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The activation reaction sintering method was utilized to produce a Ni-Cr-Mo-Cu porous matrix using Ni, Cr, 
Mo, and Cu powders as raw materials. The vacuum sintering process was then used to create a Ni-Cr-Mo-Cu 
porous material with larger particle sizes painted on the surface of the matrix. The resulting material with 
first order gradient pore size was used as the matrix, which was then painted with fine particle size Ni, Cr, 
Mo, and Cu to obtain second order gradient pore size porous material. The phase, morphology, element 
distribution, and pore structure parameters of these materials were analyzed, and it was found that they have 
a uniform element distribution and a complete pore structure. The first order porous material had a 
maximum pore size of 10.4 μm and a permeability of 83.7 m3·m-2·h-1·KPa-1, while the second border porous 
material had a maximum pore size of 7.2 μm and a permeability of 78.9 m3·m-2·h-1·KPa-1. Compared to the first 
order gradient pore size, the second order gradient pore size of the porous material decreased by 30.7%, but 
the permeability remained basically unchanged, indicating that the permeability of the second order gradient 
pore size porous material had significantly improved. In summary, using the activation reaction sintering 
method, a Ni-Cr-Mo-Cu porous material was fabricated, which was later used to construct a gradient pore size 
porous material with improved permeability. The resulting material had a uniform element distribution and 
a complete pore structure, making it highly promising for potential applications in filtration, catalysis, and 
sensing fields. 
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1.   INTRODUCTION 

Porous metal is a lightweight and porous material that has been developed 
through advancements in material preparation and processing technology. 
This innovative material combines the advantages of both structural and 
functional materials, exhibiting exceptional qualities such as high thermal 
conductivity, resistance to extreme temperatures, porosity, a large surface 
area, and the ability to customize its porous structure (Lakhdar et al., 2021; 
Wang et al., 2013; Xu et al., 2016; Li et al., 2020). In China's economy, the 
iron and steel industry play a significant role as a foundation sector that 
integrates capital, technology, and energy. However, this industry also 
contributes significantly to air pollution, which poses risks to human 
health and the environment. The use of fossil fuels and other harmful 
materials has led to increased levels of pollutants such as carbon 
monoxide, nitrogen oxides, and sulfur oxide (Wu et al., 2023; Vaisnav and 
Murugesan, 2022). To address this issue, metal foam materials have gained 
increasing importance in filtration applications. They are widely used in 
both daily life and industrial settings. These materials possess unique 
properties and characteristics that make them effective in reducing air 
pollutants. Therefore, they offer a promising solution to environmental 
concerns and can greatly improve the overall quality of life (Zhu et al., 
2022; Adeniran et al., 2017; Hashe and Jen, 2020). 

By utilizing porous materials made from Ni-Cr-Mo-Cu alloys, it is possible 
to improve air filtration efficiency and effectively remove harmful 
substances. The porous structure of these materials allows for pollutants 

to be trapped and retained, preventing their release into the atmosphere. 
Additionally, their high thermal conductivity allows for efficient heat 
transfer, contributing to their excellent filtration performance. 
Furthermore, the ability to customize the pore structure of these materials 
opens numerous possibilities for tailoring their filtration capabilities to 
specific requirements (Umamungu et al., 2022). Moreover, they have the 
potential to achieve precise control over particle size and distribution, 
making them ideal for use in air and water filtration systems, as well as in 
separating various substances. 

In recent times, researchers have been exploring various techniques for 
creating porous materials with improved filtration and separation 
properties. One approach is to utilize advanced manufacturing techniques 
such as 3D printing and electrodeposition (Ameta et al., 2022). These 
methods allow for accurate control over the design and fabrication of the 
porous structures, enabling the creation of materials with customized 
properties. Another method involves the integration of functional 
additives into the porous metal matrix. These additives enhance the 
filtering efficiency by promoting specific interactions with the target 
substances. For instance, the addition of nanoparticles with catalytic 
properties can effectively eliminate harmful pollutants by facilitating 
chemical reactions. To meet the demand for efficient filtration and 
separation materials, there is a need for innovative designs in porous metal 
materials. The development of gradient porous materials with superior 
filtering quality holds great promise (Li et al., 2015). 
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Ti-Al gradient porous materials were effectively created by He et al. 
utilizing high purity Al powder as the matrix and mixed Ti and Al powder 
as the gradient layer (He et al., 2010). It had higher filtering accuracy and 
permeability compared to pure porous aluminum or pure porous titanium 
materials. However, pore clogging between the matrix and gradient layer 
is important because of the significant variation in particle size between 
the Al powder and the Ti-Al mixed powder, which lowers permeability and 
filtering precision. Ti powder and high purity quartz sheet were used as 
the raw materials in Liu et al. successful in-situ reaction technique 
preparation of Ti-Ti5Si3 gradient composite porous material (Liu et al., 
2022).  

The findings shown that the maximum pore diameters of the matrix and 
gradient porous films produced by fine powder sintered at 1050°C under 
30 kPa pressure are 7.8 μm and 6.4 μm, and the relative air permeability 
coefficients of matrix and film are 56.6 m3·m-2·h-1·KPa-1 and 9.4 m3·m-2·h-

1·KPa-1.The maximum pore size difference between the porous film and the 
matrix is negligible, but the relative air permeability coefficient, which is 
brought on by the reduction in porous film thickness, drops quickly. 
Researchers have been quite concerned about the Ni-Cr-Mo-Cu 
multicomponent alloy because of its excellent corrosion resistance and 
ability to do filtration tasks in highly corrosive settings. In a Ni-Cr-Mo-Cu 
alloy, the Cr element can create a Cr2O3 oxide coating, according to (Wen et 
al., 2022). Ni-Cr-Mo-Cu alloy corrosion resistance may be enhanced by this. 
However, there are not many publications on how well Ni-Cr-Mo-Cu 
porous materials filter. 

In this paper, Ni, Cr, Mo, Cu powder was used as raw material to prepare 
porous material matrix by activation reaction sintering, and then Ni, Cr, Mo 
and Cu with larger particle size were painted on the surface of the matrix, 
and a gradient degree Ni-Cr-Mo-Cu porous material was obtained by 
vacuum sintering. Ni-Cr-Mo-Cu porous material with first gradient pore 
size after sintering was used as raw matrix, and Ni-Cr-Mo-Cu porous 
material with second gradient pore size was obtained by painting the 
surface with fine particle size Ni, Cr, Mo and Cu. The data of element 
distribution and pore structure were obtained by characterization. 

2.   EXPERIMENT 

The purity is 99.9%, the particle size is 38 ~ 74 μm, and the powder mass 
ratio is w (Ni) : w (Cr) : w (Mo) : w (Cu) = 55∶30∶10∶5 of each element 
powder, through the roller ball mill evenly mixed 48 hours after removal, 
(Zou et al., Cr at 30%, porous Ni-Cr-Mo-Cu material pore structure is the 
best), and then the mixed powder into the mold, with a pressure of 60MPa 
pressed to form a Φ25 mm raw compact (Xide et al., 2021). By maintaining 
heat for two hours in a 1100°C vacuum sintering furnace, a porous material 
matrix made of Ni-Cr-Mo-Cu was produced. 

 

Figure 1: Sintering process 

Ni, Cr, Mo, and Cu powders with a purity of 99.9% and a particle size of 20 
μm were employed as the raw ingredients for the gradient porous film, 
adopting the same ratio as the matrix. To prepare, 1% stearic acid and 
alcohol were added to the uniformly mixed powder. It was evenly coated 
on the surface of the porous support body with a soft brush. After sintering 
at 1100℃ and holding for 2 h, the first-order gradient porous material was 
obtained and labeled as 1# sample (Jin et al., 2023; Shi et al., 2022; Li et al., 
2020; Alcaraz et al., 2023). Then, sample 1# was selected as the original 
matrix. the element powder mixture with particle size of 7 μm was 
brushed, and the second-order gradient pore size porous material was 
obtained after vacuum sintering, labeled as sample 2#. The sintering 
process is shown in Figure 1, 150℃ for 30 minutes is to remove impurities 
such as water vapor, the final sintering temperature is 900℃, 200 degrees 
lower than the matrix sintering temperature is because of the use of ultra-
fine-grained powder, the temperature is too high will lead to sample 

sintering densification and even make the pores clogged. According to GB 
5164-85, the porosity of the porous material samples was measured, and 
the phase composition and pore structure of the graded Ni-Cr-Mo-Cu 
porous material were characterized by X-Ray Diffraction（XRD）, 

Scanning Electron Microscope（SEM ）and other testing methods. 

3.   RESULTS AND DISCUSSION 

3.1   Phase Analysis 

Figure 2 shows the XRD patterns of Ni-Cr-Mo-Cu porous material matrix 
and 1# and 2# samples. As shown in the Figure 1 the phase composition of 
the matrix after vacuum sintering is Ni, NiCu and Cr11.12Ni2.88. The 
diffraction peaks of 1# and 2# samples do not shift, indicating that their 
phase composition is the same.  

 

Figure 2: XRD patterns of different samples after vacuum sintering 

3.2   First Order Gradient Pore Size Ni-Cr-Mo-Cu Porous Material 

The SEM surface and side morphology of the first-gradient Ni-Cr-Mo-Cu 
porous material are shown in Figure 3.  

 

Figure 3: 1# SEM images of sample: (a) Surface; (b) Cross-section 

It can be seen from Figure 3 (a) that the film thickness of the 1# sample is 
uniform and the pores are abundant. The maximum pore size of the 
material measured by the instrument is 10.4 μm, and the permeability is 
83.7 m3·m-2·h-1·KPa-1. This lays a good foundation for the gradient pore size 
porous materials to have good filtration. It can be seen from Figure 3 (b) 
that the film layer of sample 1# has a good bond with the support body, 
and the film thickness is uniform. 

3.3   Second Order Gradient Pore Size Ni-Cr-Mo-Cu Porous Materials 

In order to systematically study the effect of different particle size 
differences on gradient porous films, Ni, Cr, Mo, Cu powder with raw 
material particle size of 20 μm and 7 μm were used to prepare a gradient 
porous film and a second gradient porous film, respectively. After testing, 
the pore structure parameters of the gradient pore size Ni-Cr-Mo-Cu 
porous material are listed in Table 1. 

Table 1: Main pore structure parameters of the second order pore- size- 
gradient porous Ni-Cr-Mo-Cu alloys 

Sample 
Permeability 

m3·m-2·h-1·KPa-1 

Maximum pore 

size /μm 

matrix 96.3 13.3 

1# 83.7 10.4 

2# 78.9 7.2 

 

  

a b 

10μm 100μm 
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It can be seen from Table 1 that compared with the support body, the 
permeability and maximum pore size of the 1# sample showed a small 
change. The permeability decreased by 13.1% from 96.3 m3·m-2·h-1·KPa-1 
to 83.7 m3·m-2·h-1·KPa-1, and the maximum pore size decreased by 10.4 μm. 
The permeability of 2# sample decreased by 18.1% compared with the 
matrix, but the filtration accuracy was greatly improved, and the maximum 
pore size was maintained at 7.2 μm. According to the analysis, the first 
gradient degree film plays a key role in the preparation of second-order 
gradient pore size porous materials. Figure 4 shows the SEM plane and side 
morphology of 2#.  

 

Figure 4: 2# SEM morphology of sample: (a) Surface; (b) Cross-section 

It can be seen from Figure 4 (a) that the pore size is significantly smaller 
than that of the first-gradient porous material, the distribution between 
pores is tight, and the pore structure is complete. It can be seen from Figure 
4 (b) that the second order gradient pore size porous material consists of 
a matrix and two membrane layers, and the bond between the membrane 
layer and the membrane layer is good. It can be seen that the pore size 
decreases from left to right, indicating that the second-order gradient pore 
size porous material has a good gradient film structure. 

Figure 5 shows the line scanning energy spectrum of porous materials with 
second-order gradient pore size. 

 

Figure 5: (a)2# sample linear scanning spectrum diagram; (b) 2# sample 
Cross-section 

 

(a)                                                              (b) 

 

(c)                        (d) 

Figure 6: (a)2#The cross-section morphology; (b) The Element content 
diagram at position 1; (c) The Element content diagram at position 2; (d) 

The Element content diagram at position 3 

From figure 5 (a), it can be seen that the content of Mo element at the 
boundary increases sharply, which may be caused by the rapid diffusion of 
Mo element at the boundary, while the content of elements such as Ni Cr 
Mo Cu in the middle part drops to close to 0 scale, which may be because 
the element here is a hole and cannot be scanned. It can be seen that the 
film boundary is clear, the four elements of Ni, Cr, Mo and Cu change 
alternately, and the changes of the four elements are basically in line with 
the structure of the film layer, and the content of the four elements is 
roughly the same as that of the element powder in Figure 5 (b). Figure 6 
shows the profile morphology and energy spectrum analysis diagram of 
the second-order gradient pore size porous material.  

Figure 6 (a) shows the cross-section of the sample. Figure 6 (b), (c), and (d) 
represent the energy spectrum analysis diagrams of positions 1,2, and 3 in 
the figure respectively. The concentrations of Ni Cr Mo Cu at site 1 were 
54.13%, 29.86%, 11.24% and 5.07%, respectively. The concentrations of 
Ni Cr Mo Cu at site 2 were 53.62%, 29.86%, 11.38% and 5.14%, 
respectively. The concentrations of Ni Cr Mo Cu at site 3 were 53.38%, 
29.27%, 12.32% and 5.03%, respectively. It can be seen from Figure 6 that 
the pore size of the second order gradient porous material is distributed in 
a gradient manner, and the results of energy spectrum analysis are roughly 
the same as the test results of the 1# sample. The difference of powder 
content in these three places is very small, indicating the uniformity of 
element distribution. 

4.    CONCLUSION 

Ni-Cr-Mo-Cu porous matrix was prepared from Ni, Cr, Mo and Cu powders 
by activation reaction sintering method. The porous material with second 
order gradient pore size was obtained by coating the powders with 
different sizes. The following conclusions are reached. 

A gradient pore size porous material was prepared by brush coating. Ni, Cr, 
Mo and Cu powder with particle size of 20 μm were used as raw materials 
for gradient porous film layer. The gradient pore size porous material was 
obtained by vacuum sintering at 1100℃ and held for 2 h. The membrane 
structure is complete, and the maximum pore size is 10.4 μm. The 
permeability is 83.7 m3·m-2·h-1·KPa-1. 

Using 20 microns Ni, Cr, Mo, Cu mixed powder modified matrix as a 
transition layer, 7 microns of Ni, Cr, Mo, Cu mixed powder preparation of 
the second order gradient pore size as surface film layer Ni, Cr, Mo, Cu 
porous materials, film has good integrity, zero defect, membrane between 
layers That can be observed clearly metallurgical combination, With good 
bonding strength, the filtration accuracy is improved, the maximum pore 
size is 7.2 μm, and the permeability is 78.9 m3·m-2·h-1·KPa-1.  

Due to the excellent filtration performance of second order gradient pore 
size Ni-Cr-Mo-Cu porous materials, it provides hope for industrial 
development and practical application, and provides ideas for the filtration 
direction of metal and ceramic porous materials. 
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