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Abstract

:

In order to prepare stainless steel foams (SSFs) with high specific strength, cost-effective performance, and multiple relative density ranges, this work used CaCl2 as a space holder to prepare 304 and 430 SSF samples with different relative densities using the powder metallurgy method. The microstructure and the properties were compared and analyzed by optical microscope (OM), scanning electron microscope (SEM), energy dispersive spectrometer (EDS), X-ray diffraction (XRD), and a universal testing machine. The results show that the matrix of 304 SSFs is austenite and 430 is ferrite. In the quasi-static compression test, when the relative density was in the range of 0.33~0.12, their compressive strength increased with the relative density increasing; the maximum compressive strength of 304 SSFs reached 40.29 MPa and that of 430 SSFs was 49.79 MPa. While the compressive strength of 430 SSFs is significantly higher than 304 SSFs at a similar relative density, 304 SSFs show better stability in the plastic deformation stage. When the deformation reached densification, the maximum energy absorption value of 304 SSFs reached 15.94 MJ/m3, while 430 SSFs was 22.70 MJ/m3. The energy absorption value increased with the relative density increasing, and 430 SSFs exhibited a higher energy absorption capacity than 304 SSFs.
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1. Introduction


Steel foams (SFs) is a new structural functional material developed in recent years. It has many excellent properties endowed by metal matrix and porous structure. Compared with traditional solid steel, SFs have the advantages of high specific strength and stiffness, high specific surface area, light weight, energy absorption and shock absorption, filtration, heat dissipation and insulation, electromagnetic shielding, biocompatibility, etc. [1,2]. In addition, compared with aluminum foams and other low melting point and low strength metal foams, SFs have the advantages of high compressive strength, impact resistance, and high weldability [3,4,5,6]. Therefore, SFs have a broad application prospect in aerospace, automobiles and ships, construction engineering, heat dissipation and insulation, catalytic filtration, electromagnetic shielding, and biomedical fields [7,8,9,10].



Due to the high melting point of steel, compared with aluminum foams, copper foams, and other low melting point metal foams, the preparation of SFs is difficult and costly, which restricts the development and the application of SFs. In recent years, with technical progress, the preparation technology of SFs has also been continuously developed. At present, the main processes for preparing SFs include polymer impregnation [7,10], Lotus-type/Gasar [11,12,13], hollow sphere [6,14,15], additive manufacturing [16,17,18], and powder metallurgy-space holder [3,19,20,21]. Among these methods, polymer impregnation is mainly used to prepare high porosity open-cell steel foams that have poor strength, which produces toxic gases when removing the polymer template. The Lotus-type/Gasar method is mainly used to prepare low porosity SFs, and the cell shape is not easy to control. The hollow sphere and the additive manufacturing methods have high equipment requirements, a complicated process, and high cost. The powder metallurgy-space holder is a simple and an economical method, which can obtain the SFs with a flexible and a controllable cell shape, a pore diameter, and relative density. Mondal et al. [22] used NH4HCO3 as a space holder to prepare 316L SSFs with different relative densities by powder metallurgy. Jain et al. [5,21] used urea as a space holder to prepare 316L SSFs by powder metallurgy. Guo et al. [2] and Zhang et al. [4] prepared 316L SSFs and 400 series SSFs with different porosity by powder metallurgy, using CaCl2 as a space holder.



At present, the research, development, and application of SFs are mainly focused on 316L stainless steel foams (SSFs). Because of its excellent characteristics—high temperature resistance and corrosion resistance—it was commonly used as filter materials in high temperature corrosive and biomedical environments. However, due to its higher price, it is not suitable to fabricate large structural components. In 300 series austenitic stainless steel, compared with 316L, 304 austenitic stainless steel has a lower Ni content, no molybdenum, and a higher carbon content. Therefore, its price is relatively cheap. It has certain advantages in preparing large and light SSF components. In 400 series ferritic stainless steel, Zhang et al. [4] compared the microstructure and the properties of 410L and 430L SSFs, and they found that 430L SSFs have better mechanical properties and corrosion resistance. However, in contrast to 430L with a lower carbon content, 430 is cheaper, and it has better application value in preparing large and light energy absorbing SSF components.



Therefore, we chose the cheaper 304 and 430 stainless steel as research objects; 304 austenitic SSFs and 430 ferritic SSFs with different relative densities are prepared by powder metallurgy, using CaCl2 as a space holder. The effects of a matrix microstructure and relative density on mechanical properties and energy absorption properties are studied. This work will provide the technological and the theoretical basis for the preparation of the lightweight, high-strength, and cost-effective SFs that could be used to make light shock absorption and energy absorption components.




2. Materials and Methods


2.1. Materials


Produced by Handan aisier atomized powder Co., Ltd. (Handan, China), 304 and 430 stainless steel powders were used as raw materials, and the particle size was 38 μm. The chemical composition of the two powders was detected by the chemical analysis method and the high frequency induction infrared absorption method; the chemical composition is shown in Table 1. Anhydrous CaCl2 spherical particle was used as a space holder produced by Xilong Scientific Co., Ltd. (Shantou, China), with a size range of 1.9–2.4 mm and a melting point of 782 °C. Ethanol (purity ≥ 99.8%) was used as an adhesive.




2.2. Production Process


The stainless steel foam (SSF) samples were manufactured by the powder metallurgy (CaCl2 as space hold) method, and the schematic diagram of the preparation process is shown in Figure 1. The 304 and the 430 stainless steel powders were mixed with spherical CaCl2 particles according to different volume fractions, respectively, adding ethanol in the mixing process. The mixed powders were compacted under a 240–280 kN pressure to prepare 32 mm (ϕ) × 25 mm (H) precursors. The precursors were dried at a low temperature to remove ethanol and then sintered in a high-temperature atmosphere furnace (under the condition of argon). The sintering temperature was 1100–1200 °C for 2–3 h. The heating process is shown in Figure 2. Finally, after removing residual CaCl2 by water dissolution, 304 and 430 SSF samples with different relative densities were obtained.




2.3. Characterization of SSF Samples


In order to compare the corrosion resistance of 304 and 430 SSFs, the SSF samples were cut and polished and then corroded with a mixed solution of concentrated hydrochloric acid and deionized water (the ratio was 5:2, the corrosion time was 5 min), and the microstructure was observed with an optical microscope (OM, ZEISS EVO18, Carl Zeiss VISION (China) Ltd., Oberkochen, Germany) and a scanning electron microscope (SEM, NOVA NANOSEM 450, FEI Company, Hillsboro, OR, USA). The composition and the structure of 304 and 430 SSFs were analyzed by scanning electron microscope (SEM), energy dispersive spectrometer (EDS), and X-ray diffraction (XRD). The quasi-static compression test was carried out with a universal testing machine (AGX-V, Shimadzu (Shanghai) Co., Ltd., Shanghai, China), the sample size was 30 mm (ϕ) × 25 mm (H), and the moving rate of the head was 1 mm/min. The apparent density of the SSF samples was calculated by Archimedes.





3. Results and Discussion


3.1. Microstructure


Figure 3 shows optical microscope (OM) and scanning electron microscope (SEM) images of the surface structure of the matrix of the 304 and the 430 stainless steel foam (SSF) samples corroded by a concentrated hydrochloric acid solution. Under the same corrosive conditions, it can be seen from Figure 3a that the corrosion of the 304 sample mainly occurs along the grain boundary, and the grain surface is flat and smooth. Figure 3b shows that the corrosion of the 430 sample mainly occurs on the grain surface, and the surface corrosion is serious. It is believed that the overall corrosion resistance of the 304 sample is higher than that of the 430. The reason is that 304 has a higher chromium content than 430 as well as higher nickel, and chromium and nickel are beneficial to improving corrosion resistance. Figure 3c,d shows SEM images of the 304 and the 430 SSFs matrix after corrosion, respectively. The SEM analysis shows that under the same corrosion conditions, the grain surface of 304 SSFs is smooth and not obviously corroded, while the grain surface of 430 SSF is rough and obviously corroded, which further confirms that the overall corrosion resistance of 304 SSFs is higher than that of 430.



Figure 4a,c shows scanning electron microscope (SEM) images of the cell wall of the 304 and the 430 SSF samples, respectively. Figure 4b,d shows local zone enlarged images. Figure 4a,c shows that metal particles bond together to form grains by sintering at high temperature, and micropores are formed by sintering the shrinkage between grains. Figure 4b shows that a large amount of “network” structure is formed on the matrix surface of 304 SSFs. According to the energy dispersive spectrometer (EDS) composition analysis of two points in Figure 4e, point 1 (Figure 4b) corresponds to the matrix, and the “network” structure of point 2 (Figure 4b) contains higher chromium, indicating that it is a kind of Cr-rich oxide. It can be seen from Figure 4d that a large amount of “wrinkle” structure and a small amount of “network” structure are present on the matrix surface of 430 SSFs. According to the EDS composition analysis of two points in Figure 4f, the “wrinkle” structure of point 3 (Figure 4d) is mainly composed of Fe and Cr elements, which is speculated to be a kind of Fe and Cr mixed oxide, and the “network” structure of point 4 (Figure 4d) on the matrix surface of 430 SSFs is also a Cr-rich oxide, the same as on 304 SSFs. It shows that there are two kinds of oxides on the matrix surface of 430 SSFs. In addition, no CaCl2 was found in EDS analysis, indicating that the CaCl2 agent had been completely removed.



Figure 5 shows the X-ray diffraction (XRD) spectrum of 304 and 430 SSFs. The blue and green X-ray spectrum represent the spectrum of 304 and 430 SSFs, respectively. It can be concluded that the 304 SSF samples correspond to the (111) (200) (220) diffraction peak of γ-Fe, indicating that the matrix structure is γ-Fe; 430 SSF samples correspond to the (110) (200) (211) diffraction peak of α-Fe, indicating that the matrix structure is α-Fe. In addition, there were no other diffraction peaks, indicating that residues of the space holder were not found in the two SSF samples.




3.2. Compressive Behavior of SSF Samples


3.2.1. Cell Morphology and Evolution of Deformation


Figure 6a,b shows the cell morphology of 304 and 430 stainless steel foams (SSFs) with different relative densities. It can be seen that the cell shape is relatively uniform and near spherical, similar to the shape of the space holder. The thickness of the cell wall gradually decreases with the relative density decreasing.



Figure 7 shows the quasi-static axial compressive deformation process of 304 and 430 stainless steel foam (SSF) samples. It can be seen from Figure 7a that when the strain is less than 0.05, the deformation of 304 SSF samples first occurs in the position of local irregular cells, such as zone 1. Due to the irregular cell shape, stress concentration is easy to occur and leads to cell collapse and local zone deformation. When the strain exceeds 0.15, the deformation band (zone 2) begins to form at a certain angle with the load direction, then propagates across the specimen as the load increases. When the strain exceeds 0.6, the sample tends to be densified. As can be seen from Figure 7b, when the strain is less than 0.05, the deformation of 430 SSF samples also first occurs in the irregular cell shape zone, such as zone 3. When the strain reaches 0.15, brittle collapse occurs in the local cell wall (zone 4). With the load increasing, a new deformation band (zone 5) is formed, while the previous deformation zone continues to expand and fracture. When the strain exceeds 0.6, the whole sample is crushed. By comparing the two deformation processes, it can be seen that 304 SSFs show better toughness than 430 SSFs.




3.2.2. Stress–Strain Behavior


Figure 8 shows the stress–strain curves of 304 and 430 stainless steel foam (SSF) samples with different relative densities. The deformation mechanism can be described as three typical deformation stages: initial elastic deformation, a long deformation plateau, and a densification region. In the initial elastic deformation region, the stress is proportional to the strain, while the stress in the edges and in the walls of cell exceeds the yield strength (σys) of the solid, the onset of plasticity is reached, a long plateau region is caused by the plastic collapse of cells, and finally with strain increasing, the densification region is reached in which the cell is compacted and the stress increases rapidly. However, the stress–strain curves of 304 and 430 SSFs are obviously different in the plastic deformation stage. For 304 SSF samples, the stress remains nearly constant as the strain increases, the plastic deformation plateau keeping stable. For 430 SSF samples, the stress fluctuates up and down with the strain increasing, the plastic deformation plateau is unstable, which indicates that local brittle collapse occurs, as shown in Figure 7b.



The dots in Figure 8 represent the compressive strength of the SSFs, and Table 2 shows the compressive strength of two kinds of SSF samples corresponding to different relative densities. It can be seen that the compressive strength of 304 and 430 SSFs decreases with the decrease of relative density, and the compressive strength of 430 SSFs is higher than 430 SSFs under a similar relative density. The reason is that the carbon content in the 430 raw powder is higher than in 304; generally, the increase in carbon content will lead to an increase in strength and a decrease in toughness, while nickel in 304 is good for improving toughness but not strength.




3.2.3. Energy Absorption


The stainless steel foams (SSFs) show good energy absorption characteristics during compression deformation. The energy absorption value is an important index that represents the energy absorption characteristics of metal foams. The energy absorption value (W) refers to the absorbed energy when the unit volume sample is compressed to densification (   ε D   ). The absorption energy for a sample can be calculated by integrating the area under the stress–strain curve [23], namely:


  W =   ∫  0   ε D    σ  ( ε )  d ε  



(1)




where W is the energy absorption value per unit volume of the SSF samples;    ε D    is the strain of densification; and   σ  ( ε )    represents the stress corresponding to strain. Figure 9 shows the relation of the energy absorption value and the strain of the SSFs. The triangular symbol represents the energy absorption value of the SSF samples with different relative densities when compressed to densification. The detailed energy absorption values of 304 and 430 SSFs with different relative densities are shown in Table 3. It can be seen that the energy absorption value of 304 and 430 SSFs decreases with the decrease of relative density. However, the energy absorption value of 430 SSFs is higher than that of 304 SSFs at a similar relative density.



The corrosion resistance and the toughness of 304 stainless steel foams (SSFs) are better than 430, while the strength and the energy absorption of 430 SSFs are higher than 304; the main reason is the difference in their matrix structure and composition. The 304 SSFs matrix contains higher nickel and lower carbon, which is conducive to improving its corrosion resistance and toughness. The 430 SSFs matrix contains higher carbon and no nickel, which is beneficial to enhancing its strength and energy absorption. According to the characteristics of 304 and 430 SSFs, they can be used in different environments. Because 304 SSFs have better corrosion resistance and toughness, they can be used as a stable absorbing energy component for harsh environments. The 430 SSFs have excellent mechanical properties and energy absorption properties, and the raw material price is relatively cheap; it can be used to fabricate a large absorbing energy component for atmosphere and marine environments.






4. Conclusions


In this work, 304 and 430 stainless steel foams (SSFs) with different relative densities were successfully prepared by powder metallurgy using CaCl2 as a space holder. The matrix structure of 304 SSFs is γ-Fe and that of 430 SSFs is α-Fe. Compared with 430 SSFs, 304 SSFs have higher corrosion resistance.



In the plastic deformation stage during the compression process, for 304 SSF samples, the stress remains nearly constant with the strain increasing, and the plastic deformation plateau is stable, showing good toughness. For the 430 SSF samples, the stress fluctuates up and down with the strain increasing, and the plastic deformation plateau is unstable, indicating that local zone brittle collapse occurs. The 304 SSFs show better toughness than the 430 SSFs.



While the relative density of SSFs is in the range of 0.33~0.12, the compressive strength of 304 SSFs is 40.29–0.81 MPa, and that of 430 SSFs is 49.79–1.5 MPa, and the compressive strength decreases with the decrease of relative density. At the same relative density, the compressive strength of 430 SSFs is higher than that of 304 SSFs. The energy absorption value of 304 SSFs is 15.94–2.47 MJ/m3, for 430 SSFs it is 22.70–3.39 MJ/m3, and the energy absorption value decreases with the decrease of relative density. At the same relative density, 430 SSFs show a higher capacity of energy absorption than 304 when it is compressed to densification.



The corrosion resistance and the toughness of 304 SSFs are better than 430 SSFs. The 304 SSFs can be used as a light energy-absorption component with higher strength and stability in harsh environments (acid and alkali environment). The strength and the energy absorption of the 430 SSFs are higher than the 304 SSFs, and its cost performance is higher. Thus, 430 SSFs can be used as a large light energy-absorption component for atmosphere and marine environments.
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Figure 1. The schematic diagram of preparation process for SSF samples. 
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Figure 2. The schematic diagram of heating cycle for sintering SSF samples. 
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Figure 3. The OM and SEM images of the SSF matrix. (a,b) are OM photos of 304 and 430 SSF respectively; (c,d) are SEM images of 304 and 430 SSF, respectively. 
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Figure 4. SEM images and EDS spectrum of the cell wall of the SSFs. (a,b) the SEM images of 304 SSFs; (c,d) the SEM images of 430 SSFs; (e,f) the EDS analysis map of 304 and 430 SSFs, respectively. 
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Figure 5. XRD spectrum of 304 and 430 SSFs. 
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Figure 6. The cell morphology of the SSFs with different relative densities: (a) 304; (b) 430. 
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Figure 7. Evolution of deformation of SSFs during compression (a) 304; (b) 430. 






Figure 7. Evolution of deformation of SSFs during compression (a) 304; (b) 430.



[image: Metals 12 01182 g007]







[image: Metals 12 01182 g008 550] 





Figure 8. The stress–strain curve of the SSF samples with different relative densities: (a) 304; (b) 430. 
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Figure 9. The relation of energy absorption value and strain at different relative densities: (a) 304; (b) 430. 
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Table 1. The chemical composition of 304 and 430 stainless steel powders (wt.%).
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	Materials
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Fe





	304
	≤0.08
	≤1.00
	≤2.00
	≤0.045
	≤0.030
	18–20
	8–10.5
	Bal.



	430
	≤0.12
	≤1.00
	≤2.00
	≤0.04
	≤0.030
	16–18
	0
	Bal.
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Table 2. The compressive strength of SSF samples. (MPa).
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	    304    ρ  R D .      
	Compressive Strength
	    430    ρ  R D .      
	Compressive Strength





	0.33
	40.29
	0.33
	49.79



	0.28
	32.30
	0.29
	38.00



	0.24
	23.70
	0.25
	26.65



	0.18
	13.53
	0.21
	17.91



	0.16
	6.20
	0.16
	15.32



	0.12
	0.81
	0.12
	1.50
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Table 3. The energy absorption value of the 304 and 430 SSFs (MJ/m3).
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	    304    ρ  R D .      
	Energy Absorption Value
	    430    ρ  R D .      
	Energy Absorption Value





	0.331
	15.94
	0.33
	22.70



	0.28
	14.31
	0.29
	16.51



	0.24
	11.32
	0.25
	11.34



	0.18
	7.51
	0.21
	9.47



	0.16
	5.44
	0.16
	7.82



	0.12
	2.47
	0.12
	3.39
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