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AND ULTRAFINE-GRAINED STRUCTURE DURING TORSION
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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 NSOKT 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 a-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 a-martensite (30 %) is formed in the peripheral area of the fracture; the minimum amount of a-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 ¢- and
a-martensite are formed. The absence of e-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, a- and e-martensite, equal-channel angular pressing (ECAP), severe plastic
deformation by torsion (SPDT), coarse-grained (CG) and ultrafine-grained (UFG) structures
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AHHOomayus. B pabote ncciaenoBaHbl MapTCHCUTHBIC MPEBPAIICHUS B PA3IMYHBIX OOIACTAX MOBEPXHOCTH H3I0Ma 0OPa3sloB U3 KPYHMHO3EPHH-
croit (K3) u ynsrpamenkosepuuctoit (YM3) cranu Fe—0,02C—18Cr—8Ni nocie ucnbITanus Ha KpyuyeHue. ABTOPbI U3YUMWIN TOHKYIO CTPYyK-
Typy YM3 cTanu Ha nmpocBeYnBaroIeM 3eKTPOHHOM Mukpockorne JEM-2100 u nmpoBenu UCHBITaHUS HAa TBEPIOCTH C IIOMOIIBIO TBEpPAOMEPA
TN 300. Cratudeckoe pacTshkeHHE LMIMHAPUYECKUX 00pasloB AMAMETPOM 3 MM BbINOIHSIM Hpu Temreparype 20 °C Ha yHHBEpCalbHOM
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ucneltarenbHoi Mammue H50KT. VcnibiTanus Ha KpydeHue WUIHHAPHYECKUX 00pasioB auamerpoM 10 MM 1 utnHoi 100 MM npoBOAMIN NTpH
temmneparype 20 °C na ycranoBke MK-50. PaBHOKkaHanbpHOE yriioBoe mpeccoBaHue, Gpopmupys YM3 cTpyKTypy, MOBBIIIACT MEXaHUYECKUE
CBOICTBA CTaIM MPHU PACTSHKEHUU M KPYUYEHHUH, a TaKKe CocOOCTBYeT cTaOWIN3aluy ayCTeHUTHON cTpyKTyphl ctanu Fe—0,02C—18Cr—8Ni
npu kpydeHuu. Ha moBepxHOoCcTH M310MoB 00pasnos u3 K3 cramu dpopmupyercs 100 % o-mapreHcuTa. Ha MOBepXHOCTH H37I0MOB 00pa3LoB
3 YM3 cranu MakcuMmalibHOE KoindecTBo o-mapTeHcuta (30 %) oOpasyercst B nepudepuiiHol obiacTu u3noma, a MuHUMaibHoe (15 %) —
B €TO LCHTPAIbHOI 9acTH. ABTOPHI IPOBEIH CPABHUTEIBHBIN aHATHN3 paclpeIeIeHNs MApTCHCUTHBIX ()a3 Ha IIOBEPXHOCTH U3JIOMOB 00pa3LoB
HOCJIE UCIIBITAHUS HA KPy4YEeHHUE ¢ paclpeeeHueM MapTeHCUTHBIX (a3 B 00paslax ToH *ke CTajIM MOociie MHTeHCUBHON IacTHueckol pedop-
manuu kpyderueM (UITJIK), xorga o6pasyercs Kak e-, Tak U o-MapTeHCUT. OTCYyTCTBHE e-MapTEHCUTA HA IIOBEPXHOCTU H3IOMOB 00pasIoB U3
K3 u YM3 cramu Fe—0,02C—18Cr—8Ni npu Kpy4eHHH aBTOPHI CBSA3BIBAIOT C HE3HAYUTEILHBIM ISl JAHHOTO BUJIa HAarpYy)KCHUS JaBJICHUEM,

MeHbIeM, yeM B npouecce UIT/IK.

Kniouesvle c/108a: aycTeHUTHAS CTallb, UCTIBITAHUE HA KPYYCHHUE, H3JI0OM, PEHTTCHOCTPYKTYPHBIH (ha30BbIil aHAN3, 0- U E-MAaPTEHCUT, pABHOKAHAIIbHOE
yrnoBoe npeccoBanue (PKVYII), narencuBnas minactuueckas nedopmannu kpydenuem (UITJIK), kpynHozeprucras (K3) u ynsrpamenko3epHucTas

(YM3) crpyKTypsl

Jnst yumupoeanusi: Kiesnosa H.A., Baimes P.3., Knesuos I'.B., ®ecenrox M.B., [luranesa .H., baramos B.M. MapTeHCUTHBIE ITpeBpamicHHs
B METAcTaOMIBHON ayCTCHUTHON CTaJlH C KPYMHO3CPHHUCTOW U YJIBTPAMEIIKO3EPHUCTON CTPYKTYypOil Tpu KpyueHun. Mzeecmus y3o6. Yepnas
memannypeust. 2025;68(3):280-286. https://doi.org/10.17073/0368-0797-2025-3-280-286

[ 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
reliable prediction of in-service performance and cons-
train the scope of practical applications.

Metastable austenitic steels are capable of undergo-
ing both y — a and y — &€ — o martensitic transforma-
tions. Significant progress has recently been made in
understanding the nature of a- and e-martensite in aus-
tenitic steels and alloys [7 — 12]. Martensitic transforma-
tions involving the formation of e-martensite have been
most thoroughly investigated in manganese steels and
alloys [1; 10 —12]. In Cr—Ni steels, y — € — a trans-
formation remains poorly understood, as the observed
amount of e-phase usually does notexceed 15 % [11 — 14].
Of particular interest are martensitic transformations in
nanostructured metastable austenitic steels with an ultra-
fine-grained (UFQG) 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 influence
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.

[l 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 ¢ = 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
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using an N5SOKT 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 (t,), yield strength (t,,), 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) K dif-
fraction line of the y-phase, (110) K line of the a-phase,
and (101) K line of the e-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 y-austenite, a-martensite, and e-martensite was calcu-
lated using the formulas [5; 19]:

Gl
V,= -100 %,
Cllllly + Gl + Gy,

Gl —-C,1
- 2le = Calioy, 100 %;
Cllmy + Gl + Gl
v Cslig,
’ Gl + Gl + Gl

-100 %.

The coefficients C, ... C, for FeK  radiation are given
in Table 1. The values, [, ,{,,, and [ =1;,, + 1, repre-
. . J 3 o, €,
sent the integrated intensity of the corresponding diffrac-
tion lines (in the latter case, (110) K line of the a-phase
overlaps with (002) K line of the e-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) K line of the a-phase and (111)

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

Tabauya 1. KoagdpuuueHTs! 1js pacyera
00nemHOro conep:xkanus pas i FeK -usnyyenus

Radiation type C
FeK,

1 C2 CS C'4 CS
2459 | 1.799 | 2.025 | 0.444 | 2.469
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K, line of the y-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 FeK  radiation.

[ RESEARCH RESULTS

[l 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 y-austenite structure with an average
grain size of 30 um (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, ). Within the mesobands,
a high dislocation density was observed, including dis-
location clusters and tangles. The average grain size was
0.55 um. X-ray phase analysis confirmed that after ECAP,
the steel retained a single-phase y-austenite structure.
The mechanical properties of the steel under uniaxial ten-
sion and torsion are summarized in Table 2.

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

Puc. 1. Muxkpoctpykrypa cranu Fe—0,02C—18Cr—8Ni B K3 (a)
n YM3 (b) cocrosiHum
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Table 2. Average grain size and mechanical properties of CG and UFG Fe—0.02C—18Cr—8N:i steel at tension and torsion

Tabauya 2. Cpennuii pazmep 3epHa u MexaHu4deckue coiicTBa craiu Fe—0,02C—-18Cr—-8Ni
B K3 1 YM3 cocTosiHMM NPU PacTS:KeHUU H KPY4YeHUH

Tensile properties Torsion properties
Structural state d,..um | Hardness, HB
& 6,,MPa | 6,,,MPa | 3,% 7,,MPa | 1,,,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

I Martensitic transformations on the fracture surfaces  ness of the fracture surfaces for CG and UFG samples
of Fe — 0.02C — 18Cr - 8Ni steel under torsion was nearly identical (Fig. 2, a, e). All fracture surfaces
exhibited three characteristic zones: a relatively smooth
Fracture of both CG and UFG steel samples under tor-  peripheral area, a transitional (middle) area, and a duc-
sion occurred via a shear mechanism. The average rough-  tile central area with a pronounced rough macroscopic

Fig. 2. Torsional general form (a, ¢) 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 / (b, f), middle part 2 (¢, g) and central part 3 (d, h)

Puc. 2. O6uwmii Buj (a, e) u mukpopensed (b — d, f— h) uznomoB Ha kpydenue oopasios u3 K3 (a — d) u YM3 (e — h) cramu Fe—0,02C—18Cr—8Ni.
Muxkpopenbed nonydeH ¢ nepupepuiinoii 30ust 1 (b, f), nepexonHoii 30ub1 2 (¢, g) U LeHTpaIbLHOU 30HbI 3 (d, h)
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relief (Fig. 2, a, e). In the peripheral area, the micromor-
phology was weakly developed (Fig. 2, d, k), formed as
a result of mutual friction between the opposing frac-
ture surfaces. The middle area was dominated by shear
dimples (Fig. 2, ¢, 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 %
a-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 a-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 e-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 y — a 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 % a-martensite on
the fracture surface. In the UFG samples, the maximum
amount of o-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

Table 3. Amount of a-martensite in different parts
on fracture surface of the samples made
of Fe—0.02C-18Cr—8Ni steel at torsion, %

Ta6auya 3. Konmn4yecTBO 0-MapTEHCHTA B Pa3JIMYHBIX
Y4aCTKAaX HA MOBEPXHOCTH U3JI0MOB, MOJYy4eHHBIX
NpU KPy4eHHH 00pa3uos
u3 ctaau Fe—0,02C-18Cr—8Ni, %

of a-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 um. After SPDT, the surface rough-
ness across the entire sample diameter was nearly uni-
form. However, the microhardness showed significant
radial inhomogeneity, 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 a- and e-martensite.
The highest amount of e-martensite (about 11 %) was
found in the central area, while no e-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 o-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 y — ¢ transformation
but suppresses the € — a 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 a- and e-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 a-martensite

Table 4. Amount of a- and e-martensite in different parts
on surface of the samples made
of Fe—0.02C—-18Cr-8Ni steel after HPDT [4], %

Tabauya 4. KonmnyecTBo 0- U E-MapTEHCUTA
B Pa3JIMYHBIX YYACTKAX HA MIOBEPXHOCTH 00pa3L0B U3 CTAIU
Fe-0,02C—-18Cr—8Ni mocae UTIIK [4], %

X-ray scanning area Type of X-ray scanning area
Structural state - — . - —
peripheral | transitional central martensite peripheral transitional central
CG (initial) 100 100 100 o-martensite 37 36 28
UFG (after ECAP) 30 23 15 e-martensite 0 3 11
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is formed (Table 4). This interpretation is supported by
the fact that the combined amount of ¢- and a-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 % o-martensite across the entire fracture surface.
In UFG steel samples, the highest amount of a-martensite
(30 %) is formed in the peripheral area of the fracture
surface, where shear dimples and frictional features
dominate. The lowest amount of a-martensite (15 %)
is observed in the central area, characterized primarily
by tensile dimples.

The absence of e-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 y — ¢
transformation. In contrast, under SPDT, where compres-
sive pressures reach approximately 6 GPa, X-ray phase
analysis confirms the presence of g-martensite in this
steel.
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