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

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

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

�O�H�D�U�Q�L�Q�J���W�H�F�K�Q�L�T�X�H�V�� 

�7�K�H�� �&�D�Q�G�L�G�D�W�H�� �F�D�U�U�L�H�G�� �R�X�W�� �K�H�U�� �U�H�V�H�D�U�F�K�� �Z�R�U�N�� �Z�L�W�K�� �J�U�H�D�W�� �H�Q�W�K�X�V�L�D�V�P�� �D�Q�G�� �F�R�P�P�L�W�P�H�Q�W�����6�K�H��

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

�S�U�R�E�O�H�P�V�� �W�K�D�W�� �D�U�R�V�H�� �L�Q�G�H�S�H�Q�G�H�Q�W�O�\���� �6�K�H�� �S�O�D�Q�Q�H�G�� �K�H�U�� �H�[�S�H�U�L�P�H�Q�W�V�� �L�Q�G�H�S�H�Q�G�H�Q�W�O�\���� �W�D�N�L�Q�J�� �L�Q�W�R��

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

�D�F�T�X�L�U�L�Q�J���Q�H�Z���N�Q�R�Z�O�H�G�J�H�� 

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

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

�'�R�F�W�R�U�D�O���6�F�K�R�R�O���R�I���0�D�W�H�U�L�D�O�V���6�F�L�H�Q�F�H���D�Q�G���7�H�F�K�Q�R�O�R�J�\���� 

 

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

�D�F�F�H�S�W�D�Q�F�H�����D�Q�G���,���V�X�S�S�R�U�W���W�K�H���D�Z�D�U�G�L�Q�J���R�I���W�K�H���3�K�'���G�H�J�U�H�H�� 

 

�0�L�V�N�R�O�F���������W�K���2�F�W�R�E�H�U���������� 

 

���������������������������������������������������������������������������������������������������������������������������������������������5�y�E�H�U�W���*�p�E�H�U 
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�/�L�V�W���R�I���D�E�E�U�H�Y�L�D�W�L�R�Q�V���D�Q�G���Q�R�W�D�W�L�R�Q�V 

�$ Cross-sectional area 
�$�'  �$�S�S�D�U�H�Q�W���G�H�Q�V�L�W�\ 
�$�O �$�O�X�P�L�Q�X�P 

�$�O���2�� �$�O�X�P�L�Q�X�P���R�[�L�G�H 
�$�O���7�L�2�� �$�O�X�P�L�Q�X�P���W�L�W�D�Q�D�W�H 

�$�3 �$�S�S�D�U�H�Q�W���S�R�U�R�V�L�W�\ 
�$�6�7�0 �$�P�H�U�L�F�D�Q���6�R�F�L�H�W�\���I�R�U���7�H�V�W�L�Q�J���D�Q�G���0�D�W�H�U�L�D�O�V 
�$�7�= �$�O���2�����W�R�X�J�K�H�Q�H�G��ZrO2 

�%�D�=�U�2�� �%�D�U�L�X�P���]�L�U�F�R�Q�D�W�H 
�%�&�3 �%�L�S�K�D�V�L�F���F�D�O�F�L�X�P���S�K�R�V�S�K�D�W�H 

�&�D�&�2�� �&�D�O�F�L�X�P���F�D�U�E�R�Q�D�W�H 
�&�D�2 �&�D�O�F�L�X�P���R�[�L�G�H 
�&�2�� �&�D�U�E�R�Q���G�L�R�[�L�G�H 

c-�=�U�2�� �&�X�E�L�F���]�L�U�F�R�Q�L�D���S�K�D�V�H 
�'�/�3  �'�L�J�L�W�D�O���O�L�J�K�W���S�U�R�F�H�V�V�L�Q�J 

�'�R�O�D�S�L�[���&�(���� �'�H�I�O�R�F�F�X�O�D�Q�W 
�( �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V 

�(�$ �(�Q�H�U�J�\���D�E�V�R�U�S�W�L�R�Q 
�(�'�6 �(�Q�H�U�J�\���G�L�V�S�H�U�V�L�Y�H���V�S�H�F�W�U�R�V�F�R�S�\ 

�) Applied load 
�)�D�S �)�O�X�R�U�D�S�D�W�L�W�H 

�)�'�0  Fused deposition modelling 
�+ �+�D�U�G�Q�H�V�V 
�K �+�R�X�U�V 

�+�$ �+�\�G�U�R�[�\�D�S�D�W�L�W�H 
�+�9 �9�L�F�N�H�U�V���K�D�U�G�Q�H�V�V 
�.  �)�U�D�F�W�X�U�H���W�R�X�J�K�Q�H�V�V 
�N �7�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\ 

�/�6 �/�L�Q�H�D�U���V�K�U�L�Q�N�D�J�H 
�0�J �0�D�J�Q�H�V�L�X�P 

�0�J�2 �0�D�J�Q�H�V�L�X�P���R�[�L�G�H 
�0�,�3 �0�H�U�F�X�U�\���L�Q�W�U�X�V�L�R�Q���S�R�U�R�V�L�P�H�W�U�\ 

�P�R�O���� �0�R�O�H���S�H�U�F�H�Q�W�D�J�H 
�P���=�U�2�� �0�R�Q�R�F�O�L�Q�L�F���]�L�U�F�R�Q�L�D 

�2 Oxygen 
�3 �3�U�H�V�V�X�U�H 

�3�&�/ �3�R�O�\�F�D�S�U�R�O�D�F�W�R�Q�H 
�3�)�$ �3�R�U�H���I�R�U�P�L�Q�J���D�J�H�Q�W�V 
�3�,�&�1 �3�R�O�\�P�H�U���L�Q�I�L�O�W�U�D�W�H�G���F�H�U�D�P�L�F���Q�H�W�Z�R�U�N 

PMMA Polymethyl methacrylate 
PP Polypropylene 

PVP �3�R�O�\�Y�L�Q�\�O�S�\�U�U�R�O�L�G�R�Q�H 
�U �&�R�U�U�H�O�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W 
�U �3�R�U�H���U�D�G�L�X�V 
r2 Radius squared 

�6�&�& �6�W�D�U�F�K���F�R�Q�V�R�O�L�G�D�W�L�R�Q���F�D�V�W�L�Q�J 
�6�(�0 �6�F�D�Q�Q�L�Q�J���(�O�H�F�W�U�R�Q���0�L�F�U�R�V�F�R�S�H 
�6�L�& �6�L�O�L�F�R�Q���&�D�U�E�L�G�H 
�6�L�2�� �6�L�O�L�F�R�Q���G�L�R�[�L�G�H 
�6�7 �6�L�Q�W�H�U�L�Q�J���W�L�P�H 

�7�L�2�� �7�L�W�D�Q�L�X�P���'�L�R�[�L�G�H 
�7�0�$ �'�L�O�D�W�R�P�H�W�U�L�F�����W�K�H�U�P�R�P�H�F�K�D�Q�L�F�D�O���D�Q�D�O�\�V�L�V 
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t���=�U�2�� �7�H�W�U�D�J�R�Q�D�O���]�L�U�F�R�Q�L�D���S�K�D�V�H 
�8�7�6 �0�D�[�L�P�X�P���X�O�W�L�P�D�W�H���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K 
�9�� �9�R�O�X�P�H���R�I���W�K�H���V�D�P�S�O�H�V���E�H�I�R�U�H���V�L�Q�W�H�U�L�Q�J 
�9�� �9�R�O�X�P�H���R�I���W�K�H���V�D�P�S�O�H�V���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J 

�9�R�O���� �9�R�O�X�P�H���S�H�U�F�H�Q�W�D�J�H 
�9�6 �9�R�O�X�P�H���V�K�U�L�Q�N�D�J�H 
�:�$  �:�D�W�H�U���D�E�V�R�U�S�W�L�R�Q 
�Z�L�P�P�� �:�H�L�J�K�W���D�I�W�H�U���L�P�P�H�U�V�L�Q�J���L�Q���Z�D�W�H�U���I�R�U���������K�R�X�U�V 
�Z�V�D�W�� �:�H�L�J�K�W���D�I�W�H�U���V�D�W�X�U�D�W�L�Q�J���Z�L�W�K���Z�D�W�H�U 
�Z�V�L�Q�W�� �:�H�L�J�K�W���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J 
�Z�W���� �:�H�L�J�K�W���S�H�U�F�H�Q�W�D�J�H 
�;�5�'  �;���5�D�\���G�L�I�I�U�D�F�W�L�R�Q 
�<���2�� �<�W�W�U�L�X�P�����,�,�,�����R�[�L�G�H 
�<�6�= �<�W�W�U�L�D���V�W�D�E�L�O�L�]�H�G���]�L�U�F�R�Q�L�D 
�=�U �=�L�U�F�R�Q�L�X�P 

�=�U�2�� �]�L�U�F�R�Q�L�D 
�=�U�6�L�2�� �=�L�U�F�R�Q�L�X�P�����,�9�����V�L�O�L�F�D�W�H 
�=�7�$ ZrO2 �W�R�X�J�K�H�Q�H�G���$�O���2�� 

�Ä �&�R�Q�W�D�F�W���D�Q�J�O�H 
���Ä �'�L�I�I�U�D�F�W�L�R�Q���D�Q�J�O�H�V 

�������������3���7 �3�R�W�D�W�R���D�Q�G���W�D�S�L�R�F�D���V�W�D�U�F�K���D�W���������������S�H�U�F�H�Q�W���U�D�W�L�R 
�1 �&�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K 
�1�W �7�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K 
�1�I �)�O�H�[�X�U�D�O���V�W�U�H�Q�J�W�K 
�! �(�O�H�F�W�U�L�F�D�O���U�H�V�L�V�W�L�Y�L�W�\ 
�Œ �0�D�W�K�H�P�D�W�L�F�D�O���F�R�Q�V�W�D�Q�W�����D�S�S�U�R�[�L�P�D�W�H�O�\���������������� 

�.���$�O���2�� �&�R�U�X�Q�G�X�P���D�O�X�P�L�Q�D���S�K�D�V�H�� 
�� �0�H�U�F�X�U�\���V�X�U�I�D�F�H���W�H�Q�V�L�R�Q 

�����&�D���6�L�2�� �'�L�F�D�O�F�L�X�P���V�L�O�L�F�D�W�H 
�����7�&�3 �%�H�W�D���W�U�L�F�D�O�F�L�X�P���S�K�R�V�S�K�D�W�H 
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�/�L�V�W���R�I���X�Q�L�W�V 

�ƒ�& �'�H�J�U�H�H���&�H�O�V�L�X�V 
�ƒ�&���P�L�Q �'�H�J�U�H�H���&�H�O�V�L�X�V���S�H�U���P�L�Q�X�W�H 

���P �0�L�F�U�R�P�H�W�H�U 
�J �*�U�D�P 

�J���F�P�� �*�U�D�P���S�H�U���F�X�E�L�F���F�H�Q�W�L�P�H�W�H�U 
�*�3�D �*�L�J�D���S�D�V�F�D�O 

�*�
 �„�P �*�L�J�D�R�K�P���P�H�W�H�U 
�-���J �-�R�X�O�H���S�H�U���J�U�D�P 

mm2 �0�L�O�O�L�P�H�W�H�U���V�T�X�D�U�H�G 
�0�3�D �1�H�Z�W�R�Q���S�H�U���V�T�X�D�U�H���P�L�O�O�L�P�H�W�H�U 

�0�3�D�¥�P �1�H�Z�W�R�Q���S�H�U���V�T�X�D�U�H���P�L�O�O�L�P�H�W�H�U�� square root of meter 
�Q�P �1�D�Q�R�P�H�W�H�U 

�Q�1���P �1�D�Q�R�Q�H�Z�W�R�Q�V���S�H�U���P�H�W�H�U 
�U�S�P �5�H�Y�R�O�X�W�L�R�Q�V���S�H�U���P�L�Q�X�W�H 
�V�H�F �6�H�F�R�Q�G 

�:���P�„�.  �:�D�W�W�V���S�H�U���P�H�W�H�U���.�H�O�Y�L�Q 
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�$�E�V�W�U�D�F�W 
Porous ceramics are composite materials that consist of a ceramic substrate and pores that are 

dispersed throughout the ceramic matrix. The special characteristics of porous ceramics �± their 

low density, large surface area, and chemical inertness �± have made them an increasingly popular 

product in the ceramics industry recently. Zirconia-based porous ceramics have emerged as 

potential materials for biomedical applications, especially in bone replacement, owing to their 

biocompatibility, mechanical durability, and adjustable porosity. Their mechanical characteristics 

and performance are controlled by the porosity, pore morphology and pore size distribution, which 

is the key to their effectiveness. Diverse techniques, including gel casting, freeze casting, and direct 

foaming, have been used to fabricate porous structures that replicate the natural architecture of the 

bone. Nonetheless, these approaches often encounter difficulties in attaining a balance among 

porosity, mechanical strength, and structural homogeneity, all of which are essential for effective 

bone implantation. The intricacy and expense of these processes necessitated the exploration of 

more accessible and cost-effective techniques for the production of porous materials. Therefore, 

other techniques were developed, for example the starch consolidation casting technique, that 

provide a direct control of porosity during production.  

This PhD research work focuses on the manufacturing, characterisation, and optimisation of 

novel zirconia-alumina-magnesia porous ceramics via the starch consolidation casting method, an 

economical and eco-friendly methodology for producing porous structures.��Potato and tapioca 

starches were used as body and pore-forming agents, while the distilled water content was altered 

to improve the rheological properties of the ceramic slurries. The morphology of the pores in the 

surface of the samples is essential for medical applications, particularly in bone replacement, since 

these pores enhance surface area and hence improve the bonding strength between the artificial 

bone and the living tissue. This PhD study assessed the influence of varying starch percentages 

and types on achieving the desired pore morphology. Mechanical properties are also essential in 

bone replacement applications; hence, this PhD research evaluated the impact of varying ratios of 

ceramics oxides and starches to achieve optimal mechanical strength.  

To produce the porous structure, ceramic slurries were prepared with different starch type and 

content, zirconia-to-alumina ratios, and powder-to-water ratios; subsequently, these slurries were 

poured into impermeable plastic moulds and heated at 80°C for 2 hours to allow the starch to swell 

and gelatinize. The samples are then de-moulded and gradually pre-sintered at 1100°C. The 
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sintering temperature is critical and influences the mechanical characteristics and pore morphology 

on the surface. Consequently, it is essential to investigate the impact of varying sintering 

temperatures and holding time.��Therefore, the samples were sintered at 1400°C, 1500°C, and 

1600°C for varying holding time to investigate their effects on microstructural development, 

densification, and mechanical characteristics. A thorough assessment was performed to evaluate 

the impact of these factors (starch type and content, zirconia-to-alumina ratios, powder-to-water 

ratios, sintering temperatures, and sintering holding time) on the final characteristics of the 

ceramics, including apparent density, apparent porosity, volume shrinkage, and compressive 

strength.��Microstructural characterization was conducted utilizing scanning electron microscopy 

(SEM) to investigate pore morphology and interconnectivity, X-ray diffraction (XRD) to identify 

phase compositions and transformations, and mercury intrusion porosimetry (MIP) to measure 

pore opening size distribution.�� 

SEM analysis illustrates that in all the pre-sintered and sintered samples, large areas with a 

uniform distribution of alumina and zirconia grains were present. It confirms the effectiveness of 

the mixing procedure that was followed.��The findings indicated that increasing the starch content 

markedly improved overall porosity, decreased density, and affected the mechanical strength of 

the resultant porous ceramics. A higher alumina content was associated with an increase in 

apparent porosity and a reduction in volume shrinkage and apparent densities. The main advantage 

of alumina is its ability to improve compressive strength serving as a barrier against fracture 

development. Pre-sintering effectively reduced the rate of shrinkage during the final sintering 

stage; this resulted in more controlled and predictable shrinkage, leading to better dimensional 

stability and reduced risk of defects in the final product. Porous ceramics with adequate mechanical 

strength, interconnected porosity, and bio-functionality were generated by optimizing sintering 

conditions and material combinations, making them ideal for biomedical applications, notably 

bone replacement. The results of the study highlight the efficacy of starch consolidation casting as 

a technique for producing bio-ceramics with customized characteristics.��To comprehend the 

intricate interactions among the different variables in the experimental data, it is crucial to analyse 

their pairwise correlations. Pair plots serve as an effective exploratory method for visualizing 

distributions and correlations among numerous variables, therefore clarifying the impact of 

processing conditions and compositions on the prepared bone replacement ceramics performance. 
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�������&�K�D�S�W�H�U���2�Q�H���±���/�L�W�H�U�D�W�X�U�H���U�H�Y�L�H�Z�����N�Q�R�Z�O�H�G�J�H���J�D�S�V���D�Q�G���W�K�H���D�L�P�V�� 

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

�������������=�U�2�����F�H�U�D�P�L�F�V���L�Q���J�H�Q�H�U�D�O 

ZrO2 �L�V���D���F�U�\�V�W�D�O�O�L�Q�H���V�W�U�X�F�W�X�U�H���R�I���]�L�U�F�R�Q�L�X�P���G�L�R�[�L�G�H�����,�W���F�R�P�H�V���L�Q���V�H�Y�H�U�D�O���S�K�D�V�H�V���D�Q�G���L�W���L�V���D���W�\�S�H��

�R�I���S�R�O�\�F�U�\�V�W�D�O�O�L�Q�H���F�H�U�D�P�L�F���W�K�D�W���G�R�H�V���Q�R�W���K�D�Y�H���D���J�O�D�V�V�\���S�K�D�V�H [1]. The spatial configuration of atoms 

in �=�U�2����is defined by certain crystallographic structures, which exemplify a feature referred to as 

polymorphism. �=�U�2����crystals are organized into crystalline cells that can be classified into three 

crystallographic phases (Fig. 1.1): 

  
�)�L�J�������������&�U�\�V�W�D�O�O�R�J�U�D�S�K�L�F���S�K�D�V�H�V���R�I���=�U�2�����F�H�U�D�P�L�F [2] 

The cubic (c-ZrO2) phase, characterized by a straight prism with square faces. The tetragonal 

(t-ZrO2) is characterized by a straight prism with rectangular sides, whereas the monoclinic (m-

ZrO2), known as mineral baddeleyite, is represented by a distorted prism with parallel sides. The 

c-ZrO2 phase is stable above 2370°C and exhibits moderate mechanical properties. The t-ZrO2 

phase is stable between 1170°C and 2370°C, facilitating the production of ceramics with enhanced 

mechanical properties. In contrast, the m-ZrO2 phase stable at room temperature up to 1170°C, 

demonstrates diminished mechanical performance and may lead to decreased cohesion among 

ceramic particles, thereby reducing density [2]. The properties of m-ZrO2 can be enhanced with 

the addition of other ceramic oxides [3]. During heating, at 1170°C, the m-ZrO2 changes to a t-

�=�U�2�� and shrinks by 4-5 vol%. At 2370°C, the t-�=�U�2�� structure deforms even further into a c-�=�U�2��. 

During cooling, �D�W���D���W�H�P�S�H�U�D�W�X�U�H���R�I���U�R�X�J�K�O�\���������q�&�����S�X�U�H���=�U�2�����W�U�D�Q�V�I�R�U�P�V���I�U�R�P��t-�=�U�2�� �W�R��m-�=�U�2������

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

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

�=�U�2�����D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H��[3]. The coordination number of c-�=�U�2�� and t-ZrO2 is eight, while that 
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of m-ZrO2 is seven. Because of the strong Zr-O covalent bond in a coordination number of seven, 

m-ZrO2 is shown to be thermodynamically stable at lower temperatures [4].  

ZrO2 is prepared by the calcination process of zirconium compounds and taking advantage of 

their great thermostability. ZrO2 is a cost-effective, non-toxic, and sustainable metal oxide with 

many potential applications [5]. ZrO2 ceramic is an advanced biomaterial extensively used in 

medical engineering due to its exceptional biocompatibility and mechanical strength compared to 

other ceramic materials. The surface strength rises as the particle area is minimized, aligning the 

theoretical and actual density values [6]. �=�U�2�����K�D�V���J�R�R�G���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���V�L�P�L�O�D�U���W�R���W�K�R�V�H���R�I��

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

�D�S�S�O�L�F�D�W�L�R�Q�V����In contrast to most ceramics, ZrO2 has high fracture toughness, making it very 

resistant to mechanical stress and fracturing. It has superior wear resistance, making it suitable for 

applications requiring extended service life. ZrO2 has a melting point of around 2715°C, enabling 

it to endure harsh temperatures. It serves as an exceptional thermal insulator, making It appropriate 

for applications necessitating heat resistance [8]. It can withstand harsh conditions since it is 

resistant to acid, alkali, and oxidation chemical attacks [9].��Both in vitro and in vivo investigations 

have validated the superior biocompatibility of ZrO2 powders [10]. They are chemically harmless, 

which allows for strong cell adhesion, thus, there have been no reports of any side effects, either 

local or systemic. Neither fibroblasts nor blood cells showed any signs of mutagenicity or 

oncogenicity. The dust generated by milling �=�U�2��, as opposed to that from asbestos, may not 

induce health issues [11]. 

�������������=�U�2�����$�O���2�����0�J�2���F�H�U�D�P�L�F���F�R�P�S�R�V�L�W�H�V 

ZrO2 �V�K�R�Z�H�G�� �W�K�H�� �P�R�V�W�� �S�U�R�P�L�V�H�� �D�V�� �D�� �E�L�R�P�D�W�H�U�L�D�O���Z�K�H�Q�� �F�R�P�E�L�Q�H�G�� �Z�L�W�K���$�O���2�����F�H�U�D�P�L�F�V�� �>�����@����

�:�K�H�Q���$�O���2�����L�V���W�K�H���S�U�L�P�D�U�\���F�R�P�S�R�Q�H�Q�W�����W�K�H���P�D�W�H�U�L�D�O�V���D�U�H���Q�D�P�H�G��ZrO2 �W�R�X�J�K�H�Q�H�G���$�O���2�������=�7�$�������D�Q�G��

�Z�K�H�Q��ZrO2 �L�V�� �W�K�H�� �S�U�H�G�R�P�L�Q�D�Q�W�� �F�R�P�S�R�Q�H�Q�W���� �W�K�H�\�� �D�U�H�� �F�D�O�O�H�G���$�O���2�����W�R�X�J�K�H�Q�H�G��ZrO2 ���$�7�=������ �7�K�H��

�D�G�Y�D�Q�W�D�J�H�V���R�I��ZrO2-�$�O���2�����F�R�P�S�R�V�L�W�H�V���D�U�H���W�K�H���P�H�U�J�L�Q�J���R�I���W�K�H���I�H�D�W�X�U�H�V���R�I���$�O���2�������K�L�J�K���V�W�L�I�I�Q�H�V�V�����K�L�J�K��
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Porous ceramics are a specific category of materials that have high porosity, imparting unique 

characteristics such as enhanced permeability, reduced density, and extensive surface area. These 

materials consist of a network of interconnected pores distributed across a ceramic matrix. Porous 

ceramics combine the benefits of traditional ceramics, like resistance to severe temperatures, 

corrosion, and oxidation, while also being lightweight, featuring a substantial surface area, and 

exhibiting a low thermal conductivity coefficient [22]. Selection of pore-forming agents and 

ceramic constituents significantly affects the ultimate properties of the porous ceramics [23, 24]. 

These ceramics possess low density attributable to their elevated porosity, rendering them 

lightweight materials. This property is advantageous in sectors like aircraft, automotive, 

transportation, and bone replacement application, where minimizing weight is essential without 
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compromising structural integrity. Porous ceramics have a large surface area due to their linked 

pore architecture. This characteristic is particularly advantageous for activities such as 

adsorption, catalysis, bone replacement application that need extensive surface interactions [25, 

26]. Differential characteristics of porous ceramics make them useful in numerous applications. 

Fig. 1.2 illustrates the main characteristics of porous ceramics.  

 
�)�L�J�������������7�K�H���P�D�L�Q���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���S�R�U�R�X�V���F�H�U�D�P�L�F�V [27] 

A major aspect of porous ceramics is their high porosity, which allows gases and liquids to flow 

via their many interconnected pores. This increased porosity enables processes like filtration, 

absorption, and adsorption to work effectively [28]. Porous ceramic materials are extensively used 

in many technologies, such as thermal insulation systems, filtration membranes, bone tissue 

engineering, and ceramic preform manufacturing. Notwithstanding its porosity, porous ceramics 

have a comparatively low density, yielding a lightweight substance. The mechanical strength of 

porous ceramics is dictated by the critical crack size, with pores acting as the principal origin of 

cracks [29]. Moreover, porous ceramics exhibit resistance to many chemicals, such as acids, bases, 

and organic solvents. Their chemical stability makes them suitable for use in demanding 

environments, including chemical processing, water treatment, and the pharmaceutical industry. 

Porous ceramics are conventionally categorized based on pore size into three primary 

classifications: macro-porosity (pores exceeding 50 nm), meso-porosity (pores ranging from 2 to 

50 nm), and micro-porosity (pores measuring less than 2 nm) [30]. Porous ceramics can 

also be classified based on certain characteristics, including the chemical composition of the base 
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ceramic material, porosity percent, physical state of the product, and refractoriness concerning 

service temperature, intended use, and application domain [31].�� 

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

Porous ceramic materials can potentially be produced by many methods. Porous ceramics may 

be shaped into many forms, such as cylindrical fibres, tubes, flat surfaces, and different complex 

shapes. Ceramic materials undergo four treatment stages: 1) material preparation, 2) 

manufacturing, 3) sintering, and 4) finishing. Diverse processes can be used to fabricate porous 

ceramics exhibiting varying morphologies and pore size distributions. Fig. 

1.3 illustrates numerous processing methods for the manufacturing of porous ceramics and the 

corresponding pore morphology achieved by various techniques.��Examples include the firing of 

polymer sponges infused with a ceramic slurry [32], solid-state sintering [33], sol-gel techniques 

[34], replication of polymer foams by impregnation [35], gel casting methodologies [36], and 

freeze casting method [37]. 
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One creative approach for making porous ceramics is the gel casting technique. A three-

dimensional crosslinked polymer is formed when initiators catalyse the free radical polymerization 

of organic monomers and cross-linking agents. This polymer then helps the ceramic powder to 
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retain its structure. The disintegration and volatilization of the polymer during sintering result in 

the formation of pores. Gel casting must be conducted under secure and ideal circumstances. 

However, in industrial manufacturing, using a protective environment complicates control and 

increases production costs. Gel casting, a reliable process using in situ polymerization with natural 

monomers, is used to produce porous ceramics with intricate shapes and durable foams. 

Nonetheless, industrial gel casting presents difficulties because of the toxicity linked to organic 

monomers [39]. Direct foaming generates porous ceramics by incorporating air into the solution 

via a froth stabilizer, followed by drying and fire processes. Nonetheless, porous ceramics created 

by direct foaming are prone to fracture due to their inferior mechanical characteristics [40]. Most 

porous ceramics with complex forms and elevated porosity are produced using high-temperature 

foaming techniques. A foaming agent is included into the green body prior to sintering at elevated 

temperatures [41]. The gas produced by the foaming agent ascends and is either held or released 

from the ceramic, leading to porosity. High-temperature foaming has gained prominence due to its 

ability to produce porous ceramics with significantly closed porosity. A porous ceramic with 69% 

porosity and a compressive strength of around 7 MPa was sintered at 980°C [42]. At 1140°C, a 

porous ceramic is produced with a low bulk density of 0.39 g/cm³ and an appropriate flexural 

modulus of 2.4 MPa [43]. Pore-forming agents have an ability to attain substantial porosity, since 

they inherently combust throughout the heating process to the firing temperature, resulting in pores 

within the ceramic material [44]. The shape and size of these pores will be dictated by the pore-

forming agent used and may thus be modulated by altering the absorption content and the 

distribution of particle sizes. Pore-forming agents, including starch [45-48], graphite [49], 

lycopodium [50], sucrose [51], polymethyl methacrylate (PMMA) [52], polypropylene (PP) [53], 

and carbon black [54], have been thoroughly investigated. Starch is the predominant pore-forming 

agent; at present, it is seldom used for creating large apertures, possibly owing to its biological 

origin and availability, challenges in preserving the configuration of pores generated by starch 

combustion, and the diminutive size of the particles. Numerous types of starch are extensively 

produced, with sizes ranging from 5 ���P��to 50 ���P�� �>55]. PP and PMMA serve as the principal 

porogen chemicals used. PP was selected because of its extensive production capabilities and cost-

effectiveness, making it economically advantageous for industrial applications. PMMA was often 

used in ceramics as a porogen due to its excellent thermal properties suitable for the intended 
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application. PMMA decomposes almost entirely into monomers and combusts at a rapid and 

consistent pace.  

The structure, porosity, and mechanical properties of porous ceramics are significantly affected 

by the choice of pore-forming agent and the method of pore creation. The configuration of pore 

size and distribution within the ceramic matrix is mostly influenced by the kind and sizes of the 

pore-forming agent. Larger polymer particles often provide larger pores, whereas smaller, more 

uniform pores are usually generated by finer particles or gas-release agents [56]. The interrelation 

of these pores is substantially affected by their formation process. The depletion of organic 

molecules often results in the formation of interconnected voids, hence increasing fluid 

permeability and mechanical rigidity. The quantity of pore-forming agent used into the ceramic 

mixture significantly influences the overall porosity of the final product [57]. The kind of pore-

forming agent used also influences the morphology and configuration of the pores [58]. While 

fibrous materials such as cellulose provide elongated holes that may influence mechanical 

properties differently, spherical polymer particles typically yield round pores, resulting in a 

uniform pore morphology. The mechanical properties of ceramics are directly influenced by 

porosity. Ceramic materials often experience a decline in mechanical strength with increasing 

porosity. Nonetheless, enhancing the distribution and morphology of pores may alleviate this 

adverse impact. A balance between porosity and mechanical strength may be attained by 

integrating suitable pore-forming agents with non-oxide ceramics [59]. Additionally, pores may 

operate as stress concentrators, hence elevating the likelihood of fracture initiation and propagation 

under load. A well-designed pore structure may resist fracture and enhance the overall durability 

of ceramics [60].  

The sintering temperature significantly influences the final properties of the porous ceramics. 

Increased sintering temperatures often provide a denser structure with less porosity. Nonetheless, 

they may also promote grain development and reduce mechanical strength. Lowered sintering 

temperatures, which promote increased porosity, may undermine mechanical properties while 

providing benefits in energy efficiency and reduced processing time [61]. The selection of pore-

forming agents and the optimization of sintering conditions are essential processes in tailoring the 

properties of porous ceramics for specific purposes. Table 1.1 summarizes various outcomes of 

using distinct manufacturing processes in the fabrication of ceramic porous structures. 
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Fabrication 

technique 

Ceramic 
material 

Sintering 
conditions  

Pore size  Porosity  Other properties Application Ref. 

 

Ice 
templating 

 

8 mol.% 
YSZ 1390°C, 6 h 

2.5-38.1 
���P 54-75% 

CO2 permeance =  

1.5 × 10�í 7 

mol Pa�í 1�-s�í 1�-m�í 2 

Membrane 

support 

[62] 
2025 

3D printing 
3 mol% 

YSZ 
1450°C, 180 

min 
- 

60, 70, 
and 80% 

�1��� ��������-1029 MPa - 
[64] 
2025 

Gel-forming 
ZrO2/ 

Al 2O3 

1350°C, 
1450°C, and 
1550°C, 1 h 

450-640 
���P 

34-74% �1��� ��������-129 MPa - 
[69] 
2023 

Use of pore 
formers 

Al 2O3-
ZrO2 

1650°C 
10-40 
���P 

21.9-
69% 

�1��� ��������-658 MPa Insulation 
[70] 
2023 

Direct 
foaming 

8 mol. % 
YSZ 

1500°C, 2 h - 45-84% �1��� ��������-267 MPa Insulation 
[71] 
2022 
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�V�W�D�U�F�K���V�O�X�U�U�\�����7�K�H���F�R�Q�V�R�O�L�G�D�W�L�R�Q���R�I���W�K�H���V�O�X�U�U�\���Q�R�W���R�Q�O�\���H�Q�V�X�U�H�V���W�K�H���G�H�V�L�U�H�G���S�R�U�R�V�L�W�\���E�X�W���D�O�V�R���R�I�I�H�U�V��

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

�F�R�Q�V�R�O�L�G�D�W�L�R�Q���F�D�V�W�L�Q�J���W�H�F�K�Q�L�T�X�H�� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�H�F�R�Q�R�P�L�F�D�O�����E�L�R�G�H�J�U�D�G�D�E�O�H�����D�Q�G���Q�R�Q���W�R�[�L�F���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���>�����@�����6�W�D�U�F�K���J�U�D�Q�X�O�H�V���D�U�H���P�L�F�U�R�S�D�U�W�L�F�O�H�V��

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

�J�O�\�F�R�V�L�G�L�F�� �E�R�Q�G�V�� �D�Q�G�� �D�P�\�O�R�S�H�F�W�L�Q�� �O�L�Q�N�H�G�� �E�\�� �.�����������J�O�\�F�R�V�L�G�L�F�� �E�R�Q�G�V�� �>�����@���� �7�K�H�� �V�Z�H�O�O�L�Q�J�� �D�Q�G��

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

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

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

is the phenomenon whereby starch granules expand in water via the absorption of water. It may 

render starch granules soft and brittle, thus impacting the texture. Upon heating in excess water, 

starch granules absorb water and swell, resulting in a fast rise in volume. The first step of the 

swelling mechanism is the hydration stage, which generally happens below the gelatinization 

temperatures and entails a little rise in granule diameter. Throughout this process, water molecules 

infiltrate the amorphous regions of the starch granules and establish new hydrogen bonds with the 

starch molecules. As the granules enlarge, amylose molecules are released from the enlarged 

granules, resulting in an increase in the viscosity of the system. The second step is the irreversible 

phase, distinguished by a significant increase in the diameter of the starch granules and the 

viscosity of the solution, occurring at elevated temperatures (exceeding the gelatinization 

temperatures). Continued heating of starch leading to the rupture of granules. At the maximum 

viscosity point, the hydrogen bonds among the starch molecules are entirely disrupted and 

substituted by hydrogen bonds between water and starch molecules, resulting in the formation of 
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starch pastes [97]. Table 1.2 summarizes the literature reviews of the use of different types of 

starches as a pore forming agent (PFA) in the preparation of ceramic porous structure via the starch 

consolidation casting technique. 

�7�D�E�O�H�� �������� �6�R�P�H�� �U�H�V�X�O�W�V�� �I�U�R�P�� �X�V�L�Q�J�� �Y�D�U�L�R�X�V�� �S�R�U�H���I�R�U�P�L�Q�J�� �D�J�H�Q�W�V�� �L�Q�� �W�K�H�� �I�D�E�U�L�F�D�W�L�R�Q�� �R�I�� �F�H�U�D�P�L�F�� �S�R�U�R�X�V��
�V�W�U�X�F�W�X�U�H�V�������7�K�H���I�X�O�O���Y�H�U�V�L�R�Q���R�I���W�K�L�V���W�D�E�O�H���F�D�Q���E�H���V�H�H�Q���L�Q���$�S�S�H�Q�G�L�[���$���� 

Ceramic 
Materials 

PFA 
PFA 

content 
Sintering 
conditions  

Pore size  Porosity 
Other  

properties 
Ref. 

m-ZrO2 
Corn 
starch 

5 wt.% 1750°C, 3 h 
4.4-10.7 

���P 
5.1-16.5 

% 
k = 1.37 W m-1 K-1. 

[101] 
2024 

Al 2O3 
Corn 
starch 

4-10 wt.% 1250°C, 2 h - 
54.05-

70.70 %. 

LS = 1.07-3.39 %,  

�1f = 0.5-1.9 MPa 

[103] 
2021 

�.-Al 2O3-
m-ZrO2-

MgO 

Corn 
starch 

10, 20 and 
30 wt.% 

1300°C, 
1400°C, 

1460°C and 
1550°C, 2 h 

- 43-60 % 
WA = 16-34 %, 

�1f = 0-17 MPa 

[110] 

2013 

Al 2O3�±
ZrO2 

Rice and 
corn 

starches 

10, 20, 25, 
30, and 50 

vol.% 
1530°C, 2 h - 50 %. LS = 10-40% 

[111] 
2012 

Al 2O3-
ZrO2 

Corn 
starch 

10-50. 
vol.% 

1100°C -
1530°C, 2 h 

0.1-17 ���P 50-71% E = 331-383 GPa 
[112] 
2011 

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

The investigation of ZrO2-based porous materials in biomedical applications has attracted 

substantial interest in recent years, notably owing to its promising mechanical characteristics and 

biocompatibility. Because of its unique combination of features, ZrO2 has been the subject of much 

biomedical study since the 1970s, with applications ranging from dentistry to stress-bearing roles 

where its strength is comparable to that of several alloys [115]. Hadjicharalambous et al. [116] 

emphasized the significant impact of porosity on cellular responses to ZrO2 and Al2O3 ceramics, 

often used in orthopaedic implants. Their research demonstrated that an ideal hole size of roughly 

150 ���P���D�Q�G���D���S�R�U�R�V�L�W�\���R�I���D�E�R�X�W������ % markedly improved the adhesion and proliferation of pre-

osteoblastic cells, indicating that customized porosity may increase the integration of these 

materials with bone tissue. Altmann et al. [117] revealed that alterations in surface properties may 

result in substantial differences in cellular activities, highlighting the significance of both chemical 

composition and structural design in the efficacy of implant materials. Chopra et al. [118] 

examined the extensive consequences of ZrO2 in dental implants, comparing its efficacy with that 
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of titanium. ZrO2 has advantageous properties, including decreased bacterial adherence and 

enhanced soft-tissue integration, making it a potential substitute when constraints of titanium are 

evident. Recently, Yang et al. [119] investigated the compressive fracture behaviour of ZrO2/resin 

composites, emphasizing the efficacy of fused deposition modelling in conjunction with vacuum 

infiltration to produce porous structures with improved mechanical characteristics. Their results 

showed that pore shape design substantially affects the mechanical performance of composites, 

which is essential for guaranteeing the longevity and dependability of biomedical implants. ZrO2 

biomaterials have been proposed as an artificial bone filler for the healing of bone defects [120]. 

ZrO2 have orthopaedical uses, including hip and knee prosthesis, temporary supports for hip joint 

heads, tibial plates, and dental crowns [121]. Al2O3 and ZrO2 oxide are recognized bio-inert 

ceramics used in traditional bone regeneration applications [122]. Table 1.3 summarizes the 

literature reviews of the use of ZrO2-based ceramics in biomedical application.  

�7�D�E�O�H�����������6�R�P�H���U�H�V�X�O�W�V���R�I���W�K�H���X�V�H���R�I���=�U�2�����E�D�V�H�G���F�H�U�D�P�L�F�V���L�Q���E�L�R�P�H�G�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V�����7�K�H���I�X�O�O���Y�H�U�V�L�R�Q���R�I��
�W�K�L�V���W�D�E�O�H���F�D�Q���E�H���V�H�H�Q���L�Q���$�S�S�H�Q�G�L�[���$���� 

Materials 
Fabrication 

techniques 

Sintering 
temperature 

Pore 
size 
�����P�� 

Porosity 
(%) 

Other 
properties 

Application Ref. 

8YSZ 
DLP 3D 
printing 

1450°C, 3 h �� 20-41 
�1f = 25-71 

MPa 
Biomedical 

implants 

[124] 

2025 

3YSZ 
Direct ink 
printing 

1325°C, 
1350°C, and 
1375°C, 1 h, 
1.5 h, and 2 h 

0.1-400 80  �1 = 24 MPa 

Osteogenic 
differentiation 

and bone 
regeneration 

[125] 

2024 

YSZ 
Direct ink 

writing  
1450°C, 2 h - 

61.1-
75.3 

�1��� ����������-62.9 
MPa 

Scaffolds for 
bone tissue 

[127] 
2021 

Al 2O3/ZrO2 
Replica 
method 

1500°C, 1 h 5-2560 78.8 �1��� �����������0Pa 
Replacement 
or bone filling 

[134] 

2018 

YSZ-Al2O3  Robocasting 1350°C, 2 h 245 50 - 
Substrate for 
bone cells 
ingrowth 

[135] 

2018 

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

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

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

�W�H�F�K�Q�L�T�X�H�V���W�R���P�R�G�L�I�\���W�K�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���=�U�2�����E�D�V�H�G���S�R�U�R�X�V���V�W�U�X�F�W�X�U�H�V�����1�H�Y�H�U�W�K�H�O�H�V�V�����W�K�H�U�H���L�V���D��

�G�H�I�L�F�L�H�Q�F�\���L�Q���U�H�V�H�D�U�F�K���E�H�L�Q�J���F�R�Q�G�X�F�W�H�G���R�Q���S�R�U�R�X�V���=�U�2�����$�O���2�����0�J�2���W�H�U�Q�D�U�\���F�R�P�S�R�V�L�W�H���P�D�W�H�U�L�D�O�V����
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�7�K�L�V���3�K�'���U�H�V�H�D�U�F�K���Z�R�U�N���D�G�G�U�H�V�V�H�V���W�K�H���N�Q�R�Z�O�H�G�J�H���J�D�S���W�K�U�R�X�J�K���W�K�H���S�U�H�S�D�U�D�W�L�R�Q���D�Q�G���F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q��

�R�I���S�R�U�R�X�V���=�U�2�����$�O���2�����0�J�2���W�H�U�Q�D�U�\���F�R�P�S�R�V�L�W�H���P�D�W�H�U�L�D�O�V�����7�K�H���F�R�P�S�R�V�L�W�H�V���S�U�H�S�D�U�H�G���E�\���X�V�L�Q�J���D���Y�H�U�\��

�V�L�P�S�O�H�� �F�R�V�W���H�I�I�H�F�W�L�Y�H�����D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�O�\���I�U�L�H�Q�G�O�\���P�H�W�K�R�G�����L�Q�F�R�U�S�R�U�D�W�L�Q�J���Y�D�U�\�L�Q�J���S�U�R�S�R�U�W�L�R�Q�V���R�I��
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In order to begin the process of preparing slurries, the ceramic raw ingredients first mixed in a 

laboratory milling machine shown in Fig. 2.3.  

                       
                          Fig. 2.3 Laboratory milling machine                    Fig. 2.4 Preparation of slurry by magnetic stirrer 

The mixing procedure began after various amounts of ceramic powder were weighed and placed 

in plastic bottles. The bottles were then fixed within the machine container. The maximum rotating 

speed of the milling machine was 60 rpm. Due to the low rotating speed of the machine, the mixing 

period was prolonged to 5 hours. After five hours of mixing, the ceramic powders began to adhere 

to the walls of the plastic bottles. The objective of this mixing process is to preliminarily mix the 

ceramic powders without diminishing the particle size of the materials; hence, the mixing was 
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conducted without the use of ball milling media. For the preparation of the casting slurries, the 

ceramic and starch powders were rapidly stirred (600 rpm) in distilled water containing 1.5 wt.% 

of the deflocculant. The procedure of stirring was maintained for a total of 2 hours at room 

temperature while the beaker was kept covered in order to prevent any water from evaporating. 

Fig. 2.4 shows the prepared slurry using magnetic stirrer equipment. The various mixed 

compositions that were produced for this PhD research work are detailed in tables 2.2, 2.3, and 

2.4. Suspension concentration expresses the solid-to-liquid �U�D�W�L�R�����7�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���³�V�W�D�U�F�K���F�R�Q�W�H�Q�W��

�3���7�������������3���7�´�� �G�H�Q�R�W�H�G�� �W�R�� �X�V�H�V�� �G�L�I�I�H�U�H�Q�W�� �W�\�S�H�� �R�I�� �V�W�D�U�F�K���� �3�� �I�R�U�� �X�V�L�Q�J�� �S�R�W�D�W�R�� �V�W�D�U�F�K���� �7�� �I�R�U�� �X�V�L�Q�J��

tapioca starch, while 50:50P+T when using potato and tapioca starch at 50:50 percent ratio. Table 

2.2 detailed the mixed compositions that prepared for the first study of this PhD thesis. The first 

study explored the effects of utilizing different types and content of starches with varying amounts 

of distilled water. In this study, the concentrations of ceramic powder remained constant, although 

the concentrations of starches and distilled water changed. Table 2.3 delineates the mixed 

compositions that prepared for the second study of this PhD thesis. 

�7�D�E�O�H�����������0�L�[���F�R�P�S�R�V�L�W�L�R�Q�V���I�R�U���W�K�H���I�L�U�V�W���V�W�X�G�\�����L�Q���Z�W������ 
m-ZrO 2 MgO Al 2O3 Dolapix CE 64 Potato or tapioca starch Suspension Conc. 

77.5 2.5 20 1.5 10 20 30 70 

77.5 2.5 20 1.5 10 20 30 68 

77.5 2.5 20 1.5 10 20 30 65 

77.5 2.5 20 1.5 10 20 30 60 

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

m-ZrO 2 MgO Al 2O3 Dolapix CE 64 
Starch content 
P/T/50:50P+T 

Suspension Conc. 

82.5 2.5 15 1.5 20 60 
80 2.5 17.5 1.5 20 60 

77.5 2.5 20 1.5 20 60 
75 2.5 22.5 1.5 20 60 

72.5 2.5 25 1.5 20 60 
70 2.5 27.5 1.5 20 60 

67.5 2.5 30 1.5 20 60 

The second study evaluated the impact of varying content of ceramic oxides. Consequently, the 

starch and water content are established based on the optimal findings from the first study, but the 

ceramic powder concentration was changed. This study used a 20 wt.% potato, tapioca, or 50:50 

potato and tapioca starch together with 60 wt.% suspension concentration. Table 2.4 presents the 

mix compositions of the third and fourth studies, focusing on the impact of varying sintering 

temperatures and holding times. Based on the optimal outcomes of the second study, this study 
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used a 50:50 mixture of potato and tapioca starch, while varying the concentration of the ceramic 

powder.  

�7�D�E�O�H�����������0�L�[���F�R�P�S�R�V�L�W�L�R�Q�V���I�R�U���W�K�H���W�K�L�U�G���D�Q�G���I�R�X�U�W�K���V�W�X�G�L�H�V�����L�Q���Z�W������ 
m-ZrO 2 MgO Al 2O3 Dolapix CE 64 50:50 P+T Suspension Conc. 

82.5 2.5 15 1.5 20 60 

80 2.5 17.5 1.5 20 60 

77.5 2.5 20 1.5 20 60 

75 2.5 22.5 1.5 20 60 

72.5 2.5 25 1.5 20 60 

70 2.5 27.5 1.5 20 60 

67.5 2.5 30 1.5 20 60 
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�Z�D�W�H�U����This method involves heating starch in water at regulated temperatures to observe swelling 

characteristics. The first step of this method is the preparation of samples by measuring a certain 

quantity of both potato and tapioca starches (1 gram) and incorporating it into a designated volume 

of distilled water, often maintaining a starch-to-water ratio of 1:100 (w/v). Then, the solution was 

comprehensively��mixed to guarantee uniform distribution of starch granules. The mixing was 

conducted using magnetic stirrer equipment at a rotational speed of 200 rpm. The second step is 
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An XRD equipped with Cu K�D radiation in the 2�T range of 3 - 90° was used to carry out the 

crystalline structure and phase identification of the prepared porous structured ceramics. The step 

width was 0.01 and the exposure period per location was 2 seconds. Preparation for the XRD test 

involves either finely grinding the samples to a powder to guarantee crystals are oriented randomly 

or polishing them to a flat surface. After that, the sample is carefully placed in the sample holder 

inside the equipment. SEM was used to examine the porosity, pore size, pore surface morphology, 

and the surfaces of the pre-sintered and sintered porous-structured samples. It is important to 

thoroughly clean the surface of the samples before imaging them to remove any contamination. 

Image quality might be diminished due to dust obstructing the electron path. Since ceramic is not 

a conductive material, a conductive gold coating should be applied to the surfaces to eliminate the 

charging effects. Then the sample secured in the SEM chamber using a suitable stub and 

conductive adhesive (carbon paste or tape). Mercury intrusion porosimetry (MIP) was used to 

analyse the size distribution of the channels (openings) that connect the pores together. MIP 

depends on the entrance of mercury into the pore space; hence, it can only detect open pores. The 

pore openings size distribution was determined with a maximum intrusion pressure of 400 MPa, 

enabling the detection of opening sizes as fine as 4 nm. Before analysis, the sample was evacuated 

to remove any adsorbed material that may cover its porosity. The experiment used a mercury 

surface tension of 480 nN/m and a contact angle of 141.3° (at 25°C). The principle behind MIP is 

that under pressure, only nonwetting liquids (those with a contact angle larger than 90°) may 

penetrate capillaries. The equivalent diameters calculated by MIP are size measurements based on 

the Washburn equation (1).  

P· r = -2.��.cos�Ä                                                                  (1) 

Where P is the absolute applied pressure, r �L�V���W�K�H���S�R�U�H���U�D�G�L�X�V���������L�V���W�K�H���P�H�U�F�X�U�\���V�X�U�I�D�F�H���W�H�Q�V�L�R�Q����

and �Ä is the contact angle. This indicates that the mercury porosity results in a pore throat diameter 

distribution in the case of large pore cavities (cells) linked by tiny pore channels or throats (window 
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cells). Dilatometric (TMA, thermomechanical analysis) test was conducted on a SETARAM 

SETSYS 2400 system to assess the shrinkage of the sample under heat treatment in an air 

environment. As shown in Fig. 2.10, the green specimen (6.5 mm in length) was positioned in the 

dilatometer and contacted by an Al2O3 hemispherical probe, ensuring uniform force distribution 

and precise displacement measurement.  

 
   Fig. 2.10 Dilatometry (TMA) test                                     

The test was performed in ambient air to replicate normal sintering conditions that followed in 

the preparation of the samples. The heating process included a regulated temperature increase from 

ambient temperature to around 1500°C. The heating rate was designed to facilitate progressive 

thermal contraction, followed by a high-temperature plateau during which the sample was 

maintained in equilibrium to enhance densification. After the holding period, the furnace was 

gradually cooled to ambient temperature. The system consistently recorded the linear dimensional 

changes of the sample during the whole operation. The raw displacement measurements were 

subsequently corrected for the thermal change of the measuring instrument, using the Al2O3 probe 

as a reference.  

The apparent densities of the ceramic samples were determined by measuring both their weight 

and size after sintering. The water absorption method was used to calculate the apparent porosity 

of the samples. In order to determine the apparent porosity (AP), the samples were weighed after 

sintering (wsint.), then again after being immersed in water for 24 hours at room temperature (wimm.), 

and after being saturated with water (wsat.). Fig. 2.11 shows the sample being weighted when it 

was completely saturated with water.  
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The apparent porosity (AP) was determined by solving the equation (2): 
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�U�D�W�H����Compressive strength was measured by using the equation (4), taking the average of six 

samples for each composition to ensure that they were as accurate as possible. 

�1��= F/A                                                                   (4) 

W�K�H�U�H���1���L�V���W�K�H���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K�����)���L�V���W�K�H���D�S�S�O�L�H�G���O�R�D�G�����D�Q�G���$���L�V���W�K�H���F�U�R�V�V-sectional area of 

the samples (A = �Œ���U2 mm2).��The following flow chart summarizes the progress on the PhD thesis, 

detailing the research work carried out in each study.�� 

The pair plot analysis was performed using Seaborn library in Python to explore the correlations 

among processing conditions, compositional variations, pore-forming agents, and 

different characteristics (apparent density, apparent porosity, volume shrinkage, and compressive 

strength) of the sintered ZrO2-Al 2O3-MgO porous bio ceramics. This visualisation presents the 

univariate distributions of each parameter and the bivariate relationships among all variable pairs. 
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The SEM micrographs reveal that the �P���=�U�2����powder has a hierarchical structure in which 

nanoscale particles aggregate to create bigger micron-sized grains.��As shown in Fig. 3.4, the main 

particle size was slightly more than 100 nm. Materials in nanoparticles scale possess a substantial 

surface area in relation to their volume, resulting in an increased number of exposed surface atoms. 

These atoms enhance surface energy, rendering nanoparticles intrinsically less stable and more 

prone to interactions with adjacent particles. Materials often want to decrease their energy to attain 

a more stable state; hence, for nanoparticles, aggregation is a spontaneous process that facilitates 

the particles in achieving a lower-energy, more stable form. In �P���=�U�2����fine powder, van der Waals 

forces attract the nanoparticles, resulting in their aggregation into clusters [144, 145]. �)�L�J���������� ���D������
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The moisture content of potato and tapioca starches has been determined using a moisture 

determination balance. Upon completion of the test, the moisture content, expressed as a 

percentage, is displayed on the screen of the device. The measured moisture content of potato 

starch powder was 15.17 %, whereas that of tapioca starch powder was 11.63 %. Fig. 3.10 analyses 

the swelling characteristics of potato and tapioca starch.  
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Tapioca starch has a more rapid swelling rate and attains its peak swelling capacity quicker than 

potato starch.��The accelerated swelling results from the higher amylopectin content in tapioca 

starch, facilitating water penetration and the disruption of the granule structure more effectively 

[150, 151]. Potato starch, has bigger granules, expands considerably, exhibiting enlargement with 

rising temperatures. The swelling characteristics of starch directly affect the pore morphology of 
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the resultant ceramic product. Potato starch, characterised by its bigger granules and enhanced 

swelling ability, often yields ceramics with larger pores. The swelling factor (ratio of final to initial 

size after swelling) of potato starch (about 4.1) is greater than that of tapioca starch (about 3.2). 
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Density and porosity are the most important characteristics that influence the properties of the 

prepared porous structure. Fig. 3.11 (a) and (b) illustrate the relation between the apparent densities 

of porous ceramic samples and the amount of starch present in the suspension at varying 

concentrations.  
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Fig. 3.11 (a) depicts samples made with potato starch, while (b) depicts other samples made 

with tapioca starch. According to the findings, the apparent densities of the samples decrease as 

the amounts of potato and tapioca starch increase. As the amounts of starch increased, less ceramic 

particles were packed between the starch granules; thus, the decrease in the ceramic 

powders content was accompanied by a decrease in the density. There is no consistent influence 

that the concentration of the suspension has on the apparent densities of the samples. Fig 3.12 (a) 

and (b) shows the relation between the apparent porosity and starch content at different suspension 

concentration. The results illustrate that the apparent porosity is largely controlled by the starch 

content in the suspension. As potato starch has a larger swelling factor than tapioca starch, it 

undergoes more significant shape changes during swelling and gelatinization, resulting in higher 

apparent porosity for most samples. The high starch content in the slurry will be able to draw in a 

significant quantity of moisture from the surrounding environment, then swell and gelatinize. This 
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starch then burns off during the sintering process, creating pores in the structure that reduce the 

density of the structure and increase its porosity. 
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Fig. 3.13 (a) and (b) provide a comparison of the values of volume shrinkage as a function of 

the starch content and the suspension concentration.  

  
�)�L�J���������������9�R�O�X�P�H���V�K�U�L�Q�N�D�J�H���Y�L�D���S�R�W�D�W�R���V�W�D�U�F�K���F�R�Q�W�H�Q�W�����D�����D�Q�G���W�D�S�L�R�F�D���V�W�D�U�F�K���F�R�Q�W�H�Q�W�����E�� 

As the proportion of ceramic powder in the suspension increases, the volume shrinkage reduces. 

In addition, the volume shrinkage is increased by an increase in the amount of starch present. The 

samples with 30 wt.% potato starch shrank the most; by about 35.5%. The size of pores is increased 

in samples that include potato starch; therefore, these samples have higher volume shrinkage. SEM 

was used in order to explore the pore and surface morphology of the prepared samples. Fig. 3.14 

(a) shows the SEM image of a sample with 10 wt.% potato starch and 70 wt.% suspension 

concentration. This sample has apparent porosity of about 33%. The sample shown in (b) has 30 

wt.% potato starch and 60 wt.% suspension concentration. This sample has an apparent porosity 

that is roughly 73% higher than any other. In this sample the pores do not have a regular form, 

despite the fact that there are many pores as indicated in the image. From the results, it is possible 
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to conclude that the pore size decreased and the shape irregularity increased along with the potato 

starch content. This agrees with the results of the research by Garrido et al [152]. 
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Fig. 3.16 (a) and (b) illustrate the variation in compressive strength with potato and tapioca 

starch contents at varied suspension concentrations. The compressive strength decreased (from 

13.97 to 2.7 MPa with using potato starch and from 15.87 to 8.14 MPa with using tapioca starch) 

with the increase in starch content from 10 wt.% to 30 wt.% and with the decrease in suspension 

concentration from 70 wt.% to 60 wt.% (increase in water content). The strength was significantly 

lower than the identical value [155] of dense ZrO2 ceramics, owing to the considerable porosity 

that caused an exponential reduction in strength. Compressive strength testing shows that the 

produced samples have values between 2.7 MPa and 15.87 MPa, which is comparable to trabecular 

bone (0.1 MPa - 30 MPa) [156]. The Pearson correlation coefficient values for the experimental 

data were calculated by using a data analysis tool pack in Microsoft Excel to represent the strength 

of correlation between the experimental data. The experimental data are denoted by Sus. (wt.%) 
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for suspension concentration, AD for apparent density, AP for apparent porosity, VS volume 

shrinkage, and �1��for the compressive strength. Tables 3.2 and 3.3 show the correlation matrix of 

the experimental data.  

�7�D�E�O�H�����������7�K�H���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���Z�L�W�K���X�V�L�Q�J���R�I���S�R�W�D�W�R���V�W�D�U�F�K 
 Starch (wt.%) Sus. (wt.%) AD AP VS �1 

Starch (wt.%) 1      

Sus. (wt.%) 0 1     

AD -0.738 -0.268 1    

AP 0.819 -0.499 -0.549 1   

VS 0.545 -0.737 -0.031 0.769 1  

�1 -0.761 0.517 0.292 -0.848 -0.842 1 

�7�D�E�O�H�����������7�K�H���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���Z�L�W�K���X�V�L�Q�J���R�I���W�D�S�L�R�F�D���V�W�D�U�F�K 
 Starch (wt.%) Sus. (wt.%) AD AP VS �1 

Starch (wt.%) 1      

Sus. (wt.%) 0 1     

AD -0.873 -0.095 1    

AP 0.726 -0.472 -0.774 1   

VS 0.187 -0.909 -0.084 0.574 1  

�1 -0.798 0.516 0.639 -0.265 -0.371 1 
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�7�D�E�O�H�� �������� �&�R�U�U�H�O�D�W�L�R�Q�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �E�H�W�Z�H�H�Q�� �W�K�H �Y�D�U�L�D�E�O�H�V�� �I�R�U�� �V�D�P�S�O�H�V�� �S�U�H�S�D�U�H�G�� �Z�L�W�K�� �S�R�W�D�W�R�� �D�Q�G�� �W�D�S�L�R�F�D��
�V�W�D�U�F�K�H�V 

Variables AD AP VS �1 

AD �± Negative Weak Positive 

AP Negative �± Positive Negative 

VS Weak Positive �± Negative 

�1 Positive Negative Negative �± 
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Variables AD AP VS �1 

AD �± Negative Weak Positive 

AP Negative �± Positive Negative 

VS Weak Positive �± Negative 

�1 Positive Negative Negative �± 
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Depending on the optimum results of the first study, the used starch content in this study is 20 

wt.% (based on solid ceramics) and the suspension concentration is 60 wt.% (based on solids).  

To reduce the occurrence of cracks and defects on the surface of the samples, gradual pre-sintering 

and sintering procedure was followed during this study. The effect of adding different content of 

Al 2O3 and different types of starches on the apparent density after pre-sintering and sintering are 

presented in Fig. 3.21 (a) and (b), respectively.  
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Three distinct categories of starch were employed: potato, tapioca, and a combination of potato 

and tapioca starches in equal proportions (50:50 wt.%). According to the findings, Al2O3 content 

negatively correlates with the apparent densities. The reduction in density was seen with an 

increase in Al 2O3 content since the density of Al2O3, about 3.04 g/cm3, is lower than that of ZrO2, 
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which is approximately 5.71 g/cm3. The heating with slow rate of 2 °C/min during pre-sintering 

and sintering, which enabled the good diffusion and binding of ceramic particles leads to����pore 

minimization. The density of the ceramic composite samples is directly proportional to its porosity. 

The apparent porosities of the porous structured ceramics after pre-sintering and after sintering are 

compared in Fig. 3.22 (a) and (b).  
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Fig. 3.22 indicates that the porosity of ceramics is mostly influenced by the Al 2O3 content, since 

Al 2O3 has a significant impact on the density of the samples. The apparent porosity for all samples 

was increased with the addition of Al 2O3. The calculated apparent porosity after pre-sintering 

varies from roughly 56 % for a sample consisting of 15 wt.% Al 2O3 and made with tapioca starch 

to around 69% for a sample consisting of 30 wt.% Al 2O3 and made with potato starch. While the 

apparent porosity of sintered samples ranges from approximately 50 % for a sample prepared with 

tapioca starch and 15 wt.% Al 2O3 to about 60 % for a sample prepared with potato starch and 30 

wt.% Al 2O3. Fig. 3.23 (a) and (b) provide a comparison of the values of volume shrinkage after 

pre-sintering and sintering as a function of the Al 2O3 content with different type of starch. Al2O3 

functions as a grain-boundary stabilizer; its presence hinders grain-boundary movement during 

sintering, essentially pinning grains and reducing the densification that induces shrinkage [157]. 

Furthermore, Al2O3 often has a lower melting point than ZrO2, which also influences sintering 

kinetics and densification processes. The combined effects explain why increased alumina content 

results in reduced shrinkage: increased porosity restricts densification, while the microstructural 

functions of alumina mitigate mass transfer that induces shrinkage. Higher shrinkage occurs when 

using potato starch because the swelling factor of potato starch is higher producing higher volume 

of porosity. A matrix with a high volume of porosity has more tendency to shrink during sintering 

due to the empty space existing between the matrix particles. However, large pores in the matrix 
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were not removed during sintering; their size decreases only in proportional relation to the overall 

shrinkage of the ceramic matrix. The reason is that due to the large diameter (low curvature) of 

these pores. The driving force of sintering (the so-called sintering pressure) is too low for large 

pore shrinkage to occur. 
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�S�R�U�R�X�V�� �F�H�U�D�P�L�F�V�� �P�D�Q�X�I�D�F�W�X�U�H�G�� �Z�L�W�K�� �S�R�W�D�W�R�� �V�W�D�U�F�K�� �K�D�Y�H�� �O�D�U�J�H�U�� �S�R�U�H�V�� �D�Q�G�� �D�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �S�R�U�H��

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

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

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

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

�������������D���������E�����D�Q�G�����F���� 

   
�)�L�J���������������6�(�0���P�L�F�U�R�J�U�D�S�K�V���R�I���S�R�U�R�X�V���F�H�U�D�P�L�F�V���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J�� 

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

As a consequence of the process of sintering, the ceramic particles that are situated in the 

vicinity of the pore surface experience volumetric shrinkage, which ultimately leads to a decrease 

in the size of the pores. When potato starch was used, the pores in the produced ceramics were 

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

Fig. (c) shows the pore shape and size obtained by sintering the ceramics with using a mixture of 

potato and tapioca starch in a 50:50 wt.% ratio. The presence of two different types of starch causes 

the pores to have different shape and diameter. The pore is quite large and irregularly shaped, 

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

porous structure depends on the type and amount of pore-forming agent. SEM micrographs 

verified that the ceramic matrix did not achieve complete densification after the graded pre-

sintering or sintering procedure. The higher porosity attributed to an insufficient compaction of 

the ceramic matrix during the sintering process. The ceramic composites were examined using 

XRD to determine the crystallographic phases after the pre-sintering and sintering procedures. 

Figs. 3.26 and 3.27 show the diffraction patterns of the composite materials after the pre-sintering 

procedure. Figs. 3.28 and 3.29 show the diffraction patterns of the composite materials after the 

sintering process. The composition of the samples shown in Fig. 3.26 and 3.28 is 82.5 wt.% ZrO2, 

15 wt.% Al2O3, and 2.5 wt.% MgO. While the samples shown in Fig. 3.27 and 3.29 consist of 67.5 

wt.% ZrO2, 30 wt.% Al2O3, and 2.5 wt.% MgO. The results clearly show that the highest two 

peaks, which are the (111) and (-�����������D�W�����Ä���D�U�H���D�E�R�X�W�������ƒ���D�Q�G�������ƒ�����W�K�H�\���D�U�H���E�R�W�K���I�R�U���P�R�Q�R�F�O�L�Q�L�F��

crystal structure (baddeleyite). �6�H�Y�H�U�D�O���S�H�D�N�V���R�I���F�R�U�X�Q�G�X�P�����.-Al 2O3�����Z�H�U�H���G�H�W�H�F�W�H�G���D�W�����Ä��� �������ƒ����
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35°, 38°, 43°, 52°, 57°, 66°, and 68° for planes (012), (104), (110), (113), (024), (116), (216) and 

���������������U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���I�L�Q�G�L�Q�J�V���L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H���S�H�D�N���V�H�H�Q���D�W���D���G�L�I�I�U�D�F�W�L�R�Q���D�Q�J�O�H���R�I�����Ä��� �������ƒ���L�V��

mostly caused by diffraction from the basal plane (111) of the periclase MgO phase. 

 
�)�L�J���������������;�5�'���S�D�W�W�H�U�Q���I�R�U���S�U�H���V�L�Q�W�H�U�H�G���F�H�U�D�P�L�F���Z�L�W�K���������Z�W�������$�O���2�� 

 
�)�L�J���������������;�5�'���S�D�W�W�H�U�Q���I�R�U���S�U�H���V�L�Q�W�H�U�H�G���F�H�U�D�P�L�F���Z�L�W�K���������Z�W�������$�O���2�� 

The XRD patterns indicate that the intensity of the peaks related to ZrO2 increased after the 

sintering process. Sintering improves the crystallinity of materials by facilitating the 

reorganization and bonding of atoms inside the crystal lattice. In addition, sintering generally 

results in the compaction of materials, hence decreasing the level of porosity. Reducing the number 

of defects and voids in the material allows for a greater concentration of atoms that can participate 
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in X-ray scattering, leading to higher peak intensities. Additionally, the findings show a reduction 

in the peak intensity of the ZrO2 phase as the �$�O���2����content increases from 15 wt.% to 30 wt.%. 

As the �$�O���2����content rises, the fraction of ZrO2 in the composite drops. Reducing ZrO2 content 

results in a decrease in the strength of the XRD peaks associated with the ZrO2 phase. 

 
�)�L�J���������������;�5�'���S�D�W�W�H�U�Q���I�R�U���V�L�Q�W�H�U�H�G���F�H�U�D�P�L�F���Z�L�W�K���������Z�W�������$�O���2�� 

 
�)�L�J���������������;�5�'���S�D�W�W�H�U�Q���I�R�U���V�L�Q�W�H�U�H�G���F�H�U�D�P�L�F���Z�L�W�K���������Z�W�������$�O���2�� 

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

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

�=�U�2�������������Z�W�������$�O���2�������D�Q�G�����������Z�W�������0�J�2�����0�,�3���U�H�V�X�O�W���F�O�H�D�U�O�\���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�D�W���W�K�H���I�R�X�U���V�D�P�S�O�H�V��

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

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

 
�)�L�J���������������3�R�U�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I�������������Z�W�������=�U�2�������������Z�W�������$�O���2�������D�Q�G�����������Z�W�������0�J�2���V�D�P�S�O�H�V 

The quantification can be determined by the median pore size obtained from MIP 

measurements. The median pore diameter, also referred to as the most probable pore opening size, 

represents the point at which the concentration of pores corresponding to a specific size is highest. 

Table 3.6 presents the most significant findings from the MIP testing.  

�7�D�E�O�H�����������0�,�3���U�H�V�X�O�W�V���R�I�������������Z�W�������=�U�2�������������Z�W�������$�O���2�������D�Q�G�����������Z�W�������0�J�2���V�D�P�S�O�H�V�� 

Sample �7�R�W�D�O���L�Q�W�U�X�G�H�G���Y�R�O�X�P�H�����F�P�����J�� �7�R�W�D�O���S�R�U�H���V�X�U�I�D�F�H���D�U�H�D�����P�����J�� �0�H�G�L�D�Q���S�R�U�H���V�L�]�H�������P�� 

Without starch 30.97 0.151 1.1947 
With tapioca  77.21 5.685 3.2937 
With potato  136.48 12.702 5.321 
(50:50) P+T 212.21 24.454 24.0811 

The surface area is calculated by adding up the equivalent surface areas of all the pores in the 

test sample per unit mass. Total intruded volume shows how much mercury has penetrated into 

the sample at each pressure point. It begins at zero and grows in relation to the applied pressure. 

The total pore volume, also known as the total mercury volume, refers to the overall volume of 

pores determined by MIP per unit mass, expressed in cm3/g. To be precise, MIP does not reveal 

the actual diameters of the macropores; rather, it reveals information on the characteristics that 

regulate the entry of mercury, namely, the openings connecting the neighbouring macropores. MIP 

plot demonstrates that as the pore diameter diminishes, cumulative pore volume rises. This 

phenomenon occurs when smaller pores need more high pressure to be filled with mercury. The 
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sample that contains (50:50) P+T starch (brown curve in Fig. 26) exhibits three distinct incursion 

�V�W�H�S�V���W�K�U�R�X�J�K�R�X�W���W�K�H���U�D�Q�J�H���R�I���S�R�U�H���V�L�]�H�V���I�U�R�P�������������W�R�������������P. Clearly, this sample shows a pore 

opening with a size polydispersity that is rather large. In contrast to other samples, the pores in 

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

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

the diminished presence of smaller connecting openings and the shrinkage in the size of the larger 

ones. The pore size distribution curve clearly demonstrates a change towards smaller pore sizes 

when no starch is used, suggesting a denser microstructure of the samples. Fig. 3.31 displays the 

distribution of pore sizes as a function of relative pore volume.��The sample that is prepared without 

starch exhibits around 42% of the pore opening volume within a 1-�������P���U�D�Q�J�H�����$�E�R�X�W�����������R�I���W�K�H��

pore opening volume in the sample with tapioca starch is between the 3-�������P���U�D�Q�J�H���D�Q�G���D�E�R�X�W����������

�O�H�V�V���W�K�D�Q���������������P�����2�Q���W�K�H���R�W�K�Hr hand, the potato starch sample has a larger opening, which makes 

up around 45% of the volume of the pores in the 6-�������P���U�D�Q�J�H���D�Q�G���D�E�R�X�W�����������O�H�V�V���W�K�D�Q���������������P����

The sample produced with a (50:50) mixture of potato and tapioca starches has a distinct pattern: 

the curve representing the distribution of pore opening size shows four distinct peaks, each 

corresponding to a different diameter of pore opening. In this sample, almost 17% of the volume 

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

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

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

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

 
�)�L�J���������������&�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K���Y�V�����$�O���2�����F�R�Q�W�H�Q�W 

The highest calculated compressive strength was 76.89 MPa for a sample with a porous 

structure, which was manufactured using 20 wt.% tapioca starch and 30 wt.% Al2O3 content. The 

measured apparent density of this sample is 2.78 g/cm3, whereas the observed apparent porosity is 

about 52%. While the lowest calculated compressive strength was 25.82 MPa for a sample with a 

porous structure, which was prepared using 20 wt.% potato starch and 17.5 wt.% Al2O3 content. 

The measured apparent density of this sample is 2.76 g/cm3, whereas the observed apparent 

porosity is 56%. Fig. ��.32 also demonstrates a positive correlation between the compressive 

strength and the amount of Al2O3 present. The main advantage of Al2O3 is its ability to improve 

compressive strength by serving as a barrier against fracture development. Al2O3 is essential in the 

crack-deflection mechanism. When a crack comes into contact with a rigid Al2O3 particle, it is 

either redirected or compelled to alter its direction. The presence of a zigzag fracture route 

increases the energy demand for crack propagation, hence significantly enhancing the strength of 

the material. Fracture deflection is a mechanism that absorbs energy that would otherwise promote 

fracture propagation. The fracture resistance under compressive stresses is enhanced by the 

absorption of energy [158]. The mechanism of fracture occurred when the load application was 

parallel to the origin, as seen in Fig. 3.33. Compression failure occurs in brittle ceramics by 

progressive microfracture, when microcracks grow to create failure planes [159]. Under 

compression, microscopic cracks propagate steadily, widening in response to rising stress levels, 

and eventually coalesce to produce ultimate collapse [160,161]. Fig. 3.33 �V�K�R�Z�V���W�K�H���³�N�Q�H�D�G�L�Q�J�´��

phenomena, which is an intriguing finding since it shows the sample hardening at the start of the 
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load application. The microstructural components in porous materials might fail due to the 

existence of many pores, which causes microcracking.  

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

Tables 3.7, 3.8, and 3.9 show the Pearson correlation matrix for the experimental data after 

sintering with different type of starches 

�7�D�E�O�H�����������3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���Z�L�W�K���X�V�L�Q�J���W�D�S�L�R�F�D���V�W�D�U�F�K 
 Al 2O3 (wt.%) AD AP VS �1 

Al 2O3 (wt.%) 1     

AD -0.9664 1    

AP 0.9871 -0.9691 1   

VS -0.9886 0.1482 -0.1582 1  

�1 0.8794 0.7101 -0.8979 -0.3591 1 

�7�D�E�O�H�����������3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���Z�L�W�K���X�V�L�Q�J���S�R�W�D�W�R���V�W�D�U�F�K 
 Al 2O3 wt.% AD AP VS �1 

Al 2O3 (wt.%) 1     

AD -0.9728 1    

AP 0.9905 -0.9493 1   

VS -0.9368 0.1439 -0.1509 1  

�1 0.8579 0.7661 -0.8253 -0.3905 1 

�7�D�E�O�H�����������3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���Z�L�W�K���X�V�L�Q�J���W�D�S�L�R�F�D�������W�D�S�L�R�F�D���V�W�D�U�F�K 
 Al 2O3 (wt.%) AD AP VS �1 

Al 2O3 (wt.%) 1     

AD -0.9858 1    

AP 0.9863 -0.9891 1   

VS -0.9828 0.1546 -0.1679 1  

�1 0.9208 0.7071 -0.9346 -0.3266 1 
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�7�K�H���U�H�V�X�O�W�V���L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H�U�H���L�V���D���Y�H�U�\���V�W�U�R�Q�J���Q�H�J�D�W�L�Y�H���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���$�O���2�����F�R�Q�W�H�Q�W��

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

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

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

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

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

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

 
�)�L�J���������������3�D�L�U���S�O�R�W���R�I���I�R�X�U���V�W�X�G�\���I�H�D�W�X�U�H�V���R�I���V�D�P�S�O�H�V���S�U�H�S�D�U�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���$�O���2�����Z�W���� 

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

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

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

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

�D�P�R�Q�J���W�K�H���I�R�X�U���Y�D�U�L�D�E�O�H�V���V�K�R�Z�Q���L�Q���)�L�J�������������� 
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�7�D�E�O�H�������������&�R�U�U�H�O�D�W�L�R�Q���U�H�O�D�W�L�R�Q�V�K�L�S�V���E�H�W�Z�H�H�Q���W�K�H �Y�D�U�L�D�E�O�H�V���I�R�U���W�K�H���V�D�P�S�O�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���$�O���2�����Z�W���� 
Variables AD AP VS �1 

AD �± Negative Weak Positive 

AP Negative �± Weak Negative 

VS Weak  Weak �± Negative 

�1 Positive Negative Negative �± 

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

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

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

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

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

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

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

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

 
�)�L�J���������������%�D�U���S�O�R�W���R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q�����&�9���� 
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�)�L�J���� ���������� �L�O�O�X�V�W�U�D�W�H�V�� �I�R�X�U�� �E�D�U�� �F�K�D�U�W�V���� �H�D�F�K�� �L�Q�G�L�F�D�W�L�Q�J�� �W�K�H�� �F�R�H�I�I�L�F�L�H�Q�W���R�I�� �Y�D�U�L�D�W�L�R�Q�� ���&�9������ �I�R�U�� �D��

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�%�\���H�Q�D�E�O�L�Q�J���S�D�U�W�L�D�O���G�H�Q�V�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���F�H�U�D�P�L�F���P�D�W�H�U�L�D�O���L�Q���W�K�H���S�U�H���V�L�Q�W�H�U�L�Q�J���V�W�D�J�H�����W�K�H�U�P�D�O���V�W�U�H�V�V��
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The maximum compressive strength of the sample prepared with 20 wt.% potato starch, without 

pre-sintering, was 10.25 MPa, whereas the sample made with 20 wt.% tapioca starch, also without 

pre-sintering, exhibited a maximum compressive strength of 13.28 MPa. The pre-sintered and 
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subsequently sintered samples shown in Fig. 3.32 exhibit a higher compressive strength, with a 

maximum value of 76.89 MPa when produced with 20 wt.% tapioca starch and 30 wt.% Al2O3 

content, and with a maximum value of 37.53 MPa when produced with 20 wt.% potato starch and 
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Fig. 3.45 SEM micrographs for porous ceramics sintered at:1400°C (a, b), 1500°C (c, d), and 1600°C (e, f). 
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To minimize free energy, the system is driven to minimize the surface tension of the ceramic. 

Surface tension at the ceramic interface compels the system to reduce free energy. This may lead 

to the merging of tiny surface voids into bigger ones. Ostwald ripening in porous ceramics entails 

a transfer of material from smaller grains to larger ones, motivated by disparities in surface energy. 

It happens spontaneously during high-temperature sintering. Pores may enlarge when smaller 

grains that surround them disintegrate and relocate to larger grains. This may lead to diminished 

porosity (if pores occlude because of densification) and increased pore size (if smaller pores 

amalgamate into bigger ones). At higher sintering temperatures, pore coalescence can occur. When 

the temperature rises, smaller voids in the vicinity are more likely to combine into larger pores. 

The improved material dispersion and pore mobility are responsible for this. Merging the tiny 

voids causes a little reduction in total void volume but an increase in pore size. The results of the 

SEM investigation indicated that there was a distinct difference between brighter and darker areas, 

which corresponded to the ZrO2 and Al2O3 phases, respectively. To verify more thoroughly the 

phase distribution, energy dispersive x-ray spectroscopy (EDS) was performed at two distinct sites 

on the samples as shown in Figs. 3.46 and 3.47.  
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The samples shown in Figs. 3.46 and 3.47 consisted of 67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 

30 wt.% Al2O3. The sample in Fig. 3.46 underwent sintering at 1600°C, while the sample in Fig. 

3.47 was sintered at 1400°C.The EDS spectrum obtained from point 1 (Fig. 3.46) reveals that 

zirconium (Zr) is the predominant element, which corresponds to the m-ZrO2 phase. Additionally, 

there are measurable quantities of aluminium (Al) derived from Al2O3, and magnesium (Mg) 

derived from MgO. On the other hand, the EDS spectrum obtained from point 2 (Fig. 3.46) has a 

larger Al peak intensity, which indicates that Al2O3 is more concentrated in this region, despite the 

fact that Zr and Mg are still present. The findings in Figs. 3.46 and 3.47 validated the existence of 

Zr, Al, and Mg at both analysed locations, however local discrepancies in peak intensity were 

noted owing to phase variations in every location. These variations are anticipated in multi-phase 

porous ceramics and correspond with the inherent microstructural variability that occurs during 

sintering. Fig. 3.48 illustrates the SEM micrographs with higher magnification for porous 

structured ceramics sintered at three distinct temperatures: 1400°C, 1500°C, and 1600°C. The 

samples shown in Fig. 3.48 consisted of 67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3. 
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The results illustrate the features of micro-void morphology that developed between ceramic 

grains and the connectivity of grains in sintered ceramics.  

  

 
�)�L�J���������������6�(�0���P�L�F�U�R�J�U�D�S�K�V���I�R�U���V�L�Q�W�H�U�H�G���S�R�U�R�X�V���F�H�U�D�P�L�F�V���D�W�������������ƒ�&�����D���������������ƒ�&�����E���������������ƒ�&�����F�����������������Z�W�������P��

�=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2���� 

The findings indicated that when the sintering temperature increased from 1400°C to 1600°C, 

the ceramic grains connectivity increased, and the micro-voids between the grains were decreased. 

The strong network formed by the connectivity of grains enabled the sintered ceramics to achieve 

high mechanical strength. Grain boundary migration or viscous movement of the material may 

happen at high sintering temperatures, further lowering porosity when smaller voids collapse or 

shrink. Reduced overall porosity may be attributed, in part, to grain growth, which often occurs 

during high-temperature sintering, which can push or absorb tiny voids that are locked at grain 

borders. At 1400°C, sintering is less advanced, leaving smaller grains and a network of 

interconnected pores. These interconnected pores contribute to high apparent porosity but may not 
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always be visible or prominent on the surface of the sample. At 1600°C, densification and grain 

growth during sintering likely reduce the connectivity of internal pores, creating more dense 

structure while potentially enlarging or exposing pores on the surface. This can lead to lower 

apparent porosity (less inter-connected pores in the bulk) and higher surface porosity (visible pores 

appear larger or more prominent in SEM). Figs. 3.49, 3.50, and 3.51 show the cumulative pore 

volume as a function of pore diameter resulted from the MIP investigation. 
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�W�L�Q�\���S�R�U�H���F�K�D�Q�Q�H�O�V�����Z�L�W�K���D���G�L�D�P�H�W�H�U���U�D�Q�J�H���R�I�����������������—�P�����F�R�Q�V�W�L�W�X�W�H���D���V�L�J�Q�L�I�L�F�D�Q�W���I�U�D�F�W�L�R�Q���R�I���W�K�H���W�R�W�D�O��

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

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

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

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

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

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

���G�9���G�O�R�J�'���� �G�H�Q�R�W�H�V�� �W�K�H�� �L�Q�F�U�H�P�H�Q�W�D�O�� �S�R�U�H�� �Y�R�O�X�P�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �H�D�F�K�� �S�R�U�H�� �V�L�]�H�� �U�D�Q�J�H���� �,�W��

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

�H�[�S�U�H�V�V�H�G�� �L�Q�� �P�/���J�� �R�U�� �F�P�ñ���J���� �(�D�F�K�� �S�H�D�N�� �U�H�S�U�H�V�H�Q�W�V�� �D�� �S�U�H�G�R�P�L�Q�D�Q�W���S�R�U�H�� �V�L�]�H�� �L�Q�V�L�G�H�� �W�K�H�� �P�D�W�H�U�L�D�O����

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

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

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

�R�I�� �S�R�U�H�V�� �Z�L�W�K�L�Q�� �W�K�D�W�� �G�L�D�P�H�W�H�U�� �U�D�Q�J�H���� �7�K�H�� �H�[�L�V�W�H�Q�F�H�� �R�I�� �W�Z�R�� �S�H�D�N�V�� �L�Q�� �W�K�H�� �)�L�J�V���� �,�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �W�K�H��

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

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

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

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

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

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

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

�R�W�K�H�U���S�R�U�H�V�����7�K�H���I�L�Q�G�L�Q�J�V���R�I���W�K�H���0�,�3���W�H�V�W�V���V�K�R�Z���W�K�D�W���Z�K�H�Q���W�K�H���V�L�Q�W�H�U�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���L�Q�F�U�H�D�V�H�V�����W�K�H��

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

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

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

�����������ƒ�&���� �U�H�V�X�O�W�V�� �L�Q�� �W�K�H�� �O�D�U�J�H�V�W�� �D�S�S�D�U�H�Q�W�� �S�R�U�R�V�L�W�\�� �R�I�� �W�K�H�� �V�D�P�S�O�H�V���� �D�V�� �V�H�H�Q�� �L�Q�� �)�L�J���� ������������ �7�K�H��

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

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

�D�S�S�D�U�H�Q�W���S�R�U�R�V�L�W�\���R�I���W�K�H���V�D�P�S�O�H���L�Q�F�U�H�D�V�H�V����Table 3.11 presents the most significant findings from 

the MIP testing.  

�7�D�E�O�H���������� ���0�,�3���U�H�V�X�O�W�V 
Sintering 

temperature (°C) 
�7�R�W�D�O���L�Q�W�U�X�G�H�G���Y�R�O�X�P�H��

���P�P�����J�� 
�7�R�W�D�O���S�R�U�H���V�X�U�I�D�F�H���D�U�H�D��

���P�����J�� 
�0�H�G�L�D�Q���S�R�U�H���V�L�]�H��

�����P�� 
1400 187.08 13.297 1.122 
1500  124.64 5.942 0.795 
1600  125.52 5.486 0.778 

In order to measure the degree of correlation between the experimental data, the Pearson 

correlation coefficient values were computed. Table 3.12 displays the experimental results after 

sintering at various temperatures together with the Pearson correlation matrix. The findings show 

that the apparent density and volume shrinkage values drop as the Al2O3 content increases, 

suggesting a weak negative correlation between the two variables. Furthermore, the findings 

demonstrate a positive correlation between the apparent porosity and the Al2O3 wt.%. Despite the 

fact that there is a very weak positive correlation between Al2O3 and compression strength. The 

findings indicate a strong positive correlation between the temperature and the apparent density, 
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volume shrinkage, and the compressive strength. In addition, there is a strong negative correlation 

between the temperature and the apparent porosity. The compressive strength of the produced 

porous structured ceramics was enhanced when the Al2O3 content, sintering temperature, and 

apparent porosity, were raised. However, when apparent density and volume shrinkage increases, 

it decreases. 

�7�D�E�O�H�������������7�K�H���3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�� 
  Al 2O3 (wt.%) Temp. (°C) AD AP VS �1 

Al 2O3 (wt.%) 1      

Temp. (°C) 0 1     

AD -0.3542 0.9036 1    

AP 0.6051 -0.7551 -0.8621 1   

VS -0.4098 0.8547 0.9372 -0.9012 1  

�1 0.2472 0.9511 -0.7719 0.5644 -0.6823 1 

�)�L�J�V�����������������D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���D�W�����������ƒ�&���R�U�����������ƒ�&�����D�Q�G���������������D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���D�W�����������ƒ�&�����L�O�O�X�V�W�U�D�W�H��

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

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

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

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

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

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

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

AD �± Negative Positive Negative 

AP Negative �± Negative Positive 

VS Positive Negative �± Negative 

�1 Negative Positive Negative �± 

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

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

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

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

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

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

�G�L�P�L�Q�L�V�K���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K�����O�H�D�G�L�Q�J���W�R���D���U�H�G�X�F�W�L�R�Q���L�Q���V�W�U�H�Q�J�W�K���G�H�V�S�L�W�H���D�Q���L�Q�F�U�H�D�V�H���L�Q���G�H�Q�V�L�W�\�� 
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The apparent porosity diminishes as volume shrinkage increases, as shrinking leads to the 

closure of small pores (channels between the large pores) and the densification of the structure. 

With increasing volume shrinkage of ceramics, the pore openings size (the size of channels 

between the pores) reduced, leading to a reduction in apparent porosity (depending on the open 

surface pores). The results also indicate that the apparent porosity correlates more positively with 

compressive strength when the sintering temperature increases from 1400°C to 1600°C.  

 
�)�L�J���������������%�D�U���S�O�R�W���R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q�����&�9���� 

In Figs. 3.52 and 3.53, the correlation between the variables in the pair plot exhibits a very 

distinct pattern compared to the previous pair plots in the Figs. 3.17, 3.18, 3.19, and 3.34. Figs. 

3.52 and 3.53 illustrate the correlations among the variables as the sintering temperature rises, 

indicating that the sintering conditions influence the structure of the created ceramics, 

subsequently affecting their properties and the interrelations among those properties. As a brief 

explanation of the changes that occur as the sintering temperature rises: as the sintering 
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temperature rises, the apparent density increases, resulting in decreased interarticular spacing, 

which subsequently causes increased volume shrinkage. As apparent density and volume 

shrinkage increases, the size of the pore openings (channels between the pores) diminishes (as 

previously shown using MIP analysis), resulting in a decrease in apparent porosity while 

simultaneously increasing the surface pore size. The decrease in pore opening size resulted in 

decreased compressive strength. Fig. 3.54 illustrates four bar charts, each indicating the coefficient 

of variation (CV%) for a particular feature measured over 14 group (each group is the average of 

3 samples). The plots indicate that the majority of samples display CV (%) values under 10%, 

implying strong measurement consistency and minimal data dispersion. The findings indicate that 

the experimental measures are mostly reliable, with the majority of data sets remaining within 

acceptable variability thresholds (under 20%). From the previous results of this study, it can be 

concluded that the porous-structured ceramics sintered at 1600°C are appropriate for use in porous 

bone replacement applications due to their higher porosity (51 - 57%), pore size (more than 100 

���P�����D�Q�G���E�H�W�W�H�U���P�H�F�K�D�Q�L�F�D�O���F�R�P�S�U�H�V�V�L�Y�H���V�W�Uength (43 - 49MPa).  

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

Sintering holding time is crucial in determining the final characteristics of a porous ceramic 

structure. The holding time must be optimized to preserve the appropriate density and porosity 

without compromising mechanical integrity. Fig. 3.55 shows the effect of using different sintering 

holding times on the apparent density of the prepared samples.  
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�K�R�O�G�L�Q�J���W�L�P�H 

 
�)�L�J���������������$�S�S�D�U�H�Q�W���S�R�U�R�V�L�W�\���D�W���G�L�I�I�H�U�H�Q�W���V�L�Q�W�H�U�L�Q�J��

�K�R�O�G�L�Q�J���W�L�P�H 

The present investigation used a sintering temperature of 1600°C, based on the results of the 

third study. The findings indicate that extending the sintering holding time from 2 to 4 hours 

consistently improves the apparent density of the samples, irrespective of Al2O3 contents. This 
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enhancement is ascribed to more comprehensive densification after extended heat exposure, 

facilitating augmented particle bonding and a decrease in open porosity. Despite prolonged 

sintering holding time, densification is less effective in materials with higher Al2O3 content. At 

lower Al2O3 contents, the apparent density is highest, reaching 3.6 g/cm³ after 4 hours sintering 

holding time. Fig. 3.56 illustrates the effect of sintering holding time on the apparent porosity of 

the prepared samples. The findings demonstrate that increasing the holding time from 2 to 4 hours 

resulted in a significant decrease in porosity, attributable to improved diffusion and grain boundary 

migration that facilitate pore reduction and densification. Even at the maximum holding time of 4 

hours, the porosity of samples with increased Al2O3 content remained higher, reached about 45%. 

Fig. 3.57 shows the effect of sintering holding time on the volume shrinkage of the prepared 

samples.  
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�K�R�O�G�L�Q�J���W�L�P�H 
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�K�R�O�G�L�Q�J���W�L�P�H 

At each Al2O3 content, shrinkage is minimal at 2 hours, increases at 3 hours, and reaches its 

highest values at 4 hours sintering time. Moreover, for a certain holding time, volume shrinkage 

is often reduced as the Al2O3 content increases from 15 wt.% to 30 wt.%. Fig. 3.58 illustrates the 

compressive strength of the porous ceramics subsequent to sintering at 1600°C for 2 hours, 3 hours, 

or 4 hours holding time. Compressive strength generally rises with more Al2O3 content throughout 

all sintering holding times, suggesting that Al2O3 enhances the mechanical integrity of the porous 

structure. Among the three holding durations, samples sintered for 3 hours consistently 

demonstrated the highest compressive strength across all Al2O3 contents, indicating that this 

duration facilitates appropriate densification without excessive grain growth or pore coarsening. 

Notably, prolonging the sintering holding time to 4 hours resulted in reduced compressive strength 

relative to 3 hours, due to the initiation of microstructural deterioration. SEM micrograph, as 
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shown in Fig. 3.59, demonstrates that the sample exhibits surface cracks after 4 hours sintering 

holding time. The formation of cracks is imperceptible during sintering for a holding time of 2 or 

3 hours.   
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���������ƒ�&���I�R�U���������K�R�X�U�V�����D�����E�����������K�R�X�U�V�����F�����G�������D�Q�G�������K�R�X�U�V�����H�����I�� 

Fig. 3.60 presents a comparison of the SEM micrographs of the produced porous ceramics 

sintered at 1600°C for 2 hours, 3 hours, or 4 hours holding time. All the samples that were used in 

the SEM test consist of 76.5 wt.% ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3. Sintering porous 

ceramics for varying holding time could generally exhibit distinct and progressive changes in 

surface morphology. Shorter sintering times (2 hours) result in minimal grain densification. Pores 

tend to have increased irregularity, and interconnectedness. The structure appears to have 

increased openness and porosity. Prolonged sintering time (3 hours) enhances the activity of 

sintering processes resulting in partial pore closure. More rounded pores and a decrease in porosity 

are seen compared to the samples sintered for 2 hours. Following an extended sintering holding 

time of 4 hours, the microstructure exhibits a considerable increase in density. After 4 hours of 

sintering time, total porosity is much less and the structure is more condensed. With an increase in 

sintering holding time, pore morphology often transitions from irregular to more rounded 

configurations, reflecting the natural tendency of the system to reduce surface energy. The 

irregular pores with sharper edges possess higher surface energy. During sintering, atomic 

diffusion promotes the redistribution of material to diminish this energy. This results in the 

reduction of sharp characteristics and the development of more equiaxed, rounder pores. The 

transition to rounded pores is influenced by thermodynamic and kinetic processes that aim to 

reduce the free energy of the system over time. As shown in Fig. 3.60, after 2 hours of sintering, 

the surfaces of the samples exhibit a rough texture and a loosely packed structure, characterized 

by conspicuous pore networks. As the sintering time increases from 2 to 4 hours, the surfaces of 

the samples tend to be smoother and denser. Fig. 3.61 shows the XRD pattern of the sample 

�H �I 
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composed of 67.5 m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3, after sintering at 1600°C for 3 

hours.  
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���������ƒ�&���I�R�U�������K�R�X�U�V 

In contrast to the samples sintered at 1600°C for 2 hours (Fig. 3.29), the XRD pattern of the 

sample sintered at 1600°C for 3 hours (Fig. 3.61) shows the formation of more crystalline phases. 

The principal diffraction peaks (in Fig. 3.29 and 3.61) belong to m-ZrO2, as seen by the pronounced 

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

stability and persistence of the m-ZrO2 at elevated temperatures, potentially attributable to 

inadequate stabilisation or insufficient MgO content to achieve complete conversion to the 

�W�H�W�U�D�J�R�Q�D�O�� �S�K�D�V�H���� �$�G�G�L�W�L�R�Q�D�O�� �S�H�D�N�V�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �F�R�U�X�Q�G�X�P�� ���.-Al 2O3) can be observed 

particularly in the mid-������ �U�H�J�L�R�Q���� �L�Q�G�L�F�D�W�L�Q�J�� �W�K�D�W�� �W�K�H��Al 2O3 retained its crystalline structure and 

thermal stability after sintering. The formation of MgAl2O4 spinel is seen after 3 hours of sintering, 

as shown in Fig. 3.61���� �Z�L�W�K�� �W�\�S�L�F�D�O�� �S�H�D�N�V�� �D�W�� �D�E�R�X�W�� ������ � �� �����ƒ�� �D�Q�G�� �����ƒ���� �V�L�J�Q�L�I�\�L�Q�J�� �D�Q�� �L�Q�W�H�U�D�F�W�L�R�Q��

between MgO and Al2O3 that results in partial spinel production. Nonetheless, the MgAl2O4 phase 

exhibits lower intensity relative to the predominant Al2O3 and m-ZrO2 peaks, indicating its status 

as a secondary phase. Fig. 3.61 also reveals peaks related to aluminium zirconium oxide 

(Al 0.5Zr0.48O1.74), suggesting possible interdiffusion or solid-state reactions involving Al2O3 and 

ZrO2 at 1600 °C after 3 hours sintering time. In comparison to Fig. 3.29, the pronounced sharpness 

and intensity of the peaks in Fig. 3.61 indicate that the sample is highly crystalline; nonetheless, 
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the presence of various phases implies inadequate solid-state reaction or phase segregation during 

sintering. The production of the MgAl2O4 phase inside the ZrO2-Al 2O3-MgO system happens only 

under certain temperature and sintering holding time conditions: at 1400°C or 1500°C for 2 hours 

(Fig. 3.43), and at 1600°C only after an extended holding time of 3 hours (Fig. 3.61). This 

behaviour illustrates the kinetics of solid-state reactions and the diffusion-controlled mechanisms 

necessary for MgAl2O4 production. The synthesis of spinel between MgO and Al2O3 is a diffusion-

�O�L�P�L�W�H�G���S�U�R�F�H�V�V�����Q�H�F�H�V�V�L�W�D�W�L�Q�J���W�K�H���P�L�J�U�D�W�L�R�Q���R�I���0�J�ð�p���L�R�Q�V���L�Q�W�R���W�K�H���$�O2O3 lattice [165]. At reduced 

temperatures, the reaction may occur owing to advantageous thermodynamics; nevertheless, it is 

significantly influenced by diffusion distances and particle contact, which are comparatively 

limited during the first stages of sintering.  At 1600°C, despite enough thermal energy, the kinetics 

of MgAl2O4 production may be initially impeded by increased grain growth or the development of 

dense MgO and Al2O3 areas that diminish interfacial contact between the reactants. Consequently, 

MgAl2O4 does not easily develop during brief sintering holding time at this temperature. Only with 

an extension of the holding duration to 4 hours does enough diffusion and atomic mobility 

transpire, enabling the interaction of Mg2+ and Al3+ ions to yield the thermodynamically stable 

MgAl2O4 spinel phase. The measurements of pore size distribution, shown in Figs. 3.62 and 3.63, 

were conducted on three distinct samples.  
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�)�L�J���������������7�K�H���S�R�U�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���V�D�P�S�O�H���������������Z�W�������P���=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2���� 

�V�L�Q�W�H�U�H�G���D�W�����������ƒ�&���I�R�U�������R�U�������K�R�X�U�V 

The sample in Fig. 3.62 was sintered at 1600°C for 2 hours, while the two samples in Fig. 3.63 

include one sintered at 1600°C for 3 hours and another sintered at 1600°C for 4 hours. The three 

samples that were used in this test consist of 76.5 wt.% ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3. 

The cumulative pore volume curves of the three samples exhibit comparable trends. All exhibit an 

S-shape, with flattened ends and a steep core section, suggesting that large amounts of mercury 

are absorbed by the mesopores and small pores in the middle region. Additionally, a considerable 

portion of the total pore volume in the samples of mesopores and small pore channels have a 

diameter ranging from 0.1 to 3 µm for the sample sintered for 2 hours, ranging from 1 to 7 µm for 

the sample sintered for 3 hours, and ranging from 0.8 to 1.2 µm for the sample sintered for 4 hours. 

The findings reveal that the three samples exhibit distinct total pore volumes, as seen by the 

divergence of the curves towards varying cumulative pore volumes in the Figs. The findings 

unequivocally demonstrate that cumulative pore volumes decrease as sintering holding time 

increases from 2 to 4 hours. Table 3.14 presents the most significant findings from the MIP testing.  

�7�D�E�O�H�������������0�,�3���U�H�V�X�O�W�V���R�I���W�K�H���V�D�P�S�O�H�V���������������Z�W�������P���=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2���� 
Sintering time 

(hours) 
�7�R�W�D�O���L�Q�W�U�X�G�H�G���Y�R�O�X�P�H��

���P�P�����J�� 
�7�R�W�D�O���S�R�U�H���V�X�U�I�D�F�H���D�U�H�D��

���P�����J�� 
�0�H�G�L�D�Q���S�R�U�H���V�L�]�H��

�����P�� 
2 125.52 5.486 0.8778 
3 96.89 0.088 5.2339 
4 19.27 0.088 0.8449 
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Table 3.15 shows the Pearson correlation matrix of the experimental data. The experimental 

data are denoted by ST (hours) for sintering time in hours. The different measured experimental 

data entered into separate columns to create the correlation matrix which contain the Pearson 

correlation coefficient values. The results indicate that there is a very strong negative correlation 

between the sintering time and the apparent porosity, which means that with increasing sintering 

time, the apparent porosity decreases. The results also show that there is a strong positive 

correlation between the sintering time and the apparent density and volume shrinkage.  

�7�D�E�O�H�V�������������7�K�H���3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�� 
 Al 2O3 (wt.%) ST (hours) AD AP VS �1 

Al 2O3 (wt.%) 1      

ST (hours) 0 1     

AD -0.5374 0.7887 1    

AP 0.3301 -0.9177 -0.8477 1   

VS -0.4343 0.8688 0.9122 -0.9411 1  

�1 0.4141 -0.2947 -0.6424 0.2429 -0.4221 1 

Figs. 3.64 (for sintered samples after 2 hours sintering holding time) and 3.65 (for sintered 

samples after 3 hours or 4 hours sintering holding time) illustrate a pair plot of four research 

parameters: apparent density, apparent porosity, volume shrinkage, and compressive strength. It 

can be concluded from the Figs. That the apparent density and volume shrinkage increase, while 

the apparent porosity decreases with rising sintering holding time. The compressive strength of the 

samples increased first when the sintering holding time increased from 2 to 3 hours, then reduced 

to the lowest values when the sintering holding time increased to 4 hours. The reduction in 

compressive strength after 4 hours of sintering holding time is attributable to the formation of 

surface cracks. Table 3.16 summarize the type of correlation between the variables in Figs. 3.64 

and 3.65. 

�7�D�E�O�H�������������&�R�U�U�H�O�D�W�L�R�Q���U�H�O�D�W�L�R�Q�V�K�L�S�V���E�H�W�Z�H�H�Q���W�K�H �Y�D�U�L�D�E�O�H�V���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���I�R�U���G�L�I�I�H�U�H�Q�W���K�R�O�G�L�Q�J���W�L�P�H 
Variables AD AP VS �1 

AD �± Negative Positive Negative 

AP Negative �± Negative Positive 

VS Positive Negative �± Negative 

�1 Negative Positive Negative �± 

The findings demonstrate that the correlation between the variables becomes very strong (either 

positively or negatively) when the sintering holding time extends from 2 hours to 4 hours.  
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�)�L�J���������������3�D�L�U���S�O�R�W���R�I���I�R�X�U���V�W�X�G�\���I�H�D�W�X�U�H�V���I�R�U���W�K�H���V�D�P�S�O�H�V���D�I�W�H�U�������K�R�X�U�V���R�U�������K�R�X�U�V���V�L�Q�W�H�U�L�Q�J���K�R�O�G�L�Q�J���W�L�P�H 
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Figs. 3.64 and 3.65 illustrate the correlations among the variables as the sintering holding time 

rises, indicating that the sintering conditions influence the structure of the prepared ceramics, 

subsequently affecting their properties and the interrelations among those properties. As a brief 

explanation of the changes that occur as the sintering holding time rises: as the sintering holding 

time rises, the apparent density increases and the surface becomes smoother and denser (as 

previously shown using SEM), resulting in decreased interarticular spacing, which subsequently 

causes increased volume shrinkage. With the longer sintering holding time, the pore shape 

transforms to a more rounded pore shape (as previously shown using SEM) to reduce the surface 

free energy, leading to an increase in apparent porosity. The existence of these less stress-

concentrated, rounded-shape pores, along with the enhanced smoothness and densification of the 

surface, can improve the compressive strength of the prepared porous ceramics. Prolonged 

sintering holding times (4 hours) can result in surface cracking of the samples, thereby diminishing 

compressive strength. Fig. 3.66 illustrates four bar charts, each indicating the coefficient of 

variation (CV%) for a particular feature measured over 14 group (each group is the average of 3 

samples). In the measurement of apparent density, the majority of coefficient of variance values 

are around 5%, with the exception of samples in group one, which attain about 6 - 7%. This 

indicates that the apparent density measurements are very precise. All coefficients of variation 

values for apparent porosity, volume shrinkage, and compressive strength measurements are below 

5%, indicating stability and consistency of the measurements across all samples. The findings 

indicate that the experimental measures are mostly reliable, with the majority of data sets 

remaining within acceptable variability thresholds (under 20%). In conclusion to this study, the 

porous-structured ceramics sintered at 1600°C for 3 hours are more suitable for porous bone 

replacement applications, owing to their higher porosity (51% - 57%), large pore size (exceeding 

�����������P�������O�D�U�J�H�U���S�R�U�H���R�S�H�Q�L�Q�J�V�����P�H�G�L�D�Q���S�R�U�H���V�L�]�H���a�������������P�������D�Q�G���H�Q�Kanced mechanical compressive 

strength (47.7 - 73 MPa).  

 



 
 

���� 
 

 
�)�L�J���������������%�D�U���S�O�R�W���R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W���R�I���Y�D�U�L�D�W�L�R�Q�����&�9���� 

 

 

 

 

 

 

 

 

 



 
 

���� 
 

�������&�K�D�S�W�H�U���)�R�X�U�������&�R�Q�F�O�X�V�L�R�Q�V 

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

�G�L�V�W�L�O�O�H�G���Z�D�W�H�U���F�R�Q�W�H�Q�W 

This study used different types (potato and tapioca) and contents (10, 20, and 30 wt.%) of 

starches with diverse suspension concentrations (60, 65, 68, and 70 wt.% based on the solid) to 

produce the ceramic porous structure. After drying, the samples were progressively sintered at 

1600°C for a holding time of 2 hours. Based on the experimental test results and Pearson 

correlation matrix of the experimental data, it can be concluded that: 

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

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

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

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

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

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

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

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

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

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

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

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

�� �)�U�R�P���W�K�H���6�(�0���U�H�V�X�O�W�V�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���F�R�Q�F�O�X�G�H���W�K�D�W���W�K�H���S�R�U�H���V�L�]�H���G�H�F�U�H�D�V�H�G�����D�Q�G���W�K�H���V�K�D�S�H��

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

�� SEM analysis indicated that the ceramic shells are discernible inside the pores, forming 

due to the interaction between ceramic powder particles and starch. 

�� The compressive strength decreased with an increase in starch content. 

�� The compressive strength increased with an increase in suspension concentration. 

�� The compressive strength of the samples that produced with tapioca starch higher than that 

of potato starch duo to the reduced apparent porosity and higher apparent density. 

�� Compressive strength testing shows that the produced samples have values between 2.7 

and 15.87 MPa, which is comparable to trabecular bone (0.1 - 30 MPa).  



 
 

���� 
 

�� Upon concluding the first study of the thesis, it was determined that using a 20 wt.% starch 

content combined with a 60 wt.% suspension concentration yields favourable porosity, 

density, and mechanical properties that are appropriate for bone replacement applications. 

�������� �&�R�Q�F�O�X�V�L�R�Q�� �R�I�� �V�W�X�G�\�L�Q�J�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �F�R�Q�W�H�Q�W�� �R�I���$�O���2���� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W�� �W�\�S�H�V�� �R�I��

�V�W�D�U�F�K�H�V 

This study included the manufacture of porous ceramics using varying Al2O3 

contents combined with various starch types (potato, tapioca, or a 50:50 combination of potato and 

tapioca). The samples were progressively pre-sintered and then sintered at 1600°C for 2 hours.  

From the experimental test results and the Pearson correlation matrix of the data, it can be 

identified that: 

�� As the Al 2O3 content in the pre-sintered and sintered samples increases, the apparent 

densities and volume shrinkage decrease while the apparent porosity increases. 

�� The maximum apparent density was determined for a sample made with tapioca starch, 

while the highest apparent porosity and volume shrinkage were observed in samples 

created using potato starch. 

�� Compared to microstructures produced using tapioca starch, porous ceramics 

manufactured with potato starch have larger pores and a longitudinal pore morphology.  

�� The microstructures produced using 50:50 wt.% potato and tapioca starches have varying 

pore shape and diameters. The interaction between these two forms of starch leads to the 

formation of extremely large pores. 

�� The largest pore has a significant size of �P�R�U�H�� �W�K�D�Q�� �������� ���P���� �Z�K�L�F�K�� �U�H�V�X�O�W�V�� �I�U�R�P�� �W�K�H��

interaction between the two distinct types of starch granules. 

�� Mixing between the two types of starch produces pores that do not have regularity because 

it depends on the surface contact that occurs between the starch granules.  

�� During the sintering process, the ceramic particles at the surface of the pores undergo 

volume shrinkage, resulting in a decrease in pore size. 

�� In general, the pore morphology of the produced porous structure depends on the type and 

amount of pore-forming agent and on the sintering conditions. 

�� The XRD results clearly show that the highest two peaks, which are (111) and (-111), are 

both for monoclinic crystal structure (baddeleyite).  



 
 

���� 
 

�� Sintering improves the crystallinity of materials by facilitating the reorganization and 

bonding of atoms inside the crystal lattice. 

�� �7�K�H���;�5�'���I�L�Q�G�L�Q�J�V���V�K�R�Z���D���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���R�I���W�K�H���=�U�2�����S�K�D�V�H���D�V���W�K�H���$�O���2����

�F�R�Q�W�H�Q�W���L�Q�F�U�H�D�V�H�V���I�U�R�P���������Z�W�������W�R���������Z�W���������$�V���W�K�H���F�R�Q�W�H�Q�W���R�I���$�O���2�����U�L�V�H�V�����W�K�H���I�U�D�F�W�L�R�Q���R�I��

�=�U�2�����L�Q���W�K�H���F�R�P�S�R�V�L�W�H���G�U�R�S�V��  

�� �)�U�R�P�� �W�K�H�� �0�,�3�� �U�H�V�X�O�W�V���� �L�W�� �F�D�Q�� �E�H�� �F�R�Q�F�O�X�G�H�G�� �W�K�D�W�� �W�K�H�� �S�U�H�S�D�U�H�G�� �S�R�U�R�X�V���V�W�U�X�F�W�X�U�H�G�� �F�H�U�D�P�L�F�V��

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

�� The predominant portion of the overall pore volume in all samples exists in pores with a 

�G�L�D�P�H�W�H�U���H�[�F�H�H�G�L�Q�J���������P�� 

�� The median pore channel sizes for samples without starch, tapioca starch, potato starch, 

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

�� The pore size distribution curve clearly demonstrates a change towards smaller pore 

openings sizes when no starch is used, suggesting a denser microstructure of the samples. 

�� The sample that is prepared without starch exhibits around 42% of the pore-opening 

volume within a 1 - �������P���U�D�Q�J�H�����$�E�R�X�W�����������R�I���W�K�H���S�R�U�H���R�S�H�Q�L�Q�J���Y�R�O�X�P�H���L�Q���W�K�H���V�D�P�S�O�H���Z�L�W�K��

tapioca starch is between the 3 - �������P���U�D�Q�J�H���D�Q�G���D�E�R�X�W�����������O�H�V�V���W�K�D�Q���������������P�����2�Q���W�K�H��other 

hand, the potato starch sample has a larger opening, which makes up around 45% of the 

volume of the pores in the 6 - �������P���U�D�Q�J�H���D�Q�G���D�E�R�X�W�����������O�H�V�V���W�K�D�Q���������������P�� 

�� In the sample produced with a (50:50) mixture of potato and tapioca starches, almost 17% 

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

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

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

�� There is a positive correlation between the compressive strength of the produced porous-

structured ceramics and the amount of �$�O���2����present. 

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

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

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

�S�U�H�S�D�U�H�G���X�V�L�Q�J���������Z�W�������S�R�W�D�W�R���V�W�D�U�F�K���D�Q�G�������������Z�W�������$�O���2�����F�R�Q�W�H�Q�W���� 

�� The main advantage of �$�O���2�� is its ability to improve compressive strength serving as a 

barrier against fracture development. 



 
 

���� 
 

�� MIP and SEM analysis reveals that the ceramic grain matrix has two distinct varieties of 

pores: the larger, that were produced by starch granules, and the smaller void-like channels 

that are interspersed among the ceramic particles after sintering. 

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

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

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

�������������������������D�S�S�D�U�H�Q�W���G�H�Q�V�L�W�\�������������������������J���F�P���������D�Q�G���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K�����a�����������������0�3�D����

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

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

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

�W�H�P�S�H�U�D�W�X�U�H�V 

�7�K�H�� �V�W�X�G�\�� �L�Q�F�O�X�G�H�G�� �W�K�H�� �S�U�R�G�X�F�W�L�R�Q�� �R�I�� �S�R�U�R�X�V�� �F�H�U�D�P�L�F�V�� �X�V�L�Q�J�� �G�L�I�I�H�U�H�Q�W���$�O���2�����F�R�Q�W�H�Q�W �Z�L�W�K�� �D��
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�S�D�U�W�L�D�O�� �S�R�U�H�� �F�O�R�V�X�U�H���� �6�P�D�O�O�H�U���� �P�R�U�H�� �U�R�X�Q�G�H�G�� �S�R�U�H�V�� �D�Q�G�� �D�� �G�H�F�U�H�D�V�H�� �L�Q�� �S�R�U�R�V�L�W�\�� �D�U�H�� �V�H�H�Q��

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

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

�F�R�Q�G�H�Q�V�H�G�� 

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

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

�U�H�G�X�F�H���V�X�U�I�D�F�H���H�Q�H�U�J�\�� 

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

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

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

�V�H�Y�H�U�D�O�� �F�U�\�V�W�D�O�O�L�Q�H�� �S�K�D�V�H�V�� ���P���=�U�2���� �D�V�� �D�� �P�D�L�Q�� �S�K�D�V�H���� �.���$�O���2������ �0�J�$�O���2������ �D�Q�G��

�$�O�������=�U���������2�������������� 

�� �7�K�H���S�U�R�Q�R�X�Q�F�H�G���V�K�D�U�S�Q�H�V�V���D�Q�G���L�Q�W�H�Q�V�L�W�\���R�I���W�K�H���S�H�D�N�V���L�Q���W�K�H���;�5�'���S�D�W�W�H�U�Q���L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H��

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

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

�L�Q�F�U�H�D�V�H�V�� 

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

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

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

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

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

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

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

From the comprehensive experimental investigation of bone replacement porous m-ZrO2-

Al 2O3-MgO ceramic composites fabricated by an economical starch consolidation casting method, 

the following new scientific findings were obtained: 

Claim 1: Preparation of innovative bone replacement porous ceramic composites using cost-

effective starch consolidation casting. 

I have experimentally proved that innovative bone replacement porous ceramic composites can be 

synthesized exhibiting an apparent density (2.5 - 3.2 g/cm3), apparent porosity (~42 - 57%), pore 

size (~50 - �������� ���P), and mechanical compressive strength (~44 - 73 MPa), utilizing zirconium 

dioxide (monoclinic phase, m-ZrO2) (67.5 - 82.5 wt.%) combined with aluminium oxide 

���F�R�U�X�Q�G�X�P���S�K�D�V�H�����.-Al 2O3) (15 - 30 wt.%) and magnesium oxide (periclase phase, c-MgO) (2.5 

wt.%).��ZrO2-based porous ceramic composites were fabricated using starch consolidation casting 

method, employing a mixture (50:50 wt.%) of potato with tapioca starches (the swelling factor for 

potato starch was 41, whereas for tapioca starch it was 32) as pore and body forming agents.��The 

ceramic slurries were produced with 20 wt.% (based on solid ceramics) of starches mixture and 60 

wt.% (based on solid materials) of suspension concentration according to the conditions shown in 

Table C1.  

Table C1. The mixed compositions with the preparation conditions 

m-ZrO 2 
(wt.%) 

�.-Al 2O3 
(wt.%) 

c-MgO 
(wt.%) 

50:50 
P+T 

(wt.%)  

Sus. 
Conc. 
(wt.%) 

Heating 
conditions 

Pre-sintering 
conditions 

Sintering 
conditions 

82.5 
80.0 
77.5 
75.0 
72.5 
70.0 
67.5  

15  
17.5 
20 

22.5 
25 

27.5 
 30 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

20 
20 
20 
20 
20 
20 
20 

60 
60 
60 
60 
60 
60 
60 

80 °C for 2 
hours 

500 °C  
(1 hour), then  

1100 °C  
(2 hours) with  

2 °C/min heating 
rate 

300°C  
(1 hour), then  

 500°C  
(1 hour), then 
1600°C (2 - 3 
hours) with  

2 °C/min heating 
rate 

Where 50:50 P+T wt.% denoted to a mixture (50:50 wt.%) of potato with tapioca starches, whereas Sus. Conc. (wt.%) 

refers to the suspension concentration.  

Related publication: Rusul Ahmed Shakir���� �5�y�E�H�U�W�� �*�p�E�H�U���� �0�D�U�Z�D�Q�� �7���� �0�H�]�K�H�U���� �7�R�P�D�V�]�� �7�U�]�H�S�L�H�F�L���V�N�L���� ����������������

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic 

composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1) 
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Claim 2: The impact of incorporating various amounts and types of starches with various 

amounts of distilled water on the technical properties of the produced porous ceramics. 

A. I have statistically determined �W�K�H�� �3�H�D�U�V�R�Q�� �F�R�U�U�H�O�D�W�L�R�Q�� �P�D�W�U�L�[��(Tables C2.1 and C2.2) �R�I�� �W�K�H��

�H�[�S�H�U�L�P�H�Q�W�D�O�� �G�D�W�D��to analyse the correlation between the amounts and types of starches, the 

amounts of distilled water, and the properties of the produced bone replacement porous m-ZrO2-

Al 2O3-MgO ceramics. Pearson correlation matrix demonstrated that starch content (10 wt.%, 20 

wt.%, and 30 wt.%) correlates with essential material (bone replacement porous m-ZrO2-Al 2O3-

MgO ceramics) properties, exhibiting a negative correlation with apparent density (strong 

correlation with using potato starch, r = -0.738, and very strong correlation with using tapioca 

starch, r = -0.873). Additionally, there is a strong negative correlation with compressive strength. 

The Pearson matrix showed that the starch content has a positive correlation with apparent porosity 

(very strong correlation with using potato starch, r = 0.819, and strong correlation with using 

tapioca starch, r = 0.726). The results also demonstrated a negative correlation between suspension 

concentration and volume shrinkage (strong correlation with using potato starch and very strong 

correlation with using tapioca starch, indicating that reduced water content reduces shrinkage. 

Table C2.1 The correlation matrix with using potato starch 
 Starch (wt.%) Sus. (wt.%) AD AP VS �1 

Starch (wt.%) 1      

Sus. (wt.%) 0 1     

AD -0.738 -0.268 1    

AP 0.819 -0.499 -0.549 1   

VS 0.545 -0.737 -0.031 0.769 1  

�1 -0.761 0.517 0.292 -0.848 -0.842 1 

Table C2.2 The correlation matrix with using tapioca starch 
 Starch (wt.%) Sus. (wt.%) AD AP VS �1 

Starch (wt.%) 1      

Sus. (wt.%) 0 1     

AD -0.873 -0.095 1    

AP 0.726 -0.472 -0.774 1   

VS 0.187 -0.909 -0.084 0.574 1  

�1 -0.798 0.516 0.639 -0.265 -0.371 1 
�:�K�H�U�H���$�'�����D�S�S�D�U�H�Q�W���G�H�Q�V�L�W�\�����$�3�����D�S�S�D�U�H�Q�W���S�R�U�R�V�L�W�\�����9�6�����Y�R�O�X�P�H���V�K�U�L�Q�N�D�J�H�����1�����F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K�����6�X�V�������V�X�V�S�H�Q�V�L�R�Q��
concentration.  
Related publications:�� 

1. Rusul Ahmed Shakir, Róbert Géber. (2023). Structure and properties of ZrO2-Al2O3-MgO porous ceramic for 

biomedical applications. Results in Engineering. 18, 101104. https://doi.org/10.1016/j.rineng.2023.101104 (Q1) 
2. Rusul Ahmed Shakir, Róbert Géber. (2024). POROSITY AND PORE MORPHOLOGY CHARACTERISTICS OF 

ZIRCONIA-ALUMINA BIOCERAMICS. POLLACK PERIODICA, An International Journal for Engineering and 

Information Sciences. 19, 3, 107 - 114. DOI:10.1556/606.2024.01099 (Q3) 
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B. To comprehensively visualise the interactions between the variables, pair plots (Fig. C2.1 for 

the samples with 0, 10, 20, and 30 wt.% potato starch; Fig. C2.2 for the samples with 0, 10, 20, 

and 30 wt.% tapioca starch; and Fig. C2.3 for the samples with 60, 65, 68, and 70 wt.% suspension 

concentration) of four research parameters (apparent density, apparent porosity, volume shrinkage, 

and compressive strength) were employed using the Seaborn library in Python. �7�D�E�O�H�� �&�������� �D�Q�G��

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

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

 
�)�L�J�����&���������3�D�L�U���S�O�R�W���R�I���I�R�X�U���V�W�X�G�\���I�H�D�W�X�U�H�V���R�I���V�D�P�S�O�H�V���S�U�H�S�D�U�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���W�D�S�L�R�F�D���V�W�D�U�F�K���Z�W���� 
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Table C2.3 Correlation relationships between the variables for samples prepared with potato and tapioca 
starches 

Variables AD AP VS �1 
AD �± Negative Weak Positive 
AP Negative �± Positive Negative 
VS Weak Positive �± Negative 
�1 Positive Negative Negative �± 

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

Table C2.4 Correlation relationships between the variables for samples prepared with different suspension 
wt.% 

Variables AD AP VS �1 
AD �± Negative Weak Positive 
AP Negative �± Positive Negative 
VS Weak Positive �± Negative 
�1 Positive Negative Negative �± 

Claim 3: The influence of Al2O3 content in determining the essential correlations between 

microstructural characteristics and mechanical properties. 

A. I have statistically determined the Pearson correlation matrix of the experimental data to analyse 

the correlation between the Al2O3 content (15, 17.5, 20, 22.5, 25, 27.5, and 30 wt.%), and the 

properties of the produced bone replacement porous m-ZrO2-Al 2O3-MgO ceramics. The Pearson 

correlation matrix (Tables C3.1 - C3.3) established that Al2O3 content has a very strong negative 

correlation (r = -0.80 to -1.00) with apparent density and volume shrinkage, while concurrently 

exhibiting a very strong positive correlation (r = 0.80 to 1.00) with apparent porosity and 

compressive strength. 
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�7�D�E�O�H���&���������3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���X�V�L�Q�J���W�D�S�L�R�F�D���V�W�D�U�F�K 
 Al 2O3 (wt.%) AD AP VS �1 

Al 2O3 (wt.%) 1     

AD -0.9664 1    

AP 0.9871 -0.9691 1   

VS -0.9886 0.1482 -0.1582 1  

�1 0.8794 0.7101 -0.8979 -0.3591 1 

�7�D�E�O�H���&���������3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���X�V�L�Q�J���S�R�W�D�W�R���V�W�D�U�F�K 
 Al 2O3 wt.% AD AP VS �1 

Al 2O3 (wt.%) 1     

AD -0.9728 1    

AP 0.9905 -0.9493 1   

VS -0.9368 0.1439 -0.1509 1  

�1 0.8579 0.7661 -0.8253 -0.3905 1 

�7�D�E�O�H���&���������3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���X�V�L�Q�J���S�R�W�D�W�R�������W�D�S�L�R�F�D���V�W�D�U�F�K 
 Al 2O3 (wt.%) AD AP VS �1 

Al 2O3 (wt.%) 1     

AD -0.9858 1    

AP 0.9863 -0.9891 1   

VS -0.9828 0.1546 -0.1679 1  

�1 0.9208 0.7071 -0.9346 -0.3266 1 

Related publication:��Rusul Ahmed Shakir, Róbert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Móricz. 

(2024). Effect of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of 

Zirconia-Based Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1) 

B. To comprehensively visualize the variables interactions, �S�D�L�U���S�O�R�W�V�����I�R�U���W�K�H���V�D�P�S�O�H�V���Z�L�W�K���Y�D�U�\�L�Q�J��

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

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

Seaborn library in Python (�)�L�J�����&������)�����7�D�E�O�H���&���������V�X�P�P�D�U�L�]�H�V���W�K�H���W�\�S�H���R�I���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H��

�Y�D�U�L�D�E�O�H�V�� 

Table C3.4 Correlation relationships between the variables for the samples with different Al2O3 wt.% 

Variables AD AP VS �1 
AD �± Negative Weak Positive 
AP Negative �± Weak Negative 
VS Weak  Weak �± Negative 
�1 Positive Negative Negative �± 
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�)�L�J�����&���������3�D�L�U���S�O�R�W���R�I���I�R�X�U���V�W�X�G�\���I�H�D�W�X�U�H�V���R�I���V�D�P�S�O�H�V���S�U�H�S�D�U�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���$�O���2�����Z�W���� 

Claim 4: Improvement of the pore size by utilizing 50:50 wt.% potato and tapioca starches 

together 

I experimentally proved by using scanning electron microscopy (Fig. C4.1) and mercury intrusion 

porosimetry (Fig. C4.2) methods that using a combined starch composition (50:50 wt.% potato 

with tapioca starches together), as a body and pore forming agent, produces larger pore diameters 

���H�[�F�H�H�G�L�Q�J�������������P�����Z�L�W�K���O�D�U�J�H�U���S�R�U�H���R�S�H�Q�L�Q�J�V���L�Q���W�K�H���S�U�R�G�X�F�H�G���E�R�Q�H���U�H�S�O�D�F�H�P�H�Q�W���S�R�U�R�X�V���P-ZrO2-

Al 2O3-MgO ceramics compared to those made with individual starch types. The enlarged pores 

result from the interaction of the two starches, facilitating the development of larger and more 

interconnected pores.  

   
Fig. C4.1 SEM micrographs of porous ceramics (67.5 wt.% ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3) after 

sintering, (a) using potato starch, (b) using tapioca starch, and (c) using 50:50 wt.% tapioca + potato 
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Related publication:��Rusul Ahmed Shakir, Róbert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Móricz. 

(2024). Effect of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of 

Zirconia-Based Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1) 

Claim 5: Progressive pre-sintering reduces the rate of shrinkage and mitigate thermal 

stresses. 

A. I established by using scanning electron microscopy (Fig. C5.1) that the pre-sintering process 

(at 500°C for 1 hour and then at 1100°C for 2 hours with a heating rate of 2 °C/min) of the prepared 

bone replacement porous (m-ZrO2-Al 2O3-MgO) ceramic composites decreases the rate of 

shrinkage during the final sintering process and mitigates the thermal stresses that cause the surface 

cracking. The reduction occurred by allowing a fraction of densification and particle 

rearrangement to take place during the pre-sintering stage, which minimises the additional 

shrinkage required during the final sintering process. 
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�)�L�J�����&���������6�(�0���P�L�F�U�R�J�U�D�S�K�V���R�I���V�L�Q�W�H�U�H�G���S�R�U�R�X�V���F�H�U�D�P�L�F�V���������������Z�W�������P���=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2��������

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

Related publication:��Rusul Ahmed Shakir, Róbert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Móricz. 

(2024). Effect of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of 

Zirconia-Based Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1) 

B. I established that the changes in the sintering parameters resulted in an increase of the 

compressive strength of the prepared bone replacement ceramic composites. The samples (77.5 

wt.% m-ZrO2 - 20 wt.% Al2O3 - 2.5 wt.% MgO) that pre-sintered (at 500°C for 1 hour and then at 

1100°C for 2 hours with a heating rate of 2 °C/min) and then sintered (at 300°C and 500°C for 1 

hour and then at 1600°C for 2 hours with a heating rate of 2 °C/min) have higher compressive 

strength (72.12 MPa with using 20 wt.% tapioca starch and 26.48 MPa with using 20 wt.% potato 

starch) as compared with the samples (with the same composition) that sintered without pre-

sintering process (10.62 MPa with using 20 wt.% tapioca starch and 4.9 MPa with using 20 wt.% 

potato starch as shown in Fig. C5.2). 

 
Fig. C5.2 Compressive strength of the samples 

Related publications:�� 

1. Rusul Ahmed Shakir, Róbert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Móricz. (2024). Effect 

of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of Zirconia-Based 

Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1) 
2. Rusul Ahmed Shakir, Róbert Géber. (2023). Structure and properties of ZrO2-Al2O3-MgO porous ceramic for 

biomedical applications. Results in Engineering. 18, 101104. https://doi.org/10.1016/j.rineng.2023.101104 (Q1) 
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Claim 6: Impact of sintering temperature on the pore morphology and the properties of the 

produced porous ceramics. 

A.  I have experimentally proved that the prepared bone replacement porous m-ZrO2-Al 2O3-MgO 

ceramics that pre-sintered (at 500°C for 1 hour and then at 1100°C for 2 hours with a heating rate 

of 2 °C/min) and then sintered (at 300°C and 500°C for 1 hour and then at 1600°C for 2 hours with 

a heating rate of 2 °C/min) exhibit larger pores and a more uniform pore morphology as compared 

with the samples that progressively pre-sintered (at 500°C for 1 hour and then at 1100°C for 2 

hours with a heating rate of 2 °C/min) and then sintered (at 300°C and 500°C for 1 hour and then 

at 1400°C or 1500°C for 2 hours with a heating rate of 2 °C/min) (Fig. C6.1).  

 
Fig. C6.1 SEM micrographs for porous ceramics (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3) sintered 

at: 1400°C (a), 1500°C (b), and 1600°C (c), where AP: apparent porosity 

Related publication: Rusul Ahmed Shakir���� �5�y�E�H�U�W�� �*�p�E�H�U���� �0�D�U�Z�D�Q�� �7���� �0�H�]�K�H�U���� �7�R�P�D�V�]�� �7�U�]�H�S�L�H�F�L���V�N�L���� ����������������

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic 

composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1) 

B. Using mercury intrusion porosimetry, I have experimentally demonstrated that when the 

sintering temperature rises (from 1400 to 1600°C), the size of the pore openings (the pore throat) 

of bone replacement porous ceramic composite (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% 

Al 2O3) diminishes (median pore openings size ~�������������P���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���D�W����������°C for 2 hours and 

�a�������������P���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���D�W�����������ƒ�&���I�R�U�������K�R�X�U�V�������)�L�J�����&������������ 

 
Fig. C6.2 Pore size distribution of porous ceramics (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3) 

sintered at: 1400°C (a), 1500°C (b), and 1600°C (c) 
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Related publication: Rusul Ahmed Shakir���� �5�y�E�H�U�W�� �*�p�E�H�U���� �0�D�U�Z�D�Q�� �7���� �0�H�]�K�H�U���� �7�R�P�D�V�]�� �7�U�]�H�S�L�H�F�L���V�N�L���� ����������������

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic 

composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1) 

C. I have statistically determined �W�K�H���3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[�����7�D�E�O�H���&�����������R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O��

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

�S�U�H�S�D�U�H�G�� �E�R�Q�H�� �U�H�S�O�D�F�H�P�H�Q�W�� �S�R�U�R�X�V�� �P���=�U�2�����$�O���2�����0�J�2�� �F�H�U�D�P�L�F�� To comprehensively visualize 

the variables interactions, �S�D�L�U�� �S�O�R�W�V��(�)�L�J�V���� �&���������� �I�R�U�� �W�K�H�� �V�D�P�S�O�H�V�� �D�I�W�H�U�� �V�L�Q�W�H�U�L�Q�J�� �D�W�� ���������ƒ�&�� �R�U��

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

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

�Z�H�U�H���H�P�S�O�R�\�H�G���X�V�L�Q�J��Seaborn library in Python��  

�7�D�E�O�H���&���������7�K�H���3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�� 
  Al 2O3 (wt.%) Temp. (°C) AD AP VS �1 

Al 2O3 (wt.%) 1      

Temp. (°C) 0 1     

AD -0.3542 0.9036 1    

AP 0.6051 -0.7551 -0.8621 1   

VS -0.4098 0.8547 0.9372 -0.9012 1  

�1 0.2472 0.9511 -0.7719 0.5644 -0.6823 1 

 
Fig. C6.3 Pair plot of four study features for the samples after sintering at 1400°C or 1500°C 
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Fig. C6.4 Pair plot of four study features for the samples after sintering at 1600°C 

Table C6.2 Correlation relationships between the variables after sintering at different temperature 
Variables AD AP VS �1 

AD �± Negative Positive Negative 
AP Negative �± Negative Positive 
VS Positive Negative �± Negative 
�1 Negative Positive Negative �± 

Claim 7: Establishment of MgAl2O4 spinel structure under specific sintering conditions  

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

�0�J�$�O���2���� �S�K�D�V�H�� �L�Q�V�L�G�H�� �W�K�H�� �G�H�Y�H�O�R�S�H�G�� �E�R�Q�H�� �U�H�S�O�D�F�H�P�H�Q�W�� �S�R�U�R�X�V�� �V�W�U�X�F�W�X�U�H�G�� �=�U�2�����$�O���2�����0�J�2��

�F�H�U�D�P�L�F���V�\�V�W�H�P���������������Z�W�������P���=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2�������R�F�F�X�U�U�H�G���R�Q�O�\���X�Q�G�H�U���W�K�H��

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

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

�H�[�W�H�Q�G�H�G���V�L�Q�W�H�U�L�Q�J���W�L�P�H���R�I�������K�R�X�U�V���Z�L�W�K�������ƒ�&���P�L�Q���K�H�D�W�L�Q�J���U�D�W�H�����)�L�J�����&������������ 
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�)�L�J�����&���������;�5�'���S�D�W�W�H�U�Q���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���D�W�����������ƒ�&���R�U�����������ƒ�&���I�R�U�������K�R�X�U�V�� 

�������������Z�W�������P���=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2���� 

 
�)�L�J�����&���������;�5�'���S�D�W�W�H�U�Q���D�I�W�H�U���V�L�Q�W�H�U�L�Q�J���D�W�����������ƒ�&���I�R�U�������K�R�X�U�V�� 

�������������Z�W�������P���=�U�2���������������Z�W�������0�J�2�����D�Q�G���������Z�W�������$�O���2���� 

Related publication: Rusul Ahmed Shakir���� �5�y�E�H�U�W�� �*�p�E�H�U���� �0�D�U�Z�D�Q�� �7���� �0�H�]�K�H�U���� �7�R�P�D�V�]�� �7�U�]�H�S�L�H�F�L���V�N�L���� ����������������

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic 

composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1) 

Claim 8: Impact of sintering holding time on the microstructural characteristics of the 

produced porous ceramics. 

 A. I established that increasing sintering holding time (from 2 to 3 or 4 hours) affects the 

properties of the bone replacement porous structured ZrO2-Al 2O3-MgO ceramics. Shorter sintering 

holding time (2 hours) results in lower apparent density (2.5 - 3.1 g/cm3), higher apparent porosity 



 
 

������ 
 

(51-57 %), whereas extended sintering holding time (3 or 4 hours) results in higher apparent 

density (2.7 - 3.2 g/cm3 after 3 hours and 3.2 - 3.6 g/cm3 after 4 hours), lower apparent porosity 

(42 - 49 % after 3 hours and 36 - 45 % after 4 hours) (Fig. C8. 1). 

   
Fig. C8. 1 SEM micrographs for porous ceramics (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3) sintered 

at 1600°C for: 2 hours (a), 3 hours (b), and 4 hours (c) 

B. I established that among the three-sintering holding time (2, 3 or 4 hours), the porous ceramics 

(Table C8.1) sintered at 1600°C for 3 hours demonstrated the highest compressive strength (48 - 73 

MPa), indicating that this holding time (3 hours) facilitates densification without excessive grain 

growth or pore coarsening. As a comparison with 3 hours sintering time, the shorter sintering 

holding time (2 hours) results in reduced apparent density (2.5 - 3.1 g/cm3) and higher apparent 

porosity (51 -57 %), tend to be reduced compressive strength (43 - 49 MPa). Whereas extended 

sintering holding time to 4 hours resulted in reduced compressive strength (36 - 45 MPa) relative 

to 2 or 3 hours, due to the initiation of microstructural deterioration (Fig. C8.2). 

�7�D�E�O�H���&���������0�L�[���F�R�P�S�R�V�L�W�L�R�Q�V�����L�Q���Z�W������ 
m-ZrO 2 MgO Al 2O3 Dolapix CE 64 50:50 P+T Suspension Conc. 

82.5 2.5 15 1.5 20 60 

80 2.5 17.5 1.5 20 60 

77.5 2.5 20 1.5 20 60 

75 2.5 22.5 1.5 20 60 

72.5 2.5 25 1.5 20 60 

70 2.5 27.5 1.5 20 60 
67.5 2.5 30 1.5 20 60 

 
Fig. C8.2 Sample (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3) after 4 hours sintering time  
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�&����I have statistically determined �W�K�H���3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[�����7�D�E�O�H���&�����������R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O��

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

�S�U�H�S�D�U�H�G�� �E�R�Q�H�� �U�H�S�O�D�F�H�P�H�Q�W�� ���=�U�2�����$�O���2�����0�J�2���� �S�R�U�R�X�V�� �F�H�U�D�P�L�F�V����To comprehensively visualize 

the variables interactions, �S�D�L�U�� �S�O�R�W�V��(�)�L�J�V���� �&���������� �I�R�U�� �V�L�Q�W�H�U�H�G�� �V�D�P�S�O�H�V�� �D�I�W�H�U�� ���� �K�R�X�U�V�� �V�L�Q�W�H�U�L�Q�J��

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

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

�F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K�����Z�H�U�H���X�V�H�G��employing Seaborn library in Python���� 

�7�D�E�O�H�V���&���������7�K�H���3�H�D�U�V�R�Q���F�R�U�U�H�O�D�W�L�R�Q���P�D�W�U�L�[���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�� 
 Al 2O3 (wt.%) ST (hours) AD AP VS �1 

Al 2O3 (wt.%) 1      

ST (hours) 0 1     

AD -0.5374 0.7887 1    

AP 0.3301 -0.9177 -0.8477 1   

VS -0.4343 0.8688 0.9122 -0.9411 1  

�1 0.4141 -0.2947 -0.6424 0.2429 -0.4221 1 

 
Fig. C8.3 Pair plot of four study features for the samples after 2 hours sintering holding time 

Table C8.3 Correlation relationships between the variables after sintering for different holding time 
Variables AD AP VS �1 

AD �± Negative Positive Negative 
AP Negative �± Negative Positive 
VS Positive Negative �± Negative 
�1 Negative Positive Negative �± 



 
 

������ 
 

 
Fig. C8.4 Pair plot of four study features for the samples after 3 hours or 4 hours sintering holding time 

Claim 9: Impact of sintering holding time on the interaction between zirconia and alumina 

phases. 

I have experimentally proved by using X-ray diffraction method that the increasing of sintering 

holding time (from 2 hours to 3 hours) influences the phase evolution in the 67.5 wt.% m-ZrO2, 

2.5 wt.% MgO, and 30 wt.% Al2O3 system. The prolonged sintering holding time (3 hours) 

promotes diffusion-driven solid-state reactions that result in the formation of MgAl2O4 spinel and 

Al 0.5Zr0.48O1.74 phases (Fig. C9).   

 
Fig. C9. XRD pattern for sintered (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al2O3)  
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porous ceramic at 1600°C for 3 hours 
Claim 10: Impact of sintering holding time on the pore openings size distribution. 

I have experimentally proved by using mercury intrusion porosimetry test that the cumulative pore 

volumes (Fig. C10) of the bone replacement porous ceramics (67.5 wt.% m-ZrO2, 2.5 wt.% MgO, 

and 30 wt.% Al2O3, sintered at 1600°C for various sintering holding time) decrease as sintering 

holding time increases (from 2 to 4 hours).  

 
Fig. C10. The cumulative pore size distribution of sample:  

(a) sintered for 2 hours, (b) sintered for 3 or 4 hours 
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Table Various outcomes of using distinct manufacturing processes in the fabrication of ceramic porous 
structures 

Fabrication 
technique 

Ceramic 
material 

Sintering 
conditions  

Pore size  Porosity  Other properties Application Ref. 

 
Ice 

templating 
 

8 mol.% 
YSZ 

1390°C, 6 h 
2.5 - 38.1 

���P 
54 - 75% 

CO2 permeance =  
1.5 × 10�í 7 

mol Pa�í 1�-�V�í 1�-�P�í 2 

Membrane 
support 

[62] 
2025 

Particle-
stabilized 

foam 
BaZrO3 

1300°C - 
1600°C, 6 h 

- 
92.9 - 
94.6% 

k = 0.088 - 0.193 
W/(m·K),  

�1��� ������������- 1.31 
MPa 

Thermal 
insulation 

[63] 
2025 

3D printing 
3 mol% 

YSZ 
1450°C, 180 

min 
- 

60, 70, 
and 80% 

�1��� ����������- 1029 
MPa 

- 
[64] 
2025 

Protein 
foaming 

Al 2O3 1500°C, 1 h 
150 - 240 

���P 
11.2 - 
38.8% 

�1��� ��������- 140 MPa 
Thermal 
insulation 

[65] 
2025 

Use of pore 
formers 

MgO-
Al 2O3-
CaO 

���������•���������K - 62.7% UTS = 14.76 MPa 
Thermal 
insulation 

[66] 
2025 

Freeze-
casting 

Al 2O3 
1400°C,  
90 min 

- 62 - 83 
% 

k = 4.82 W/(m�„K) 
Thermal 
energy 
storage 

[67] 
2025 



 
 

������ 
 

Solid-state 
sintering 

MgO- 
TZP  

1500°C, 2 h 
1.9 - 

�����������P 
48 - 69% 

VS = 64 - 70 %, 
�1��� ��������- 80 MPa 

- 
[68] 
2023 

Gel-forming 
ZrO2/ 
Al 2O3 

1350°C, 
1450°C, and 
1550°C, 1 h 

450 - 640 
���P 

34 �± 74 
% 

�1��� ����������- 129 MPa - 
[69] 
2023 

Use of pore 
formers 

Al 2O3-
ZrO2 

1650°C 
10 - 40 

���P 
21.9 - 
69% 

�1��� ����������- 658 MPa Insulation 
[70] 
2023 

Direct 
foaming 

8 mol. % 
YSZ 

1500°C, 2 h - 45 - 84% �1��� ����������- 267 MPa Insulation 
[71] 
2022 

Mixing and 
accumulative 

rolling 

3 mol. % 
YSZ - 

graphite 
flakes 

1550°C, 2 h 
0.43 - 

1.05 µm 
15 - 44 
vol% 

�1��� �� 
150 MPa - 1.5 

GPa, 
k = 0.92 - 1.85 

Wm�í 1K �í 1 

Thermal 
insulation 

[72] 
2022 

Foam-gel-
casting with 
freeze-drying 

(La1/5Nd1

/5Sm1/ 

5Gd1/5Yb
1/5)2Zr2O7 

1000°C - 
1500°C, 2h 

0.5 - 110 
���P�� 

92.4 - 
94.8% 

�1��� ����������- 4.15 MPa 
Thermal 
insulation 

[73] 
2022 

Foam-gel-
casting 

Mullite/ 
ZrO2 

1600°C 
47 - 261 

���P 
66.9 - 
77.4% 

�1��� ��������- 34 MPa,  
�1f = 2 - 11 MPa 

Thermal 
insulation 

[74] 
2022 

Particle 
stabilized 

foam  

Coal fly 
ash/ 

Al 2O3 
1300°C, 2 h 1 - 15 

���P 
49.3 - 
68.1% 

�1��� ������������- 159.33 
MPa 

- [75] 
2022 

Partial 
sintering 

SiC/ZrO2

-CaCO3 
1450°C, 2 h 

2 - 15 
���P 

38.86% �1f up to 68.7 MPa Filtration 
[76] 
2022 

Co-
precipitation 
and sintering 

Al 2TiO5/
Al 2O3 

1450°C, 
1500°C, and 
1550°C, 2h 

- 
30.4 - 
46.8% 

�1��� ������������- 53.1 
MPa 

- 
[77] 
2022 

Replica 
technique 

Al 2O3/ 
ZrO2 

1600°C, 3 h 45 PPI - �1���X�S���W�R���������� MPa 

Diesel 
particulate 
filters and 

radar-
absorbing 
materials 

[78] 
2021 

Partial 
sintering 

Al 2O3/ 
Fap/TiO2 

1500°C, 
1 - 5 h 

43 - 280 
���P 

21 - 49 
% 

�1��� ��������- 30 MPa Bone scaffold 
[79] 
2021 

Freeze-
casting 

Al 2O3/ 
ZrO2 

1580°C, 2 h - 59.6% �1��� ���������� MPa Filtration 
[80] 
2021 

Freeze 
casting 

ZrO2-
Y2O3 

1250°C -
1550°C, 2 h 

0.2 - 10.7 
���P 

56.1 - 
81.8% �1��� ��2.2 - 31.7 MPa 

Filters and 
membrane 

support 

[81] 
2020 

Use of pore 
formers 

Al 2O3-
ZrO2 

1600°C, 3 h 
0.9 - 15.3 

���P 
10 - 57 

% 

�1��� ��������- 260 MPa, 
K = 1.63 - 5.48 

�0�3�D�¥�P�� 
HV = 89 - 1050 

HV 

- 
[82] 
2020 

Compressing 
ZrO2�± 

5.5 wt% 
Y2O3 

1600°C, 1 h - 27 - 42% UTS = 0 - 35 MPa - [83] 
2020 

Direct 
foaming 

Al 2O3-
ZrO2 

1500°C, 2 h - 
95.82 - 
96.7% 

�1��� ������������- 1.52 
MPa 

Insulation 
[84] 
2019 

Die pressing Al 2O3 1350°C, 2 h 0 - �����P 
34.9 - 
54.9% - Filtration 

[85] 
2019 



 
 

������ 
 

Aqueous gel-
casting 

ZrO2/ 
mullite 

1600°C, 4 h �������P 55.6% �1��� ���������� MPa - 
[86] 
2019 

Vacuum 
squeeze 

moulding 
with 

impregnation 

Al 2O3�± 
SiO2 

aerogel/ 
porous 
ZrO2 

1400°C, 1 h - 91 - 92.8 
%. 

�1��� ������������- 0.91 
MPa,  

k = 0.06 - 0.076 
W/(m/K) 

Thermal 
insulation 

[87] 
2018 

Specification 
CaO 

stabilized 
ZrO2 

1000°C, 
1100°C, 
1200°C, 

1300°C, 4 h 

353 - 410 
nm 

1 �± 38% 
H = 0.17 - 17.8 

GPa, 
E = 2.5 - 274 GPa 

- 
[88] 
2018 

Vacuum 
squeeze 

moulding 
with sol-gel 

impregnation 

Al 2O3-
SiO2 

aerogel/ 
porous 
mullite 

-ZrO2 

1400°C, 1 h - 78.1% �1��� �������������0�3�D 
Thermal 
insulation 

[89] 
2017 

Compressing 
ZrO2 (8.6 

mol.% 
MgO) 

1550°C, 1 h - 
10 - 60 

% EA = 0.8 - 3 J/g 
Energy 

absorption 
[90] 
2016 

Pickering 
foam 

templating 
ZrO2 

1350°C - 
1500°C, 2 h 

- 
96 - 98 

% 

k = 0.02 
�:�����P���.���q�ï�� 

�1��� �������������0�3�D 

Thermal 
insulation 

[91] 
2016 

Table Some results from using various pore-forming agents in the fabrication of ceramic porous structures. 
Ceramic 
Materials 

PFA PFA 
content 

Sintering 
conditions  

Pore size  Porosity Other  
properties 

Ref. 

Al 2O3 - 
TiO2 

Corn starch 
2.5, 5, 7.5, 

and 10 
wt.% 

1400°C, 2 h 9-232 µm 
54-76 
vol% 

k = 0.06-0.1 W/m.K, 
�!��� ��������-���������*�
 �„m, 

�1���X�S���W�R�����������0�3�D 

[98] 
2024 

Al 2O3-
mullite 

Corn starch 
20, 40 
vol% 

1570°C - 43-57% 
LS = 1.5-12, 

 E = 19.7-69.2 GPa 
[99] 
2024 

Al 2O3 
Potato 
starch 

5-15 % 1500°C, 2 h 18-���������P 8-56% 
�1��� ���������0�3�D�����O�L�Q�H�D�U��
LS = 14.4-17.4 % 

[100] 
2024 

m-ZrO2 Corn starch 5 wt.% 1750°C, 3 h 4.4-10.7 
���P 

5.1-16.5 
% 

k = 1.37 W m-1 K-1. [101] 
2024 

Diatomite Corn starch 0-40% 1000°C, 1 h - 
46.54-
59.28% 

k = 0.0984 W/m·K, 
WA = 58.45%, 
 �1��� �������������0�3�D 

[102] 
2023 

Al 2O3 Corn starch 4-10 wt.% 1250°C, 2 h - 
54.05-

70.70%. 
LS = 1.07-3.39 %,  

�1f = 0.5-1.9 MPa 
[103] 
2021 

Al 2O3-
SiO2-
MgO 

Corn starch 
0, 5, 10, 15,  
20, and 25 

1100°C, 
1200°C, 
1300°C, 
1400°C, 

1450°C, and 
1500°C, 2 h  

1-4 
���P 

47.67% 
�1f = 44.31 MPa 

 
[104] 
2018 

Kaolin-
talc- 

Al 2O3 

Potato 
starch, corn 

starch 
15 vol.% 

1275°C, 
1300°C and 
1330°C, 4 h 

11-19 µm 
with potato 
starch, and 

7-8 µm 
with corn 

starch 

42-49 
with corn 

starch 
49-56 
with 

potato 
starch 

�1f = 5.3-9 MPa 
 

[105] 
2018 



 
 

������ 
 

Al 2TiO5 
(AT)-
mullite 

Corn starch 10 wt.% 
1400°C, 

1450°C, and 
1500°C, 2 h 

1-���������P 54.7% �1f = 11.5 MPa 
[106] 
2016 

Forsterite Corn starch 2.8, 7.3, 
11.3% 

1400°C, 
1450°C and 
1500°C, 2 h 

16-���������P 45.5 
-80.5% 

�1��� ����������-20.2 MPa [107] 
2016 

Al 2O3 Corn starch 0-50 vol. % 1500°C, 3 h - 
14.8-55.3 

% 
�1��� ����-24 MPa 

[108] 
2015 

Mullite 

Corn, 
potato and 

cassava 
starches 

9-10 vol.% 
1400°C, 

1500°C and 
1650°C, 2 h 

- 39-64% VS = 6.6-42.8 % 
[109] 
2015 

�.-Al 2O3-
m-ZrO2-

MgO 
Corn starch 

10, 20 and 
30 wt.% 

1300°C, 
1400°C, 

1460°C and 
1550°C, 2 h 

- 43-60% 
WA = 16-34 %, 
�1f = 0-17 MPa 

[110] 
2013 

Al 2O3�±
ZrO2 

Rice and 
corn 

starches 

10, 20, 25, 
30, and 50 

vol.% 
1530°C, 2 h - 50%. LS = 10-40% 

[111] 
2012 

Al 2O3-
ZrO2 

Corn starch 
10-50. 
vol.% 

1100°C -
1530°C, 2 h 0.1-���������P 50-71% E = 331-383 GPa 

[112] 
2011 

3Y-ZrO2 
Corn and 

potato 
starches 

0.45-0.71 
vol.% 

1300°C, 
1400°C or 

1500°C, 2 h  

7-���������P 
with corn 

starch, 
���������P���Z�L�W�K��

potato 
starch. 

38-52 
vol.% 

with corn 
starch, 
50 - 54 
vol.% 
with 

potato 
starch. 

LS = 30-50 % 
[113] 
2011 

Al 2O3-3Y-
ZrO2 

Corn starch 
10 - 50 
vol.% 

1530°C, 2 h - 26 - 51% LS = 16 - 22 % 
[114] 
2009 

Table Some results of the use of ZrO2-based ceramics in biomedical applications 

Materials 
Fabrication 
techniques 

Sintering 
temperature 

Pore size 
�����P�� 

Porosity 
(%) 

Other 
properties 

Application Ref. 

ZrO2/SiO2/
PICN 

Extrusion 
Moulding and 
pressure less 

sintering 

750, 1000°C, 
2h 

- 44-50 

�1f = 249 MPa,  
E = 23 GPa,  
H = 2 GPa,  

K = 2 
MPa.m1/2 

Inlays and 
anterior 

crowns in 
dental 

[123] 
2025 

8YSZ DLP 3D 
printing 

1450°C, 3 h �� 20-41 �1f = 25-71 
MPa 

Biomedical 
implants 

[124] 
2025 

3YSZ 
Direct ink 
printing 

1325°C, 
1350°C, and 
1375°C, 1 h, 
1.5 h, and 2 h 

0.1-400 80  �1 = 24 MPa 

Osteogenic 
differentiation 

and bone 
regeneration 

[125] 
2024 

3YSZ 
Fused filament 

fabrication 
1100°C -

1500°C, 1 h  
- - 

UTS = 90-105 
MPa 

Large bone 
segmental 

[126] 
2024 

YSZ 
Direct ink 

writing  
1450°C, 2 h - 61.1-75.3 

�1��� ����������-62.9 
MPa 

Scaffolds for 
bone tissue 

[127] 
2021 

YSZ 
FDM and 

freeze drying 1450°C, 2 h 300-450 40 

�1��� ����������-89.8 
MPa,  

E = 1.7-2.6 
GPa 

Scaffolds for 
bone tissue 

[128] 
2021 



 
 

������ 
 

YSZ /HA DLP 1400°C, 1.5 h - 54.6 �1��� ���������������0�3�D 
Scaffolds for 
bone tissue 

[129] 
2020 

ZrO2�±PCL FDM 
Room 

temperature 
459.2-
462.7 46.2-47 

�1��� ��������-7.9 
MPa, 

E = 43-67 
MPa 

Scaffolds for 
bone tissue 

[130] 
2020 

ZrO2-HA DLP 
1100°C, 

1200°C, and 
1250°C, 2 h 

- - 
�1t = 29.4 %,  
�1f = 23.9 % 

Bone tissue 
engineering 

[131] 
2019 

ZrO2- 
��-Ca2SiO4 

 
3D Bio plotter 

1000°C, 
1100°C, 

���������•���������K�� 
- 67-73  

�1��� ��������-6.1 
MPa 

Scaffolds for 
bone tissue 

[132] 
2019 

YSZ Robocasting 1350ºC, 1 h 200-500  - - Scaffolds for 
bone tissue 

[133] 
2019 

Al 2O3/ZrO2 Replica method 1500°C, 1 h 5-2560 78.8 �1��� �����������0�3�D 
Replacement 
or bone filling 

[134] 
2018 

YSZ-Al2O3  Robocasting 1350°C, 2 h 245 50 - 
Substrate for 

bone cells 
ingrowth 

[135] 
2018 

ZrO2-BCP FDM 1100°C, 2 h 350 - �1��� �����������0�3�D 
Scaffolds for 
bone tissue 

[136] 
2018 

PCL/ZrO2 Electrospinning 
Room 

temperature, 
2 h 

- - 

Excellent 
fibroblast cell 
attachment and 
proliferation 

Bone 
regeneration 

[137] 
2017 

ZrO2- 
��-TCP 

3D Bio plotter 1500°C, 5 h 160-226 60-76 �1��� ����-12 MPa 
Bone 

regeneration 
[138] 
2017 

ZrO2- 
��-TCP 

3D Rapid 
Prototype / 

impregnation 
1500°C, 5 h 3-705 68-82 

�1��� ����-15 MPa; 
E= 184-396 

MPa 

Bone tissue 
regeneration 

[139] 
2017 

YSZ-PVP Electrospinning 850°°°°, 2 h - - E = 1.11 MPa Bone 
regeneration 

[140] 
2016 
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