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Design of ceramics powder compaction process parameters (Part I : Finite
element analysis)
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Abstract In order to simulate the powder compaction process and to assess the effects of packing randomness and
particle arrangement 2-dimensional model of rod array compaction using quasi-random multiparticle array is introduced. The
elastic modulus of porous ceramics is computed by the homogenization method. With 3 Al2O3 and 3 Al particles the
compaction processes associated with the porosities are simulated by the explicit finite element method, based on the elastic
modulus found by the homogenization method. The simulation results are compared with both previous analytical ones and
experimental measurements. Finally, in order to find the relationship between the friction coefficient of powder particles and
the relative density, the sensitivity analysis is performed.
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� � ��� �� �� �� ��� ���� �� ��� ���� �� ��� ��� ���� ��� ��� �
� �� �� ��� ���� 2�� �� �� �� �� ��� �����. 3�� Al2O3 ��� 3�� Al ��� ��
� ��� ��� �� �� ��� ��� ����� ���� ��� ��	� �����. �� ��� �� �� �
� � �� ��� �����. ���	�, �� ��� ����� ����� ��� �� �� ��� �����.

1. � �

��� ��� ��� ��� �� ����� ��

��� ����. �� ��� ��� ��� ��� �

� ��� ��� ����� ���� �� ��� �

� ��� ��, �� �� ����� ����� ��

���, ���, ��� ��� ���� �� ����.

��� ��� ��� ��� �� ��� ���� �

� �� ��� ��� �� �� ��� ����. �

���� �� ��� �� ��� ���� �� ��

��, ����� ���� ��� ������ ��

� ��� ���� ��� ����. ��, �����

100 nm ��� 	�� �� ���
�� �� �� �

�� ���� ��.

�� ��� �� ���� ��� �� �� ���

����� ��� �� ��� �� ��� 	�� 	

�� �� ���� � 
����� ��� ��� �

�� ��� �� � �� ����. � ��� �� �

� ����� ���� �� ��� �� ���� �

�� �� ��� Wu �[1]� Jiang �[2]� �� �	

�, ����� �����. �� ����� 	����

�� ���� ��� ���� �� �� �	�, ��

� �
� ���� ��. �� �� �� ��� ��

�� ��� Xin �[3]� �
��� �� ��� ��
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�� ��� explicit finite element method(explicit

FEM)�� ������� �
� ���	�. ���

Zahlan �[4]� 	��� �� �������� ���

� �� ��� �� ��� �
� ���	�, Zipse[5]

� 	���� �� ��� ��� ����� �� �

�� �� ���� ������ �� ��� ���	

�. ���� �� �� ��� ���� ����
 �

�� ��� Terry �[6]� Peizhen �[7-9]� X-ray CT


 �� ��� ���� ���� ���	��, ��

� ����� �� �� ��� ��� ��� X-ray

CT� ���� �	��� 	
���. ��� Consuelo

�[10]� packing� 	
� ��� ��� �� ���

�	� Briscoe �[11]� ��	

 ��� 	�� �

� ��� �� �	�� ��� ���	�.

�� ����� �� � ��� �� �	�� ��

� �� �� �
�� ���� �� ���� ���

�� ��� ��� 	� ��� ����, 
� ���

� ��� ��� ���
� ��� ��� ��� �


��� ��. ��� �� ��� ����
 
� 


�� ��� 
��, ��� 	� ��
 ����� �


�� ��� ���� ���� ��� �� �� �

�� ��� ��. ���, ��� ��� ���� ��

� ��� ��� ��� ���� �� ���� ��

� ��� ��� ���� �� ���� ��� ��

��� ��
 � �� ���� ��� ���� ��

����� ����.

� ����� �� ���� ��� ��� �� �

�� �� ��� �� �� ���� ��� �	�.

��� ��� ��� ��� ����� �� ����

�� ��� ��� ���
� �	�	�. �����

�� ���� �	�� �� �� ��� �� �� �

�� ���, �	�� ���	�. ��, �� 	
 �

�� 	���� ����� ��� ��� 	
�� �

�� 	���� ���� ��� ���	�.

2. ���� ��

2.1. ���

� ��� ��� �� �� � ��� �� ����

�� ���� ���� ��� ���� �� �� �

�� �� ��� �� 	
� ����� �� �	 


����� ���	�. ��� �� ���� ����

� 
� 	
 ��� ���� �� �� ��� ���

��� ���� ���. ��� � ����� (1) �

� �� (2) 	
 �� �� (3) �� 	
� ��� �

��� ���� �� ��� ������ ���� �

� 
 � �� ���� ��� quasi-random multi-

particle array� ����.

Fig. 1� 6�� 	
� ��� �� 	
��� 	


�� �� ���� ��� quasi-random multi-particle

array� ���� �� ����� 0.62� �� ���

� ����� ��� ����. � � � ���� 	


� ��
 � ����� ���� ��
 � ��,

	
� ��� ���� ����� ��
 � ��.

Step 6� 
� ����� 0.62� 6�� 	
� ��

Fig. 1. Steps for obtaining arbitrary green relative densities (ρ)
using quasi-random multi-particle array.

Fig. 2. Schematic view of 2-dimensional rod array model for
powder compaction simulation.
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� �� ���� ������ ����. �� �� �

��� 2�� �� ��� ��� �	�. Wu �[1]�

��� �� �� ��� ��� �� ���� ���

� �� �
 
���� � ��� ��� 
�, ��

�� 	��� ����� �� �
 	
� � �� �

�� ������ �� ���� �
��. Fig. 2�


��� ���(upper punch), ���� �� �� �

�(die), ��� ���(base Punch)� �� ���� �

����.

2.2. ��� ����

�� ���
 
� ��� ��� 	��� ��
�

��� ��� �� ��� ��
 ��� ������

��� ��� ��� ��� �	�	�. 2��� ��

�� ����� 	��� �	� ��� �� ���

����� ����� ��� ��� ��� ����

[12-14]��� ��� ��� ���� EH
ijkl� �
 �

��.

(1)

���, |Y|� ���� ����, Eijkl� ������,

χm
kl
� ����� ������.

���� �� ��� ���� Eh� ���� ���

�� �� ��� �� ��� ��� Fig. 3� 
� �

�� �
� �� ��� ����� ���� ����

�, ���� �� ����� ��� ���� �� �

���� ��	�(Fig. 4 ��).

Fig. 4� ���� ��� ���� Eh� ��� ��

�� ���� ���	�.

Eh = E�e−4.3387f (2)

���, E� ������, f = 1 − ρ� �����.

2.3. ����

���� �� �� �� ��� ���� ��� �

�� ����� Fig. 5
 
�. ���(∂Ω1)�� P =

200 MPa� ��� ��� ���� ���� ��
 �

��(∂Ω2)�� ��� ��� ����� ���	�.

��� 30� ��� �� �� �� P = 200 MPa� �

��� ��� ���	�. �� ��, ��, ��� �

�� ���� 	���� 0.2, ��� ����� 	�

��� 0.4� ���	�[15].

Eijkl
H  = 

1
Y
----- Eijkl 1

∂χm
kl

∂yn

---------– 
  dY

Y∫

Fig. 3. Cross pore-solid models for calculating homogenized elastic modulus associated with porosity, f.

Fig. 4. Relative elastic tensor component associated with
porosities.
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�� �� �� ���� ��� �
� �� ���

	�����. ��� �� 
� �� Al2O3 �� ��

� 	� ��� 
	��� 0.35~0.50�� 
� ��



��(zinc stearate)�� ���� 0.7~1.0��[15]. �

�� ���� 	���� �� ��� ����� ��

� ��� 	
�� ��� ��� ���� 	����

�� 0.4, 0.6, 0.8� ����� ��� �	�.

��� ��� Al
 Al2O3� ��� Table 1� 
�.

3. �� ��

�� ���� ρ = 0.62� �� �� ��� �� �

�� � �� ��� ����(micro-mechanics) ��


� �	� ��
�� ���� ���	�.

Fig. 6� ���� ��
�� ���� E�� ��

�� ��� ����. �� �� P = 200 MPa��

���� ��� 30�� 4 ��� ��� ��� �	

�. ��� ���	 0.699, 0.730, 0.769� �����

���� 	 � ���, �	�� ����� 0.804�

��.

Fig. 5. Boundary condition for finite element simulation of
powder compaction processes.

Table 1
Material properties of Al and Al2O3

Material property Al Al2O3

Mass density (rho) 2.12E+03 kg/m3 3.89E+3 kg/m3

Elastic modulus (E) 62 GPa 375 GPa
Homogenized elastic modulus (Eh) E×e−4.3387f GPa E×e−4.3387f GPa
Poisson’s ratio (ν) 0.345 0.22
Yield Stress (YS) 28 MPa 300 MPa
Plasticity modulus 105.74 MPa

Fig. 6. Finite element simulation of 6 particle compaction process using E.

Fig. 7. Finite element simulation of 6 particle compaction process using Eh.
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Fig. 7� �	� ��
�� ���� �� ����

Eh� ���� �� �� ����. ���� ��
�

��
 	���� �� 30�� 4��� ��� ���

�	�. ��� ���	 0.748, 0.778, 0.792� ���

�� ���� 	 � ���, �	�� ����� 0.816

���.

Fig. 8� E
 Eh� ���� ��� ����� Jiang

�[3]� �	�� ��� ���. ����� �� ��

� ���� ��� �	� �	�� ��� 	���

��� �� �� �	�� � ��� ��� �� �

���. Eh� ���� ��� �	� ��� ����

� ��� ����� ��� ��� �� ���� �

���� �� ��, 	 ���� �� ���� ���

Eh� �� �� ����� ����� ���� ��

Eh� ��� ���
 �� �� �� ����� ��

�� ����.

Fig. 9� ��� 	����� ��� ��� ���

� ��. ��� �� ��� 	���� ����� �

�� �� ��� 	���� �� 0.4, 0.6, 0.8� ��

��� ��� ���	�. 	���� 0.4
 �� ��

��� 0.816, 	��� 0.6
 �� ���� 0.827, 	

��� 0.8
 �� ���� 0.831� ���. ���

Fig. 10� ��� 	����� �� ��� �� ��

��� ��� ����.

4. � �

Quasi-random multi-particle array� �	�� ���

��� ����� ���� ���	� ��� ���

�� �� �� ���� ����	�.

��, ���
� �	�� 	��� ��� ���

��� �� ��� ��� ������ ��
 � �

��. 	, ���
� ���� ���� ��� ���

� ��
 � ���� �� ��� �� ��� 
	�

� ���� ��� ���� �	�� �� ����

	 � ���.

���, ��� ����� 	���� ���� ��

���� �� �� �� ���� 	���� �� �

���� ��� 	 � ���.

� �

� ��� ����� �������
�� �� �

����� ����
� ���� �� �	��.

Fig. 8. Comparison of relative density among FEM using Eh,
FEM using E, and experiment.

Fig. 9. Formed shapes associated with various friction coefficients (µ) between powder particles.

Fig. 10. Comparison of relative density among friction coeffi-
cients 0.4, 0.6, and 0.8.
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