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Abstract 

High-pressure torsion (HPT) processing was applied to an Fe-10Ni-7Mn (wt.%) martensitic 

steel at room temperature and the grain size was reduced from an initial value of ~5.5 μm to an 

ultrafine value of ~185 nm for the ferritic phase and around 30 nm for the austenitic phase after 

20 HPT turns. The microstructure and mechanical properties of the as-processed material were 

evaluated using X-ray diffraction (XRD), electron backscatter diffraction (EBSD), field emission 

scanning electron microscopy (FESEM), microhardness measurements and tensile testing. In 

addition, annealing of an as-processed specimen was analyzed by differential scanning 

calorimetry (DSC). The results show that HPT processing increases the hardness and ultimate 

tensile strength to ~690 Hv and ~2230 MPa, respectively, but the ductility is decreased from 

~16.5% initially to ~6.4% and ~3.1% after 10 and 20 turns, respectively. The hardness 

distributions and EBSD images show that a reasonably homogeneous microstructure is formed 

when applying a sufficient level of pressure and torsional strain. The DSC results demonstrate 

that processing by HPT reduces the start and finish temperatures of the reverse transformation of 

martensite to austenite and there is continuous re-crystallization after the recovery process.  
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1. Introduction 

The Fe-10Ni-7Mn (wt.%) low carbon martensitic steel is classified as an ultra-high strength 

steel which exhibits adequate ductility in the solution annealed (SA) condition. However, this 

excellent age-hardenable steel suffers from post-aging intergranular embrittlement along prior 

austenite grain boundaries [1, 2]. Recent efforts have focused on the effects of adding alloying 

elements [3, 4], intercritical annealing [5, 6] and also employing various severe plastic 

deformation methods to improve the alloy ductility after aging [7, 8].  

Severe plastic deformation (SPD) techniques are excellent procedures for fabricating 

ultrafine-grained (UFG) and/or nano-crystalline (NC) structures by imposing significant 

magnitudes of plastic strain in various metals and alloys [9, 10]. Numerous specific 

microstructural features have been extensively reported in SPD-processed materials, including 

high concentrations of vacancies, exceptional dislocation densities and large fractions of high-

angle grain boundaries having non-equilibrium characteristics. Therefore, these materials have 

the potential for displaying unique properties in strength, ductility and superplasticity compared 

to their customary coarse-grained counterparts [11].  

To date, several SPD processing methods have been applied to Fe-10Ni-7Mn steel such as 

equal-channel angular pressing (ECAP) [12], severe cold rolling [13, 14] and repetitive 

corrugation and straightening by rolling (RCSR) [15]. The results reveal that by 85% severe cold 

rolling the ultimate tensile strength increases to ~950 MPa but the elongation to failure decreases 

to ~14% [12]. In addition, a 29% increase in the ultimate tensile strength and a reduction in 

ductility to ~12% appears in this steel after ECAP processing [12]. The same trend was observed 

also after RCSR processing with an improvement in strength up to ~908 MPa together with a 

reduction in elongation to failure of ~8.6% [15].  
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According to these earlier studies, grain refinement by SPD methods in Fe-10Ni-7Mn 

martensitic steel is frequently accompanied by a phase transformation of martensite to austenite 

due to a deformation-induced reverse transformation [8]. It was demonstrated by X-ray 

diffraction (XRD) and differential scanning calorimetry (DSC) that 60% of cold rolling supplied 

the driving force required for the reverse transformation of martensite to austenite [13]. It is 

noteworthy to mention that austenite stability at room temperature is also related to the grain size 

after SPD processing which may hinder the austenite to martensite transformation. An induced 

austenite transformation after 60% and more of cold rolling enhances the mechanical properties 

of aged Fe-Ni-Mn and prevents intergranular embrittlement. 

In recent decades, several investigations have examined the effect of processing by high-

pressure torsion (HPT) on the microstructure and mechanical properties of different iron-based 

alloys. Thus, it was demonstrated that the microstructure and hardness become uniform after 

several turns and also there is a hardness saturation at the periphery of the sample disks which is 

attributed to the high dislocation density and small grain size [16, 17]. The occurrence of phase 

transformations and epsilon martensite formation after HPT straining in iron-based alloys was 

discussed in several reports [18-20] wherein the HPT-induced phase changes from γ-austenite 

into ε- and α-martensites with a γ→ε→α sequence. Furthermore, the thermal stability and 

stored energy in severely deformed 316L stainless steel after HPT processing was studied 

recently and it was shown that the nano-crystalline specimens exhibit very good thermal stability 

such that, even after heat treatments executed up to 1000 K, the samples have high dislocation 

densities and ultrafine grains of less than 200 nm [21, 22]. 

Although there are several studies related to SPD methods for the Fe-10Ni-7Mn (wt.%) 

martensitic steel, it appears that there are no reports of the HPT processing of this alloy. 
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Accordingly, HPT processing was applied on this martensitic steel to achieve a smaller grain 

size, to inspect any phase transformation and consequently to improve the mechanical properties 

by a straining in torsion. Since the deformation mode and the amount of strain imposed by HPT 

are different from other SPD processes, it is reasonable to anticipate that there will be different 

microstructures and mechanical properties. The present research was therefore initiated with the 

objective of clarifying the microstructural evolution, mechanical properties and thermal stability 

of the Fe-10Ni-7Mn (wt.%) martensitic steel when processed by HPT at room temperature. 

2. Material and experimental methods 

An Fe-10Ni-7Mn (wt.%) steel, with a chemical composition as listed in Table 1, was 

prepared by melting in a vacuum induction melting (VIM) furnace and then remelting in a 

vacuum arc remelting (VAR) furnace. Afterwards, hot forging was performed on the re-melted 

ingot at 1423 K and then the ingot was homogenized in a vacuum furnace at 1473 K for 24 h, 

solution annealed at 1423 K for 1 h and finally quenched in cold water to obtain a fully 

martensitic microstructure. Samples were cut in the shape of small disks with dimensions of 10 

mm diameter and 0.8 mm thickness for use in HPT processing. The processing was conducted at 

room temperature under an applied pressure of 6.0 GPa with a rotation rate of 1 rpm for totals, N, 

of 1, 3, 6, 10 and 20 turns using a facility operating under quasi-constrained conditions [23]. 

Phase analyses were performed by X-ray diffraction using Cu-Kα radiation within angular 

ranges of 40-100° 2θ and the microstructure was characterized by field emission scanning 

electron microscopy (FESEM) using an electron backscatter diffraction (EBSD) detector (the 

observation position is indicated in Fig. 1).  

Vickers microhardness measurements were carried out across the diameters of each disk with 

distances of 1 mm between each indentation (as marked in Fig. 1) using loads of 100 gf and 
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dwell times of 10 s. For tensile testing, as shown in Fig. 1, small specimens were cut from the 

HPT disks at off-center positions with gauge lengths of 1.8 mm, widths of 0.8 mm and 

thicknesses of 0.5 mm. This method follows the conventional procedure of measuring the tensile 

properties of the HPT-processed samples by using specimens cut specifically to avoid the region 

of zero strain at the center of each disk.  The tensile experiments were carried out at room 

temperature with initial strain rates of 5  10
-4

 s
-1

 using a SANTAM tensile testing machine. The 

fracture surfaces of the broken tensile specimens were examined by FESEM. In order to evaluate 

the thermal stability and phase transformation temperatures of the HPT-processed specimens, 

calorimetric analyses were performed using a differential scanning calorimetry with a heating 

rate of 300 °C/min up to 600°C in an argon gas environment. To study the change of the stored 

energy, the heat absorbed or released during the DSC analysis was calculated by integrating the 

area under each peak. 

3. Experimental results 

3.1. Microstructure and phase evolution after HPT processing 

The X-ray diffraction patterns of the specimens in the solution annealed condition and after 

1, 3 and 20 turns of HPT processing are shown in Fig. 2(a). The results demonstrate that the 

microstructure in the SA condition includes only the martensite phase. According to Fig. 2(a), no 

reversed austenite peak is detected in the HPT-processed specimens and, even with increasing 

numbers of turns up to N = 10, it is clear that no phase transformation is induced by HPT 

processing from martensite () to austenite (). The (110) XRD peaks for the SA sample and the 

HPT-processed specimen after 20 turns are overlapped and magnified in Fig. 2(b) and it is 

readily apparent that the first martensite peak becomes broadened after the HPT processing.   
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Grain boundary maps superimposed on phase maps are displayed in Fig. 3 for (a) the SA and 

(b-d) the HPT-processed specimens, where the martensite and austenite phases are depicted in 

pink and green colors and the black and red lines correspond to high-angle grain boundaries 

(HAGBs) and low-angle grain boundaries (LAGBs), respectively. The average grain sizes and 

the volume fractions of the phases obtained from the EBSD results in the SA and HPT-processed 

specimens are shown in Table 2 with the grain sizes estimated using the linear intercept method. 

As anticipated, the HPT processing significantly decreases the grain size in the materials from 

5.5 μm in the SA sample to ~185 nm for ferrite and about 30 nm for austenite after 20 turns. 

Finer martensitic grains during HPT are rather problematic by comparison with austenitic since 

martensite is associated with a high dislocation density that makes it difficult to identify 

dislocation generation as the main source of grain fragmentation. In contrast to the XRD results 

in Fig. 2(a), the EBSD data reveal a very small fraction of austenitic phase after HPT processing 

with the volume fraction tending to increase with increasing numbers of turns. 

3.2. Mechanical properties after HPT processing 

The evaluation of Vickers microhardness, Hv, across the specimens’ diameters is shown 

in Fig. 4 for different numbers of HPT turns, where each experimental point corresponds to the 

mean of five separate measurements. It is readily apparent that there is a significant increase in 

the hardness values with increasing numbers of turns and in the initial stages of straining the 

hardness is inhomogeneous throughout the diameters of the disks with higher hardness values 

recorded near the peripheries. At the maximum straining after 20 turns, the degree of 

inhomogeneity is reduced.  For all straining conditions the measured hardness near the edge of 

each disk is close to ~690 Hv. 
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The engineering stress-strain curves of the SA and the HPT-processed specimens at room 

temperature are plotted in Fig. 5 and the values of the ultimate tensile strength (UTS), yield 

strength (YS) and fracture strain for the different testing conditions are summarized in Table 3. 

For the SA sample, the UTS and fracture strain were recorded as ~815 MPa and ~16.5%, 

respectively, whereas after 3 turns the UTS and YS increased to ~1840 and ~1800 MPa, 

respectively, with a corresponding reduction in the fracture strain to ~10.2%. With increasing 

numbers of HPT turns, the strength was marginally increased but the elongation was even further 

reduced to only ~3.1% after 20 turns. 

The fracture surfaces of the SA and HPT-processed samples after tensile testing are shown in 

Fig. 6 where the SA sample in Figs 7(a-b) shows ductile fracture due to the dimple morphology 

in which the dimples exhibit different sizes and depths. The fracture behavior transforms from 

ductile to a combination of brittle and ductile after HPT processing as shown in Figs 6(c-j) and 

after 20 turns several shear bands and cracks are visible in the fracture surface as shown in Fig. 

6(g-j). 

3.3. Thermal stability and phase transformation temperatures after HPT processing 

Figure 7 displays the DSC curves of the SA sample and the HPT-processed specimen 

after 20 turns during continuous heating up to 600 °C using a heating rate of 300°C/min. Several 

phase transformations occur during this heating and these transformations are denoted by 

numbers in the plot. In the SA condition an endothermic peak and three exothermic peaks are 

present whereas in the HPT-processed sample there are four exothermic and two endothermic 

peaks. These DSC curves demonstrate that most of the peaks in the SA condition are smaller 

with less stored energy than in the HPT-processed sample.  
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4. Discussion 

4.1. Importance of the reverse martensite to austenite transformation 

The EBSD images reveal that in the SA condition the sample microstructure contains a lath 

martensitic phase with a large fraction of LAGBs due to the initial high concentration of 

dislocations (Fig. 3(a)). The HPT processing transforms a significant fraction of the LAGBs to 

HAGBs [24] and produces elongated martensitic grains oriented along the shear direction of the 

HPT straining (Figs 3(b,c)). This is consistent with the general trends associated with 

microstructural evolution in metals subjected to SPD processing [25]. Finally, after 20 turns the 

microstructure is composed of a mixture of equiaxed and elongated martensitic grains (Fig. 

3(d)).  

Based on the EBSD phase maps it is apparent that the HPT processing induces a small 

fraction of austenite phase in the initial martensitic microstructure. Earlier reports demonstrated 

the possibility of a reverse transformation of martensite to austenite in SPD processing [8, 13, 

26] where the reverse transformation occurs if the applied stress on the material supplies 

sufficient driving force in terms of chemical and non-chemical elements. The chemical driving 

force originates from the difference in the Gibbs free energies in the original and the new phases 

while the non-chemical driving force corresponds to the energy required for nucleation and 

growth of the new phase [8]. During HPT processing, a part of the mechanical work transforms 

to heat so that the specimen temperature increases [27]. Furthermore, the anvil pressure produces 

a significant reduction in the equilibrium phase transformation temperature according to the 

Clausius-Clapeyron equation [28]. On the other hand, the lath martensite contains a high 

dislocation density and during the reverse transformation the dislocation energies are released to 
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some extent as a result of the austenite formation. In practice, it is established that these various 

factors reduce the required driving force and promote the reverse transformation [8]. 

The low stacking fault energy (SFE) of the steel may promote an hcp-martensite 

formation before the reverse austenite transformation [26]. It is reported that in this martensitic 

steel the transformation of bcc-martensite to hcp-martensite can be achieved at a pressure of 4.3 

GPa at room temperature. In addition, earlier investigations show that the hcp-martensite is 

metastable and could transform to austenite by applying further straining [26]. Therefore, as 

there is no evidence for hcp-martensite in the XRD analysis and EBSD results even after the first 

turn of HPT processing, it is concluded that the required pressure for the hcp-martensite to 

austenite transformation may be supplied by applying severe torsional straining. This behavior is 

in agreement with another report [18] in which the ε phase acts as an intermediate phase in the 

  transformation.  

It is reasonable to assume that, by applying additional HPT turns, the stored deformation 

energy will increase so that larger fractions of austenite may be formed. As shown in Table 2, 

after 20 turns the austenite content was measured as about 6% and in practice it is difficult to 

detect this constituent by XRD at levels about 5%. Accordingly, the ultrafine size of the austenite 

reduces the chance of detection by XRD as shown in Fig. 2(a). On the other hand, as it can be 

seen in Table 2, that the volume fraction of austenite is a little higher in the 10-turn HPT-

processed sample than after 20 turns. This phenomenon was also observed in another report [29] 

in which reverse and direct martensitic transformations occurred consecutively. It was suggested 

that the local increase in temperature and high hydrostatic pressure assisted in advancing the 

reverse transformation during the deformation process, and by further straining during HPT the 

reversed austenite was able to again transform to martensite [30]. Moreover, multiple     
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  phase transformations were achieved in a SUS 304 stainless steel by applying HPT 

processing with alternate low and high rotation rates at room temperature [18]. Therefore, a 

minor    transformation may occur in the 20-turn HPT-processed sample. 

The observed peak broadening in the XRD pattern of the sample after 20 turns, as shown in 

Fig. 2(b), is related to the high imposed shear strain and the increase in dislocation density. It is 

reasonable to assume that the ultrafine grains of the reversed austenite in the HPT-processed 

specimen may lead to improved mechanical properties. 

4.2. Significance of the mechanical properties after HPT processing 

Based on the microhardness measurements in Fig. 4, and noting also the EBSD images in 

Fig. 3, it appears that the application of HPT is effective in achieving an almost homogenous 

microstructure provided the applied pressure and the torsional strain are sufficiently high. 

Similar conclusions were reached in the processing of pure Fe by HPT after 5 turns [31], 316L 

austenitic stainless steel after 20 turns [17] and SUS316LN steel after 5 turns [32]. Initially, the 

hardness improves at the disk periphery due to the very high concentration of dislocations and 

the associated grain refinement caused by the higher imposed strain in this region. Thereafter, the 

region of higher hardness gradually expands towards the central part of the sample. The hardness 

saturates when there is essentially a balance between the increase in hardness due to dislocation 

accumulation and the reduction in hardness due to recovery [32]. Furthermore, as depicted in 

Fig. 4, the hardness values in the core regions after higher HPT turns are equivalent to the 

measured values for the regions near the periphery in the samples with fewer HPT turns. Thus, 

these regions have similar microstructural properties as well. For example, the measured 

hardness in the center of the 20-turns HPT-processed sample is similar to the periphery of the 3-
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turns sample. As a result, the microstructure investigation of the latter sample also reveals 

information on the properties of the former sample. 

It is important to note that processing of the present alloy by other SPD procedures gave 

lower ultimate tensile strength but higher ductility by comparison with the use of HPT 

processing [12, 15]. The strength enhancement after HPT processing is attributed to the high 

density of dislocations, the high density of shear bands and the ultrafine grains that are 

introduced in the material. Thus, grain refinement and the reverse transformation during HPT 

yields exceptional tensile strength with a reasonable level of ductility.  

In this research the SA specimen shows values for the YS and UTS which are very close, as 

shown in Fig. 5, with only minor strain hardening due to the high dislocation density of 

martensite, while the alloy displays about 15% non-uniform deformation because of the ductile 

nature of the matrix. However, after 3 HPT turns the YS and UTS increase and even further 

deformation to 10 turns gives higher strength and a higher strain hardening rate in addition to a 

more uniform plastic deformation but with a reduction in the total elongation. The increase in the 

strain rate hardening and the uniform plastic deformation is attributed to the reverse austenite 

transformation and grain refinement. 

During the HPT process, accumulation of deformation-induced vacancies produces small 

vacancy agglomerations. These agglomerates enlarge with increasing strain. During the tensile 

testing, shear bands form and generate progressively and the formation and propagation of these 

bands are revealed by the FESEM images from the fracture surfaces of specimens after HPT 

processing as shown in Fig. 6(i, j). As the shear bands have higher strains compared to the bulk 

material, more defects and correspondingly higher free energies are created in these regions [33]. 

This excess free energy supplies the required driving force for void formation during the shear 
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deformation. As the shear deformation develops, if the local maximum shear stress exceeds the 

shear yield stress then the voids gradually transform to submicrometer or even micro-cracks [15] 

and these defects may reduce the overall ductility and affect the fracture behavior during tensile 

deformation.  

4.3. An examination of the fracture behavior after tensile testing  

As is apparent from Fig. 6(a-j), there is a transition in the fracture mode from necking to 

shearing when the sample is subjected to higher numbers of HPT turns [33]. The fracture 

structures after HPT processing consist of fragments which are both parts of the martensitic laths 

and shear bands which appear as a result of deformation accompanied by extremely fine dimples 

that are direct evidence for ductile fracture [34]. During the HPT process, small cave-like shear 

bands are produced [35] which are displayed in greater detail in Fig. 6(j). Additionally, the 

dimples are of the scale of the grain size. The excessive reduction in the dimple size in the HPT-

processed sample by comparison with the SA sample appears to be a consequence of the very 

high energetic and distorted microstructure in the samples after HPT processing [15]. This 

duplex behavior was reported also in a medium-carbon steel after applying 5 HPT turns where 

there was non-uniform deformation with a fracture surface having separate fragments of ~2-5 μm 

width with dimples developed within them [34]. It was concluded from these earlier experiments 

that the tensile strain accumulated on the laths of the martensite plates split the material along the 

grain boundaries and produced deep pits on the fracture surface [34].  

4.4. Significance of the DSC curves 

Based on the DSC curves in Fig. 7, the phase transformations and their start and finish 

temperatures may be obtained during continuous heating of the specimen. In the initial condition, 



13 

 

the exothermic processes at 231-27 °C, 369-402°C and 402-435°C are respectively corresponded 

to recovery through the annihilation of dislocations and vacancies and to the multi-stage 

formation of precipitates [5]. The endothermic process, which is related to the austenite 

formation, starts at 545°C and is not complete even at the end of heating. By contrast, after HPT 

processing the temperature ranges for the exothermic processes change to 231-285°C, 357-401°C 

and 401-416°C, respectively, and a single re-crystallization peak appears at 285-357°C. In SPD 

materials, the stored energy is usually sufficiently high to provide recovery followed by 

continuous re-crystallization [36]. Moreover, HPT processing may produce ultra-fine grains with 

boundaries having high angles of misorientation and with high densities of crystalline defects 

which act as re-crystallization nuclei [37, 38]. Two endothermic peaks are also visible which are 

related to the reversion of precipitates to austenite by a diffusional mechanism and the reverse 

transformation of the martensitic matrix to austenite by a diffusionless shear mechanism at 510-

535°C and 535-580°C, respectively [5, 6]. It can be observed that the start temperature of 

austenite formation is decreased about 35°C after the HPT processing (Fig. 7). Large fractions 

of crystalline defects may also promote the reverse transformation of martensite to austenite by 

acting as nucleation sites [39].  

 The enthalpy calculation of the DSC peaks reveals that the released heat during the 

recovery process is increased to about 4 times after the HPT processing. In the SA sample, the 

sum of the released heat related to the exothermic peaks is calculated at about 0.85 J/g. This 

value increases to about 3.85 J/g after 20 turns of HPT processing. Another report shows that for 

a 316L austenitic stainless steel the released heat from the exothermic peak increases from 1.4 

J/g to 4.9 J/g after applying 10 turns of HPT [21]. These changes imply the effect of the severe 

deformation on enhancing the released energy. For the endothermic peak in the SA sample, it 
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was not possible to calculate the area under the peak due to the limitation in the annealing 

temperature range. After 20 turns of HPT processing it should be noted that, although the peaks 

of the austenite formation appear in this range but with different mechanisms of formation due to 

diffusional and diffusionless shear mechanisms, the overall calculation of the phase 

transformation enthalpy is not very accurate. 

5. Summary and conclusions 

1. An Fe-10Ni-7Mn (wt.%) martensitic steel was processed by HPT at room temperature. 

This processing reduced the grain size from an initial value of ~5.5 m in the solution annealed 

sample to ~210 and ~185 nm for ferrite and about 30 nm for austenite after 6 and 20 HPT turns, 

respectively. 

2. The results show that the reverse transformation of martensite to austenite occurs even 

after one HPT turn. By further straining, the volume fraction of the reversed austenite increases 

and finally reaches ~6% after 20 turns. This grain refinement and reverse transformation leads to 

higher tensile strength with a reasonable ductility. A homogenous ultrafine-grained structure 

with a saturation hardness of ~690 Hv was achieved after processing through 20 turns of HPT. 

3. In tensile testing, the fracture behavior changes from fully ductile in the initial solution 

annealed condition to a mixture of brittle and ductile after HPT processing. HPT processing 

followed by annealing causes a continuous re-crystallization after recovery and a reduction in the 

start and finish temperatures of the reverse martensitic transformation due to the large numbers 

of defects produced during the deformation process which act as nucleation sites. 
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Figure Captions 

Fig. 1. Schematic of the HPT sample, dimensions and positions of the tensile specimen, hardness 

measurements and microstructure observation 

Fig. 2. (a) X-ray diffraction patterns of the solution annealed and HPT-processed specimens, (b) 

magnified (110) XRD peaks for solution annealed sample and HPT-processed specimen after 20 

turns. 

Fig. 3. EBSD phase maps for samples (a) solution annealed and HPT-processed for (b) 1, (c) 6, 

(d) 20 turns. 

Fig. 4. Microhardness distributions recorded across the diameters of the solution annealed and 

HPT-processed samples. 

Fig. 5. Engineering stress-strain curves of solution annealed and HPT-processed samples. 

Fig. 6. FESEM images of fracture surfaces in the solution annealed sample (a, b), HPT-processed 

specimens after 3 turns (c, d), 10 turns (e, f), 20 turns (g- j). 

Fig. 7. DSC curves of the solution annealed sample and HPT-processed specimen after 20 turns 

at a heating rate of 300 °C min
-1

. 
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Table captions 

Table. 1. Chemical composition of the steel. 

Table. 2. Average grain size and volume fraction of the phases obtained from EBSD results. 

Table. 3. Values of ultimate tensile strength, yield strength and fracture strain for the solution 

annealed and HPT-processed samples. 
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Fig. 1. Schematic of the HPT sample, dimensions and positions of the tensile specimen, 

hardness measurements and microstructure observation 

 

 

 

 

Fig. 2. (a) X-ray diffraction patterns of the solution annealed and HPT-processed specimens, (b) 

magnified (110) XRD peaks for solution annealed sample and HPT-processed specimen after 20 

turns. 
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Fig. 3. EBSD phase maps for samples (a) solution annealed and HPT-processed for (b) 1, (c) 6, 

(d) 20 turns. 

 

 

 

 

Fig. 4. Micro-hardness distribution recorded across the diameter of the solution annealed and 

HPT-processed samples. 
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Fig. 5. Engineering stress-strain curves of solution annealed and HPT-processed samples. 
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Fig. 6. FESEM images of fracture surfaces in the solution annealed sample (a, b), HPT-

processed specimens after 3 turns (c, d), 10 turns (e, f), 20 turns (g- j). 
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Fig. 7. DSC curves of the solution annealed sample and HPT-processed specimen after 20 turns 

at a heating rate of 300 °C min
-1

. 
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Table. 1. Chemical composition of the studied steel. 

Element Fe Ni Mn C S P N Al 

wt% Bal. 10.05 6.97 0.005 0.006 0.005 0.005 0.003 

 

 

 

Table. 2. Average grain size and volume fraction of the phases obtained from EBSD results. 

 Martensite- 

(vol. %) 

Austenite- 

(vol. %) 

Martensite- 

Grain size 

(nm) 

Austenite- 

Grain size 

(nm) 

SA 100 0 ⁓ 5500 - 

N=1 98 0.5 2 0.5 ⁓ 630 ⁓ 70 

N=6 95 1 5 1 ⁓ 210 ⁓ 35 

N=10 92.5 1 7.5 1 ⁓ 200 ⁓ 30 

N=20 94 1 6 1 ⁓ 185 ⁓ 28 
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Table. 3. Values of ultimate tensile strength, yield strength and fracture strain for the solution 

annealed and HPT-processed samples. 

 
UTS 

(MPa) 

YS 

(MPa) 

Fracture strain 

(%) 

SA 815 790 16.5 

N=3 1840 1800 10.2 

N=10 2115 1995 6.4 

N=20 2230 2040 3.1 

 




