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Abstract: Sintered stainless steel fiber felt (SSSFF) is a kind of porous material promising for functional and structural applications such as energy absorption and solid/gas filtration etc. In this work microwave heating was used for sintering of 316L stainless steel fiber felt and the effect of microwave heating on the sintering profile, microstructure and mechanical performance of the sintered stainless steel fiber felt was investigated by means of μ-CT，SEM and so on. The experiment results show that in contrast with conventional sintering method, microwave heating can sinter stainless steel fiber felt at lower temperature in shorter time, and the higher mechanical performance of SSSFF can be achieved by this means. The microwave field induced arcing between metal fibers may accelerate the sintering process.
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Sintered stainless steel fiber felt (SSSFF) is a kind of porous material promising for functional and structural applications. It can be applied in various fields like energy absorption, filtration, fuel cell, heat transfer, etc [1]. In recent years many researches have been done in the application and the microstructure of the SSSFF. Markaki AE et al studied the mechanical property of thin ultra-light stainless steel sandwich sheet material [2]. Ruth Ann Yongue et al demonstrated that the collection efficiency of the sintered metal fiber filter element serving in hot gas filter used in power systems development facility (PSDF) could satisfy the commercial turbine specifications which restrict the amount and granularity of dust in airflow passing through the turbine[3]. Zhu et al. [4] produced nickel micro fibrous sinters as battery electrodes and improved the energy density. J.Li et al. demonstrated the benefits of SSSFF enhanced heat transfer served on nitration of benzene [5].

In the manufacture processes of SSSFF, the sintering of stainless steel fiber felt is a key step which helps to form the metallurgical joints between metal fibers and can affect the mechanical and corrosion performance of the SSSFF. The conventional sintering temperature for SSSFF is between 1200-1400℃ and the holding time is normally 2h.This high sintering temperature often leads to forming of coarse grains and “bamboo like” grain boundary in metal steel fiber, which can lower the mechanical performance of SSSFF such as tensile strength. To lower the sintering temperature, some researchers tried liquid phase sintering on SSSFF by adding Cu powder to fiber felt then heating the fiber felt at temperature higher than the melting point of Cu. Though it had effect, the uniform distribution of Cu powder in SSSFF is hard to achieve. More efficient and reliable method is needed for the improvement of SSSFF.

 Microwave heating is a kind of fast sintering technology. Microwave can induce the eddy current across the surface of the metal powder, so the current loss can heat the powder compact from inside [6]. Some kinds of non-thermal effect during the microwave heating of metal powder compact was reported, for example, microwave can induce arcing between metal powders which can cause evaporation of metal atoms and enhance  necking between metal powders[7].Recently, there were many researches focusing on the microwave sintering of metal powders. Saitou et al. [8] found that stainless steel particulate compacts could be effectively heated by microwaves. O. Ertugrul et al.[9] investigated the effect of particle size and heating rate on microwave sintering of 316L stainless steel powder compact. D. Demirskyi et al.[10] studied the neck growth kinetics during the microwave sintering of nickel powders and showed the values of activation energy for microwave sintering of nickel powders was significantly lower than that for conventional sintering, while at the same level to the activation energy for liquid phase sintering of Ni.

All the above were researches about microwave sintering of metal powders and there was few about the microwave sintering of metal fiber felt. Since SSSFF has property such as high porosity and high specific surface area, and needn’t to be sintered to reach 100% of relative density, it could be very suitable for microwave sintering. In this study the microstructure and the mechanical performance of microwave sintered SSSFF was investigated.

1
Experimental
The unsintered 316l stainless steel fiber felt (28μm in fiber diameter) (manufactured in Xi’an Filter Co, China) were pressed to obtain 3 samples each with dimension of 8×8×0.5cm and porosity of 83%. The plate-laminated mold-pressing equipment composed of two parallel Mo panels fixed by bolts, as shown in Figure 1. Sample 1 and 2 were sintered in a 3 kW/2.45 GHz multimode microwave furnace. The average heating rate for sample 1 and 2 was 45℃/min. Sample 1 was holding at 1000℃ for 30min, while sample 2 was holding at 1100℃ for 10min. Sample 1 and 2 were sintered in atmosphere of 90% vol.% He+ 10 vol.% H2.Sample 3 was sintered by conventional method in pure H2 to make a contrast. The heating rate for sample 3 was 10℃/min from room temperature to 1200℃, then the sample was holding for 2h. The thermal profiles are plotted in figure 2.The sintering processes didn’t change the porosity of the samples which was still 83%. The sintered samples were incised into blocks of 8×2×0.5cm by electro-discharge marching for in-plane tensile test, and blocks of 1×0.5×0.5cm for in-plane compression test, and the gauge length for tensile samples is 2cm. Then the tensile test and compression test were carried out with a universal material testing machine (Instron 5967, USA) with a constant displacement rate of 1.5 mm/min. The tensile tests for 316L stainless steel fibers is carried out with Model YG006 electronic single yarn strength tester with a constant displacement rate of 2 mm/min and gauge length of 2 cm. The microstructure of the samples was observed by SEM (JSM- 6700F).The grain size of 316l stainless steel fibers was measured by linear intercept method on optical pictures of the polished and etched samples and the average grain size of each sample was calculated based on the measurement on 500 grains . To depict the strength of sintering joints, the sintering neck size between fibers in 316L SSSFF must be measured. To realize this purpose, the 3D structure of the samples was imaged by μ-CT with a spatial resolution of 0.74μm in Shanghai Synchrotron Radiation Facility (SSRF). The average size of sintering joints was measured with the software VG Studio based on the 3D image of the SSSFF. The measuring steps are showed in Figure 3.Firstly a sintering joint was selected (see Figure 3(a)), then slicing the joint in half along the bisector of the obtuse angle between the two fibers with a transverse plane (see Figure 3(b)). After that the joint was rotated over (see Figure 3(c)), finally the neck size of the section of sliced joint was measured (see Figure 3(d)). The average neck size of joints with same fiber angle was calculated. 
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Figure 1 The plate-laminated mold-pressing equipment of SSSFF
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Figure 2 The thermal profiles for 316L SSSFF sample1, 2 and 3
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Figure 3 Measurement of neck size of sintering joints from the 3D picture of 316L SSSFF

2 Results and Discussions
The results of mechanical property test are listed in table 1.We can see that the tensile strengths:σ0.2 and σb of sample 1 and 2 are much higher than that of sample 3.This may be attributed to the shorter sintering time and lower sintering temperature for sample 1 and 2 than that for sample 3. The shorter sintering time and lower sintering temperature can prevent the fiber grains from overgrowing, then improve the tensile strength of individual fibers which can in turn improve the tensile strength of the SSSFF samples. The ultimate tensile strength δb and yield tensile strength σ0.02 for sample 1 and 2 are close, though sample 1 was sintered at lower temperature than sample 2, which may be attributed to the longer holding time for sample 1.From this result, we can also infer that in the microwave sintering process of 316l stainless steel fiber felt, enormous metallurgical bonds between fibers had formed below 1000℃ which couldn’t happen in the conventional sintering of 316l stainless steel fiber felt. The ultimate tensile strain εUltimate is close for the three samples, indicating that the sintering conditions investigated here hardly change the samples’ ductility. The yield compressive strength of sample 1 and 2 is a little lower than sample 3,which may be attributed to the weaker bonds formed in the MW sintering process than formed in the conventional sintering process. In the compression process the strength of sintering bonds has a large influence on the mechanical performance [11-12].

Table 1 Mechanical property of 316L SSSFF sample 1, 2 and 3

	Sample
	σ0.2﹝MPa﹞

Yield tensile strength
	σb 
（Mpa）

Ultimate tensile strength
	εUltimate
Ultimate tensile strain
	σcomp
(Mpa)

Yield compressive strength

	1
	18.30
	28.40
	8%
	2.49

	2
	16.95
	27.2
	11%
	2.45

	3
	10.57
	14.99
	11%
	2.73


The SEM pictures of sintered 316l SSSFF is shown in Figure 4. We can see from picture of sample 1 that in the area near the bond between two fibers the fiber surface is accidented, which can’t be seen in the sample 3.This morphology is a trail of surface melting during the microwave sintering process. In fact, the accidented surface is just the morphology of fast solidified liquid phase appearing in sintering process. Other studies have reported that the electric-magnetic field of microwave could induce arcing near the contacting area of metal particles such as Cu, causing the partial melting of atoms in this area[10].This phenomenon can enhance growth of neck between metal particles by liquid phase diffusion. But there is no report on this phenomenon in MW sintering of Fe alloy powders. The reason of that may be the melting point of Fe is considerably higher than that of Cu and the arcing between the Fe alloy particles could rapidly disappear with the densification of particle compact which normally has  porosity lower than 20%.In contrast with metal particle compact, the metal fiber felt normally has higher porosity (>70%) and hardly shrinks during sintering. Then the arcing between fibers can happen more frequently and last longer, so the temperature of the contacting area of fibers could reach to the melting point of Fe and form liquid phase. As a result, the liquid phase largely enhances the necking between fibers at relative low temperature.
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Figure 4 Surface morphology of 316L SSSFF sample 1 and sample 3: a) neck zone of sample 1 5000×; b) neck zone of sample 1 10000×; c) fiber surface of sample 3 5000×


The average size of sintering joints measured from CT images of sintered 316L SSSFF is listed in Table 2. We can see the average size of sintering joints of sample1 and 2 is much smaller than that of sample 3, but which seemly don’t lower the tensile property of sintered 316L SSSFF. The SEM picture of fractured samples is shown in Figure 5. We can see that the samples mainly broken at fibers instead of sintering joints. This phenomenon is in accordance with the numerical simulation result of random fiber sintered sheet [11-12]. According to the simulations, when under tensile load, the major types of stress distributed in the fiber network include bending and stretching stress while the shearing stress counts on very small proportion. Because the fracture of sintering joints is mainly caused by shearing stress, it is reasonable that the major failure mode for SSSFF is fiber fracture. As a result, the breaking strength of single fiber greatly influences the tensile property of SSSFF. Figure 6 shows the metallographs of the samples. The size of fiber grains scatters in large range for all the 3 samples, but there are more large grains in sample 3 than in sample 1 and 2. Moreover, the “bamboo like” grain boungdary in sample 3 is clearly shown in Figure 7, indicating the degree of the overgrowing of fiber grains. It is also shown in Table 2 that the average size of fiber grains in sample 1 , 2 is evidently smaller than that in sample 3. In general, smaller grain size leads to higher tensile strength for metal material. The breaking strengths of single fiber in sample 1, 2 are indeed higher than that in sample 3(see Table 2). So we can attribute the improvement of tensile strength of MW sintered samples to the finer grains in their fibers. 
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Figure 5 Microstructure of the breakpoint of 316L SSSFF sample 1
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Figure 6 Metallographs of 316L SSSFF sample 1(a); 316L SSSFF sample 2 (b); 316L SSSFF sample 3 (c)
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Figure 7 The “bamboo like” grain boundary of SSSFF

Table 2 The average size of sintering joints and fiber grains, strength of single fiber for 316L SSSFF sample 1, 2 and 3

	Sample
	Average size of joints with fiber angles of  60°(µm)
	Average grain size (µm)
	Breaking strength of single fiber（Mpa）

	1
	4.21
	14.99
	530

	2
	5.14
	15.05
	509

	3
	19.60
	18.37
	414


3
Conclusions
In this paper the microstructure and the mechanical performance of microwave sintered SSSFF was investigated and compared with that of conventional sintered SSSFF, following conclusions are made:

1) The MW sintering of 316L SSSFF shows off great advantages due to the fast heating rate and the low sintering temperature. 
2) The MW induced arcing between fibers led to surface melting of fibers which enhanced the necking between fibers at lower temperature through liquid phase diffusion. 
3) The average size of fiber grains has more evident impact on the tensile property of 316L SSSFF than that of sintering bonds has. The finer fiber grains were conserved in the MW sintering process of 316L SSSFF. 
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微波烧结316L不锈钢纤维毡研究
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（2西北有色金属研究院，金属多孔材料国家重点实验室，西安,710016）
摘  要：烧结不锈钢纤维多孔材料是一种结构功能一体化材料，在冲击能量吸收和过滤分离等领域有广泛应用。本文利用微波加热法制备了316L不锈钢纤维多孔材料，研究了微波烧结工艺对材料微观结构和力学性能的影响。研究表明微波烧结工艺明显降低了材料的烧结温度，缩短了烧结时间，由此抑制了纤维杆上晶粒的生长，材料的力学性能也得到了提升。微波电磁场在金属纤维间引发的微电弧可能起到了加快烧结进程的作用。
关键词：微波烧结；316L不锈钢纤维多孔材料；拉伸性能；晶粒尺寸
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