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Аннотация. В работе исследованы мартенситные превращения в различных областях поверхности излома образцов из крупнозерни-

стой (КЗ) и ультрамелкозернистой (УМЗ) стали Fe – 0,02C – 18Cr – 8Ni после испытания на кручение. Авторы изучили тонкую струк-
туру УМЗ стали на просвечивающем электронном микроскопе JEM-2100 и провели испытания на твердость с помощью твердомера 
TN 300. Статическое растяжение цилиндрических образцов диаметром 3 мм выполняли при температуре 20 °С на универсальной 
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Abstract. The X-ray method was used to study martensitic transformations in different areas on the fracture surface of the samples made of coarse-

grained (CG) and ultrafine-grained (UFG) Fe – 0.02C – 18Cr – 8Ni steel after torsion testing. The fine structure of UFG steel was analyzed 
on JEM-2100 transmission electron microscope (TEM). The authors carried out the steel hardness tests on TN 300 hardness tester. Static 
tension of cylindrical samples with a diameter of 3 mm was performed at a temperature of 20 °C on N50KT universal testing machine. Torsion 
testing of cylindrical samples with a working part diameter of 10 mm and a length of 100 mm was carried out at a temperature of 20 °C using  
MK-50 unit. The equal-channel angular pressing (ECAP), forming UFG structure, improves the mechanical properties of steel under tension 
and torsion, and also helps to stabilize the austenitic structure of Fe – 0.02C – 18Cr – 8Ni steel under torsion. 100 % of α-martensite is formed 
on the fracture surface of CG steel samples, regardless of the X-ray diffraction area. On the fracture surface of UFG steel samples, the maximum 
amount of α-martensite (30 %) is formed in the peripheral area of   the fracture; the minimum amount of α-martensite (15 %) – in the fracture 
central part. The authors made a comparative analysis of the martensitic phases distribution on the samples fracture surface after torsion testing 
with the martensitic phases distribution in the samples of the same steel after severe plastic deformation by torsion (SPDT), when both ε- and 
α-martensite are formed. The absence of ε-martensite on the fracture surface of the samples made of CG and UFG Fe – 0.02C – 18Cr – 8Ni steel 
during torsion is associated with an insignificant pressure for this type of loading, less than in the SPDT process. 

Keywords: austenitic steel, torsion testing, fracture, X-ray phase analysis, α- and ε-martensite, equal-channel angular pressing (ECAP), severe plastic 
deformation by torsion (SPDT), coarse-grained (CG) and ultrafine-grained (UFG) structures
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 Introduction

Austenitic steels, owing to their high mechanical and 
technological properties, are widely used in medicine, 
chemical industry, mechanical engineering, instrumenta-
tion, and other industrial sectors [1 – 4]. However, cer-
tain steels of this class may undergo martensitic trans-
formations when subjected to cooling and deformation. 
Due to their ambiguous influence on mechanical and 
physical properties [4 – 6], these transformations hinder 
reliab le prediction of in-service performance and cons-
train the scope of practical applications. 

Metastable austenitic steels are capable of undergo-
ing both γ → α and γ → ε → α martensitic transforma-
tions. Significant progress has recently been made in 
understanding the nature of α- and ε-martensite in aus-
tenitic steels and alloys [7 – 12]. Martensitic transforma-
tions involving the formation of ε-martensite have been 
most thoroughly investigated in manganese steels and 
alloys [1; 10 – 12]. In Cr – Ni steels, γ → ε → α trans-
formation remains poorly understood, as the observed 
amount of ε-phase usually does not exceed 15 % [11 – 14]. 
Of particular interest are martensitic transformations in 
nanostructured metastable austenitic steels with an ultra-
fine-grained (UFG) structure produced by severe plas-
tic deformation (SPD) methods such as equal-channel 
angular pressing (ECAP), severe plastic deformation by 
torsion (SPDT), multi-axial isothermal forging, or other 
techniques [15]. Martensitic transformations in auste-
nitic steels under ECAP and SPDT have been addressed, 
for example, in [4; 16; 17]. In particular, it has been 
noted [17] that under certain SPDT conditions involving 
high hydrostatic pressure, not only direct but also reverse 
martensitic transformations can occur in metastable aus-
tenitic steels. 

When assessing the potential applications of auste-
nitic Cr – Ni steels with a UFG structure in medicine, it 
is important to consider that many implantable devices 
(screws, pins, and similar components) are subjected 

to torsional loading in service. The formation of marten-
sitic phases during SPD or under operational conditions 
may affect not only the strength characteristics of such 
devices but also the biocompatibility of the material. 
However, the effect of martensitic-phase formation on 
the properties of UFG austenitic steels under torsion 
remains insufficiently explored. A more detailed inves-
tigation into martensitic transformations under tor-
sion in UFG steels may provide a deeper understanding 
of the physical nature and mechanisms of such trans-
formations in steels of this class under various types 
of mechanical loading. 

The objective of this study is to evaluate the in fluence 
of different SPD techniques – specifically, ECAP and 
SPDT – on the mechanism of martensitic transforma-
tions in austenitic Cr – Ni steel, and to establish a correla-
tion between the intensity of these transformations and 
the fracture behavior of both CG and UFG steels sub-
jected to torsion. 

 Materials and methods

The material selected for this study was austenitic 
Fe – 0.02C – 18Cr – 8Ni steel (wt. %: 0.023 C; 17.95 Cr; 
7.95 Ni; 1.85 Mn; 0.6 Cu; 0.38 Si; 0.35 Mo; 0.15 Co). 
The steel was examined in two structural states: the ini-
tial CG condition, obtained by water quenching from 
1050 °C with a 1 h hold, and the UFG condition produced 
via ECAP. The ECAP process was carried out following 
quenching under the aforementioned conditions at a tem-
perature of 350 °C using route Bc, with four passes and 
a channel angle of φ = 1200 [15]. 

The CG structure was examined using an Axiovert 
40 MAT optical microscope, while the fine structure 
of the UFG steel was analyzed by transmission elect-
ron microscopy (TEM) on a JEM-2100 microscope. 
Hardness measurements were performed on a TN 300 
hardness tester. Uniaxial tensile tests of cylindrical 
samples (3 mm in diameter) were conducted at 20 °C 

испытательной машине Н50КТ. Испытания на кручение цилиндрических образцов диаметром 10 мм и длиной 100 мм проводили при 
температуре 20 °С на установке МК-50. Равноканальное угловое прессование, формируя УМЗ структуру, повышает механические 
свойства стали при растяжении и кручении, а также способствует стабилизации аустенитной структуры стали Fe – 0,02C – 18Cr – 8Ni 
при кручении. На поверхности изломов образцов из КЗ стали формируется 100 % α-мартенсита. На поверхности изломов образцов 
из УМЗ стали максимальное количество α-мартенсита (30 %) образуется в периферийной области излома, а минимальное (15 %) – 
в его центральной части. Авторы провели сравнительный анализ распределения мартенситных фаз на поверхности изломов образцов 
после испытания на кручение с распределением мартенситных фаз в образцах той же стали после интенсивной пластической дефор-
мации кручением (ИПДК), когда образуется как ε-, так и α-мартенсит. Отсутствие ε-мартенсита на поверхности изломов образцов из 
КЗ и УМЗ стали Fe – 0,02C – 18Cr – 8Ni при кручении авторы связывают с незначительным для данного вида нагружения давлением, 
меньшем, чем в процессе ИПДК. 
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(УМЗ) структуры
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using an N50KT universal testing machine. Torsion 
testing of cylindrical samples with a working section 
diameter of 10 mm and a length of 100 mm was carried 
out at 20 °C using the MK-50 unit, in accordance with 
GOST 3565–80 and GOST R 50581–93 (ISO 6475–89). 
Based on torque–twist angle diagrams, the ultimate shear 
strength (τk ), yield strength (τ0.3 ), and shear strain (g) 
were determined as described in [18]. Fractographic 
examination of the fracture surfaces was performed 
using a JCM-6000 scanning electron microscope (SEM) 
(EOL Ltd., Japan). 

The volume fraction of martensitic phases in the effec-
tively diffracting surface layer of the material, in different 
areas of the sample surface or fracture surface, was deter-
mined based on the integrated intensity of (111) Kα dif-
fraction line of the γ-phase, (110) Kα line of the α-phase, 
and (101) Kα line of the ε-phase [5; 19]. The selection 
of these diffraction lines is based on their association with 
single-variant phase transformations. In such transforma-
tions, the orientation of the matrix phase after transforma-
tion produces new phases with orientations that are largely 
represented by the chosen lines [20], which minimizes 
the influence of crystallographic texture on the intensity 
ratio of the corresponding peaks. The percentage content 
of γ-austenite, α-martensite, and ε-martensite was calcu-
lated using the formulas [5; 19]:

The coefficients С1 … С5 for FeKα radiation are given 
in Table 1. The values,  ,  and  repre-
sent the integrated intensity of the corresponding diffrac-
tion lines (in the latter case, (110) Kα line of the α-phase 
overlaps with (002) Kα line of the ε-phase).

X-ray phase analysis of the fracture surfaces, which 
exhibit surface roughness and a certain degree of crys-
tal lattice distortion, resulted in broadening of the dif-
fraction lines. In some cases, this caused incomplete 
separation of (110) Kα line of the α-phase and (111) 

Kα line of the γ-phase. In such cases, graphical separa-
tion of the overlapping peaks was performed based on 
the assumption of line symmetry [19]. X-ray diffraction 
of sample surfaces and fracture surfaces was performed 
using a DRON-2.0 diffractometer (U = 22 kV, I = 8 mA) 
with FeKα radiation.

 Research results

 Structure and mechanical properties
 

of Fe – 0.02C – 18Cr – 8Ni steel

In the initial state, Fe – 0.02C – 18Cr – 8Ni steel exhi-
bited a single-phase γ-austenite structure with an average 
grain size of 30 μm (Fig. 1, a). After ECAP, an elongated 
banded UFG structure was observed. On the background 
of a developing cell substructure, microbands and shear 
bands were present (Fig. 1, b). Within the mesobands, 
a high dislocation density was observed, including dis-
location clusters and tangles. The average grain size was 
0.55 μm. X-ray phase analysis confirmed that after ECAP, 
the steel retained a single-phase γ-austenite structure. 
The mechanical properties of the steel under uniaxial ten-
sion and torsion are summarized in Table 2. 

Table 1. Coefficients for calculating the volumetric phase 
content for FeKα radiation

Таблица 1. Коэффициенты для расчета 
объемного содержания фаз для FeKα-излучения

Radiation type С1 С2 С3 С4 С5

FeKα 2.459 1.799 2.025 0.444 2.469

Fig. 1. Microstructure of CG (a) 
and UFG (b) Fe – 0.02C – 18Cr – 8Ni steel 

Рис. 1. Микроструктура стали Fe – 0,02C – 18Cr – 8Ni в КЗ (а) 
и УМЗ (b) состоянии



Izvestiya. Ferrous Metallurgy. 2025;68(3):280–286.
Klevtsova N.A., Valiev R.Z., and etc. Martensitic transformations in metastable austenitic steel with coarse-grained ...

283

 Martensitic transformations on the fracture surfaces
 

of Fe – 0.02C – 18Cr – 8Ni steel under torsion

Fracture of both CG and UFG steel samples under tor-
sion occurred via a shear mechanism. The average rough-

ness of the fracture surfaces for CG and UFG samples 
was nearly identical (Fig. 2, a, e). All fracture surfaces 
exhibited three characteristic zones: a relatively smooth 
peripheral area, a transitional (middle) area, and a duc-
tile central area with a pronounced rough macroscopic 

Fig. 2. Torsional general form (a, e) and fracture surface microrelief (b – d, f – h) of the samples from CG (a – d) 
and UFG (e – h) Fe – 0.02C – 18Cr – 8Ni steel. Microrelief was taken from peripheral part 1 (b, f), middle part 2 (c, g) and central part 3 (d, h) 

Рис. 2. Общий вид (а, e) и микрорельеф (b – d, f – h) изломов на кручение образцов из КЗ (а – d) и УМЗ (e – h) стали Fe – 0,02C – 18Cr – 8Ni. 
Микрорельеф получен с периферийной зоны 1 (b, f), переходной зоны 2 (c, g) и центральной зоны 3 (d, h)

Table 2. Average grain size and mechanical properties of CG and UFG Fe – 0.02C – 18Cr – 8Ni steel at tension and torsion

Таблица 2. Средний размер зерна и механические свойства стали Fe – 0,02C – 18Cr – 8Ni 
в КЗ и УМЗ состоянии при растяжении и кручении

Structural state davg , μm Hardness, НВ
Tensile properties Torsion properties

σu , MPa σ0.2 , MPa δ, % τk , MPa τ0.3, MPa g, %
CG (initial) 30,00 159 624 ± 6 283 ± 8 65 ± 0.7 688 ± 8 194 ± 10 89 ± 3
UFG (after ECAP) 0.55 363 1112 ± 8 1065 ± 15 20 ± 0.5 917 ± 10 740 ± 15 37 ± 1
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relief (Fig. 2, a, e). In the peripheral area, the micromor-
phology was weakly developed (Fig. 2, d, h), formed as 
a result of mutual friction between the opposing frac-
ture surfaces. The middle area was dominated by shear 
dimp les (Fig. 2, c, g), which appeared more pronounced 
on the fracture surface of the UFG steel. In the central 
area, regardless of structural state, the micromorpho-
logy consisted of equiaxed dimples formed by microvoid 
coalescence (Fig. 2, d, h). 

X-ray phase analysis revealed that, on the fracture 
surface of CG steel samples failed under torsion, 100 % 
α-martensite was formed regardless of the X-ray scan-
ning area (Table 3). On the fracture surfaces of UFG steel 
samples, the maximum amount of α-martensite (30 %) 
was detected in the peripheral area, while the mini-
mum amount (15 %) was observed in the central area 
of the fracture surface (Table 3). No ε-martensite was 
detected on any of the examined fracture surfaces.

Thus, ECAP, by producing a UFG structure, enhances 
the mechanical properties of Fe – 0.02C – 18Cr – 8Ni 
steel under both tension and torsion and contributes 
to the stabilization of its austenitic structure under tor-
sion. As a result of plastic deformation under torsion, 
the austenitic steel undergoes γ → α martensitic transfor-
mations. 

 Discussion

The results of the present study demonstrate that 
nanostructuring of Fe – 0.02C – 18Cr – 8Ni steel by ECAP, 
which produces a UFG structure, not only improves 
the tensile and torsional strength of the material (Table 2), 
but also contributes to the stabilization of the austenitic 
structure under torsion (Table 3). Fracture of CG steel 
samples under torsion, regardless of the failure mecha-
nism, resulted in the formation of 100 % α-martensite on 
the fracture surface. In the UFG samples, the maximum 
amount of α-martensite was observed in the peripheral 
and transitional areas of the fracture surface, where shear 
dimples and areas of mutual friction between opposing 
fracture surfaces predominated. The minimum amount 

of α-martensite was found in the central area, where ten-
sile dimples were dominant (Fig. 2). 

It is of particular interest to compare the forma-
tion mechanism and distribution of martensitic phases 
on the fracture surfaces of UFG Fe – 0.02C – 18Cr – 8Ni 
steel samples after torsion testing with the distribu-
tion of martensitic phases in samples of the same 
steel subjected to severe plastic deformation by tor-
sion (SPDT). In the latter case, similar shear stresses 
are generated, but additional compressive stresses are 
also applied [15]. As noted in [4], the phase composition 
of Fe – 0.02C – 18Cr – 8Ni steel was studied on samples 
with a diameter of 20 mm subjected to SPDT at a pres-
sure of 6 GPa and 2 full revolutions. The grain size in 
the UFG structure after SPDT in the mid-radius area 
was 0.20 – 0.25 μm. After SPDT, the surface rough-
ness across the entire sample diameter was nearly uni-
form. However, the microhardness showed significant 
radial inhomoge neity, ranging from 350 HV at the center 
to 550 – 600 HV at the periphery [4]. X-ray phase analy-
sis was performed in the peripheral, transitional, and 
central areas of the sample surface after SPDT. The ana-
lysis revealed the presence of both α- and ε-martensite. 
The highest amount of ε-martensite (about 11 %) was 
found in the central area, while no ε-martensite was 
detected in the peripheral area [4] (Table 4).

Martensitic transformations on the fracture sur-
faces of CG and UFG steel samples under torsion occur 
in the absence of significant compressive stresses. 
As a result, the transformation of austenite proceeds 
to completion, forming α-martensite. In contrast, 
SPDT involves not only torsional deformation but also 
the application of high compressive stresses (6 GPa). 
This high pressure, especially in the central area 
of the sample [15], promotes the γ → ε transformation 
but suppresses the ε → α transformation due to the dif-
ference in specific volumes between the FCC, HCP, and 
BCC crystal structures. Therefore, in the central and par-
tially in the transitional areas, both α- and ε-martensite 
are detected by X-ray phase analysis. In the peripheral 
area, owing to the more distorted crystal structure and 
the relatively lower compressive stress, only α-martensite 

Table 4. Amount of α- and ε-martensite in different parts 
on surface of the samples made 

of Fe – 0.02C – 18Cr – 8Ni steel after HPDT [4], %

Таблица 4. Количество α- и ε-мартенсита 
в различных участках на поверхности образцов из стали 

Fe – 0,02C – 18Cr – 8Ni после ИПДК [4], %

Type of 
martensite

X-ray scanning area
peripheral transitional central

α-martensite 37 36 28 
ε-martensite 0 3 11 

Table 3. Amount of α-martensite in different parts 
on fracture surface of the samples made 

of Fe – 0.02C – 18Cr – 8Ni steel at torsion, % 

 Таблица 3. Количество α-мартенсита в различных 
участках на поверхности изломов, полученных 

при кручении образцов 
из стали Fe – 0,02C – 18Cr – 8Ni, %

Structural state
X-ray scanning area

peripheral transitional central
CG (initial) 100 100 100 
UFG (after ECAP) 30 23 15
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is formed (Table 4). This interpretation is supported by 
the fact that the combined amount of ε- and α-martensite 
across all areas of the sample after SPDT totals 37 – 39 % 
(Table 4).

 Conclusions

Equal-channel angular pressing, through the forma-
tion of a UFG structure, enhances the strength charac-
teristics of austenitic Fe – 0.02C – 18Cr – 8Ni steel under 
both tension and torsion, while also increasing the stabi-
lity of its austenitic phase against martensitic transforma-
tion during torsion. 

In CG steel samples, fracture under torsion – regard-
less of the failure mechanism – results in the formation 
of 100 % α-martensite across the entire fracture surface. 
In UFG steel samples, the highest amount of α-martensite 
(30 %) is formed in the peripheral area of the fracture 
surface, where shear dimples and frictional features 
dominate. The lowest amount of α-martensite (15 %) 
is observed in the central area, characterized primarily 
by tensile dimples.

The absence of ε-martensite on the fracture surfaces 
of both CG and UFG samples under torsion is attributed 
to the relatively low compressive stress associated with 
this type of loading, which is insufficient to induce γ → ε 
transformation. In contrast, under SPDT, where compres-
sive pressures reach approximately 6 GPa, X-ray phase 
analysis confirms the presence of ε-martensite in this 
steel.
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