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Abstract:



The grain boundary misorientation distributions associated with the development of dynamic recrystallization were studied in a high-nitrogen austenitic stainless steel subjected to hot working. Under conditions of discontinuous dynamic recrystallization, the relationships between the grain or subgrain sizes and flow stresses can be expressed by power law functions with different grain/subgrain size exponents of about −0.76 (for grain size) or −1.0 (for subgrain size). Therefore, the mean grain size being much larger than the subgrain size under conditions of low flow stress gradually approaches the size of the subgrains with an increase in the flow stress. These dependencies lead to the fraction of high-angle boundaries being a function of the flow stress. Namely, the fraction of ordinary high-angle boundaries in dynamically-recrystallized structures decreases with a decrease in the flow stress. On the other hand, the fraction of special boundaries, which are associated with annealing twins, progressively increases with a decrease of the flow stress.
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1. Introduction


Dynamic recrystallization (DRX) is a very effective tool to obtain a desirable microstructure in various metallic materials [1,2,3,4]. The DRX microstructures depend sensitively on the deformation conditions, i.e., temperature (T) and strain rate ([image: there is no content]), which are commonly represented by a temperature-compensated strain rate, the Zener-Hollomon parameter (Z = [image: there is no content] exp Q/RT, where Q and R are the activation energy and the universal gas constant, respectively) [5,6]. One of the most important structural parameters is grain size, which significantly affects properties of metals and alloys; especially, their mechanical/deformation behavior [7]. The grain size in DRX microstructures can be controlled by deformation conditions, e.g., it increases with an increase in the deformation temperature and/or a decrease in the strain rate [8,9]. The flow stress during hot deformation of various metals and alloys also depends on the deformation conditions and can be expressed by a power law function of Z. Therefore, a power law generally holds between the flow stress and the DRX grain size with a grain size exponent of about −0.7 for hot working conditions [10,11,12].



In contrast to the size of DRX grains, which has been a subject of numerous investigations along with the fraction and distribution of DRX grains [2], the grain boundary character distributions that develop during DRX have not been studied in sufficient details. The DRX mechanism that operates under hot working conditions involves a local bulging of a grain boundary portion leading to the development of a DRX nucleus. Then, the DRX nucleus grows out, consuming the work-hardened surroundings until it impinges with other growing DRX grains, or the driving force for the DRX grain growth drops below a critical value due to the increase in the deformation stored energy in the growing DRX grain during deformation. Therefore, there are several grain types in the DRX microstructure, including DRX nuclei, growing DRX grains, and work-hardened grains. The latter ones involve a number of low-angle dislocation subboundaries. Moreover, annealing twins may appear in the growing DRX grains as a result of a growth accident of a migration boundary in metals and alloys with low stacking fault energy (SFE) [12,13], since the growth of DRX grains is associated with the migration of their boundaries. The fraction and density of twin-related boundaries, which are characterized by special coincident site lattices (Σ3n CSL), have been frequently studied for static recrystallization and grain growth [14,15,16]. It has been suggested that both the fraction and density of Σ3n CSL boundaries depend on a relative change in the grain size and, thus, can be expressed by functions of the size ratio of an instant grain (after recrystallization or grain growth) to the initial one (just before recrystallization/grain growth) [17,18,19]. A similar relationship between the fraction of Σ3n CSL boundaries and grain size ratio has been obtained for continuous post-dynamic recrystallization of an austenitic stainless steel [20]. On the other hand, the development of Σ3n CSL boundaries in low-SFE materials during conventional discontinuous DRX under hot working conditions has not been clarified.



The aim of the present paper is to study the grain boundary assemblies that develop during discontinuous DRX in an austenitic stainless steel. It places particular emphasis on quantitative relationships between the grain boundary character distributions and hot working conditions. A high-nitrogen chromium-nickel stainless steel was selected in the present study as a representative of advanced structural steels designated for crucial engineering applications sustainable against loading under low-temperature conditions.




2. Materials and Methods


A high-nitrogen austenitic stainless steel, 0.025%C–22%Cr–10.2%Ni–0.36%N–6.2%Mn–0.34%Si–1.9%Mo–0.003%S–0.005%P and the balance Fe (all in wt %), was cast at the Central Research Institute for Machine-Building Technology, Moscow, Russia. The steel was solution annealed and hot rolled at a temperature of 1373 K. The average grain size was approximately 420 μm. Rectangular samples with initial dimensions of 10 mm × 12 mm × 15 mm were machined for compression tests, which were carried out using an Instron 300LX testing machine (Instron Ltd., Norwood, MA, USA) equipped with a three-sectioned high-temperature furnace (Instron Ltd., Norwood, MA, USA). A powder of boron nitride was used as a lubricant to minimize the friction between the specimen and anvil. The specimens were compressed at temperatures of 1073 K to 1348 K, and strain rates of 10−4 s−1 to 10−2 s−1, and then immediately quenched by water jet while the deformation was ceased (the quench delay was 1–2 s).



The structural investigations were carried out on the sample sections parallel to the compression axis using a Nova Nano SEM 450 scanning electron microscope (FEI Corporation, Hillsboro, OR, USA) equipped with an electron backscatter diffraction (EBSD) analyzer (Oxford Instruments, Oxfordshire, UK) incorporating an orientation imaging microscopy (OIM) system (Oxford Instruments, Oxfordshire, UK). The OIM images were subjected to clean-up procedures, setting a minimal confidence index of 0.1. The grain size (D) was measured as an average distance between ordinary high-angle boundaries (HABs), i.e., those with misorientations of θ ≥ 15°, excepting the Σ3n CSL boundaries, along and crosswise to the compression axis. In the case of uncompleted DRX, the DRX grains were distinguished from non-recrystallized portions by means of kernel average misorientation, assuming that the kernel average misorientation within DRX portions did not exceed 1°. The subgrain size (d) was measured as an average distance between subboundaries with misorientations of 1° < θ < 15°.




3. Results


3.1. Stress-Strain Curves


Figure 1 shows a series of true stress-strain curves obtained during hot isothermal compressions at different temperatures and strain rates. Most of the curves exhibit typical DRX behavior with a peak flow stress followed by a steady state deformation behavior [3,21]. Note here that an apparent increase in the flow stress at large strains is associated with a growing contribution from contact friction stresses. The flow stresses vary with the deformation temperature and strain rate. The flow stresses decrease with an increase in the deformation temperature (Figure 1a) or with a decrease in the strain rate (Figure 1b). The peak flow stress increases by 30%–40% with a ten-fold increase in the strain rate, if the temperature is a constant. A decrease in the deformation temperature results in the peak flow stress occurring at larger strain that is much similar to other studies on DRX at hot working conditions [1,2,5,22]. This suggests, therefore, that the DRX kinetics slow down as the deformation temperature decreases. At relatively low deformation temperatures below 1173 K, the steady state deformation behavior can hardly be distinguished through the flow curves in Figure 1a.


Figure 1. The true stress-true strain curves of the high nitrogen austenitic stainless steel under various deformation conditions, i.e., at strain rate of 10−3 s−1 (a) and at a temperature of 1323 K. (b) The red arrows indicate the peak stress associated with DRX.



[image: Metals 06 00268 g001]







3.2. Deformation Microstructures


Typical deformation microstructures that developed during hot isothermal compressions at temperatures of 1073–1323 K are shown in Figure 2. The deformation microstructures are characterized by pancake-shaped original grains, which are separated from each other by thin chains of ultrafine DRX grains, after compression at 1073 K (Figure 2). The fraction of DRX grains increases with the increase in the deformation temperature. The coarse remnants of the original grains are surrounded by numerous DRX grains in the sample compressed at 1173 K (Figure 2). The development of DRX grains readily takes place along the original grain boundaries [1,3,10]. Therefore, so-called necklace microstructures are evolved in the partially-recrystallized samples in Figure 2. It is clearly seen in Figure 2 that uniform fine-grained microstructures are completely developed in the samples processed at temperatures of T ≥ 1273 K. As it could be expected, these fine-grained DRX microstructures involve various boundaries, including rather large fractions of low-angle subboundaries and twin-related Σ3n CSL boundaries (some of them are indicated by arrows in Figure 2) besides ordinary high-angle grain boundaries.


Figure 2. Typical microstructures that evolved in the high-nitrogen austenitic stainless steel during compression to a strain of 1.2 at 1073–1323 K and a strain rate of 10−3 s−1. The thin and thick lines correspond to the subgrain and grain boundaries, respectively. The white line corresponds to CSL Σ3n boundaries. The colors reflect the inverse pole figures for the compression axis (CA). The arrows indicate some typical twins by growth accident.
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The presence of large fractions of non-recrystallized portions in the DRX necklace microstructures evolved at 1073–1173 K results in bimodal grain size distributions (Figure 3). The fraction of large non-recrystallized grains comprises 0.74 at 1073 K. Correspondingly, the fraction of DRX grains at this temperature is 0.26. An increase in the deformation temperature leads to an increase in the DRX fraction. The peak of the grain size distribution against the large grain sizes, which corresponds to non-recrystallized remnants of the original grains, decreases and spreads out towards smaller sizes. At 1173 K, the fraction of recrystallized portions increases to 0.5.


Figure 3. Grain size distributions that evolved in the high-nitrogen austenitic stainless steel during compression to a strain of 1.2 at the indicated temperatures and a strain rate of 10−3 s−1.
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Fully-recrystallized microstructures develop in the samples compressed at 1273–1348 K. The corresponding grain size distributions are characterized by a single peak against grain sizes ranging from 1–2 μm to 10–40 μm, depending on the deformation temperature (Figure 3).




3.3. DRX Grains and Their Boundaries


Let us consider the DRX grain evolution during compressions at different temperatures and strain rates in more detail. The temperature and strain rate effects on the average grain and subgrain sizes are shown in Figure 4. Note here that the non-recrystallized portions were omitted while considering the DRX grains/subgrains and their boundaries in the partially-recrystallized microstructures. The grain/subgrain sizes exhibit apparently weak temperature and strain rate dependencies at relatively low temperatures. The average DRX grain and subgrain sizes fall in almost the same range of 1–2 μm during compressions at 1073–1173 K and 10−4 to 10−2 s−1. In contrast, the mean DRX grain size rapidly increases with an increase in the temperature, especially, at the low strain rate of 10−4 s−1 (Figure 4a). On the other hand, the rate of increase of DRX subgrain size with an increase in the deformation temperature is much lower as compared with that for DRX grain size, irrespective of the strain rate (Figure 4b).


Figure 4. DRX grain (a) and subgrain (b) size that evolved in the high-nitrogen austenitic stainless steel during compression at different temperatures and strain rates.
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The distributions of the DRX grain boundary misorientations that developed in the samples subjected to compressions at a strain rate of 10−3 s−1 are shown in Figure 5. These developed at different temperatures, and the DRX misorientation distributions are quite similar in appearance and, qualitatively, can be represented as a superposition of three characteristic misorientations. Namely, low-angle misorientations typical of deformation subboundaries, random misorientations (Mackenzie [23]) with a broad peak at 45°, and a sharp peak at 60° corresponding to annealing twins. The changes in the misorientation distributions after compression at different temperatures are mainly associated with the changes in the fractions of low-angle subboundaries and 60° twin boundaries. The peak below 15°, corresponding to low-angle boundaries, sharpens and rises with an increase in the deformation temperature. The twin-related peak against 60° demonstrates the same behavior. After compression at 1073 K, the fraction of 60° misorientations is about 0.05. Increasing the deformation temperature promotes the annealing twin formation. As a result, the fraction of 60° misorientations exceeds 0.15 in the sample compressed at 1323 K. The relative changes in the fractions of 60° misorientations are clearly correlated with the relative changes in the grain/subgrain sizes. The smallest fraction of 60° misorientations corresponds to the sample compressed at 1073 K, in which the grain and subgrains sizes are almost the same.


Figure 5. Distributions of the DRX grain boundary misorientations developed in the high-nitrogen austenitic stainless steel during compression to a strain of 1.2 at the indicated temperatures and a strain rate of 10−3 s−1. The dashed lines indicate random (Mackenzie) distribution.
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It has been shown that the steady-state size of DRX grains can be expressed by a power-law function of the flow stress [10,11,24,25]. The relationships between the flow stresses normalized by shear modulus and the sizes of DRX grains and subgrains developed in the present steel during compressions at various temperatures and strain rates are presented in Figure 6. The flow stresses can be related to the DRX grain size through a power-law function with a grain size exponent of −0.76. Such a grain size exponent is typical of discontinuous DRX under hot working conditions [26,27]. On the other hand, the subgrain size is expressed by a different power law function of the flow stress with a size exponent of −1. Therefore, the size difference between DRX grains and subgrains diminishes with increasing flow stress.


Figure 6. Relationship between the flow stress normalized by the shear modulus (σ/G) and the DRX grain size (D) and subgrain size (d) for the high-nitrogen austenitic stainless steel.
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The flow stress and the DRX grain/subgrain sizes are sensitively dependent on the processing conditions [11,28]. Figure 7 shows the relationship between the DRX grain and subgrain sizes and the deformation conditions, which are represented by the temperature-compensated strain rate, Z. The latter was estimated with an activation energy of 280 kJ·mol−1 [29]. Increasing Z, generally, leads to a decrease of both the grain and subgrain sizes. In the range of Z < 1011 s−1, corresponding to hot working conditions, the microstructural evolution during deformation of chromium-nickel austenitic stainless steels has been suggested as being associated with the development of discontinuous DRX, when the DRX grain and subgrain sizes exhibit rather strong temperature and/or strain rate dependencies [11]. The DRX grain and subgrain sizes that develop in the present steel can be expressed as D~Z−0.27 and d~Z−0.2, respectively. These dependencies predict a certain change in the fraction of ordinary grain boundaries in the DRX microstructures with a change in deformation conditions.


Figure 7. Dependences of the DRX grain/subgrain sizes on the temperature-compensated strain rate (Z) for the high nitrogen austenitic stainless steel.
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The fractions of ordinary high-angle grain boundaries and twin-related Σ3n CSL boundaries in the DRX microstructures that develop in the present steel during hot working are shown in Figure 8. The fraction of ordinary grain boundaries decreases from approx. 0.7 to 0.5 with a decrease in Z from 1011 s−1 to 107 s−1. That is to say, the fraction of high-angle grain boundaries in the DRX microstructures should decrease with an increase in deformation temperature and/or a decrease in strain rate. Such behavior is directly related to the variations of the DRX grain/subgrain sizes with deformation conditions. The difference between the DRX grain size and subgrain size markedly increases with a decrease in Z (Figure 7) or flow stress (Figure 6), then, the fraction of grain boundaries decreases as a ratio of d/D. On the other hand, a decrease in Z (i.e., an increase in deformation temperature and/or a decrease in strain rate) results in an increase in the fraction of Σ3n CSL boundaries (Figure 8). Thus, the larger DRX grain size corresponds to the larger fraction of twin-related boundaries.


Figure 8. Dependences of the fractions of HAB and CSL boundaries on the temperature-compensated strain rate (Z) for the high-nitrogen austenitic stainless steel.
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4. Discussion


Annealing twins have been suggested to appear by growth accidents of a migrating boundary during recrystallization and grain growth [13,18]. Considering an increase in the grain size from D0 to D the following relationships between the grain size ratio (D/D0) and the fraction of twin-related Σ3n CSL boundaries (FCSL) were obtained [20].


[image: there is no content]



(1)
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(2)




where NCSL0 and FCSL0 are the number and fraction of Σ3n CSL boundaries in the initial microstructure just before the grain growth, respectively, and the numerical factor of K~0.5 depends on the probability of twin formation by a growth accident.



According to the common representation of the discontinuous DRX mechanism, the grain boundary bulging creates a DRX nucleus, which is actually a subgrain that locates under the bulge and almost free of lattice dislocation. Then, this DRX nucleus rapidly grows out and becomes a new grain replacing other pre-existing work-hardened grains [2,3]. Therefore, the size of deformation subgrains can be roughly considered as the starting grain size (D0), while considering the grain coarsening during discontinuous DRX. Then, the fraction of Σ3n CSL boundaries can be evaluated by Equation (1), taking D0 = d for the present DRX microstructures that developed under various deformation conditions.



Figure 9 shows the relationship between FCSL and D/d that were obtained for austenitic stainless steels in the present (filled symbols) and previous (open symbols) studies [20,30] as well as that calculated by Equation (1) with K = 0.5 (solid line). It should be noted that previous studies dealt with continuous post-dynamic recrystallization after large strain deformation by multiple warm forgings at different temperatures, whereas the present study considers conventional DRX microstructures.


Figure 9. Relationship between the fraction of CSL boundaries (FCSL) and the grain/subgrain size ratio (D/d).



[image: Metals 06 00268 g009]






Nevertheless, all data points in Figure 9 locate quite near the position predicted by Equation (1), suggesting that the fraction of Σ3n CSL boundaries can be expressed by a unique function of the grain size change irrespective of the grain coarsening mechanisms. Some data points to the right of the curve (s. insert in Figure 9) were obtained under conditions of Z > 1011 s−1, when the contribution of discontinuous DRX to the new grain development becomes small, i.e., new grains develop without remarkable grain growth [11].



Let us consider the effect of deformation conditions from cold to hot working on the grain boundary assemblies evolved after sufficiently large strains, i.e., under conditions of apparent steady state deformation. The change in the fraction of ordinary high-angle boundaries (FHAB) in Figure 9 clearly correlates with the change in subgrain/grain size ratio (d/D) in Figure 7 and Figure 8. The hot deformation conditions selected in the present study correspond to the range of discontinuous DRX. Therefore, the fraction of ordinary grain boundaries in discontinuous DRX microstructures decreases with a decrease in Z (increase in temperature and/or decrease in strain rate). In a previous paper, a three-stage relationship between flow stress and dynamic grain size has been suggested for a wide temperature interval [31,32]. Three power law functions with different grain size exponents of about −0.7, −0.3, and −1.0 have been reported for discontinuous DRX during hot working, continuous DRX during warm working, and grain refinement during cold working. On the other hand, the subgrain size can be related to the flow stress with a size exponent of −1.0 in the whole temperature range. Such dependences suggest a three-stage variation of boundary characteristics on the processing conditions, as schematically shown in Figure 10.


Figure 10. Variations of the fractions of HAB (FHAB) and CSL (FCSL) boundaries in austenitic stainless steels with deformation conditions.
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A decrease in the deformation temperature corresponds to the sequential change from hot working to warm working and then to cold working (the regions of I to II to III in Figure 10). The fraction of ordinary high-angle grain boundaries increases as the deformation temperature decreases within the conditions of hot working (region I). Correspondingly, slow down grain growth with decreasing temperature results in a gradual decrease in the fraction of Σ3n CSL boundaries. The transition to warm working is accompanied by a change in the grain size dependence on deformation conditions/flow stress. The grain size that evolves at sufficiently large strains rapidly approaches the subgrain size, i.e., D/d → 1, as the deformation temperature decreases. Therefore, the fraction of high-angle grain boundaries comes close to 1, while FCSL becomes negligibly small (region II in Figure 10). A further decrease in the deformation temperature to cold working leads to the cessation of the grain growth. The ultrafine grains that develop under conditions of severe plastic deformation are entirely bounded by high-angle boundaries [33,34], leading to FHAB~1. The Σ3n CSL boundaries may appear during severe plastic deformation as result of deformation twinning, but this is not an annealing phenomenon.




5. Conclusions


The deformation microstructures that developed in a high-nitrogen austenitic stainless steel during hot working accompanied by dynamic recrystallization (DRX) were studied. The main results can be summarized as follows:

	
The relationship between the DRX grain/subgrain size and flow stress can be expressed by power-law functions with different size exponents of −0.76 (grains) and −1.0 (subgrains), which is typical of discontinuous DRX under hot working conditions. Correspondingly, power-law functions with exponents of −0.27 and −0.2 are held for the effect of temperature-compensated strain rate (Z) on the grain and subgrain sizes, respectively.



	
The fraction of ordinary high-angle boundaries in DRX microstructures increases from approx. 0.5 to 0.7, while the fraction of twin-related Σ3n CSL boundaries decreases from 0.25 to 0.05 as Z increases from 107 s−1 to 1011 s−1. Both the fraction of ordinary grain boundaries and the fraction of Σ3n CSL boundaries depend on the grain and subgrain sizes, i.e., D and d, and can be expressed by functions of the ratio of D/d.
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