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Abstract: In our studies we used spherical nickel powder. When powders 
with similar shapes but different sizes are sintered under the same conditions, 
the sintering time required to get the same degree of sintering varies. Due to 
the small particles, the sintering time needed for the formation of the 
sintering necks is short. The top layer of sedimented samples is over sintered 
while at the bottom of the sample are in the initial stage of sintering. This 
phenomenon was studied by sintering of nickel powder with different particle 
size ranges. The analysis of the sintered layers has been done using scanning 
electron microscopy. The influence of the sintering regime on the formation 
of the sintering necks were investigated. 
 
Key words: sedimentation, sintering, metallic membrane, porosity gradient. 
 
 

                                 
1 Dept. of Materials Science and Technology, Technical University of Cluj-Napoca. 

1. Introduction 
 
The sedimentation technique of powders 

from suspension is a relatively simple 
method for obtaining gradual porous 
structures based on different sedimentation 
rates depending on the size and shape of 
powder particles [7]. Asymmetric gradual 
structures ensure more efficient separation 
and exploitation characteristics compared to 
symmetrical porous structures. The variable 
porous structure of a filter is characterized 
by changes of the structural parameters with 
thickness: porosity, pore size, specific 
surface. The bottom layer will contain 
larger particles while the upper layer will 
have the particles with the lowest 
sedimentation rate (the smallest particles). 
Thus, porous thin layer with small pores 
ensures proper filtration fineness, while the 

bottom layers (occupied by larger particles) 
provides a good permeability to fluid flow 
with low pressure loss and a good 
mechanical resistance (durability) to the 
gradual porous structure [1], [5], [6].  

In a gradual porous structure obtained 
from a large powder particle size range the 
difference between particles contained in 
upper and lower layers may be tens of 
micrometers. This difference will influence 
the sintering behavior of particles; the ratio 
between particle size and the size of 
intergranular sintering necks would be 
different at various particle sizes.  

 
2. Materials and Experimental Method 

 
We used spherical nickel powder. Within 

research samples were obtained both by 
free spreading the powders (obtained by 
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sieving) and by sediment the integral 
powder into dies. The starting powders were 
characterized by electron microscopy and 
laser particle size analysis. The powder 
ranges used was between 2 to 90 µm. 
Particle shape factor (F) was determined by 
the ratio between the minimum particle 
diameter (dmin) and the maximum particle 
diameter (dmax). The shape factor of particle 
shows the deviation from spherical shape 
(F = 1 for sphere). The form factors resulted 
from SEM images (Figure 1) Fs = 0.91. 

 

 
Fig. 1. Morphology of the used nickel 

powder 
 
Figure 2 shows the particle size 

distribution curves obtained by laser 
diffraction analysis. The average particle 
size of the cumulative curve d50 = 26 µm. 
The powders were sedimented in a glass 
tube having the diameter of 30 mm and 
the height of 1000 mm, in which the 
sintering dies were placed. 

The sedimentation liquid was distilled 
water. As a dispersant a commercial 
detergent based on sodium pyrophosphate 
(Na4P2O7) was used. 

The sedimentation liquid was distilled 
water. As a dispersant a commercial 
detergent based on sodium pyrophosphate 
(Na4P2O7) was used. The dispersant 
agent’s concentrations were calculated 
according to the volume of the 
sedimentation column. The quantities of 
the dispersant agent in the sedimentation 

media were 0.86 mL/L. The samples were 
dried in an oven under vacuum.  

 

 
Fig. 2. Particle size distribution of the used 

nickel powders 
 
The samples were than sintered in 

vacuum (1.3·10−3 Pa) at the temperature of 
1000 °C for 10 minutes. The obtained 
porous materials were than analyzed by 
scanning electron microscopy (SEM).  

 
3. Results and Discussions 

 
In Figure 3 cross-section images of the 

obtained samples after sintering are 
presented. All samples have a particle size 
gradient due to the gradual sedimentation 
of particles with different diameters and, in 
consequence, a pore size gradient too. 

After the optimization of the sintering 
process, the sintering temperature of 
1000 ˚C for 10 min was chosen. 

The sintering time needed for the 
formation of the sintering necks is short 
due to the small particles [2]. The effect of 
particle size on sintering can be explained 
by Herring’s scaling law [3]. When 
powders with similar shapes but different 
sizes are sintered under the same 
conditions and by the same sintering 
mechanism, the scaling law predicts the 
relative periods of sintering time required 
to get the same degree of sintering. For the 
sintering of two kinds of powders with 
radii d1 and d2, where: 
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Fig. 3. Cross-sections of the obtained gradual porous samples 

 
d2 = λd1, (1) 

 
the required sintering times τ2 and τ1 are 
interrelated as:  
 
τ2 = λατ1, (2)  

 
where α is an exponent.  In the case of 
sintering, which occurs by lattice diffusion 
(α = 3), the period of time required to get 
the same degree of sintering for powders 
of different sizes is proportional to λ3. 

For the particle size ranges used in 
sedimentation (2 to 90 µm) the upper layers 
contain particles ranging from 2 µm to 
approximately 10 µm. The bottom layer is 
composed of the larger particles (~90 µm) 
who settle in the mold at higher speed.  

The time needed for the same degree of  

sintering differs significantly for the two 
powder sizes. For this particle size ranges 
the Herring (2) relation is: 
 
τ2 = 729τ1,  (3) 
 

where τ2 is the sintering time for particles 
with d2 = 90 µm, and τ1 is the sintering time 
of the smaller particles in the particle size 
ranges with d1 =10 µm. 

The smaller size particles require a much 
less sintering time compared to larger ones 
(3). 

In both cases the sintering degree was 
measured by the size of sintering necks, 
and was emphasized by scanning electron 
microscopy (Figure 4). At the used sintering 
regime the top layer is over sintered 
(Figure  4a),  while  at  the  bottom  of  the 

 

     
a)                       b) 

Fig. 4. Different sintering degrees for powders of different diameters: a) top layer - over 
sintered small particles; b) bottom layer - larger particles in the initial stage of sintering 
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Fig. 5. Different sintering degrees for powders of different diameters 

 
sample the coarser grains are in the initial 
stage of sintering (Figure 4b). 

Sintered samples from different particle 
size ranges were obtained using the same 
sintering regime. Subsequently these 
samples were subjected to scanning 
electron microscopy.  

 

 
Fig. 6. x/a ratio function of dg 

 
The obtained images were analyzed and 

processed to measure the particle diameter 
and the diameter of the sintering necks.  

The  graph  in  Figure  6  represents  the 

dependence of x/a ratio function of 
particles diameter dg. From the image 
analysis performed for different particles 
sizes the x/a ratio was determined. x is the 
radius of the sintering necks and a is the 
radius of the particle. 

It was found that x/a ratio decreases with 
the increment of the particles diameter, 
thus the sintering necks become smaller 
with the augmentation of the particle size.  

According to the model described by 
Suk-Joong L. Kang [4] the small particles 
shrink during sintering (distance between 
particle centers decreases) (Figure 7a). 
Larger particles do not shrink (the sintering 
necks do not develop) therefore the 
sintering is reduced (Figure 7b).  

The relation for the curvature of the 
sintering neck r and the neck area A differ 
depending on the sintering mechanism [4].  

Changing the sintering mechanism will 
modify the dependence between the 
curvature of the neck, the particle radius 
and the neck radius, and also between the 
neck area, the particle radius and the neck 
radius (Table 1).  

 
Equations for radius of neck curvature and neck area      Table 1 

Sintering mechanism Radius of neck curvature Neck area 

Without shrinkage 
a

xr
2

2
=  

a
x2rxA

3π
=π≈ 22  

With shrinkage 
a

xr
2

4
=  

a
xA

3π
≈  
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a)                   b) 

Fig. 7. The sintering mechanism of different particle sizes  
a) with shrinkage; b) without shrinkage 

 
These phenomena lead to an insufficient 

sintering of the layers consisting of large 
particles and a decrease of their 
mechanical resistance. Thus the layers 
containing larger particles cannot fulfill 
their support role. 

On the other hand, the layers consisting 
of smaller particles in the used particle size 
range can be over sintered in the same 
sintering conditions. By forming too big 
sintering necks, pores can shrink too much 
and be partially or completely clog. Thus, 
the membrane loses its permeability and 
filtration capacity. 

 
4. Conclusions 

 
Powder sedimentation method offers the 

possibility of obtaining gradual sintered 
porous structures provided that the choice 
of sintering parameters and particle size 
ranges to be adequate in order to achieve 
superior flow properties and satisfactory 
mechanical resistance.  

This requires strict control of the 
sintering process and sintering parameters 
because the time needed for the same 
degree of sintering differs significantly for 
the two powder sizes. The sintering 
temperature has been chosen to ensure an 
appropriate degree of sintering for each 
sedimented layer on the samples height. It 

was shown that particles with diameter of 
90 µm require a sintering time of 729 
times higher than 10 µm particles to 
achieve the same degree of sintering. From 
this we can deduce that the choice of a 
large particle size range to obtain gradual 
porous structures involves sintering 
complications. 

The correct choice of particle size ranges 
for the powder used is a good way to 
optimize the process. Choosing a narrow 
particle size range mitigates the effects of 
differential sintering of different size 
powders.  

More intense sintering of powder layers 
with small particle size (larger shrinkage) 
compared with those of large particles (less 
shrinkage), is an argument for cracks and 
exfoliation on the superficial layers 
containing fine powders.  

Further research is needed to optimize 
the technological parameters of the 
sintering process that ensure appropriate 
degrees of sintering across the gradual 
porous structure with the entire thickness 
of the samples.  
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