�G���G�H�P�R�O�G�� 

2.4.3.1 Hemp preparation 

�$�V���W�K�H���S�O�D�Q�W���I�L�E�H�U�V���F�R�Q�W�D�L�Q���K�\�G�U�R�S�K�L�O�L�F���K�\�G�U�R�[�\�O���J�U�R�X�S�V���D�Q�G���S�R�O�D�U���J�U�R�X�S�V�����W�K�H��

�S�O�D�Q�W�� �I�L�E�H�U�V�� �Z�R�X�O�G�� �D�E�V�R�U�E�� �P�R�L�V�W�X�U�H�� �L�Q�� �W�K�H�� �Q�R�U�P�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �6�R�� �L�W�� �L�V�� �R�I��

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

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

�$�Q�G���D���6�D�U�W�R�U�L�X�V���0�$���������0�R�L�V�W�X�U�H���$�Q�D�O�\�]�H�U���Z�D�V���X�V�H�G���W�R���D�Q�D�O�\�]�H���W�K�H���P�R�L�V�W�X�U�H���O�R�V�V����
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�$���Z�H�L�J�K�W���L�Q�G�H�[���Z�D�V���F�D�O�F�X�O�D�W�H�G���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���P�R�L�V�W�X�U�H���F�R�Q�W�H�Q�W���L�Q���W�K�H���K�H�P�S��

�I�L�E�H�U�V�� 

 ���‡�‹�‰�Š�–�����•�†�‡�š
L �� �5 �� �4�¤  ������������ 

�Z�K�H�U�H���0�����L�V���W�K�H���Z�H�L�J�K�W���E�H�I�R�U�H���K�H�D�W�L�Q�J�����D�Q�G���0�����L�V���W�K�H���I�L�E�H�U���Z�H�L�J�K�W���D�I�W�H�U���D���F�H�U�W�D�L�Q��

�K�H�D�W�L�Q�J���W�L�P�H����Fig. 2-17���V�K�R�Z�V���W�K�H���Z�H�L�J�K�W���L�Q�G�H�[���R�I���G�L�I�I�H�U�H�Q�W���W�H�P�S�H�U�D�W�X�U�H�V�� 

�$�V���S�U�H�V�H�Q�W�H�G���L�Q��Fig. 2-17�����K�H�P�S���I�L�E�H�U�V���K�D�Y�H���W�K�H���V�D�P�H���P�R�L�V�W�X�U�H���F�R�Q�W�H�Q�W���U�D�W�L�R�V��

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

�F�H�U�W�D�L�Q���W�L�P�H�����6�R���W�K�H���I�L�U�V�W���V�W�H�S���Z�D�V���W�R���S�U�H�S�D�U�H���W�K�H���K�H�P�S���I�L�E�H�U�V���E�\���K�H�D�W�L�Q�J���W�K�H�P���I�R�U��

�������P�L�Q�X�W�H�V���L�Q���D�Q���R�Y�H�Q���D�W�����������ƒ�� 

 

Fig. 2-17 Weight change of hemp when heated at a temperature 

2.4.3.2 Materials lay-up 

�,�Q���W�K�L�V���V�W�X�G�\���� �Z�H���X�W�L�O�L�]�H�G���W�K�H���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���9�I���H�[�S�U�H�V�V�H�G���L�Q������ �R�W�K�H�U���W�K�D�Q��

�W�K�H���P�D�V�V���I�U�D�F�W�L�R�Q���:�I�����7�K�H���U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���9�I���D�Q�G���:�I���L�V���H�[�S�U�H�V�V�H�G���D�V���I�R�O�O�R�Z�L�Q�J�� 

 ���d
L
�Q�\���¡�\

�Q�\���¡�\�>�Q�c ���¡�c
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 �� �d
L
�Z�\�Û�¡�\

�Z�\�Û�¡�\�>�Z�c �Û�¡�c
 �������������� 

�0 �P���0 �I��� �� ������ �Z�K�H�U�H�� �0�P���D�Q�G�� �0�I���D�U�H�� �W�K�H�� �P�D�V�V�� �I�U�D�F�W�L�R�Q�� �R�I�� �P�D�W�U�L�[�� �D�Q�G�� �I�L�E�H�U����

�U�H�V�S�H�F�W�L�Y�H�O�\�� 

�9�P���9�I��� �� ������ �Z�K�H�U�H�� �9�P���D�Q�G�� �0�I���D�U�H�� �W�K�H�� �Y�R�O�X�P�H�� �I�U�D�F�W�L�R�Q�� �R�I�� �P�D�W�U�L�[�� �D�Q�G�� �I�L�E�H�U����

�U�H�V�S�H�F�W�L�Y�H�O�\�� 

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

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

�V�T�X�D�U�H�V�����7�K�H�� �G�L�P�H�Q�V�L�R�Q�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �W�K�H�� �P�R�O�G�V���� �D�V�� �V�K�R�Z�Q�� �L�Q��Fig. 2-18����

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

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

�W�K�H���O�D�P�L�Q�D�W�H���Z�D�V���S�O�D�F�H�G���L�Q�W�R���W�K�H���P�R�O�G�V�� 

 

Fig. 2-18 The diagram of the moulds 
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2.4.3.3 Compression molding process 

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

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

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

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

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

1. �7�K�H���O�D�P�L�Q�D�W�H�V���Z�H�U�H���K�H�D�W�H�G���X�S���W�R���;���ƒ�&���L�Q���������P�L�Q�X�W�H�V�����S�U�H�V�H�U�Y�H���W�K�H���W�H�P�S�H�U�D�W�X�U�H��

�;���ƒ�&���L�Q�����������P�L�Q�X�W�H�V�� 

2. �&�R�P�S�U�H�V�V�L�R�Q���P�R�O�G���X�Q�G�H�U���<���0�3�D���G�X�U�L�Q�J���=���P�L�Q�X�W�H�V�� 

3. �&�R�R�O���G�R�Z�Q���D�Q�G���G�H�P�R�X�O�G���D�I�W�H�U���D���F�H�U�W�D�L�Q���W�L�P�H�� 

2.5 Properties of reinforced composites 

The mechanical properties of hemp reinforced polypropylene composites were 

characterized through different methods. The mechanical properties show an 

attraction to us. The influence of different parameters on the mechanical properties 

was discussed in this section. 

2.5.1 Influence of temperature 

Firstly, the influence of temperature on the performances of the composites 

was discussed. The formula discussed in section 2.4.3.3 was specified as X=160, 

170, 180, 190, 200 oC; Y=0.4 MPa; Z=10. The samples were cooled down at ambient 

temperature. The mass fraction of hemp in composites Vm=28.76%, and the 

calculated volume fraction Vf=19.70%. 

2.5.1.1 Tensile properties 

After the compression molding, a tensile test was accomplished. An 

extensometer of 12.5 mm initial opening length was mounted at the center of 
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composites samples. For each kind of composites, five samples were tested. Fig. 

2-19 shows the mechanical properties of hemp reinforced polypropylene 

composites.  

We can see that in Fig. 2-19 a), the tensile properties of the composites were 

higher than the pure polypropylene samples, and much lower than that of hemp 

fibers. As the temperature increased, the tensile strength of the composites tended 

to decrease. The tensile strength decreased from 43.34 MPa to 35.00 MPa, except 

at 190 oC where there was a rise. The Young�¶s modulus of the composites was 

slightly enhanced from 1.70 GPa to 1.88 GPa as the temperature increased from 160 
oC to 190 oC, except the samples where there was a reduction of 11.6 % at 200 oC 

(Fig. 2-19 b)). It showed that the compression temperature influenced the properties 

of the composites. The fracture strain of the composites presented the same trend as 

the case of the tensile strength (Fig. 2-19 c)). 

 

Fig. 2-19 Mechanical properties of PP/hemp composites: �D�����7�H�Q�V�L�O�H���6�W�U�H�Q�J�W�K�����E�����<�R�X�Q�J�¶�V��
Modulus; c) Fracture Strain. 

a) 

c) 

b) 
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The tensile properties of the composites at 190 oC are higher than the other 

counterparts, although the tensile strength and the fracture strain of the composites 

at 190 oC are slightly lower than that of 160 oC. So it is possible to elevate the tensile 

properties of the PP/hemp composites by improving the manufacturing temperature. 

To analyze the difference among the samples, extra experiments and analyses 

need to be carried out.  

2.5.1.2 DSC analysis 

Thermal analysis can be performed to evaluate the thermal stability and 

determine the moisture content and volatile substances in composites [125-127].  

And it also enables the identification of chemical activity occurring in the fibers 

as the temperature increases. The degradation temperatures of hemicellulose, 

cellulose and lignin are 200-320 oC, 300-400 oC and 150->500 oC, respectively 

[128]. 

 

Fig. 2-20 DSC thermograms of hemp fibers 

 

Differential thermal analysis curves of the hemp fibers are shown in Fig. 2-20. 

A broad endothermic peak observed in the range of 50 - 175 oC in all of the 
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samples indicates the presence of water molecules and volatile components in the 

fibers. There are two or three exothermic peaks observed in the DSC thermograms. 

Akita and Kase [127] have reported that for natural fibers, lignin degrades at the 

temperature around 200 oC while the other constituents such as cellulose and 

hemicellulose degrade at higher temperatures. The region between 150 and 260 
oC shows no endothermic and exothermic peaks, which indicates that the fibers 

are stable between these temperatures. Therefore the exothermic peaks in Fig. 2-20 

correspond to the decomposition of lignin, hemicellulose and cellulose of the 

fibers. Between these temperatures 150 - 260 oC, a gradual degradation occurs 

which includes depolymerisation, hydrolysis, oxidation, dehydration and 

decarboxylation [125]. 

The heat-treated hemp fibers present lower exothermic peaks than the first 

untreated fibers at 335 oC, and the second at 390 oC. From the exothermic peaks, 

it can be concluded that the hemp fibers were changed after heated. S.H. Aziz et 

al. [125] reported a decrease in the decomposition temperature of the untreated 

plant fibers, which indicates thermally less stable.  

2.5.1.3 Influence of temperature on hemp fibers 

To verify the influence of temperature on the hemp fibers, tensile tested were 

firstly performed. The hemp fibers were heated in an oven under different 

temperatures and a certain time, then a comparison of their appearance and the 

mechanical properties. 

Hemp fibers were treated in an oven in 120 minutes and at different temperatures, 

160 oC, 180 oC, 200 oC, 220 oC, 240 oC, 260 oC and 280 oC. they were compared 

with the untreated fibers, in Fig. 2-21. As can be seen, the fibers treated at 160 oC, 

180 oC and 200 oC present almost the same color as the untreated fibers. 

Nevertheless, the color of samples treated over 200 oC show a dark-brown 

appearance. As the temperature increases from 220 oC to 260 oC, the color gets 

darker and darker. Finally, the hemp fibers becomes carbonized when treated at 

280 oC, it shows a totally dark color from the outer surface. 
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This corresponds to the DSC analysis, from 200 oC, a gradual degradation 

occurs which includes depolymerisation, hydrolysis, oxidation, dehydration and 

decarboxylation.  

Fig. 2-22 shows the tensile properties of the untreated and heat-treated hemp fibers. 

The tensile strengths of the treated hemp fibers show a reducing trend, and are 

lower than the untreated of the untreated fibers. Before 200 oC, the tensile strength 

of the hemp fibers decline gradually. However, the hemp fibers treated at 220 oC 

shows a sudden fall than that at 200 oC. After 200 oC, the tensile strength of the 

fibers decreases markedly until at 280 oC, it vanishes. The Young�¶s moduli of the 

hemp fibers present a similar characterization with regard to the tensile strength. 

But, from 160 oC to 200 oC, the Young�¶s modulus shows a slightly increase. This 

can be an explanation for the same phenomenon of the composites in section 

2.5.1.1. As for the fracture strain, it firstly increases as the temperature improves. 

Then, it decreases, as the temperature elevates continuously. An obvious reduction 

appears and a zero property at 280 oC. 

 

 

Fig. 2-21Color comparison of hemp fibers after treated under different temperatures 
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Fig. 2-22 mechanical properties of hemp fibers treated under different temperatures. a) 
Tensile Strength, b) Young�¶s Modulus, c) Fracture Strain. 

2.5.1.4 Micrographic observations 

From the micro scale, the hemp fibers were observed through SEM. The 

morphology of the untreated and treated hemp fibers were analyzed, as shown in 

Fig. 2-23.  

Fig. 2-23 presents the morphology by SEM of the hemp fabrics non-treated, 

�D�Q�G�� �K�H�D�W�H�G�� �D�W�� �������� �Û�&�� �������� �Û�&���� �������� �Û�&���� �������� �Û�&���� �������� �Û�&���� �+�H�P�S�� �I�L�E�H�U�� �L�V�� �P�D�L�Q�O�\��

composed of cellulose (67.0-78.3 w.t. %), hemicelluloses (5.5-16.1 w.t. %), lignin 

(2.9-3.3 w.t. %) and pectin (0.8-2.5 w.t. %) [21]. Compared with the non-treated 

hemp (Fig. 2-23 a)), there was not much difference of the hemp at 160 oC from 

that of the non-treated hemp. From 180 oC, differences began to be presented. At 

180 oC (Fig. 2-23 c)), there occurred some thin branches on the surface of the  

a) 

c) 

b) 
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Fig. 2-23 SEM micrographs fo hemp fibers non-treated and treated under different 
temperatures: a) untreated fibers; b) treated at 160 °C; c) at 180 °C; d) at 200 °C; e) at 

220 °C; f) at 240 °C. 
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hemp fibers. It could result in more contact surface between polypropylene and 

the hemp fibers. But at 200 oC (Fig. 2-23 d)), the hemp surfaces were badly burnt, 

�L�Q���W�K�L�V���F�D�V�H���W�K�H�\���F�R�X�O�G�Q�¶�W���J�U�D�V�S���W�K�H���3�3���P�D�W�U�L�[�����$�V���W�K�H���W�H�P�S�H�U�D�W�X�U�H���L�Q�F�U�H�D�V�H�G�����W�K�H��

lignin and pectin were burnt out, even the celluloses cracked (Fig. 2-23 f)). The 

reinforcement of the hemp on PP would be greatly weakened. 

�7�K�H���V�D�P�S�O�H�V���P�D�Q�X�I�D�F�W�X�U�H�G���D�W�����������Û�&���S�U�H�V�H�Q�W�V��higher tensile properties than 

the others. Il is possible that when the temperature goes higher, the PP will also be 

more easily penetrates into the space between the hemp threads, and the hemp 

�I�L�E�H�U�V�¶���W�K�L�Q���E�U�D�Q�F�K�H�V���U�H�V�X�O�W���L�Q���P�R�U�H���V�X�U�I�D�F�H���F�R�Q�W�D�F�W with the polypropylene matrix. 

�:�K�H�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���L�V���K�L�J�K�H�U���W�K�D�Q�����������Û�&�����W�K�H���V�W�U�H�Q�J�W�K���G�H�F�U�H�D�V�H�V markedly. 

2.5.2 Influence of pressure 

The influence of temperature on the performances of the composites as studied 

in this part, following the discussion of temperature. The formula discussed in 

section 2.4.3.3 was specified as X=190 oC; Y=0.3 MPa, 0.4 MPa, 0.5 MPa, 0.6 MPa, 

0.7 MPa; Z=10. The samples were cooled down at ambient temperature. 

The mass fraction of hemp in the composites Vm is 28.76%, and the calculated 

volume fraction Vf is 19.70%. 

2.5.2.1 Tensile properties 

Fig. 2-24 shows the tensile properties of the hemp/PP composites under 

different manufacturing pressures. 

The tensile strength of the composites doesn�¶t show a monotonous trend. 

According to Fig. 2-24, the tensile strength at 0.6 MPa is the highest among the 

five kinds of samples. It is 3.34% higher than the tensile strength of the composites 

at 0.4 MPa. The other three composites show less difference. Fig. 2-24 b) shows 

an increasing Young�¶s modulus of the composites, while a decrease occurs at 0.5 

MPa. The Young�¶s modulus of 0.7MPa is 8% higher than that of 0.4MPa. The 

fracture strain decreases slowly as the manufacturing pressure improves. 
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To explain this difference of the properties of the hemp/PP composites, the 

volume fraction of the fibers in the composites was firstly verified. The volume 

fractions of the five composites are 19.4 w.t.%, 20.1 w.t.%, 20.0 w.t.%, 20.9 w.t.% 

and 20.0 w.t.%, respectively. The volume fractions correspond to the tensile 

strength of the composites, 39.3 MPa, 40.3 MPa, 39.4 MPa, 41.7 MPa and 39.5 MPa. 

The volume fractions of hemp fibers are found to be responsible for the difference of the 

mechanical properties of the composites. 

 

Fig. 2-24 Tensile properties of PP/hemp composites under different pressures. a) Tensile 
Strength; b) Young�¶s Modulus; c) Fracture Strain. 

 

2.5.2.2 SEM observation 

Fig. 2-25 shows the SEM images of PP reinforced polypropylene composites 

suffered different manufacturing pressures. For the composites of 0.3 MPa, we 

a) b) 

c) 
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can find the positions where poor adhesion (gaps or voids) occurred between the 

fiber and matrix. As the manufacturing pressure increases, the interface became 

better adhered. This can be reflected in the mechanical properties of the 

composites. As a consequence, to increase the manufacturing pressure could 

improve the fiber matrix adhesion and the mechanical properties of the composites. 

 

Fig. 2-25 SEM images of hemp/PP composites under different manufacturing pressure: 
a) b) 0.3 MPa; c) d) 0.5 MPa; e) f) 0.7 MPa. 
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2.6 Conclusion 

The mechanical properties of the hemp fibers are attractive according to our 

study. The hemp fibers show different performances in the longitudinal and the 

transversal direction. The mechanical properties of the manufactured composites 

were affected by the different parameters. 

The hemp fibers show elevated tensile properties in the longitudinal direction 

than those in the transversal direction. A remeasurement of the cross-section of the 

fibers was performed; a relationship of the dimensions between by the numerical 

method and by the Verniler Caliper was established. The spiral angle of the hemp 

yarns was responsible for the difference of the tensile properties of the hemp fibers. 

The hemp/PP composites were manufactured through compression molding 

method under different parameters. The parameters have an influence on the 

mechanical properties of the composites. Composites manufactured at 190 oC show 

higher performances than the others. The hemp fibers were affected by the 

temperature according to the DSC analysis, color appearance and the tensile 

properties results. When the temperature goes higher, the PP will be more easily 

penetrates into the space between the hemp yarns, and the hemp fibers�¶ thin 

branches result in more surface contact with the polypropylene matrix. When the 

�W�H�P�S�H�U�D�W�X�U�H���L�V���K�L�J�K�H�U���W�K�D�Q�����������Û�&�����W�K�H���V�W�U�H�Q�J�W�K���G�H�F�U�H�D�V�H�V markedly. 
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3.1 Introduction  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�W�K�H�� �G�L�I�I�X�V�L�R�Q�� �R�I�� �Z�D�W�H�U�� �Z�L�O�O�� �E�H�� �G�L�V�F�X�V�V�H�G���� �6�H�F�R�Q�G�O�\���� �W�K�H�� �8�9�� �D�J�H�L�Q�J�� �Z�L�O�O�� �E�H��

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

�%�H�F�D�X�V�H�� �R�I�� �W�K�H���K�\�G�U�R�S�K�L�O�L�F�L�W�\���R�I�� �F�H�O�O�X�O�R�V�L�F�� �I�L�E�H�U�V���� �W�K�H�\�� �D�U�H�� �V�X�E�M�H�F�W�H�G�� �W�R��

�P�R�L�V�W�X�U�H�� �F�K�D�Q�J�H�V�� �Z�K�H�Q�� �H�[�S�R�V�H�G�� �L�Q�� �K�X�P�L�G�� �H�Q�Y�L�U�R�Q�P�H�Q�W�����7�K�H�� �Z�D�W�H�U�� �X�S�W�D�N�H�� �D�Q�G��

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

�F�U�D�F�N�L�Q�J�� �D�Q�G�� �I�O�D�N�L�Q�J���� �I�L�E�H�U���P�D�W�U�L�[�� �L�Q�W�H�U�I�D�F�H�� �G�H�E�R�Q�G�L�Q�J�� �D�Q�G�� �G�L�P�H�Q�V�L�R�Q�D�O��

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

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

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

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

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

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

�' �H�J�U�D�G�D�W�L�R�Q���H�[�L�V�W�V���Q�R�W���R�Q�O�\���L�Q���K�X�P�L�G���H�Q�Y�L�U�R�Q�P�H�Q�W�����E�X�W���D�O�V�R���X�Q�G�H�U���U�D�G�L�D�W�L�R�Q����
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�7�K�H���P�D�L�Q���U�H�D�V�R�Q���L�V���W�K�H���8�9���O�L�J�K�W���W�U�D�Q�V�S�D�U�H�Q�F�\���R�I���W�K�H���3�3���D�Q�G���W�K�H���U�H�D�F�W�L�Y�L�W�\���R�I���W�K�H��

�I�L�E�H�U�V���W�R���8�9���O�L�J�K�W�����S�D�U�W�L�F�X�O�D�U�O�\���O�L�J�Q�L�Q���D�E�V�R�U�E�V���W�K�H���U�D�G�L�D�W�L�R�Q���U�H�O�D�W�L�Y�H�O�\���V�W�U�R�Q�J�O�\�����7�K�H��

�G�H�J�U�D�G�D�W�L�R�Q�� �K�D�S�S�H�Q�V�� �Q�R�W�� �R�Q�O�\�� �X�Q�G�H�U�� �8�9�� �O�L�J�K�W���� �E�X�W�� �D�O�V�R�� �X�Q�G�H�U�� �W�K�H�� �V�K�R�U�W�H�U��

�Z�D�Y�H�O�H�Q�J�W�K�V�� �R�I�� �Y�L�V�L�E�O�H�� �O�L�J�K�W���>�����@���� �0�R�U�H�� �U�H�F�H�Q�W�� �U�H�V�H�D�U�F�K�H�V�� �K�D�Y�H�� �K�L�J�K�O�L�J�K�W�H�G���W�K�H��

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

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

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

�D�V�� �I�R�U�� �8�9�� �O�L�J�K�W�� �E�X�W�� �W�K�H�\�� �V�L�P�S�O�\�� �R�F�F�X�U�� �V�O�R�Z�O�\���� �7�K�H�� �P�H�F�K�D�Q�L�V�P�� �R�I�� �O�L�J�Q�L�Q��

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

�U�D�G�L�F�D�O�V���O�H�D�G�L�Q�J���W�R���F�K�D�L�Q���F�O�H�D�Y�D�J�H���D�Q�G���\�H�O�O�R�Z�L�Q�J����Fig. 3-1���V�K�R�Z�V���W�K�H���P�H�F�K�D�Q�L�V�P��

�R�I���W�K�H���I�U�H�H���U�D�G�L�F�D�O���I�R�U�P�D�W�L�R�Q���I�U�R�P���O�L�J�Q�L�Q���G�H�J�U�D�G�D�W�L�R�Q���>���������������@�� 

 

 

Fig. 3-1 Mechanism of free radical formation from lignin degradation [98, 133] 
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�,�Q�� �R�U�G�H�U�� �W�R�� �X�Q�G�H�U�V�W�D�Q�G�� �W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I�� �W�K�H�� �G�H�J�U�D�G�D�W�L�R�Q�� �R�I�� �H�Y�H�U�\�� �F�O�L�P�D�W�H��

�H�O�H�P�H�Q�W���R�Q���W�K�H���3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V�����G�L�I�I�H�U�H�Q�W���D�J�H�L�Q�J���S�U�R�F�H�G�X�U�H�V���D�Q�G���W�K�H���U�H�O�D�W�L�Y�H��

�D�Q�D�O�\�V�H�V���Z�H�U�H���U�H�D�O�L�]�H�G�� 

3.2 Humidity ageing of composites 

3.2.1 Experimental methods 

3.2.1.1 Humidity ageing  

�+�X�P�L�G�L�W�\�� �D�J�H�L�Q�J�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �L�Q���$�7�/�$�6�� �6�8�1�7�(�6�7�� �;�;�/���;�;�/������ �D�V�� �L�V��

�V�K�R�Z�Q���L�Q��Fig. 3-2�����,�W���L�V���H�T�X�L�S�S�H�G���Z�L�W�K���D���V�R�X�U�F�H���R�I���[�H�Q�R�Q���O�D�P�S�����7�K�H���W�K�U�H�H���O�D�P�S�V���D�U�H��

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

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

�K�R�P�R�J�H�Q�H�R�X�V���H�Q�Y�L�U�R�Q�P�H�Q�W���L�Q���W�K�H���R�Y�H�Q�� 

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

�W�H�P�S�H�U�D�W�X�U�H���������“�������R�&�����Z�L�W�K�R�X�W���L�O�O�X�P�L�Q�D�W�L�R�Q�� 

 

Fig. 3-2 Ageing oven ATLAS SUNTEST XXL/XXL+ 
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3.2.1.2 Water uptake 

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

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

�F�R�Q�V�W�D�Q�W�� �Z�H�L�J�K�W�� �R�I�� �D�� �S�U�H�F�L�V�L�R�Q�� �R�I�� ������������ �J���� �G�H�V�L�J�Q�D�W�H�G�� �D�V�� �0�������7�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H��

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

�P�H�D�V�X�U�H�G���D�W���U�H�J�X�O�D�U���L�Q�W�H�U�Y�D�O�V���D�I�W�H�U���E�H�L�Q�J���G�U�L�H�G�����G�H�V�L�J�Q�D�W�H�G���D�V���0�W�����7�K�H���S�H�U�F�H�Q�W�D�J�H��

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

 �S�ç���:�¨ �; 
L��
�Æ�ß�?�Æ�,

�Æ�,
�� 
H�s�r�r�¨ ������������ 

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

�V�D�W�X�U�D�W�H�G�����7�K�H�� �G�L�I�I�X�V�L�R�Q�� �F�R�H�I�I�L�F�L�H�Q�W�� �D�Q�G�� �W�K�H�� �P�D�[�L�P�X�P�� �Z�D�W�H�U�� �D�E�V�R�U�E�H�G�� �F�D�Q�� �E�H��

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

3.2.1.3 Tensile tests 

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

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

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

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

�$�6�7�0���'�������������'�����������0���±�����������$�6�7�0�B�,�Q�W�H�U�Q�D�W�L�R�Q�D�O�������������� 

3.2.1.4 Scanning electron microscopy (SEM) 

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

�6�(�0�����7�K�H���K�H�P�S���I�L�E�H�U�V���Z�H�U�H���V�W�X�F�N���W�R���D���S�D�S�H�U�����D�Q�G���F�R�D�W�H�G���Z�L�W�K���F�D�U�E�R�Q���Z�L�W�K���D���6�(�0��

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

�Z�H�U�H���R�E�V�H�U�Y�H�G���X�V�L�Q�J���D���+�,�7�$�&�+�,���6�������������1���R�U���D���+�,�7�$�&�+�,���6�8�������������P�L�F�U�R�V�F�R�S�H�� 
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3.2.2 Results and discussion 

3.2.2.1 Tensile test results 

�7�H�Q�V�L�O�H���W�H�V�W���U�H�V�X�O�W�V���R�I���3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V���X�Q�G�H�U���G�L�I�I�H�U�H�Q�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�����D�V��

�V�K�R�Z�Q���L�Q��Table 3-1�����X�S���W�R�������Z�H�H�N�V���K�X�P�L�G�L�W�\���D�J�H�L�Q�J���D�U�H���V�K�R�Z�Q���L�Q��Fig. 3-2�� 

Table 3-1 Different configurations of the aged composites 

Composites Temperature of fabrication/ oC Fiber volume fraction/ % Pressure/ MPa 

HR1 190 11 0.4 

HR2 190 19.5 0.4 

HR3 190 19.5 0.6 

 

Fig. 3-3 Mechanical properties of relative humidity -aged PP/hemp composites under 
different conditions: 190 oC/0.4MPa/11%hemp; 190 oC/0.4MPa/19%hemp; 190 

oC/0.6MPa/19%hemp, a) Tensile Strength; b) Young's Modulus; c) Fracture Strain 

c) 

b) a) 
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�7�K�H���W�H�Q�V�L�O�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�V�H�� �F�R�P�S�R�V�L�W�H�V�� �D�U�H�� �U�H�P�D�U�N�D�E�O�\�� �D�I�I�H�F�W�H�G�� �E�\�� �W�K�H��

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

�G�H�F�U�H�D�V�H�� �D�I�W�H�U�� �K�X�P�L�G�L�W�\�� �D�J�H�L�Q�J�����7�K�H���<�R�X�Q�J�¶�V�� �P�R�G�X�O�L�� �R�I�� �W�K�H�� �F�R�P�S�R�V�L�W�H�V�� �S�U�H�V�H�Q�W��

�W�K�H�� �V�D�P�H�� �W�H�Q�G�H�Q�F�\�� �D�V�� �W�K�H�� �W�H�Q�V�L�O�H�� �V�W�U�H�Q�J�W�K�V�����7�K�H�� �W�H�Q�V�L�O�H�� �V�W�U�H�Q�J�W�K�V�� �G�U�D�P�D�W�L�F�D�O�O�\��

�G�H�F�U�H�D�V�H�G���D�I�W�H�U�������Z�H�H�N�V�������������������������������D�Q�G���������������I�R�U���F�R�P�S�R�V�L�W�H�V���+�5�������+�5�����D�Q�G��

�+�5�������U�H�V�S�H�F�W�L�Y�H�O�\�����%�H�F�D�X�V�H���R�I���W�K�H���K�L�J�K�H�U���I�L�E�H�U���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���R�I���+�5�����D�Q�G���+�5����

�����������K�H�P�S���L�Q���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q�����W�K�D�Q���+�5�������Z�D�W�H�U���L�V���P�X�F�K���H�D�V�L�H�U���W�R���S�H�Q�H�W�U�D�W�H���L�Q�W�R��

�W�K�H���F�R�P�S�R�V�L�W�H�V�����$�I�W�H�U�������Z�H�H�N���K�X�P�L�G�L�W�\���D�J�H�L�Q�J�����W�K�H���F�R�P�S�R�V�L�W�H�V���V�X�I�I�H�U�H�G�����������D�Q�G��

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

�$�I�W�H�U�� ���� �Z�H�H�N�V�� �K�X�P�L�G�L�W�\�� �D�J�H�L�Q�J���� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H�� �F�R�P�S�R�V�L�W�H�V��

�G�H�F�U�H�D�V�H�G���E�\�������������+�5�������������������+�5�������D�Q�G�������������+�5�������U�H�V�S�H�F�W�L�Y�H�O�\�����,�Q���W�K�H���I�L�U�V�W��

�W�Z�R���Z�H�H�N�V�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V���G�H�F�U�H�D�V�H�G���E�\�����������+�5��������������������

���+�5�������� �������� ���+�5������ �U�H�V�S�H�F�W�L�Y�H�O�\�����,�Q�� �W�K�H�� �R�Q�H�� �K�D�Q�G���� �D�� �K�L�J�K�� �I�L�E�H�U�� �I�U�D�F�W�L�R�Q�� �F�D�Q��

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

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

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

�&�R�P�S�R�V�L�W�H���+�5�����V�K�R�Z�H�G���O�R�Z�H�U���U�H�G�X�F�W�L�R�Q���L�Q���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K���W�K�D�Q���+�5�������Z�K�L�F�K���P�D�\��

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

�Z�H�H�N�V���D�J�H�L�Q�J�����7�K�H���S�R�O�\�S�U�R�S�\�O�H�Q�H���S�H�Q�H�W�U�D�W�H�G���Z�H�O�O���L�Q�W�R���W�K�H���K�H�P�S���� �D�Q�G���I�R�U�P�H�G�� �D��

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

�U�H�W�D�U�G�H�G�� 

�&�R�P�S�R�V�L�W�H���+�5���� �K�D�V�� �D�� �K�L�J�K�H�U�� �I�U�D�F�W�X�U�H�� �V�W�U�D�L�Q�� �W�K�D�Q�� �+�5���� �D�Q�G�� �+�5������ �D�Q�G�� �W�K�H��

�I�U�D�F�W�X�U�H�� �V�W�U�D�L�Q�� �R�I�� �+�5���� �L�Q�F�U�H�D�V�H�G�� �J�U�D�G�X�D�O�O�\�� �G�X�U�L�Q�J�� �K�X�P�L�G�L�W�\�� �D�J�H�L�Q�J�����%�X�W�� �W�K�H��

�I�U�D�F�W�X�U�H���V�W�U�D�L�Q���R�I���+�5�����L�Q�F�U�H�D�V�H�G���V�O�R�Z�O�\�����D�Q�G���W�K�H���I�U�D�F�W�X�U�H���V�W�U�D�L�Q���R�I���+�5�����F�K�D�Q�J�H�G��

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

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

�I�L�E�H�U���I�U�D�F�W�L�R�Q���K�D�G���D���G�L�V�W�L�Q�F�W���H�I�I�H�F�W���R�Q���W�K�H���V�W�U�D�L�Q���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V�� 
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3.2.2.2 Water uptake 

Fig. 3-4���V�K�R�Z�V�� �W�K�H�� �S�H�U�F�H�Q�W�D�J�H�� �P�R�L�V�W�X�U�H�� �D�E�V�R�U�S�W�L�R�Q���Z�W���������� �R�I�� �S�X�U�H�� �3�3�� �D�Q�G��

�3�3���K�H�P�S�� �F�R�P�S�R�V�L�W�H�V�� �+�5������ �+�5���� �D�Q�G�� �+�5������ �D�V�� �D�� �I�X�Q�F�W�L�R�Q�� �R�I�� �W�L�P�H�� �D�W�� �U�R�R�P��

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

�D�Q���H�T�X�L�O�L�E�U�L�X�P���V�W�D�W�H���R�U���V�D�W�X�U�D�W�L�R�Q���L�Q�G�L�F�D�W�H�G���E�\���D���S�O�D�W�H�D�X���U�H�J�L�R�Q���� 

�3�X�U�H�� �3�3�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �E�H�� �W�K�H�� �O�R�Z�H�V�W�� �Z�D�W�H�U�� �D�E�V�R�U�S�W�L�R�Q���� �E�H�F�D�X�V�H�� �R�I�� �L�W�V��

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

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

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

�W�K�H�� �K�L�J�K�H�U�� �I�L�E�H�U�� �O�R�D�G�L�Q�J�� �I�D�F�L�O�L�W�D�W�H�V�� �Z�D�W�H�U�� �D�E�V�R�U�S�W�L�R�Q�����$�V���L�V�� �V�K�R�Z�Q�� �L�Q��Fig. 3-4����

�F�R�P�S�R�V�L�W�H�� �+�5���� �U�H�D�F�K�H�G�� �H�T�X�L�O�L�E�U�L�X�P�� �V�W�D�W�H�� �H�D�U�O�L�H�U�� ���D�E�R�X�W�� �D�I�W�H�U�� ������ �G�D�\�V�� �R�I��

�L�P�P�H�U�V�L�R�Q�������F�R�P�S�D�U�H�G���Z�L�W�K���+�5�������D�S�S�U�R�[�L�P�D�W�H�O�\���D�I�W�H�U���������G�D�\�V���R�I���L�P�P�H�U�V�L�R�Q������ 

 

Fig. 3-4 Evolution of water uptake of composites: pure PP, HR1, HR2, HR3. 

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

�V�X�F�K���D�V���F�H�O�O�X�O�R�V�H���D�Q�G���K�H�P�L�F�H�O�O�X�O�R�V�H�����D�U�H���K�\�G�U�R�S�K�L�O�L�F���>�����������������@�����$�V���V�K�R�Z�Q���L�Q���)�L�J����

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

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

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

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

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

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

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

�&�R�P�S�R�V�L�W�H�V���+�5�����D�Q�G���+�5�����D�E�V�R�U�E�H�G���P�R�U�H���Z�D�W�H�U���W�K�D�Q���+�5�����L�Q��Fig. 3-4�����%�H�V�L�G�H�V����

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

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

�W�U�D�Q�V�I�H�U�� 

3.2.3 Diffusion of water 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�F�X�U�Y�H���R�I���Z�D�W�H�U���D�E�V�R�U�S�W�L�R�Q���Y�H�U�V�X�V���W�K�H���V�T�X�D�U�H���U�R�R�W���R�I���W�L�P�H����Fig. 3-5���� 

 

Fig. 3-5 Schematic curves representing four categories of recorded non-Fickian weight-
gain sorption data in polymers and polymeric composites [135]. 

 

�7�K�H���F�X�U�Y�H���R�I���)�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q�����/�)�����L�V���E�D�V�H�G���R�Q���W�K�H���I�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q���P�R�G�H�O����

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

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

�H�T�X�L�O�L�E�U�L�X�P�� �V�W�D�W�H�� �R�U�� �V�D�W�X�U�D�W�L�R�Q�� �D�W�� �D�� �F�H�U�W�D�L�Q�� �W�L�P�H���� �$�Q�G�� �F�X�U�Y�H�V�� ������ ������ ���� �D�Q�G�� ����

�F�R�U�U�H�V�S�R�Q�G���W�R���Y�D�U�L�D�W�L�R�Q�V���W�K�H�U�H�R�I�����$���W�Z�R���V�W�D�J�H���V�D�W�X�U�D�W�L�R�Q���G�L�I�I�X�V�L�R�Q�������������D���V�X�F�F�H�V�V�L�Y�H��

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

�G�L�I�I�H�U�H�Q�W���O�L�T�X�L�G�V���>�����������������@�� 

3.2.3.2 Kinetics of water diffusion 

�' �L�I�I�H�U�H�Q�W���N�L�Q�G�V���R�I���G�L�I�I�X�V�L�R�Q���E�H�K�D�Y�L�R�U�����)�L�F�N�L�D�Q���R�U���Q�R�Q���)�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q�����F�D�Q��

�E�H���G�L�V�W�L�Q�J�X�L�V�K�H�G���W�K�H�R�U�H�W�L�F�D�O�O�\���E�\���W�K�H���I�R�U�P�X�O�D�W�L�R�Q���I�R�O�O�R�Z�L�Q�J���>�������@�� 
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�Z�K�H�U�H���Z�W���L�V���W�K�H���Z�D�W�H�U���P�D�V�V���J�D�L�Q���D�W���W�L�P�H���W�����Z�P���L�V���W�K�H���P�D�[�L�P�X�P���Z�D�W�H�U���P�D�V�V���J�D�L�Q���D�W��
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Table 3-2 Diffusion kinetic parameters. 

Ageing condition n k D (m2/s) 

HR1 0.5496 5.97×10-5 2.98×10-13 

HR2 0.5721 7.53×10-5 3.90×10-13 

HR3 0.5509 6.07×10-5 2.86×10-13 

 

Fig. 3-6 Diffusion case fitting plots for PP/hemp composites. 

3.2.3.3 Fickian diffusion model 
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�W�K�H�� �Z�D�W�H�U�� �F�R�Q�W�H�Q�W�� �R�I�� �W�K�H�� �F�R�P�S�R�V�L�W�H���� �9�� �L�V�� �Y�R�O�X�P�H���� �0�� �L�V�� �P�D�V�V���� �W�K�H�� �V�X�S�H�U�V�F�U�L�S�W�� �F��

�L�Q�G�L�F�D�W�H�V���W�K�H���F�R�P�S�R�V�L�W�H���� �W�K�H���V�X�E�V�F�U�L�S�W�V���W���� �P���� �I�� �D�U�H���D�J�H�L�Q�J���W�L�P�H���� �P�D�W�U�L�[�� �D�Q�G���I�L�E�H�U����
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Fig. 3-7 Swelling ration of humidity-aged PP/hemp composites. 
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Fig. 3-7���V�K�R�Z�V�� �W�K�H�� �W�K�L�F�N�Q�H�V�V�� �V�Z�H�O�O�L�Q�J�� �U�D�W�L�R�� �R�I�� �S�X�U�H�� �3�3�� �D�Q�G�� �K�X�P�L�G�L�W�\�� �D�J�H�G��

�3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V�����7�K�H�V�H���F�X�U�Y�H�V���V�K�R�Z���D�Q���L�Q�L�W�L�D�O���U�D�S�L�G���L�Q�F�U�H�D�V�H�����Z�L�W�K���D���G�H�F�U�H�D�V�H�G��

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

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

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

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

3.3 UV ageing 

�'�H�J�U�D�G�D�W�L�R�Q���H�[�L�V�W�V���Q�R�W���R�Q�O�\���L�Q���K�X�P�L�G���H�Q�Y�L�U�R�Q�P�H�Q�W�����E�X�W���D�O�V�R���X�Q�G�H�U���U�D�G�L�D�W�L�R�Q����

�7�K�H���P�D�L�Q���U�H�D�V�R�Q���L�V���W�K�H���8�9���O�L�J�K�W���W�U�D�Q�V�S�D�U�H�Q�F�\���R�I���W�K�H���3�3���D�Q�G���W�K�H���U�H�D�F�W�L�Y�L�W�\���R�I���W�K�H��

�I�L�E�H�U�V���W�R���8�9���O�L�J�K�W�����S�D�U�W�L�F�X�O�D�U�O�\���O�L�J�Q�L�Q���D�E�V�R�U�E�V���W�K�H���U�D�G�L�D�W�L�R�Q���U�H�O�D�W�L�Y�H�O�\���V�W�U�R�Q�J�O�\�����7�K�H��

�F�K�D�Q�J�H�V���R�I���S�U�R�S�H�U�W�L�H�V���R�I���K�H�P�S���U�H�L�Q�I�R�U�F�H�G���3�3���F�R�P�S�R�V�L�W�H�V���X�Q�G�H�U���X�O�W�U�D���Y�L�R�O�H�W���D�J�H�L�Q�J��

�Z�H�U�H���D�O�V�R���V�W�X�G�L�H�G���L�Q���W�K�L�V���S�D�U�W���� 

3.3.1 Experimental methods 

3.3.1.1 UV ageing 

�8�O�W�U�D���9�L�R�O�H�W�� �D�J�H�L�Q�J�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �L�Q���$�7�/�$�6�� �6�8�1�7�(�6�7�� �;�;�/���;�;�/������ �D�V�� �L�V��

�V�K�R�Z�Q���L�Q��Fig. 3-2�����,�W���L�V���H�T�X�L�S�S�H�G���Z�L�W�K���D���V�R�X�U�F�H���R�I���[�H�Q�R�Q���O�D�P�S�����7�K�H���V�D�P�S�O�H�V���Z�H�U�H��

�S�U�H�V�H�U�Y�H�G�� �L�Q�� �W�K�H�� �F�K�D�P�E�H�U�� �X�S�� �W�R�� ���� �Z�H�H�N�V�����7�K�H�� �8�9�� �D�J�H�L�Q�J�� �S�D�U�D�P�H�W�H�U�V�� �Z�H�U�H��

�F�R�Q�W�U�R�O�O�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���V�W�D�Q�G�D�U�G���,�6�2�������������������������������D�V���V�K�R�Z�Q���L�Q��Table 3-3�� 

 

Table 3-3 Exposure parameters of UV ageing of PP/hemp composites 

Exposure  

period 

Irradiance 

(W/m2) 

Black-standard 

temperature (oC) 

Chamber 

temperature (oC) 

Relative humidity 

(%) 

Continuously 
dry 

50 ±2 65 ±3 38 ±3 50 ±10 
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3.3.1.2 Tensile tests 

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

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

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

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

�$�6�7�0���'�������������'�����������0���±�����������$�6�7�0�B�,�Q�W�H�U�Q�D�W�L�R�Q�D�O�������������� 

3.3.1.3 Numerical microscopy 

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

�.�(�<�(�1�&�(���9�+�;���6���������D�V�V�H�P�E�O�H�G���Z�L�W�K���D�Q���R�E�M�H�F�W�L�Y�H�����P�D�J�Q�L�I�L�F�D�W�L�R�Q���������î�a���������î������

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

�W�K�H���I�L�E�H�U�V���Z�H�U�H���S�X�O�O�H�G���W�L�J�K�W�O�\���� 

3.3.1.4 Scanning electron microscopy (SEM) 

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

�6�(�0�����7�K�H���K�H�P�S���I�L�E�H�U�V���Z�H�U�H���V�W�X�F�N���W�R���D���S�D�S�H�U�����D�Q�G���F�R�D�W�H�G���Z�L�W�K���F�D�U�E�R�Q���Z�L�W�K���D���6�(�0��

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

�Z�H�U�H���R�E�V�H�U�Y�H�G���X�V�L�Q�J���D���+�,�7�$�&�+�,���6�������������1���R�U���D���+�,�7�$�&�+�,���6�8�������������P�L�F�U�R�V�F�R�S�H�� 

3.3.2 Results and discussion 

3.3.2.1 Tensile test results 

Fig. 3-8���V�K�R�Z�V���W�K�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V���V�X�E�M�H�F�W�H�G��

�W�R���8�9���D�J�H�L�Q�J���I�U�R�P�������W�R�������Z�H�H�N�V�����)�U�R�P���W�K�H���I�L�J�X�U�H�V�����L�W���L�V���R�E�V�H�U�Y�H�G���W�K�D�W���W�K�H���W�H�Q�V�L�O�H��

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

�,�Q���W�K�H���I�L�U�V�W���W�Z�R���Z�H�H�N�V�����W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���D�Q�G���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K���G�L�G���Q�R�W���U�H�G�X�F�H��

�P�X�F�K���P�R�U�H���I�R�U���D�O�O���N�L�Q�G�V���R�I���F�R�P�S�R�V�L�W�H�V�����%�X�W���D�I�W�H�U�������Z�H�H�N�V�¶���8�9���U�D�G�L�D�W�L�R�Q�����D���V�K�D�U�S��

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

�F�R�P�S�R�V�L�W�H�V���+�5�������+�5�����D�Q�G���+�5�������U�H�V�S�H�F�W�L�Y�H�O�\�����$�W���W�K�H���H�Q�G���R�I�������Z�H�H�N�V�¶���8�9���D�J�H�L�Q�J����

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

�I�L�U�V�W���W�Z�R���Z�H�H�N�V�����D���V�O�L�J�K�W���L�Q�F�U�H�D�V�H���R�F�F�X�U�U�H�G���I�R�U���F�R�P�S�R�V�L�W�H���+�5������ 

 

Fig. 3-8 Mechanical properties of UV-aged PP/hemp composites under different 
conditions: 190 oC/0.4MPa/11%hemp; 190 oC/0.4MPa/19%hemp; 190 

oC/0.6MPa/19%hemp, a) Tensile Strength; b) Young's Modulus; c) Fracture Strain 

3.3.2.2 UV ageing of PP/hemp composites 

Fig. 3-9����Fig. 3-10���D�Q�G��Fig. 3-11���V�K�R�Z�� �W�K�H�� �S�K�R�W�R�V�� �R�I�� �3�3���K�H�P�S�� �F�R�P�S�R�V�L�W�H�V��

�+�5�������+�5�����D�Q�G���+�5�����V�X�E�M�H�F�W�H�G���W�R���8�9���D�J�H�L�Q�J���I�U�R�P�������W�R�������Z�H�H�N�V�����7�K�H���F�R�O�R�U���R�I���D�O�O��

�W�K�H���V�S�H�F�L�P�H�Q�V���X�Q�G�H�U���8�9���U�D�G�L�D�W�L�R�Q���D�O�W�H�U�H�G���I�U�R�P���E�U�R�Z�Q���W�R���Z�K�L�W�H�����' �X�U�L�Q�J���W�K�H���I�L�U�V�W��

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

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

�Z�H�H�N�¶�V���8�9���D�J�H�L�Q�J�����W�K�H�U�H���Z�H�U�H���H�Y�H�Q���P�D�F�U�R�V�F�R�S�L�F���F�U�D�F�N�V���R�F�F�X�U�U�H�G���R�Q���W�K�H���V�X�U�I�D�F�H��

�R�I���V�R�P�H���V�S�H�F�L�P�H�Q�V�� 

c) 

b) a) 
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Fig. 3-9 Photos of PP/hemp composite HR1 after UV ageing of a) 0; b) 1; c) 2; d) 4; e) 6; 
and f) 8 weeks 

 

 

Fig. 3-10 Photos of PP/hemp composite HR2 after UV ageing of a) 0; b) 1; c) 2; d) 4; e) 
6; and f) 8 weeks 

a) b) c) 

d) e) f) 

a) b) c) 

d) e) f) 
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Fig. 3-11 Photos of PP/hemp composite HR3 after UV ageing of a) 0; b) 1; c) 2; d) 4; e) 
6; and f) 8 weeks 

3.3.2.3 Fracture observation 

Fig. 3-12���V�K�R�Z�V���W�K�H���I�U�D�F�W�X�U�H���P�R�U�S�K�R�O�R�J�\���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V���D�I�W�H�U���8�9���D�J�H�L�Q�J����

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

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

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

�S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V���Z�H�U�H���D�I�I�H�F�W�H�G�����G�H�F�U�H�D�V�H�G�� 

 

Fig. 3-12 SEM images of fracture morphology of aged composites after UV ageing. 

a) b) c) 

d) e) f) 

a) b) 
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3.3.2.4 UV ageing of pure PP 

�: �H���W�U�\���W�R���H�[�S�O�D�L�Q���W�K�H���S�K�H�Q�R�P�H�Q�D���R�I���W�K�H���8�9���D�J�H�G���F�R�P�S�R�V�L�W�H�V���E�\���V�H�Y�H�U�D�O���R�W�K�H�U��

�H�[�S�H�U�L�P�H�Q�W�V�����)�L�U�V�W�O�\�����W�K�H���V�X�U�I�D�F�H���D�S�S�H�D�U�D�Q�F�H�V���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V���Z�H�U�H���F�K�H�F�N�H�G����Fig. 

3-13���L�O�O�X�V�W�U�D�W�H�V���W�K�H���P�L�F�U�R�J�U�D�S�K�L�F���S�K�R�W�R�V���R�I���S�X�U�H���3�3���D�I�W�H�U�������Z�H�H�N�V���R�I���8�9���D�J�H�L�Q�J�����,�W��

�L�V�� �R�E�V�H�U�Y�H�G�� �I�U�R�P��Fig. 3-13���W�K�D�W�� �W�K�H�U�H�� �D�U�H�� �P�L�F�U�R�F�U�D�F�N�V�� �R�Q�� �3�3�� �V�X�U�I�D�F�H�� �D�Q�G�� �W�K�H�V�H��

�F�U�D�F�N�V���G�L�V�W�U�L�E�X�W�H���L�Q���U�D�Q�G�R�P���G�L�U�H�F�W�L�R�Q�V�����6�X�U�I�D�F�H���F�U�D�F�N�V���I�R�U�P�H�G���V�S�R�Q�W�D�Q�H�R�X�V�O�\���I�U�R�P��

�W�K�H�� �I�L�U�V�W�� �Z�H�H�N�� �R�I�� �W�K�H�� �8�9�� �D�J�H�L�Q�J�����%�H�J�L�Q�Q�L�Q�J�� �I�U�R�P�� �W�K�H�� �I�R�U�W�K�� �Z�H�H�N���� �D�� �Q�H�W�Z�R�U�N�� �R�I��

�P�L�F�U�R�F�U�D�F�N�V���Z�L�W�K�R�X�W���H�Y�L�G�H�Q�W���S�D�W�W�H�U�Q�V���I�R�U�P�H�G�����$�V���W�L�P�H���S�U�R�F�H�H�G�H�G�����W�K�H���Q�H�W�Z�R�U�N���R�I��

�P�L�F�U�R�F�U�D�F�N�V�� �W�K�L�F�N�H�Q�H�G���� �(�Y�H�Q�� �D�I�W�H�U�� ���� �Z�H�H�N�V���� �W�K�H�U�H�� �Z�H�U�H�� �V�H�Y�H�U�H�� �F�U�D�F�N�V�� �I�R�U�P�H�G��

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

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

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

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

�J�H�R�P�H�W�U�\�� �R�I�� �W�K�H�� �V�D�P�S�O�H�V���>�������@�����5�H�J�X�O�D�U�� �F�U�D�F�N�V�� �Z�H�U�H�� �R�E�V�H�U�Y�H�G�� �L�Q�� �L�Q�M�H�F�W�L�R�Q��

�P�R�X�O�G�L�Q�J�� �V�D�P�S�O�H�V���>���������� �������@�����7�K�H�V�H�� �U�H�J�X�O�D�U�� �F�U�D�F�N�V�� �Z�H�U�H�� �S�H�U�S�H�Q�G�L�F�X�O�D�U�� �W�R�� �W�K�H��

�I�O�R�Z���O�L�Q�H�V�� 

�3�K�R�W�R�G�H�J�U�D�G�D�W�L�R�Q���L�V���J�R�Y�H�U�Q�H�G���E�\���W�K�H���G�L�I�I�X�V�L�R�Q���R�I���2�����L�Q���W�K�H���S�R�O�\�P�H�U�V�����D�Q�G���L�W��

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

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

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

�H�O�H�F�W�U�R�Q�L�F���V�W�D�W�H���Z�L�W�K���D���U�H�O�D�W�L�Y�H�O�\���K�L�J�K�H�U���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\�����7�K�H���H�Q�H�U�J�\���R�I���W�K�H���I�L�U�V�W�O�\��

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

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

�x �3�R�O�\�P�H�U�����3�2�2�+���������K�����: ���3�g  

�x �3�g �������2�����: ���3�2��
�g  

�x �3�2��
�g �������3�+���: ���3�2�2�+�������3�g  

�7�K�H�� �F�R�Q�V�H�T�X�H�Q�F�H�V�� �R�I�� �W�K�H�V�H�� �L�U�U�H�Y�H�U�V�L�E�O�H�� �U�H�D�F�W�L�R�Q�V�� �F�D�Q�� �E�H�� �G�L�Y�L�G�H�G�� �W�R�� ���� 
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Fig. 3-13 Development of cracks on PP surfaces during UV ageing: a) non-aged; b) 1 
week; c) 2 weeks; d) 4 weeks; e) 6 weeks; f) 8 weeks. 

�S�K�H�Q�R�P�H�Q�D�� 

�x �3�K�R�W�R���R�[�L�G�D�W�L�R�Q���D�Q�G���K�\�G�U�R�O�\�V�L�V�������F�K�D�L�Q���E�U�H�D�N�����O�R�V�V���R�I���P�H�F�K�D�Q�L�F�D�O 

�x �S�U�R�S�H�U�W�L�H�V�����H�P�E�U�L�W�W�O�H�P�H�Q�W�����V�H�S�D�U�D�W�L�R�Q�� 

�x �3�K�R�W�R�O�\�V�L�V�� ���� �\�H�O�O�R�Z�L�Q�J�� �S�U�R�G�X�F�W�V���� �F�K�D�O�N�L�Q�J�� �D�Q�G�� �G�L�V�F�R�O�R�U�D�W�L�R�Q����

�D�S�S�H�D�U�D�Q�F�H���D�O�W�H�U�D�W�L�R�Q�����I�D�G�L�Q�J�� 

a) b) 

c) d) 

e) f) 
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�x �7�U�D�Q�V�I�R�U�P�D�W�L�R�Q���R�I���D�G�G�L�W�L�Y�H�V�������P�R�G�L�I�L�H�G���I�X�Q�F�W�L�R�Q�D�O�L�W�\�����D�F�F�H�O�H�U�D�W�L�R�Q���R�I��

�W�K�H���O�R�V�V���R�I���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����V�W�D�E�L�O�L�]�H�U�V�� 

�+�R�Q�J�F�K�D�Q�J�� �+�$�1���>�������@���G�H�W�D�L�O�H�G�O�\�� �V�W�X�G�L�H�G�� �W�K�H�� �8�9�� �D�J�H�L�Q�J�� �R�I�� �S�X�U�H�� �3�3����

�P�D�Q�X�I�D�F�W�X�U�H�G���E�\���L�Q�M�H�F�W�L�R�Q���P�R�X�O�G�L�Q�J�����7�K�H���W�H�Q�V�L�O�H���W�H�V�W���U�H�V�X�O�W�V���R�I���3�3���D�U�H���V�K�R�Z�Q���L�Q��

Fig. 3-14���>�������@�����7�K�H���<�R�X�Q�J�¶�V���0�R�G�X�O�X�V���D�Q�G���)�U�D�F�W�X�U�H���6�W�U�H�V�V���L�Q�F�U�H�D�V�H�G���D�I�W�H�U�������Z�H�H�N�V��

�8�9���D�J�H�L�Q�J���� �D�Q�G���U�H�P�D�U�N�D�E�O�\�� �G�H�F�U�H�D�V�H�G���D�I�W�H�U������ �Z�H�H�N�V�����$�Q�G���W�K�H���H�P�E�U�L�W�W�O�H�P�H�Q�W���R�I��

�3�3�� �U�H�P�D�U�N�D�E�O�\�� �L�Q�G�X�F�H�G�� �W�K�H�� �)�U�D�F�W�X�U�H�� �6�W�U�D�L�Q�� �D�I�W�H�U�� �D�J�H�L�Q�J�����7�K�H�U�H���D�U�H�� �W�Z�R�� �P�D�L�Q��

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

�,�U�\�Q�D���<�D�N�L�P�H�W�V���H�W���D�O�����K�D�Y�H���H�P�S�O�R�\�H�G���W�K�H���O�L�Q�H�D�U���H�O�D�V�W�L�F���I�U�D�F�W�X�U�H���P�H�F�K�D�Q�L�F�V���W�R���V�W�X�G�\��

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

�0�R�G�X�O�X�V���R�I���W�K�H���F�R�P�S�R�V�L�W�H�V�� 

 

 

Fig. 3-14 Tensile test results of PP subjected up to 8 weeks of UV ageing: a) Young�¶s 
Modulus; b) Fracture Stress; c) Fracture Strain [140]. 

 

c) 

b) a) 
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Fig. 3-15���>�������@���V�K�R�Z�V���W�K�H���;�5�'���S�D�W�W�H�U�Q�V���R�I���3�3���Z�L�W�K�R�X�W���8�9���D�J�H�L�Q�J���D�Q�G���D�I�W�H�U��

���Z�H�H�N�V�� �R�I�� �8�9�� �D�J�H�L�Q�J�� �����7�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �G�L�I�I�U�D�F�W�L�R�Q�� �S�H�D�N�� �R�I�� �3�3�� �U�H�P�D�L�Q�V�� �W�K�H��

�V�D�P�H���D�I�W�H�U���8�9���D�J�H�L�Q�J�����E�X�W���W�K�H���L�Q�W�H�Q�V�L�W�\���R�I���S�H�D�N�V���D�Q�G���W�K�H���D�P�R�U�S�K�R�X�V���E�D�F�N�J�U�R�X�Q�G��

�D�O�W�H�U�H�G�����0�R�V�W���R�I���W�K�H���F�U�\�V�W�D�O�O�L�Q�H���S�H�D�N�V���L�Q�F�U�H�D�V�H�G���D�I�W�H�U���D�J�H�L�Q�J�����L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���W�K�H��

�8�9�� �G�H�J�U�D�G�D�W�L�R�Q�� �R�I�� �3�3�� �K�D�S�S�H�Q�H�G�� �W�R�� �E�H�� �F�R�Q�F�H�Q�W�U�D�W�H�G�� �L�Q�� �W�K�H�� �D�P�R�U�S�K�R�X�V�� �U�H�J�L�R�Q�V����

�7�K�H�� �P�D�F�U�R�P�R�O�H�F�X�O�H�V�� �R�I�� �3�3�� �E�U�H�D�N�� �W�R�� �V�P�D�O�O�H�U�� �P�R�O�H�F�X�O�H�V�� �Z�K�L�F�K�� �I�D�F�L�O�L�W�D�W�H��

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

 

 

Fig. 3-15 XRD paterns of PP after UV ageing of 0 and 8 weeks [14]. 

3.3.2.5 Degradation of lignin 

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

�V�W�U�R�Q�J�O�\�� �L�Q�� �W�K�H�� �8�9���Y�L�V�L�E�O�H�� �U�H�J�L�R�Q�� ���D�V�� �V�K�R�Z�Q�� �L�Q��Fig. 3-16�������/ �L�J�Q�L�Q�� �L�V�� �D�� �K�L�J�K�O�\��

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

�7�Z�R���F�K�U�R�P�R�S�K�R�U�L�F���J�U�R�X�S�V���$���D�Q�G���%���>�����@���D�U�H���V�K�R�Z�Q���W�R���E�H���U�H�V�S�R�Q�V�L�E�O�H���W�R���D�E�V�R�U�E��

�8�9���O�L�J�K�W���D�Q�G���X�Q�G�H�U�J�R���G�L�I�I�H�U�H�Q�W���V�W�H�S�V���R�I�� �W�K�H���S�K�R�W�R�G�H�J�U�D�G�D�W�L�R�Q���P�H�F�K�D�Q�L�V�P�����)�U�H�H��

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

�\�H�O�O�R�Z�L�Q�J�����$���J�X�D�L�D�F�R�[�\���U�D�G�L�F�D�O���L�V���R�Q�H���R�I���W�K�H���P�D�L�Q���S�K�H�Q�R�[�\���U�D�G�L�F�D�O�V�����D�V���V�K�R�Z�Q���L�Q��
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Fig. 3-17���>�������@���� �7�K�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V�� �R�I�� �W�K�H�V�H�� �U�D�G�L�F�D�O�V�� �D�U�H�� �U�H�V�S�R�Q�V�L�E�O�H�� �W�R�� �W�K�H��

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

 

Fig. 3-16 Refection spectra of a) wood; b) lignin and c) cellulose [98]. 

 

Fig. 3-17 Guaiacoxy radical from irradiated softwood lignin [143]. 

3.4 Conclusion 

�,�Q���W�K�L�V���F�K�D�S�W�H�U�����W�K�H���H�I�I�H�F�W�V���R�I���U�H�O�D�W�L�Y�H���K�X�P�L�G�L�W�\���R�Q���W�K�H���3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V��

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

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

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

�W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���� 

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

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

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

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

�3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V���Z�D�V���Y�H�U�L�I�L�H�G���W�R���D�S�S�O�\���W�R���)�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q���O�D�Z�����7�K�H���N�L�Q�H�W�L�F��

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

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

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

�V�W�D�E�L�O�L�W�\���R�I���W�K�H���V�D�P�S�O�H�V���Z�D�V���W�D�N�H�Q���L�Q�W�R���F�R�Q�V�L�G�H�U�D�W�L�R�Q�����7�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���V�D�P�S�O�H�V��

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

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

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

�,�Q���W�K�H���V�H�F�R�Q�G���S�D�U�W�����W�K�H���H�I�I�H�F�W�V���R�I���8�O�W�U�D���Y�L�R�O�H�W���D�J�H�L�Q�J���R�Q���W�K�H���F�R�P�S�R�V�L�W�H�V���Z�H�U�H��

�V�W�X�G�L�H�G�����,�Q���W�K�H���I�L�U�V�W���W�Z�R���Z�H�H�N�V�����W�K�H���F�R�P�S�R�V�L�W�H�V���Z�H�U�H���Q�R�W���P�X�F�K���D�I�I�H�F�W�H�G�����$�I�W�H�U������

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

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

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

�)�U�R�P���W�K�H�� �R�E�V�H�U�Y�D�W�L�R�Q�� �R�I�� �W�K�H�� �V�X�U�I�D�F�H�� �D�S�S�H�D�U�D�Q�F�H�V�� �R�I�� �W�K�H�� �F�R�P�S�R�V�L�W�H�V���� �W�K�H��

�F�R�P�S�R�V�L�W�H�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H���P�R�U�H���D�Q�G���P�R�U�H���Z�K�L�W�H�Q�H�G���X�Q�W�L�O�������Z�H�H�N�V�¶���8�9���D�J�H�L�Q�J����

�$�I�W�H�U�� �8�9�� �U�D�G�L�D�W�L�R�Q���� �W�K�H�� �3�3�� �V�X�U�I�D�F�H�� �D�S�S�H�D�U�H�G�� �P�L�F�U�R���F�U�D�F�N�V�����$�V�� �W�K�H�� �8�9�� �D�J�H�L�Q�J��

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

�V�X�F�F�H�V�V�L�Y�H�� �F�U�D�F�N�� �I�R�U�P�H�G�����7�K�L�V�� �U�H�I�O�H�F�W�H�G�� �L�Q�� �W�K�H�� �G�H�F�U�H�D�V�H�� �R�I�� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O��

�S�U�R�S�H�U�W�L�H�V�����&�U�D�F�N�� �S�U�R�S�D�J�D�W�L�R�Q���� �F�K�H�P�L�F�D�O���F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q�� �D�Q�G�� �O�L�J�Q�L�Q�� �G�H�J�U�D�G�D�W�L�R�Q��

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

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

�D�Q�D�O�\�]�H�G�����%�H�F�D�X�V�H���R�I���W�K�H���P�L�V�P�D�W�F�K���R�I���W�K�H�U�P�D�O���H�[�S�D�Q�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�V���R�I���I�L�E�H�U�V���D�Q�G��

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

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

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

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

�G�L�V�F�X�V�V�H�G�� 

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

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

�E�H�W�Z�H�H�Q���W�K�H���I�L�E�H�U�V���D�Q�G���P�D�W�U�L�F�H�V�����E�H�W�Z�H�H�Q���W�K�H���S�O�L�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���R�U�L�H�Q�W�D�W�L�R�Q�V���I�R�U��
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Fig. 4-1 Hole-gage assembly in a stressed plate [108] 
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Fig. 4-2 Strain as the radial distance between gage circle and ellipse is shown for 
uniaxial stress along a) axis x, b) axis y. c) the strain (in rectangular coordinates, 

proportional to K( �.)) [108]. 
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Fig. 4-3 Coordinate system diagram, the stress component and the location of strain-
gage 
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Fig. 4-4 The configuration of the strain-gage rosette 
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Fig. 4-5 An example of the incremental analysis 
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Fig. 4-6 The finite element model 
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Fig. 4-7 Two types of applied loadings during the determination of the coefficients of 
calibration  

 

Fig. 4-8 Position of the strain-gage attached on the composites 
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�)�L�Q�D�O�O�\�����D�O�O���W�K�H���F�R�H�I�I�L�F�L�H�Q�W�V���R�I���F�D�O�L�E�U�D�W�L�R�Q���D�U�H���W�K�X�V���G�H�W�H�U�P�L�Q�H�G�����,�W���L�V���Q�H�F�H�V�V�D�U�\��

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

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

�W�K�H�� �V�W�U�D�L�Q���J�D�J�H�� �W�\�S�H���� �W�K�H�� �V�W�U�D�L�Q���J�D�J�H�� �S�R�V�L�W�L�R�Q�� �D�Q�G�� �W�K�H�� �P�D�W�H�U�L�D�O�� �S�U�R�S�H�U�W�L�H�V�����$�V�� �D��

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

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

�F�D�O�L�E�U�D�W�L�R�Q�� 

4.4 The drilling process 

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

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

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

4.4.1 Strain -gage rosette 

�)�R�U�� �P�H�D�V�X�U�L�Q�J�� �W�K�H�� �V�W�U�D�L�Q�V���� �W�K�H�� �V�W�U�D�L�Q���J�D�J�H�� �U�R�V�H�W�W�H�� �L�V�� �W�K�H�� �P�R�V�W�� �L�P�S�R�U�W�D�Q�W�����$��

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

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

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

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

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

�V�W�U�H�V�V�H�V�� �Z�D�V�� �S�U�R�Y�L�G�H�G�� �E�\�� �W�K�H�� �F�R�P�S�D�Q�\�� �9�L�V�K�D�\�� �3�U�H�F�L�V�L�R�Q�� �*�U�R�X�S�� �0�L�F�U�R��

�0�H�D�V�X�U�H�P�H�Q�W�Š���µ�7�(�$���������������5�.���������¶�����7�K�H���S�D�U�D�P�H�W�H�U�V���R�I���W�K�L�V���J�D�J�H���D�U�H���S�U�H�V�H�Q�W�H�G��

�L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J��Table 4-1�����7�K�H�V�H���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���X�V�H�G���G�X�U�L�Q�J���W�K�H���G�H�W�H�U�P�L�Q�D�W�L�R�Q��

�R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W�V���R�I���F�D�O�L�E�U�D�W�L�R�Q�� 

Table 4-1 The parameters of the strain gages 

Designation Dimensions (mm) 

TEA-06- 

062RK-

120 

 

Gage 

length 

Diameter of gage 

center circle 

Hole dimeter 

min max 

1.57 5.13 1.5 2.0 

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

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

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

�' �L�I�I�H�U�H�Q�W���Z�L�U�H�V���Z�H�U�H���Z�H�O�G�H�G���W�R���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���Z�H�O�G�L�Q�J���V�S�R�W�V���R�I���W�K�H���J�D�J�H�V�����7�K�H�Q��

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

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

�R�U�G�H�U���W�R���F�R�Q�G�X�F�W���W�K�H���H�[�S�H�U�L�P�H�Q�W�V���D�Q�G���P�H�D�V�X�U�H�P�H�Q�W�V�� 
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4.4.2 Drilling dispositions 

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

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

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

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

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

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

�F�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���K�R�O�H���T�X�D�O�L�W�\���L�V���V�K�R�Z�Q���L�Q��Fig. 4-9����Fig. 4-9���D�����V�K�R�Z�V���D���K�R�O�H���G�U�L�O�O�H�G��

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

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

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

�S�D�U�D�P�H�W�H�U�V�� �D�U�H�� �G�H�W�H�U�P�L�Q�H�G���E�H�I�R�U�H�K�D�Q�G�� �E�\�� �W�K�H�� �V�W�U�D�L�Q�� �J�D�J�H�V���D�Q�G���W�K�H�� �U�H�D�G�\�P�D�G�H��

�G�H�Y�L�F�H�V�� 

 

Fig. 4-9 Comparison of the hole quality 

�7�K�H���G�U�L�O�O�L�Q�J���V�\�V�W�H�P�V����Fig. 4-10�����L�Q�F�O�X�G�L�Q�J���W�K�H���G�U�L�O�O���G�H�Y�L�F�H�V���D�Q�G���W�K�H���K�R�O�G�H�U���D�U�H��

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

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

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

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

4.4.3 The hole drilling process 

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

�W�K�H���V�D�P�S�O�H�V���Z�L�W�K���W�K�H���F�K�R�V�H�Q���S�D�U�D�P�H�W�H�U�V�����: �H���K�D�Y�H���G�U�L�O�O�H�G���W�K�H���K�R�O�H�V���X�Q�W�L�O���D���G�H�S�W�K���R�I��
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���������—�P�����K�D�O�I���R�I���W�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���F�R�P�S�R�V�L�W�H���S�O�D�W�H�V�����,�W���Z�D�V���F�D�U�U�L�H�G���R�X�W���L�Q�������V�W�H�S�V����

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

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

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

 

 

Fig. 4-10 Configurations of the drilling devices 

4.5 Residual stresses in the composites 

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

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

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

�S�O�L�H�V�����W�K�H���F�R�R�O�L�Q�J���I�U�R�P���W�K�H���P�D�Q�X�I�D�F�W�X�U�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���W�R���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����6�R���W�K�H��

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

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

�V�W�U�H�V�V�H�V���L�Q���W�K�H���F�R�P�S�R�V�L�W�H�V�� 
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4.5.1 Strains measured in the composites 

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

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

�P�H�W�K�R�G���Z�D�V���I�L�U�V�W�O�\���H�P�S�O�R�\�H�G���W�R���W�K�H���X�Q�D�J�H�G���3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V�����7�K�H���W�H�Q�G�H�Q�F�\���R�I��

�W�K�H���V�W�U�D�L�Q�V���P�H�D�V�X�U�H�G���I�R�U���G�L�I�I�H�U�H�Q�W���F�R�P�S�R�V�L�W�H�V���V�K�R�Z�H�G���W�R���E�H���V�L�P�L�O�D�U�����6�R���D���I�R�O�O�R�Z�L�Q�J��

�W�\�S�L�F�D�O���G�L�D�J�U�D�P���L�V���S�U�H�V�H�Q�W�H�G�����7�K�H���W�\�S�L�F�D�O���P�H�D�V�X�U�H�G���V�W�U�D�L�Q�V���D�U�H���V�K�R�Z�Q���L�Q��Fig. 4-11���� 

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

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

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

�R�I���*�D�J�H�������D�O�O�H�Y�L�D�W�H���X�Q�W�L�O���W�K�H���H�Q�G���R�I���W�K�H���K�R�O�H�����)�R�U���W�K�H���J�D�J�H���������W�K�H���Y�D�O�X�H�V���D�U�H���D�O�Z�D�\�V��

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

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

 

Fig. 4-11 Measured strains of PP/hemp composites by the strain gages 

4.5.2 Residual stresses in the composites 

4.5.2.1 Influence of temperature 

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

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

�P�D�Q�X�I�D�F�W�X�U�L�Q�J���W�H�P�S�H�U�D�W�X�U�H�V���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q��Fig. 4-12���D�Q�G��Fig. 4-13�� 

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

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

�D�Q�G�� �D�I�W�H�U�� �W�K�H�� �L�Q�W�H�U�I�D�F�H�� ���U�H�G�� �O�L�Q�H�������)�R�U�� �W�K�H�� �U�H�V�L�G�X�D�O�� �V�W�U�H�V�V���1�[���� �W�K�H�� �Q�H�J�D�W�L�Y�H�� �Y�D�O�X�H�V��

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

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

�7�K�H���V�W�U�H�V�V���1�\���V�K�R�Z�V���D�O�P�R�V�W���W�K�H���V�D�P�H���P�D�J�Q�L�W�X�G�H���L�Q���W�K�H���3�3���O�D�\�H�U���������0�3�D�������E�X�W���L�Q���W�K�H��

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

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

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

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

�W�K�H���L�Q�F�U�H�D�V�L�Q�J���W�H�P�S�H�U�D�W�X�U�H�V�����$�F�F�R�U�G�L�Q�J�� �W�R���R�X�U���S�U�H�Y�L�R�X�V�� �V�W�X�G�\�� �L�Q���V�H�F�W�L�R�Q��������������������

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

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

 

Fig. 4-12 Residual stress �1x under different temperatures 
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Fig. 4-13 Residual stress �1y under different temperatures 

4.5.2.2 Influence of cooling rate 

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

�F�R�P�S�R�V�L�W�H�V���X�Q�G�H�U���G�L�I�I�H�U�H�Q�W���F�R�R�O�L�Q�J���U�D�W�H�V����Fig. 4-14���D�Q�G��Fig. 4-15�������7�K�H���F�R�P�S�R�V�L�W�H�V��

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

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

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

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

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

�7�K�H���V�W�U�H�V�V�H�V���L�Q�F�U�H�D�V�H���Z�L�W�K���W�K�H���F�R�R�O�L�Q�J���U�D�W�H�����,�Q���W�K�H���F�D�V�H���R�I���1�[�����W�K�H���3�3���O�D�\�H�U���L�V���X�Q�G�H�U��

�F�R�P�S�U�H�V�V�L�R�Q���Z�K�H�U�H�D�V���W�K�H���K�H�P�S���O�D�\�H�U���L�V���X�Q�G�H�U���W�U�D�F�W�L�R�Q���D�Q�G���Y�L�F�H���Y�H�U�V�D���I�R�U���1�\���� 
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Fig. 4-14 Residual stress �1x under different  cooling rates 

 

Fig. 4-15 Residual stress �1y under different  cooling rates 

4.5.2.3 Influence of humidity ageing 

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

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

�R�I���W�K�H���D�G�M�D�F�H�Q�W���I�L�E�H�U�V���D�Q�G���P�D�W�U�L�F�H�V�����I�L�E�H�U�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���R�U�L�H�Q�W�D�W�L�R�Q�V�����F�R�P�S�R�V�L�W�H�V��

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

�*�L�J�O�L�R�W�W�L���0�����H�W���D�O�����>�����������������@���F�R�Q�V�L�G�H�U�H�G���W�K�H���Z�D�W�H�U���D�E�V�R�U�S�W�L�R�Q���D�V���W�K�H���R�U�L�J�L�Q���R�I��

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

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

�K�\�J�U�R�W�K�H�U�P�D�O�� �D�J�H�L�Q�J�� �S�U�R�F�H�V�V�����: �H�� �K�D�Y�H�� �P�H�D�V�X�U�H�G�� �D�Q�G�� �D�Q�D�O�\�]�H�G�� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O��

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

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

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

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

4-16���D�Q�G��Fig. 4-17�����$�F�F�R�U�G�L�Q�J���W�R���W�K�H���U�H�V�X�O�W�V�����W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V��

���E�R�W�K���1�[���D�Q�G���1�\���� �Z�D�V�� �S�U�R�Q�R�X�Q�F�H�G�O�\�� �D�I�I�H�F�W�H�G�� �E�\�� �W�K�H�� �D�J�H�L�Q�J�� �F�R�Q�G�L�W�L�R�Q�����%�H�I�R�U�H�� ����

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

�G�H�F�U�H�D�V�H�� �D�E�R�X�W�� �������������������$�I�W�H�U�� ���� �Z�H�H�N�V���� �W�K�H�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �U�H�V�L�G�X�D�O�� �V�W�U�H�V�V�H�V��

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

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

 

Fig. 4-16 Residual stress �1x under different ageing time 
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Fig. 4-17 �5�H�V�L�G�X�D�O���V�W�U�H�V�V���1y under different ageing time 

4.6 Conclusion 

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

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

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

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

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

�F�D�O�L�E�U�D�W�L�R�Q���Z�D�V���U�H�D�O�L�]�H�G���E�\���$�%�$�4�8�6���P�R�G�H�O�O�L�Q�J���� 

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

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

�U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V���L�Q���W�K�H���3�3���O�D�\�H�U���U�H�D�F�K�H�G�������������0�3�D�����1�[���������0�3�D�����1�\�����D�Q�G�������������0�3�D��

���1�[���������������0�3�D�����1�\�������U�H�V�S�H�F�W�L�Y�H�O�\�� 

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

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

�F�R�R�O�L�Q�J���U�D�W�H�� 

�7�K�H���H�I�I�H�F�W�V���R�I���W�K�H���K�X�P�L�G�L�W�\���D�J�H�L�Q�J���X�S���W�R�������Z�H�H�N�V���R�Q���W�K�H���U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V���Z�H�U�H��
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�P�X�F�K���� �E�X�W�� �D�I�W�H�U�� ���� �Z�H�H�N�V���� �L�W�� �G�H�F�U�H�D�V�H�G�� �����������$�Q�G�� �W�K�H�� �V�X�E�V�H�T�X�H�Q�W�� �D�J�H�L�Q�J�� �D�O�P�R�V�W��
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Chapter 5. Conclusions and Perspectives 

5.1 Conclusions 

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

�F�R�P�S�R�V�L�W�H�V�����2�X�U���Z�R�U�N���Z�D�V���D�L�P�H�G���D�W���W�K�H���I�R�O�O�R�Z�L�Q�J���R�E�M�H�F�W�L�Y�H�V�����W�R���P�D�Q�X�I�D�F�W�X�U�H���W�K�H��

�3�3���K�H�P�S���S�O�D�W�H�V���E�\���X�W�L�O�L�]�L�Q�J���W�K�H���F�R�P�S�U�H�V�V�L�R�Q���P�R�O�G�L�Q�J�����G�H�W�H�U�P�L�Q�H���W�K�H���P�H�F�K�D�Q�L�F�D�O��

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

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

�W�K�H���F�R�P�S�R�V�L�W�H�V�� 

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

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

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

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

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

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

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

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

�W�H�P�S�H�U�D�W�X�U�H�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �'�6�&�� �D�Q�D�O�\�V�L�V���� �F�R�O�R�U�� �D�S�S�H�D�U�D�Q�F�H�� �D�Q�G�� �W�K�H�� �W�H�Q�V�L�O�H��

�S�U�R�S�H�U�W�L�H�V���U�H�V�X�O�W�V�����:�K�H�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���J�R�H�V���K�L�J�K�H�U�����W�K�H���3�3���Z�L�O�O���E�H���P�R�U�H���H�D�V�L�O�\��

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

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

�W�H�P�S�H�U�D�W�X�U�H���L�V���K�L�J�K�H�U���W�K�D�Q�����������Û�&�����W�K�H���V�W�U�H�Q�J�W�K���G�H�F�U�H�D�V�H�V���P�D�U�N�H�G�O�\�� 

�7�K�H�� �H�I�I�H�F�W�V�� �R�I�� �U�H�O�D�W�L�Y�H�� �K�X�P�L�G�L�W�\�� �R�Q�� �W�K�H�� �3�3���K�H�P�S�� �F�R�P�S�R�V�L�W�H�V�� �Z�H�U�H��

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

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

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

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

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

�L�Q���3�3���K�H�P�S���F�R�P�S�R�V�L�W�H�V���Z�D�V���Y�H�U�L�I�L�H�G���W�R���D�S�S�O�\���W�R���)�L�F�N�L�D�Q���G�L�I�I�X�V�L�R�Q���O�D�Z�����7�K�H���N�L�Q�H�W�L�F��
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�S�D�U�D�P�H�W�H�U�V���Z�H�U�H���I�L�J�X�U�H�G���R�X�W���E�\���I�L�W�W�L�Q�J�V���R�I���W�K�H���D�E�V�R�U�S�W�L�R�Q���G�D�W�D�����+�L�J�K�H�U���I�L�E�H�U���O�R�D�G�L�Q�J��

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

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

�V�W�D�E�L�O�L�W�\���R�I���W�K�H���V�D�P�S�O�H�V���Z�D�V���W�D�N�H�Q���L�Q�W�R���F�R�Q�V�L�G�H�U�D�W�L�R�Q�����7�K�H���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���V�D�P�S�O�H�V��

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

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

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

�7�K�H���H�I�I�H�F�W�V���R�I���8�O�W�U�D���Y�L�R�O�H�W���D�J�H�L�Q�J���R�Q���W�K�H���F�R�P�S�R�V�L�W�H�V���Z�H�U�H���V�W�X�G�L�H�G�����,�Q���W�K�H���I�L�U�V�W��

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

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

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

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

�)�U�R�P���W�K�H�� �R�E�V�H�U�Y�D�W�L�R�Q�� �R�I�� �W�K�H�� �V�X�U�I�D�F�H�� �D�S�S�H�D�U�D�Q�F�H�V�� �R�I�� �W�K�H�� �F�R�P�S�R�V�L�W�H�V���� �W�K�H��

�F�R�P�S�R�V�L�W�H�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H���P�R�U�H���D�Q�G���P�R�U�H���Z�K�L�W�H�Q�H�G���X�Q�W�L�O�������Z�H�H�N�V�¶���8�9���D�J�H�L�Q�J����

�$�I�W�H�U�� �8�9�� �U�D�G�L�D�W�L�R�Q���� �W�K�H�� �3�3�� �V�X�U�I�D�F�H�� �D�S�S�H�D�U�H�G�� �P�L�F�U�R���F�U�D�F�N�V�����$�V�� �W�K�H�� �8�9�� �D�J�H�L�Q�J��

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

�V�X�F�F�H�V�V�L�Y�H�� �F�U�D�F�N�� �I�R�U�P�H�G�����7�K�L�V�� �U�H�I�O�H�F�W�H�G�� �L�Q�� �W�K�H�� �G�H�F�U�H�D�V�H�� �R�I�� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O��

�S�U�R�S�H�U�W�L�H�V�����&�U�D�F�N�� �S�U�R�S�D�J�D�W�L�R�Q���� �F�K�H�P�L�F�D�O���F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q�� �D�Q�G�� �O�L�J�Q�L�Q�� �G�H�J�U�D�G�D�W�L�R�Q��

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

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

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

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

�F�D�O�L�E�U�D�W�L�R�Q���Z�D�V���U�H�D�O�L�]�H�G���E�\���$�%�$�4�8�6���P�R�G�H�O�O�L�Q�J���� 

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

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

�U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V���L�Q���W�K�H���3�3���O�D�\�H�U�V���U�H�D�F�K�H�G�������������0�3�D�����1�[���������0�3�D�����1�\�����D�Q�G���L�Q���W�K�H���K�H���S��

�O�D�\�H�U�V�������������0�3�D�����1�[���������������0�3�D�����1�\�������U�H�V�S�H�F�W�L�Y�H�O�\�� 

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

�F�R�R�O�L�Q�J���U�D�W�H�� 

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

�D�Q�D�O�\�]�H�G�����$�I�W�H�U�������Z�H�H�N���D�J�H�L�Q�J�����W�K�H���O�H�Y�H�O���R�I���U�H�V�L�G�X�D�O���V�W�U�H�V�V�H�V���Z�D�V�Q�¶�W���D�I�I�H�F�W�H�G���Y�H�U�\��

�P�X�F�K���� �E�X�W�� �D�I�W�H�U�� ���� �Z�H�H�N�V���� �L�W�� �G�H�F�U�H�D�V�H�G�� �����������$�Q�G�� �W�K�H���V�X�E�V�H�T�X�H�Q�W�� �D�J�H�L�Q�J�� �D�O�P�R�V�W��

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

5.2 Perspectives  

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

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

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

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

���� Firstly, being restricted to the raw materials, the volumetric fraction of 

the fibers can only be adjusted by several specific values. Another approach may 

be found to manufacture the long fiber reinforced polymer composites with 

consecutive change of the volumetric fraction of the fibers. 

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

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

�V�X�U�I�D�F�H���W�U�H�D�W�P�H�Q�W���F�D�Q���K�D�Y�H���D�Q���R�E�Y�L�R�X�V���H�I�I�H�F�W���R�Q���W�K�H���T�X�D�O�L�W�\���R�I���W�K�H���L�Q�W�H�U�I�D�F�H�� 

�������&�D�U�U�\���R�X�W���W�K�H���V�L�P�X�O�D�W�L�R�Q���R�I���W�K�H���I�O�R�Z�D�E�L�O�L�W�\���R�I���W�K�H���S�R�O�\�P�H�U���L�Q���W�K�H���I�R�U�P�D�W�L�R�Q��

�R�I���W�K�H���F�R�P�S�R�V�L�W�H�V�� 
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6.1 Introduction  

�&�H�W�W�H���W�K�q�V�H���V�H���F�R�P�S�R�V�H���G�H���W�U�R�L�V���S�D�U�W�L�H�V�������(�O�D�E�R�U�D�W�L�R�Q���H�W���&�D�U�D�F�W�p�U�L�V�D�W�L�R�Q���G�H�V��

�D�J�U�R���F�R�P�S�R�V�L�W�H�V�� �F�K�D�Q�Y�U�H���S�R�O�\�S�U�R�S�\�O�q�Q�H�����9�L�H�L�O�O�L�V�V�H�P�H�Q�W�� �H�W�� �V�R�Q�� �L�Q�I�O�X�H�Q�F�H�� �V�X�U�� �O�H��

�F�R�P�S�R�U�W�H�P�H�Q�W�� �P�p�F�D�Q�L�T�X�H�� �G�¶�D�J�U�R���F�R�P�S�R�V�L�W�H�V�� �H�W�� �'�p�W�H�U�P�L�Q�D�W�L�R�Q�� �G�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V��

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

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

�F�R�P�S�R�V�L�W�H�V�����&�H�V���G�H�U�Q�L�H�U�V���V�R�Q�W���p�O�D�E�R�U�p�V���S�D�U���F�R�P�S�U�H�V�V�L�R�Q���W�K�H�U�P�L�T�X�H���D�Y�H�F���G�L�I�I�p�U�H�Q�W�V��

�S�D�U�D�P�q�W�U�H�V���G�¶�p�O�D�E�R�U�D�W�L�R�Q���F�R�P�P�H�������O�D���W�H�P�S�p�U�D�W�X�U�H���� �O�D���S�U�H�V�V�L�R�Q���H�W���O�H���W�H�P�S�V�« �H�W�F����

�/�H�V�� �L�Q�I�O�X�H�Q�F�H�V�� �G�H�� �F�H�V�� �S�D�U�D�P�q�W�U�H�V�� �V�X�U�� �O�D�� �T�X�D�O�L�W�p�� �S�K�\�V�L�T�X�H���P�p�F�D�Q�L�T�X�H�� �G�H�� �F�H�V��

�P�D�W�p�U�L�D�X�[���V�R�Q�W���D�Q�D�O�\�V�p�H�V�����/�H�V���U�p�V�X�O�W�D�W�V���R�Q�W���P�R�Q�W�U�p���T�X�H���O�D���W�H�P�S�p�U�D�W�X�U�H���D���X�Q���H�I�I�H�W��

�V�L�J�Q�L�I�L�F�D�W�L�I���V�X�U���O�H�V���S�U�R�S�U�L�p�W�p�V���P�p�F�D�Q�L�T�X�H�V���G�H�V���F�R�P�S�R�V�L�W�H�V�����/�H���F�R�P�S�R�V�L�W�H���I�D�E�U�L�T�X�p��

�V�R�X�V�� �������ƒ�&�� �S�U�p�V�H�Q�W�H�� �G�H�� �P�H�L�O�O�H�X�U�H�V�� �S�U�R�S�U�L�p�W�p�V�� �P�p�F�D�Q�L�T�X�H�V�� �T�X�H�� �O�H�V�� �D�X�W�U�H�V��

�F�R�P�S�R�V�L�W�H�V�����1�R�X�V���D�Y�R�Q�V���H�Q�V�X�L�W�H���p�W�X�G�L�p���O�¶�L�Q�I�O�X�H�Q�F�H���G�H���G�H�X�[���W�\�S�H�V���G�H���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W��

�V�X�U���O�H�V���S�U�R�S�U�L�p�W�p�V���G�X���P�D�W�p�U�L�D�X�������X�Q���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���H�Q���+�X�P�L�G�L�W�p���5�H�O�D�W�L�Y�H�����5�+�����H�W��

�S�X�L�V���X�Q���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���D�X�[�� �8�O�W�U�D���9�L�R�O�H�W�V�����8���9������ �(�Q�I�L�Q���� �Q�R�X�V���D�Y�R�Q�V���G�p�Y�H�O�R�S�S�p���O�D��

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

�O�R�U�V���G�X���S�U�p�F�p�G�p���G�H���I�D�E�U�L�F�D�W�L�R�Q���P�D�L�V���D�X�V�V�L���J�p�Q�p�U�p�H�V���S�H�Q�G�D�Q�W���O�H���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W�����3�R�X�U��

�F�H�O�D�����G�H�V���F�R�H�I�I�L�F�L�H�Q�W�V���G�H���F�D�O�L�E�U�D�W�L�R�Q���V�S�p�F�L�I�L�T�X�H�V���j���F�H�V���P�D�W�p�U�L�D�X�[���R�Q�W���p�W�p���G�p�W�H�U�P�L�Q�p�V��

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

Un matériau composite peut être défini comme �O�¶�D�V�V�H�P�E�O�D�J�H���G�¶�D�X���P�R�L�Q�V���G�H�X�[ 

matériaux non miscibles entre eux. Ce matériau présente des propriétés que les 

matériaux seuls ne possèdent pas. Plus précisément, un matériau composite permet 

de coupler les performances des deux matériaux. 

Depuis quelques années les matériaux composites à base de fibres naturelles 

�V�R�Q�W���G�H���S�O�X�V���H�Q���S�O�X�V���X�W�L�O�L�V�p�V���S�R�X�U���O�H�V���Q�R�X�Y�H�O�O�H�V���S�H�U�I�R�U�P�D�Q�F�H�V���T�X�¶�L�O�V���S�U�R�S�R�V�H�Q�W�����&�¶�H�V�W��

surtout au niveau des fibres naturelles que de nouvelles propriétés sont proposées. 

�7�R�X�W�� �G�¶�D�E�R�U�G�� �F�H�V�� �I�L�E�U�H�V���� �F�R�Q�V�W�L�W�X�p�H�V�� �G�H�� �F�H�O�O�X�O�R�V�H�� �H�W�� �G�¶�K�p�P�L�F�H�O�O�X�O�R�V�H���>���@����ont un 

�L�P�S�D�F�W�� �W�U�q�V�� �I�D�L�E�O�H�� �V�X�U�� �O�¶�H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W���� �(�Q�V�X�L�W�H���� �P�p�F�D�Q�L�T�X�H�P�H�Q�W���� �H�O�O�H�V�� �V�R�Q�W�� �W�U�q�V��

résistantes et ont des modules équivalents aux modules des fibres de verre [27-33]. 

Enfin, ces fibres sont de très bons isolants thermiques et phoniques. De ce fait avoir 

�X�Q���P�D�W�p�U�L�D�X���T�X�L���F�R�X�S�O�H���O�¶�H�Q�V�H�P�E�O�H���G�H���F�H�V���S�U�R�S�U�L�p�W�p�V���H�V�W���X�Q���D�W�R�X�W���L�Q�W�p�U�H�V�V�D�Q�W���S�R�X�U���O�H��
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développement de composants dans le domaine du transport (maritime et 

automobile) mais aussi dans le doma�L�Q�H�� �G�X�� �V�S�R�U�W���� �G�H�� �O�¶�D�P�H�X�E�O�H�P�H�Q�W�� �R�X�� �G�H�� �O�D��

construction. 

Dans ce travail, nous nous sommes essentiellement intéressés aux fibres 

�Q�D�W�X�U�H�O�O�H�V���G�H���F�K�D�Q�Y�U�H�����&�H�V���I�L�E�U�H�V���V�R�Q�W���G�p�M�j���I�R�U�W�H�P�H�Q�W���X�W�L�O�L�V�p�H�V���G�D�Q�V���O�¶�D�X�W�R�P�R�E�L�O�H���H�W��

la construction. En Europe, ces fibres sont produites principalement en France et 

�S�O�X�V���S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W���G�D�Q�V���O�¶�$�X�E�H�� 

Actuellement ces fibres sont utilisées sous forme de fibres courtes dans des 

compounds qui sont ensuite injectés. Les agro-composites ainsi élaborés ont des 

propriétés mécaniques intéressantes. Pour augmenter ces propriétés et développer 

des agro-�F�R�P�S�R�V�L�W�H�V���K�D�X�W�H�V���S�H�U�I�R�U�P�D�Q�F�H�V�����F�¶�H�V�W���V�R�X�V���O�D���I�R�U�P�H���G�H���I�L�E�U�H�V���O�R�Q�J�X�H�V���H�W��

�G�H���W�L�V�V�p�V���T�X�H���Q�R�X�V���D�Y�R�Q�V���F�K�R�L�V�L���G�¶�R�U�L�H�Q�W�H�U���F�H���W�U�D�Y�D�L�O���G�H���W�K�q�V�H���� 

�&�¶�H�V�W���O�D���W�K�H�U�P�R�F�R�P�S�U�H�V�V�L�R�Q���T�X�H���Q�R�X�V���D�Y�R�Q�V���F�K�R�L�V�L���S�R�X�U���plaborer des plaques 

avec des tissus de chanvre et une matrice en polypropylène (PP). 

Ce travail se décompose en trois parties. 

La première partie sera consacrée à la caractérisation mécanique des tissus de 

chanvre. Dans cette partie, nous développerons le mode opératoire pour élaborer les 

composites PP/chanvre. Puis nous regarderons les propriétés de ces composites et 

�P�H�W�W�U�R�Q�V�� �H�Q�� �p�Y�L�G�H�Q�F�H�� �O�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H�� �G�¶�p�O�D�E�R�U�D�W�L�R�Q�� �V�X�U�� �O�H��

comportement �>���������������������������@. 

La seconde partie orientera nos études �V�X�U�� �O�¶�H�I�I�H�W�� �G�X�� �Y�L�H�L�O�O�L�V�V�H�P�H�Q�W�� �V�X�U�� �O�H��

comportement mécanique de ces matériaux. En effet les agro-composites sont 

chimiquement sensibles aux vieillissements. La matrice et les fibres étant des 

matériaux polymères, ils peuvent se dégrader assez rapidement sous des 

sollicitations environnementales. Dans cette partie, nous regarderons le 

�Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���j���O�¶�K�X�P�L�G�L�W�p���U�H�O�D�W�L�Y�H�����+�5�����H�W���D�X�[���8�9�V�� 

Enfin la troisième partie sera consacrée à une analyse des contraintes 

résiduelles introduites dans ces matériaux. Les contraintes résiduelles jouent un rôle 

important sur la tenue, la durée de vie et le comportement des composants �>�������������@����
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�&�¶�H�V�W�� �O�D�� �P�p�W�K�R�G�H�� �G�X�� �W�U�R�X�� �L�Q�F�U�p�P�H�Q�W�D�O�� �T�X�L�� �V�H�U�D�� �X�W�L�O�L�V�p�H�� �D�Y�H�F�� �X�Q�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W��

particulier pour le calcul des coefficients de calibration. Ici aussi, nous regarderons 

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

6.2 Élaboration et performance des composites 

Dans cette partie, nous avons commencé par analyser le comportement 

mécanique en traction des tissus de chanvre. 

Le procédé de fabrication étant directement lié aux performances du matériau, 

�Q�R�X�V�� �D�Y�R�Q�V�� �H�Q�V�X�L�W�H�� �U�H�J�D�U�G�p�� �O�¶�H�I�I�H�W�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H�� �G�¶�p�O�D�E�R�U�D�W�L�R�Q�� �V�X�U�� �O�H��

comportement à la fois des tissus seuls puis des tissus insérés dans une matrice de 

PP. Plusieurs plaque�V���G�¶�D�J�U�R-composites élaborées par thermocompression seront 

ici testées. 

6.2.1 Caractérisation de la fibre chanvre 

6.2.1.1 Essai de traction 

Les tissus de chanvre, Fig. 6-1 a ont été testés en traction uniaxiale. La première 

difficulté a été de déterminer la section réelle de nos éprouvettes. En effet, les 

espaces créés entre les mèches Fig. 6-1 b)  ne doivent pas être pris en compte dans 

le calcul de la section. Ceci fausserait la détermination des contraintes. La section 

réelle des échantillons a donc été mesurée de deux manières différentes. Tout 

�G�¶�D�E�R�U�G�� �Q�R�X�V�� �D�Y�R�Q�V�� �X�W�L�O�L�V�p�� �X�Q�� �V�L�P�S�O�H�� �S�L�H�G�� �j�� �F�R�X�O�L�V�V�H�� �S�X�L�V�� �D�Y�R�Q�V�� �P�H�V�X�U�p�� �S�O�X�V��

�I�L�Q�H�P�H�Q�W���O�D���V�H�F�W�L�R�Q���j���O�¶�D�L�G�H���G�¶�X�Q���P�L�F�U�R�V�F�R�S�H���Q�X�P�p�U�L�T�X�H�� A la suite de cette étude, 

nous avons pu mettre en évidence une relation entre la mesure avec le pied à coulisse 

et la mesure avec le microscope numérique. Cette relation (6-1) ci-dessous, 

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

 �9�å 
L �9�Ç�Æ
L �Ù�®�9�Ï�¼ ������������ 

avec, Wr est la largueur réelle, WNM est la largueur mesurée avec le microscope 

numérique, WVC la largueur mesurée avec �O�H���S�L�H�G���j���F�R�X�O�L�V�V�H���H�W���.���H�V�W���O�H���F�R�H�I�I�L�F�L�H�Q�W 
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qui permet de relier ces deux types de mesure. Nous avons pu en déduire que ce 

coefficient était de 0.626. 

 

Fig. 6-1 Photographie des tissus de chanvre au microscope numérique 

Les essais de traction ont été effectués avec une machine de traction Instron 

4484 statique à température ambiante. Les essais ont été faits suivant la norme 

ASTM D3039/D3039M norme �± 08 (ASTM International 2008). Les échantillons 

ont été découpés en bandes rectangulaires à la fois suivant le sens fil et suivant le 

sens trame. Les essais de traction ont été effectués suivant deux directions, 

longitudinale et transversale. Cinq échantillons ont été testés et la moyenne des cinq 

mesures est présentée sur laFig. 6-2. LaFig. 6-2 présente les propriétés mécaniques 

des fibres de chanvre suivant les deux directions. Nous pouvons noter une forte 

différence de comportement suivant la direction de sollicitation. Cela est dû à 

�O�¶�R�U�L�H�Q�W�D�W�L�R�Q�� �D�Q�J�X�O�D�L�U�H�� �G�H�V�� �P�q�F�K�H�V. La contrainte maximale dans la direction 

longitudinale est 165.89 ± 8.22 MPa, qui est 63.8% plus élevée que suivant la 

direction transversale. Les modules �G�¶�<�R�X�Q�J��sont très proches suivant les deux 

directions. La déformation à la rupture quant à elle est de 11.35 ± 0.68% dans la 

direction longitudinale et plus importante dans la direction transversale. 

�$�� �O�D�� �V�X�L�W�H�� �G�H�� �F�H�W�W�H�� �S�U�H�P�L�q�U�H�� �p�W�X�G�H�����Q�R�X�V�� �D�Y�R�Q�V�� �Y�R�X�O�X�� �P�H�V�X�U�H�U�� �O�¶�R�U�L�H�Q�W�D�W�L�R�Q��

�D�Q�J�X�O�D�L�U�H���G�H�V���P�q�F�K�H�V���H�Q���P�H�V�X�U�D�Q�W���O�¶�D�Q�J�O�H���V�S�L�U�D�O�� 
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Fig. 6-2 Propriétés mécaniques des chanvres, a) la contrainte maximale; b) Module 
�G�¶�<�R�X�Q�J�����F�����G�p�I�R�U�P�D�W�L�R�Q���j���O�D���U�X�S�W�X�U�H�� 

6.2.1.2 Angle spiral 

Pour expliquer les différences des propriétés mécaniques entre les deux 

directions, nous avons effectué des observations microscopiques des tissus et avons 

�P�H�V�X�U�p���O�¶�D�Q�J�O�H���H�Q�W�U�H���O�H�V���P�q�F�K�H�V���D�Y�D�Q�W���H�W���D�S�U�q�V���O�D���V�R�O�O�L�F�L�W�D�W�L�R�Q���G�H���W�U�D�F�W�L�R�Q����La Fig. 

6-3 présente �O�D�� �P�H�V�X�U�H�� �G�H�� �O�¶�D�Q�J�O�H�� �V�S�L�U�D�O avec un microscope numérique dans les 

deux directions. 

Dans la Fig. 6-3 b), montre que les angles diminuent suite à �O�D���W�U�D�F�W�L�R�Q�����/�¶�D�Q�J�O�H��

spiral dans la direction transversale est de 28.37° ± 6.27, et de 24.7% dans direction 

longitudinale (21.36° ± 5.65°). Nous voyons surtout que cet angle diminue suite à 

�O�D���V�R�O�O�L�F�L�W�D�W�L�R�Q���H�W���T�X�¶�L�O���M�R�X�H���X�Q���U�{�O�H���L�P�S�R�U�W�D�Q�W���V�X�U���O�D���P�D�Q�L�q�U�H���D�Y�H�F���O�D�T�X�H�O�O�H���O�H�V���W�L�V�V�X�V��

se comportent mécaniquement. 

a) b) 

c) 
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Fig. 6-3 �/�D���P�H�V�X�U�H���G�H���O�¶�D�Q�J�O�H���V�S�L�U�D�O�H�����D�����O�D���G�L�U�H�F�W�L�R�Q���O�R�Q�J�L�W�X�G�L�Q�D�O�H�����E�����O�D���G�L�U�H�F�W�L�R�Q��
transversale 

Ces études nous ont permis de comprendre un peu mieux le comportement des 

tissus que nous allons utiliser comme renfort dans les agro-composites. La partie 

suivante abordera la manière avec laquelle nous avons élaboré ces composites. 

6.2.2 Élaboration des composites 

Ci-dessous sont décrites succinctement les différentes étapes du processus 

�G�¶�p�O�D�E�R�U�D�W�L�R�Q���� �&�H�W�W�H�� �S�U�R�F�p�G�X�U�H�� �H�V�W�� �U�H�O�D�W�L�Y�H�P�H�Q�W�� �F�O�D�V�V�L�T�X�H�� �H�W�� �S�H�X�W�� �V�H�� �U�p�V�X�P�H�U�� �H�Q�� ����

étapes. 

(1) �3�U�p�F�K�D�X�I�I�H�U���O�H�V���I�L�E�U�H�V���G�H���F�K�D�Q�Y�U�H���S�R�X�U���p�O�L�P�L�Q�H�U���O�¶�K�X�P�L�G�L�W�p���F�R�Q�W�H�Q�X�H���G�D�Q�V��

�O�H�V���I�L�E�U�H�V�����F�H���T�X�L���U�p�G�X�L�W���O�¶�L�Q�I�O�X�H�Q�F�H���G�H���O�¶�K�X�P�L�G�L�W�p�� 

(2) �$�V�V�H�P�E�O�H�U���O�H�V���P�D�W�p�U�L�D�X�[���G�D�Q�V���O�H�V�� �P�R�X�O�H�V���� �O�H�V�� �I�L�E�U�H�V�� �H�W�� �O�H�V�� �I�L�O�P�V���G�H��

�S�R�O�\�S�U�R�S�\�O�q�Q�H���R�Q�W�� �p�W�p�� �S�O�D�F�p�V�� �S�O�L�� �S�D�U�� �S�O�L���G�D�Q�V�� �X�Q�� �P�R�X�O�H�� �H�Q���D�O�X�P�L�Q�L�X�P��

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

(3) �&�K�D�X�I�I�H�U���O�H���P�R�X�O�H���G�D�Q�V���X�Q���I�R�X�U���F�O�D�V�V�L�T�X�H�� 

(4) �&�R�P�S�U�H�V�V�H�U���O�¶�H�Q�V�H�P�E�O�H���V�R�X�V���X�Q�H���S�U�H�V�V�H���F�K�D�X�I�I�D�Q�W�H 

(5) �5�H�I�U�R�L�G�L�U���O�H�V���S�O�D�T�X�H�V���G�H���F�R�P�S�R�V�L�W�H�V�� 

�&�H�W�W�H�� �S�U�R�F�p�G�X�U�H�� �Q�R�X�V�� �S�H�U�P�H�W�� �G�¶�p�O�D�E�R�U�H�U�� �U�D�S�L�G�H�P�H�Q�W�� �Q�R�V�� �P�D�W�p�U�L�D�X�[�� �H�W�� �G�H��

pouvoir fa�L�U�H���Y�D�U�L�H�U���F�H�U�W�D�L�Q�V���S�D�U�D�P�q�W�U�H�V�����&�¶�H�V�W���V�X�U�W�R�X�W���O�D���W�H�P�S�p�U�D�W�X�U�H���G�¶�p�O�D�E�R�U�D�W�L�R�Q��

que nous avons fait varier pour analyser son effet sur le comportement mécanique 

a) b) 
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des agro-matériaux ainsi élaborés. 

6.2.3 Propriétés des composites 

6.2.3.1 Influence de la température 

Dans un première temps, nous avons �p�W�X�G�L�p�� �O�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H��

�G�¶�p�O�D�E�R�U�D�W�L�R�Q��sur les performances des composites. Nous avons imposé des 

températures de 160, 170, 180, 190 et 200 °C , quant à la pression imposée pour la 

compression, nous avons choisi 0.4 MPa. La fraction volumique V f est de 19.70%. 

Les Fig. 6-4 présentent �O�¶�L�Q�I�O�X�H�Q�F�H���G�H���O�D���W�H�P�S�p�U�D�W�X�U�H���G�¶�p�O�D�E�R�U�D�W�L�R�Q���V�X�U���O�H�V���S�U�R�S�U�L�p�W�p�V��

des composites.  

Tout �G�¶�D�E�R�U�G�� �Q�R�X�V�� �S�R�X�Y�R�Q�V�� �F�R�Q�V�W�D�W�H�U�� �T�X�H�� �Oa contrainte diminue légèrement  

lorsque la température �G�¶�p�O�D�E�R�U�D�W�L�R�Q��augmente �H�W���T�X�¶�j���������ƒ�&���F�H�O�O�H-ci augmente à 

nouveau pour diminuer à nouveau. Ensuite l�H�� �P�R�G�X�O�H�� �G�¶�<�R�X�Q�J�� �F�U�R�v�W�� �O�p�J�q�U�H�P�H�Q�W 

jusque 190°C puis chute au-delà de cette température. 

 

Fig. 6-4 Propriétés mécaniques des composites, a) la contrainte maximale; b) le module 
�G�¶�<�R�X�Q�J�����F�����O�D���G�p�I�R�U�P�D�W�L�R�Q���j���O�D���U�X�S�W�X�U�H�� 

a) 

c) 

b) 
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6.2.3.2 Influence de la température sur chanvre 

Les fibres de chanvre ont été étudiées pour identifier les influences de la 

température. Les fibres ont été traitées dans un four pendant 120 minutes sous 

températures différentes, 160 oC, 180 oC, 200 oC, 220 oC, 240 oC, 260 oC, 280 oC. 

Elles sont comparées avec les fibres de chanvre non-traitées (Fig. 6-5 et Fig. 6-6)�� 

 

 

Fig. 6-5 Variation des couleurs des chqnvres traités sous les températures différentes  

 

Fig. 6-6 Propriétés mécaniques des chanvres traités sous les températures différentes, a) 
�O�D���F�R�Q�W�U�D�L�Q�W�H���P�D�[�L�P�D�O�H�����E�����O�H���P�R�G�X�O�H���G�¶�<�R�X�Q�J�����F�����O�D���G�p�I�R�U�P�D�W�L�R�Q���j���O�D���U�X�S�W�X�U�H�� 

a) 

c) 

b) 
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Sur la Fig. 6-5, nous pouvons constater que les fibres de chanvre traitées à 160 
oC, 180 oC et 200 oC présentent presque la même couleur que les fibres de chanvres 

non-traitées. Cependant, au-dessus de 200 oC, la couleur du chanvre �V�¶�D�V�V�R�P�E�U�L�W���G�H��

plus en plus. À la fin, la fibre de chanvre devient noire à 280 oC. Sur la Fig. 6-6, la 

résistance ainsi que le �P�R�G�X�O�H�� �G�¶�<�R�X�Q�J�� �G�L�P�L�Q�X�H�� �D�Y�H�F�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H��

température. Cette diminution est due à la dégradation des lignines et des pectines 

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

chimiques des fibres naturelles sont très sensibles aux variations de température et 

se dégradent irréversiblement à partir de certaines températures. Ces dégradations 

peuvent être observées de manière �S�O�X�V���T�X�D�O�L�W�D�W�L�Y�H���j���O�¶�D�L�G�H���G�¶�X�Q���0�(�%�� 

6.2.3.3 Observation microscopique 

Après les tests de traction et les analyses des propriétés mécaniques, les fibres 

de chanvre ont été observées �j�� �O�¶�D�L�G�H�� �G�¶�X�Q��MEB. La Fig. 6-7 montre les 

photographies de ces observations. 

 

Fig. 6-7 Photographies MEB du chanvre trqité, a) 160 °C, b) à 180 °C, c) 200 °C, d) 
240 °C. 
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�¬�����������R�&�����L�O���Q�¶�\���D���S�U�H�V�T�X�H���S�D�V���G�H���G�p�J�U�D�G�D�W�L�R�Q���G�H���O�D���I�L�E�U�H�����Q�R�X�V���Q�H���Y�R�\�R�Q�V���S�D�V��

�G�H���W�U�D�F�H���G�¶�H�Q�G�R�P�P�D�J�H�P�H�Q�W�����S�D�V���G�H���U�X�S�W�X�U�H���G�H�V���P�L�F�U�R�I�L�E�U�L�O�O�H�V�����$�����������R�&�����T�X�H�O�T�X�H�V��

�W�U�D�F�H�V���D�S�S�D�U�D�L�V�V�H�Q�W���H�W���Q�R�X�V���S�R�X�Y�R�Q�V���D�X�V�V�L���F�R�Q�V�W�D�W�H�U���T�X�H���T�X�H�O�T�X�H�V���P�L�F�U�R�I�L�E�U�L�O�O�H�V���V�H��

�V�R�Q�W���H�Q�G�R�P�P�D�J�p�H�V���S�D�U���T�X�H�O�T�X�H�V���U�X�S�W�X�U�H�V���W�U�q�V���O�R�F�D�O�L�V�p�H�V�� 

�3�D�U���F�R�Q�W�U�H���D�S�U�q�V�����������R�&�����O�H�V���V�X�U�I�D�F�H�V���G�H���O�D���I�L�E�U�H���R�Q�W���p�W�p���H�Q�G�R�P�P�D�J�p�H�V���S�O�X�V��

�J�U�D�Y�H�P�H�Q�W���� �$�� �F�H�W�W�H�� �W�H�P�S�p�U�D�W�X�U�H���� �O�H�V�� �I�L�E�U�H�V�� �R�Q�W�� �p�W�p�� �E�U�X�O�p�H�V�� �H�W�� �Q�R�X�V�� �S�R�X�Y�R�Q�V��

�F�R�Q�V�W�D�W�H�U�� �G�H�V�� �U�X�S�W�X�U�H�V�� �D�V�V�H�]�� �L�P�S�R�U�W�D�Q�W�H�V�����$�� �������� �ƒ�&���� �Q�R�X�V�� �F�R�Q�V�W�D�W�R�Q�V�� �O�H�V���P�r�P�H�V��

�S�K�p�Q�R�P�q�Q�H�V���G�¶�H�Q�G�R�P�P�D�J�H�P�H�Q�W���P�D�L�V���E�H�D�X�F�R�X�S���S�O�X�V���D�F�F�H�Q�W�X�p�V�� 

�&�H�V���G�p�J�U�D�G�D�W�L�R�Q�V���G�L�U�H�F�W�H�P�H�Q�W���O�L�p�H�V���D�X���S�U�R�F�H�V�V�X�V���G�¶�p�O�D�E�R�U�D�W�L�R�Q���M�R�X�H�Q�W���X�Q���U�{�O�H��

�L�P�S�R�U�W�D�Q�W�� �V�X�U�� �O�D�� �W�H�Q�X�H�� �P�p�F�D�Q�L�T�X�H�� �G�H�V�� �D�J�U�R���F�R�P�S�R�V�L�W�H�V�����$�X�V�V�L�� �S�D�U�� �O�D�� �V�X�L�W�H���� �Q�R�X�V��

�D�Y�R�Q�V�� �I�L�[�p�H�� �������ƒ�&�� �F�R�P�P�H�� �W�H�P�S�p�U�D�W�X�U�H���G�H�� �I�D�E�U�L�F�D�W�L�R�Q�����$�� �F�H�W�W�H�� �W�H�P�S�p�U�D�W�X�U�H���� �O�H�V��

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

�6�X�L�W�H���j���F�H�W�W�H���p�W�X�G�H�����Q�R�X�V���D�Y�R�Q�V���U�H�J�D�U�G�p���O�¶�H�I�I�H�W���G�X���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���D�X�[���8�9���H�W���j��

�O�¶�K�X�P�L�G�L�W�p���V�p�S�D�U�p�P�H�Q�W���G�H�V���F�R�P�S�R�V�L�W�H�V���3�3���F�K�D�Q�Y�U�H���G�p�F�U�L�W���S�U�p�F�p�G�H�P�P�H�Q�W 

6.3 Effets du vieillissement 

6.3.1 Vieillissement en humidité relative 

�(�Q���S�U�H�P�L�H�U���O�L�H�X�����F�¶�H�V�W���O�H���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���j���O�¶�K�X�P�L�G�L�W�p���T�X�H���Q�R�X�V���D�Y�R�Q�V���U�H�J�D�U�G�p����

�/�H�V���p�S�U�R�X�Y�H�W�W�H�V���V�R�Q�W���H�[�S�R�V�p�H�V���j���O�¶�K�X�P�L�G�L�W�p���U�H�O�D�W�L�Y�H���G�H���P�D�Q�L�q�U�H���F�\�F�O�L�T�X�H���G�D�Q�V���X�Q�H��

�H�Q�F�H�L�Q�W�H�� �G�H�� �Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���$�7�$�/�$�6�� �6�8�1�7�(�6�7�� �;�;�/���;�;�/�� ������ �3�O�X�V�� �S�U�p�F�L�V�p�P�H�Q�W����

�O�¶�K�X�P�L�G�L�W�p���U�H�O�D�W�L�Y�H���H�V�W���I�L�[�p�H���j�������������“�����������j���������ƒ�&���H�W���j���O�¶�R�E�V�F�X�U�L�W�p�� 

�3�R�X�U�� �E�L�H�Q�� �F�R�P�S�U�H�Q�G�U�H�� �O�H�� �P�p�F�D�Q�L�V�P�H�� �G�H�� �G�p�J�U�D�G�D�W�L�R�Q�� �G�H�� �F�K�D�T�X�H�� �p�O�p�P�H�Q�W��

�F�O�L�P�D�W�L�T�X�H�� �V�X�U�� �O�H�V�� �I�L�E�U�H�V�� �G�H�� �F�K�D�Q�Y�U�H���� �Q�R�X�V�� �D�Y�R�Q�V�� �U�p�D�O�L�V�p�� �O�H�� �Y�L�H�L�O�O�L�V�V�H�P�H�Q�W�� �H�W�� �O�H�V��

�D�Q�D�O�\�V�H�V�� �U�H�O�D�W�L�Y�H�V���� �7�U�R�L�V�� �P�D�W�p�U�L�D�X�[�� �3�3���F�K�D�Q�Y�U�H�� �p�O�D�E�R�U�p�V�� �G�L�I�I�p�U�H�P�P�H�Q�W�� �V�R�Q�W��

�D�Q�D�O�\�V�p�V���G�D�Q�V���F�H�W�W�H���p�W�X�G�H�����1�R�X�V���D�Y�R�Q�V���D�L�Q�V�L���I�D�L�W���Y�D�U�L�H�U���G�H�X�[���S�D�U�D�P�q�W�U�H�V�����O�D���I�U�D�F�W�L�R�Q��

�Y�R�O�X�P�L�T�X�H���G�H���I�L�E�U�H���H�W���O�D���S�U�H�V�V�L�R�Q���G�H���F�R�P�S�U�H�V�V�L�R�Q���� �&�H�V���S�D�U�D�P�q�W�U�H�V���V�R�Q�W���U�p�V�X�P�p�V��

�G�D�Q�V���O�H��Tableau 6-1�� 
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6.3.1.1 Résultats des essais de traction 

�/�H�V�� �P�D�W�p�U�L�D�X�[�� �R�Q�W�� �p�W�p�� �V�R�X�P�L�V�� �S�H�Q�G�D�Q�W�� ���� �V�H�P�D�L�Q�H�V�� �j�� �O�¶�K�X�P�L�G�L�W�p�� �U�H�O�D�W�L�Y�H����

�&�K�D�T�X�H���V�H�P�D�L�Q�H�����X�Q�H���V�p�U�L�H���G�¶�p�S�U�R�X�Y�H�W�W�H�V���R�Q�W���p�W�p���W�H�V�W�p�H�V���P�p�F�D�Q�L�T�X�H�P�H�Q�W���D�I�L�Q���G�H��

�Y�R�L�U���O�¶�L�Q�I�O�X�H�Q�F�H���G�X���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���V�X�U���O�H�V���S�U�R�S�U�L�p�W�p�V���G�X���P�D�W�p�U�L�D�X�����/�H�V���U�p�V�X�O�W�D�W�V���G�H��

�F�H�V���H�V�V�D�L�V���V�R�Q�W���V�\�Q�W�K�p�W�L�V�p�V���V�X�U���O�D��Fig. 6-8�� 

�7�R�X�W�� �G�¶�D�E�R�U�G���� �Q�R�X�V�� �S�R�X�Y�R�Q�V�� �F�R�Q�V�W�D�W�H�U�� �T�X�H�� �O�H�V�� �U�p�V�L�V�W�D�Q�F�H�V�� �j�� �O�D�� �W�U�D�F�W�L�R�Q�� �G�H�V��

�F�R�P�S�R�V�L�W�H�V���Y�L�H�L�O�O�L�V���R�Q�W���G�L�P�L�Q�X�p���D�Y�H�F���O�H���W�H�P�S�V�����,�O�V���R�Q�W���F�R�Q�V�L�G�p�U�D�E�O�H�P�H�Q�W���G�L�P�L�Q�X�p��

�D�S�U�q�V�������V�H�P�D�L�Q�H�V�����,�O�V���R�Q�W���G�L�P�L�Q�X�p���G�H�����������������������������D�Q�G���������������S�R�X�U���O�H�V���F�R�P�S�R�V�L�W�H�V��

�+�5������ �+�5���� �H�W�� �+�5���� �U�H�V�S�H�F�W�L�Y�H�P�H�Q�W���� �(�Q�V�X�L�W�H���� �j�� �S�D�U�W�L�U�� �G�H�� ���� �V�H�P�D�L�Q�H�V���� �O�H�� �P�R�G�X�O�H��

�G�¶�<�R�X�Q�J���D���G�L�P�L�Q�X�p���G�H�������������+�5�������������������+�5�������H�W�������������+�5�������� 

�/�H�V���F�\�F�O�H�V���V�X�E�L�W�V���S�D�U���F�H�V���P�D�W�p�U�L�D�X�[���R�Q�W���S�H�U�P�L�V���j���O�¶�H�D�X���G�H���S�p�Q�p�W�U�H�U���G�D�Q�V���O�H�V��

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

�G�p�J�R�Q�I�O�H�P�H�Q�W���� �&�H�V�� �F�\�F�O�H�V�� �D�I�I�D�L�E�O�L�V�V�H�Q�W�� �Q�R�Q�� �V�H�X�O�H�P�H�Q�W�� �O�D�� �U�p�V�L�V�W�D�Q�F�H�� �G�H�V�� �I�L�E�U�H�V��

�Q�D�W�X�U�H�O�O�H�V���H�Q���G�p�J�U�D�G�D�Q�W���O�H�V���O�L�J�Q�L�Q�H�V���P�D�L�V���G�p�J�U�D�G�H�Q�W���D�X�V�V�L���O�¶�L�Q�W�H�U�I�D�F�H���H�Q�W�U�H���O�H�V���I�L�E�U�H�V��

�H�W���O�D���P�D�W�U�L�F�H�� 

�1�R�X�V���F�R�Q�V�W�D�W�R�Q�V���D�X�V�V�L���T�X�H���O�H���W�D�X�[���G�H���I�L�E�U�H�V���M�R�X�H���X�Q���U�{�O�H���V�X�U���O�D���U�p�V�L�V�W�D�Q�F�H���H�W��

�V�X�U�W�R�X�W���V�X�U���O�D���P�D�Q�L�q�U�H���D�Y�H�F���O�D�T�X�H�O�O�H���O�H�V���P�D�W�p�U�L�D�X�[���Y�R�Q�W���V�X�S�S�R�U�W�H�U���O�¶�K�X�P�L�G�L�W�p�����/�D��

�S�H�U�W�H���G�H�V���S�U�R�S�U�L�p�W�p�V���P�p�F�D�Q�L�T�X�H�V���H�V�W���D�V�V�H�]���F�R�Q�V�W�D�Q�W�H���V�X�L�Y�D�Q�W���O�H�V���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�� 

�(�Q�I�L�Q���O�D���S�U�H�V�V�L�R�Q���L�P�S�R�V�p�H���S�H�Q�G�D�Q�W���O�¶�p�O�D�E�R�U�D�W�L�R�Q���D���D�X�V�V�L���X�Q���U�{�O�H���L�P�S�R�U�W�D�Q�W�����/�D��

�F�R�Q�I�L�J�X�U�D�W�L�R�Q���+�5�����S�H�U�P�H�W���G�¶�R�E�W�H�Q�L�U���G�H���P�H�L�O�O�H�X�U�H�V���S�U�R�S�U�L�p�W�p�V�� 

�1�R�X�V�� �Y�H�Q�R�Q�V�� �G�H�� �Y�R�L�U�� �T�X�H�� �O�¶�D�E�V�R�U�S�W�L�R�Q�� �G�¶�H�D�X�� �D�X�� �V�H�L�Q�� �G�X�� �F�R�P�S�R�V�L�W�H�� �S�R�X�Y�D�L�W��

�G�p�J�U�D�G�H�U���O�H�V���S�U�R�S�U�L�p�W�p�V���G�X���P�D�W�p�U�L�D�X�����&�H�S�H�Q�G�D�Q�W���F�H�W�W�H���D�E�V�R�U�S�W�L�R�Q���D���G�H�V���O�L�P�L�W�H�V�����X�Q�H��

�I�R�L�V���T�X�H���O�H���F�R�P�S�R�V�L�W�H���H�V�W���V�D�W�X�U�p���H�Q���H�D�X�����'�D�Q�V���O�D���S�D�U�W�L�H���V�X�L�Y�D�Q�W�H�����Q�R�X�V���D�O�O�R�Q�V���Y�R�L�U��

�H�Q���F�R�P�E�L�H�Q���G�H���M�R�X�U�V���O�H���F�R�P�S�R�V�L�W�H���H�V�W���V�D�W�X�U�p���H�Q���H�D�X�� 
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Tableau 6-1 Les configurations différentes du vieillissement de HR 

�&�R�P�S�R�V�L�W�H�V �7�H�P�S�p�U�D�W�X�U�H�����R�& �)�U�D�F�W�L�R�Q���Y�R�O�X�P�L�T�X�H���G�H���I�L�E�U�H������ �/�D���S�U�H�V�V�L�R�Q�����0�3�D 

�+�5�� ������ ���� ������ 

�+�5�� ������ �������� ������ 

�+�5�� ������ �������� ������ 

 

 

Fig. 6-8 Les propriétés mécaniques des composites sous HR vieillissement, a) la 
�F�R�Q�W�U�D�L�Q�W�H���P�D�[�L�P�D�O�H�����E�����O�H���P�R�G�X�O�H���G�¶�<�R�X�Q�J�����F�����O�D���G�p�I�R�U�P�D�W�L�R�Q���j���O�D���U�X�S�W�X�U�H�� 

6.3.1.2 �$�E�V�R�U�S�W�L�R�Q���G�H���O�¶�H�D�X 

�'�D�Q�V���F�H�W�W�H���S�D�U�W�L�H�����Q�R�X�V���Q�R�X�V���V�R�P�P�H�V���L�Q�W�p�U�H�V�V�p�V���j���Y�R�L�U���H�Q���F�R�P�E�L�H�Q���G�H���W�H�P�S�V��

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

�H�D�X�����1�R�X�V���D�Y�R�Q�V���D�X�V�V�L���U�H�J�D�U�G�p���O�¶�p�Y�R�O�X�W�L�R�Q���G�H���O�¶�D�E�V�R�U�S�W�L�R�Q���G�D�Q�V���O�H���3�3���S�X�U�����3�R�X�U���F�H�O�D����

�Q�R�X�V���D�Y�R�Q�V���S�H�V�p���O�H�V���V�W�U�X�F�W�X�U�H�V���D�Y�D�Q�W���H�W���S�H�Q�G�D�Q�W���O�H�V�������V�H�P�D�L�Q�H�V���G�H���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W����

�/�D��Fig. 6-9���F�L���G�H�V�V�R�X�V���P�R�Q�W�U�H���O�¶�p�Y�R�O�X�W�L�R�Q���G�H���O�D���S�U�L�V�H���G�¶�H�D�X���G�D�Q�V���O�H�V���V�W�U�X�F�W�X�U�H�V���H�Q��

�I�R�Q�F�W�L�R�Q���G�X���W�H�P�S�V�� 

�1�R�X�V�� �F�R�Q�V�W�D�W�R�Q�V���� �H�Q�� �S�U�H�P�L�H�U�� �O�L�H�X�� �T�X�H�� �O�H�� �S�R�O�\�S�U�R�S�\�O�q�Q�H�� �H�V�W�� �T�X�D�V�L�P�H�Q�W��

�L�Q�V�H�Q�V�L�E�O�H���j���O�D���S�U�L�V�H���G�¶�K�X�P�L�G�L�W�p�����&�H�O�D���H�V�W���G�€���j���V�R�Q���F�D�U�D�F�W�q�U�H���K�\�G�U�R�S�K�R�E�H���H�W���D�X���I�D�L�W��

c) 

b) a) 
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�T�X�H���F�¶�H�V�W���X�Q���S�R�O�\�P�q�U�H���Q�R�Q���S�R�O�D�L�U�H�� 

�(�Q�V�X�L�W�H���Q�R�X�V���S�R�X�Y�R�Q�V���F�R�Q�V�W�D�W�H�U���X�Q�H���S�U�L�V�H���G�¶�H�D�X���T�X�D�V�L���O�L�Q�p�D�L�U�H���V�X�U���X�Q���F�H�U�W�D�L�Q��

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

�&�¶�H�V�W���O�D���F�R�Q�I�L�J�X�U�D�W�L�R�Q���+�5�������������������G�H���I�L�E�U�H���D�Y�H�F���������� �0�3�D���G�H���S�U�H�V�V�L�R�Q�����T�X�L��

�V�D�W�X�U�H���H�Q���S�U�H�P�L�H�U�����&�H�W�W�H���V�D�W�X�U�D�W�L�R�Q���D�S�S�D�U�D�L�W���j���������M�R�X�U�V���H�W���D�W�W�H�L�Q�W���������� 

�&�R�Q�F�H�U�Q�D�Q�W���O�H�V���G�H�X�[���D�X�W�U�H�V���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���+�5���������������G�H���I�L�E�U�H���D�Y�H�F�����������0�3�D��

�G�H���S�U�H�V�V�L�R�Q�����H�W���+�5�������������������G�H���I�L�E�U�H���D�Y�H�F�����������0�3�D���G�H���S�U�H�V�V�L�R�Q�����O�D���S�U�L�V�H���G�¶�K�X�P�L�G�L�W�p��

�H�V�W���T�X�D�V�L�P�H�Q�W���L�G�H�Q�W�L�T�X�H�����(�O�O�H���D�S�S�D�U�D�L�W���D�X���W�U�H�Q�W�L�q�P�H���M�R�X�U���S�R�X�U���D�W�W�H�L�Q�G�U�H���������� 

�,�F�L���D�X�V�V�L���Q�R�X�V���Y�R�\�R�Q�V���F�O�D�L�U�H�P�H�Q�W���T�X�H���O�H���W�D�X�[���G�H���I�L�E�U�H�V���L�Q�I�O�X�H�Q�F�H���O�D���S�U�L�V�H���G�¶�H�D�X����

�&�H�� �U�p�V�X�O�W�D�W�� �H�V�W�� �D�V�V�H�]�� �O�R�J�L�T�X�H�� �p�W�D�Q�W�� �G�R�Q�Q�p�� �O�H�� �F�D�U�D�F�W�q�U�H�� �K�\�G�U�R�S�K�L�O�H�� �G�H�V�� �I�L�E�U�H�V�� �G�H��

�F�K�D�Q�Y�U�H���>�����������������@�� 

�3�D�U�� �F�R�Q�W�U�H�� �Q�R�X�V�� �S�R�X�Y�R�Q�V�� �U�H�P�D�U�T�X�H�U�� �T�X�H�� �O�D�� �S�U�H�V�V�L�R�Q�� �G�H�� �I�D�E�U�L�F�D�W�L�R�Q�� �M�R�X�H�� �X�Q��

�U�{�O�H���L�P�S�R�U�W�D�Q�W���V�X�U���O�¶�D�E�V�R�U�S�W�L�R�Q���G�¶�H�D�X�����/�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�D���S�U�H�V�V�L�R�Q���G�H�����������j����������

�0�3�D���S�H�U�P�H�W���G�H���P�L�H�X�[���S�U�R�W�p�J�H�U���O�H���P�D�W�p�U�L�D�X���I�D�F�H���j���O�¶�K�X�P�L�G�L�W�p�� 

�&�¶�H�V�W�� �Q�R�Q�� �V�H�X�O�H�P�H�Q�W�� �O�D�� �Q�D�W�X�U�H�� �G�H�V�� �F�R�P�S�R�V�D�Q�W�V�� �P�D�L�V�� �D�X�V�V�L�� �O�D�� �P�D�Q�L�q�U�H�� �D�Y�H�F��

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

 

Fig. 6-9 �e�Y�R�O�X�W�L�R�Q���G�H���O�¶�D�E�V�R�U�S�W�L�R�Q���G�H���O�¶�H�D�X�����S�X�U�H���3�3�����+�5�������+�5�����H�W���+�5���� 
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�$�� �O�D�� �V�X�L�W�H�� �G�H�� �F�H�W�W�H�� �p�W�X�G�H�� �I�D�F�H�� �j�� �O�¶�K�X�P�L�G�L�W�p���� �Q�R�X�V�� �D�Y�R�Q�V�� �U�H�J�D�U�G�p�� �O�¶�H�I�I�H�W���G�¶�X�Q��

vieillissement aux UV sur nos agro-composites. 

6.3.2 Vieillissement au UV 

�'�D�Q�V�� �F�H�W�W�H�� �S�D�U�W�L�H���� �Q�R�X�V�� �D�Y�R�Q�V�� �Y�R�X�O�X�� �Y�R�L�U�� �O�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�V�� �8�9�V�� �V�X�U�� �O�D�� �W�H�Q�X�H��

mécanique des agro-composites PP/chanvre dont la description est donnée dans le 

Tableau 6-1. 

Les paramètres de vieillissement aux UVs ont été imposés selon la norme ISO 

4892-2: 2006, comme indiqué dans le��Tableau 6-2�� 

Tableau 6-2 �/�H�V���S�D�U�D�P�q�W�U�H�V���G�¶�H�[�S�R�V�L�W�L�R�Q���G�X���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���D�X���8�9���G�H�V���F�R�P�S�R�V�L�W�H�V 

�&�\�F�O�H 
�G�¶�H�[�S�R�V�L�W�L�R�Q 

�U�D�\�R�Q�Q�H�P�H�Q�W 
���:���P���� 

�7�H�P�S�p�U�D�W�X�U�H�� �G�X��
�%�O�D�F�N���V�W�D�Q�G�D�U�G��
���R�&�� 

�7�H�P�S�p�U�D�W�X�U�H���G�H���O�D��
�F�K�D�P�E�U�H�����R�&�� 

�+�X�P�L�G�L�W�p���U�H�O�D�W�L�Y�H 
������ 

�6�H�F�� �H�Q��
�F�R�Q�W�L�Q�X �������“�� �������“�� �������“�� �������“���� 

6.3.2.1 Résultats des essais de traction 

La Fig. 6-10 présente les propriétés mécaniques des composites vieillis aux 

UVs �M�X�V�T�X�¶�D�X�[�������V�H�P�D�L�Q�H�V�� 

�1�R�X�V�� �S�R�X�Y�R�Q�V�� �F�R�Q�V�W�D�W�H�U�� �T�X�H�� �O�D�� �S�H�U�W�H�� �G�H�� �S�U�R�S�U�L�p�W�p�V�� �S�R�X�U�� �O�¶�H�Q�V�H�P�E�O�H�� �G�H�V��

�F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�� �Q�¶�H�V�W�� �S�D�V�� �L�P�P�p�G�L�D�W�H�� �F�R�P�P�H�� �G�D�Q�V�� �O�H�� �F�D�V�� �G�X�� �Y�L�H�L�O�O�L�V�V�H�P�H�Q�W�� �j��

�O�¶�K�X�P�L�G�L�W�p�����&�H�W�W�H���G�L�P�L�Q�X�W�L�R�Q���D�S�S�D�U�D�L�W���j���S�D�U�W�L�U���G�H���O�D���T�X�D�W�U�L�q�P�H���V�H�P�D�L�Q�H�� 

�$�X�V�V�L���Q�R�X�V���Y�R�\�R�Q�V���T�X�H���O�¶�H�Q�V�H�P�E�O�H���G�H�V���W�U�R�L�V���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���V�X�E�L�V�V�H�Q�W���j�� �S�H�X��

�S�U�q�V���O�D���P�r�P�H���S�H�U�W�H���G�H���S�U�R�S�U�L�p�W�p�V���P�r�P�H���V�L���O�D���F�R�Q�I�L�J�X�U�D�W�L�R�Q���+�5�������������������G�H���I�L�E�U�H��

�D�Y�H�F�� �������� �0�3�D�� �G�H�� �S�U�H�V�V�L�R�Q���� �H�V�W�� �O�D�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�� �O�D�� �S�O�X�V�� �G�p�J�U�D�G�p�H�� �S�D�U�� �F�H��

�Y�L�H�L�O�O�L�V�V�H�P�H�Q�W�� 

�1�R�X�V���S�R�X�Y�R�Q�V���U�H�P�D�U�T�X�H�U���T�X�H���O�H���Y�L�H�L�O�O�L�V�V�H�P�H�Q�W���j�������V�H�P�D�L�Q�H�V���D�X�[���8�9�V���D���I�D�L�W��

�F�K�X�W�H�U���G�H�����������O�H�V���S�U�R�S�U�L�p�W�p�V���L�Q�L�W�L�D�O�H�V���G�H���Q�R�V���P�D�W�p�U�L�D�X�[�� 
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6.3.2.2 �2�E�V�H�U�Y�D�W�L�R�Q���G�¶�D�S�S�D�U�H�Q�F�H 

�/�D��Fig. 6-11���P�R�Q�W�U�H���O�H�V���S�K�R�W�R�V���G�H�V���F�R�P�S�R�V�L�W�H�V���Y�L�H�L�O�O�L�V���D�X�[���8�9�V�����/�D���F�R�X�O�H�X�U��

�G�H�V���p�F�K�D�Q�W�L�O�O�R�Q�V���D���F�K�D�Q�J�p���H�Q���S�D�V�V�D�Q�W���G�X���E�U�X�Q���D�X���E�O�D�Q�F�����3�H�Q�G�D�Q�W���O�H�V���G�H�X�[���S�U�H�P�L�q�U�H�V��

�V�H�P�D�L�Q�H�V���� �O�D���F�R�X�O�H�X�U���G�H���O�D���V�X�U�I�D�F�H���G�H�V���F�R�P�S�R�V�L�W�H�V���Q�¶�D���S�D�V���F�K�D�Q�J�p�� �G�X���W�R�X�W���� �0�D�L�V��

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

�V�H�P�D�L�Q�H�V�����Q�R�X�V���D�Y�R�Q�V���F�R�Q�V�W�D�W�p���O�¶�D�S�S�D�U�L�W�L�R�Q���G�H���I�L�V�V�X�U�H�V���P�D�F�U�R�V�F�R�S�L�T�X�H�V���j���O�D���V�X�U�I�D�F�H��

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

 

Fig. 6-10 Les propriétés mécaniques des composites vieillis au UV, a) la contrainte 
�P�D�[�L�P�D�O�H�����E�����O�H���P�R�G�X�O�H���G�¶�<�R�X�Q�J�����F�����O�D���G�p�I�R�U�P�D�W�L�R�Q���j���O�D���U�X�S�W�X�U�H�� 

c) 

b) a) 
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Fig. 6-11 Photos des composites HR3 vieillis, a) 0, b) 1, c) 2, d) 4, e) 6, f) 8 semaines. 

6.4 Contraintes résiduelles dans les composites 

�/�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V���M�R�X�H�Q�W���X�Q���U�{�O�H���L�P�S�R�U�W�D�Q�W���V�X�U���O�D���W�H�Q�X�H���H�W���O�D���G�X�U�p�H��

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

�G�X���P�p�P�R�L�U�H���V�¶�L�Q�W�p�U�H�V�V�H���j���O�D���G�p�W�H�U�P�L�Q�D�W�L�R�Q���G�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V���G�D�Q�V���F�K�D�F�X�Q��

�G�H�V�� �S�O�L�V�� �G�H�� �Q�R�V�� �F�R�P�S�R�V�L�W�H�V�� �3�3���F�K�D�Q�Y�U�H�� �H�W�� �S�R�X�U�� �F�K�D�F�X�Q�H�� �G�H�V�� �W�H�P�S�p�U�D�W�X�U�H�V��

�G�¶�p�O�D�E�R�U�D�W�L�R�Q���� �'�D�Q�V�� �O�H�V�� �D�J�U�R���P�D�W�p�U�L�D�X�[���� �O�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V�� �U�p�V�L�G�X�H�O�O�H�V�� �V�R�Q�W��

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

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

�G�L�I�I�p�U�H�Q�F�H���G�H���F�R�H�I�I�L�F�L�H�Q�W���G�H���G�L�O�D�W�D�W�L�R�Q���W�K�H�U�P�L�T�X�H���G�H�V���P�D�W�p�U�L�D�X�[���D�V�V�H�P�E�O�p�V�� 

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

�O�D���P�L�H�X�[���D�G�D�S�W�p�H���j���Q�R�W�U�H���p�W�X�G�H���H�V�W���O�D���P�p�W�K�R�G�H���G�X���W�U�R�X���L�Q�F�U�p�P�H�Q�W�D�O�����&�H�W�W�H���P�p�W�K�R�G�H��

�H�V�W���E�D�V�p�H���V�X�U���O�H���S�U�L�Q�F�L�S�H���G�H���U�H�O�D�[�D�W�L�R�Q���G�H�V���F�R�Q�W�U�D�L�Q�W�H�V���D�S�U�q�V���D�Y�R�L�U���S�H�U�F�p���X�Q���W�U�R�X���D�X��

�F�H�Q�W�U�H���G�¶�X�Q�H���U�R�V�H�W�W�H���G�H���W�U�R�L�V���M�D�X�J�H�V���G�H���G�p�I�R�U�P�D�W�L�R�Q�� 

�$�S�U�q�V�� �D�Y�R�L�U�� �G�p�F�U�L�W�� �V�X�F�F�L�Q�F�W�H�P�H�Q�W�� �O�D�� �P�p�W�K�R�G�H���� �Q�R�X�V�� �H�[�S�O�L�T�X�H�U�R�Q�V�� �F�R�P�P�H�Q�W��

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

�R�E�W�H�Q�X�V���V�X�U���Q�R�V���P�D�W�p�U�L�D�X�[�� 

a) b) c) 

d) e) f) 
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6.4.1 La méthode du trou incrémentale  

La méthode du trou incrémental est basée sur le principe de relaxation des 

�F�R�Q�W�U�D�L�Q�W�H�V�����3�R�X�U���F�H�O�D���X�Q�H���U�R�V�H�W�W�H���G�H���W�U�R�L�V���M�D�X�J�H�V���G�H���G�p�I�R�U�P�D�W�L�R�Q���H�V�W���F�R�O�O�p�H���j���O�¶�H�Q�G�U�R�L�W��

�R�•�� �O�¶�R�Q�� �V�R�X�K�D�L�W�H�� �G�p�W�H�U�P�L�Q�H�U�� �F�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V���� �/�H�� �S�H�U�o�D�J�H�� �G�¶�X�Q�� �W�U�R�X�� �G�H�� ���P�P�� �G�H��

diamètre relaxe les contraintes piégées dans le volume de matière qui vont créer en 

surface des déformations. En procédant ainsi de manière incrémental, nous avons 

accès aux contraintes dans une fine épaisseur du composite, 1 mm pour notre étude. 

Cette méthode peut se décomposer en trois étapes 

�x �3�H�U�F�H�U���X�Q���W�U�R�X���G�D�Q�V���O�D���]�R�Q�H���G�¶�L�Q�W�p�U�r�W�� 

�x �0�H�V�X�U�H�U���O�H�V���G�p�I�R�U�P�D�W�L�R�Q�V���D�X�W�R�X�U���G�X���W�U�R�X���S�H�U�F�p���H�Q�W�U�H���F�K�D�T�X�H���L�Q�F�U�p�P�H�Q�W�� 

�x �&�D�O�F�X�O�H�U���O�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V�� 

Le problème est maintenant de relier les déformations mesurées en surface aux 

contraintes initialement présentes dans le matériau. 

Nous faisons �O�¶�K�\�S�R�W�K�q�V�H���T�X�H���O�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V���V�R�Q�W���G�D�Q�V���X�Q���p�W�D�W��de 

�S�O�D�Q���G�H���F�R�Q�W�U�D�L�Q�W�H���1(x, y) �D�Y�H�F���11 �H�W���12 les contraintes principales. En changeant de 

système de coordonnées (Fig. 6-12 Diagramme schématique du système 

coordonné.), nous pouvons en déduire le �W�H�Q�V�H�X�U���F�\�O�L�Q�G�U�L�T�X�H���G�H�V���F�R�Q�W�U�D�L�Q�W�H�V���1���U��������. 

�$�X�V�V�L���H�Q���S�R�V�D�Q�W���;� ���1���������1�������<� ���1���������1�������S�R�X�U���R�E�W�H�Q�L�U���� 

 

�Õ
�Ö
�Ô

�Ö
�Ó�ê�å 
L

�5

�6
�: 
E

�5

�6
�;�?�K�O�t�Ú�?�K�O�t�à
E

�5

�6
�;�O�E�J�t�Ú�O�E�J�t�à

�ê�� 
L
�5

�6
�: 
F

�5

�6
�;�?�K�O�t�Ú�?�K�O�t�à
F

�5

�6
�;�O�E�J�t�Ú�O�E�J�t�à

�ì�å�� 
L 
F
�5

�6
�;�?�K�O�t�Ú�?�K�O�t�à
E

�5

�6
�;�O�E�J�t�Ú�O�E�J�t�à

 ������������ 

�R�•���������H�V�W���O�¶�D�Q�J�O�H���H�Q�W�U�H���O�¶�D�[�H���G�H���F�R�Q�W�U�D�L�Q�W�H���S�U�L�Q�F�L�S�D�O�H���11 �H�W���O�¶�D�[�H���µ�[�¶���������H�V�W���O�¶�D�Q�J�O�H���H�Q�W�U�H��

�O�H���M�D�X�J�H���G�D�Q�V���X�Q���U�H�S�q�U�H���F�\�O�L�Q�G�U�L�T�X�H���H�W���O�¶�D�[�H���G�H���U�p�I�p�U�H�Q�F�H���µ�[�¶�����(�Q���D�S�S�O�L�T�X�D�Q�W���O�D���O�R�L���G�H��

Hooke, nous obtenons: 
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��  ������������ 

où, C est la matrice de souplesse, f1, f2, f3 sont des inconnues qui prennent en compte 

la géométrie du trou et les configurations des composites. 

 

Fig. 6-12 Diagramme schématique du système coordonné. 

La déformation radiale autour du trou devient: 

 �0�U��� ���$�;�������%�<�F�R�V�������������������&�<�V�L�Q������������ ������������ 

�R�•�����$� ���&�[�[�I�����&�[�\�I�������������%� � ���&�[�[�I�����&�[�\�I�������������&� ���&�[�V�I���� 

En utilisant une rosette de �M�D�X�J�H�V���G�D�Q�V���W�U�R�L�V���G�L�U�H�F�W�L�R�Q�V���j����� ��������
F
�7

�8
�è, 

�5

�6
�è, les 

déformations sur chacune des trois jauges peuvent �V�¶�p�F�U�L�U�H: 

 

�Õ
�Ö
�Ô

�Ö
�Ó

�Ý�5 
L �Ý�4 
L �#�: 
E�$�;�?�K�O�t�:�r 
F �Ú�; 
E�%�;�O�E�J�t�:�Ú
F�r�;

�Ý�6 
L �Ý�?�/
�0
�� 
L �#�: 
E�$�;�?�K�O�t �@
F

�7

�8
�è
F �Ú�A
E�%�;�O�E�J�t�:�Ú
E

�7

�8
�è�;

�Ý�7 
L �Ý�-
�.
�� 
L �#�: 
E�$�;�?�K�O�t �@

�5

�6
�è
F �Ú�A
E�%�;�O�E�J�t�:�Ú
F

�5

�6
�è�;

 ������������ 

�(�Q���I�D�L�V�D�Q�W���O�¶�K�\�S�R�W�K�q�V�H���T�X�H��les contraintes résiduelles sont homogènes sur toute 

�O�¶�p�S�D�L�V�V�H�X�U hi du pli, entre chaque incrément, les déformations sont générées  par le 

changement de géométrie du trou et la redistribution des contraintes.  

La redistribution des contraintes entre chaque incrément est prise en compte 
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�S�D�U���O�¶�p�T�X�D�W�L�R�Q����-�������,�O���H�V�W���I�D�F�L�O�H���G�¶�R�E�W�H�Q�L�U���O�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V���S�R�X�U���O�H���S�U�H�P�L�H�U��

incrément, la difficulté est de déterminer les contraintes au nième incrément. Les 

contraintes résiduelles dans la iième couche (i<n) sont déjà connues avec �11i�����12i������i. 

La déformation provoquée par la libération des contraintes résiduelles dans la nième 

couche est donnée par�� 

 �Ý�Ü�á
L �#�Ü�á�:�ê�5�Ü
E�ê�6�Ü�; 
E�$�Ü�á�:�ê�5�Ü
F �ê�6�Ü�;�?�K�O�t�:�à
F �Ú�Ü�; 

 
E�%�Ü�á�:�ê�5�Ü
F �ê�6�Ü�;�O�E�J�t�:�Ú�Ü
F �à�; ������������ 

�R�• 

�11i�����12i: les contraintes résiduelles dans la iième couche. 

�0in: la contribution de la iième couche à la déformation totale après le nième 

incrément. 

A in, Bin, Cin: les coefficients de calibrations dans la iième couche correspondant 

au nième incrément. 

��i: l�¶�D�Q�J�O�H���H�Q�W�U�H���O�D���G�L�U�H�F�W�L�R�Q���S�U�L�Q�F�L�S�D�O�H���G�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V���G�D�Q�V���O�D���Lième 

couche et la direction �š�,
1. 

������l�¶�D�Q�J�O�H���H�Q�W�U�H���O�D���M�D�X�J�H���H�W���O�D���G�L�U�H�F�W�L�R�Q���š�,
1. 

�/�¶�p�T�X�D�W�L�R�Q������������ permet de prendre en compte la redistribution du champ de 

�F�R�Q�W�U�D�L�Q�W�H�����3�D�U���F�R�Q�W�U�H���S�R�X�U���O�¶�L�Q�F�U�p�P�H�Q�W���Q�����O�D���G�p�I�R�U�P�D�W�L�R�Q���V�¶�p�F�U�L�W�� 

 �Ý�á�á 
L �#�á�á�:�ê�5�á 
E�ê�6�á�; 
E�$�á�á�:�ê�5�á 
F �ê�6�á�;�?�K�O�t�:�à
F �Ú�á�; 
E 

 �%�á�á�:�ê�5�á 
F �ê�6�á�;�O�E�J�t�:�Ú�á 
F �à�; ������������ 

En écrivant cette relation sur chacune des trois jauges et en inversant le système, 

nous pouvons écrire les contraintes en fonction des déformations �>�������@: 

�ê�5�Ü�á
L
�Ý�á�5�:�#�á�á
F �$�á�á�O�E�J�t�à�á 
E�%�á�á�?�K�O�t�à�á�; 
F �Ý�á�6�:�#�á�á
F �$�á�á�?�K�O�t�à�á 
F �%�á�á�O�E�J�t�à�á�;

�t�#�á�á�$�á�á�:
F�O�E�J�t�à�á 
E�?�K�O�t�à�á�; 
E�t�#�á�á�%�á�á�:�O�E�J�t�à�á 
E�?�K�O�t�à�á�;
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�ê�6�Ü�á
L

F�Ý�á�5�:�#�á�á
E�$�á�á�O�E�J�t�à�á 
F �?�K�O�t�à�á�; 
E�Ý�á�6�:�#�á�á
E�$�á�á�?�K�O�t�à�á 
E�%�á�á�O�E�J�t�à�á�;

�t�#�á�á�$�á�á�:
F�O�E�J�t�à�á 
E�?�K�O�t�à�á�; 
E�t�#�á�á�%�á�á�:�O�E�J�t�à�á 
E�?�K�O�t�à�á�;
 

�à�á 
L
�s
�t

�–�ƒ�•�?�5�>
�%�á�á�:�Ý�á�7 
F �Ý�á�5�; 
F �$�á�á�:�t�Ý�á�6 
F �Ý�á�5 
F �Ý�á�7�;

�%�á�á�:�t�Ý�á�6 
F �Ý�á�5 
F �Ý�á
�7�; 
E�$�á�á�:�Ý�á

�7 
F �Ý�á�5�;
�? 

  ������������ 

�/�H�� �S�U�R�E�O�q�P�H�� �H�V�W�� �P�D�L�Q�W�H�Q�D�Q�W�� �G�H�� �G�p�W�H�U�P�L�Q�H�U�� �O�H�V���F�R�H�I�I�L�F�L�H�Q�W�V���$�Q�Q���� �%�Q�Q���H�W�� �&�Q�Q����

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

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

�Q�R�V���P�D�W�p�U�L�D�X�[�� 

6.4.2 Détermination des coefficients de calibration 

�(�Q���D�S�S�O�L�T�X�D�Q�W���O�D���P�p�W�K�R�G�H���G�X���W�U�R�X���L�Q�F�U�p�P�H�Q�W�D�O�����O�H���S�U�R�E�O�q�P�H���S�U�L�Q�F�L�S�D�O���H�V�W���G�H��

�G�p�W�H�U�P�L�Q�H�U���O�H�V���F�R�H�I�I�L�F�L�H�Q�W�V���G�H���F�D�O�L�E�U�D�W�L�R�Q�����3�R�X�U���F�H�O�D�����Q�R�X�V���D�Y�R�Q�V���G�p�Y�H�O�R�S�S�p���X�Q���R�X�W�L�O��

�L�Q�I�R�U�P�D�W�L�T�X�H���E�D�V�p���V�X�U���O�D���P�p�W�K�R�G�H���G�H�V���p�O�p�P�H�Q�W�V���I�L�Q�L�V�����&�H�W���R�X�W�L�O���S�H�U�P�H�W���G�H���V�L�P�X�O�H�U��

�O�D�� �U�H�O�D�[�D�W�L�R�Q�� �G�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V�� �H�Q�� �I�R�Q�F�W�L�R�Q�� �G�H�� �Q�R�V�� �G�R�Q�Q�p�H�V�� �H�[�S�p�U�L�P�H�Q�W�D�O�H�V���� �1�R�X�V��

�D�Y�R�Q�V�� �X�W�L�O�L�V�p�� �O�H�� �O�R�J�L�F�L�H�O�� �F�R�P�P�H�U�F�L�D�O�� �$�%�$�4�8�6���6�W�D�Q�G�D�U�G�� �S�R�X�U�� �O�¶�H�Q�V�H�P�E�O�H�� �G�H�V��

�P�R�G�p�O�L�V�D�W�L�R�Q�V�����/�D��Fig. 6-13���P�R�Q�W�U�H���O�H���P�R�G�q�O�H���X�W�L�O�L�V�p���� 

�$�I�L�Q���G�H���G�p�W�H�U�P�L�Q�H�U���O�H�V���F�R�H�I�I�L�F�L�H�Q�W�V���G�H���F�D�O�L�E�U�D�W�L�R�Q�����Q�R�X�V���D�Y�R�Q�V���V�X�S�S�R�V�p���X�Q���p�W�D�W��

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

�G�H�Y�D�Q�W���O�H�V���D�X�W�U�H�V���F�R�Q�W�U�D�L�Q�W�H�V�� 

�3�R�X�U�� �G�p�W�H�U�P�L�Q�H�U�� �$�L�Q���� �R�Q�� �V�X�S�S�R�V�H�� �O�¶�H�[�L�V�W�H�Q�F�H�� �G�¶�X�Q�� �p�W�D�W�� �p�T�X�L�E�L�D�[�L�D�O�H�� �G�H��

�F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V�����1���L��� ���1���L� ���1���H�W����� �������D�X���V�H�L�Q���G�H���O�D���L�L�q�P�H���F�R�X�F�K�H���G�D�Q�V���O�H��

�P�R�G�q�O�H�����D�O�R�U�V���1�U�L� �����1���H�W���1�U���L� �������G�D�Q�V���O�H���U�H�S�q�U�H���F�\�O�L�Q�G�U�L�T�X�H�����2�Q���R�E�W�L�H�Q�W�����$�L�Q� �0�L�Q�����1�� 
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Fig. 6-13 Modèle éléments finis  utilisé pour le calcul des coefficients de calibration 

�&�R�Q�F�H�U�Q�D�Q�W�� �%�L�Q�� �H�W�� �&�L�Q���� �Q�R�X�V�� �D�S�S�O�L�T�X�R�Q�V�� �L�F�L�� �X�Q�� �p�W�D�W�� �G�H�� �F�R�Q�W�U�D�L�Q�W�H�V�� �G�D�Q�V�� �O�D��

�L�L�q�P�H�� �F�R�X�F�K�H�� �G�D�Q�V�� �O�H�� �P�R�G�q�O�H�� �D�Y�H�F���1���L�� � �����1���L� ���1���H�W����� �������D�O�R�U�V���1�U�L� �����1�F�R�V�������H�W��

�1�U���L� �1�V�L�Q���������G�D�Q�V���O�H���U�H�S�q�U�H���F�\�O�L�Q�G�U�L�T�X�H�����2�Q���R�E�W�L�H�Q�W�����%�L�Q��� ���0�L�Q����� ���������1�����H�W���&�L�Q��� ����

�0�L�Q����� �Œ�����������1�� 

�'�D�Q�V�� �F�H�� �W�U�D�Y�D�L�O���� �Q�R�W�U�H�� �D�S�S�R�U�W�� �D�� �p�W�p�� �O�D�� �G�p�W�H�U�P�L�Q�D�W�L�R�Q�� �G�H�V�� �F�R�H�I�I�L�F�L�H�Q�W�V�� �G�H��

�F�D�O�L�E�U�D�W�L�R�Q�� �D�G�D�S�W�p�H�� �j�� �Q�R�V�� �P�D�W�p�U�L�D�X�[�� �H�W�� �j�� �Q�R�V�� �P�H�V�X�U�H�V���� �&�H�W�W�H�� �P�p�W�K�R�G�H�� �V�H�U�D��

�P�D�L�Q�W�H�Q�D�Q�W�� �X�W�L�O�L�V�p�H�� �V�X�U�� �Q�R�V�� �D�J�U�R���P�D�W�p�U�L�D�X�[�� �D�Y�H�F�� �O�H�V�� �F�L�Q�T�� �W�H�P�S�p�U�D�W�X�U�H�V��

�G�¶�p�O�D�E�R�U�D�W�L�R�Q���� �&�H�F�L�� �Q�R�X�V�� �S�H�U�P�H�W�W�U�D�� �G�H�� �Y�R�L�U�� �O�¶�L�Q�I�O�X�H�Q�F�H�� �G�H�� �O�D�� �W�H�P�S�p�U�D�W�X�U�H�� �V�X�U�� �O�H��

�J�U�D�G�L�H�Q�W���G�H���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V�� 
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6.4.3 Contraintes résiduelles 

6.4.3.1 Influence de température 

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

�F�R�Q�W�H�Q�D�Q�W���������������G�H���I�L�E�U�H�V���G�H���F�K�D�Q�Y�U�H�����p�O�D�E�R�U�p�V���j���X�Q�H���S�U�H�V�V�L�R�Q���G�H�����������0�3�D���H�W���D�Y�H�F��

�F�L�Q�T���W�H�P�S�p�U�D�W�X�U�H�V���G�L�I�I�p�U�H�Q�W�H�V�� 

�1�R�X�V���D�Y�R�Q�V���S�H�U�F�p���X�Q���W�U�R�X���j���I�R�Q�G���S�O�D�W���G�H�����P�P���G�H���G�L�D�P�q�W�U�H���D�X���F�H�Q�W�U�H���G�¶�X�Q�H��

�U�R�V�H�W�W�H�� �G�H�� �W�U�R�L�V�� �M�D�X�J�H�V���� �1�R�X�V�� �D�Y�R�Q�V�� �F�K�R�L�V�L�� �G�H�� �I�D�L�U�H�� �G�H�V�� �L�Q�F�U�p�P�H�Q�W�V�� �F�R�Q�V�W�D�Q�W�V�� �G�H��

�������—�P���G�¶�p�S�D�L�V�V�H�X�U���S�R�X�U���D�W�W�H�L�Q�G�U�H���X�Q�H���S�U�R�I�R�Q�G�H�X�U���W�R�W�D�O�H���G�H�����P�P�� 

�/�H�V��Fig. 6-14���H�W��Fig. 6-15���P�R�Q�W�U�H�Q�W�� �O�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V�� �U�p�V�L�G�X�H�O�O�H�V�� �V�X�L�Y�D�Q�W�� �O�H�V��

�G�L�U�H�F�W�L�R�Q�V���[���H�W���\�����R�E�W�H�Q�X�H�V���G�D�Q�V���Q�R�V���D�J�U�R���P�D�W�p�U�L�D�X�[���H�Q���I�R�Q�F�W�L�R�Q���G�H���O�D���S�U�R�I�R�Q�G�H�X�U����

�'�H���S�O�X�V���F�H�V���F�R�Q�W�U�D�L�Q�W�H�V���V�R�Q�W���G�R�Q�Q�p�H�V���S�R�X�U���O�H�V���F�L�Q�T���W�H�P�S�p�U�D�W�X�U�H�V���G�H���I�D�E�U�L�F�D�W�L�R�Q�� 

 

Fig. 6-14 Contraintes résiduelles �1x en fonction de profondeur 
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Fig. 6-15 C Contraintes résiduelles �1y en fonction de profondeur 

�1�R�X�V���U�H�P�D�U�T�X�R�Q�V���W�R�X�W���G�¶�D�E�R�U�G���T�X�H���O�H�V���F�R�Q�W�U�D�L�Q�W�H�V���1�[���H�W���1�\���V�R�Q�W���p�T�X�L�O�L�E�U�p�H�V��

�H�W���V�R�Q�W���G�H���V�L�J�Q�H���R�S�S�R�V�p�� 

�(�Q�V�X�L�W�H���� �Q�R�X�V�� �F�R�Q�V�W�D�W�R�Q�V�� �T�X�H�� �O�H�V�� �F�R�Q�W�U�D�L�Q�W�H�V�� �V�R�Q�W���K�R�P�R�J�q�Q�H�V�� �H�W�� �F�R�Q�V�W�D�Q�W�H�V��

�G�D�Q�V�� �O�H�� �3�3���������� �0�3�D�� �H�Q�Y�L�U�R�Q�� �H�W�� �T�X�¶�H�O�O�H�V�� �p�Y�R�O�X�H�Q�W�� �I�R�U�W�H�P�H�Q�W�� �G�D�Q�V�� �O�H�V�� �I�L�E�U�H�V�� �G�H��

�F�K�D�Q�Y�U�H�V�����������H�W���������0�3�D�����,�O���H�V�W���L�Q�W�p�U�H�V�V�D�Q�W���G�H���F�R�Q�V�W�D�W�H�U���O�H���F�K�D�Q�J�H�P�H�Q�W���G�H���V�L�J�Q�H���G�H�V��

�F�R�Q�W�U�D�L�Q�W�H�V���H�Q�W�U�H���O�H�V���G�L�I�I�p�U�H�Q�W�V���S�O�L�V�� 

�&�R�Q�F�H�U�Q�D�Q�W���O�D���W�H�P�S�p�U�D�W�X�U�H�����O�H�V���F�R�Q�W�U�D�L�Q�W�H�V���U�p�V�L�G�X�H�O�O�H�V���G�D�Q�V���O�H���3�3���Q�¶�p�Y�R�O�X�H�Q�W��
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Elaboration des chanvre/PP composites 
et étude des contraintes résiduelles et 
du comportement de vieillissements 
 
 
Depuis quelques années les matériaux composites à 
base de fibres naturelles sont de plus en plus utili-
sés pour les nouvelles performances qu•ils propo-
sent. C•est surtout au niveau des fibres naturelles 
que de nouvelles propriétés sont proposées  
Dans ce travail, nous nous sommes essentiellement 
intéressés aux fibres naturelles de chanvre. Ces 
fibres sont déjà fortement utilisées dans l•auto-
mobile et la construction. En Europe, ces fibres sont 
produites principalement en France et plus particu-
lièrement dans l•Aube. 
Pour développer des agro-composites hautes per-
formances, c•est sous la forme de fibres longues et 
de tissus que nous avons choisi d•orienter ce travail 
de thèse.  
Nous avons choisi la thermocompression pour éla-
borer des plaques avec des tissus de chanvre et une 
matrice en polypropylène (PP).  
Ce travail permet de voir l•influence des conditions 
d•élaboration sur le comportement mécaniques de 
ces agro-composites. Cette thèse permet aussi de 
voir l•effet du vieillissement aux UV et à l•Humidité 
sur les performances de ces matériaux. Enfin une 
analyse des contraintes résiduelles par la méthode 
du trou incrémental permet de voir leurs effets sur 
ces agro-matériaux. 
 
 
Mots clés : fibres végétales - matières plastiques 
renforcées avec des fibres - contraintes résiduelles - 
matériaux, détérioration - matériaux, propriétés 
mécaniques. 
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Manufacturing of Hemp/PP Composites 
and Study of its Residual Stress and 
Aging Behavior 
 
 
In recent years composite materials based on natu-
ral fibers are more and more used for their new 
performances. Natural fibers propose attractive 
environmental, mechanical and thermal properties. 
In this work, we are firstly interested in hemp fibers. 
These fibers are already used in the automotive and 
construction industry. In Europe, these fibers are 
produced mainly in France and especially in Aube. 
To develop agro-composites with high performanc-
es, we have focused this thesis on hemp woven. We 
chose to elaborate the plates with hemp woven and 
a polypropylene matrix (PP) by compression mold-
ing. 
This work allows us to see the influence of elabora-
tion conditions on the mechanical behavior of these 
agro-composites. This thesis also allows us to see 
the effect of aging conditions UV and humidity on 
the performance of these materials. Finally an anal-
ysis of residual stresses determined by the hole 
drilling method is proposed to see their effects on 
the agro-materials. 
 
 
Keywords: plant fibers - fiber reinforced plastics - 
residual stresses - materials, deterioration - materi-
als, mechanical properties. 
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