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Abstract

:

The deformation behavior, mechanical properties, and microstructure of Fe-Cr-Mn-0.53%N austenitic stainless steel were studied at a temperature range of 77 up to 293 K. The dynamics of the steel elongation were non-monotonic with a maximum at 240–273 K, when peaks of both static atom displacements from their equilibrium positions in austenite and residual stresses in the tensile load direction were observed. The results of X-ray diffraction analysis confirmed that the only stress-induced γ→ε-martensite transformation occurred upon deformation (no traces of the γ→α′ one was found). In this case, the volume fraction of ε-martensite was about 2–3%. These transformation-induced plasticity (TRIP) patterns were discussed in terms of changes in the phase composition of steel as the root cause.
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1. Introduction


In recent years, special attention has been paid to design steels that possess high strength and ductility at low climatic temperatures. Despite the higher cost, austenitic steels are preferable for operation under these conditions since they show improved mechanical properties and fracture toughness in contrast to bcc ones [1,2]. For example, both nickel-free and low-nickel steels have been designed for applications in the Arctic region [2,3,4]. In this case, the issue of replacing expensive nickel is solved by alloying with manganese and nitrogen [5,6]. As is known, nitrogen expands the austenite region, affects the stacking fault energy (SFE) values, and, as a consequence, also the deformation mechanism and the work hardening rate. Lee et al. [7] and Bazaleeva [8] have shown in their reviews that there is no unambiguous opinion on the nature of the effect of nitrogen on the SFE levels of Cr-Mn steels. In [7], the SFE vs. nitrogen content dependence for Cr-Mn-N steels has been characterized by high SFE values in the range of 10 to 28 mJ/m2 with the enhancement of the amount of nitrogen from 0.39 to 0.69 wt.%. In this case, austenite was unstable at 10 mJ/m2, but stable at 28 mJ/m2. Bazaleeva has reported [8] that the likelihood of stacking faults (SF) increases with the raising of the nitrogen content. Since the SF density is inversely proportional to the SFE values [9], enhancing the nitrogen content in Cr-Mn-N steels decreases their SFE levels. There is no controversy regarding the SFE vs. temperature dependence for austenitic steels [10,11,12]. It is known that the SFE level is reduced with decreasing temperatures, and the SFE vs. temperature dependence is more pronounced for nitrogen-doped steels than for carbon-containing ones with the same amount of other alloying elements [11]. Therefore, if austenite is stable during the deformation of the high-nitrogen steels at room temperature, then the transition from the stable state to the metastable one is possible with a decrease in the deformation temperature. In this case, the γ→ε or γ→ε→α′ transformation begins due to the low-temperature deformation [12]. The transition occurs sequentially through the γ→ε→α′ stages as the deformation degree increases to the same temperature [4,13,14,15]. Consequently, the deformation mechanisms, which determine the work hardening rate at various deformation stages, can be different for the same steel. For example, Martin et al. [12] have described the transformation stages with reductions in the deformation temperature as the dislocation glide→twinning→ε→α′ sequence.



It has been shown in [3,7,14,15,16,17] that 17Cr-10Mn, 18Cr-18Mn-2Mo, and 18Cr-16Mn-2Mo steels are characterized by the fcc lattice and twinning-dominant deformation stability if they have been alloyed with nitrogen in amounts above 0.5 wt.%. Moreover, ε-martensite (with the hcp lattice) has been formed in these steels instead of the α′ phase. The same effect has been observed for ones of similar composition (with 0.51–0.53%N and 0.03–0.07% C) if they have been deformed at room temperature above the ε true strain of 0.3. Moreover, the transformation is possible upon frictional processing [18] or ultrasonic forging [19] of their surfaces.



The present paper is devoted to the study of the γ→ε transformation-induced plasticity (TRIP) and the strength properties of Cr-Mn-N steel under tensile loads at low temperatures.




2. Materials and Methods


The chemical composition of the studied steel is presented in Table 1.



The steel was prepared in an induction furnace. Armco iron, ferromanganese, ferrochrome, and nitrided ferrochrome were used as feedstock. The steel ingots were homogenized at a temperature of 1523 K for 3 h, and then forged to fabricate sheets with a thickness of 12 mm. The sheets were solution-treated at a temperature of 1373 K for 1 h, and then quenched in water.



Tensile tests were performed using an INSTRON 5582 testing machine (Norwood, OG, USA) at temperatures of 77 to 293 K and a nominal deformation rate of 1.87 × 10–4 s–1. Three samples were tested at each temperature. The σuts, σ0.2, and δ values were determined as the arithmetic means of all three measured ones. The samples were cut by electrical discharge machining, mechanically ground, and polished with diamond pastes. The lengths of their thinned parts were 15 mm and their cross-sections were 1.0 mm × 2.5 mm. Before the tests, the samples were electropolished in H3PO4 (430 mL) + CrO3 (50 g) electrolyte.



For transmission electron microscopy (TEM), thin foils were cut from uniformly deformed regions of the samples after the tensile tests. They were prepared in a twin-jet electropolisher using the same electrolyte and examined by a Tecnai 20 G2 TWIN TEM (FEI Company, Hillsboro, OR, USA) at an accelerating voltage of 200 kV.



The surface morphology of the fractured samples was studied using a LEO EVO 50 scanning electron microscope (SEM; Zeiss, Oberkochen, Germany).



After the tests, the microstructure of the samples was investigated by both the TEM and X-ray diffraction (XRD) methods. Phase fractions were assessed using an XRD-7000 diffractometer (Shimadzu, Kyoto, Japan) with Cukα radiation (the samples were not rotated). The parameters of the fcc and hcp lattices were measured, and the root mean square (RMS) atom displacements <Ū2> in the austenite lattice were investigated in Bragg–Brentano geometry from the ratio of the integrated intensities of the (111)γ and (222)γ diffraction peaks, as denoted by the following equations [20]:


   〈     U ¯   2   〉  = C ln  [  I (  θ 2  ) / I (  θ 1  )  ]   



(1)




where I(θ1) and I(θ2) are the (111)γ and (222)γ integral intensities of the austenite reflexes.


  С =   3  λ 2    16  π 2   (    sin  2   θ 1  −   sin  2   θ 2   )    × ln  [       |   F 1   |   2       |   F 2   |   2    ×    Φ 1     Φ 2    ×    P 1     P 2     ]   



(2)







λCu = 1.54 Ǻ is the X-ray beam wavelength; θ1 and θ2 are diffraction angles; |F1|2 and |F2|2 are the structural factors of intensity of the (111)γ and (222)γ austenite reflections, respectively; |Fi|2 = 16 f(θi) [21]; f(θi) is the material scattering factor, calculated from the sin(θi)/λ value for each of the (111)γ and (222)γ austenite reflexes; P1/P2 = 1 is the ratio of the repeatability factors for the {111} planes in the fcc lattice.


   Φ i  =  P i   L i   G i  =   1 +   cos  2  2  θ i      sin  2   θ i  × cos  θ i    ,  



(3)




where Pi is the polarization factor; Li is the Lorentz factor; Gi is the geometric multiplier of the survey conditions.



It was shown in [20,21,22] that the magnitude of the displacement, namely the      〈     U ¯   2   〉      square root of the total RMS displacement, is proportional to the number of atoms per Bravais cell. There are four atoms per Bravais cell in the fcc lattice. Consequently, the      〈     U ¯   2   〉      value had to be divided by 4.



The austenite and martensite volume fractions were determined using the following relation [23]:


   V i  =    Σ  j = 1  n     I i j     f i j  (  θ i j  )      Σ  j = 1  n     I γ j     f γ j    +  Σ  j = 1  n     I ε j     f ε j    +  Σ  j = 1  n     I  α ′  j     f  α ′  j      ,  



(4)




where γ, ε, or α’ are the phases, and n is the number of the examined diffraction maxima; Iγ, Iε, and Iα’ are integrated intensities for the γ, ε, or α′ phases; j represents the plane index.



Figure 1 shows the sample orientation during the study of residual oriented deformations in the fcc austenite lattice.



The investigations were carried out in the asymmetric (not Bragg–Brentano) geometry by the XRD sin2ψ method [24] at the ψhkl angles from 0 to 50°, where ψhkl is the angle between the normal to the hkl planes and the normal to the sample surface. After the tensile tests at low temperatures, the sign (positive or negative) of the fcc lattice strains and associated residual stresses were determined from the change in the austenite lattice parameter calculated for all hkl planes, depending on their orientation.



The SF density was calculated from the (111)γ–(200)γ multidirectional shear reflections of austenite [25].




3. Results


3.1. Tensile Properties


Figure 2 shows the deformation behavior of Cr-Mn-N steel as a function of the test temperature.



The dynamics of true stresses with increasing true strains were the same for all tensile test temperatures (Figure 2a). On the work hardening rate vs. true strain curves, there were sections with both constant and volatile work hardening rates (Figure 2b). At the test temperatures of 208 and 253 K, plastic deformations of the samples were developed non-uniformly since there were several sections with constant work hardening rates. In these cases, the total lengths of these sections were approximately the same for each of the test temperatures. As it was shown in [15], similar curves were observed for specimens with multiple localized deformations. The numbers of necks and the sections of both types were about the same. The localization feature of deformation characteristics is the most important feature of Cr-Mn-N steels [26]. Multiple localized deformations were possible if hardening in the first formed neck had promoted the predominant deformation of another macro-volume of the sample, in which the linear hardening stage continued until the formation of the second neck, and so forth. It was also reported in [15] that the microstructure in such zones was characterized by greater numbers of defects, and ε-martensite was presented in the steel after deformations at all studied temperatures. Consequently, the multiple localized deformations and the decrease in the work hardening rates (at the appropriate stages) were associated with the γ→ε phase transformation. The ε1, ε2, and ε3 true strains are indicated in Figure 2b (for the test temperatures of 293, 253, and 208 K, respectively), for which the γ→ε transformation occurred at the first deformation stage. They decreased with reducing test temperatures since ε3 < ε2 < ε1. At the same time, corresponding true stresses were approximately the same (1040 ± 50 MPa, according to Figure 2a) and did not depend on the test temperature.



Asgary et al. showed [27] that twinning was the main deformation mechanism at the constant work hardening rate stage. Nevertheless, it was not the only one that influenced the process throughout its entire duration. By increasing the deformation degree and/or reducing the test temperature, the γ→ε transformation began to affect the process in conjunction with twinning [15,17]. Changes in work hardening rates after the linear deformation stage were reported in steels and alloys with low SFE levels because of the material reaction to the involvement of phase transformation stresses in the relaxation process [15,27].



Another deformation behavior was observed in the tensile test at 77 K (Figure 2b). Firstly, there were no constant work hardening rate stages. In addition, a stage of a short-term increase in the work hardening rate was presented after its monotonic reduction from the very beginning of the deformation process. Similar temperature dependence of the deformation behavior is characteristic of metastable steels [12,13,28]. In this case, stress-induced α′-martensite was found in the microstructure. As it was shown in our previous paper [15], α′-martensite was formed only in the regions of localized deformations upon the tensile tests at a temperature of 77 K, but it was absent in the uniformly deformed ones.



The temperature dependences of the ultimate tensile strength (σUTS), yield strength (σ0,2), and elongation (δ) are shown in Figure 3.



The strength properties increased linearly with reductions in the test temperature. An increase in both ultimate tensile strength and yield strength was about 20 MPa for every 10 K of test temperature reduction. The elongation values changed non-monotonically with a maximum in the temperature range of 240 to 273 K. At the same time, the work hardening rate did not increase (as follows from Figure 2b), which is typical for metastable steels [12,13,14]. The change in the elongation level (Figure 3) was similar to that reported in [12]. In that case, Cr-Mn-Ni steel (SFE = 17 mJ/m2 at room temperature) showed an increase in plasticity with decreases in the test temperature (the maximum values were at 313–373 K). The authors of [12] assumed that twinning was the main contributor to the increases in the elongation values, while their reductions were due to the beginning of the γ→ε→α′ phase transformations.




3.2. The Microstructural Studies of the Deformed Samples


3.2.1. The Phase Composition


Figure 4 shows fragments of the diffraction patterns of the steel after the tensile tests. In this case, the range of the 2θ angle was from 40 to 53°. Consequently, the following reflections could be found: (111)γ and (200)γ of austenite, (100)ε and (101)ε of ε-martensite, as well as (110)α′ of α′-martensite. After the tensile tests at room temperature, only reflexes from austenite were observed. After lowering the test temperature, the hcp ε-martensite peaks were clearly visible in the absence of the bcc α′-martensite ones. Since Iα′ = 0, it was enough to determine one of them when assessing the Vγ and Vε volume fractions. In this case, the Vγ = 1 − Vε relation was fulfilled. The intensity of the ε-martensite diffraction peaks increased with reductions in the test temperature down to 77 K. The increase in the volume fraction of ε-martensite ranged from 1.7% at 273 K to 10.4% at 77 K (Figure 5). Its formation was a factor that contributed to the relaxation of external stresses. Due to this factor, the plasticity of the steel was higher at the temperature range of 240 to 273 K than that at room temperature.



After the tensile tests, the ε-martensite lattice parameters were determined from the d(100)ε d(101)ε interplanar distances (Figure 4): a = 0.2527 nm, c = 0.4277 nm (c/a = 1.69) at 223 K; a = 0.2530 nm, c = 0.4264 nm (c/a = 1.69) at 208 K, as well as a = 0.2530 nm, c = 0.4248 nm (c/a = 1.68) at 77 K. It should be noted that these parameters were a = 0.2548 nm, c = 0.4108 nm (c/a = 1.61) in the similar 18.3%Cr-9.7%Mn-0.61%N-0.02%C steel after the tensile test at 273 K [17]. In this case, the data were determined by Rietveld refinement on neutron profiles, which differed significantly from the values obtained in [17] due to residual micro-stresses. Crystals of ε-martensite, formed during low-temperature deformation, facilitated the relaxation of external stresses and, thereby, prolonged the plastic deformation of the steel. Moreover, they prevented the elastic relaxation of the fcc austenite lattice after the sample fracture. In this case, ε-martensite was in the elastic compression state along the σ1 load direction according to Figure 1, but its lattice was deformed along the σ2 one. This caused the increased c/a ratio, which promoted easy plastic deformation of the hcp ε-martensite lattice by sliding along the (001)ε <110 > ε basal planes.




3.2.2. RMS Atom Displacements in the Fcc Lattice


One of the important parameters, characterized by the instability of the austenite crystal lattice prior to its transformation into ε-martensite, was the RMS atom displacements from their equilibrium positions in the fcc lattice. After the tensile test at room temperature, the    〈     U ¯   2   〉  =  〈     U ¯    s t  2   〉  +  〈     U ¯    d i n  2   〉    relation was fulfilled [20], where the    〈     U ¯    d i n  2   〉    addendum is considered to be the thermal vibrations of the atoms. At lower temperatures, thermal vibrations of the atoms in the fcc lattice could be neglected and, respectively, this parameter consisted mainly of the    〈     U ¯   2   〉  ≈  〈     U ¯    s t  2   〉    static displacements. Figure 6 shows the    1 4     〈     U ¯   2   〉      vs. temperature dependence.



The dynamics of the changes in atom displacements were similar to the uniform elongation vs. temperature curve (Figure 3). With reductions in the test temperature, the displacement distances firstly increased (reaching 0.009 nm at 230 K) and then decreased to 0.004 nm. It should be noted that peaks of steel plasticity and atom displacements were observed at the same temperature. This gives reason to believe the following: (i) the    〈     U ¯    d i n  2   〉    addendum, considered to be the thermal vibrations of atoms, did not make a significant contribution to their total displacements upon deformation at room temperature; (ii) static displacements were of a deformation nature.



Thus, TRIP occurred due to the γ→ε transformation with reductions in the test temperature from 293 to 230 K simultaneously, with enhancements of the non-equilibrium level (phase instability) of the fcc lattice. In addition, the experiment showed that static atom displacements were 0.01 nm at a test temperature of 208 K and an ε strain of 0.1. In this case, the main deformation mechanism was mechanical twinning. Nevertheless, displacements were 0.002 nm just before the sample fracture at an ε strain of 0.4. In other words, the high instability of the fcc lattice characterized its ability for phase transformation. The formation of ε-martensite crystals reduced static atom displacements and, consequently, this instability. After the tensile tests at 77–230 K, the values of static atom displacements were two times less than those at 230–273 K (Figure 6). This indicates that enhancing the volume fraction of ε-martensite while reducing the test temperature is consistent with the data presented in Figure 5.




3.2.3. Residual Stresses


The reason for residual stresses in the deformed polycrystals was the difference in the Young’s modulus values of grains with various orientations, as was shown by M. Ojima et al. in the example of high-nitrogen single-phase austenitic steels [29]. The elastic deformation of grains with [200] rigid orientation was significantly higher than that of ones with other orientations, since the E200 Young’s modulus was lower than the Ehkl level of alternative crystallographic directions. According to [30], E200 was less than E111 by 40%, and less than E220 by 25%. With reductions in the test temperature, both Young’s modulus and G shear modulus increased for austenitic steels [31]. For the γ/ε dual-phase steels, Young’s modulus for ε-martensite (formed due to plastic deformation) was greater than that for austenite [32]. Under the tensile load, local gradients were enhanced in both the fcc and hcp lattices. As a result, residual stresses depended on the mutual influence of the coexisted phases after the sample fracture.



Figure 7 qualitatively characterizes the stress state of the fcc austenite lattice after the tensile tests at the temperatures of 293, 253, and 77 K. The aγ lattice parameter increased with the increase in the ψ angle from 0 to extrapolated values of 90°.



Pearson’s correlation coefficient (r) was 0.403, 0.59, and 0.47 for test temperatures of 293, 252, and 77 K, respectively. This means there was a moderate degree of linear correlation between the change in the lattice parameter of austenite depending on the orientation of the crystallographic planes or the ψ angle. The interpolation lines had a weaker slope for the temperatures of 293 and 77 K than that for 253 K. If the main reason for residual stresses was the presence ε-martensite, then its participation was insignificant after the sample fracture at 293 K due to its small volume fraction (Figure 5). At 77 K, the γ→ε transformation started from the very beginning of plastic deformation (Figure 2 and [15]). In this case, the volume fraction of the ε-martensite reached 10.4%, as the samples were evenly elongated (Figure 5). Respectively, low residual stresses in austenite were observed after the sample fracture due to plastic deformation of the hcp ε-martensite lattice. This could also explain the reduced elongation values in the test temperature range of 77–230 K.



The interpolation line obtained after the tensile test at 253 K had a greater slope (Figure 7b) compared to those previously discussed. Consequently, the austenite crystal lattice was more deformed after the sample fracture. As a result, the level of residual oriented stresses (caused by this elastic deformation in the σ1 tensile direction) was also higher than after the tests at temperatures of 293 and 77 K.



For each of the sin2ψ values, the aγ levels were dispersed due to both Young’s modulus anisotropy for different crystallographic directions and the SF formation. The multidirectional shift of the (111)γ and (200)γ austenite reflections (Figure 8) indicated an increase in the SF density.



The austenite lattice parameter had the highest value for the (200)γ plane, since its reflection shifted towards lower 2θ angles during the SF formation. The austenite lattice parameter calculated for the (111)γ planes was the lowest since the reflection shifted in the opposite direction. It should be noted that the shifts were observed only for the samples after the tensile tests at 293 and 253 K, but not at 77 K. With reductions in the test temperature, the SF density (α) increased from 0.0064 at 293 K up to 0.0152 at 253 K. After the test at 77 K, α was 0.0008, which was significantly less than those at other temperatures. Consequently, the deformed SF was transformed into ε-martensite with the same hcp lattice due to their interaction.




3.2.4. TEM Investigations


Figure 9 shows the electron diffraction pattern and the microstructure of the sample after the tensile test at 253 K (which exhibited the highest level of plasticity).



Reflexes of austenite and ε-martensite were found in the microdiffraction pattern. Some of the reflections (for example, (311)γ, (10   3 ¯   )ε, (002)γ, and (0   1 ¯   1)ε) belonged simultaneously to both phases. In addition, they were characterized by close interplanar distances and small misorientations of about 6°. Therefore, they were blurred in the radial and azimuthal directions. Crystals of ε-martensite (1–5 nm in size) were located in bands oriented as austenite twins with the (111)γ twinning plane. Since twinning and the γ→ε transformation had followed one after another with increasing strains, the most probable areas of the ε-martensite nucleation were the SF and the regions adjacent to the boundaries of austenite twins. The γ→ε transformation caused the formation of nano-sized ε-martensite crystals. This was an alternative mechanism for twinning under conditions when strains by dislocation slip or twinning were hindered due to high static atom displacements in the fcc lattice. Austenitic interlayers were also found in the ε-martensite bands. After the sample fracture, the formed ε-martensite crystals prevented elastic recovery of the fcc lattice, which caused its deformation along in the tensile direction. This was the reason for the highly stressed state of the steel microstructure after the test at 253 K.



Figure 10a shows a bright-field image of the steel microstructure after the tensile test at 77 K. The alternating A and B plates belonged to different phases. The A plate was hcp ε-martensite and the B one was fcc austenite (Figure 10b). The ε-martensite plates were 20–50 nm in size, which was significantly larger than those after the test at 253 K. Inside them, dislocation substructures were found, which indicated plastic deformations. The Shoji–Nishiyama orientation relationship was characterized by the parallelism of close-packed planes of the fcc and hcp crystal microstructures {111}γ||{001}ε [14] Consequently, plastic deformation of ε-martensite with the increased c/a ratio was easily carried out by shifting along the planes of the hcp lattice basis (parallel to the (1   1 ¯   1) twinning plane of the fcc lattice). A trace of this shift is shown in Figure 10b.



It should be noted that no constant work hardening stage was observed for the sample after the tensile test at 77 K (Figure 2). Respectively, twinning and the formation of ε-martensite was simultaneous and not sequential, as in the case of the tests at 293 and 253 K (Figure 2b). With enhancing strains, crystals of ε-martensite coalesced in bands, the boundaries of which also belonged to deformed austenite twins. Subsequently, the deformation of both phases was simultaneous during the test, and both of them contributed to the elongation of the sample.






4. Discussion


Separately assessing the contribution of deformation twinning as well as stress-induced γ → ε or ε → α′ transformations to the hardening TRIP steels and steels with twinning induce plasticity (TWIP) and their ability to relax external stresses without fracture is a difficult (practically impossible) task. The addition of the mechanisms of the crystal lattice transformation to twinning occurred gradually with increasing deformation degrees.



The dynamics of the true stress vs. true strain and work hardening vs. true strain curves enabled us to judge the effect of deformation on the stress-induced transformations in the fcc lattice. The sigmoidal type of the first curve and the sinusoidal character of the second one were typical for the metastable steel upon the γ→ε→α′ sequential transformation [3,12,13,14,28,34]. In this case, ε-martensite was considered an intermediate phase that had preceded the formation of α′-martensite [12,14]. Typically, the TRIP steels showed parabolic true stress vs. true strain curves with constant work hardening stages, in which mechanical twinning prevailed upon deformation [3,14,15,33,34]. The γ→ε transformation following twinning was manifested by the decrease in the work hardening rate [15]. Cooperative mechanisms associated with the crystal lattice transformation depended on the SFE value, which reduced with decreasing temperatures [7,10,11,12,17,34,35,36]. In particular, ε-martensite was formed at SFE < 16 mJ/m2, but the austenitic microstructure was stable and the steel was deformed by twinning at SFE > 25 mJ/m2 [34]. According to [35], the γ→ε transformation occurred at SFE < 18 mJ/m2, while deformation by twinning dominated in the SFE range of 12 to 35 mJ/m2. In this case, both processes had followed one after another (the former favored the latter). The formation of ε-martensite in high-nitrogen steels was investigated by Lee et al. [7,14,17]. The authors showed that the carbon-to-nitrogen ratio affected the γ→ε transformation: the amount of ε-martensite increased with a decrease in the C/N ratio from 0.94 to 0.03. At room temperature, the strain-induced γ→ε transformation was observed at high stress levels only. This result was consistent with the data obtained in this research and [15]’s: a long down-slope stage of the work hardening rate was observed from the ε strain of 0.3 to 0.44 (when the sample fractured).



Another factor, related to the SFE value and affecting the transformation behavior, was the SF formation probability. In austenite, it increased with reductions in the test temperature [10,11,12]. The ε-martensite was formed by the SF overlapping [14]. The crystallographic orientation of the ε-martensite crystals was related to the matrix by the known relationship, in which the {111}γ austenite twinning planes were parallel to the {001}ε ε-martensite basal planes. The γ→ε transformation could be regarded as a homogeneous half-twinning shear on the {111}γ basal shear plane, on which a shuffle of every second basal plane was superimposed [37], or as an SF regular arrangement on every second {111}γ plane [12].



With increasing deformation, the SF formation probability enhanced and caused atom displacements from their equilibrium positions in the fcc lattice. The instability of this lattice was an additional important factor that influenced the transformation behavior of the steel. Due to atom displacements, local curvatures of the fcc lattice crystallographic planes occurred [27]. In such a lattice, both slip and twinning dislocation mechanisms were hindered. Therefore, local internal stresses rose and relaxed due to the γ→ε transformation, which contributed to increasing elongation. The level of deformations, at which the γ→ε transformation took place, decreased with reductions in the test temperature. At the same time, the stress-induced γ→ε transformation did not depend on the test temperature and was constant for the studied steel.



If the γ→ε transformation started from the very beginning of the steel plastic deformation (for example, at 77 K), then both the fcc austenite and hcp ε-martensite lattices were deformed. This was facilitated by the increased c/a ratio of 1.68:1.69.



Figure 11 shows the steel fracture surface after the tensile test at 77 K.



Brittle fracture fragments were observed along with ductile pits. A feature of the fracture surface was the layered structure of the brittle area, the size of which was commensurate with the grain sizes of 20–30 μm. The γ/ε layered microstructure is shown in the TEM micrograph (Figure 10a). The layered fracture surface was formed as a result of the hcp lattice deformation by sliding along the (001)ε <110 > ε basal planes and the subsequent shear fracture.



Hence, the decrease in elongation with reductions in the test temperature below 240 K (Figure 2) was caused by the beginning of the plastic deformation of the hcp lattice. Thus, it was possible to differentiate three temperature ranges, in which the effect of ε-martensite on the microstructure, mechanical behavior, and properties of the steel varied. (1) In the temperature range of 293 down to 273 K, the stress-induced γ→ε martensite transformation occurred and contributed to increasing elongation. At this stage, the number of RMS static atom displacements increased in the fcc lattice, and residual oriented micro-strains increased. (2) At temperatures below 240 K, the γ→ε transformation started from the early deformation stages. With increases in the deformation level, the volume fraction of ε-martensite crystals increased, and their coalescence and plastic deformation occurred. This reduced the elongation of the steel. Due to the increase in the volume fraction of ε-martensite, both RMS static atom displacements in the fcc lattice and the SF density decreased. Plastic deformation of the hcp ε-martensite lattice reduced residual stresses in the fcc austenite one. (3) In the intermediate temperature range of 273 down to 240 K, the formation of ε-martensite crystals and their predominantly elastic deformation occurred. At these test temperatures, the steel was characterized by the maximum elongation. The maximum values of RMS static atom displacements in the fcc lattice, the SF formation probability, and the deformation of the fcc lattice were observed, which were responsible for the formation of residual oriented stresses.




5. Conclusions


The main conclusions of the present studies are as follows.



	
Upon tensile testing of Fe-Cr-Mn-0.53%N steel at low temperatures, the γ→ε martensitic transformation was initiated. It started at the true stress level of about 1040 ± 50 MPa.



	
Elongation increased with the decrease in the tensile test temperature from 293 down to 260 K and remained at a high level down to 240 K due to the stress-induced γ→ε transformation, which ensured prolonged plastic deformation of the steel. With reductions in the tensile test temperature below 240 K, elongation reduced from the maximum values due to the plastic deformation of the hcp ε-martensite lattice.



	
Mechanical twinning and the increase in the SF density during low-temperature deformation enhanced static atom displacements from their equilibrium positions in the fcc lattice, destabilized it, and promoted the formation of stress-induced ε-martensite. However, this effect was reduced by the increase in the volume fraction of ε-martensite.



	
Stress-induced ε-martensite formed residual stresses in austenite. Their level was maximal at the stage of the ε-martensite formation and its elastic deformation but decreased with the beginning of the hcp lattice plastic deformation.
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Figure 1. The scheme of the sample orientation during the study of residual oriented deformations in the fcc austenite lattice by the XRD sin2ψ method: α is the X-ray incidence angle; Iψ = 0 and Iψ ≠ 0 are the directions of the X-ray reflection in the Bragg–Brentano and asymmetric geometries, respectively; σ1 and σ2 are the directions of residual stresses associated with the oriented micro-deformations; hkl are crystallographic planes in the Bragg–Brentano (light gray) and asymmetric (dark blue) geometries. 
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Figure 2. The deformation behavior of Cr-Mn-N steel during the tensile tests at low temperatures: (a) true stress–strain curves, (b) the θ = dσ/dε work hardening rate. 
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Figure 3. The mechanical properties of Cr-Mn-N steel at low temperatures. 
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Figure 4. Fragments of the XRD diffraction patterns of the Cr-Mn-N steel after the tensile tests at various temperatures. 
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Figure 5. Stress-induced ε-martensite volume fractions vs. test temperatures. 
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Figure 6. The RMS atom displacements vs. temperature dependence for the fcc lattice of the Cr-Mn-N steel after the tensile tests. 
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Figure 7. The aγ austenite lattice parameter vs. the sin2ψ angle after the tensile tests: (a) at 293 K, (b) at 253 K, and (c) 77 K. 
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Figure 8. The austenite lattice parameters for the hkl planes at ψ = 0 (in the Bragg–Brentano geometry) in the Cr-Mn-N steel after the tensile tests at 293, 253, and 77 K. 
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Figure 9. The microstructure in the uniform strain region of the Cr-Mn-N steel fractured sample after the tensile test at 253 K: (a) the reflex grid electron diffraction pattern of the γ-phase (z = [100]γ and z = [   2 ¯   33]γ) as well as ε-martensite z = [311]ε; (b) the dark-field image of ε-martensite in the (   1 ¯  12   )ε reflex. 
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Figure 10. The microstructure in the uniformly deformed region of the sample after the tensile test at 77 K: (a) the bright-field image of ε-martensite plates and strain twins; (b) the reflex grid electron diffraction pattern of ε-martensite (z = [311]ε) from the A microstructure area, and austenite (z = [112]γ) from the B microstructure area; the line shows the trace of the (1   1 ¯   1)γ twinning plane. 
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Figure 11. The SEM micrograph of the Cr-Mn-N steel fracture surface after the tensile test at 77 K. 
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Table 1. Chemical composition of the studied steel.
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	Element
	Cr
	Mn
	C
	N
	Si
	Fe





	Content, wt.%
	16.5
	18.8
	0.07
	0.53
	0.52
	balance
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