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Abstract

:

The fabrication of porous copper with ultrahigh porosity by adding 90% spacer content was an unsolved technical problem in the field. In this study, the green compacts placed on a layer wire mesh during the decomposition process of needlelike carbamide as space holder with volume content up to 90% was successfully conducted to fabricate nondestructive porous copper. Compared with the green compacts directly placed on an alumina plate, the use of this support was crucial for manufacturing highly-porous copper. Characterization of macro- and microscopic morphologies as well as quasi-static compressive test for the obtained porous copper samples was carried out. The results show that the porosity of porous copper samples with 87.3% was slightly smaller than the spacer content. The SEM observation indicates that the internal pores of porous copper formed an open-cell structure and its skeleton was very dense. The compressive tests show that the stress–strain curve of a porous copper sample exhibits the typical characteristics of elastic-plastic metal foam. The energy absorption properties of porous copper samples were also comparable. This study provides a possibility for the preparation of porous copper and other metals with ultrahigh porosity by the well-known space holder method.
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1. Introduction


As a member in porous metals, porous copper was widely used in the fields of catalysis, energy, and analytical sensing due to the excellent electrical and thermal conductivity of copper metal [1]. The application of porous copper depends considerably on its pore structure design, which in turn depends on the preparation method. Space holder technique [2] and gas release reaction [3,4] were the two main powder metallurgy approaches used to fabricate porous copper. Since the porosity of the final materials can be predicted by the spacer content [2], the space holder technique has obtained increased attention. Zhao et al. [5] first described a lost potassium carbonate sintering process for manufacturing open-cell copper foams with porosity in the range of 50–85% and cell sizes in the range of 53–1500 μm in 2004. This structural characteristic of porous copper immediately aroused a new research interest and new space holders are being discovered. For example, Wang et al. [6] reported that an open-cell porous copper with adjustable pore characteristics and mechanical properties has been successfully prepared using sodium chloride as space holder via the sintering-dissolution process for the first time. Stergioudi et al. [7] reported that open-cell copper foams were prepared using sugar as space holder technique and tested as filter-bed for the uptake and reduction of Cr in drinking water. Moreover, Zhao et al. [8] reported that open-porous Cu-Sn-Ti composites are fabricated by the space holder sintering technique using carbamide particles as space holder material. The following literatures related to potassium carbonate [9], sodium chloride [10], and carbamide [11] demonstrated that the final porosity of porous copper was strongly dependent on the volume content of space holder added. Generally, the higher the spacer content, the higher the porosity. However, the more difficult it is to prepare. The majority of the space holders reported in literatures can reach 80%, a few up to 85%, and almost, but not up to 90%. It was believed that at this high content, the removal of space holder leads to the collapse of the powder compact [7,12]. At this high spacer content, how to avoid the collapse of green compacts during the removal process of space holder particles is a great challenge. As a result, the structure and properties of porous copper with 90% of volume content were unknown. Therefore, this paper aims to try and use needlelike carbamide as space holder with volume content up to 90% to prepare porous copper with ultrahigh porosity, since carbamide was often used to create desirable pore geometries and porosities into porous copper due to its low-temperature decomposition during the sintering process [13,14]. We hope that it can provide a new idea for the preparation of porous copper with ultrahigh porosity by the space holder technique.




2. Materials and Methods


2.1. Materials


High purity Cu powder (~99.9%, supplied by Beijing Hongyu New Material Technology Co., Ltd., Beijing, China) with irregular shapes (see Figure 1a) and particle size less than 50 μm as received was used as raw material. The needlelike carbamide (see Figure 1b) purchased from Xilong Scientific Co., Ltd. (Shantou, China) was selected after a sieve was passed with 40–80 mesh (~180–380 μm) as space holder. The volume fraction of space holder was set as 90% and the total volume of copper powder and carbamide was determined based on a cylinder with 20 mm in diameter and 8 mm in height.




2.2. Methods


Initially, the weighed copper powder and carbamide were mixed evenly for some time, then the mixture was followed by compaction with a pressure of 200 MPa and maintained for 0.5 min. Thereafter, the heat treatment of green compacts was carried out in two steps. First, the green compacts were transferred into a tubular vacuum furnace (KEJING Company, Shenyang, China) after they were placed on a layer of wire mesh in a burning boat (for its schematic diagram, see Figure 1c). The green compacts were heated to 673 K for 300 min. As a result, a porous Cu bulk was obtained successfully after it was cooled down to room temperature. The first step is to remove the carbamide particles in the preform and maintain the sintering temperature at a low temperature. Second, the Cu compacts without carbamide, herein named preheated samples after the same compaction process, were fabricated after being heated to 1123 K at 10 °C min−1 in the tubular vacuum furnace and cooled down to room temperature for comparison. The second step was to promote metallurgical bonding between copper particles by diffusion. The external dimensions of three porous copper samples with 18.3 mm in diameter and 7.54 mm in height were measured. The porosities of samples were measured and calculated by the model equation method [15]. Their surface morphologies were observed using a scanning electron microscope (FEI Company, Hillsboro, OR, USA). The compressive tests were carried out on an electronic universal testing machine (SUNS Company, Shenzhen, China) with a crosshead speed of 1 mm min−1 at room temperature (~25 °C), according to ISO 13314-11 standard [16]. To obtain reproducibility of the results, three valid results were considered and used to calculate the average properties of the obtained porous copper samples.





3. Results and Discussion


In general, the green compacts were directly placed on an alumina plate (see Figure 2a). However, the result shows that the compacts completely collapsed with removal time of 200 min (white arrow-I). This indicates that the heating rate has an important influence on the removal effect of green compacts. When the removal time increases to 300 min, large defects at the bottom of sintered compacts can be seen although it does not completely collapse (white arrow-II). These defects emerged from the gas escape process in the green compacts. When the removal time further increases to 400 min, the result shows that the defects changed from large to small (white-III). After researching the essential problem, the gas produced by thermal decomposition of carbamide near alumina plate has no time to escape from the compacts. In addition, when the compacts were placed on a metal mesh support (see Figure 2b), the result shows that the compacts remained in their shapes even when the removal time increases to 300 min (orange arrow). It can be seen that the influence of metallic mesh on removal kinetics is rather major, since the products of carbamide decomposition evaporate in the direction of mesh. In this way, nondestructive porous copper samples were successfully obtained.



The top surface SEM images of a nondestructive porous copper sample with porosity of 87.3% calculated by model equation method shows that there are large numbers of pores, which can be clearly seen in Figure 2a. These pores known as macropores were generated from the thermal removal of carbamide particles. They are interconnected to form an open structure. Their shape is even more irregular although some pores retain the shape of space holder. The length and width of pore sizes were about 548 ± 201 μm and 177 ± 62 μm, respectively. It can be seen that the length of pore sizes was significantly larger than a single carbamide particle. This phenomenon was attributed to the fact that multiple carbamide particles were next to each other in green compacts and the holes they leave behind form a larger pore. On the other hand, the width of pore sizes was slightly lower than a single carbamide particle. This phenomenon was attributed to the volumetric shrinkage of holes generated from the removal of space holder during sintering. Through local magnification, it can be seen that the skeleton is dense, but it also contains some black spots (see Figure 3b). The thickness of the cell walls was about 12.8 ± 0.4 μm. The black spots known as micropores were produced as a secondary effect of incomplete densification of the sintered copper particles. They are scattered sporadically across the skeleton in small numbers at higher magnification (see Figure 3c). The metal skeleton was generated from the diffusion and sintering of copper powders. They gradually become round and sharp and their surface changes from rough to smooth after sintering. The sintered necks were coarse and uniform with a good metallurgical bonding, which can be clearly seen at higher magnification in Figure 3d.



The nominal stress–strain curves of three porous copper samples by axial compressive test were shown in Figure 4a. Herein, the compressive stress was the compressive force divided by the initial cross-sectional area perpendicular to the loading direction. The compressive strain was the overall compressive displacement divided by the initial height (gauge length) of the test specimen. It can be seen that the curves exhibit the typical characteristics of elastic–plastic metal foam [17,18,19,20,21]: The linear elastic deformation at initial region, plastic deformation at plateau region, and further compaction deformation increases rapidly at densification region. Meanwhile, the three curves were highly coincident, which indicates that the quality uniformity of the specimens was perfect. The elastic modulus can be calculated from the slope of the linear line at the initial stage of stress–strain curve and the yield strength was 0.2% of the elastic limit residual deformation since there was no clear yield point. During the plateau region, the main collapse mechanisms (e.g., bending or yielding of the cell walls, brittle fracture of cell walls, buckling of thin walls, etc.) in foams occur [22,23]. According to ISO 13314-11 standard [16], the plateau strength was calculated as the arithmetical mean of the stresses between 20% and 40% compressive strains. The densification region contains the compaction of the cells with a steep and nearly linear increase in stress and the most important aspect of this region is the strain in which densification starts [19]. However, the compressive stress corresponding to the first local maximum in the stress–strain curve cannot be determined since no local maximum occurs, as shown in Figure 4a. In this case, the energy absorption properties can be used to derive compressive strength and densification strain. The energy absorption capacity was defined as the energy required to deform the sample to a specific strain and can be evaluated by integrating the area under the stress–strain curve [24], as shown in Figure 4b. The maximum capacity was obtained at densification strain and this value can be determined by energy absorption efficiency–stress curve (see Figure 4c). The energy absorption efficiency was the ratio of absorbed energy to the corresponding stress. The stress corresponding to the maximum energy absorption efficiency is the compressive strength, as shown in Figure 4c. In this way, the strain corresponding to compressive strength can be found in stress–strain curve. Then, the value corresponding to the above densification strain was the maximum energy absorption capacity, as shown in Figure 4b.



The mean values with their standard deviations of mechanical properties of the obtained porous copper samples were calculated and shown in Table 1. Herein, E-Elastic is modulus; σys is yield strength; σpl is plateau strength; σbc is compressive strength, which was the stress corresponding to the maximum energy absorption efficiency; εd is densification strain; W is energy absorption capacity; and We is energy absorption efficiency. The average elastic modulus, yield strength, plateau strength, compressive strength, densification strain, energy absorption capacity, and energy absorption efficiency of three porous copper samples were calculated to be about 13.80 ± 2.22 MPa, 0.33 ± 0.03 MPa, 1.64 ± 0.11 MPa, 3.33 ± 0.22 MPa, 48% ± 1%, 0.69 ± 0.06 MJ/m3, 20.33 ± 0.58%, respectively. In recent work [25], the energy absorption value of the reticulated copper foams with 87.7% porosity was 0.39 MJ/m3. Comparatively, the porous copper prepared in this study has a stronger energy absorption capacity.




4. Conclusions


In this study, an open-cell structure of porous Cu with a porosity of 87.3% was prepared successfully via a decomposition–sintering route. As a space holder, carbamide with volume content up to 90% in the Cu compact can be removed completely during the sintering process by heating to 673 K within 300 min in vacuum atmosphere. The porous Cu is composed of interconnected pore structures and dense skeletons, indicating that the bonding between Cu powders can be achieved after the compacting of 200 MPa and sintering process of 1123 K. The compressive stress–strain curves of porous copper have typical characteristics of metal foam, and the repeatability of the curves of the three samples was very good. The average elastic modulus, yield strength, plateau strength, compressive strength, densification strain, energy absorption capacity, and energy absorption efficiency of three porous copper samples were calculated to be about 13.80 ± 2.22 MPa, 0.33 ± 0.03 MPa, 1.64 ± 0.11 MPa, 3.33 ± 0.22 MPa, 48% ± 1%, 0.69 ± 0.06 MJ/m3, 20.33 ± 0.58%, respectively. By comparison, the porous copper in this study has comparable energy absorption capacity.
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Figure 1. SEM images of (a) copper powder and (b) carbamide particles. (c) Schematic diagram of a green compact placed on a layer of metal mesh support in porcelain boat during the decomposition process of space holder in a heating tube furnace. 
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Figure 2. Comparison in thermal removal results of green compacts placed on different substrates: (a) An alumina plate and (b) a layer metal mesh. 
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Figure 3. Top surface SEM images of a nondestructive porous copper sample taken at different magnifications: (a) 200, (b) 1000, (c) 3000, and (d) 10,000. 
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Figure 4. Mechanical curves of the samples: (a) Stress–strain, (b) W-strain, (c) We-stress. 
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Table 1. The mechanical properties of the obtained three porous copper samples.
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	Sample Numbers
	E/MPa
	σys/MPa
	σpl/MPa
	σbc/MPa
	εd/%
	W/MJ·m−3
	We/%





	1#
	16.34
	0.35
	1.55
	3.45
	49
	0.75
	21



	2#
	12.86
	0.30
	1.76
	3.07
	47
	0.62
	20



	3#
	12.21
	0.33
	1.62
	3.46
	48
	0.70
	20



	Mean values
	13.80
	0.33
	1.64
	3.33
	48
	0.69
	20.33



	Standard deviations
	2.22
	0.03
	0.11
	0.22
	1
	0.06
	0.58
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