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Abstract

:

Soft magnetic metallic absorbents suffer from severe oxidation, reduction in permeability and deterioration in microwave absorption when exposed to high temperatures. In this study, we prepared flaky 304 stainless-steel powders as new microwave absorbents via deformation-induced ferromagnetism. The 304 stainless-steel powders showed significant increases in saturation magnetization (Ms) from 1.03 to 82.46 emu/g when their shape was changed from spheroids to flakes; the Ms further increased to 92.29 emu/g after heat treatment at 500 °C in air. The permeability of 304 alloy powders also showed an obvious increase after ball milling and remained roughly stable after heat treatment at 500 °C in air. Moreover, the permittivity exhibited a sharp decrease after heat treatment, enabling the improvement of impedance matching and microwave absorption. After heat treatment at 500 °C in air for 100 h, the simulated reflection loss of 304 stainless-steel powders with wax still showed attractive levels, giving a minimum value of −22 dB and remaining below −6 dB over 8.5–16.5 GHz at a thickness of 2 mm. Our work can help to include paramagnetic alloy systems as new microwave absorbents for working in harsh environments.
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1. Introduction


Heat-resistant absorbents are key functional components of microwave-absorbing materials working at elevated temperatures for applications in electromagnetic protection and stealth for military/civilian equipment [1,2,3]. At present, the developed heat-resistant absorbents, such as carbon-based materials [4], ceramics [5,6,7] and metal oxides [8], mainly attenuate microwaves via dielectric loss. These materials generally show excellent oxidation resistance and stable phase structure at high temperatures, while their single loss mechanism and difficulty in regulating dielectric dispersion give rise to disadvantages such as narrow absorption bandwidths and great thicknesses [9,10]. In contrast, magnetic metallic absorbents, such as iron, cobalt, nickel and their alloys, demonstrate both magnetic and dielectric loss mechanisms in response to microwaves [11,12]. Magnetic metallic absorbents have shown advantages for obtaining thin microwave-absorbing coatings with wide bandwidth. Also, by adjusting composition, the magnetic resonance frequency can be purposely controlled or designed [13]. In addition, higher Curie temperatures (such as 770 °C for Fe and 1130 °C for Co) [14] indicate the potential of magnetic alloys as heat-resistant absorbents [15,16,17]. However, due to the active chemical properties of magnetic metallic absorbents, severe oxidation causes performance deterioration at elevated temperatures [18]. Therefore, it is of great significance to develop new magnetic metallic absorbents with excellent and stable performance at elevated temperatures.



To improve the oxidation resistance of magnetic metallic absorbents, surface coating has been employed as the main method to reduce or avoid oxygen–metal interface reactions [19]. Organics, inorganic compounds, metals and alloys have been reported as coating materials for magnetic metallic absorbents to isolate the contact between absorbents and oxygen [20,21]. Organic coating materials such as polyaniline are compatible with polymer matrices, and their redox properties can induce the stable passivation of Fe [21,22]. Non-magnetic inorganic compounds such as SiO2 [23,24] and Al2O3 [25] can adjust impedance matching while forming a dense protective layer or multilevel composite shell. The coating of magnetic elements such as Co [26] and Ni [27] can reduce the influence of coating materials on the permeability of absorbents. However, the decomposition or oxidation of coating materials, as well as the difficulties in preparing dense coatings with pores smaller than oxygen molecules [28,29,30], hinders the long-term service of magnetic metallic absorbents at elevated temperatures.



Besides surface coating, alloying is another strategy used to obtain heat-resistant microwave absorbents. Doping Al, Cr, Si or other alloying elements that have high affinities for oxygen and high diffusion rates into the alloy can form a dense oxidation layer on the external surface of Fe and hence inhibit further oxygen diffusion/metal oxidation [31,32,33]. Nevertheless, it is difficult to achieve excellent anti-oxidation ability with a single element, and thus doping with multiple elements is required. Among alloys of Fe with other elements, the production of various stainless steels is the best example [34]. Ferrite stainless-steel powders have certain magnetic properties in the microwave band, which makes them a kind of microwave absorbent with potential applications. Yang et al. [35] studied the microwave-absorption performance of ferrite stainless-steel powders such as 409L and 410L and found that their permeability was generally low and their microwave absorption was not strong. Meanwhile, this kind of stainless steel has poor plasticity [36]; hence, it is difficult to further improve the permeability by flaking particles. Compared with ferritic stainless steel, austenitic stainless steels such as 304 and 316L have better corrosion/oxidation resistance and plasticity due to the extra content of Ni [37], but their crystal structures are paramagnetic, face-centered and cubic [38], which limits their applications in microwave absorption.



It is worth noting that 304 austenitic stainless steel has a relatively low stacking fault energy, and its metastable austenitic structure is prone to strain-induced martensite transformation [39]. During plastic deformation, 304 stainless-steel powder tends to exhibit an obvious increase in saturation magnetization (Ms) [40,41] and refinement of grains to the nanometer level [42], which makes it possible to be used as a microwave absorbent. However, although austenitic stainless steels such as 304 or 316 L exhibit martensitic phase transformation, the microwave absorption introduced by this effect is still unknown, and the electromagnetic stability of flaky stainless-steel powders at high temperatures needs to be investigated.



In this study, we induced the ferromagnetic transformation of 304 austenitic stainless-steel powders with increased shape anisotropy via ball milling. The microstructure, magnetostatic properties and permeability dispersion of the 304 powders during phase transition were studied. Subsequent heat treatment was carried out to improve the impedance matching and test the heat resistance of resultant absorbents. Results showed that the Ms of 304 stainless-steel powders increased from 1.03 to 92.29 emu/g after thermal deformation treatment, under which microwave absorption performance was significantly enhanced and remained stable at 500 °C. This work can provide new selections for microwave-absorbing materials working at elevated temperatures.




2. Materials and Methods


A 304 stainless-steel powder with 18.75 wt.% of Cr, 10.85 wt.% of Ni, 1.54 wt.% of Mo, 0.39 wt.% of Mn, 1.46 wt.% of Si and residual Fe was prepared by gas atomization by Guangzhou Metal Metallurgical Materials Company, Guangzhou, China. To enhance the effect of deformation-induced martensitic transformation, the powder was subjected to vacuum heat treatment at 800 °C to obtain a pure austenitic phase before ball milling.



The 304 stainless-steel powders were subjected to high-energy ball milling to induce plastic deformation and shape anisotropy. The process involved adding 20 g of raw powders and 400 g of zirconia balls to a ball-mill tank, along with 13 mL of cyclohexane as the process control agent. The milling rate was set as 300 r/min, with a ball-to-powder weight ratio of 20:1. The powders obtained after milling for different durations were separated from the milling balls using a sieve and collected by a filter. The collected powders were then dried at 60 °C for 3 h. To study the heat resistance of 304 stainless-steel powders, a clean crucible was used, and the powders were placed inside. The samples were heated at a rate of 10 °C/min to the predetermined temperature. After heat treatment, the powers were cooled naturally to room temperature.



In order to measure the electromagnetic parameters, a mixture of 304 stainless-steel powder and paraffin wax was prepared with volume fraction of 28% for the 304 stainless-steel powder. This mixture was then pressed into a coaxial ring shape with an outer diameter of 7 mm, inner diameter of 3 mm, and thickness of 2–3 mm. A pressure of 10 MPa was used to prepare the coaxial ring samples. The complex permittivity and permeability were measured using an Agilent E5071C (Palo Alto, CA, USA) vector network analyzer. The morphology of the 304 stainless-steel powders was analyzed by scanning electron microscopy (SEM, Hitachi S4800, Tokyo, Japan). The crystal structure of the powders was studied by X-ray diffraction (XRD, Karlsruhe, Germany). Additionally, the static magnetic properties of the powders were measured using a Lakeshore 7404 (Chicago, IL, USA) vibrating sample magnetometer (VSM). The VSM tests were conducted at least three times to ensure accuracy.




3. Results and Discussion


To study the evolution of microstructure and crystal structure in 304 stainless-steel powders during ball milling, powders with different ball-milling times were characterized by XRD and SEM. The shape anisotropy changes during ball milling are shown in Figure 1a–c. Figure 1a shows that most of raw powders were spherical particles with a particle size less than 70 μm, and a small amount of irregular particles can be observed due to the coalescence of droplets during aerosol atomization [43]. With the extension of ball-milling time, the 304 stainless-steel powders changed from spherical to flaky under the action of the impact force generated by the collision of milling balls and the shear force generated by the rotation of milling balls [44]. After ball milling for 6 h, the 304 stainless-steel powders were highly flaky, and the particle width also increased (Figure 1b). However, when the milling time was further prolonged, the energy transferred to the powders by milling balls led to the initiation and development of cracks inside the particles, and the surface smoothness of the particles was reduced. After reaching the plastic deformation limit, the powders broke into small pieces (see Figure 1c), and the particle size decreased significantly. After ball milling for 30 h or even 40 h, the particle size was stable (see Figures S1 and S2 in Supplementary Information), indicating that the particle size reduction and agglomeration reached a balance at 20 h of ball milling [45].



The XRD pattern in Figure 1d–f shows the phase change in 304 stainless-steel powders during ball milling. The results showed that the raw 304 alloy powders changed into a single austenite phase (γ-Fe) after vacuum annealing at 800 °C (as shown in Figure 1d). During ball milling for up to 6 h, the content of the martensite phase (α′-Fe) in the powders increased continuously, while the characteristic peak of the γ phase decreased gradually. The crystal structure was relatively stable during ball milling from 6 h to 12 h, and there was no significant increase in α′ phase content. After reaching the limit of particle plastic deformation, the particles broke due to strain hardening [46]. After ball milling for 20 h, the alloy powders exhibited mainly α′ phase with a small amount of γ phase, which may be due to the small grain size or the residual stress generated during ball milling to stabilize the martensite phase [42]. The whole ball-milling process caused the decay of the γ phase and the development/growth of the α′ phase. Previous studies showed [40] that the ε phase of 304 stainless-steel powders grew initially and then decayed during deformation-induced martensitic transformation; however, its content may be lower than the detection limit of X-ray diffraction. In this work, at the initial stage of ball milling, the diffraction peak in the X-ray spectrum was obviously widened, and the subsequent process of ball milling was almost constant, indicating that the grains were rapidly refined at the initial stage and remained stable after that; this was due to the high-density dislocation generated by severe mechanical processing in high-energy ball milling [47].



According to the XRD pattern and SEM images, the 304 alloy powders reached the flaking limit after 6–12 h of ball milling, and the martensite phase transition was nearly completed at 20 h of ball milling. However, the particles also broke seriously during long-term milling, which caused the destruction of crystal structure [48]. The degree of the γ → α′ phase transition mainly depended on the chemical composition of the steel. According to the relationship between the stacking fault energy (SFE) and the contents of Cr, Ni, Mn and Mo reported by Juho [49], the SFE can be expressed by


SFE = −53 + 6.2ω(Ni) + 0.7ω(Cr) + 3.2ω(Mn) + 9.3ω(Mo)



(1)




where ω(Ni), ω(Cr), ω(Mn) and ω(Mo) are contents of Cr, Ni, Mn and Mo, respectively. It could be seen that when the content of these elements decreased, the SFE of stainless steel continuously decreased. The generation of more stacking faults provided more martensitic nucleation sites, thus significantly increasing the tendency of deformation-induced martensitic transformation [50]. However, the morphology and microstructure evolution of powders during ball milling obviously depended on ball-milling parameters such as milling rate and time, ball-to-powder weight ratio and process control agents [48]. High Ni content would stabilize the austenite phase [51], which may be the cause of incomplete phase transition in our experiment. A higher milling rate and ball-to-powder weight ratio may coordinate the progress of flaking and martensitic phase transition [52].



The magnetic properties of 304 stainless-steel powders were studied. Figure 2a shows the hysteresis loop of 304 stainless-steel powders at different milling times. It can be seen that the Ms of raw powders was negligible, with a value of only 1.05 ± 0.01 emu/g, confirming the single austenitic paramagnetic structure. It was well known that the α′ phase in martensite was proven to be the only ferromagnetic phase; thus, the change in Ms could reflect a change in the volume fraction of α′ martensite. The Ms of the alloy powders increased gradually during ball milling and reached 82.46 ± 0.97 emu/g after ball milling for 20 h. Figure 2b shows the magnified hysteresis loops when the magnetic field intensity was close to 0. It can be seen that the slope and initial permeability (µi) of powders reached the highest value after ball milling for 6 h, corresponding to the maximum width-to-thickness ratio. With the extension of milling time, the width-to-thickness ratio and initial permeability of particles decreased. Figure 2c shows the variation trends in Ms and coercivity (Hc) with ball-milling time. The result indicates that the transformation rate of the martensitic phase gradually decreased, since the probability of capturing the powders in the austenitic phase tends to decrease with the extension of ball-milling time [53]. At the same time, in the VSM test of powders after ball milling for 12 h, the standard deviation of parallel tests was relatively large. This result may be due to the increase in grain defects caused by long-term ball milling, leading to a decrease in measured magnetization [54]. After ball milling for 20 h, grain fragmentation resulted in the deterioration of Hc and µi, while Ms increased due to the further formation of martensite phase.



The Hc of the 304 alloy powders surged after ball milling for 2 h. With the extension of ball-milling time, Hc gradually decreased, showing an opposite change tendency to that of Ms. It has been reported that Hc is more sensitive to material microstructure than Ms [55]. The internal stress in powders introduced by the collision and rotation of balls caused lattice distortion in the austenitic phase, resulting in a sharp increase in Hc in the early stage of ball milling. In the subsequent ball-milling process, the austenite phase changed into martensite under the action of stress, along with a decrease in atomic arrangement density and hence the release of lattice distortion energy [56]. Meanwhile, the increase in martensite content strengthened the ferromagnetic exchange between adjacent domains [57], resulting in a decrease in Hc.



The complex permeability and permittivity of 304 stainless-steel powders at different ball-milling times were further studied. Figure 3a,b shows the frequency-dependent characteristics of the complex permittivity (εr = ε′ − iε″) of 304 stainless-steel powders in wax over 1.0~18.0 GHz. At a ball-milling time of less than 6 h, the permittivity increased gradually with the increase in milling time; ε′ increased from 5.70 to 137.23 and ε″ increased from 0.20 to 144.28 at 1 GHz. The increase in permittivity was due to the increase in space-charge polarization and interparticle eddy current. In the first 6 h of ball milling, particles underwent plastic deformation and exhibited greater surface area/grain defects, which contributed to an enhancement in the space-charge polarization of particles in an external alternating electric field [58]. Also, flaky particles were more likely to overlap each other to form a conducting network and hence increase the conductivity σ and eddy current. According to the free electron theory [59],


ε″ = σ/2πfε0



(2)




where f is the frequency of the microwave and ε0 is the permittivity of the vacuum. Therefore, both the real and imaginary parts of permittivity increased continuously within 0–6 h of ball milling. When the particles reached their plastic deformation limit in ball milling, flaky particles would break. After ball milling for 20 h, ε′ and ε″ at 1 GHz decreased to 16.70 and 1.44, respectively. On the one hand, in grains refined by ball milling, the volume fraction of the grain boundary increased [60], indicating the enhancement of electron scattering and a reduction in interparticle eddy currents [61]. On the other hand, SEM images show that particles were broken from flakes to irregular shapes resembling spheres. Contact between particles decreased, thus weakening the interparticle eddy currents.



Figure 3c,d shows the frequency-dependent characteristics of the complex permeability (µr = µ′ − iµ″) of 304 stainless-steel powders in wax over 1.0~18.0 GHz. After ball milling for 6 h, the maximum value of µ′ at 1 GHz increased from 1.10 to 2.40, which was attributed to the formation of a martensitic phase and increased shape anisotropy. Orientation and flake shape were expected to break the Snoek limit and obtain high permeability [62]. The µ′ at 1 GHz after ball milling for 12 h and 20 h was 2.05 and 2.23, respectively, which was due to the weakening of anisotropy caused by particle cracking; however, the formation of more martensitic phase kept µ′ at a high level. The µ″, which shows the ability to attenuate microwaves, exhibited a typical resonance peak in the microwave band [63]. After ball milling for 6 h, the maximum value of µ” increased from 0.15 to 1.20 and showed weak dispersion over 1~18 GHz. With a further increase in ball-milling time, the cracking of particles caused a reduction in the width-to-thickness ratio, the destruction of magnetic domain and a decrease in µ″.



In order to explore the potential applications of 304 stainless-steel powders as microwave absorbents in long-term service at elevated temperatures, heat treatment in air was carried out at different temperatures and times. The phase, electromagnetic parameters and microwave absorption of the 304 alloy powders during heat treatment were analyzed. Figure 4a shows the XRD pattern of 304 stainless-steel powders after ball milling for 20 h and subsequent heat treatment in air at different temperatures for 1 h. It can be seen that the crystal structure of the 304 alloy powders was stable at temperatures up to 500 °C. The Ms of the powders further increased to 92.29 emu/g after heat treatment, while the Hc increased slightly (see Figure S3 in Supplementary Information). The further increase in Ms may be due to the promotion of martensite transformation by heat treatment, leading to a thermal-deformation-induced ferromagnetism effect. The increase in Hc may be caused by slight oxidation. When heated to 600 °C, an obvious transformation of the martensitic phase back to the austenitic phase occurred, resulting in decrease in Ms to 23.45 emu/g. Figure 4b shows the XRD pattern of 304 stainless-steel powders after heat treatment at 500 °C in air for different times. It can be seen that the crystal structure of 304 stainless-steel powders remained unchanged, and the Ms remained stable at 500 °C for 100 h. The Hc rose slightly and then stabilized at about 190 Oe (see Figure S4 in Supplementary Information). The change in Hc may be due to the synergistic effect of Cr oxidation, carbide precipitation and element segregation [64].



The complex permittivity and permeability of flaky 304 stainless-steel powders after heat treatment at 500 °C were further studied. It can be seen from Figure 4c,d that both the real and imaginary parts of the complex permittivity of 304 stainless-steel powders after heat treatment in air dropped significantly. The sharp decrease in permittivity was due to the insulating oxide layer generated on the surface of the powders during heat treatment, thus hindering the formation of conducting networks among flaky powders [65], which is helpful for reducing eddy-current loss and improving the impedance matching of the material. It can also be seen that the imaginary part of the permeability decreased slightly due to oxidation, indicating a limitation of the alloy strategy for preparing anti-oxidation microwave absorbents.



The microwave absorption properties of 304 stainless-steel powders after ball milling and heat treatment were further investigated. The reflection loss (RL) was simulated using complex permittivity and permeability in accordance with the transmission line theory [66]. Figure 5a shows the RL of 304 stainless-steel powders of various thicknesses after ball milling for 20 h and air heat treatment for 5 h. It is noticed that the material has strong microwave absorption performance at thicknesses greater than 1.5 mm. In Figure 5b, the RL at 2 mm is presented for raw 304 stainless-steel powders and those after ball milling and heat treatment. It can be seen that the absorption by raw powders of microwaves is fairly low. After milling for 20 h, the minimum RL reached −10.6 dB due to a significant transformation of the martensite phase. After further heat treatment in air, an enhancement of absorption can be seen due to the sharp decrease in permittivity and improvement in impedance matching. As a result, the material exhibited a minimum RL of −18.6 dB and an RL below −6 dB over 7–16 GHz. Figure 5b also demonstrates that even after 100 h of heat treatment at 500 °C in air, the microwave absorption of 304 stainless-steel powders remained at a high level, giving a minimum RL of −22 dB and an RL below −6 dB over 8.5–16.5 GHz. Therefore, 304 stainless-steel powders can be used as microwave absorbents for long-term working at temperatures of 500 °C, which enlarges the family of microwave absorbents working in harsh environments.




4. Conclusions


In this work, we induced ferromagnetic transformation and shape anisotropy in austenitic 304 stainless-steel powders via deformation to explore their potential as new microwave absorbents working in harsh environments. It was found that the powders changed from spherical to flaky, along with significant transformations from the austenitic to the martensitic phase. The Ms increased sharply from 1.03 to 82.46 emu/g after ball milling, and the µ′ at 1 GHz increased obviously from 1.10 to 2.23. After subsequent heat treatment, the Ms further increased to 92.29 emu/g. The martensitic 304 stainless-steel powders were able to tolerate temperatures up to 500 °C with stable phase structure and permeability. After heat treatment in air, the permittivity of the powders was reduced sharply, whereas the permeability remained at a high level, which gave rise to improved impedance matching and microwave absorption. The simulated RL of resultant absorbents in wax reached a minimum of −18.6 dB at 2 mm and showed values below −6 dB over 7–16 GHz. After working at 500 °C in air for 100 h, the RL remained roughly stable, indicating its potential for microwave absorption at elevated temperatures.
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Figure 1. (a–c) SEM images of (a) raw 304 stainless-steel powders and those after ball milling for (b) 6 h and (c) 20 h; (d–f) XRD pattern of (d) raw 304 stainless-steel powders and those after ball milling for (e) 6 h, 12 h and (f) 20 h. 






Figure 1. (a–c) SEM images of (a) raw 304 stainless-steel powders and those after ball milling for (b) 6 h and (c) 20 h; (d–f) XRD pattern of (d) raw 304 stainless-steel powders and those after ball milling for (e) 6 h, 12 h and (f) 20 h.



[image: Magnetochemistry 09 00208 g001]







[image: Magnetochemistry 09 00208 g002] 





Figure 2. Magnetic properties of 304 stainless-steel powders after ball milling for different times: (a) hysteresis loop, (b) local hysteresis loop at low magnetic field, (c) changes in Ms and Hc with ball-milling time. 
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Figure 3. (a,b) Complex permittivity and (c,d) complex permeability of 304 stainless-steel powders after milling for different times. 
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Figure 4. (a,b) XRD pattern of flaky 304 stainless-steel powders after heat treatment in air (a) at different temperatures for 1 h and (b) at 500 °C for different times; (c) complex permittivity and (d) complex permeability of flaky 304 stainless-steel powders before and after heat treatment in air. 
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Figure 5. Simulated RL of (a) flaky 304 powders after heat treatment at 500 °C in air and (b) those before and after thermal deformation treatment. 
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