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Enhancing Filtration Performance of Sintered Metal Filters Through Pore Structure  
Modification using Fine Flake-Shaped Particles

Sintered metal gas filters commonly suffer from a trade-off between filtration efficiency and gas permeability due to limited 
control over pore structure. In this study, fine flake-shaped stainless steel 316L powders were introduced into a sintered filter matrix 
to modify pore geometry without significantly reducing porosity. Microstructural and pore analyses showed that flake addition 
subdivided interparticle voids, leading to reduced pore size while maintaining high open porosity at low flake contents. Notably, 
the filter containing 1 wt.% flake-shaped powder exhibited a clear improvement in filtration efficiency without a pronounced in-
crease in pressure drop. At higher flake contents, further gains in filtration efficiency were accompanied by a rapid increase in flow 
resistance. This work demonstrates that the controlled incorporation of fine flake-shaped powders provides a simple and scalable 
approach to pore-structure engineering for high-performance metal gas filters.
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1. Introduction

As semiconductor manufacturing advances toward increas-
ingly miniaturized and complex device architectures, particulate 
contamination generated during processing has become a critical 
concern affecting device yield and reliability [1,2]. Consequently, 
the effective removal of fine impurities and the stable supply 
of ultra-high-purity gases are essential requirements in modern 
semiconductor fabrication. In processes such as epitaxy, deposi-
tion, ion implantation, etching, and sputtering, a wide range of 
process gases are employed, including corrosive species such as 
HCl, BCl3, and CF4 [3,4]. These gases can induce severe corro-
sion of reaction chambers, pipelines, and filtration components, 
necessitating gas filters that combine high corrosion resistance 
with reliable microfiltration performance.

Porous metal filters have attracted significant attention for 
semiconductor gas filtration due to their superior mechanical 
strength, thermal stability, and chemical durability compared 
with polymeric and ceramic filters [5,6,13]. Among various 
fabrication routes, powder metallurgy-based sintered metal filters 
are widely adopted because of their simplicity, scalability, and 
cost-effectiveness [7,8]. In this approach, pore size and poro

sity are primarily controlled through the selection of powder 
size and size distribution, as well as compaction and sintering 
conditions. However, conventional sintered filters typically rely 
on large irregular powders, which tend to form relatively simple 
pore networks [8,9]. As a result, attempts to improve filtration 
efficiency by reducing pore size often lead to a substantial loss of 
porosity and gas permeability, giving rise to an inherent trade-off 
between particle removal efficiency and pressure drop.

Recent studies have suggested that filtration performance 
is not governed solely by pore size, but also by pore geometry 
and flow path complexity [10-12]. Increasing the complexity of 
gas flow paths can enhance particle capture mechanisms such as 
inertial impaction, diffusion, and interception, without necessa
rily relying on excessive densification. Nevertheless, achieving 
such complex pore architectures within the conventional powder 
metallurgy framework remains challenging, as simple packing 
of spherical particles provides limited freedom to tailor pore 
geometry independently from porosity.

In this context, the incorporation of fine flake-shaped 
particles can offer a promising strategy for engineering pore 
structures in sintered metal filters. Owing to their high aspect 
ratio and large specific surface area, flake-shaped particles can 
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partially occupy interparticle voids and disrupt straight flow 
channels when incorporated into a powder matrix. This geometric 
effect is expected to reduce the effective pore size and increase 
flow path complexity while maintaining a high overall porosity. 
Importantly, the extent of these structural modifications can be 
strongly influenced by the flake particle content, implying that 
pore structure and filtration behavior can be tuned through con-
trolled addition rather than uniform pore shrinkage.

Based on this concept, this study investigates the effect of 
fine flake-shaped particle incorporation on the pore structure 
and filtration characteristics of sintered stainless steel filters. 
By systematically varying the flake particle content under fixed 
compaction and sintering conditions, the relationship between 
pore geometry, particle capture behavior, and pressure drop is 
examined. This work aims to establish pore-structure-driven 
design principles for achieving high filtration efficiency while 
minimizing permeability loss, thereby providing a rational 
framework for the development of high-performance metal gas 
filters for semiconductor applications.

2. Experimental 

Fine flake-shaped powders were prepared from commercial 
SS316L powders (PF-13F, Epson Atmix, Japan) using a planetary 
ball mill with zirconia (ZrO2) vials and 1 mm ZrO2 balls. Stearic 
acid (1 wt.%) and ethanol were used as a process control agent 
and a milling medium, respectively, and the ball-to-powder ratio 
was fixed at 10:1.

Sintered metal filters were fabricated using commercial ir-
regular SS316L powders (Daido, Japan) as the matrix material. 
The base powder and the organic binder (M1, Atect, Japan) were 
mixed at a weight ratio of 100:3. To ensure uniform dispersion, 
the organic binder was melted and dispersed into the matrix 
powder at 130°C. Subsequently, fine flake-shaped powders were 
incorporated at 0.5, 1, 2, and 5 wt.%. To effectively prevent the 
agglomeration of the high-aspect-ratio flakes, the combined pow-
ders were first manually mixed using a mortar, followed by final 
homogenization using a vortex mixer. After homogenization, 
the powders were uniaxially compacted at 100 MPa for 1 min. 
Debinding was carried out under an argon atmosphere at 500°C 
with a heating rate of 1°C min–1, and sintering was conducted 
under vacuum at 900°C for 1 h with a heating rate of 5°C min–1.

Powder and filter microstructures were characterized by 
field-emission scanning electron microscopy (FE-SEM, JSM-
6700F, JEOL, Japan), and the flake morphology was further ex-
amined by transmission electron microscopy (TEM, JEM-2010, 
JEOL, Japan). Particle size distributions were measured by 
dynamic light scattering (DLS, Beckman Coulter LS 13 320, 
USA). Pore size distribution and open porosity were evaluated 
by mercury intrusion porosimetry (MIP, AutoPore 9520, Mi-
cromeritics, USA), and gas permeability was measured using 
a capillary flow porometer. 

Filtration performance was evaluated in accordance with 
the SEMI E70-0302 standard. The number of particles upstream 

and downstream of the filter was measured using a water-based 
condensation particle counter (Model 3789, TSI, USA), and the 
filtration efficiency was quantified in terms of the log reduction 
value (LRV). The pressure drop across the filter was measured 
by installing the filter between two digital pressure gauges. The 
inlet gas pressure was regulated using a pressure regulator, while 
the gas flow rate was controlled by a mass flow controller (MFC) 
positioned downstream of the filter. The pressure difference 
across the filter was recorded under steady-state conditions at 
a fixed pressure and flow rate.

3. Results and discussion

Fig. 1 shows the morphology and particle size character-
istics of the powders used in this study. The irregular SS316L 
matrix powder (Fig. 1(a)) exhibits a rough, angular morphology 
with particle sizes in the tens of micrometers, whereas the pristine 
powder used for flake fabrication shows a spherical morphology 
with a narrower size distribution (Fig. 1(b)). The corresponding 
DLS results (Fig. 1(c)) confirm the smaller and more uniform 
size of the pristine powder. After 12 h of planetary ball milling, 
the powder undergoes a clear morphological transformation into 
fine flake-shaped particles (Fig. 1(d)). TEM analysis (Fig. 1(e)) 
confirms the formation of thin, high-aspect-ratio flakes at the 
submicrometer scale. The DLS result after milling (Fig. 1(f)) 
shows a pronounced reduction in characteristic particle size, 
indicating effective particle flattening and fragmentation during 
high-energy milling.

Fig. 2 shows the cross-sectional microstructures of sintered 
metal filters fabricated with different contents of fine flake-
shaped powders. The reference filter without flake addition 
(Fig. 2(a)) exhibits relatively simple interparticle voids formed 
between irregular matrix powders. With increasing flake content 
(0.5-1 wt.%, Fig. 2(b-c)), thin flake-shaped particles are progres-
sively introduced into the interstitial spaces between matrix 
particles, subdividing large pores into smaller and more irregular 
voids. This results in a more complex pore structure without 
apparent pore collapse. At higher flake contents (2-5 wt.%, 
Fig. 2(d-e)), excessive accumulation of flake particles leads to 
pronounced pore constriction and partial blockage, producing 
a highly fragmented pore network. These observations indicate 
that controlled flake addition effectively increases pore-structure 
complexity, while excessive incorporation results in over-
modification of the pore network.

Fig. 3 presents the quantitative evolution of pore archi-
tecture and the resulting gas transport behavior of the sintered 
metal filters as a function of fine flake-shaped powder content. 
The pore size distribution and open porosity of the filters were 
evaluated using mercury intrusion porosimetry. The cumulative 
mercury intrusion curves (Fig. 3(a)) show comparable total 
intrusion volumes for all samples. This observation indicates 
that the fundamental volumetric porosity is largely preserved, 
consistent with the relative density remaining nearly constant at 
approximately 54-55% across all compositions. 
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However, a detailed analysis of the structural connectivity 
reveals a critical transition. At low flake contents (≤1 wt.%), the 
open porosity remains robust and highly interconnected, measur-
ing 39.2% at 0.5 wt.% and slightly increasing to 39.8% at 1 wt.%. 
This suggests that a controlled addition of flakes successfully 

integrates into the matrix without obstructing primary percolating 
pathways. Conversely, at higher flake contents, the open porosity 
progressively declines to 38.9% at 2 wt.% and more noticeably 
to 36.3% at 5 wt.%, accompanied by a corresponding increase 
in closed porosity from ~6% to 9.8%. This trend suggests that 

Fig. 1. Morphology and particle size characteristics of SS316L powders: (a) irregular matrix powder, (b) pristine spherical powder used for flake 
fabrication, (c) corresponding DLS particle size distributions, (d) SEM image of flake-shaped powder after 12 h of planetary milling, (e) TEM 
image showing thin flake-shaped morphology at the submicrometer scale, and (f) DLS particle size distribution of the milled flake powder

Fig. 2. Cross-sectional FE-SEM images of sintered metal filters fabricated with different contents of fine flake-shaped powders. The high-
magnification FE-SEM images of the pore structures have been embedded as insets within their corresponding low-magnification counterparts: 
(a) 0 wt.%, (b) 0.5 wt.%, (c) 1 wt.%, (d) 2 wt.%, and (e) 5 wt.%



608

excessive flake incorporation promotes partial pore isolation 
and local pore closure, isolating previously continuous channels.

The pore size distributions shown in Fig. 3(b) reveal a sys-
tematic reduction in average pore diameter with increasing flake 
content. The average pore diameter decreases from 10.1 μm 
at 0.5 wt.% to 9.35 μm at 1 wt.%, followed by further reductions 
to 8.79 μm and 6.18 μm at 2 wt.% and 5 wt.%, respectively. 
This monotonic decrease confirms that flake-shaped powders 
effectively subdivide the interparticle voids between matrix pow-
ders, leading to selective pore size refinement. Fig. 3(c) shows 
the gas permeability of the filters. The permeability decreases 
with increasing flake content, reflecting the combined effects of 
reduced pore size, increased pore-structure complexity, and the 
gradual increase in closed porosity. Notably, at low flake contents 
(≤1 wt.%), a significant reduction in pore size is achieved while 
maintaining high open porosity and moderate permeability loss, 
whereas higher flake contents result in a pronounced deteriora-
tion in gas transport due to excessive pore constriction.

Fig. 4(a) shows the pressure drop measured at a constant 
inlet pressure of 4 bar. The pressure drop increases monotonically 
with increasing fine flake-shaped powder content, reflecting the 
combined effects of reduced pore size and increased pore-struc-
ture complexity. This trend is consistent with the permeability 
reduction observed in Fig. 3 and indicates progressively higher 

flow resistance as flake content increases. Fig. 4(b) presents the 
filtration efficiency evaluated according to the SEMI E70-0302 
standard. In this study, the average number of particles passing 
through the filter per second was measured via particle count-
ing analysis. Based on these measurements, the filtration per-
formance was quantified using the log reduction value (LRV), 
which is defined by the following equation: LRV = log (Ni / No), 
representing the average number of particles per second entering 
(Ni) and exiting (No) the filter. As No decreases, the filtration 
efficiency improves, leading to a corresponding increase in the 
LRV. To ensure the statistical reliability and reproducibility of 
the results, the filtration efficiency for each sample was evaluated 
through three independent experimental trials [14]. 

The reference filter without flake addition exhibits an LRV 
of 4.22. With increasing flake content, the LRV increases to 4.32 
at 0.5 wt.% and further to 4.50 at 1 wt.%, indicating a gradual 
improvement in particle capture efficiency. A more pronounced 
increase in LRV is observed at 2 wt.%, reaching a value of 5.35, 
corresponding to a substantial reduction in downstream particle 
concentration. However, this is also the point where the pore 
network undergoes detrimental over-modification. As the flake 
content exceeds 1 wt.%, the open porosity begins to decrease 
(to 38.9% at 2 wt.%) while closed porosity notably increases, 
leading to partial pore isolation. Consequently, although filtra-

Fig. 3. (a) Cumulative mercury intrusion curves, (b) pore size distributions, and (c) gas permeability of sintered filters with varying fine flake-
shaped powder contents

Fig. 4. (a) Pressure drop measured at an inlet pressure of 4 bar and (b) filtration efficiency expressed as log reduction value (LRV) for sintered 
filters with varying fine flake-shaped powder contents
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tion efficiency improves with increasing flake content, this 
enhancement is accompanied by a disproportionate increase in 
pressure drop at higher flake contents. In particular, beyond the 
1 wt.% critical threshold, the incremental gain in LRV becomes 
less favorable relative to the rapid increase in flow resistance. 
These results highlight the inherent trade-off between filtration 
efficiency and pressure drop arising from pore-structure modi-
fication via flake incorporation.

4. Conclusion

In this study, pore structure modification of sintered SS316L 
gas filters was achieved by incorporating fine flake-shaped 
powders into a conventional powder metallurgy process. The 
introduction of flake particles selectively reduced the average 
pore size by subdividing interparticle voids while largely preserv-
ing open porosity at low addition levels. Among the investigated 
compositions, the filter containing 1 wt.% flake-shaped powder 
exhibited the most favorable balance between filtration efficiency 
and pressure drop, showing a clear improvement in particle 
removal performance without a pronounced increase in flow 
resistance. In contrast, higher flake contents led to excessive 
pore constriction and increased closed porosity, resulting in a sig-
nificant pressure drop. These results demonstrate that controlled 
incorporation of fine flake-shaped powders, particularly at low 
addition levels, provides an effective approach for tuning pore 
structure and enhancing filtration performance in sintered metal 
gas filters for high-purity gas applications.
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