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Abstract

:

Fe-Mn-Si shape memory alloys have excellent low-cycle fatigue performance and broad application prospects in the field of civil engineering and construction. It is necessary to conduct comprehensive and in-depth research on the mechanical properties of Fe-Mn-Si shape memory alloys. This study takes the Fe17Mn5Si10Cr5Ni shape memory alloy as the research object. After solid solution treatment at different temperatures and times, the effect of solid solution treatment on the bending fatigue performance of Fe-Mn-Si shape memory alloys was studied using bending cycle tests. The phase composition and fracture morphology of the sample were analyzed. The results showed that solid solution treatment can significantly improve the bending fatigue performance of Fe-Mn-Si shape memory alloys, reaching the optimal value at 850 °C for 1 h. The number of bending cycles until fracture increased by 131% compared to untreated specimens. Stress induction γ → ε martensitic transformation occurred in Fe-Mn-Si shape memory alloy specimens during bending cyclic testing, which is reversible. The fracture area of Fe-Mn-Si shape memory alloy specimens is mainly characterized by ductile fracture, with some areas exhibiting quasi-quasi-cleavage fracture characteristics.
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1. Introduction


Fe-based shape memory alloys have the advantages of shape memory effect, excellent mechanical properties, low raw material cost, and can be mass-produced using traditional steelmaking methods and processing equipment, and they are increasingly receiving attention from researchers [1]. The Fe-Mn-Si shape memory alloy has the most research space and practical value among Fe-based shape memory alloys. Researchers have conducted extensive research on Fe-Mn-Si shape memory alloys, improving their shape memory effect by adding trace elements such as C, N, V, and Nb [2,3,4], and using thermal mechanical training [5,6,7,8,9] methods. However, the shape memory recovery rate of this alloy is low, and its forming and processing performance is poor; there are not many research achievements that can truly be applied to practical engineering [10,11]. In addition, Fe-Mn-Si shape memory alloys have a certain degree of pseudoelasticity [12]. The pseudoelasticity of Fe-Mn-Si shape memory alloys is related to the stress induced martensitic transformation inside the material. Compared with Ni-Ti shape memory alloys, the proportion of stress-induced martensitic transformation in Fe-Mn-Si shape memory alloys is limited [13,14]. Therefore, the pseudoelasticity of Fe-Mn-Si shape memory alloys is much lower than that of Ni-Ti shape memory alloys [15], and its application is limited.



Fe-Mn-Si shape memory alloys were initially applied in the rail and pipeline industry. Its application in the civil engineering and construction industries is to use shape memory effect to generate prestress inside the structure. The prestressing of Fe-Mn-Si shape memory alloys can enhance the flexural strength and cracking stress of concrete structures [16,17,18]. When Fe-Mn-Si shape memory alloys are applied to prestressed structures, researchers pay more attention to the magnitude of the prestress generated by the material. Different levels of prestressing can be achieved by changing the pre-strain level and recovery temperature [19,20,21,22,23,24].



With the continuous deepening of research on the application of Fe-Mn-Si shape memory alloys in the field of civil engineering and construction, researchers have found that they have excellent low-cycle fatigue performance [25,26,27]. The study of the mechanical properties of Fe-Mn-Si shape memory alloys has become a new, hot direction. Sawaguchi et al. [28] studied the damping characteristics of Fe-28Mn-6Si-5Cr-0.5NbC shape memory alloys under low-cycle fatigue test conditions, as well as its deformation mechanism under cyclic tensile and compressive loads. The results showed that the specific damping capacity increased with the increase of strain amplitude; X-ray diffraction analysis and microstructure observation indicate that a large amount of tensile-stress-induced ε martensite undergoes subsequent compression reversal to γ austenite, which refers to the stress-induced martensitic reverse transformation in alloys. Sawaguchi et al. [29] also proposed a new design concept to improve the low-cycle fatigue life of Fe-Mn-Si shape memory alloys by changing the stacking fault energy to enhance the reversibility of dislocation motion. Koster et al. [30] studied the behavior of Fe-17Mn-5Si-10Cr-4Ni-1 (V, C) shape memory alloys under cyclic loading and found that a transition from high-cycle fatigue to low-cycle fatigue occurred when the stress was significantly higher than the elastic limit of the alloy. Ghafoori et al. [31] studied the high-temperature mechanical properties of Fe-based shape memory alloy prestressed reinforced structural components and found that under all different working conditions, the creep initiation temperature of the material was higher than 500 °C; The starting temperature and failure temperature of creep decrease with the increase of load level; An engineering model has been established to estimate the prestress loss caused by high temperatures in structures. Ghafoori et al. [32] also investigated the effect of strain rate on the stress–strain behavior of Fe-17Mn-5Si-10Cr-4Ni-1 (V, C) shape memory alloys, and evaluated the fatigue behavior of the alloy after pre-strain and thermal activation under strain control conditions. Qiu et al. [33] added the Fe-Mn-Si shape memory alloy to the buckling-restrained brace structure and studied its seismic performance. Compared with traditional steel structures, the main advantage of Fe-Mn-Si shape memory alloy buckling-restrained brace structures is that they can better control the residual interlayer displacement angle. Research on Fe-Mn-Si shape memory alloys has achieved certain results, but most of the research has focused on the low-cycle fatigue performance of the alloy [34,35,36,37], and its application is limited to dampers [38] and support structures [39]. Therefore, in order to broaden the application range of Fe-Mn-Si shape memory alloys, it is of great significance to conduct comprehensive and in-depth research on the mechanical properties of Fe-Mn-Si shape memory alloys.



This study investigated the effect of solid solution treatment on the bending fatigue performance of Fe-Mn-Si shape memory alloys through bending cycle tests. After solid solution treatment at different temperatures and times, Fe-Mn-Si shape memory alloys were subjected to bending cycle tests under the same conditions. The internal phase changes of the materials were analyzed using X-ray diffraction (XRD), and the fracture morphology of the materials was observed using field-emission scanning electron microscopy (SEM).




2. Materials and Methods


The alloy material used in the experiment is an Fe17Mn5Si10Cr5Ni shape memory alloy, which is made by smelting industrial pure iron, manganese, silicon, chromium, and nickel in a vacuum induction furnace (ALD, Hanau, Germany) according to the elemental composition ratio. During smelting, wait for the raw materials to melt, keep them warm for 30 min to ensure even composition, and then proceed with metal casting. After annealing at 1200 °C for 24 h, remove the cap and outer skin of the ingot, and forge it at 1200 °C to produce Φ 80 mm of bar material. The material composition is shown in Table 1. To compare the bending fatigue performance of experimental materials, 304 stainless steel material was selected as the comparative material, which is also an austenitic matrix.



The bending fatigue specimen is processed by wire cutting, and the test material is cut into bending fatigue specimens of 100 mm × 8 mm × 1 mm. The dimensions of the specimens are shown in Figure 1. In order to study the effect of the solid solution treatment process on the bending fatigue performance of Fe-Mn-Si shape memory alloys, the specimens were subjected to different conditions of solid solution treatment in a vacuum heating furnace. The solid solution treatment temperatures were 750 °C, 850 °C, 950 °C, 1050 °C, and 1150 °C, and the time was 1 h and 3 h.



The bending fatigue tests in this study were all conducted at normal atmospheric temperature. The bending fatigue test was conducted using a self-made mold, and the principle of the test process is shown in Figure 2. According to the size of the specimen and the diameter of the mold, the bending strain was controlled to ±5%, and bending cycles on each group of specimens were performed until final fracture. At the same time, in order to study the phase changes of Fe-Mn-Si shape memory alloy specimens during the experimental process, after obtaining the optimal solution treatment process, the Fe-Mn-Si shape memory alloy specimens treated with the optimal solution treatment process were subjected to cyclic bending once, 5 times, 10 times, and 100 times, respectively, until final fatigue fracture.



The phase change analysis of the specimen was conducted using a D/MAX-3A X-ray diffractometer (RIGAKU, Tokyo, Japan), with Cu target radiation, a working voltage of 40 KV, a current of 40 mA, a scanning speed of 4°/min, and a scanning angle of 30°~75°. The fracture morphology of the specimen after fracture was observed and analyzed using field-emission scanning electron microscopy (ZEISS, Oberkochen, Germany).



In order to quantitatively analyze the phase changes of materials during the experimental process, the phase composition in the X-ray diffraction pattern was quantitatively analyzed by direct comparison method. The direct comparison method is commonly used for quantitative analysis of residual austenite or other isomeric transformation products in quenched steel. Therefore, it is suitable for quantitative analysis of the phase composition of Fe-Mn-Si shape memory alloys and 304 stainless steels.



The polycrystalline diffraction Intensity measured by the X-ray diffractometer can be expressed as follows:


  I =   K R   2 μ   V  



(1)




where K is a constant independent of the type and content of the diffracted material; R is a proportional constant related to diffraction angle, crystal plane index, and the type of material being tested; V is the volume of the measured substance irradiated by X-rays; and μ is the absorption coefficient of the sample.



If the volume fractions of γ, ε and α′ phases are Cγ, Cε, and Cα′, Equation (2) can be obtained:


   {     I γ  =   K  R γ   C γ  V   2 μ        I ε  =   K  R ε   C ε  V   2 μ        I  α ′   =   K  R  α ′    C  α ′   V   2 μ        C γ  +  C ε  +  C  α ′   = 1      



(2)







Therefore, the volume fractions of phases can be obtained from Equation (2) as follows:


   {     C γ  =  1  1 +    R γ     R ε    ⋅    I ε     I γ    +    R γ     R  α ′     ⋅    I  α ′      I γ           C ε  =  1  1 +    R ε     R γ    ⋅    I γ     I ε    +    R ε     R  α ′     ⋅    I  α ′      I ε           C  α ′   =  1  1 +    R  α ′      R γ    ⋅    I γ     I  α ′     +    R  α ′      R ε    ⋅    I ε     I  α ′            



(3)







For 304 stainless steel, there are only γ and α′ phases, Cε = 0, and Equation (3) becomes the following:


   {     C γ  =  1  1 +    R γ     R  α ′     ⋅    I  α ′      I γ           C  α ′   =  1  1 +    R  α ′      R γ    ⋅    I γ     I  α ′            



(4)







For Fe-Mn-Si shape memory alloy, there are γ and ε phases, Cα′ = 0, and Equation (3) becomes the following:


   {     C γ  =  1  1 +    R γ     R ε    ⋅    I ε     I γ           C ε  =  1  1 +    R ε     R γ    ⋅    I γ     I ε           



(5)







When using Equations (4) and (5) for calculation, Iγ, Iε, and Iα′ can be directly measured by X-ray diffraction pattern; Rγ, Rε, and Rα′ can be calculated from Equation (6).


  R =   P  F 2     V c 2     (    1 +   cos  2  2 θ     sin  2  θ cos θ    )   e  − 2 M    



(6)




where P is the multiplicity factor, which can be derived from the crystal structure and crystal plane index.; F2 is the unit cell diffraction intensity (structural factor), which includes atomic scattering factors;    (    1 +   cos  2  2 θ     sin  2  θ cos θ    )    is the angle factor;    e  − 2 M     is the temperature factor, which can be calculated from Equation (7); and Vc is the volume per unit cell, which can be calculated by Equation (8).


  M =   6  h 2     m a  k Θ    [    φ  ( χ )   χ  +  1 4   ]      sin  2  θ    λ 2     



(7)




where h is the Planck constant, h = 6.626 × 10−34 J·s; ma is the atomic mass, ma = A × 1.66 × 10−24 g, A is the atomic weight of the element; k is the Boltzmann constant, k = 1.38 × 10−23 J/K;  Θ  is the average value of the Debye characteristic temperature;  χ  is the ratio of the Debye characteristic temperature to the absolute temperature of the sample during spectral photography; and   φ  ( χ )    is the Debye equation.


     V γ  =  a γ 3       V ε  =   3  3   2   a ε 2   c ε       V  α ′   =  a  α ′  3     



(8)







The lattice constants of the γ and α′ phases can be calculated using Equation (9).


   λ  2 sin θ   =  a     h 2  +  k 2  +  l 2       



(9)







The lattice constant of the ε phase can be calculated using Equation (10).


   λ  2 sin θ   =  1    4 / 3  (   h 2  + h k +  k 2   )  /  a 2  +  l 2  /  c 2       



(10)








3. Results and Discussions


3.1. The Number of Bending Cycles


Under the condition of controlling the bending strain to ±5%, the number of bending cycles until fracture of the Fe-Mn-Si shape memory alloy after different solid solution treatment processes is shown in Table 2 and Figure 3. According to Table 2, the number of bending cycles until fracture for specimens without solid solution treatment was 221. The number of bending cycles until fracture for specimens with solid solution treatment increased, reaching a maximum of 511 under the condition of 850 °C solid solution treatment for 1 h. The number of cycles increased by 131% compared to untreated specimens. As shown in Figure 3, with the increase of solid solution temperature, the number of bending cycles until fracture for specimens first increases and then decreases, reaching its maximum at 850 °C. Under the condition of constant solid solution temperature, the number of cycles at which the specimen with a solid solution time of 3 h experiences fracture is slightly lower than that of the specimen with a solid solution time of 1 h. Under the same experimental conditions, the 304 stainless steel specimen rapidly fractured after 43 bending cycles, indicating that the bending fatigue performance of Fe-Mn-Si shape memory alloy is much better than that of 304 stainless steel.




3.2. Analysis of Phase Changes


In order to investigate the influencing mechanism of the solid solution treatment process on the bending fatigue performance of Fe-Mn-Si shape memory alloys, XRD was used to analyze the phase composition of the specimens. Figure 4 shows the XRD pattern of 304 stainless steel specimen fracture after 43 bending cycles, with diffraction peaks composed of γ austenite and α′ martensite. Before the bending cycle test, the parent phase of 304 stainless steel was stable γ austenite. With the progress of the bending test, the diffraction peak area of γ austenite decreased and the diffraction peak area of α′ martensite increased, indicating that γ → α′ martensitic transformation occurred during the bending process. By using the direct comparison method to quantitatively analyze the phase composition in the XRD pattern, it was found that the volume fraction of α′ martensite and γ austenite in 304 stainless steel after bending cycling until fracture under ±5% strain conditions was 94.7% and 5.3%, respectively. This indicates that the vast majority of γ austenite transformed into α′ martensite during the bending test process.



Figure 5 shows the XRD patterns of Fe-Mn-Si shape memory alloy specimens subjected to bending cycles until fracture with different solid solution treatment temperatures for 1 h. The diffraction peaks are composed of γ austenite and ε martensite, indicating that γ → ε martensite transformation occurred during the experiment, and no α′ martensite was generated inside the material, which is different from 304 stainless steel. Figure 6 shows the volume fraction of Fe-Mn-Si shape memory alloy specimens subjected to bending cycles until fracture with different solid solution treatment temperatures for 1 h. The lowest volume fraction of ε martensite in the untreated specimens is 71.2%, while the lowest volume fraction of ε martensite in all specimens subjected to solid solution treatment is 76.1%, reaching a maximum of 91.4% at 850 °C. Compared with the experimental results of 304 stainless steel, it can be seen that the bending fatigue performance of the Fe-Mn-Si shape memory alloy is much better than that of 304 stainless steel, because stress-induced γ → ε martensitic transformation occurs inside it, and the amount of γ → ε martensitic transformation has a significant impact on its bending fatigue performance.



Figure 7 shows the XRD patterns of Fe-Mn-Si shape memory alloy specimens subjected to bending cycles until fracture with different solid solution treatment temperatures for 3 h. The diffraction peaks are also composed of γ austenite and ε martensite. Figure 8 shows the phase volume fraction of Fe-Mn-Si shape memory alloy specimens subjected to bending cycles until fracture with different solid solution temperatures for 3 h. The lowest ε martensitic volume fraction of all specimens treated with solid solution treatment was 75.3%, and the highest reached 86.7% at 850 °C. The trend of change is the same as that of the specimens treated with solid solution treatment for 1 h.



Figure 9 shows the XRD patterns of Fe-Mn-Si shape memory alloy specimens treated with the best solid solution process (850 °C, 1 h) after different bending cycles. In theory, the phase composition of the specimen treated with solid solution before the bending test is only γ austenite. However, from Figure 9, it can be seen that there is a very small amount of ε martensite inside the material before the experiment. The reason is that the stress-induced martensite is caused by the stress during the sample preparation process. After one bending cycle, the diffraction peak intensity of ε martensite increases significantly, while the diffraction peak intensity of γ austenite decreases significantly. As the experiment progresses, the diffraction peak intensity of ε martensite continues to increase, while the diffraction peak intensity of γ austenite continues to decrease. This phenomenon indicates that γ → ε martensitic transformation occurs inside the material during bending cycles. Figure 10 shows the phase volume fraction of Fe-Mn-Si shape memory alloy specimens treated with the best solid solution process after different bending cycles. After one bending cycle, the γ austenite content inside the specimen decreases to 56.8%, and the ε martensite content increases to 43.2%. As the experiment progresses, the γ austenite content inside the specimen continuously decreases, while the ε martensite content continuously increases. After 10 bending cycles, the content of ε martensite increases to 71.1%, and the rate of increase in ε martensite content was significant during this process. When the number of bending cycles exceeds 10, the rate of increase in ε martensite content gradually slows down. Until the specimen fractures, the γ austenite content inside the specimen decreases to 8.6%, and the ε martensite content increases to 91.4%. The experimental phenomenon indicates that γ → ε martensitic transformation occurs inside the Fe-Mn-Si shape memory alloy during bending cycles. According to the research of Sawaguchi et al. [28], this phase transition is reversible. When a material undergoes stress-induced martensitic transformation under the action of stress in a certain direction, and then applies stress in the opposite direction to the material, the martensite inside the material will reverse into austenite, resulting in stress-induced martensitic reverse transformation. It is precisely this repeated forward-and-reverse-phase transformation that makes Fe-Mn-Si shape memory alloys exhibit significantly higher fatigue performance than ordinary metal materials. For the same reason, when subjected to external cyclic stress, Fe-Mn-Si shape memory alloys adapt to changes in macroscopic stress induced γ → ε martensitic transformation and its reverse transformation, thereby reducing the peak stress inside the material, reducing stress concentration, delaying the propagation of fatigue cracks, and improving its fatigue life.



Generally, the microstructure of Fe-Mn-Si shape memory alloys is composed of austenite phase. During the hot forging process, deformation energy storage exists in the austenite grains in the form of dislocations, lattice defects, etc., and the grain boundaries are often in a rough and uneven shape. The alloy, after hot forging, has a higher total free energy, and during the solution treatment process, the free energy of the alloy will be reduced through recrystallization. Therefore, the grain boundaries after solid solution treatment will become straighter and more uniform. Solid solution treatment can eliminate the stress-induced martensite in Fe-Mn-Si shape memory alloys during the forging process, and the grain size gradually increases with the increase of solid solution temperature. However, if the temperature is too high, overheating will occur, leading to excessive grain growth. The number of stress-induced martensite during bending cycles is an important factor affecting the fatigue performance of Fe-Mn-Si shape memory alloys. The generation of stress-induced martensite can reduce plastic deformation caused by dislocation slip. Therefore, in order to improve the fatigue performance of Fe-Mn-Si shape memory alloys, as much stress-induced martensite as possible should be generated during the bending process, and the plastic deformation caused by full dislocation slip should be reduced. Improving the strength of austenite and reducing the critical stress for stress-induced martensitic transformation are beneficial for the occurrence of stress-induced martensitic transformation inside Fe-Mn-Si shape memory alloys. After hot forging, there are many dislocations and defects in the grain of Fe-Mn-Si shape memory alloy, and the grain boundaries are irregular. These factors are not conducive to the occurrence of stress-induced martensitic transformation inside the alloy. The reduction of defects and dislocations in the internal grains of Fe-Mn-Si shape memory alloy after solid solution treatment is beneficial for stress-induced martensitic transformation and its reverse transformation, thereby improving the fatigue performance of the alloy. When the solid solution temperature is low, the grain size of the alloy is smaller, the strength of the parent phase is higher, and the critical stress for stress-induced martensitic transformation is higher. During the transformation process, slip deformation is less likely to occur, which is conducive to the occurrence of stress-induced martensitic transformation. On the other hand, there are a large number of defects and dislocations inside the grains, which are not conducive to stress-induced martensitic transformation, and this factor plays a major role. The increase in solution treatment temperature and the extension of time will cause the grain to become larger, reduce the defects and dislocations inside the grain, and make the grain boundaries more regular. These factors are conducive to the occurrence of stress-induced martensitic transformation. On the other hand, the critical stress for stress-induced martensitic transformation inside the alloy will decrease, leading to slip deformation in the alloy during the phase transformation process, which is not conducive to the stress-induced martensitic transformation, and this factor plays a major role. At a solid solution temperature of 850 °C for 1 h, the internal defects of the alloy, the strength of the parent phase, and the critical stress of stress-induced martensite reach the optimal combination. At this point, the fatigue performance of Fe-Mn-Si shape memory alloy reaches its optimum.




3.3. Analysis of Fracture Morphology


Figure 11 shows the fracture morphology of 304 stainless steel specimens after 43 bending cycles. In the early stage of bending cycles, significant deformation occurs on both sides of the specimen due to stress, which can cause plastic slip and lattice distortion. Crack sources are formed under concentrated stress, and internal defects in the material also form crack sources under stress. The initiation area of fatigue cracks usually grows relatively slowly. Under the continuous bending cyclic deformation, the areas near the cracks rub against each other to form a relatively flat crack propagation zone. As the crack propagates, the remaining area is insufficient to bear the maximum stress, resulting in the formation of an instantaneous fracture zone. A large number of ductile dimples are distributed in the instantaneous fracture zone of 304 stainless steel, and the fracture property is ductile fracture.



Figure 12 shows the fracture morphology of Fe-Mn-Si shape memory alloy specimens treated with different solid solution conditions after bending cycles until fracture. During the bending cycle, the Fe-Mn-Si shape memory alloy also forms a relatively flat crack propagation zone due to the continuous expansion of the crack source, until the remaining area is insufficient to withstand the occurrence of fracture, forming an instantaneous fracture zone. The fracture area is mainly characterized by ductile fracture, with some areas exhibiting quasi-cleavage fracture characteristics.





4. Conclusions


(1) When the strain is ±5%, the number of bending cycles until fracture of Fe-Mn-Si shape memory alloy specimens without solid solution treatment is 221. The number of bending cycles until fracture of 304 stainless steel under the same test conditions is 43. Experiments have shown that Fe-Mn-Si shape memory alloys have excellent bending fatigue performance. The number of bending cycles until fracture of Fe-Mn-Si shape memory alloy specimens treated with solid solution increased, reaching a maximum of 511 under the condition of 850 °C solid solution treatment for 1 h. The number of bending cycles until fracture increased by 131% compared to untreated specimens.



(2) During the bending cycle, the Fe-Mn-Si shape memory alloy specimen underwent reversible γ → ε martensitic transformation, while the 304 stainless steel specimen underwent γ → α′ martensitic transformation. When subjected to external cyclic stress, Fe-Mn-Si shape memory alloys adapt to changes in macroscopic stress-induced γ → ε martensitic transformation and its reverse transformation, thereby reducing the peak stress inside the material, reducing stress concentration, delaying the propagation of fatigue cracks, and improving its fatigue life.



(3) The fracture area of Fe-Mn-Si shape memory alloy specimens is mainly characterized by ductile fracture, with some areas exhibiting quasi-cleavage fracture. The fracture area of 304 stainless steel specimens is mainly characterized by ductile fracture.
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Figure 1. Size of bending cycle fatigue specimen. 
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Figure 2. The principle of the bending cycle test. 
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Figure 3. The number of bending cycles until fracture of Fe-Mn-Si shape memory alloy with solid solution treatment temperature variation. 
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Figure 4. XRD pattern of 304 stainless steel after bending cycle fracture. 
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Figure 5. XRD patterns of Fe-Mn-Si shape memory alloy specimens with solid solution treatment for 1 h after fracture. 
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Figure 6. Volume fraction of phases in Fe-Mn-Si shape memory alloy specimens with solid solution treatment for 1 h after fracture. 
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Figure 7. XRD patterns of Fe-Mn-Si shape memory alloy specimens with solid solution treatment for 3 h after fracture. 
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Figure 8. Volume fraction of phases in Fe-Mn-Si shape memory alloy specimens with solid solution treatment for 3 h after fracture. 
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Figure 9. XRD patterns of Fe-Mn-Si shape memory alloy specimens after different bending cycles. 
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Figure 10. Volume fraction of phases in Fe-Mn-Si shape memory alloy specimens after different bending cycles. 
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Figure 11. The fracture morphology of 304 stainless steel specimens. 
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Figure 12. The fracture morphology of Fe-Mn-Si shape memory alloy specimens (500×): (a) untreated; (b) 750 °C, 1 h; (c) 750 °C, 3 h; (d) 850 °C, 1 h; (e) 850 °C, 3 h; (f) 950 °C, 1 h; (g) 950 °C, 3 h; (h) 1050 °C, 1 h; (i) 1050 °C, 3 h; (j) 1150 