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Abstract

:

The high-temperature properties of new alloys need to be investigated to guide the hot working process. The temperature sensitivity of various microstructures of Fe45Mn15Cr15Ni25 and Fe35Mn15Cr15Ni25Al10 cobalt-free high-entropy alloys was investigated using high-temperature tensile tests. For recrystallized alloys, the increase in aluminum (Al) atoms exacerbates the emergence of serration behavior, prolongs the strain hardening capacity, and delays the decrease in plasticity. The Fe35Mn15Cr15Ni25Al10 alloy, with a high-density precipitated phase, exhibits excellent mechanical properties at 673 K. It has a yield strength of 735 MPa, an ultimate tensile strength of 1030 MPa, and an elongation of 11%. Ultimately, it has been found that the addition of the element Al improves the strength, oxidation resistance, and thermal stability of the alloy. According to the solid solution strengthening model fitting and nanoindentation results, the temperature sensitivity of the yield strength of the alloy is primarily attributed to the solid solution strengthening and phase interface forces. There is relatively less variation in grain boundary strengthening and precipitation strengthening. The relationship between the mechanical properties and temperature of the alloy can be predicted to guide the machining process of the alloy.
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1. Introduction


The discovery of high-entropy alloys (HEAs) was a breakthrough in the field of materials and provided us with a wide range of options to expand our choices for achieving desired alloy compositions [1,2,3,4]. Many HEAs with excellent properties have been developed. As an example, the face-centered cubic (FCC) CoCrFeMnNi HEA has been widely studied due to its superior ductility and damage tolerance at both room temperature and low temperatures [5,6]. Moreover, the mechanical behavior at high temperatures was also investigated to determine the effect of the thermal processing temperature [7,8]. In a comprehensive study, the quantitative relationship between milling temperature and milling speed in CoCrFeNiAlX high-entropy alloys was established [9]. The high-entropy effect was found to achieve excellent oxygen barrier performance in other studies [10]. The establishment of the processing–microstructure–properties relationship is necessary for material development.



Currently, extensive research is being conducted on low-cost cobalt-free high-entropy alloys. In the development of cobalt-free HEAs, numerous special structures and compositions with excellent comprehensive mechanical properties have been reported [11,12,13]. However, little attention has been given to the thermal deformation of these HEAs. The mechanical behavior and thermal stability of HEAs at high temperatures are still unclear. These must be taken into account during the manufacturing process. This type of low-cost alloy requires more fundamental data to develop new alloys with even better properties.



Additionally, the precipitated phase and aluminum elements have an important impact on the high-temperature properties of the alloys [14,15]. The addition of aluminum (Al) elements could promote dislocation nucleation and improve the strength and plasticity of the alloy [16,17]. Furthermore, the presence of the element Al increases the oxidation resistance of the alloys [18]. The AlCoCrFeNi2.1 eutectic high-entropy alloy, composed of the ordered FCC phase (L12) and the ordered body-centered cubic phase (B2), exhibits exceptional mechanical properties at temperatures below 973 K [19]. However, the temperature sensitivity of semi-coherent body-centered cubic (BCC) or B2 precipitates remains uncertain.



Therefore, it is of great interest to investigate the high-temperature mechanical behavior of cobalt-free FeMnCrNi(Al) HEAs. The Fe45Mn15Cr15Ni25 and Fe35Mn15Cr15Ni25Al10 (in at.%) HEAs developed in the early stage of research were selected for the current research [11]. The control groups for the element Al and precipitated phase were set separately. This study will investigate the relationship between mechanical behavior and microstructural evolution during hot tensile tests, focusing on the influence of deformation temperatures. At the same time, constitutive equations for yield strength were also developed to predict the trend of alloy properties.




2. Materials and Methods


Alloy ingots with nominal compositions of Fe45Mn15Cr15Ni25 (Al0) and Fe35Mn15Cr15Ni25Al10 (Al10) (in at.%) were prepared through arc melting a mixture of metallic elements in a high-purity argon atmosphere. The purity of each raw material was at least 99.9 wt.%. The as-cast ingots were subjected to homogenization, cold rolling (CR), and then recrystallization annealing at 1273 K for 1 h and 1473 K for 10 min, respectively. The specimens are referred to as R1273 and R1473, respectively. The third alloy containing high-density precipitates was obtained by aging after R1473 at 973 K for 10 h, named A973. The cooling method used in the final heat treatment mentioned above was air cooling. The pretreatment processes in this study were all used due to the previous research results.



Tensile tests were performed using an Instron 5969 (Instron, a Division of Illinois ToolWorks Inc. ITW, Norwood, MA, USA) machine at a constant strain rate of 1 × 10−3 s−1 at room temperature (293 K) and other temperatures. Dog-bone-shaped specimens with gauge dimensions of 13 mm (length) × 3 mm (width) × 0.7 mm (thickness) were prepared. The samples were rapidly heated to a specific temperature (473, 673, 873, and 1073 K) ±10 K using a Thermo Riko (Tokyo, Japan)/GA298 infrared lamp heating device, held for 5 min, and then stretched. All tensile tests were repeated at least three times to ensure the reliability and reproducibility of the results. The microstructure, fracture morphologies, and elemental analysis were investigated using a Phenom XL (Phenom-World BV, Eindhoven, The Netherlands) scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS). Nanoindentation (Bruker, Minneapolis, MN, USA) experiments were performed for H1473 samples at room temperature using a Berkovich diamond indenter. The nanohardness tests were conducted at a constant loading rate of 1.6 mN/s with a peak load of 8 mN.




3. Results


3.1. Initial Microstructures


Figure 1a–c show the SEM morphologies of R1273, R1473, and A973, respectively. The Fe45Mn15Cr15Ni25 (Al0) alloy is a single-phase recrystallized microstructure with an average grain size of approximately 30 μm. The recrystallized matrix of the Fe35Mn15Cr15Ni25Al10 (Al10) alloy contains a small amount of secondary precipitated phase, and its grain size is about 39 μm. The second-phase particles are a bulk NiAl-B2 phase with a size of 4 μm, accounting for 3.7%. In contrast, the A973 sample contains 24.4% of precipitated phases such as NiAl-B2 and Cr-rich phases, ranging in size from 20 nm to 4 μm. Secondary precipitated phases exist both at grain boundaries and within the grains. The size of the precipitated phase on the grain boundary is approximately 400 nm, while the size of the precipitated phase within the grain is around 130 nm. This portion of the precipitated phase accounts for 16.7%. The results of the statistics were derived from previous studies [11]. The main difference between R1273 and R1473 lies in the Al content, while A973 and R1473 are distinguished by the content of the precipitated phase. Table 1 presents the atomic percentage chemical composition of the FCC matrix in the studied alloys. The composition of the alloy is in the final state.




3.2. Tensile Properties


Figure 2 illustrates the engineering stress–strain curves of the R1273, R1473, and A973 alloys at different temperatures, and the changes in yield strength (σ0.2), ultimate strength (σu), and total elongation (εu) are summarized. The specific values of Figure 2(a1–c1) are listed in Table 2. Table 2 presents the tensile properties of the studied alloys at both room temperature and elevated temperatures. The decreasing trend of the yield strength in the R1273 and R1473 alloys was similar as the temperature increased. The yield strength of the R1273 alloy decreased from 190 MPa to 85 MPa, while the yield strength of the R1473 alloy decreased from 255 MPa to 140 MPa. However, the elongation of the R1473 alloy decreased at a slower rate compared to the R1273 alloy. The plasticity of the R1473 alloy at 473 K and 673 K was even higher than at room temperature. This indicates that the addition of aluminum (Al) not only enhances the oxidation resistance of the alloy but also improves its thermal stability. The yield strength and ultimate tensile strength of the alloys in Figure 2(a1,b1) almost coincided at 1073 K, indicating that thermal softening occurs at high temperatures. The onset temperature of thermal softening for the R1273 and R1473 alloys was around 1073 K.



In contrast, the A973 alloy, which contained high-density precipitated phases, began to significantly soften at 773 K, and then the strength of the alloy decreased remarkably at 873 K. Excellent comprehensive mechanical properties were obtained at 673 K, with a yield strength of 735 MPa, an ultimate tensile strength of 1030 MPa, and an elongation of 11%.



The early softening temperature of the A973 sample should be related to the precipitation of the secondary phase. The increase in the temperature leads to a decrease in the interaction force between the two phases, a significant weakening of the back-stress hardening, and subsequently a decrease in the strength and strain hardening capability of the alloy [20]. The relationship between elongation and temperature of the A973 alloy is non-linear, which distinguishes it from the recrystallization alloy mentioned above. At 1073 K, the work-hardening ability of the A973 alloy almost completely disappeared, and the total elongation increased. The softening of the alloy at this point was entirely dominant.



In addition, Figure 3 shows the serrated flow behaviors, and the stress fluctuation phenomenon during the plastic deformation was observed on the high-temperature tensile curves of the R1273 and R147 alloys. For the R1273 alloy, serrations only appeared at 673 K, whereas for the R1473 alloy, serrations occurred between 473 K and 873 K. The R1273 HEA only exhibited type-A serrations with a gradually increasing amplitude, as shown in Figure 3a–c. The type-A serrations had upward spikes above the average flow stress [21]. The R1473 HEA began to show type-A serrations at the later stage of deformation at 473 K. Figure 3e–h exhibit the serrated type of R1473 alloy at 673 K ranges from A to A + B, B, and until fracture. The frequency of the serrations always increased. Type-B serration had a uniform frequency and amplitude, which may be favorable for alloy plasticity [22,23]. The plasticity of the R1473 alloy slowly decreased. Figure 3i indicates that the R1473 alloy exhibited type-C serrations at 873 K. These type-C serrations featured stress drops below the average flow stress level, which typically occur at elevated temperatures [22]. It has been suggested that the occurrence of serrated plastic deformation is likely related to the propensity for cross-slip [24]. The types of serrations are usually related to the deformation mechanism and solute drag effect [24,25]. Therefore, the A973 sample did not show serrations during high-temperature deformation, probably due to the presence of the secondary phase weakening the solute drag effect. The interaction between the precipitated phases and dislocations was more apparent.



Furthermore, the comparison of the yield strength, ultimate tensile strength, and elongation at various temperatures in the present study and other alloys is presented in Figure 4 [19,25,26,27,28,29,30,31]. The reference values are shown in Supplementary Table S1. For the single-phase alloys investigated in this study, the mechanical properties and temperature sensitivity are comparable to those of FCC alloys, such as CoCrFeMnNi HEAs and 316SS stainless steels. Judging from the strength reduction factors (k0.2 = σ0.2, T/σ0.2 and ku = σu, T/σu), these can be comparable to certain duplex stainless steels and superior to some austenitic stainless steels [32]. This also indicates that the addition of the element Al enhances the thermal stability of the alloy. The A973 alloy has high strengths below 673 K, approaching that of the coherent nanoprecipitation-strengthened superalloys and several eutectic alloys [19,26,28]. However, the thermal stability of the alloy is poor, and the properties of the alloy considerably decrease after 673 K. The thermal stability of the semi-coherent interface is much worse than that of the coherent interface. Therefore, the alloys studied here are only suitable for medium and low-temperature environments.




3.3. Fracture Characteristics


Figure 5 presents the fracture morphologies of the tensile specimen at different temperatures. With the increase in the temperatures, the fracture mode changes from ductile fracture to intergranular fracture. The fracture features of the alloy are dimples from room temperature to 873 K. The fracture mode of the R1273 and R1473 alloys changed at 873 K, exhibiting fewer dimples, intergranular fracture, and the presence of some fine particles.



The intergranular fracture is related to the embrittlement of the alloy at medium temperatures [31]. More globules were formed at 1073 K, which may be due to dynamic recrystallization occurring at the crack tip [25]. Figure 5(e–e2) show partially enlarged graphs of Figure 5(d–d2), respectively. It shows the globules more clearly. The partial melting phenomenon of the R1273 alloy is more severe than that of the R1473 alloy. The A973 alloy has always exhibited a mixed fracture mode characterized by cleavage planes and dimples. Intergranular fracture occurs at 873 K, while globules form at 1073 K. At 1073 K, it undergoes a complete transformation into a ductile fracture, and the dimples become noticeably larger. This is consistent with the softening in mechanical properties observed at 1073 K. In other words, the impact of temperature on fracture characteristics is highly pronounced.



Additionally, the oxidation of the alloy was found on the fracture surface. Figure 6 illustrates the presence of oxides and newly generated NiAl precipitates at the fracture site of the tensile specimens of the R1473 alloy at 1073 K. The oxide is only present on the fracture surface. Moreover, it was observed that the alloy began to oxidize at 873 K, resulting in a blackened fracture surface. Oxide particles also contribute to embrittlement at medium temperatures. On the other hand, the plasticity of the R1473 alloy decreases less than that of the R1273 alloy, indicating that the presence of the element Al affects the oxidation resistance. At the same temperature, the oxidation degree of the R1473 alloy is lower than that of the R1273 alloy. Correspondence with Figure 5(e–e2) reveals that the coarse globules consist mostly of oxides, whereas the smaller particles are precipitated phases. Combined with the results of tensile testing, the formation of fine precipitates during the tensile process enhances the occurrence of serrations. It improves the work-hardening capacity of Al-added alloys and has little effect on their plasticity. The high-temperature mechanical properties of the A973 alloy also show that the high-density precipitates do not aggravate the occurrence of stress concentration at high temperatures. In conclusion, the addition of the element Al enhances the oxidation resistance of the alloy and slows down the degradation of its mechanical properties.



Figure 7 presents the post-fracture cross-sectional morphologies of the three samples at 1073 K. The R1273 alloy displayed a clear dynamic recrystallization phenomenon, as seen in Figure 7a. The recrystallized grain size was about 3.6 μm. However, there were only a large number of crossed slip bands in the R1473 alloy, and no dynamic recrystallization was found. Cross networks are the core of dynamic recrystallization [33,34]. In fact, the recrystallization temperature of the Fe45Mn15Cr15Ni25 alloy was much lower than that of the Fe35Mn15Cr15Ni25Al10 alloy in previous studies. The morphology of the A973 alloy is dominated by grain elongation, with a small amount of slip bands, indicating the presence of grain growth. These characteristics correspond to the mechanical properties. The mechanical characteristics of the Fe35Mn15Cr15Ni25Al10 alloy are significantly different from those of single-phase alloys because of the presence of high-density semi-coherent precipitates. In addition, black microcracks appeared on the fracture surface. The majority of them were distributed on the grain boundaries, which was consistent with the intergranular fracture characteristics at high temperatures. The stress concentration at high temperatures is more inclined to occur at the grain boundaries. The effect of dislocations on the phase interface is weakened at high temperatures.





4. Discussion


The temperature sensitivity of the yield strength varies among the three alloys. To better highlight the temperature dependencies of the yield strength, the experimental data were fitted using the solid solution strengthening model proposed by Varvenne et al. The temperature-dependent flow stress (   σ y  ( T ,  ε ˙  )  ) is given by [35,36] the following:


   σ y  ( T ,  ε ˙  ) = M ⋅  τ  y 0     1 −       k T   Δ  E b    ln     ε ˙  0    ε ˙        2 3       



(1)







Here, M = 3.06 (FCC); T and   ε ˙   = 10−3 s−1 are the temperature and strain rate of the test, respectively;    τ  y 0     is the shear stress at 0 K;     ε ˙  0    is a reference strain rate with a value of 104 s−1; k = 1.3806 × 10−23 J/K which is the Boltzmann constant; and   Δ  E b    is the energy barrier of thermal activation.    τ  y 0     and   Δ  E b    can be, respectively, written as follows [35,37]:


   τ  y 0   = 0.051  α  −  1 3    μ       1 + ν   1 − ν        4 3     f 1  (  w c  )         ∑ n    c n    Δ   V ¯  n 2  +  σ  Δ  V n   2         b 6         2 3     



(2)






  Δ  E b  = 0.274  α   1 3    μ  b 3        1 + ν   1 − ν        2 3     f 2  (  w c  )         ∑ n    c n    Δ   V ¯  n 2  +  σ  Δ  V n   2         b 6         1 3     



(3)




where α = 0.123 [38]; μ is the shear modulus, obtained by mixing pure elements; ν = 0.24 is the Poisson ratio from the FeCrNi alloy at 293 K [39]; b =      2   / 2    a   which is the Burgers vector from previous studies; a is the lattice constant of the FCC matrix [11];    f 1  (  w c  )   = 0.35;    f 2  (  w c  )   = 5.70;    c n    is the molar ratio of each element in the alloy;    σ  Δ  V n      is the standard deviation caused by local fluctuations, which can be ignored in the calculation;   Δ   V ¯  n    is the average misfit volume; and   Δ   V ¯  n  =  V n  −  V ¯   ,    V ¯  =   ∑ n    c n   V n     . The atomic volumes (   V n   ) of Fe, Ni, Mn, Cr, and Al are 12.09, 10.94, 12.6, 12.27, and 14.3 Å3, respectively [36].



Finally, the solid solution strengthening of the R1273 and R1473 alloys was calculated to be 92 MPa and 161 MPa, respectively. Combined with the grain boundary strengthening observed in the previous study, the calculated yield strengths at room temperature were 182 MPa and 253 MPa, which closely match the experimental values of 190 MPa and 255 MPa, respectively. Similarly, other temperature values were fitted. The constant term of the fitting function in Figure 8a–c represents the combined effect of various strengthening mechanisms, excluding solid solution strengthening. The fitting accuracy of the R1473 and A973 alloys is poorer, which may be attributed to the presence of a secondary phase.



Another classical Zerilli–Armstrong (Z-A) model can also predict the yield strength of materials at different strain rates or temperatures [40]. It is a macroscopic predictive constitutive model based on physical principles. The expression is as follows:


   σ y  =  c 1   ε   1 / 2    e x p   −  c 2  T +  c 3  T l n  ε ˙    +  σ G   



(4)




where c1, c2, and c3 are material parameters; ε is taken as 0.002;   ε ˙   is 10−3 s−1; T is the thermodynamic temperature; and σG is the adiabatic stress, which can be recognized as the grain boundary strengthening effect of the recrystallized alloy. Taking the R1273 alloy as an example, the material parameters in Equation (4) were fitted using the yield stresses at temperatures of 77, 473, 873, and 1073 K. The fitted values of c1, c2, and c3 were 6610 MPa, 8.2 × 10−3 K−1, and 7.38 × 10−4 K−1, respectively. The coefficient of determination was 0.97 (R2 = 0.97). The fitting equation predicted that the yield strength of the alloy at 293 K was 209 MPa and the yield strength of the alloy at 673 K was 127 MPa, which is in good agreement with the experimental values. The Z-A model also provides a good description of the yield strength of single-phase alloys as a function of temperature. The effect of second-phase particles at different temperatures remains unknown.



Both the strength of the precipitated phase and the phase interface introduce effects. It is impossible to quantitatively calculate the change in phase interface interaction force with temperature. However, it is possible to test the microhardness of the heated bulk second phase in order to determine the effect of the precipitated phase. The representative load–displacement (P-h) curves of the bulk NiAl-B2 phase in the R1473 alloy at various temperatures are depicted in Figure 8. Nanoindentation results indicate the characteristics of the microstructure [16]. The hardness of the secondary phase decreases less as the temperature increases. Thus, the uncertain factors in the model arise from the two-phase interface. Chou et al. revealed that the strengthening effect of hetero-grain/precipitation engineering begins to decline after 673 K [20]. There is a sudden decrease in the interaction force between the second-phase particles and the matrix. This is consistent with the softening of the A973 alloy at 773 K. However, this section cannot be quantitatively analyzed at this time.



The contribution of the aluminum element to the matrix is mainly in solid solution strengthening. At the same time, the addition of the element Al improves the oxidation resistance and promotes type-B serration behavior, thereby improving the strain-hardening capability of the alloy. The high density of precipitates allows the alloy to maintain excellent mechanical properties at 673 K. Furthermore, the weakening of phase interface interactions should help to alleviate stress concentrations. The plasticity of A973 alloy has been slightly improved. Therefore, the A973 alloy is superior below 673 K.




5. Conclusions


In this study, the temperature sensitivity of different components and microstructures was analyzed by examining the high-temperature mechanical behavior of Fe45Mn15Cr15Ni25 and Fe35Mn15Cr15Ni25Al10 high-entropy alloys. The properties were correlated with the results of the tensile test and fracture characteristics.



	(1)

	
The serration features, ranging from type-A, A + B, B, to C, are observed in the recrystallization alloy doped with Al between 473 K and 873 K. However, the Fe45Mn15Cr15Ni25 alloy only exhibits type-A serrations at 673 K. This suggests that the presence of Al intensifies solute–dislocation interactions and enhances the strain-hardening ability of the alloy. The appearance of type-B serrations delays the reduction in plasticity in the R1473 alloy.




	(2)

	
Intergranular fracture and oxidation can cause medium-temperature embrittlement of the recrystallized alloy at 873 K. This indicates that the hot working temperature of the studied alloy should be below 873 K.




	(3)

	
The aged Fe35Mn15Cr15Ni25Al10 alloy maintains excellent mechanical properties at 673 K, with a yield strength of 735 MPa, ultimate tensile strength of 1030 MPa, and elongation of 11%. However, the force at the two-phase interface decreases, causing the softening temperature of the alloy to advance to 773 K. The high-temperature (>673 K) stability of high-strength alloys containing semi-coherent precipitated particles is unsatisfactory.




	(4)

	
The variation in yield strength with temperature can be described by the solid solution strengthening model proposed by Varvenne et al. The prediction accuracy of the single-phase alloy is higher than that of dual-phase alloys. The temperature sensitivity of grain boundary strengthening and precipitation strengthening is minimal, but the interface force is significantly affected by temperature. This method can be used to predict the mechanical properties of alloys at different temperatures and provide processing parameters.
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Figure 1. SEM morphologies of R1273, R1473, and A973 samples at (a) Al0 1273 K 1 h, (b) Al10 1473 K 10 min, and (c) Al10 1473 K 10 min + 973 K 10 h, respectively. 






Figure 1. SEM morphologies of R1273, R1473, and A973 samples at (a) Al0 1273 K 1 h, (b) Al10 1473 K 10 min, and (c) Al10 1473 K 10 min + 973 K 10 h, respectively.



[image: Metals 13 01885 g001]







[image: Metals 13 01885 g002] 





Figure 2. The engineering stress–strain curves of Al0 and Al10 alloys at different temperatures, as well as the changes in yield strength, ultimate strength, and total elongation, are summarized: (a,a1) Al0 CR + 1273 K 1 h, (b,b1) Al10 CR + 1473 K 10 min, and (c,c1) Al10 CR + 1473 K 10 min + 973 K 10 h. 
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Figure 3. Enlarged segments of stress–strain curves are shown in Figure 2a,b; (a–c) the flow behavior at 673 K only features type-A serrations in R1273 HEA; and (d–i) the flow behavior features type-A, type-B, and type-C serrations in R1473 HEA. 
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Figure 4. Comparison of this work with other alloys in terms of yield strength, ultimate tensile strength, and elongation at various temperatures [19,25,26,27,28,29,30,31]. (a) yield strength vs. temperatures; (b) ultimate strength vs. temperatures; (c) elongation vs. temperatures. 
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Figure 5. SEM images of the fracture morphologies of R1273, R1473, and A973 tensile samples at (a–a2) 473 K, (b–b2) 673 K, (c–c2) 873 K, and (d–d2) 1073 K, respectively; (e–e2) show partially enlarged graphs of (d–d2), respectively. 
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Figure 6. The SEM images and EDS mappings of the fracture tips of the R1473 post-tensile specimen at 1073 K; (a1) shows a partially enlarged graph of (a). 
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Figure 7. The post-fracture cross-sectional morphologies of the three samples were observed at 1073 K: (a) Al0 1273 K 1 h, (b) Al10 1473 K 10 min, and (c) Al10 1473 K 10 min + 973 K 10 h. The arrow indicates the extruded direction. 






Figure 7. The post-fracture cross-sectional morphologies of the three samples were observed at 1073 K: (a) Al0 1273 K 1 h, (b) Al10 1473 K 10 min, and (c) Al10 1473 K 10 min + 973 K 10 h. The arrow indicates the extruded direction.



[image: Metals 13 01885 g007]







[image: Metals 13 01885 g008] 





Figure 8. (a–c) Comparison of yield strength fitting results with experimental values for R1273, R1473, and A973 alloys at different temperatures; (d) the representative load–displacement (P-h) curves of the bulk NiAl-B2 phase in the R1473 alloy at various temperatures. 
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Table 1. The chemical composition of the studied alloys in atomic percent (at.%).






Table 1. The chemical composition of the studied alloys in atomic percent (at.%).





	Alloy
	Fe
	Ni
	Cr
	Mn
	Al





	Fe45Mn15Cr15Ni25 (R1273)
	45.26     − 0.13   + 0.05    
	25.06     − 0.06   + 0.09    
	14.86     − 0.05   + 0.04    
	14.89     − 0.07   + 0.09    
	-



	Fe35Mn15Cr15Ni25Al10 (R1473)
	37.03      − 0.11   + 0.15    
	24.74     − 0.08   + 0.13    
	14.83     − 0.03   + 0.09    
	14.63     − 0.08   + 0.14    
	8.77     − 0.04   + 0.07    



	Fe35Mn15Cr15Ni25Al10 (A973)
	37.29     − 0.11   + 0.13    
	24.76     − 0.09   + 0.03    
	14.71     − 0.09   + 0.05    
	15.04     − 0.05   + 0.08    
	8.2     − 0.07   + 0.03    










 





Table 2. Tensile properties of the investigated alloys at both ambient and elevated temperatures.
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Composition

	
Temperatures

(K)

	
σ0.2

(MPa)

	
σUTS

(MPa)

	
εu

(%)






	
Fe45Mn15Cr15Ni25 (R1273)

	
293

	
190 ± 20

	
510 ± 26

	
49 ± 2




	
473

	
170 ± 20

	
480 ± 28

	
45 ± 2




	
673

	
130 ± 20

	
395 ± 24

	
40 ± 3




	
873

	
115 ± 17

	
280 ± 21

	
23 ± 2




	
1073

	
85 ± 16

	
125 ± 19

	
16 ± 1




	
Fe35Mn15Cr15Ni25Al10 (R1473)

	
293

	
255 ± 22

	
705 ± 17

	
45 ± 3




	
473

	
180 ± 20

	
535 ± 28

	
50 ± 4




	
673

	
170 ± 21

	
525 ± 25

	
49 ± 2




	
873

	
155 ± 19

	
435 ± 21

	
29 ± 2




	
1073

	
140 ± 18

	
190 ± 19

	
11 ± 2




	
Fe35Mn15Cr15Ni25Al10 (A973)

	
293

	
860 ± 26

	
1260 ± 46

	
9 ± 1




	
473

	
780 ± 25

	
1125 ± 45

	
11 ± 1




	
673

	
735 ± 23

	
1030 ± 43

	
11 ± 2




	
773

	
680 ± 20

	
915 ± 40

	
12 ± 1




	
873

	
350 ± 18

	
505 ± 38

	
8 ± 1




	
1073

	
230 ± 16

	
290 ± 36

	
9 ± 2

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
©

|

Stichions
Eilegaia

Extr

i 20pm





media/file4.png
(@) A0 CR+1273K 1h (b) T'AT10 CR+1473K Tomn
=500 =700
E E 600
2400 2
» @« 500
$ 3
5300 =400}

7] v

2000 —— 293K | 88300 — 293K
= —— 473K [T — 473K
$ ——— 673K §200 —— 673K
£ 100 R

g d 873K |-£ 100 — 873K
= ——1073K | = ——1073K

0 10 20 30 40 50 0 10 20 30 40 50
Engineering strain (%) Engineering strain (%)

(3,5)00 Al0 CR+1273K 1h 60 (b, )00 A110 CR+1473K 10min 60
- 30~ =600 P
& 400 S & 40 >
= 4072 = 500 pt
= —a— Yield strength S = _ 2
‘5‘0300 —e— Ultimate strength 307 55400 —4— Yield strength 303
5 —&— Elongation = 5 —e— Ultimate strength 20
=2 202 =300 —e— Elongati 202
a 200 = & ongation =

10 200 10
100
300 450 600 750 900 1050 ° 300 450 600 750 900 1050

Temperature (K)

Temperature (K)

(,E) Al10 CR+1473K 10min+973K 10h

~

s 1200

EIOOO

[}

S 800

=

] 293K

2 600 — 473K

S 400 ——— 673K

g — 773K

.En 200 F\_ 873K

= —1073K
0 2 4 6 8 10 12 14

Engineering strain (%)

c,) A110 CR+1473K 10min+973K 10h  |'6
1200 4
£ 1000 2L
E \ 10 =
= 800 S
= 8 5
20 g0
g 600 6 =
= —a— Yield strength -

4 =
L 400 —e— Ultimate strength
—e— Elongation 2
200 .
300 600 750 900 1050

450
Temperature (K)





nav.xhtml


  metals-13-01885


  
    		
      metals-13-01885
    


  




  





media/file16.png
—
(9,1
=

(S

Yield Strength

(MPa) o
% A

[\
S
=)

R1273 —Mode!ling
® Experimental result

Gpp = 3.06 x 59.1 x [1 = (9.6 x 10 x T)]** + 90

0 200 400 600 800 1000

400t

[\
o]
o

Temperature (K)

AQT3 — Modelling
® Experimental result

Gy, =3.06 x 242.1 x [1 — (2.1 x 107 x )3 + 744

0 200 400 600 800 1000
Temperature (K)

A
)=
2

o [\
o W
o o]

Yield Strength (MPa

R1473 —Mode!ling
® Experimental result

Gy, = 3.06 X 66.7 x [1-(6.6x 1074 x T)]2/3 + 92

0

7500

6000

4500

P (uN)

3000t

1500¢

0 50 100

200 400 600 800 1000

Temperature (K)
—R1473 293K
——R1473 473K

—R1473 673K
——R1473 873 K
—R1473 1073 K

4.2+0.11~4.8+0.14 GPa

150 200 250
h (nm)





media/file2.png





media/file5.jpg
(a) A0 673K

Type-A

(b) Al0 673 K

Type-A

(c) AI0673K

Type-A

(d) A0 473K

Type-A

(©) AlI0673K

Type-A

(0 Al0673K

Type-A+B

(g) Al06T3K

Type-A+B

(h) AlLO673K

Type-B

(i) AlI08T3IK

Type-C






media/file3.jpg
(A0 CRO 273K 1h (D) [0 CRr 137K 10mn 1(€)  [ATI0 CRe 1473 10min-973K 106
£
E
] =
=

Engincering srsin (%) Engincering strain (%)

T T EET e SR VN P
2 5w
o 5
o
e

iy epirstis 00 T






media/file1.jpg
0






media/file7.jpg
Yield Strength (MPa)
g &

(b)

= 1200}

g

H

H

H

Ultimate Strength (P:
2

a
‘
&
%
2
i
+

E I N R
Temperature (K)

) 2
2 3

Elongation (%

W A w 0n
Temperature (K)

Ex

$4h04bo vAee

NG
Temperature (K)

CoCreMnNi (FG)
CoCrFeMnNi (CG)

- Waspaloy-GHSS.

Inconel 625
3l6ss

Ni2Col FelV0.5Mo0.2
CoCrfa
30Co13Fel SCrOAI6Ti-0.1B
AI0.ICoCrFeNi
AICOCrFeNi2.1

A0 1273K 1h

AI10 1473K 10mi

AlI0 14734973K 100






media/file10.png
1073 K
(d) '

% Intergranular
“fracture

Globules K¢
‘ 20pm\ S\
, ) S,
lntergran)ﬂar
fracture

\

Globules A o “Glgklfles
6

A

20 pm|

G- e,_) ﬂ? \‘

/ 