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Abstract

:

The influence of temperature and strain rate on the hot tensile properties of 0Cr18AlSi ferritic stainless steel, a potential structural material in the ultra-supercritical generation industry, was investigated at temperatures ranging from 873 to 1123 K and strain rates of 1.7 × 10−4–1.7 × 10−2 s−1. The microstructural evolution linked to the hot deformation mechanism was characterized by electron backscatter diffraction (EBSD). At the same strain rate, the yield strength and ultimate tensile strength decrease rapidly from 873 K to 1023 K and then gradually to 1123 K. Meanwhile, both yield strength and ultimate tensile strength increase with the increase in strain rate. At high temperatures and low strain rates, the prolonged necking deformation can be observed, which determines the ductility of the steel to some extent. The maximum elongation is obtained at 1023 K for the strain rates of 1.7 × 10−3 and 1.7 × 10−2 s−1, while this temperature is postponed to 1073 K once decreasing the strain rate to 1.7 × 10−4 s−1. Dynamic recovery (DRV) and continuous dynamic recrystallization (CDRX) are found to be the main softening mechanisms during the hot tensile deformation. With the increase of temperature and the decrease of strain rate (i.e., 1123 K and 1.7 × 10−4 s−1), the sub-grain coalescence becomes the main mode of CDRX that evolved from the sub-grain rotation. The gradual decrease in strength above 1023 K is related to the limited increase of dynamic recrystallization and the sufficient DRV. The area around the new small recrystallized grains on the coarse grain boundaries provides the nucleation site for cavity, which generally results in a reduction in ductility. Constitutive analysis shows that the stress exponent and the deformation activation energy are 5.9 and 355 kJ·mol−1 respectively, indicating that the dominant deformation mechanism is the dislocations motion controlled by climb. This work makes a deeply understanding of the hot deformation behavior and its mechanism of the Al-bearing ferritic stainless steel and thus provides a basal design consideration for its extensive application.
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1. Introduction


Ferritic stainless steels are widely used in automobile, furnace part, construction and environmental protecting industries owing to their higher thermal conductivities, smaller thermal expansions, better resistance to atmospheric corrosion and stress corrosion cracking, and lower cost in comparison with austenitic stainless steels [1,2]. However, low strength and poor resistance to oxidation at high temperatures generally limit their extensive application.



Hot tensile property is an important performance index of heat resistant steel. Generally, the dynamic recovery (DRV) and dynamic recrystallization (DRX) are the most softening mechanisms during the deformation [3,4]. The microstructural reconstitution including grain refinement and structure homogenization can be achieved, which will be beneficial to improve the high temperature strength and toughness of the materials [5]. Of course, the microstructural evolution during the deformation depends strongly on the deformation parameters, such as temperature and strain rate, and thus affecting the mechanical property. Chiu et al. [6] investigated the hot tensile property of Crofer 22 APU ferritic stainless steel at the temperatures of 873–1073 K and found a remarkable drop of yield strength between 973 and 1023 K due to the obvious DRV. In addition, the micro-alloying technique as an efficient approach has been applied in ferritic stainless steels to improve the high temperature property [7,8]. The solute atoms, such as Nb, Mo, Ti, and Zr, are used to enhance the high temperature strength of ferritic stainless steels [9,10,11]. Moreover, W and Ce can improve their high temperature oxidation resistance [12,13]. However, these alloying elements are commonly expensive, and it is no doubt that they would increase the manufacturing cost of the products of ferritic stainless steels.



Recently, with the development of metallurgical technologies, it is proved that Al as a cheap element becomes an important alternative of the alloying design for many steels. For instance, adding a small amount of Al (~1 wt.%) in transformation induced plasticity steels (TRIPs) facilitated the suppression of cementite precipitation, the refinement of the bainite laths and the retention of austenite [14,15,16], all which would improve the strength and toughness. For high Mn steels, the addition of Al could increase the stacking fault energy and produce short-range ordering and/or κ′-carbide precipitation [17]. In addition, Al can lead to a specific weight reduction, and a 1.3% reduction in density was obtained per 1 wt% addition of Al [17]. Due to the addition of the large amount of Al (~10 wt.%), a new type of steel, namely low-density steel, has been formed [18]. The strength of oxide dispersion strengthened steels (ODSs) also increased with Al addition due to the back stress strengthening combined with Orowan strengthening [19]. However, for ferritic stainless steels, the high temperature properties [20], particularly in oxidation resistance [21,22], could be improved considerably by alloying them with Al. However, the addition of Al could decrease the recrystallization temperature of ferritic stainless steels [23], and thus resulted in untimely softening during applications at high temperatures. Hence, the research on the hot deformation behavior of Al-bearing ferritic stainless steels is significant. However, the studies on this aspect are limited.



0Cr18AlSi ferritic stainless steel is a potential structural material in the ultra-supercritical generation industry. The authors’ previous results showed that this steel exhibited excellent high temperature oxidation resistance at 1073 and 1173 K due to the formation of continuous, compact, and well-adherent multicomponent oxide films containing Al2O3 [21]. The purpose of the present study is to investigate the hot tensile deformation behavior and fracture of 0Cr18AlSi ferritic stainless steel. Effects of temperature and strain rate on the tensile properties and microstructural evolution are analyzed in detail. The results provide a reasonable evidence for the materials design and applications of Al-bearing ferritic stainless steels.




2. Materials and Methods


The 0Cr18AlSi ferritic stainless steel used in this study was prepared by melting high-purity elements in a vacuum induction furnace with an argon atmosphere. Its composition is as follows (wt.%): C 0.09, Cr 18.4, Al 1.05, Si 1.01, Mn 0.75, P 0.017, S 0.001. The ingots were first forged at 1423 K, and then hot-rolled at 1323 K to 8 mm thick strips in a laboratory hot-rolling mill. The strips were annealed at 1123 K for 40 min in a resistance furnace, followed by quenching in water.



The tensile specimens with a gage length of 10 mm and cross section of 2 mm × 2 mm were machined from the annealed plates parallel to rolling direction. An electronic universal testing machine (WDW-200, JILIN GUANTENG AUTOMATION TECHNONOGY CO., LTD., Changchun, China) was used to carry out the tensile tests. Temperatures ranging from 873 to 1123 K and strain rates ranging from 1.7 × 10−4 to 1.7 × 10−2 s−1 were employed. The specimens were loaded at the target temperature for 20 min before testing in order to eliminate the temperature gradient. After the tensile tests, all specimens were immediately quenched to room temperature by water.



The fracture surfaces of the tensile specimens were observed by scanning electron microscope (SEM, JSM-5600, JEOL, Tokyo, Japan). The microstructural morphology close to the fracture parallel to tensile direction was analyzed by the optical microscope (OM, DM13000M, Leica, Vizula, Germany). After the standard metallographic procedures including grinding, polishing and etching for the specimens, a mixed solution of 5 vol.% ferric chloride (FeCl3) and 5 vol.% hydrochloric acid (HCl) in distilled water was used to display the microstructures. In order to obtain the detailed information on microstructural evolution during hot deformation, electron backscattered diffraction (EBSD) technology was performed. The specimens for EBSD were ground mechanically followed by argon ion polishing. The HKL CHANNEL 5 software (Company Oxford Instruments, Oxfordshire, UK) was utilized to post-process the data obtained from the EBSD measurements.




3. Results and Discussion


3.1. Initial Microstructure


The initial microstructure of the studied steel is shown in Figure 1a, which reveals a relatively uniform equiaxed grain structure with an average grain size of 27 μm, as measured by the linear-intercept method (ASTM E112). Corresponding X-ray diffraction result is seen in Figure 1b. Only body-centered cubic (bcc) structured phase can be detected, confirming that the existence of the complete ferritic microstructure after annealing at 1123 K for 40 min.




3.2. Tensile Properties


Figure 2 shows the tensile engineering stress–strain curves of the specimens tested at different deformation conditions. It can be seen that the flow behavior is sensitive to deformation temperature and strain rate. At low temperature and high strain rate, i.e., 873 K and 1.7 × 10−2 s−1, the variation of flow stress is parabolic. It means that the flow stress increases to a peak value at a reduced increase rate as the strain proceeds, and then declines quickly until the specimen ruptures. This is related to the microstructural evolution during hot tensile deformation. As illustrated in Figure 1b, the studied steel has a bcc structure. The dislocations can cross-slip and climb easily during hot deformation because of a relatively high stacking fault energy of the bcc structure [24], and thus dynamic recovery (DRV) generally dominates the softening process of this kind of steel [24,25]. Dynamic recrystallization (DRX) will take place only when DRV is not enough to offset the strain hardening effect [26]. As can be seen, the slow increase in flow stress at the early deformation stage indicates that the flow softening, mainly DRV, occurs. This partially offsets the initial strain hardening caused by dislocation proliferation. After necking, the cavities and cracks will be formed easily. Their rapid propagation at the localized necking positions can be responsible for the sharp decrease in flow stress. In stark contrast to parabolic stress-strain curve, the stress-strain curves are characterized by the rapidly increased flow stress to a peak value followed by gradually decreasing at a steady rate as increasing the temperature or decreasing the strain rate, as shown in Figure 2b,c. This indicates the extended necking deformation though the necking has occurred. The similar phenomenon has also been reported in other alloys [27,28]. It is inferred that the flow softening associated with DRV and possible DRX can promote the progressive development of necking deformation and thus delay the necking rupture.



The tensile properties, namely, yield strength (YS), ultimate tensile strength (UTS), elongation to fracture (EL), uniform elongation (UE), and reduction of area (RA) are summarized in detail, and the results are presented in Figure 3. From Figure 3a,b, it can be seen that, overall, YS and UTS drop rapidly from 873 K to 1023 K for all strain rates followed by a gradual decrease until 1123 K. Meanwhile, both YS and UTS increase with the increase of the strain rate for all temperatures. The maximum YS and UTS are obtained at 873 K and 1.7 × 10−2 s−1 (166.49 MPa and 222.28 MPa, respectively). It is known that the grain boundary and dislocation are easy to move at high temperatures, because the average kinetic energy of atoms increases and the critical shear stress for dislocation activation is reduced [29]. Therefore, the flow softening can be promoted by reducing the dislocation density at high temperatures, so as to decrease the strength. In addition, the increase of strain rate can enhance deformation storage energy and restrict atoms motion, which can cause an obvious work hardening, and thus results in the enhancement of strength. The influence of temperature on the EL is complex (Figure 3c). At high strain rates of 1.7 × 10−2 s−1 and 1.7 × 10−3 s−1, EL increases with increasing temperature up to 1023 K, after which it exhibits a gradual decrease and then remains relatively stable. At the low strain rate of 1.7 × 10−4 s−1, a peak value in EL (~163%) can be found at 1073 K, indicating the pleasant plasticity. However, at temperatures above 1073 K, EL decreases to ~107%. Generally, such remarkable decrease in EL at high temperatures is ascribed to carbide precipitation and grain boundary migration [30]. The detailed discussion will be demonstrated later. Furthermore, it is observed from Figure 2 that the studied steel shows a limited strain hardening. The variations of UE with temperature at different strain rates are shown in Figure 3d. It is well known that the higher the value of UE, the more the strain hardening capacity [27]. From Figure 4d, UE decreases with increasing the temperatures regardless of the strain rates. UE presents a high level at the strain rate of 1.7 × 10−2 s−1 in comparison to other employed strain rates, where it reaches a maximum of 12.5%. This infers that the flow softening is accelerated at low strain rate and high temperature, which thereby leads to an invisible strain hardening during the initial tensile deformation. For the RA, as shown in Figure 3e, it increases with increasing the temperature at all strain rates, which exhibits a distinct difference with the variation of EL at temperatures above 1023 K. A high RA and low EL illustrates that the local necking resistance is reduced at high temperatures. RA increases with decreasing the strain rate as expect, but it changes little when the strain rate is less than 1.7 × 10−3 s−1.



The fracture surfaces of the specimens tested at different conditions are shown in Figure 4, which reveals the rupture features. The existence of tearing ridges and dimples indicate that the fracture failure mode is ductile in nature. At the high strain rate of 1.7 × 10−2 s−1, it can be seen that the small equiaxed dimples are uniformly distributed on the fracture surface of the specimen deformed at 973 K (Figure 4a), and the inner walls of these dimples are smooth. The dimples become larger and deeper with increasing the temperature up to 1023 K (Figure 4b). This indicates that the studied steel undergoes large deformation before rupture, and thus facilitates the void growth. This is also evidenced from the macro-view of the tested specimen along the gauge length (Figure 4b inset). The macro-appearance of the fracture changes from square to strip, and obvious rumpling of the side walls can be observed. Moreover, the trans-granular shear becomes apparent as the increase of test temperature, as shown in Figure 4c. When the strain rate decreases to 1.7 × 10−4 s−1, there exhibits significant change on the fracture morphology. The dimples coalescence and the cracks on tearing ridges can be easily observed (Figure 4d,e). More micro-voids are also activated at low strain rates. This infers that the degree of the deformation is increased. Similar with the fracture at 1123 K and 1.7 × 10−2 s−1, the trans-granular shear failure with plastic flow is the main feature of the fracture surface as increasing the temperature to 1073 K at 1.7 × 10−4 s−1, as shown in Figure 4f. The severe deformation featured by oblate dimples and cracks with a large size give the reason for the achievement of best elongation.




3.3. Microstructures Analyses


3.3.1. Microstructures Evolution Observed by OM


The tensile behaviors are strongly connected to the microstructures. Figure 5 shows the optical micrographs of the cross-sectional area beneath the fracture surface for the specimen fractured under the typical conditions. The characteristics of microstructures and cavities can be observed. It is seen that at 873 K and 1.7 × 10−4 s−1 (Figure 5a), most grains are elongated parallel to the tensile axis due to the deformation of original grains, and a large number of small spherical cavities appear near the grain boundaries, particularly in the boundary junctions. These small cavities become coarser in the vicinity of the fracture due to their coalescence, eventually causing the material to break. As can be seen, the fracture experiences cavity formation, cavity coalescence, and crack formation and growth. As the temperature goes up to 1023 K (Figure 5b), the equiaxed grains can be found in the microstructure near the fracture apart from the deformed grains, indicating the formation of DRX. Moreover, the number of cavities is significantly reduced. However, these cavities preferentially nucleated at the boundaries of the new grains, and they are then elongated and expanded from the grain boundaries to interiors. This process can consume a large amount of deformation energy. Therefore, the necking deformation ability is improved when deformed at 1023 K. At the high temperature of 1123 K (Figure 5c), the grains are obviously coarsened due to the activation of boundaries migration, which indicates the dynamic softening is accelerated. However, the number of elongated cavities decreases. Plenty of spherical cavities and their coalescence in the vicinity of the fracture can be observed once again, which also indicates that the studied steel undergoes low necking deformation before fracture. With increasing the strain rate up to 1.7 × 10−2 s−1 at 1123 K (Figure 5d), the microstructure is refined obviously. It is noted that most elongated cavities distribute intensely near the upper and lower surfaces (marked the blue arrows). This because that a strong three-dimensional stress has formed at the necking area during the tensile test at high strain rates, which can promote the initiation and propagation of cavities.




3.3.2. Microstructures Evolution Observed by EBSD


In order to analyze the mechanism of microstructures evolution during hot tensile deformation, EBSD measurements were carried out on the deformed specimens. Figure 6 shows the grain morphologies near the fracture tips of the specimens tested at 1.7 × 10−4 s−1 with different temperatures. At 873 K (Figure 6a), numerous pancake-like deformed grains can be easily observed along the tensile direction. Different areas show various colors in these deformed grains, indicating the generation of sub-structures. To reveal the development of the sub-structures within the deformed grains, the local (point-to-point) and cumulative (point-to-origin) misorientations were calculated in a special grain marked the line L1 from left to right, and the results are shown in Figure 7a. Several sharp peaks with misorientation angle of 4–7° can be seen in the point-to-point misorientation curve, while the misorientation angle between these sharp peaks is less than 2°. This indicates that the orientation of different areas within this grain changes, and the grain has been divided into several sub-grains surrounded by low-angle grain boundaries (LAGBs, 2–15°). The large amount of wavy shape peaks less than 2° represent that the high density of dislocations forms in the sub-grains. Belyakov et al. [31] pointed out that the dislocation density between the dislocation walls could exceed 1014 m−2 during warm deformation for ferritic stainless steel. Moreover, the point-to-origin misorientation can easily exceed 10° on the distances of 16–20 μm, 38–93 μm, and 122–157 μm. The large strain gradient will promote the sub-grain rotation and eventually lead to the formation of high-angle grain boundaries (HAGBs, >15°). Some new segments of HAGBs have been detected in the deformed grain interiors, marked the black arrows in Figure 6a. The variation in misorientation across a typical HAGB segment is plotted in Figure 7b, which provides an evidence for the occurrence of sub-grain boundary rotation induced HAGB. Obviously, these new segments of HAGBs will promote the formation of DRX nuclei through their closed loop. Such DRX formation mechanism caused by the progressive sub-grain rotation within the deformed grain is generally referred as continuous DRX (CDRX) [32,33,34]. Therefore, the emergence of HAGBs segments means the initial stage of CDRX nucleation. In addition, some fine equiaxed grains can be observed around the original grain boundaries, except for a few clusters of small grains around the particles within the grains (white arrows in Figure 6a), thus forming the typical necklace structure. These fine grains are formed dynamically during the hot tensile deformation, indicating the formation of DRX. However, the DRX region accounts for only ~7%. The average size of the new grains is about 3.7 μm. It is referred that the growth of DRX grains is restricted due to the low deformation temperature in spite of at a very low strain rate. The serrated original grain boundaries can be easily observed in Figure 6a, and fine grains exist along these boundaries. This phenomenon is generally associated with discontinuous DRX (DDRX) characterized by grain boundary bulging [35]. The nucleation sites of DDRX can be provided by the grain boundary bulging through strain-induced grain boundary migration. Subsequently, the sub-boundaries with low misorientations caused by dislocation rearrangement can be formed at the bottom of the bulging area, and then they continuously absorb dislocations to increase their misorientations. Once HAGBs form from these LAGBs, the fine DDRX grains will develop. In fact, DDRX will spread toward the center of the prior grain with increasing the strain, and eventually swallow up the whole grain. However, under the current state, DDRX is insufficient because of the low degree of deformation. Therefore, DRV characterized by sub-grain formation and a small amount of DDRX play an important role in the microstructural evolution.



At 1023 K (Figure 6b), as expected, the extensive DRX can be observed. The degree of DRX reaches 42%. Obviously, the DRX process is facilitated when the temperature increases from 873 to 1023 K at the strain rate of 1.7 × 10−4 s−1, and thus DRX becomes a main softening mechanism. However, no necklace structure like the one in Figure 6a is observed, and numerous equiaxed grains can be found. Meanwhile, sub-structures are formed in the deformed grains, especially near the grain boundaries. The misorientation change across a typical deformed grain from left to right is shown in Figure 8a. Similarly, this grain is divided into several well-defined sub-grains with different misorientations. The cumulative misorientation exceeds 10° over the distance of 17–80 μm. These sub-grain boundaries will easily develop into HAGBs with the increase of strain through the progressive sub-grain rotation [36]. Many sub-grains have been partly surrounded by the HAGBs (black arrows in Figure 6b), indicating the CDRX nucleation mechanism. Hence, the softening behavior at 1023 K is mainly controlled by DRV and CDRX. In addition, it is observed that the size of DRX grains increases in comparison to that at 873 K. This is because the increased temperature provides a greater driving force for migration of sub-grain/grain boundaries. Because of this, some new grains can still be nucleated by the bend of the grain boundary. Figure 8b shows the misorientation change across a special local bulging area from left to right, marked L4 in Figure 6b. The misorientation cumulates up to 10° at the bottom of bulging area, indicating that a well-developed sub-grain boundary has formed.



At 1123 K (Figure 6c), it is seen that the area of DRX region is ~46%, which has a slight increase when compared to that obtained at 1023 K. Coarse grains can be observed, and the average size of DRX grains is increased to ~32 μm. However, the amount of sub-structures decreases significantly, and therefore, the density of dislocations is reduced. Most of sub-boundaries are straight and regular, indicating that DRV becomes sufficient because of high driving force for dislocations climb and cross-slip [25]. The reduction of sub-structures accompanied with low dislocation density lowers the amount of stored energy, and thus reducing the driving force for lattice rotation. It is inferred that high temperature can contribute to the coalescence of sub-grains and the migration of sub-grain/grain boundaries. Figure 9 shows the variation in misorientation across several sub-grains from left to right, which reveals the development of sub-grain coalescence. From the lines L5 and L6, the misorientation angles between grains A and B or D and E are less than 2°, and the cumulative misorientations do not exceed 5°. This indicates that the adjacent grains gradually coalesce into a single grain through rotating to reduce the misorientation. It is noted that some new equiaxed grains have been formed on the boundaries of coarse grains (black arrows in Figure 6c). These new grains may be nucleated through grain boundary bulging. However, they are very small in size, and thus results in a less uniform microstructure. In summary, at high temperature of 1123 K, the effect of progressive sub-grain rotation induced HAGBs is weakened, and CDRX caused by sub-grain coalescence becomes the main mechanism of DRX.



In order to analyze the strain rate effect on the microstructures during hot tensile deformation, IPF-coloring orientation map of the studied steel deformed at a high strain rate of 1.7 × 10−2 s−1 with 1123 K are presented in Figure 6d. The elongated original grains contained sub-structures as evident from the color variations can be observed, and a considerable HAGBs fragments are formed within these deformed grains. In addition, the new recrystallized grains can be seen inside the grains. It is inferred that these new grains nucleate through CDRX with the mechanism of sub-grain rotation. The HAGBs fragments will be able to contribute the CDRX nucleation. However, the fraction of DRX decreases to 38% as compared with that under the strain rate of 1.7 × 10−4 s−1. The DRX grain size also decreases. The high strain rate can increase the dislocation density, and generate more stored deformation energy [34,37]. Hence, the sub-grain rotation can be accelerated, leading to a quick nucleation of DRX. However, the growth of new grains is restricted due to the insufficient time for the migration of grain boundaries at the high strain rate. As a result, a finer microstructure is obtained.



The full grain boundary distribution corresponding to the Figure 6 is shown in Figure 10. Black and green lines represent HAGBs and LAGBs respectively. It is clear that a large number of LAGBs composed of dislocation-rich layers exist in the deformed grains at 873 K (Figure 10a,b). Interestingly, in large deformed grains, the closer to the original HAGBs, the higher the density of sub-grain boundaries. It can therefore be inferred that the area near original HAGBs has a high dislocation density. With increasing the deformation temperature (Figure 10c–f), as expected, the fraction of LAGBs decreases, while the fraction of HAGBs increases. This indicates that the dynamic softening accompanied with CDRX is reinforced with the increase of temperature. However, at high temperature of 1123 K, the fraction of sub-grain boundaries with misorientation angles less than 2° increases to 34%. This is related to the decrease in the boundary misorientation caused by a large number of sub-grain coalescence. In addition, according to Refs [38,39], the high fraction of 10–15° misorientation angles in sub-structures means that it may produce more HAGBs from these LAGBs by sub-grain rotation. For the strain rate of 1.7 × 10−4 s−1, the fractions of 10–15° misorientation angles at temperatures of 873, 1023, and 1123 K are 6%, 7% and 3.5%, respectively, which illustrates that the transition and migration from LAGBs to HAGBs is reduced at 1123 K. Therefore, the sub-grain coalescence becomes the main mode of CDRX gradually. With increasing the strain rate up to 1.7 × 10−2 s−1 at 1123 K (Figure 10g,h), the distribution of sub-grain structure trends to uniform, which results in the fragment of the original grains. A high fraction of LAGBs (45%) can be obtained, which is much higher than that at 1.7 × 10−4 s−1. The presence of more sub-grains with LAGBs and segments of HAGBs in the interiors of grains will be able to contribute the CDRX nucleation by sub-grain rotation.



Kernel average misorientation (KAM) maps corresponding to the Figure 6 are shown in Figure 11. The KAM value can be recognized as an indicator of dislocation density. The higher the KAM value, the higher the dislocation density. At 1.7 × 10−4 s−1 and 873 K (Figure 11a), it is observed that the average KAM value is 1.27°. At this stage, DRV, rather than DRX, is the dominant softening mechanism. Furthermore, the high KAM values can be found in the areas surrounding the new DRX grains, indicating that a high density of dislocation has formed in these areas. The limited deformation between the adjacent new grains due to the high strain nearby the grain boundaries cannot offset the stress concentration caused by dislocations pilling up, and as a result, the cavities can be induced. This explains why the cavities preferentially nucleate nearby the original grain boundaries where DRX apparently takes place (Figure 6a). The high density of spherical cavities can be responsible for the low ductility and the significant necking. The average KAM value decreases with increasing the deformation temperature (Figure 11b,c), 0.40° for 1023 K and 0.37° for 1123 K. The dislocation density decreases significantly due to DRX, resulting in an obvious decrease in strength during the hot tensile process. However, a slight decrease in KAM value is observed at 1123 K, which is attributed to limited increase of DRX and sufficient DRV, thus leading to the slow decrease of flow stress in the range of 1023–1123 K. Moreover, at 1123 K, the area on the side of the bulging for new grains nucleated at the original grain boundaries has a relatively high KAM value. The deformation incompatibility in this area due to large difference in grain size generally can provide the sites for the nucleation of cavities (Figure 5c). The coarse grains caused by fast migration of boundaries and uneven grain distribution lead to the decrease of ductility. Figure 11d shows the effect of strain rate on the KAM value. It is found that the density of dislocations is increased at 1.7 × 10−2 s−1, and the average KAM value is 0.53°, which is slightly higher than that at 1.7 × 10−4 s−1. The distribution of KAM value is relatively uniform. Therefore, the strength of the studied steel is increased.





3.4. Kinetic Analysis


The hot tensile flow behavior of the 0Cr18AlSi steel can be presented through the correlation among true stress, deformation temperature and strain rate, which is generally expressed by the Arrhenius type equation [40,41]:


   ε ˙  = A  σ n  exp  (  −  Q  R T    )  ,  



(1)




where   ε ˙   the strain rate (s−1), A a constant (s−1), σ the true stress (MPa), n the stress exponent, Q the deformation activation energy (kJ·mol−1), R the universal gas constant (8.314 J mol−1 K−1), and T the temperature in K.



In Equation (1), the stress exponent and the deformation activation energy are considered to be the significant parameters with physical meaning. The stress exponent correlates the high temperature deformation mechanism, while the deformation activation energy reflects how the temperature affects the kinetics or the rate of the process, i.e., diffusion. In order to estimate the n value of the 0Cr18AlSi steel at the current state, Equation (1) can be rewritten in the following expression:


  ln σ =   ln  ε ˙   n  +  Q  n R T   −   l n A  n  .  



(2)







Here, the stable true stresses are taken from the flow curves. Remarkably, the n value can be obtained from the reciprocal of the slope of the linear regression line in the lnσ–  ln  ε ˙    plot at a particular temperature. In fact, such slope of the regressive line, the reciprocal of the stress exponent, represents strain rate sensitivity (m, m = 1/n). Ideally, a larger m value indicated a larger ductility and higher necking resistance [40]. Figure 12a shows the correlation between the flow stress and strain rate in a natural log. It is clear that at the low temperature of 873 K, m has the lowest value (~0.12), indicating a low ductility, which is consistent with the results in Figure 3c. While increasing the temperature, the value of m rises first and then declines. The maximum m value (~0.19) can be obtained at temperatures between 1023 and 1073 K. After averaging the m values, the stress exponent is estimated to be 5.9. It is accepted that, when n = 4–6, the motion of dislocations controlled by climb would be the dominant deformation mechanism [42].



Similarly, for a particular strain rate, the partial derivatives from both sides of Equation (2) are taken to 1/T, Q can be expressed as:


  Q = n R    [    ∂ ln σ   ∂  (  1 / T  )     ]    ε ˙   = n R S ,  



(3)




where S the slope of lnσ–1/T plot at various strain rates, as shown in Figure 12b. The Q value of the present steel is calculated to be 355 kJ·mol−1. This value is found to be much higher than the activation energy of self-diffusion in α–Fe (239 kJ/mol) [43], indicating that the softening mechanism of the 0Cr18AlSi steel at high temperatures is controlled by DRV and DRX rather than diffusion. However, it is lower than the previously determined values of 385 kJ/mol for high purity 17Cr ferritic stainless steel [44], 405 kJ/mol for 21Cr ferritic stainless steel [45], or 424 kJ/mol for Ti and Nb containing 17Cr ferritic stainless steel [46]. Such relatively low deformation activation energy for the 0Cr18AlSi steel means that the movement of dislocations, such as climbing of edge dislocations and cross-slipping of screw dislocations, only requires a small driving force during hot deformation. Therefore, DRV and DRX occur more easily in comparison with the above conventional ferritic stainless steels.





4. Conclusions


The hot tensile tests were conducted at temperatures ranging from 873 to 1123 K and strain rates of 1.7 × 10−4–1.7 × 10−2 s−1 for the 0Cr18AlSi ferritic stainless steel. The tensile properties and mechanism of microstructural evolution were investigated. The main results are as follows:




	(1)

	
The maximum elongation to fracture can be obtained at 1023 K for the strain rates of 1.7 × 10−3 and 1.7 × 10−2 s−1. The temperature for the maximum elongation to fracture is delayed to 1073 K when decreasing the strain rate to 1.7 × 10−4 s−1. The decrease in necking deformation resistance caused by fast migration of boundaries and uneven grain distribution results in the low ductility at high temperature of 1123 K.




	(2)

	
At low temperature, DRV dominates the softening process though a small number of DDRX occurs. As increasing the temperature, the flow softening by CDRX is reinforced due to the acceleration of rotation and coalescence of sub-grains. The main reason of ductility decrease at high temperature and low strain rate is the grain coarsening and the deformation discordance between small new DRX grains and coarse grains.




	(3)

	
The stress exponent and the deformation activation energy are 5.9 and 355 kJ·mol−1 respectively. The dominant deformation mechanism is the dislocations motion controlled by climb.
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Figure 1. (a) Optical microstructure of the annealed 0Cr18AlSi steel and (b) corresponding X-ray diffraction pattern. 
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Figure 2. Tensile engineering stress–strain curves of the 0Cr18AlSi steel tested at various temperatures with strain rates of (a) 1.7 × 10−2 s−1; (b) 1.7 × 10−3 s−1; and (c) 1.7 × 10−4 s−1. 
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Figure 3. Tensile properties of the 0Cr18AlSi steel tested at different conditions: (a) yield strength, YS; (b) ultimate tensile strength (UTS); (c) elongation to fracture (EL); (d) uniform elongation (UE); (e) reduction of area (RA). 
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Figure 4. SEM fractographs of the 0Cr18AlSi steel tested at different conditions: (a) 973 K and 1.7 × 10−2 s−1; (b) 1023 K and 1.7 × 10−2 s−1; (c) 1123 K and 1.7 × 10−2 s−1; (d) 873 K and 1.7 × 10−4 s−1; (e) 973 K and 1.7 × 10−4 s−1; (f) 1073 K and 1.7 × 10−4 s−1. The insets indicated the fracture surfaces at low magnifications. 
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Figure 5. Cross-sectional microstructures of the fracture tips of the specimens after tensile tests at different conditions: (a) 873 K and 1.7 × 10−4 s−1; (b) 1023 K and 1.7 × 10−4 s−1; (c) 1123 K and 1.7 × 10−4 s−1; (d) 1123 K and 1.7 × 10−2 s−1. 
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Figure 6. Inverse pole figure (IPF)-coloring orientation map for the 0Cr18AlSi steel tested under different deformation conditions: (a) 1.7 × 10−4 s−1 and 873 K; (b) 1.7 × 10−4 s−1 and 1023 K; (c) 1.7 × 10−4 s−1 and 1123 K; (d) 1.7 × 10−2 s−1 and 1123 K. 
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Figure 7. Misorientation profiles obtained along the lines marked in Figure 6a. (a) L1; (b) L2. 
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Figure 8. Misorientation profiles obtained along the lines marked in Figure 6b. (a) L3; (b) L4. 
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Figure 9. Misorientation profiles obtained along the lines marked in Figure 6c. (a) L5; (b) L6. 
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Figure 10. The distribution of grain boundary for the 0Cr18AlSi steel tested under different deformation conditions: (a) and (b) 1.7 × 10−4 s−1 and 873 K; (c) and (d) 1.7 × 10−4 s−1 and 1023 K; (e) and (f) 1.7 × 10−4 s−1 and 1123 K; (g) and (h) 1.7 × 10−2 s−1 and 1123 K. Green lines correspond to boundaries with low misorientation 2° < θ < 15°, and black lines θ > 15° represent high-angle boundaries. 
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Figure 11. Kernel average misorientation (KAM) maps for the 0Cr18AlSi steel tested under different deformation conditions: (a) 1.7 × 10−4 s−1 and 873 K; (b) 1.7 × 10−4 s−1 and 1023 K; (c) 1.7 × 10−4 s−1 and 1123 K; (d) 1.7 × 10−2 s−1 and 1123 K. 
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Figure 12. Plots of lnσ–   ln  ε ˙     (a) and lnσ–1/T (b) for the 0Cr18AlSi steel. 
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