[bookmark: _GoBack]Engineering mechanical properties by controlling the microstructure
of an Fe-Ni-Mn martensitic steel through pre-cold rolling
and subsequent heat treatment 

Hamidreza Koohdara,*, Pouya Hakimipourb, Hamid Reza Jafariana, Terence G. Langdonc,
Mahmoud Nili-Ahmadabadib,d
a School of Metallurgy and Materials Engineering, Iran University of Science and Technology (IUST), Narmak, Tehran, Iran
b School of Metallurgy and Materials Engineering, College of Engineering, University of Tehran, Tehran, Iran
c Materials Research Group, Department of Mechanical Engineering, University of Southampton, Southampton SO17 1BJ, UK
d Center of Excellence for High Performance Materials, School of Metallurgy and Materials Engineering,College of Engineering, University of Tehran, Tehran, Iran
 Corresponding author: Tel. / Fax: +98 21 73228865. Email address: hkoohdar@iust.ac.ir

Abstract
Experiments were conducted to examine the effects of prior cold rolling and subsequent heat treatment on the microstructure, phase evolution and mechanical properties of an Fe-10Ni-7Mn martensitic steel. The results show that 70% cold rolling leads to deformation-induced austenite formation in the microstructure and reduces the size of the martensite blocks. Prior cold rolling increases the reversed austenite volume fraction under post-deformation intercritical annealing (PDIA) at 600 °C compared with the solution annealed condition. Electron back scattering diffraction and dilatometric studies showed that under PDIA there is a reverse transformation of martensite to austenite through a sequential combination of martensitic and diffusional mechanisms. There is also a precipitation of -NiMn particles in the PDIA specimen after subsequent ageing leading to an increase in the ultimate tensile strength in tensile testing. Cyclic tensile testing revealed pseudoelastic behavior in the cold-rolled specimen but this disappeared after PDIA and appeared again after subsequent ageing.  
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1. Introduction 
Fe-Ni-Mn alloys are categorized as high strength martensitic steels having a lath martensite microstructure accompanied by a high density of dislocation which is important for achieving a combination of high strength and good toughness. These alloys have reasonably good ductility in a solution-annealed (SA) condition and exhibit superior age hardenability through the formation of intermetallic -NiMn precipitates but nevertheless they suffer from extreme intergranular embrittlement after ageing [1-5]. A reversion of bcc martensite () to fcc austenite () has been reported to enhance the ductility of Fe-Ni-Mn alloys in the later stages of ageing [6] and the (αγ) structure shows low temperature ductility due to the existence of retained austenite [7,8]. Austenite may be formed also in low carbon martensitic steel by intercritical annealing in the dual phase (αγ) region due to a reverse transformation of martensite to austenite [7,9]. In practice, there are two main mechanisms for the reverse transformation which may be diffusional or diffusionless occurring at low and high heating rates, respectively [10-12].
Ultrafine-grained (UFG) materials with grains sizes of <1 µm may be produced by subjecting specimens to different techniques of severe plastic deformation (SPD) including high-pressure torsion (HPT) [13-15], accumulative roll-bonding (ARB) [16], equal-channel angular pressing (ECAP) [17] and repetitive corrugation and straightening by rolling (RCSR) [18]. The UFG materials produced by SPD processing generally exhibit excellent properties such as high strength, good ductility and low temperature superplasticity, due to their thermo-dynamically metastable structures which contain high densities of lattice defects and high strain distortions [19]. Similarly, the heavy cold rolling and subsequent annealing of lath martensite in low carbon steel also shows an ability to produce UFG materials and the lath martensitic structure accompanied by a high density of dislocation can assist in the evolution of UFG during heavy cold rolling [20-22]. 
External forces can change the phase equilibrium and produce changes in the typical transformation behavior of materials [23]. There has been extensive research on the microstructural evolution and thermal stability of severely deformed steels during annealing [24-26]. For example, it was shown that cold rolling of Fe-9Mn-0.05C (wt. %) steel accelerated the martensite to austenite transformation in subsequent annealing [27] and heavy cold rolling by 60% reduction in thickness of a UFG Fe-10Ni-7Mn (wt. %) alloy increased the ductility after ageing [28]. Also, the heavy cold rolling of an Fe-10Ni-7Mn alloy led to austenite formation due to a deformation-induced reverse transformation [29-31]. These investigations confirmed that 60% cold rolling provided the required driving force for the reverse transformation [32].
The presence of retained austenite in the microstructure of Fe-Ni-Mn alloys can introduce a shape memory effect (SME) and pseudoelastic behavior [9,30,33,34] where SME in these alloys is associated with the stress-induced austenite (fcc) to epsilon martensite (hcp) transformation and its subsequent reversion when heating to a sufficient temperature [30]. In pseudoelastic behavior, the shape of the specimen goes back to its original form during the loading-unloading tensile cycle with the advent of a hysteresis loop to the point of zero strain. The main source of pseudoelasticity in these Fe-Ni-Mn alloys is the austenite to epsilon martensite transformation under loading and its reversion after unloading [9,30,33,34]. Initially, it was believed that this behavior took place only at temperatures above the reverse transformation temperature (As) but more recently it was discovered that the behavior was also observed at temperatures below As which was associated with the reversible motion of fcc/hcp interfaces [35].
Based on the results available from investigations conducted to date, the objective of this research was to evaluate and characterize the effect of prior cold rolling on the reverse transformation in an Fe-10Ni-7Mn (wt. %) high strength martensitic steel during post-deformation intercritical annealing (PDIA) in the ferritic-austenitic (αγ) dual phase region. In addition, special emphasis was placed on examining the effect of pre-deformation and subsequent heat treatment on the microstructure, phase evaluation and mechanical properties of the Fe-Ni-Mn alloy. 
2. Experimental material and procedures
An ingot of an Fe-10Ni-7Mn (wt. %) alloy was prepared using a vacuum arc re-melting (VAR) furnace. This ingot was hot-forged by 50% reduction at 1150 °C and then homogenized in a vacuum furnace at 1150 °C for 86.4 ks. Thereafter, the homogenized ingot was solution-annealed at 950 °C for 3.6 ks and quenched in cold water to obtain a fully-martensitic microstructure. Deformation processing was conducted by conventional cold rolling of the SA specimen at room temperature to a 70% reduction in thickness. 
Dilatometric specimens with lengths of 10 mm and diameters of 2.4 mm were taken from the SA material and from the 70% cold-rolled (CR) specimens. In order to investigate the effect of rolling on the reverse transformation temperatures, the SA and the CR dilatometric specimens were continuously heated to the single phase austenitic region at a heating rate of 5 °C/min. Also, in order to study the reverse transformation mechanism, some of the dilatometric specimens were heated at a rate of 20 °C/s up to 600 °C at which the (αγ) dual phase region is stable and then maintained isothermally at this temperature.  
Post-deformation intercritical annealing (PDIA) was performed on CR specimens of 2 mm thickness in a salt bath at 600 °C for different holding times. Thereafter, a subsequent isothermal ageing treatment was conducted at 480 °C for 3.6 ks in a salt bath followed by water quenching. Sheet-type tensile test pieces of 2 mm thickness, 6.25 mm width and 25 mm gage length were cut from the SA sample, the CR specimen and the PDIA-processed specimens for 3.6 ks before and after an ageing treatment according to ASTM A370.
In order to study the retained austenite at room temperature and its volume fraction, X-ray diffraction (XRD) analysis was conducted in the angular range of 2θ = 40-100° using Cu-K radiation with a step scanning rate of 0.02° per 3.6 s. The amount of the reversed austenite at the intercritical annealing temperature was also calculated using the dilatometric results. Scanning electron microscopy (SEM) equipped with electron backscatter diffraction (EBSD) was used for microstructural observations. The specimens for the EBSD measurements were mechanically polished and then electrolytically etched using a 900 ml CH3COOH + 100 ml HClO4 solution at a temperature of 11°C with a voltage of 20 V. The step size of the test was 0.2 μm and the system operating voltage was 15 kV. The EBSD data were analyzed by TSL-OIM analytical software. Hardness values were determined using a Vickers microhardness tester with a 100 gf load and dwell times of 0.01 ks. Tensile tests were carried out at room temperature with initial strain rates of 7  10-4 s-1 using a SANTAM tensile testing machine. The pseudoelastic behavior and strain hysteresis were also examined by applying cyclic tensile testing using an extensometer at room temperature.
3. Experimental results
3.1. Microstructure and phase evolution 
3.1.1. Reverse transformation under cold rolling 
Figs. 1a and b show grain boundary maps and phase maps of the SA and the CR specimens, respectively. In the grain boundary maps, high-angle grain boundaries (HAGBS) having misorientation above 15° are indicated by black lines and low-angle grain boundaries (LAGBs) having misorientations between 2° and 15° are shown by red lines. In addition, the martensite and austenite phases are shown in pink and green colors, respectively. According to Fig. 1a, the microstructure of the SA specimen consists of a fully-lath martensite whereas the microstructure of the CR specimen in Fig. 1b shows martensitic blocks elongated in the rolling direction together with small amounts of fine-grained austenite. Since the initial microstructure of the SA specimen is fully martensitic, it follows that the observed austenite in the microstructure of the CR specimen is deformation-induced. Comparing Figs 1a and b shows that the fraction of LAGBs increases after rolling since deformation can introduce large numbers of dislocations in the lath martensite microstructure. 
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Fig. 1. Grain boundaries and phase maps of (a) SA, and (b) CR specimens.
Fig. 2 shows dilatation curves for the SA and CR specimens where the austenite start (As) and finish (Af) temperatures are marked. It is clear from detailed examination that the reverse transformation of martensite to austenite is accompanied by a contraction. Thus, comparing the two curves in Fig. 2 shows that cold rolling leads to a small reduction in the As and Af temperatures such that As decreases from 520 to 511 °C and Af decreases from 608 to 601 °C. This trend is not consistent with an earlier report that in a lath martensitic microstructure the value of As is maintained approximately constant irrespective of the degree of deformation [36]. This apparent discrepancy probably arises because the present results denote deformation-induced austenite when using cold rolling. In addition, there is a smooth deviation from the linear curve preceding the As temperature as shown in Fig. 2 and this deviation is related to the -NiMn precipitate formation which was reported in earlier investigations performed on Fe-Ni-Mn alloys [3,37]. The precipitation start (Ps) and finish (Pf) temperatures are also represented in Fig. 2 and it is observed that cold rolling leads to a reduction in the Ps and Pf temperatures by increasing the nucleation sites of precipitates caused by the dislocation concentrations. 
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Fig. 2. Dilatation curves versus temperature at the heating rate of 5 °C/min for the SA and the CR specimens.
3.1.2. Reverse transformation under intercritical annealing 
The dilatation curves for the SA and the CR specimens are illustrated in Fig. 3 together with a curve for pure iron which was used as a standard sample. The samples were continuously heated to 600 °C in the dual phase (αγ) region at a heating rate of 20 °C/s and then isothermally maintained for 10.8 ks. In Fig. 3 the primary line with a positive slope for each curve, as marked by AB for the SA sample, corresponds to thermal expansion of the sample (designated section І). According to the plot, during heating the maximum dilatation of the CR specimen at point E is relatively low compared to the other samples. This suggests that a reverse transformation may be initiated in the CR specimen during continuous heating although, from a practical consideration, the higher free volume in this specimen should also be considered [18]. In fact, an increase of free volume in the CR specimen would provide fast diffusion tracks which eventually promote the reverse transformation. Section II of the dilatation curve for the pure iron, corresponding to isothermal holding at 600 °C, is approximately constant indicating that there is no reverse transformation. By contrast, the dilatation curves of the other two specimens decrease significantly corresponding to a reverse transformation. This reduction can be categorized into two parts where the first part, marked BC for the SA sample, shows a sharp decrease that is less for the CR specimen and the second part, marked CD for the SA sample, shows a gradual decrease but with a greater decrease in the CR specimen. Therefore, it can be proposed that the reversed austenite formation occurs by a sequential combination of two different mechanisms.
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Fig. 3. Dilatation curves of the SA, CR, and pure iron specimens continuously heated to 600 °C at a heating rate of 20 °C/s and isothermally maintained for 10.8 ks.

In order to determine the amount of reversed austenite, it is assumed there is isotropic dilatation and therefore the experimental relative changes in volume  can be calculated as a function of the relative change in length  by the relationship [38]:
                                                    (1)                                                                       In practice, the value of  is very small so that the square and cubic terms of  may be neglected. The theoretical relative change in volume  is then calculated as a function of the lattice parameter of the austenite and martensite by the relationship:
                                         (2)                                                                       where  is the lattice parameter which is calculated as a function of the d-spacing by the relationship:
                                                                                                               (3)
where h, k and l are the Miller indices of the crystal compact plane. 
The values of  and  calculated from the XRD spectra of the CR specimen after subsequent intercritical annealing at 600 °C for 0.04 ks are 2.070 and 2.035 Å, respectively. Thus, the value of  and  were calculated from Eq. (3) as 3.5854 and 2.8785 Å, respectively, and the value of  was calculated as -0.0338 using Eq. (2).
Fig. 4 shows the calculated volume fractions of the reversed austenite for the intercritically-annealed specimens as a function of the isothermal heating time which was extracted from Fig. 3. In the CR specimen the volume fraction of the reversed austenite initially is about 6% which corresponds to the austenite formation during continuous heating. This value was calculated from the difference in Fig. 3 between point B (the maximum point of section І for the SA sample) and point E (the maximum point of section І for the CR specimen) and using Eq. (2). The volume fractions of the reversed austenite in part I in Fig. 3 were calculated for the SA and the CR specimens as 25% and 14%, respectively, and the values for part II were 33% and 67%, respectively.
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Fig. 4. The calculated volume fraction of the reversed austenite for the SA and CR specimens using data of Figure 3 and equation 2.

The XRD analyses of (a) the CR specimen and (b) the PDIA samples are shown in Fig. 5 for various times as indicated on the right. For the CR specimen, the diffraction lines show only the martensite phase while detailed analysis from the phase map of this specimen in Fig. 1b shows the microstructure also contains a small amount of the austenite phase. This apparent discrepancy is probably due to the very small size and low volume fraction of the austenite phase which means that it is not easily recognized by the XRD analysis. For the PDIA processed samples in Fig. 5b, there are four additional peaks that are attributed to the (111), (200), (220), and (311) planes of the austenite phase, respectively. It should be noted that preferred orientations may develop by rolling leading to a change in the main peak of some XRD spectra.
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Fig. 5. X-ray diffraction patterns of the specimens (a) CR, and (b) PDIA processed at 600 °C for indicated times.
The amounts of the retained austenite at room temperature for the PDIA processed specimens were measured by XRD for various holding times and the results are shown in Fig. 6. It is clear that an increase in the holding time up to 3.6 ks leads to an increase in the percentage of the retained austenite up to a maximum of about 50% and a further increase in the holding time above 3.6 ks gives a reduction in the volume fraction of the retained austenite at room temperature.
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Fig. 6. The calculated volume fraction of the retained austenite at room temperature for the PDIA processed specimens at 600 °C for different holding times using data of Figure 5.

The grain boundary and phase maps of the PDIA processed specimens for holding times of (a) 0.04 and (b) 0.48 ks are shown in Fig. 7 where the austenite and martensite phases are clearly visible. It was reported earlier that the austenite phase nucleates at grain, packet and block boundaries [37,39] and in the present study the nucleation of the austenite occurred preferentially at block boundaries as indicated in Fig. 7a. In addition, it should be noted that pre-deformation can create some preferred sites for nucleation of the austenite. For example, in some areas of the CR specimen the strain concentration leads to the formation of smaller martensitic blocks which in turn lead to the formation of smaller austenite grains. From Figs. 7a and b, it is concluded that, by increasing the holding time from 0.04 to 0.48 ks, the volume fraction of the retained austenite drastically increases and this is in good agreement with the XRD results. 
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Fig. 7. Grain boundaries and phase maps of the PDIA processed specimens at 600°C for (a) 0.04, and (b) 0.48 ks.

Figs. 8 shows the phase maps together with the orientation relationship between the retained austenite and the parent martensite in the PDIA processed specimens for times of (a) 0.04 and (b) 0.48 ks, respectively. It is clear that most of the boundaries between the austenite and martensite coincide with the Kurdjumov-Sachs (K-S) orientation relationship of ({111}A // {011}M, <101>A // <111>M ), where the subscripts of A and M represent austenite and martensite, respectively.
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Fig. 8. Distribution of the K-S orientation relationship between the retained austenite and martensite in the PDIA processed specimens at 600°C for (a) 0.04 ks, and (b) 0.48 ks.

3.2. Mechanical properties
3.2.1. Microhardness measurements
An evaluation of the Vickers microhardness, Hv, for the CR specimen and the PDIA processed samples for various holding times is shown in Fig. 9 where each experimental point corresponds to the mean of five separate measurements. The microhardness of the CR specimen is about 250 Hv but this rises to about 295 Hv after PDIA for only 0.04 ks and subsequent increases in the holding time produce a reduction in the microhardness to a final value slightly lower than 250 Hv. 
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Fig. 9. Values of the Vickers microhardness for the CR specimen and the PDIA processed samples at 600 °C for different holding times. The inset shows the microhardness in the early stages of PDIA.

3.2.2. Strength-ductility measurements 
The engineering stress-strain curves obtained at room temperature are plotted in Fig. 10 for the SA sample, the CR specimen and the PDIA processed samples for 3.6 ks before and after the ageing treatment. In addition, the values of the yield strength (YS), ultimate tensile strength (UTS) and fracture strain for the different testing conditions are summarized in Table 1. For the SA sample, the UTS and fracture strain were recorded as ~695 MPa and ~6.3%, respectively, whereas after 70% cold rolling the UTS increased to ~877 MPa with a corresponding decline in the fracture strain to ~3.8%. After PDIA, the UTS and fracture strain increased to ~955 MPa and ~9.1%, respectively, due to the reversed austenite formation with a fine-grained structure. Finally, subsequent ageing treatment on the PDIA processed specimen increased the UTS and fracture strains to ~1215 MPa and ~13.1%, respectively. These latter results are related specifically to the formation of -NiMn precipitates in the microstructure as reported previously [4,9]. 
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Fig. 10. Engineering stress-strain curves at room temperature for the SA sample, the CR specimen, and the PDIA processed samples at 600°C for 3.6 ks before and after ageing treatment at 480°C for 3.6 ks.


Table 1. Values of yield strength (YS), ultimate tensile strength (UTS) and fracture strain for the SA sample, the CR specimen, and the PDIA processed samples before and after ageing.
	Condition
	YS (MPa)
	UTS (MPa)
	Fracture Strain (%)

	SA
	660
	695
	6.3

	CR
	780
	877
	3.8

	PDIA 
	903
	955
	9.1

	PDIA followed by ageing
	1150
	1215
	13.1



3.2.3. Pseudoelastic behavior
The stress-strain curves of cyclic loading-unloading at room temperature for the different specimens in various experimental conditions are represented in Fig. 11. In Fig. 11a the cyclic stress-strain curve of the SA sample is normal linear elasticity without strain hysteresis since the microstructure of the sample is fully martensitic whereas the stress-strain curve for the CR specimen in Fig. 11b shows a nonlinear spring back strain at the lower stresses and a strain hysteresis between the unloading and reloading curves. It is concluded that this pseudoelasticity is related to the presence of deformation-induced austenite accompanied by a high dislocation density. Fig. 11c represents the cyclic stress-strain curve of the PDIA processed specimen after holding for 3.6 ks where, as a consequence of PDIA, the pseudoelastic behavior in the CR specimen disappears due to dislocation annihilation in the deformation-induced austenite. Finally, Fig. 11d shows the stress-strain curve of the PDIA processed specimen followed by subsequent ageing where the pseudoelasticity re-appears due to the strengthening of the microstructure by the -NiMn precipitates as they effectively prevent slip deformation.  
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Fig. 11. Stress-strain curves of cyclic loading-unloading for the specimens (a) SA, (b) CR, (c) and (d) PDIA processed at 600°C for 3.6 ks before and after ageing treatment at 480°C for 3.6 ks, respectively.

4. Discussion
It was shown in Fig. 1 that the fraction of LAGBs increased after cold rolling and there was also a refining of the martensite blocks. Very fine and limited austenite particles were nucleated at HAGBs and these are visible in Fig. 1b. The nucleation of austenite is attributed to the strain concentration and the consequent rise in temperature during heavy cold rolling. Austenite formation as a result of a deformation-induced reverse transformation in Fe-10Ni-7Mn was reported earlier [29-31]. In addition, the required driving force for the reverse transformation in Fe-10Ni-7Mn was calculated [32] and the possibility of austenite formation during heavy cold rolling was further clarified. In practice, the As temperature decreased in the CR specimen compared to the SA sample as shown in Fig. 2 and this decrease in As is due to the formation of ultrafine austenite by cold rolling as indicated in Fig. 1b where this provides nucleation sites for austenite formation during PDIA.
The dilatation curves of the specimens are shown in Fig. 3 and they indicate that the reverse transformation consists of two parts. Thus, the first part shows a sharp decrease whereas the second part exhibits a gradual decrease as the holding time increases. This sharp decrease in part І may be a displacive (martensitic) transformation since it is time independent and it was shown that a displacive transformation is characterized by a rapid change that is not thermally-activated [40]. The gradual decrease in part ІІ indicates that a complete reverse transformation is achieved by a diffusional transformation where this isothermal transformation is in general a characteristic feature of time-dependent diffusional transformations. As a result, it is concluded that the reverse transformation of martensite to austenite is initiated by a martensitic mechanism and then deviates to a conventional diffusional type. Also, the presence of the K-S orientation relationship between the retained austenite and martensite in the PDIA processed specimens for 0.04 and 0.48 ks clearly supports a reversed austenite having a diffusional or/and martensitic nature (Fig. 8). It was reported in several studies that, when the reverse transformation takes place by diffusional or a martensitic mechanism, the reversed austenite usually satisfies an orientation relationship with respect to martensite [39,41,42]. A recent study of the reverse transformation of a similar alloy in the SA condition during post-intercritical annealing at 600 °C showed that the reverse transformation takes place by a sequential combination of two mechanisms including both martensitic and diffusional types [43]. 
According to Fig. 4, the calculated volume fraction of reversed austenite using data of Fig. 3 indicates that cold rolling greatly accelerated part ІІ of the revere transformation but suppressed part І of this transformation. Accelerating the reverse transformation by cold rolling was also reported [27]. In practice, part І of the reverse transformation (Fig. 3) becomes smaller in the CR specimen and this is attributed to the decline in As temperature. In this way, the martensitic transformation that is independent of temperature is not influenced but the driving force of the diffusional transformation can increase. Therefore, part І of the reverse transformation is effectively suppressed by part ІІ. 
Microstructural evolution in Fig. 7a indicates that initially the austenite nucleates in the finer martensite block region. The reversed austenite is more easily and preferentially nucleated at these block boundaries or at prior austenite nuclei that are formed by rolling. Therefore, the reverse transformation is accelerated in the CR specimen comparing to the SA specimen. Also, the decline in the As temperature in the CR specimen increases the driving force of the diffusional transformation and consequently accelerates the reverse transformation. As a result, it is apparent from Fig. 4 that the maximum volume fraction of the reversed austenite increased from 58% in the SA specimen to 87% in the CR specimen during post-intercritical annealing for 10.8 ks.
According to Fig. 6, the volume fraction of the retained austenite at room temperature for the PDIA specimens processed for various times increases with an increase in holding time up to a maximum of 50% at 3.6 ks and then decreases at a later stage of reversion. However, the volume fraction of the reversed austenite at the intercritical annealing temperature increases continuously against the holding time as shown in Fig. 4. The volume fraction of the retained austenite at room temperature is essentially determined by two parameters based on the volume fraction and the stability of the reversed austenite [44]. It was reported also that the stability of the austenite depends on various factors such as the grain size, orientation gradient and the re-crystallization of austenite [45] and the increasing holding time leads to an increase in the reversed austenite grain size which consequently increases the martensite start (Ms) temperature [46]. Hence, the stability of austenite at room temperature can be decreased by increasing the holding time. Therefore, in practice there is essentially a trade-off between these two variables such that the volume fraction of the retained austenite at room temperature is a maximum near a holding time of 3.6 ks. 
According to Fig. 9, the microhardness data demonstrate that in the beginning of the reverse transformation, corresponding to part I in Fig. 3, the hardness value increases significantly due to the austenite formation accompanied by a high dislocation density. Thereafter, further annealing leads to a recovery of the specimen as well as changing the reverse transformation mechanism from a martensitic to a diffusional type causing a decrease in the hardness value.
As illustrated in Fig. 10 and documented in Table 1, the SA sample has values for the YS and UTS which are similar with only minor strain hardening due to the high dislocation density of martensite, while the alloy displays an elongation of about 6.3% due to the relatively ductile nature of the starting material. A 70% cold rolling increases the UTS of the SA sample to 877 MPa while the elongation decreases to 3.8% and this higher strength and lower ductility is attributed to the effect of the heavy cold deformation which causes a high density of dislocations and leads to a high density of shear bands and fine grains [18]. After the PDIA for 3.6 ks, the UTS and fracture strain increase to ~955 MPa and ~9.1%, respectively, and this is related to the nature of the reversed austenite with a fine-grained structure. As noted earlier, the austenite grains formed by PDIA for 3.6 ks have two main characteristics including martensitic and diffusional. The displacively-formed austenite inherits the dislocation structure from the parent martensite and this increases the strength of the microstructure [47,48] whereas the reversed austenite formed by a diffusional mechanism produces an increase in ductility. Finally, the subsequent isothermal ageing treatment for the PDIA specimen leads to increases in the UTS and fracture strain to ~1215 MPa and ~13.1%, respectively, by strengthening the microstructure through the formation of -NiMn precipitates.   
From the cyclic tensile test results in Fig. 11b, it is apparent that there is a pseudoelastic behavior in the CR specimen which is attributed to the presence of deformation-induced austenite having a high dislocation density. Dislocation generation in the formed austenite under cold rolling leads to an increase in the yield strength and promotes an austenite to epsilon martensite transformation rather than slip deformation during cyclic tension. In addition, the accumulation of dislocations produces a large stress field around the tip of the epsilon-martensite and acts as a back-stress on the growing martensite so that the reversible motion of the austenite and epsilon-martensite (fcc/hcp) interface is feasible. An effect of the back-stress on the reversibility of the austenite to epsilon-martensite transformation was also proposed earlier [49]. As shown in Fig. 11c, after PDIA for 3.6 ks, although the yield strength of the specimen is higher than the CR sample and the occurrence of slip deformation is more difficult but nevertheless there is no evidence for any pseudoelasticity. This latter situation is due to the dislocations annihilation in the microstructure during PDIA and a lack of back-stress produced by dislocations on the growing martensite which can lead to the reversible movement of the fcc/hcp interface. According to Fig. 11d, the pseudoelastic behavior appeared again in the stress-strain curve of the PDIA processed specimen followed by isothermal ageing and this pseudoelasticity after ageing is associated with the -NiMn precipitate formation. Thus, the presence of precipitates in the microstructure improves the pseudoelastic behavior by strengthening the austenite and assisting the reversible movement of the fcc/hcp interface through a back stress produced on the growing martensite [35,50,51]. 
5. Summary and conclusions 
This research examined the effects of prior cold rolling and subsequent heat treatment on the microstructure, phase evaluation and mechanical properties of an Fe-10Ni-7Mn (wt. %) fully martensitic steel. The results lead to the following conclusions:
1. Cold rolling by 70% produces deformation-induced austenite formation and also refines the martensite blocks and reduces the As temperature. 
2. The prior austenite and the smaller martensite blocks are the primary potential sites for austenite nucleation during PDIA.
3. Both martensitic and diffusional reverse transformations were present during PDIA at 600 °C but the diffusional mechanism was dominant. 
4. The volume fraction of the retained austenite at room temperature for the CR specimen showed a maximum value of 50% after PDIA at 600°C for 3.6 ks. This was attributed to the interaction between stability and the volume fraction of the reversed austenite. 
5. The ultimate tensile strength was increased from ~695 MPa for the solution-annealed sample to ~1215 MPa for the PDIA-processed specimen followed by subsequent ageing due to -NiMn precipitate formation in the microstructure.
6. Cyclic tensile testing revealed pseudoelastic behavior in the CR specimen that disappeared after PDIA due to dislocation annihilation in the microstructure of the deformation-induced austenite. This pseudoelasticity appeared again after subsequent ageing due to the strengthening of the microstructure by -NiMn precipitates which effectively inhibited slip deformation.
Data availability
The raw/processed data required to reproduce these findings cannot be shared at this time as the data form part of an ongoing study.
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Table captions
Table 1. Values of yield strength (YS), ultimate tensile strength (UTS) and fracture strain for the SA sample, the CR specimen, and the PDIA processed samples before and after ageing.




















Figure captions
Fig. 1. Grain boundaries and phase maps of (a) SA, and (b) CR specimens.
Fig. 2. Dilatation curves versus temperature at the heating rate of 5 °C/min for the SA and the CR specimens.
Fig. 3. Dilatation curves of the SA, CR, and pure iron specimens continuously heated to 600 °C at a heating rate of 20 °C/s and isothermally maintained for 10.8 ks.
Fig. 4. The calculated volume fraction of the reversed austenite for the SA and CR specimens using data of Figure 3 and equation 2.
Fig. 5. X-ray diffraction patterns of the specimens (a) CR, and (b) PDIA processed at 600 °C for indicated times.
Fig. 6. The calculated volume fraction of the retained austenite at room temperature for the PDIA processed specimens at 600 °C for different holding times using data of Figure 5.
Fig. 7. Grain boundaries and phase maps of the PDIA processed specimens at 600°C for (a) 0.04, and (b) 0.48 ks.
Fig 8. Distribution of the K-S orientation relationship between the retained austenite and martensite in the PDIA processed specimens at 600°C for (a) 0.04 ks, and (b) 0.48 ks.
Fig. 9. Values of the Vickers microhardness for the CR specimen and the PDIA processed samples at 600 °C for different holding times. The inset shows the microhardness in the early stages of PDIA.
Fig. 10. Engineering stress-strain curves at room temperature for the SA sample, the CR specimen, and the PDIA processed samples at 600°C for 3.6 ks before and after ageing treatment at 480°C for 3.6 ks.
Fig. 11. Stress-strain curves of cyclic loading-unloading for the specimens (a) SA, (b) CR, (c) and (d) PDIA processed at 600°C for 3.6 ks before and after ageing treatment at 480°C for 3.6 ks, respectively.
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