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Abstract

:

The effect of different annealing temperatures on the phase stability and mechanical properties of (FeNi)67Cr15Mn10Al5Ti3 high-entropy alloys (HEAs) was studied. The phase stability was analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM), and electron backscattering diffraction (EBSD). The mechanical properties of the alloy were characterized by hardness and tensile tests. Furthermore, the heat-resistant corrosion properties of the (FeNi)67Cr15Mn10Al5Ti3 alloy after annealing at 800 °C was tested under high-temperature steam. The results indicated that HEAs exposed to different annealing temperatures always exhibited the face-centered cubic (FCC) phase. With rising annealing temperature, the dendrite structure of the alloys in the as-cast condition gradually disappeared, with recrystallization and precipitation of larger grains. The tensile strength of the alloy first increased and then decreased with the rising annealing temperature, the hardness and yield strength of the alloy decreased slightly, and the tensile elongation varied greatly. These findings can be used as a basis for improving the phase stability and mechanical properties of a Cr-Fe-Ni-Mn-HEA system with unequal atomic ratios. The heat and corrosion resistance of the alloy at 360 °C and 400 °C was better than that of Zr-4 alloy.
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1. Introduction


Much attention has been paid to high-entropy alloys (HEAs) because of their excellent properties and wide range of possible applications [1,2,3,4,5,6]. In HEA systems, HEAs with equal atomic ratios have been frequently studied because of their typical structure, where a single solid solution phase is formed [7,8,9,10,11]. Annealing is considered as a simple and effective method to improve the microstructure and mechanical properties of HEA. However, microstructure and composition analyses at different scales indicate that the HEA’s solid solution is unstable when annealed at lower annealing temperatures. For example, when exposed to temperatures between 600 °C and 800 °C, isoatomic CrMnFeCoNi alloys exhibited tetragonal σ phases, and all the elements were observed at the grain boundary of the FCC phase. Such unstable phases may result in changeable mechanical properties [12,13,14,15]. Therefore, the phase stability of HEA requires further consideration [16,17].



Alloy components are essential to the phase formation and stability of HEA [18,19,20]. For example, the σ phase can be formed easily by changing the component concentration. Some studies [21,22,23,24] on Cr-Mn-Fe-Co-Ni alloys with unequal atomic ratios show that these alloys have a lower fault energy and more easily form the σ phase, which leads to decreased toughness. To ensure a stable phase structure, no new precipitated phase can be found in the solution of trace elements, and the structure type of the material should be unchanged. For example, Al is usually used as the BCC stabilizer of the AlxCoCrFeNi alloy, whereas Co and Ni are the FCC stabilizers of the CoCrFeNiCuAl alloy [18,19,25,26,27]. Many studies have focused on the structure and properties of HEA with equal atomic ratios. However, the effect of annealing treatment on the microstructure and mechanical properties of HEA with unequal atomic ratios under the action of trace elements remains unclear [4,22,23,24]. In order to cope with complex environments such as high temperature, corrosion, and vibration, the alloy should not only have good mechanical properties, but also have excellent heat and corrosion resistance. The (FeNi)67Cr15Mn10Al5Ti3 high entropy alloy contains high levels of the anti-oxidation and anti-corrosion elements Cr and Al, so its thermal corrosion resistance was studied in order to explore the possibility of replacing the general Zr-4 alloy, which is a good cladding material in the nuclear field.



In this study, microalloyed (FeNi)67Cr15Mn10Al5Ti3 alloys with unequal atomic ratios were explored to investigate the effects of different annealing temperatures (700–1000 °C) on the phase stability and mechanical properties of the alloy and its heat and corrosion resistance compared with Zr-4 alloy. The results contribute to the understanding of the phase stability of HEA systems with unequal atomic ratios and to adjust their microstructure and mechanical properties, laying a theoretical basis for the further design and application of high-strength HEA.




2. Materials and Methods


The following metallic materials with different mass ratios of Fe (34.4 wt.%), Cr (14.3 wt.%), Mn (10.1 wt.%), Ni (36.1 wt.%), Al (2.47 wt.%), and Ti (2.63 wt.%) were placed in a vacuum induction furnace for melting (Xi’an Chao Jing Technology Co. Ltd, Xi’an, China). After this, 5 wt.% Mn was utilized for vacuum arc re-melting four or five times. After cooling for 30 min, the (FeNi)67Cr15Mn10Al5Ti3 HEA in the as-cast condition was obtained using a water-cooled metal mold. The as-cast HEA was annealed at 700 °C, 800 °C, 900 °C, and 1000 °C with the same heating time in a resistance furnace for 2 h before air cooling.



After mechanical polishing and etching, the annealed samples were analyzed by a Shimadzu 6000X X-ray diffractometer (Shimadzu Co., Ltd., Zhongjing District, Kyoto, Japan) and a JSM-7900F field emission scanning electron microscope (Japan Electronics Co., Ltd., Zhaodao, Tokyo, Japan) for grain size and phase structure. The polished samples were etched for 20–50 s in aqua regia. The microstructure and composition of the etched samples were then observed with a FEI Quanta 400F scanning electron microscope (FEI Co., Hillsborough, OR, USA). At room temperature, the tensile properties of the samples were tested using a JX-50A electronic universal material testing machine (Shen Zhen Xin Aansi material testing Co., Ltd., Shenzhen, China).



The (FeNi)67Cr15Mn10Al5Ti3 alloy after heat treatment at 800 °C was subjected to a corrosion test in an autoclave. The corrosion solution was 1000 ppm boric acid and 2 ppm lithium hydroxide, and the temperature and pressure were 360 °C, 18.7 Mpa, 400 °C, and 10.3 MPa respectively. The sampling times were 3 days, 10 days, and 14 days. Each sampling was weighed using an electronic balance, and the corrosion morphology was observed and analyzed with a scanning electron microscope.




3. Results and Discussion


3.1. Analysis of Phase and Microstructure Evolution


Figure 1 shows the XRD patterns of (FeNi)67Cr15Mn10Al5Ti3 HEA at different treatment temperatures. Figure 1a shows the FCC phase of the alloy in the as-cast condition. Studies on the formation of a solid solution of HEA showed that a simple solid solution was formed only when the competition parameter of the mixing enthalpy and mixing entropy of HEA was ω ≥ 1.1 and the atomic radius difference was δ ≤ 6.6% [28,29,30,31,32]. Moreover, the mixing entropy and mixing enthalpy of (FeNi)67Cr15Mn10Al5Ti3 alloy were 12.49J/mol/K and −9.61kJ/mol, respectively, the competitive parameter ω was 1.9, and the atomic radius difference δ was 4.67%. Therefore, the parameter values of (FeNi)67Cr15Mn10Al5Ti3 HEA fell into this range, which was consistent with the test results. No other phase was observed with increasing annealing temperature, which indicated that the HEA had a good phase stability. High mixing entropy promotes the mutual dissolution of elements and inhibits the appearance of ordered phases such as intermetallic compounds [33,34]. Meanwhile, the stable phase is also guaranteed by the design of unequal principal elements in the high Ni alloy.



The peak offset was found, as shown in Figure 1b, in the (111) enlarged view of the crystal plane, which indicated that the lattice constant calculated by indexation (a = b = c = 0.3063 nm) was different from the standard constant (a = b = c = 0.3592 nm). The change in the X-ray diffraction angle for (111) suggests a change in the lattice constant. Obviously, lattice distortion occurred, which might have been caused by different elements, aggregated by segregation, occupying the FCC point locations. According to the XRD patterns, the diffraction peak area became larger after the annealing process, which can be explained by the existence of diffusion and the growing solid solution during annealing. The higher temperature led to an enhanced diffusion effect in the alloying elements, thus forming more fine grains. Moreover, the melting of the primary phase led to grain refinement, which then increased with the prolongation of the holding time.



Figure 2 shows the microstructure morphology and point energy spectrum analysis of (FeNi)67Cr15Mn10Al5Ti3 HEA in its as-cast condition. Figure 2a,b show that the as-cast (FeNi)67Cr15Mn10Al5Ti3 exhibited a typical dendrite structure, consisting of uneven black dendrite structures (DR) and interdendrite structures (ID). According to Figure 2b, the ID structure was loose, and there were interdendrite gaps. The point energy spectrum test results at A and B in Figure 2b are shown in Table 1. The Al and Ti of the as-cast sample segregated at the ID for different radii, valence electron concentrations, and electronegativities. This means that the DR of the as-cast HEA was an FCC structure enriched with the Cr element, and the ID of the as-cast HEA was an FCC structure enriched with Al and Ti elements, which resulted in the different brightnesses between the DR and ID regions.



The microstructure morphology of (FeNi)67Cr15Mn10Al5Ti3 HEA at different annealing temperatures is shown in Figure 3a–h. The dendrite structure of the as-cast alloy gradually became uniform, and the ID structure decreased with the increase in the annealing temperature, and the microstructure was divided into two parts with different bright and shaded areas, as shown in Figure 3a,c,e,g. The ID was a loose microstructure and the DR was dense with a rhomboid black isolated precipitated phase (marked by the circle) from the high-magnification topography shown in Figure 3b,d,f,h. Combined with the distribution of elements in the as-cast alloy structure, the dark part, including the isolated precipitated phase, was the solid solution of the DR with a Cr-rich FCC structure, and the bright area was the solid solution of the ID with a Al- and Ti-rich FCC structure. The formation of such a microstructure was mainly caused by the high entropy effect. When the annealing temperature was lower than 800 °C, the separated elements diffused and tended to become uniform, resulting in the gradual reduction in the Al- and Ti-rich FCC structure phase. However, when the temperature was higher than 800 °C, the Al- and Ti-rich FCC structure phase formed easily due to the mixing entropy of the high-entropy alloy inhibiting the diffusion of the segregation elements.



Figure 4 shows the EBSD patterns of (FeNi)67Cr15Mn10Al5Ti3 HEA at different annealing temperatures. Figure 4a to 4e illustrate that the grain size varied greatly, and the grain size became heterogeneous and then gradually became uniform with the increasing annealing temperature, as shown in Figure 4f. The average grain size was 13.2 μm, and a clear grain boundary was seen when the HEA was annealed at 800 °C. At 1000 °C, the crystal grain size was relatively uniform, the crystal grains became round, and the average crystal grain size was about 23.8 μm. Therefore, at a low annealing temperature (≤800 °C), the elements of (FeNi)67Cr15Mn10Al5Ti3 HEA diffused through the grain boundary, and the solid solution became larger and precipitated out. The microstructure gradually became uniform, but with a heterogeneous grain size distribution as the precipitation time changed. At a higher annealing temperature (>800 °C), the mixing entropy of the alloying elements increased, diffusion at grain boundaries was suppressed, and the unevenly distributed elements presented with a uniform grain size.




3.2. Hardness and Tensile Properties


Figure 5 shows the hardness change in (FeNi)67Cr15Mn10Al5Ti3 HEA at different annealing temperatures. The hardness of the alloy declined from 327.72 HV for the as-cast condition to 240.33 HV at 900 °C, decreasing by about 26.7%. When exposed to an annealing temperature of less than 800 °C, the solid solution structure homogenized, and grain coarsening led to a decrease in hardness [35]. At 1000 °C, the hardness decreased by 10.4% compared with that of the as-cast alloy. The solid solution simultaneously precipitated and increased at high temperature, with a small grain size (as shown in Figure 3h), and the hardening effect of the fine grain increased the hardness of the alloy.



Figure 6 and Table 2 show the stress–strain curves and tensile properties of (FeNi)67Cr15Mn10Al5Ti3 HEA in the as-cast and annealed conditions at different annealing temperatures. The tensile strength and yield strength first increased and then decreased, rising from 821.3 MPa to 919.2 MPa. The fracture structure was obviously a cleavage fracture, with a few dimples, and the alloy was a brittle fracture. When the annealing temperature was ≥800 °C, the tensile strength of the alloy fell into the range of 645–689 MPa, decreasing by 16–21%. The fracture structure was mainly dimpled with good ductility, which was consistent with the change in hardness [36]. In contrast, the tensile elongation increased significantly from about 29.1% to 50–72%. The decline in yield strength and the increase in tensile elongation were caused by homogenization of the single solid solution and coarsening of the grain size. At a low temperature, the homogenization of the composition and the grains, without any growth, led to the enhancement of strength. However, the hardness decreased due to the elimination of the residual stress from casting. Although the homogenization of the composition became complete as the temperature increased, the grains grew, which led to the decrease in a strength and hardness. This also indicates that changing the annealing temperature does not precipitate the brittle σ phase, but changes the solid solution uniformity and grain size. These findings are consistent with the results of Zhu [37] and Salischev [38].




3.3. Hot Corrosion Properties


3.3.1. Corrosion Weight Loss Curve


Figure 7 shows the weight loss curves of corrosion samples of the (FeNi)67Cr15Mn10Al5Ti3 alloy and Zr-4 alloy at 360 °C and 400 °C, respectively. It can be seen that both the (FeNi)67Cr15Mn10Al5Ti3 and Zr-4 alloys gained weight in a 360 °C high-temperature and high-pressure water environment. With the increase in corrosion time, the weight gain of (FeNi)67Cr15Mn10Al5Ti3 increased, but it was lower than that of the Zr-4 alloy. In a 400 °C high-temperature steam environment, both the (FeNi)67Cr15Mn10Al5Ti3 and Zr-4 alloy gained weight, and with the increase in time, the weight gain degree of (FeNi)67Cr15Mn10Al5Ti3 was significantly lower than that of the conventional Zr-4 alloy.




3.3.2. Hot Corrosion Morphology


Figure 8 shows the microstructure of the (FeNi)67Cr15Mn10Al5Ti3 and Zr-4 alloys after corrosion in a 360 °C high-temperature and high-pressure water environment for 14 days. After 14 days of corrosion in a 360 °C high-temperature and high-pressure water environment, the oxide particles on the surface of (FeNi)67Cr15Mn10Al5Ti3 were unevenly distributed, and there were coarse particle areas and fine particle areas. By scanning the composition of O, Fe, Cr, Mn, Ni, Al, and Ti at low magnification, it was seen that the poor Cr, Ni, and Ti were obviously enriched in the coarse area of the oxide particles (Figure 9). After 14 days of corrosion in a 360 °C high-temperature and high-pressure water environment, there were no obvious corrosion products on the surface of the Zr alloy. By scanning the surface of the O, Zr, and Sn components, it was seen that the components were evenly distributed and there was no element aggregation (Figure 10). The composition analysis showed that the content of O was 29.4 wt.%, Zr was 69.3 wt.%, SN was 1.0 wt.%, and a small amount of Fe and Cr were observed at 0.2 wt% and 0.1 wt.%, respectively.



Table 3 shows the results of a point component analysis of Figure 11. It can be seen from the point composition analysis that the overall Cr content in the large particle area was about 12%, which was about 15% lower than that observed in the small particle area. In the large particle area, the large particles were mainly oxide with a low content of Ti. The bottom layer had a low oxygen content but with high contents of Ni, Mn, and Fe. The small particle area was covered by oxide, and the oxygen content was higher than that of the bottom layer. The small particle area had a high Cr content and low Mn, Ni, and Ti contents.



Figure 12 shows the microstructure of the (FeNi)67Cr15Mn10Al5Ti3 and Zr-4 alloys after corrosion in a 400 °C high-temperature and high-pressure water environment for 14 days. In the 400 °C high-temperature steam environment, the oxide particles on the surface of (FeNi)67Cr15Mn10Al5Ti3 were unevenly distributed, and there was a region without coarse oxide particles. The surface scan (Figure 13) of the O, Fe, Cr, Mn, Ni, Al and Ti components demonstrated that the oxygen content of the large particles was high and the oxygen content of base was low. In the area containing coarse oxide particles, the contents of Fe and Cr were high, the contents of Ni and Ti were low, and there was no significant difference between Mn and Al. In the 400 °C high-temperature steam environment, it can be seen from the Figure 14 that a large number of cluster products were distributed on the surface of the Zr alloy. The oxygen and chromium contents of these clusters were high and the Zr content was very low, which resulted from the oxidation of chromium. The point composition analysis of the clusters shows that the content of O was about 48.5 wt.%, the content of Cr was 42.2 wt.%, the content of Zr was 2.0 wt.%, and the rest were C elements. For the cluster free region, the content of O was about 27.4 wt.%, the content of Zr was 59.6 wt.%, the content of Sn was 1.0 wt.%, and the rest were C elements.






4. Conclusions


In this paper, the microstructure and phase stability of (FeNi)67Cr15Mn10Al5Ti3 HEA in as-cast conditions and at different annealing temperatures, and the change rules of alloy hardness and tensile properties were studied. The main conclusions are as follows:



The single FCC phase was found in the HEA in the as-cast and annealed conditions. The stable phase structure was consistent with the criterion of solid solution formation in HEA.



The transition of the solid solution microstructure of (FeNi)67Cr15Mn10Al5Ti3 HEA at the same annealing time was mainly caused by the solid solution and precipitation of Al and Ti in the FCC structure with the increasing temperature. The homogenization of solid solution was the main process, and the growth of grains was difficult, which resulted in a non-monotonous relationship between the strength and the hardness. However, at higher annealing temperatures, the diffusion of elements was inhibited, and the elements in the rich and poor areas of the solid solution were homogenized.



For unequal principal element (FeNi)67Cr15Mn10Al5Ti3 HEA, with an increase in the annealing temperature, a homogenized solid solution and a change in grain size were observed, which led to a change in the mechanical properties of the alloy. Low-temperature annealing can improve the tensile strength of HEA. At 700 °C, the tensile strength was 919.2 MPa, with an elongation of 26.3%. At higher annealing temperatures, the ductility of HEA can be improved. When the annealing temperature was ≥800 °C, the elongation of the alloy more than doubled.



Both (FeNi)67Cr15Mn10Al5Ti3 HEA and Zr alloys gain weight in a 360 °C high-temperature and high-pressure water environment. With the increase in corrosion time, the weight gain of HEA increased, but it was lower than that of the Zr alloy. In a 400 °C high-temperature steam environment, both the (FeNi)67Cr15Mn10Al5Ti3 and zirconium alloys gained weight, and with the increase in time, the weight gain degree of (FeNi)67Cr15Mn10Al5Ti3 was significantly lower than that of the conventional Zr alloy.
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Figure 1. XRD patterns of (FeNi)67Cr15Mn10Al5Ti3 HEA. (a) Diffraction pattern of 2θ between 20° and 100°. (b) (111) Enlarged view of crystal plane. 
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Figure 2. Microstructure morphology of (FeNi)67Cr15Mn10Al5Ti3 HEA: (a) 500×; (b) 5000×; A and B is the point energy spectrum of pentagram marks. 
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Figure 3. Microstructure morphology of (FeNi)67Cr15Mn10Al5Ti3 HEA at different annealing temperatures: (a,b) 700 °C; (c,d) 800 °C; (e,f) 90 0°C; (g,h) 1000 °C. 
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Figure 4. EBSD patterns of (FeNi)67Cr15Mn10Al5Ti3 HEA: (a) as-cast; (b) 700 °C; (c) 800 °C; (d) 900 °C; (e) 1000 °C; (f) grain size distributions. 
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Figure 5. Microhardness of (FeNi)67Cr15Mn10Al5Ti3 HEA at different annealing temperatures. 
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Figure 6. Stress–strain curves and microstructure morphology of (FeNi)67Cr15Mn10Al5Ti3 HEA at different annealing temperatures: (a) stress–strain curves; (b) as-cast; (c) 700 °C; (d) 800 °C; (e) 900 °C; (f) 1000 °C. 
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Figure 7. Corrosion weight loss curve of the (FeNi)67Cr15Mn10Al5Ti3 alloy and Zr-4 alloy: (a) 360 °C; (b) 400 °C. 
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Figure 8. Microstructure after corrosion in a 360 °C high-temperature and high-pressure water environment for 14 days: (a) (FeNi)67Cr15Mn10Al5Ti3 alloy; (b) Zr-4 alloy. 
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Figure 9. Surface scan of the (FeNi)67Cr15Mn10Al5Ti3 alloy after corrosion in a 360 °C high-temperature and high-pressure water environment for 14 days: (a) Distribution diagram of O; (b) Distribution diagram of Fe; (c) Distribution diagram of Cr; (d) Distribution diagram of Mn; (e) Distribution diagram of Ni; (f) Distribution diagram of Al; (g) Distribution diagram of Ti. 
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Figure 10. Surface scan of the Zr alloy after corrosion in a 360 °C high-temperature and high-pressure water environment for 14 days: (a) Distribution diagram of O; (b) Distribution diagram of Zr; (c) Distribution diagram of Sn. 
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Figure 11. Spot scan of the (FeNi)67Cr15Mn10Al5Ti3 alloy after corrosion in a 360 °C high-temperature and high-pressure water environment for 14 days. 
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Figure 12. Microstructure after 14 days of corrosion in a 400 °C high-temperature and high-pressure water environment: (a) (FeNi)67Cr15Mn10Al5Ti3 alloy; (b) Zr-4 alloy. 
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Figure 13. Surface scan of the (FeNi)67Cr15Mn10Al5Ti3 alloy after corrosion in a 400 °C high-temperature and high-pressure water environment for 14 days: (a) Distribution diagram of O; (b) Distribution diagram of Fe; (c) Distribution diagram of Cr; (d) Distribution diagram of Mn; (e) Distribution diagram of Ni; (f) Distribution diagram of Al; (g) Distribution diagram of Ti. 
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Figure 14. Surface scan of the Zr alloy after corrosion in a 400 °C high-temperature and high-pressure water environment for 14 days: (a) Distribution diagram of O; (b) Distribution diagram of Zr; (c) Distribution diagram of Fe; (d) Distribution diagram of Cr. 
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Table 1. EDS results of microregion in (FeNi)67Cr15Mn10Al5Ti3 HEA.
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Elements

	
A

	
B






	
Al/wt.%

	
3.51

	
2.62




	
Ti/wt.%

	
6.74

	
3.50




	
Cr/wt.%

	
7.93

	
12.70




	
Mn/wt.%

	
14.84

	
11.06




	
Fe/wt.%

	
18.78

	
29.75




	
Ni/wt.%

	
48.20

	
40.36




	
Total

	
100
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Table 2. Tensile properties of (FeNi)67Cr15Mn10Al5Ti3 HEA.
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	Samples
	Elongation after Breaking (%)
	Tensile Strength (MPa)
	Yield Strength (MPa)
	Specified Plastic Elongation Strength (MPa)





	as-cast
	29.1
	821.3
	694.7
	570.9



	700 °C
	26.3
	919.2
	777.9
	302.7



	800 °C
	55.6
	645.2
	381.8
	190.9



	900 °C
	50.3
	666.6
	402.2
	216.1



	1000 °C
	72.6
	688.7
	363.0
	224.2
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Table 3. Spot scan composition of the (FeNi)67Cr15Mn10Al5Ti3 alloy after corrosion in a 360 °C high-temperature and high-pressure water environment for 14 days.
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	Particles Size
	Analysis Point
	O
	Fe
	Cr
	Mn
	Ni
	Al
	Ti





	Large particle
	36
	40.0
	17.5
	12.8
	6.5
	20.2
	1.7
	1.3



	Large particle
	41
	25.7
	21.9
	13.7
	8.4
	26.8
	1.5
	1.9



	base
	37
	17.4
	23.2
	11.9
	10.4
	32.9
	1.5
	2.6



	base
	40
	15.6
	23.5
	12.1
	10.7
	33.9
	1.6
	2.6



	base
	42
	12.2
	24.1
	12.2
	11.5
	35.6
	1.5
	2.8



	base
	43
	13.9
	24.9
	12.6
	10.9
	33.8
	1.5
	2.5



	base
	44
	24.4
	22.5
	12.1
	9.0
	28.5
	1.3
	2.2



	granule
	38
	24.1
	24.4
	15.4
	7.9
	25.1
	1.6
	1.5



	granule
	39
	25.7
	24.2
	15.0
	7.8
	24.3
	1.6
	1.3



	granule
	45
	29.5
	23.0
	14.5
	7.3
	22.8
	1.5
	1.4



	granule
	46
	26.5
	23.7
	15.2
	7.6
	23.8
	1.7
	1.3
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg





media/file8.jpg
400 T T T T T
327.7
350 4 I BIT' 2
293.2
356} l J 269. 4 I
B 240.3
S 2504 T
z . iy
P
2 200
2
=l
£ 150
100 4
504
0 T T T T T
as-cast 700 °C 800 °C 900 °C 1000 °C

Annealing





media/file27.png





media/file13.png
(ﬁ) 00004 , , :
00003 | —m—FeCrMnNiAITi .
—— 71 Alloy
00002 - i
=

% 00001 | -
000D F - = = = F = = —m - m - e e e e e e e - - -

-0.0001 L . L L

0 4 8 12

Time (day)

(b) 00018

00012

0.0008

AWV ()

00004

0.0000

—a— FeCrMnMNIAITI

- —a— 7T Alloy -

Time (day)





media/file12.jpg
©)==

we






media/file18.jpg





media/file9.png
400

350 -

300

DO

(o)}

(-
1

Hardness (HV)
- Do
S S

100 -

90

327. 7

312. 2

269. 4

240. 3

293. 2

as-cast

1
700 °C

800 °C

Annealing

900 °C

|
1000 °C






media/file14.jpg





media/file20.jpg
y P EmEss
Pointts o Roint 3
bl D






media/file23.png
-, A% D ¢

Mags= IR R EMT X000al Szl e Mig= FOOKX WD= ASmm ENT= 2000 &Y Signald s SET






media/file5.png





media/file15.png
EWT= 2000kY Signal A= SE2

S — -— — n
— —

e ————— L -

—_ :

) -

[ "

-

- -
= .
- gl W
- —
‘. -
. - .
— - =, -
-
-
- -
. . - -
— . - ; o
e—— s — - A
Bt -

.
. -
1 = -_—
-

—

e
S

e —

- —
- - — - . ey
_——_—,—-‘d—- R e i e e e A —— —

- o—
a i > t - X
J , w -
— r — -
- R — —
‘—' - — - iy, ——
- e - -
‘- —— Y E—— -
—— - . — - - —

‘.-—.... —_ —— . s
T — a -
= - — ia i
e — :
- S ] il — g
- e ———— - i
S - e i - —;' % P —
— - .. e e - - E
— — b - e
p— . ——— — e —
-, — - — s E - -
—
- -— -  — - -
J—_— - - e
pe— , - — - u
- n - : . N e
R L r - —- - o
— L S " - = - ]
- .

"‘E‘r. |_’.'?.'ﬂ" Mag= 500X WD= &4 s ENT= 20004V Sipwail A= SEZ






media/file19.png





media/file2.jpg





nav.xhtml


  metals-12-01467


  
    		
      metals-12-01467
    


  




  





media/file11.png
. _é-_'tl.‘:'-"' {:a'st.

—tg— 700 °C

—f== 800 °C
s — o B Gy
e
L

1000 °C | & ihe

A






media/file6.jpg





media/file24.jpg





media/file1.png
Intensity(a.u.)

(a) (110 +:FCC
«:BCC
(200)
. (220) 311
1000 °C JE”O)\ N ( . )(232)
900 OC _‘Jw\- N _j\L
800 °C JLN .
700 °C L o A
as—cast alloy \, A R A
20 40 60 80 100

20(°)

Intensity(a.u.)

(b) (111)
*

+:FCC
«:BCC

(110)
1000 °C
900 °C
800 °C
700 °C
as-cast alloy
! I I I
42 43 44 45
20(°)

46





media/file10.jpg





media/file7.png
(a)

(b)

(d)

(e)






media/file16.jpg





media/file3.png
30 jirm

fiRes Gold on Carban

=i

—

I~ -
S
» .
- ‘.-.
...ﬂ .Y oy . .
» - B
. g g o 2
Lo L Sy : L, o B
: ol Y
.. & y .u.. b ._.






media/file22.jpg





media/file17.png





media/file4.jpg





media/file25.png
" 10um

(g)

JET—
10garmi

- i-.:-'r: ..

LRk L]






media/file0.jpg
Anidyan)

[—






media/file21.png
ABE 44,

e =
.15’53 90 . J@M Y Bbintd4

Pointe0

15 4,
’ Point42‘

36 ‘* ‘
it " Poi ’
Q i
: : ‘ >
.

5= 38 | %M
Point46 o Roint38 i) 39 ol s
it P46 - ' Point39 -






