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Abstract: In order to prepare Monel alloy porous filtration material, the porous Monel samples with different porosity were 

fabricated by a sintering-dissolution process using Monel powder as raw material and K

2

CO

3

 as a space holder. The influence of 

space holder, compacting pressure and sintering temperature on the porosity, cell size and permeability of samples was investigated. 

The results show that the porosity of samples is in range of 31%~46%, when the volume fraction of the space holder is between 20 

vol% and 40 vol%. While compacting pressure in the range of 200~400 MPa, the porosity, cell size and permeability of samples 

decrease with compacting pressure increasing; while sintering temperature in the range of 850~1000 °C, the cell size and 

permeability increase first, then slowly decrease with the sintering temperature increasing, and the peak values are at 950 °C. While 

the volume fraction of space holder is 30%, compacting pressure is 200 MPa, sintering temperature is 950 °C, the porosity, 

maximum cell size and permeability of the porous Monel sample are 37%, 21.5 µm, 76.77 m

3

/(h·kPa·m

2

), respectively. 
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The porous metal material made up of metal matrix and 

internal pores is an advanced composite material having 

structural and functional characteristics. The porous metal 

materials have many advantages, such as light weight, high 

specific strength, large specific surface area, good sound and 

energy adsorption, high temperature resistance

[1-5]

. It can be 

used as light structure, filter, heat dissipating, damping and 

energy absorbing material for metallurgy, chemical industry, 

new energy, environmental protection, aerospace, electronic 

devices and other fields

[6-8]

. Filtration and separation is one of 

the widest fields of application for metal porous materials. The 

characteristics of the filter material and the distribution of the 

internal pore structure directly affect the filtration perfor- 

mance and application. At present, the filter materials widely 

used in industry are mainly ceramic porous filter materials and 

metal porous filter materials. Metal porous filter materials are 

mainly copper alloys, titanium alloys, stainless steels and 

nickel based alloys. Copper based filtration materials are 

basically harmless to the human body and can be used as 

medical filtering materials and water purification materials. 

Stainless steel and nickel based alloy filter materials are 

excellent in high temperature and corrosion resistance. It is 

suitable for environmental protection, metallurgy, chemical 

industry, petroleum and new energy field, such as DPF system 

for purifying diesel exhaust, filtering blast furnace gas for an 

iron and steel plant, filtering tiny radioactive contaminants in 

the reactor purification liquid, purifying the hydraulic oil in 

the aircraft

[9-11]

. In past years, stainless steel porous materials 

have been being developed rapidly. Kato et al

[12]

 fabricated  

porous 316L stainless steel by an original slurry foaming 

method, and its pore size is in the range of 50~500 µm and 

porosity is between 15%~95%. Ma et al

[13]

 prepared stainless 

steel hollow fiber. Its porosity is between 43% and 51%, the 

maximum pore size ranges from 26.7 µm to 39.2 µm, and pure 

water flux is 3.16~26.1 (105 L·m

-2

·h

-1

·Pa

-1

). Ao et al

[14]

 

prepared 316L stainless steel fiber porous felts by webbing, 

rolling, sintering, with porosity between 60% and 90%, and 

pore diameter in the range of 8~12 µm. The nickel based 
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alloys are superior to stainless steels in performance under 

extremely high temperature and oxidation environment

[15-17]

. 

Recently, the porous nickel based alloys are also being 

developed. Yu et al

[18]

 prepared a porous nickel-copper alloy 

with controlled micro-sized pore structure through the 

Kirkendall effect. The open porosity of the fabricated porous 

Ni-Cu material is between 23.5% and 37.8%, and the average 

pore diameter ranges from 2.6 µm to 11.8 µm. Walther et al

[19]

 

prepared nickel-based open-cell foams. The pore size is 

between 250 µm and 2 mm, and the maximum porosity is 

about 95%. Ryi et al

[20]

 prepared nickel filters by compressing 

micron-size nickel powder. The porosity is between 18% and 

53%, and the pore diameter is in the range of 1~10 µm. 

There are some techniques for manufacturing the porous 

metal filters, including powder sintering and combustion 

technique

[20,21]

, fiber sintering methods

[22]

, metallorganic salts 

decomposition

[23]

, the de-alloying method

[24]

 and so on. 

However, these methods are complex and costly, and it is 

difficult to control porosity and pore structure. This work 

attempts to use a simple method to manufacture porous Monel 

filter material. This method includes four steps: blending, 

compacting, sintering and removing space holder. The space 

holder selected in this work is K

2

CO

3

 particles. K

2

CO

3

 has good 

chemical stability, high melting point (891 °C), non-toxic, good 

water solubility and low cost, which is an ideal space holder. It 

is practicable to control porosity and pore structure of porous 

filter material by changing the amount and size of space holders. 

The purpose of this study is to prepare a porous Monel material 

with predetermined porosity and pore shape. The effects of the 

process parameters (space holder, pressing pressure, sintering 

temperature) on the porosity, maximum cell size and 

permeability coefficient were investigated. 

1  Experiment 

Monel alloy powder (purity≥99.9%, particle size 40~50 µm, 

density 8.9 g/cm

3

) was used as raw materials and K

2

CO

3

 

(purity≥99.9%, particle size 50~70 µm, density 2.428 g/cm

3

) 

was used as space holders. 

Monel alloy powder and K

2

CO

3

 particle were mixed 

according to the volume ratio, and ethanol was added as a 

binder during mixing processing. The addition amount of the 

binder was 2 wt%~5 wt%. The mixed powder was compacted 

by unidirectional cold-pressing in a cylindrical die, with 

32~50 mm in diameter, compacting pressure 200~400 MPa, 

holding time 3~5 min, and then the binder was vaporized in a 

drying oven at 120 °C for 2~4 h. The dried compacts were 

sintered in argon atmosphere at 850~1000 °C for 1~3 h. The 

sintered specimens were subsequently placed into running 

water to dissolve residual K

2

CO

3

. The microstructure and 

composition were analyzed using SEM (Quanta200, Holland) 

and XRD (XL30ESEM-TMP, Holland).  

The porosity of the samples were measured by Archimedes 

drainage

[25,26]

. Firstly the mass of porous samples (m

0

) was 

weighed, and then they were soaked in the oil for 24 h, until 

the pores of the samples were completely filled by the oil. 

Secondly the samples were taken out, the oil drops on the 

surface were gently wiped off, and the mass of the samples 

filled with oil (m

1

) was weighed. Finally the samples were 

hanged with fine wire and put into pure water, and then the 

mass of the samples (m

2

) was weighed. The porosity of open 

cells is calculated by Eq. (1)

[26]

. 

1 1 0

k

2 1 2

100%

m

ρ m m

θ

ρ m

−

= ×

−

� �

� �

                         (1) 

where, θ

k

-porosity of open cells; m

0

-the mass of the sample in 

the air; m

1

-the mass of sample filled by the oil; m

2

-the mass of 

oil immersed samples hanged in water; ρ

1

-water density; ρ

2

-oil 

density. 

The total porosity is calculated by Eq. (2)

[26]

. 

1 0

s 1 2

1 100%

( )

ρ m

θ
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 
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−

 

                     (2) 

where, θ-total porosity of porous materials; ρ

s

-the density of 

metal solid material. 

The percentage of opening (η) is the percentage of the 

porosity of open cells to the total porosity, calculated by Eq. 

(3)

[26]

. 

k

100%

θ

η

θ

×�

                                  (3) 

The maximum cell diameter and permeability coefficient 

were measured by FBP3I instrument provided by Northwest 

Institute for Nonferrous Metal Research. The maximum cell 

diameter is calculated by Eq. (4)

[27]

.  

4 cosr θ

d

p∆

�                                     (4) 

where, d-the maximum cell diameter corresponding to the 

minimum bubble pressure (∆p); r-surface tension of 

experimental liquid, N/m; θ-wetting angle. The permeability 

coefficient is calculated by Eq. (5)

[27]

. 

g

Q

K

A p∆

�

                                     (5) 

where, K

g

-permeability coefficient, m

3

/(h·kPa·m

2

); Q-gas flow, 

m

3

/h; A-the area of gas passing, m

2

; ∆p-pressure difference 

acting on both sides of porous sample, kPa. 

2  Results and Discussion 

2.1  Microstructure 

The obtained samples are shown in Fig.1, whose porosity is 

31%~46%, diameter 30~32 mm, and thickness 1.5~3.5 mm. It 

can be seen that the samples are flat and no cracks appear. 

Fig.2 shows the SEM micrographs of porous samples. It can 

be observed that pores are evenly distributed in the matrix 

from Fig.2a and 2b. Fig.2c shows that metal particles are 

bonding together to form matrix at sintering temperature 1000 

°C for 2 h. The large-sized pores are formed by removing 

space holders, and some tiny pores on the matrix by sintering 
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Fig.1  Porous Monel samples 

shrinkage of metal particles. It indicates that the required filter 

materials can be fabricated by the method. 

2.2  XRD 

Fig.3 is XRD pattern of porous samples. It is known that the 

phase is only one Ni(Cu) solid solution. The Ni-Cu phase 

diagram shows that Ni and Cu are infinitely intersoluble, and 

Cu atoms are fully dissolved in the Ni matrix to form a solid 

solution. There is only Ni(Cu) solid solution and no other 

phases are found in Fig.3. It is believed that the space holder 

has been removed from matrix, and there are not any chemical 

reactions between the space holder and matrix. It is found that 

that K

2

CO

3

 is an ideal space holder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  SEM micrographs of porous samples sintered at 1000 °C for 2 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  XRD pattern of porous Monel sample 

 

2.3  Influence factors of porosity 

2.3.1  Volume fraction of space holder 

For porous filtration materials, the fluid flow is proportional 

to the porosity. As porosity increases, the strength of the 

porous material decreases. In order to balance the permeability 

and strength of the filter material, generally, the porosity of 

the porous materials is not more than 50%. When studying the 

effect of volume fraction of space holder on porosity, the 

compacting pressure and sintering temperature were held 

constant, which were 200 MPa and 900 °C, respectively. The 

volume fraction of the space holder K

2

CO

3

 was determined to 

be 20%, 30%, 35% and 40%. 

Fig.4 shows the relationship between the porosity and 

volume fraction of space holder of porous material. When the 

amount of space holder is in the range of 20~40 vol%, the 

porosity is 31%~46%. The porosity increases with the 

increase of volume fraction of space holder. The porosity 

varies almost linearly with the volume fraction of space holders. 

Since the pore structure of samples is mainly formed by 

removing space holders, it is possible to control the porosity 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relationship between porosity, percentage of opening and 
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of samples by controlling the amount of space holders, and to 

prepare porous materials with corresponding porosity for 

requirements. 

The percentage of opening (η) is the percentage of the 

porosity of open cells in the total porosity. Fig.4 shows that 

the percentage of opening (η) is more than 89% when the 

volume fraction of space holder K

2

CO

3 

is in the range of 

20%~40%. It indicates that the porous materials prepared by 

this method are basically open cell structures. 

2.3.2  Compacting pressure 

In order to study the effect of compacting pressure on 

porosity, the volume fraction of the space holder and sintering 

temperature were held constant, which were 30% and 900 °C, 

respectively. The compacting pressure was determined to be 

200, 300 and 400 MPa, with the holding time 3 min. The 

porosity varying with compacting pressures is shown in Fig.5. 

It shows that the porosity of porous samples decreases with 

the compacting pressure increasing. The main reason is that 

the total volume of the green compact shrinks and the density 

increases with the compacting pressure increasing, leading to 

the decrease of sample porosity. When the compacting 

pressure increases from 200 MPa to 300 MPa, the porosity 

decreases rapidly; the compacting pressure increases from 300 

MPa to 400 MPa, and the porosity declines slowly. 

2.3.3  Sintering temperature 

Generally, the sintering temperature is in the range of 0.6~ 

0.8 times of the melting point of solid material. In order to 

investigate the influence of sintering temperature on porosity, 

the compaction pressure and the space holder volume fraction 

were held constant, which were 200 MPa and 30%, 

respectively. The samples were sintered at 850, 900, 950, and 

1000 °C. Fig.6 shows the effect of sintering temperature on 

porosity of porous samples. When the sintering temperature 

increases from 850 °C to 900 °C, the porosity decreases 

rapidly; when temperature increases from 900 °C to 950 °C, 

the porosity decreases slowly; when temperature increases 

from 950 °C to 1000 °C, the porosity decreases again rapidly. 

It is obvious that the volume shrinkage of samples is sig- 

nificant at the initial temperature sintering (850 °C to 900 °C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Relationship between porosity and compacting pressure 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Relationship between porosity and sintering temperature 

 

and high temperature (above 950 °C) sintering stage. 

2.4  Influence factors of filtering characteristic parameters 

2.4.1  Volume fraction of space holder 

Filtering precision is a key parameter of metal porous 

material in practical application. One of its definitions is the 

maximum particle size allowed to pass or the minimum 

particle size intercepted, and usually denoted by the maximum 

cell size, called absolute filtering precision

[28]

. In this paper, a 

bubble method was used to determine the maximum cell size 

of filter materials. The larger the maximum cell size is, the 

larger the particle that can pass through. When the average 

cell size of the sample is certain, the smaller the maximum 

cell size is, the higher the filtering precision is. Table 1 shows 

the influence of the volume fraction on the filtering 

parameters. It can be seen that the average cell size, the 

maximum cell size and the air permeability increase with the 

increase of the volume fraction of space holder. The amount 

of space holder has an obvious influence on the air 

permeability. When the amount of the space holder is 20 vol%, 

the average cell size is 3.9 µm, the maximum cell size is 19.2 

µm, and the permeability is 21.65 m

3

/(h·kPa·m

2

). When the 

amount of space holder is 40 vol%, the average cell size is 6.2 

µm, the maximum cell size is 24.7 µm, and the permeability is 

131.95 m

3

/(h·kPa·m

2

). As the amount of space holder 

increases from 20 vol% to 40 vol%, the air permeability is 

increased by about 6 times. 

2.4.2  Compacting pressure 

Table 2 shows the influence of compacting pressure on the 

filtering parameters of porous samples. The volume fraction of 

space holder and sintering temperature were constant, which 

were 30 vol% and 900 °C, respectively. While the pressing 

pressure is 200 MPa, the average cell size is 5 µm, the maximum 

 

Table 1  Effect of K

2

CO

3

 volume fraction on filtering 

characteristic parameters 

Volume fraction of space holder/% 20 30 40 

Average cell size/µm 3.9 5 6.2 

Maximum cell size/µm 19.2 21.2 24.7 

Air permeability/m

3

·(h·kPa·m

2

)

-1

 21.65 56.66 131.95 
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Table 2  Effect of compacting pressure on filtering characteristic 

parameters 

Compacting pressure/MPa 200 300 400 

Average cell size/µm 5 3.5 3.1 

Maximum cell size/µm 21.2 17.1 16.5 

Air permeability/m

3

·(h·kPa·m

2

)

-1

 56.66 33.51 31.52 

 

cell size is 21.2 µm, and the permeability 56.66 m

3

/(h·kPa·m

2

); 

when the pressure increases to 400 MPa, the average cell size is 

3.1 µm, the maximum cell size is 16.5 µm, and the permeability 

is 31.52 m

3

/(h·kPa·m

2

). It is found that the average cell size, 

the maximum cell size and the permeability decrease with the 

increase of pressure. While the compacting pressure is lower, 

the density of green compact is low, a large number of pores 

are retained in the compact and is not easy to close during 

sintering, so the maximum cell size and the permeability are 

higher. With the increase of compacting pressure, the density 

of the green compact increases and metal particles are bound 

tightly, so the cell sizes and the air permeability decrease after 

sintering. 

2.4.3  Sintering temperature 

Table 3 shows the influence of sintering temperature on the 

filtering parameters of porous samples. The compacting 

pressure and the volume fraction of the space holder were 

constant, which were 200 MPa and 30 vol%, respectively. It 

can be seen that the average cell size of porous increases from 

4.4 µm to 5.6 µm, the maximum cell size from 20.6 µm to 

21.5 µm, and the air permeability from 43.35 m

3

/(h·kPa·m

2

) to 

76.77 m

3

/(h·kPa·m

2

) while the sintering temperature rises from 

850 °C to 950 °C. However, when the sintering temperature 

continuously goes up to 1000 °C, the average cell size, 

maximum cell size, and air permeability start to decrease. This 

phenomenon can be explained as: while sintering temperature 

is 850~950 °C, with the temperature increasing, atoms 

diffusion rate is accelerated, and the distance of atoms 

migration increases, atoms on a convex surface easily diffuse 

to surface of neighboring large particles, and thus the sintering 

neck is formed, the inner surface of pores becomes smooth to 

form columnar channels which increases the cell diameter and 

permeability. As temperature rises further, the distance of 

atomic motion increases and the binding area between metal 

particles enlarges further, leading to many tiny pores closed, 

the cell size and permeability of samples decrease. 

 

Table 3  Effect of sintering temperature on filtering characteris- 

tic parameters 

Sintering temperature/°C 850 900 950 1000 

Average cell size/µm 4.4 5 5.6 4.7 

Maximum cell size/µm 20.6 21.2 21.5 20.9 

Air permeability/m

3

·(h·kPa·m

2

)

-1

 43.35 56.66 76.77 44.02 

3  Conclusions 

1) The porous Monel samples were successfully fabricated, 

with the porosity 31%~46%, the percentage of open cell more 

than 89%, diameter 30~32 mm and thickness 1.5~3.5 mm. 

2) The main factors affecting porosity are the volume 

fraction of space holder, compacting pressure, and sintering 

temperature. The porosity increases with the increase of space 

holder volume fraction, and decreases with the increase of 

compacting pressure and sintering temperature. 

3) The maximum cell size and permeability of porous 

Monel increase with increasing volume fraction of space 

holder, and decrease with compacting pressure increasing. 

While sintering temperature is between 850~1000 °C, the 

maximum cell size and permeability of porous Monel 

increases first, then slowly decreases, and the peak value is at 

950 °C. 

4) While the volume fraction of space holder is 30%, 

compacting pressure is 200 MPa, sintering temperature is 950 

°C, the porosity, maximum cell size and the permeability of 

the porous Monel sample reach 37%, 21.5 µm and 76.77 

m

3

/(h·kPa·m

2

), respectively. 
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