The effect of high-pressure torsion on the microstructure and outstanding pseudoelasticity of a ternary Fe-Ni-Mn shape memory alloy 
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Abstract
[bookmark: _Hlk51526316]Experiments were conducted to examine the effect of high-pressure torsion (HPT) processing on the microstructure and pseudoelastic behavior of a ternary Fe-10Ni-7Mn (wt.%) shape memory alloy in both the solution-annealed and intercritically-annealed conditions. X-ray diffraction (XRD) patterns and electron backscatter diffraction (EBSD) analyses showed that the initial microstructure of the alloy in the solution-annealed condition was a fully lath -martensite which partially transformed to a strain-induced austenite () by HPT processing. Also, the austenite formed in the dual phase () specimens after intercritical annealing treatment at 600°C for 7.2 ks underwent a γ→ε→α transformation during subsequent HPT processing such that a multi-phase microstructure was formed consisting of α-martensite, austenite and ε-martensite. The HPT processing led to a significant increase in the microhardness value to 690 Hv due to a high density of dislocations and the associated grain refinement of the microstructure. Cyclic loading-unloading tensile tests at room temperature revealed a strain hysteresis and pseudoelastic behavior in the HPT-processed specimens with different initial microstructures. Outstanding pseudoelasticity values of about 67% and 75% were obtained at the fourteenth loading-unloading cycle after 20 HPT turns in the solution-annealed and intercritically-annealed specimens, respectively.
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1. Introduction
In recent years, the use of Fe-based shape memory alloys (SMAs) in commercial and engineering applications has increased due to several advantages such as low cost, good workability, high strength, stability of the recovery stresses and an appropriate elastic modulus [1-3]. These materials can be widely used as clamping or coupling devices in mechanical engineering and for the reinforcement of concrete and girders by internally activated pre-stressing in civil engineering applications [4-6]. The shape memory effect (SME) in these alloys is attributed to the austenite (fcc) to -martensite (hcp) transformation under deformation and its reversion (hcp to fcc) through heating up to an appropriate temperature [7, 8]. In addition, the Fe-based SMAs were reported as demonstrating the unique property of pseudoelasticity [9,10]. In pseudoelastic behavior, under a cyclic loading-unloading tensile test, the specimen shape goes back to the first shape with a strain hysteresis loop in its route to the zero point of strain. Initially, it was believed that this behavior took place only at temperatures above the austenite start temperature (As) but recently it was discovered that this behavior could be observed at temperatures below As which was illustrated by the reversible movement of fcc/hcp interfaces [9]. 
In the past two decades, much attention has been assigned to enhancing the SME and pseudoelastic behavior of Fe-based SMAs. These various investigations focused on the enhancement of the properties by alloy design [11,12], pre-straining value and temperature [12,13], thermo-mechanical processing [14] and precipitation strengthening [15, 16].
The ternary Fe-10Ni-7Mn (wt. %) shape memory alloy has a lath martensitic microstructure in the solution-annealed (SA) condition which shows good age hardenability by formation of nano-size -NiMn precipitaties [17, 18]. For observing the SME and pseudoelasticity in the studied alloy, it is obligatory to stabilize the austenite phase in the martensitic microstructure [8, 19]. It is reported that cold working is a promising way for introducing the austenite phase in a martensitic microstructure at ambient temperature. Under these conditions, the deformation-induced austenite can be nucleated by a diffusionless (shear) mechanism in the martensitic microstructure [20-22]. The other method for introducing the retained austenite in the microstructure of the alloy at ambient temperature is through intercritical annealing treatment at the two phase () region [19,23-25]. The reverse transformation of martensite to austenite may take place through either diffusional and/or diffusionless mechanisms during this heat treatment [23-25]. Recent reports confirmed that the Fe-10Ni-7Mn (wt. %) alloy could display pseudoelastic behavior after severe cold rolling [21,22] and a combination of intercritical annealing and subsequent ageing [19].
High pressure torsion (HPT) processing is one of the severe plastic deformation (SPD) methods in which a sample, generally in the form of a thin disk, is subjected to torsional shear straining under a very high hydrostatic pressure [26,27]. One of the main advantages of this process is that it can generate samples with extremely high shear strains [28]. In recent decades, many researchers have been attracted to HPT processing due to its significant properties such as the production of exceptional grain refinement [29], a high density of lattice defects including dislocations, vacancies and free volumes [30-32], high strength and hardness [33-35], reasonable thermal stability [36,37], excellent superplastic properties [38,39], SME and psuedoelasticity [40,41] and numerous other features.
Accordingly, the present research was initiated in order to examine the effect of HPT processing on the microstructure evolution, microhardness measurements and pseudoelastic behavior in a ternary Fe-10Ni-7Mn (wt. %) shape memory alloy in both the solution-annealed (SA) and the intercritically-annealed (IA) conditions. 
2. Experimental materials and procedures
An ingot of ternary Fe-10Ni-7Mn (wt. %) shape memory alloy was produced by double-casting in vacuum induction melting and vacuum arc re-melting furnaces. The chemical composition of the alloy is given in Table 1. The prepared ingot was forged at 1200 °C to break the dendritic cast structure and then homogenized at 1150 °C for 86.4 ks in a vacuum furnace. Thereafter, solution annealing was carried out at 950 °C for 3.6 ks followed by water quenching to gain a fully lath -martensite microstructure.
Table 1. Chemical composition of the alloy.
	Element
	Fe
	Ni
	Mn
	C
	S
	P
	Al
	N

	Wt. %
	Bal.
	10.53
	6.94
	0.005
	0.006
	0.006
	0.004
	0.004



Afterwards, some samples were cut from the SA ingot and then intercritically-annealed in the dual phase () region at 600 °C for 7.2 ks followed by water quenching in order to obtain a dual phase microstructure of α-martensite and reversed austenite (). 
In order to apply HPT processing, disk-shape specimens with diameters of 10 mm and thicknesses of 0.8 mm were cut from the SA and IA samples. These disks were severely deformed at room temperature through total numbers of 3, 10, and 20 turns using quasi-constrained HPT [42] under pressure of 6.0 GPa with a rotation speed of 1 rpm. 
X-ray diffraction (XRD) analysis with Cu-K radiation was conducted to precisely examine the phase composition. The XRD was carried out using step scanning in the angular range of 2θ = 40-100° with a rate of 0.02° per 3.6 s. Microstructural observations were performed using a field emission scanning electron microscopy (FE-SEM/JEOL-7100F) coupled with an electron backscatter diffraction (EBSD) system. The EBSD data were analyzed by TSL-OIM analysis software. The sections of the specimens for microstructural characterization and EBSD observation were mechanically polished followed by electropolishing in a solution with chemical composition of 90% CH3COOH + 10% HClO4 at voltage of 20 V for 0.02 ks to remove the deformed layer introduced by mechanical polishing. The region for phase evaluation and microstructural observations is illustrated in Fig. 1. 
[image: E:\phd-project\tez Data\my papers\javadzadeh\ISI-3\Figures-8\300 dpi\Fig. 1.jpg]
Fig. 1. Dimensions of disk specimen including positions for microstructure observation, microhardness measurements and cyclic tensile test sample.

Microhardness measurements were taken through a Vickers hardness tester with a load of 100 gf and dwell time of 10 s. These measurements were taken across the diameters of the disks at separations of 1 mm as shown in Fig. 1. The average values of microhardness, Hv, were obtained from the average of five separate hardness values.
The pseudoelastic behavior of specimens was investigated using a SANTAM tensile testing machine by cyclic tensile loading-unloading testing at room temperature with an initial strain rate of 5.0 × 10-4 s-1. The samples for pseudoelastic examination were cut at a distance of 2.5 mm from the centers of the HPT-processed disks as a rectangular shape with gauge length of 1.8 mm, width of 0.8 mm and thickness of 0.5 mm according to the configuration shown in Fig. 1. The pseudoelasticity performance (PE %) in each cycle was measured from the engineering stress-strain curve as depicted in Fig. 2 with the relationship:
                                                                                                           (1)
As indicated in Fig. 2, it appears that the unloading part of the curve consists of a linear portion immediately after unloading and a non-linear portion which started immediately after the linear part and shows the pseudoelasticity. In order to determine the PE performance in Fig. 2, the BD line was placed adjacent to the linear part of the unloading curve as a tangential line with a slope equal to the slope of the linear part.
The cyclic loading-unloading tensile test result is the average of two tensile tests for each specimen before and after HPT processing. The results showed that the obtained data were reproducible.
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Fig. 2. Schematic of the engineering stress-strain curve for calculating the pseudoelasticity performance (PE %).

3. Experimental results 
3.1. Microstructures before and after HPT 
3.1.1. X-ray diffraction (XRD)
The XRD patterns of the specimens in the SA and IA conditions before and after HPT processing for 3, 10 and 20 turns are illustrated in Fig. 3. According to Fig. 3(a) for the SA specimens, before and after HPT processing only the -martensite peaks are revealed and no strain-induced austenite peaks are visible in the deformed specimens. In Fig. 3(b) for the IA specimens, the microstructure consists of α-martensite and about 43% of the reversed austenite whereas after post HPT processing for 3 and 10 turns small peaks of -martensite are also observed. By increasing the numbers of turns to 20, the microstructure is then fully α-martensite.
[image: E:\phd-project\tez Data\my papers\javadzadeh\ISI-3\Figures-8\300 dpi\Fig. 3.jpg]
Fig. 3. XRD patterns of the specimens in (a) SA and (b) IA conditions before and after HPT processing for 3, 10 and 20 turns.
3.1.2. Electron backscatter diffraction (EBSD)
Fig. 4 represents the grain boundary overlap on phase maps for the specimens in the SA and IA conditions before and after HPT processing for 3 and 20 turns in which the pink, green and yellow colors denote the α-martensite, austenite and -martensite phases, respectively. The superimposed black and red lines correspond to high-angle grain boundaries (HAGBs) and low-angle grain boundaries (LAGBs), respectively. According to Fig. 4(a), the SA specimen phase map reveals that the microstructure consists of typical lath α-martensite including packet and block as a substructure of lath martensite with a high fraction of LAGBs. After HPT processing of the SA specimens for 3 and 20 turns (Figs. 4(b) and (c)), the phase map data indicate a minor fraction of austenite phase with a volume fraction that tends to increase with increasing numbers of turns. This result appears inconsistent with the XRD results in Fig. 3(a) and this apparent discrepancy will be addressed in section 4.1. Also, the HPT processing significantly decreases the grain size of α-martensite from 5.5 µm in the SA specimen to ~185 nm after 20 turns and, as indicated in Fig. 4(d), the microstructure of the IA specimen consists of α-martensite and reversed austenite phases in which the austenite is uniformly distributed in the martensite matrix. From the EBSD result, the amount of the reversed austenite was obtained at about 45% which is consistent with the XRD measurement. After 3 turns of HPT processing of the IA specimen in Fig. 4(e), there is an elongated microstructure including a mixture of the α-martensite, austenite and ε-martensite phases. By increasing the HPT turn to 20 (Fig. 4(f)), the microstructure evolves to a combination of equiaxed and elongated grains in which the volume fractions of austenite and ε-martensite decrease drastically. In this case, the microstructure consists of 88% of α-martensite with an average grain size of 220 nm accompanied by very few nano-grains of austenite and ε-martensite. Full details for the volume fractions of the different phases achieved from the EBSD analysis are given in Table 2.
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Fig. 4. Grain boundary overlap on phase maps for the specimens in (a-c) SA and (d-e) IA conditions before (a and d) and after HPT processing for 3 (b and e) and 20 (c and f) turns.




Table 2. Volume fractions of the different phases achieved from EBSD results of the specimens in SA and IA conditions before and after HPT processing for 3, 10 and 20 turns. 
	
	α-martensite
(vol%)
	austenite
(vol%)
	ε-martensite
(vol%)

	SA
	100
	-
	-

	SA + HPT (N = 3)
	98  0.5
	2  0.5
	-

	SA + HPT (N = 10)
	95  1
	5  1
	-

	SA + HPT (N = 20)
	95  1
	5  1
	-

	
IA
	
55  2
	
45  2
	
-

	IA + HPT (N = 3)
	56  2
	13  1
	31  1

	IA + HPT (N = 10)
	74  1
	7  0.5
	19  0.5

	IA + HPT (N = 20)
	88  1
	5  0.5
	7  0.5



 3.2. Microhardness measurements 
Fig. 5 shows microhardness distribution of (a) the SA and (b) the IA specimens before and after HPT processing for 3, 10 and 20 turns where the hardness values in the SA and IA conditions are indicated by the lower dashed lines. Although the discrete error bars are not inserted on the various datum points, the average error for each point was typically of the order of 2%. According to Fig. 5(a), the initial hardness value for the SA specimen is 270 Hv but the hardness increases significantly with increasing numbers of turns so that for all straining conditions the measured hardness near the edge of each disk reaches to 690 Hv. In addition, it is readily apparent that in the early stages of straining the hardness is inhomogeneous across the disc diameters with higher hardness values recorded near the edges whereas by increasing the number of HPT turns to 20, the degree of inhomogeneity is reduced. From Fig. 5(b) for the IA condition, the hardness values after 3 turns of HPT processing display a sharp increase by comparison with the initial IA sample of 288 Hv and this increase is more significant at the periphery where it is ~580 Hv compared with a lower value of ~500 Hv in the central region. By further straining, the measured values increase both in the center and the periphery and ultimately reach a maximum value of 685 Hv at the edge of the sample which is similar to the SA specimen. 
[image: E:\phd-project\tez Data\my papers\javadzadeh\ISI-3\Figures-8\300 dpi\Fig. 5.jpg]
Fig. 5. Microhardness distribution measured across the diameter of the specimens in (a) SA and (b) IA conditions before and after HPT processing for 3, 10 and 20 turns.

Thus, the hardness distributions tend towards homogeneity across the disk diameters after only 20 turns of HPT processing for the Fe-10Ni-7Mn SMA where this tendency towards homogeneity after higher numbers of turns is a fundamental characteristic of HPT processing although the numbers of turns required to attain saturation is critically dependent upon the material and the testing conditions. For example, experiments on high-purity aluminum showed that hardness homogeneity was achieved across the disk diameter after 20 turns [43] whereas a recent investigation showed that 100 turns was required in order to achieve true homogeneity across the disks of nanostructured metastable aluminum-magnesium samples [44].    
3.3. Pseudoelastic behavior
The engineering stress-strain curves of cyclic loading-unloading for the SA specimens before and after HPT processing for 3, 10 and 20 turns are shown in Fig. 6. According to Fig. 6(a), for the initial SA sample there is only a linear elasticity without a strain hysteresis and this is reasonable because the microstructure is fully martensitic. In addition, as is evident in Figs. 6(b) to (d), after HPT processing the spring-back strain is nonlinear at the low stresses and there is a hysteresis between the unloading and re-loading curves which develops by increasing the applied strain. It is evident that the observed pseudoelasticity is associated with the existence of strain-induced austenite having a fine grain size accompanied by a high dislocation density. 
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Fig. 6. Cyclic engineering stress-strain curves with increasing the strain for specimens (a) SA and HPT-processed for (b) 3, (c) 10, (d) 20 turns.

Fig. 7 shows the cyclic engineering stress-strain curves for the IA specimens before and after HPT processing for 3, 10 and 20 turns. Again there are no traces of pseudoelastic behavior as well as strain hysteresis for the initial IA specimen in Fig. 7(a). Thus, although the austenite phase is present in the microstructure of this sample after intercritical annealing, it has a soft nature which is reasonable for the easy glide of dislocations. Therefore, slip is the main deformation mechanism in this sample instead of the strain-induced -martensite transformation (). After HPT processing according to Figs. 7(b) to (d), the pseudoelastic effect is present due to the strengthening of the microstructure by grain refinement and the associated difficulties for dislocation glide.

[image: E:\phd-project\tez Data\my papers\javadzadeh\ISI-3\First submitted\First revision\Figures\300 dpi\Fig. 7.jpg]
Fig. 7. Cyclic engineering stress-strain curves with increasing the strain for specimens (a) IA and HPT-processed for (b) 3, (c) 10, (d) 20 turns.

Fig. 8 shows the measured PE performances for (a) the SA and (b) the IA specimens after HPT processing for 3, 10 and 20 turns. It follows from Fig. 8(a) that for the SA specimen after 3 turns of HPT processing, the PE performance first rises up to a value of 55% in the tenth cycle and then decreases to lower values in higher cycles. For specimens processed by HPT for 10 and 20 turns there is an increase in PE performance up to a maximum value of 67% in the 14th cycle followed by a decrease in the following cycles. For the IA specimens after HPT processing for different turns as shown in Fig. 8(b), it is clear that the trend of PE performance with increasing numbers of loading-unloading cycles is similar to the SA samples. The measurement of PE performance demonstrates that the highest value of pseudoelasticity is 75% which is obtained in the 14th cycle of loading-unloading in the HPT specimen processed by 20 turns.
[image: E:\phd-project\tez Data\my papers\javadzadeh\ISI-3\Figures-8\300 dpi\Fig. 8.jpg]
Fig. 8. Pseudoelasticity performance (PE %) versus loading-unloading cycle for the specimens in (a) SA and (b) IA conditions after HPT processing for 3, 10 and 20 turns. 



4. Discussion
4.1. Microstructures before and after HPT
According to the EBSD phase maps in Fig. 4(a), it is apparent that the microstructure of the specimen in the SA condition is a fully lath -martensite having a large fraction of LAGBs because of the initial high density of dislocations. During HPT processing for 3 turns, a noteworthy fraction of the LAGBs transforms to HAGBs and elongated martensitic grains are produced oriented along the shear direction as in Fig. 4(b). Thereafter, as indicated in Fig. 4(c), after 20 turns the microstructure evolves a mixture of equiaxed and elongated martensitic fine grains with an average size of ~185 nm. In addition, it is clear that the HPT processing induces a very fine and limited austenite grain structure within the initial martensitic microstructure and this is not detected by XRD in Fig. 3(a) due to the very small size and low volume fraction of the austenitic phase. 
The nucleation of an austenite phase in the martensitic microstructure is attributed to the strain concentration and the consequent rise in temperature during SPD processing. Thus, the austenite formation as a result of a strain-induced reverse transformation () in Fe-10Ni-7Mn alloy was reported in earlier publications [20-22, 45]. In addition, the EBSD images in Figs. 4(d) to (f) reveal that during HPT processing of the IA specimen the high fraction of the inverted austenite transforms to the α-martensite. Earlier reports demonstrated that the austenite can transform to the α-martensite directly (γ→α) and/or indirectly (γ→ε→α) during SPD processing [29, 46, 47]. According to Fig. 4(e), the presence of ε-martensite in the microstructure of the HPT-processed specimen confirms that the phase transformation of the reversed austenite to α-martensite occurs indirectly with the sequence of γ→ε→α. The development of ε-martensite as an intermediate phase is explained due to the low stacking-fault energy (SFE) of the present alloy which is calculated as about 10 mJ/m2 [19, 21, 45]. Since an SFE below 12 mJ/m2 is necessary for the austenite to ε-martensite transformation under deformation [48,49], it is reasonable to conclude that the present alloy is susceptible to exhibiting this phase transformation during straining. The ε-martensite finally transforms to α-martensite at higher strains through a mechanism in which the α-martensite forms at microscopic shear band intersections such as faults, twins and ε-martensite [50, 51]. Since the number of these intersections increases with applied strain, the volume fraction of α-martensite also increases by increasing the HPT straining and finally reaches a maximum value of 88% after 20 turns (Fig. 4(f) and Table 2). The high density of dislocations together with the phase transformations that occurs during HPT processing of the IA specimens may contribute to a significant reduction in the final grain size. 
4.2. Microhardness measurements 
Based on the microhardness measurements of the HPT-processed SA and IA specimens in Fig. 5, and also examining the EBSD images in Fig. 4, it appears that the hardness value initially increases at the disk peripheries due to the very high density of dislocations and the related grain refinement induced by the higher imposed strain in this region. Subsequently, by increasing the numbers of HPT processing turns, the region of higher hardness gradually develops towards the central part of the specimen and therefore produces an almost complete homogeneity across the sample. This evolution in hardness is consistent with the microhardness data reported in the HPT processing of many other materials [52]. Finally, the hardness saturates when there is essentially a balance between the rise in hardness due to dislocation accumulation and the decline in hardness due to recovery as reported earlier [29, 53].   

 4.3. Pseudoelastic behavior
The main source of the pseudoelastic behaviour in Fe-based SMAs lies in the austenite (fcc) to -martensite (hcp) transformation under loading and its subsequent reversion (hcp to fcc) after unloading [7, 9, 19]. The transformation of fcc to hcp is prompted by the glide of Shockley partial dislocations. Initial studies suggested that the pseudoelastic behavior in these alloys cannot be interpreted by conventional theory of the transformation pseudoelasticity because the specimen temperature during the tensile test is lower than As. Thus, it appears that the strain-induced martensite is thermodynamically stable and there is no driving force for the reverse martensitic transformation. However, by considering the created back-stress around the tips of the growing martensite plates due to the large pile-ups of Shockley partial dislocations with similar sign, the pseudoelasticity can be described as a reversible movement of the fcc/hcp interfaces [9].
 In order to achieve the pseudoelasticity in Fe-based SMAs, some key factors are essential. First, it requires the presence of an austenite phase in the microstructure of the material. In the austenite phase, besides the glide of perfect dislocations, other mechanisms of plastic deformation are feasible such as mechanical twinning or the formation of -martensite taking place under straining. Since the mechanisms of plasticity depend on the SFE, the transformation of austenite to -martensite is possible in the alloy as the relevant SFE of 10 mJ/m2 [19, 21, 45], is lower than the critical value [48, 49]. Therefore, the low SFE is the second prominent factor for observations of pseudoelasticity in Fe-based SMAs. The third crucial factor is the necessity to strengthen the austenite phase in order to inhibit the glide of perfect dislocations.
The cyclic engineering stress-strain curves for the SA specimen in Fig. 6(a) show no traces of any pseudoelasticity or strain hysteresis due to the lack of the austenite phase in the microstructure. Nevertheless, from the cyclic tensile test results in Figs. 6(b) to (d), it is apparent that there is a pseudoelastic behavior in the SA specimens after HPT processing which is attributed to the presence of strain-induced austenite with a fine grain size and a high dislocation density. Dislocation generation in the formed austenite with a fine grain size under HPT processing leads to an increase in the flow strength and promotes the transformation of austenite to -martensite rather than slip deformation under the cyclic tension.  
According to Fig. 7(a), no sign of pseudoelasticity is apparent in the IA sample which can be deduced from its low strength. After applying HPT processing and noting its considerable impact on dislocation generation, grain refinement and consequently on strength enhancement in the austenite phase, the phase transformation of austenite to -martensite is promoted rather than slip deformation and therefore the yielded strain hysteresis and pseudoelasticity is significant as in Figs. 7(b) to (d).
Earlier studies confirmed the pseudoelacticity in the present alloy in the SA condition after cold rolling [21, 22] and it was reported there was a maximum PE performance of 33% after 70% cold rolling which was attributed to the existence of shear-formed austenite having a high dislocation density [21]. Also, in an investigation of the effect of precipitation hardening on the pseudoelastic behavior of the present alloy in the IA condition, the maximum PE performance was about 40% in the 6th cycle in the specimen heat treated at 600 C for 7.2 ks followed by subsequent ageing at 480 C for 3.6 ks [19]. According to the available results, the presence of -NiMn precipitates in the microstructure promotes the pseudoelasticity by strengthening the austenite phase and helping the reversible motion of the fcc/hcp interface through a back stress produced on the growing martensite. In the present work as depicted in Figs. 8(a) and (b), the maximum values of the PE performance are obtained as 67% and 75% for the SA and the IA specimens, respectively, after a subsequent 20 HPT turns. This outstanding enhancement can be attributed to the extreme grain refinement together with the high density of dislocations which leads to an improvement of austenite strength after HPT processing by comparison with cold rolling or precipitation hardening. Furthermore for the IA condition, despite the fact that the volume fractions of austenite are higher in the 3 and 10 turn HPT-processed specimens compared to the 20 turn specimen (Fig. 4 and Table 2), the latter sample displays higher pseudoelasticity. It is reasonable to assume that by further straining the austenite phase becomes more strengthened due to the ultra-fine grains and the large pile-up of dislocations. Therefore, all available and limited austenite can play a significant role in the phase transformation of austenite to ε-martensite and thereby intensively improve the pseudoelastic behavior.
In addition, according to Fig. 8, the PE performance calculations display an ascending trend to a peak following by a descending mode which appears in well consistent with an earlier report [19]. It is important to note that in the initial cycles of loading and unloading the austenite can become stronger due to strain hardening and this will facilitate reversible motion of the fcc/hcp interfaces and lead to an improvement in the measured values for the PE performance. After reaching a maximum in the medial cycles, there is a very clear decline in the PE performance. This decline is ascribed to the fact that in further cycles the applied stress to the samples gradually increases so that, in addition to the phase transformation of austenite to ε-marteniste, other deformation mechanisms such as perfect dislocations slip may be promoted. Moreover, it can be assumed that the ε-martensite produced in each cycle may not entirely transform to austenite during the unloading step so that in the next cycle a smaller volume fraction of austenite is available for the occurrence of the phase transformation. Since the amount of austenite is one of the key factors in this phenomenon, the value of the measured PE performance will diminish progressively. However, it is expected that the PE performance will gradually merge to a plateau value due to structural stability as is apparent in the IA sample after 20 turns and 18 cycles.
5. Summary and conclusions
Experiments were conducted to examine the effect of HPT processing on the microstructure and pseudoelastic behavior of a ternary Fe-10Ni-7Mn (wt. %) shape memory alloy in both the SA and IA conditions. The results led to the following conclusions:
1. HPT processing of the SA specimen produced strain-induced austenite with a fine grain size and high dislocation density in the microstructure. 
2. It was confirmed by EBSD that during HPT processing of the IA specimen the reversed austenite significantly transforms to α-martensite with the sequence of γ→ε→α so that a multi-phase microstructure consisting of α-martensite, austenite and ε-martensite is achieved after 20 turns.
3. Cyclic tensile testing revealed strain hysteresis and pseudoelastic behavior in the SA and the IA specimens after subsequent HPT processing due to the presence of the austenite phase with a fine grain size and high dislocation density. 
4. The maximum amounts of pseudoelasticity were measured as 67% and 75% at the 14th loading-unloading cycle for the SA and the IA specimens, respectively, followed by 20 HPT turns. These are the highest values reported to date for pseudoelasticity in this shape memory alloy.
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Table captions
Table 1. Chemical composition of the studied alloy.
Table 2. Volume fractions of the different phases achieved from EBSD results of the specimens in SA and IA conditions before and after HPT processing for 3, 10 and 20 turns. 














	








Figure captions
Fig. 1. Dimensions of disk specimen including positions for microstructure observation, microhardness measurements and cyclic tensile test sample.
Fig. 2. Schematic of the engineering stress-strain curve for calculating the pseudoelasticity performance (PE %).
Fig. 3. XRD patterns of the specimens in (a) SA and (b) IA conditions before and after HPT processing for 3, 10 and 20 turns.
Fig. 4. Grain boundary overlap on phase maps for the specimens in (a-c) SA and (d-e) IA conditions before (a and d) and after HPT processing for 3 (b and e) and 20 (c and f) turns.
Fig. 5. Microhardness distribution measured across the diameter of the specimens in (a) SA and (b) IA conditions before and after HPT processing for 3, 10 and 20 turns.
Fig. 6. Cyclic engineering stress-strain curves with increasing the strain for specimens (a) SA and HPT-processed for (b) 3, (c) 10, (d) 20 turns.
Fig. 7. Cyclic engineering stress-strain curves with increasing the strain for specimens (a) IA and HPT-processed for (b) 3, (c) 10, (d) 20 turns.
Fig. 8. Pseudoelasticity performance (PE %) versus loading-unloading cycle for the specimens in (a) SA and (b) IA conditions after HPT processing for 3, 10 and 20 turns. 
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