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Abstract: In this study, Cr-Ni-Ti austenitic stainless steel was subjected to rotary swaging in various
modes, followed by annealing. The effect of processing conditions on the resulting microstructure
and, therefore, on the mechanical properties under static and cyclic loading was studied. After RS
the formation of an ultrafine-grained predominantly twinned structure, with structural elements
sized between 100-250 nm in Cr-Ni-Ti stainless steel, was observed. The stepwise temperature
reduction during rotary swaging allows the manipulation of the microstructure transformations,
which eventually leads to the desired properties of the steel. As a result, the ultimate tensile strength
increased from 610 MPa to 1304 MPa when the elongation decreased from 40% to 10.5%, and the
fatigue limit increased from 425 MPa to 700 MPa. The Cr-Ni-Ti steel is strengthened through the
formation of an ultrafine-grained structure, twinning in austenite, and martensitic transformation.
Subsequent annealing at a temperature 475 °C triggers the active precipitation of nanosized TiC
carbides in the deformed steel. On one hand, the presence of these carbides increases the tensile
strength up to 1938 Mpa, while on the other hand, slows down crack propagation with a slight
decrease in ductility (¢ = 8%) of the deformed sample. At the same time, dispersion hardening does
not affect the fatigue limit of steel.

Keywords: Cr-Ni-Ti stainless steel; rotary swaging; ultrafine grained microstructure; strain-induced
martensite; twinning; mechanical properties; carbides

1. Introduction

Cr-Ni austenitic stainless steels are widely used in various industries. However, one of
their limitations is their low yield strength, which can be significantly improved by refining
the steel structure to an ultrafine-grained (UFG) state through the application of severe
plastic deformation (SPD) methods. These techniques allow to refine the grain of the steel
effectively. This usually enhances mechanical and performance properties. The possibility
of obtaining an ultrafine-grained (UFG) structure in austenitic corrosion-resistant steels
is well known through various SPD methods such as equal channel angular pressing
(ECAP) [1-8], high-pressure torsion (HPT) [9-14], accumulative roll bonding [15-17], and
multidirectional forging [18-20]. These techniques result in improved mechanical and
performance characteristics of the steels, making them more suitable for a wide range of
applications. Unfortunately, the methods of severe plastic deformation remain challenging
for implementation in industrial production settings and can result in high production costs.
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Therefore, the development of deformation modes under industrial conditions for achieving
an ultrafine-grained structure becomes of paramount importance. It is crucial to explore
and optimize deformation techniques that can effectively refine the structure to an ultrafine-
grained (UFG) state, while being feasible and cost-effective for industrial-scale production.

Indeed, there are examples of the industrial obtaining of ultrafine-grained austenitic
stainless steels through cold rolling followed by short-duration annealing at temperatures
above 650 °C [21-24]. Another method of industrial deformation used, for example, in
the automotive industry, is rotary swaging (RS). In addition to structure refinement, this
method allows pipes, rods and wires to be formed into their final shape with minimal
subsequent processing. RS is a cost-effective and efficient technique that can be employed
to achieve desired shapes and dimensions in the production of various components. During
the RS process, deformation is carried out in small steps, which create a more homogeneous
microstructure throughout the workpiece. This stepwise deformation makes RS more
efficient for processing compared to continuous deformation methods. The prospects of
using RS were shown on various metals and alloys, for example, titanium alloys [25,26],
carbon steels [27-29], copper alloys [30,31], zirconium and its alloys [32,33], zinc alloys [34],
etc. The influence of RS on the structure and mechanical properties of metastable austenitic
stainless steels is still not well studied, but the results obtained by this study are encour-
aging [35,36]. However, it is evident that by employing different deformation regimes,
a wide range of properties for such steels can be achieved. This study did not aim to
scale the technology or obtain the final product with the desired properties. The goal
was to demonstrate the possibility of optimizing material properties by adding a suitable
thermomechanical processing regime to the process of giving the final shape to the product.
The exploration of various deformation parameters and conditions can provide the oppor-
tunity to tailor the properties of metastable austenitic stainless steels according to specific
application requirements.

In this study, RS was employed to form an UFG structure in meta-stable Cr-Ni-Ti
austenitic stainless steel. The Cr-Ni-Ti stainless steel is promising for obtaining UFG struc-
ture due to its high initial ductility and the ability to additionally control the phase state
through martensitic y—«” transformation during plastic deformation. When choosing the
deformation modes for obtaining the desired microstructure and mechanical properties of
steel, it is important to take into account the influence of many factors, such as Ms (marten-
site start) and Mf (martensite finish) temperature, grain size, etc. This understanding is
critical in designing and controlling the deformation process to achieve desired material
properties. For example, it was reported in [12] about obtaining a completely austenitic
structure in the same Cr-Ni-Ti stainless steel by using a stepwise mode with a decrease
in the HPT temperature (450 °C — 300 °C — 20 °C). The formation of a fully austenite
state was explained by decreasing the temperature of martensitic transformation due to the
reduction of the grain size. Such a decrease in temperature of martensitic transformation
by reducing the grain size was predicted theoretically [37] and demonstrated experimen-
tally [38—41]. Therefore, the purpose of this study is to show the feasibility of using a
stepwise RS for the production of bulk semi-finished products from stainless steel with
UFG microstructure in various phase states with improved mechanical properties.

2. Materials and Methods

The chemical composition of the Cr-Ni-Ti stainless steel is provided in Table 1. For the
initial condition, the material was austenitized at a temperature of 1050 °C for a duration
of 1 h, followed by water quenching. This heat treatment process aims to transform the
steel into the desired austenitic phase and stabilize its microstructure.

Table 1. Chemical composition of the Cr-Ni-Ti stainless steel.

Elements C Cr Ni Cu Ti Si Mn S, P Fe
Amount (wt.%) 0.07 17.3 9.2 0.2 0.7 0.6 1.4 0.003  Dbalance
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Rotary swaging was carried out on a rotary swaging machine RKM 2129.02 (UZM,
Sverdlovsk, USSR) (maximum force 8 kN) at a frequency of 1920 min~! and a striker
travel of 3 mm using stainless steels billets with 19.6 mm in diameter and 90 mm in length
(Figure 1). One revolution of the workpiece around its axis was achieved after eight
strikes of the striker. The velocity of linear displacement for the rods ranged from 2 to
4 m/min, while the velocity of the stroke was 0.5-1 m/s. The strain rate ranged from 33 to
200 s~ !, with an increase observed as the diameter of the rods decreased. The rod diameter
was gradually decreased by 1 mm on each pass of the strikers. At each deformation
temperature of the stepwise modes, the rod passed through the strikers 67 times. The
rods were preheated at a specified temperature for 45 min prior to deformation. When
changing the strikers, the rods were heated at the same temperature for 15 min. The tooling
utilized in the rotary swaging machine remained at an ambient temperature throughout
the swaging process. The final diameter of the rods after RS with total drawing (u) of
10 was about 6 mm. For these modes, the cumulative strain amounted to ¢ = 2.36.

— Fixed cage

Mobile separator

Roller of separator
Sliding ram Roller of sliding ram

Figure 1. Schematic of the rotary swaging (u = Ag/A¢, where Ay and A; are the initial and the final
cross-sectional area of the billets, respectively).

The samples were deformed using the RS method under isothermal conditions at a
temperature of 450 °C (RS 450 °C), with a total drawing () of 3 and 10. Additionally, the
RS process was performed using two stepwise deformation temperature reduction regimes:
from 450 °C to 200 °C (RS 450 — 200 °C) and from 450 °C to 20 °C (RS 450 — 20 °C), with a
simultaneous increase in the total drawing (i) from 3 to 10. The selection of a temperature
for the first stage of the RS process, which is above the strain-induced martensite formation
temperature, was aimed to obtain a fully austenitic structure in the Cr-Ni-Ti stainless steel
after RS with a total drawing (u) of 3. Subsequent refinements in the structure would enable
to suppress the martensitic transformation during further deformation of the steel at a
lower temperature of 200 °C.

To determine the mechanical properties, uniaxial tensile tests were performed at
room temperature. The tensile tests were conducted using an INSTRON 3380 machine
(Instron, Norwood, MA, USA) with a load capacity of 100 kN at a cross-head speed of
1.5 mm/min. Specimens for tensile test were prepared along the swaging direction with
samples measuring 3 mm in diameter and 15 mm in length within the working area
(Figure 2a). Measurements of microhardness were performed using the 402 MVD Wolpert
Wilson instrument by applying a load of 1 N at an indentation time of 10 s.
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Figure 2. Schematic representation showing testing samples for tensile tests (a) and fatigue tests (b).

The microstructure analysis was investigated using an Olympus PME 3 optical micro-
scope and a JEM-2100 transmission electron microscope (JEOL; Tokyo, Japan) operating at
200 kV. For the metallographic analysis, the samples were subjected to electrolytic etching.
For the electrolytic etching process, a reaction cell containing concentrated HNOj as the
liquid electrolyte was utilized. The cell consisted of two electrodes: an anode and a cathode.
The sample, which was to be etched, was connected as the anode, while a stainless-steel
cathode was employed for the etching process. To initiate the reaction, a voltage of 3 V
was applied to the electrodes using an external power supply. Thin foils for transmis-
sion electron microscopy (TEM) were prepared by mechanically grinding the samples to
90 um and then further thinned to perforation using a twinjet electrolytic polisher with a
solution consisting of 10% HCIO, in CH3COOH at 25 V. The size of structural elements was
measured by the random sectioning method using Image Expert Professional 3 software
V3.7.5.0 (New Expert Systems, Ltd.; Moscow, Russia). X-ray diffraction (XRD) analysis was
conducted using an Ultima IV diffractometer (Rigaku; Tokyo, Japan) at room temperature.
Co Ko radiation at 40 kV and 30 mA was utilized. The XRD measurements involved scan-
ning a 26 range from 45° to 128° with a step size of 0.1° and a scanning speed of 1.5° /min.
To minimize potential errors, the specimens for XRD analysis were mechanically ground
and then electropolished prior to testing. Differential scanning calorimetry (DSC) was uti-
lized to determine the temperature range of phase transformation. The measurements were
conducted using a NETZCH DSC 404 F1 instrument under a protective argon atmosphere.
The thermal stability of Cr-Ni-Ti steel after rotary swaging was studied by measuring the
microhardness after annealing in the temperature range of 100-900 °C with a holding
time of 1 h. For the high-cycle fatigue tests (N = 107 cycles), a repeated tension condition
was applied using an INSTRON 8801 servohydraulic machine (Instron, Norwood, MA,
USA)with a load capacity of 100 kN. The tests were carried out at a testing frequency of
40 Hz and a stress ratio of R = 0.1 using the samples shown in the Figure 2b.

3. Results
3.1. Metallographic Features of the Cr-Ni-Ti Steel after Quenching and Rotary Swaging

The microstructure of the Cr-Ni-Ti stainless steel in the initially quenched state and
after RS was studied by light microscopy (Figure 3). Predominantly austenitic coarse-
grained structures, with an average grain size of about 25 um and with the presence
of annealing twin boundaries and about 7.6% of the bcc-phase (retaining o-ferrite), as
confirmed by XRD (Figure 3a), were observed.
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Figure 3. Light micrographs of Cr-Ni-Ti steel microstructure after quenching (a) and RS (u = 10)
(b—f) by regimes at: RS 450 °C (cross section) (b); RS 450 °C (c); RS 450 °C—200 °C (longitudinal
section) (d); RS 450 °C—20 °C (longitudinal section) (e) and RS 450 °C—20 °C with subsequent
annealing at 475 °C (f).

RS introduces significant changes in the structure of the steel (Figure 3c—e). After
RS, according to the isothermal mode of deformation at a temperature of 450 °C with a
total drawing (i) equal to 10, the initial grain extended in the longitudinal direction was
metallographically revealed up to 4.55 & 0.4 um in the cross section (Figure 3b). A similar
structure with an average grain size in the cross section of 5.10 = 0.34 pm corresponds to a
stepwise regime with a temperature decrease RS 450 — 200 °C (u = 10). The effect of more
intense deformation resulted in shear bands visible in an optical microscope in samples
after RS at a temperature of 450 °C, with a decrease in the deformation temperature to room
temperature (RS 450 — 20 °C). In this case, the initial grain is stretched to 4.02 + 0.24 um in
the cross section. At the same time, the internal structure of the grain is not detected even
when examined by scanning electron microscopy (Figure 4). It should be noted that SEM
shows significant structural changes in the RS-treated steel with a decreasing deformation
temperature (RS 450 — 20 °C), which occurs after annealing at a temperature of 475 °C
(Figure 4b).
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Figure 4. SEM analysis of microstructure of the Cr-Ni-Ti steel after RS by regimes: at RS 450 —20 °C
(a) and at RS 450 —20 °C with subsequent annealing at 475 °C for 1 h (b).

3.2. X-ray Phase Analysis of the Cr-Ni—Ti Steel after Rotary Swaging and Subsequent Annealing

X-ray phase analysis revealed a predominantly austenitic steel structure for two
regimes in the state after RS 450 °C, as well as for the regime with a decrease in the
deformation temperature RS 450 — 200 °C (Figure 5, Table 2). The structure contains a
bce-phase ranging from 6% to 10%, which corresponds to the presence of retained d-ferrite
in the initial steel structure (Figure 5, Table 2). In the course of deformation according to
the RS mode, with a stepwise decrease in temperature to room one RS 450 — 20 °C, a
martensitic y— o transformation occurs. It is confirmed by the presence of a 68% a-phase
(~60% o-martensite) in the steel structure (Figure 5a, Table 2). After the annealing of the
steel results in deformation, according to this mode, the amount of the x-phase in the steel
structure increases up to 90% (Figure 5b, Table 2).
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¥(220)  y(311) —— RS 450-20°C, annealing T=475°C (1h)
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Figure 5. X-ray diffractions of the Cr - Ni-Ti steel samples produced by RS via different modes
(a) and by RS 450 — 20 °C with annealing at 475 °C for 1 h (b).
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Table 2. Fraction of v and a—phase, crystallite size, and microstrain in the Cr-Ni-Ti steel after RS
determined by X-ray line profile analysis.

Condition Phase Fraction, [vol.%] a[A] Crystallite Size [A] g, [%]
v 94.0(14) 3.5900(3) 524(55) 0.200(9)
RS 450 °C, j. = 10
« 6.0(7) 2.872(3) 1000(148) 0.61(4)
Y 90.0(13) 3.5971(3) 260(14) 0.184(17)
RS 450 — 200 °C, p = 10
« 10.0(19) 2.8795(12) 939(154) 0.40(3)
v 32.0(5) 3.5903(10) 686(243) 0.325(12)
RS 450 — 20 °C, p =10
« 68.0(9) 2.8718(3) 562(81) 0.270(9)
RS 450 — 20 °C, 1 = 10, Y 10.09) 3.5972(10) 210(100) 0.20(12)
annealing at 475 °C « 90.0(8) 2.87512(11) 310(170) 0.20(12)

3.3. Transmission Electron Microscopy (TEM) Studies of Cr-Ni-Ti Steel after Rotary Swaging

The TEM analysis revealed that the steel samples after the isothermal regime RS
450 °C have an ultrafine-grained structure with shear bands ranging from 100 to 600 nm
in thickness. These shear bands are intersected by thick dislocation walls and thin twin
lamellae with a thickness of 18.2 = 2 nm (Figure 6a,b). Numerous diffraction spots, besides
those belonging to the <111> zone axis in SAED pattern taken from the area of 1400 nm
in Figure 5a, suggest rather large misorientations evolved within the shear bands. With a
decrease in the final deformation temperature to 200 °C, the thickness of the shear bands
decreases (50-400 nm), the density of twins becomes higher, and the twins themselves
become thinner (13.2 £ 1.8 nm) (Figure 6¢,d).

Figure 6. TEM micrographs and selected area electron diffraction (SAED) patterns for the samples of
the Cr-Ni-Ti steel after RS by regime RS 450 °C (a,b) and RS 450 — 200 °C (c,d).
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The average size of the structural elements of steel samples after RS, according to
the regime with a stepwise decrease in temperature RS 450 — 20 °C, is 128 + 6 nm.
Martensite packets with a lamellar thickness ranging from 4 nm to 27 nm are observed
(Figure 7a,b). The ring-like SAED pattern in Figure 6a is indicative of large misorientations
in the developed microstructures.

Annealing at 475 °C, after rotary swaging by regime RS 450 — 20 °C (Figure 7c,d), does
not increase the average size of structural elements with high-angle grain boundaries, as
suggested by the ring-like SAED pattern taken from the area of ©¥1400 nm in Figure 7c. Also,
the diffraction pattern in the inset (Figure 7c) reveals multiple reflections from dispersed
particles. On the electron diffraction pattern of the sample after rotary swaging, only
reflections from the y and o’ phases can be identified. Figure 8a shows a ring electron
diffraction pattern with marked reflections corresponding to the y- and «’-phases (from
the center to the edge): {111}y (2.08A); {200}y (1.80A); {200} (1.43A); {220}y (1.27A); {211}«
(1.17A), etc.)

Figure 7. TEM micrographs and SAED (the area of 31400 nm) patterns for the samples of the Cr-Ni-Ti
steel after RS by regime RS 450 — 20 °C (a,b) and RS 450 —20 °C with subsequent annealing (c,d).

Figure 8. SAED (the area of 1400 nm) pattern from TEM images of the microstructure of Cr-Ni-Ti
steel after RS by regime: at Trg =450 — 20 °C (a) and at Tgrg = 450 — 20 °C with annealing (b,c).
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Annealing at 475 °C leads to the formation of multiple additional reflections on the
electron diffraction pattern that do not correspond to the austenitic and ferritic phases
(Figure 8b). It is likely that these additional reflections could be the reflections from
the particles of TiC. In the enlarged central part of the diffraction pattern, reflections
corresponding to this type of precipitates are marked with red circles (Figure 8c).

3.4. Microhardness of the Cr-Ni-Ti Steel after Rotary Swaging and Subsequent Annealing

The thermal stability of the Cr-Ni-Ti steel after rotary swaging was studied by the deter-
mination of microhardness after annealing in the temperature range between
100 and 900 °C (Figure 9). In the context of this study, the investigation of microhard-
ness as a function of annealing temperature reveals not only the level of steel strengthening
depending on the processing conditions, but also the temperature of recrystallization
initiation and the potential formation of strengthening particles. The microhardness of
the Cr-Ni-Ti steel, after rotary swaging with stepwise deformation RS 450 — 20 °C, is
significantly increased by annealing at 475 °C for 1 h.

—0—RS 450 °C, p=3
] —0—RS 450 °C, u=10
—A— RS 450-200 °C, p=10
—7— RS 450-20 °C, pu=10

HV, GPa

0 I1(I)OI2(|)0I3(|)0I4(|)0.5(I)O.6(|)0I7(|)0I8(I)OI9(I)OI
Temperature, °C

Figure 9. Microhardness of the Cr-Ni-Ti steel samples after RS and subsequent annealing.

This increase in microhardness of the steel, after rotary swaging with stepwise tem-
perature reduction RS 450 — 20 °C, followed by annealing in the temperature range of
300-550 °C, is a result of the precipitation of nanoscale TiC carbides. The reflections from
these carbides are represented in Figure 8c.

3.5. DSC Analysis

In this study, the process of particle precipitation in the temperature range of
300-550 °C was simulated using non-isothermal heating in differential scanning calorimetry
(DSC) for a deformed steel sample, according to the RS 450 — 20 °C mode. DSC analysis
allows the detection of particle precipitation (exothermic reactions) through peaks on the
curves and the determination of the process characteristics, including the onset temperature
of particle precipitation (365.4 °C), the temperature range of precipitation (365.4-526 °C),
and the amount of heat released per gram of substance (H = 12.18 J /g) (Figure 10). DSC
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confirmed the precipitation of carbides in the steel during annealing in the temperature
range of 365.4-526 °C.

0.144 ——DSC curve

meemees Baseline
0-121 464.7 °C

0.10+

/
L

- 0.08
0.06 +

0.04 -
o
002 3%947°C 7 Hi=12.18 uig

0.004 A )
-0.02

Heat Flow, W/g

350 400 450 500 550
Temp./°C

Figure 10. DSC analysis of the Cr-Ni-Ti steel produced by RS via step-wise mode with decreasing
processing temperature 450 — 20 °C.

3.6. Mechanical Properties of the Cr-Ni-Ti Steel after Rotary Swaging
3.6.1. Tensile Tests

The results of uniaxial tension tests are presented in Table 3 and Figure 10. The steel
samples in their initial state have a yield strength (oys) of 313 MPa, an ultimate tensile
strength (oyts) of 601 MPa and an elongation (¢) of 50%. RS leads to an increase in oyts
within the range of 771-1304 MPa, oys within the range of 683-1248 MPa, and a reduction
in ¢ from 40% to 10.5% (Figure 11, Table 3). Thus, the investigation of the mechanical
properties revealed that the RS of the Cr-Ni-Ti steel with p = 10, when the deformation
temperature is reduced from 450 °C to room temperature, increases oys by 1.5-2 times
and oyg by 2.7—4 times (Figure 11, Table 3).

Table 3. Mechanical properties of Cr-Ni-Ti stainless steel after rotary swaging.

Ne Condition oyTsS [MPa] 1 oys [MPa] 2 & [o/o] 3
1. RS450°C, u=3 771 683 40
2. RS 450 °C, u=10 897 833 17
3. RS 450 — 200 °C, u=10 1042 952 17
4. RS 450 —20°C, u=10 1304 1248 10.5
5. RS 450 — 20 °C, u =10, annealing at 475 °C 1939 1610 8

6. Quenching, Tq = 1050 K (water cooling) 601 313 50

I oyrs_ultimate tensile strength; 2 oys—yield strength; 3 ¢—total elongation.

Annealing at 475 °C further enhances the strength properties with oyrs of 1939 MPa
and oys of 1610 MPa, along with a relatively small decrease in ductility. This results in an
increase of oyts by 3.2 times and oyg by 5 times compared to the initial state (Figure 10,
Table 3). Significant increase in the strength of the Cr-Ni-Ti steel after annealing is achieved
due to dispersion hardening through the formation of nanoscale TiC carbides in a highly
defected martensitic structure. This strengthening mechanism contributes to the improved
mechanical properties of the steel by hindering dislocation movement and promoting
grain refinement.

It should be noted that the Cr-Ni-Ti steel achieved a high level of yield strength,
ranging from 683 to 1610 MPa, after all the rotary swaging regimes. This is significant
because the yield strength of austenitic stainless steels is typically low, which often limits
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their range of applications. The substantial improvement in yield strength observed in this
study enhances the potential uses of Cr-Ni-Ti steel in various industrial applications.

——1.RS,T=450°C, n=3

20007 5 ——2.RS, T=450°C, =10

1800 - ——3.RS, T =450 °C—200°C, u = 10

1600 4 —_—4. RS, T =450 c'C—ZOOC, u= 10
© ——5.RS, T =450 °C—20°C, 1 = 10, Tan=475°C
% Egg' 4 ——6. Quenching, T =1050 °C(1h) (water cooling)
vy 1000
@ 8001 ;1\\\
+ 600+
«» 400

200 5
0 : . . : .

0 10 20 30 40 50
Strain , %

Figure 11. Tensile tests of Cr-Ni-Ti stainless steel after quenching and rotary swaging via different
mode with decreasing processing temperature of 450 — 20 °C and subsequent annealing.

3.6.2. High-Cycle Fatigue Tests

Typically, an increase in yield strength is accompanied by an improvement in fatigue
strength. Indeed, this study, conducted on Cr-Ni-Ti stainless steel after RS 450 — 20 °C,
demonstrated a significant enhancement in the fatigue limit of the steel under cyclic loading
conditions (up to 700 MPa compared to 425 MPa after quenching), as shown in Figure 12.
This enhancement in fatigue strength indicates the beneficial effect of rotary swaging on
improving the fatigue resistance and durability of the steel.

1100 + A y
O quenching
1000 ® RS450-20°C
9004 A RS 450 - 20 °C, annealing
[
Q. 800
E 700 AE
) pay
) 600+ @ >
o
= 5004
D 400! o
O
300+ T T T
10* 10° 108 107

Number of cycles, N

Figure 12. The Woehler (5-N) curves for cyclic deformation of Cr-Ni-Ti stainless steel before and after
rotary swaging.

However, the observed dispersion strengthening in Cr-Ni-Ti stainless steel after the
stepwise RS 450 — 20 °C and subsequent annealing (T = 475 °C) does not alter the fatigue
limit of the steel obtained after deformation. It appears that the loss of ductility in the
investigated steel after the processing methods may actually promote easier initiation and
propagation of fatigue cracks. Despite this, the fatigue limit of the steel remains at the same
level after annealing, as observed after RS 450 — 20 °C.
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4. Discussion

It was found that the ultrafine-grained structure in the steel under study is formed
by two mechanisms. The first one is associated with the fragmentation of the original
grains due to the formation of deformation shear bands and deformation twins. The second
one is associated with the development of the y — «’ phase transformation through the
shear mechanism of formation of deformation martensite. During deformation by the RS
450 °C regime (Figure 6a,b), deformation bands with a large accumulation of dislocations
and the presence of deformation twins are formed. In the stepwise RS 450 — 200 °C regime,
the shear bands become thinner, and twins begin to play a greater role in the formation of
the spatial network of high-angle boundaries. Twins, along with dislocation walls and cut
shear bands form a UFG structure. Moreover, in this regime, martensitic transformation
can also play a role in the formation of new nanograins (Figure 5a). During deformation
at RS 450 — 20 °C, martensitic transformation becomes the main mechanism ensuring
structure refinement.

The main approach of this work was the choice of the optimal temperature regimes
of RS, focusing on the possibility of the onset of martensitic transformation. Among of all
the RS modes, only the mode with a stepwise decrease in the deformation temperature RS
450 — 20 °C leads to the formation of strain-induced martensite in a significant amount.
In the other RS regimes, where the deformation was completed at temperatures of 200 °C
or 450 °C, the formation of strain-induced martensite was either unlikely (at 200 °C) or
excluded (at 450 °C) because the temperature of the final stage of deformation exceeded
or was close to the onset of strain-induced martensite. Therefore, in these cases, the main
phase is austenite. The strength of Cr-Ni-Ti steel in the austenitic state increased as the
temperature of the end of RS decreased. Moreover, the dependence of the change in
microhardness of the steel samples after isothermal RS 450 °C and after the regime with
decreasing processing temperature RS 450 — 200 °C during annealing is the same, since
the initial phase state (austenite) was the same.

During annealing of the steel samples after RS, with a decrease in temperature RS
450 — 20 °C, dispersion hardening of the main martensite phase occurs, together with the
processes in the retained austenite. There are typical processes occurring in such steels at
475 °C. Namely, the formation of carbide (Cr,3Cs, or titanium carbide TiC), intermetallic
formation (TiNiz) processes causing 475-degree embrittlement (ordering and delamination
in the Fe-Cr system, especially in the o phase). This can cause a noticeable peak in the
temperature dependences of the microhardness and yield strength. The peak on the DSC
curve at 465 °C indicates the development of at least some or even all of these processes.
At the same time, it should be noted that deformation could shift the temperature intervals
for the realization of certain processes.

The structure of the studied steel after deformation by RS 450 — 20 °C consists of
austenite and martensite (Figure 4a,b). Despite the fact that the density of dislocations
generated during deformation decreases to some extent upon heating, a noticeable strength-
ening of the steel is already observed. During the initial stage of martensite aging, it can be
assumed that segregations or regions enriched with alloying element atoms are formed.
These areas act as nuclei for the precipitating phase. The presence of segregations and
precipitations usually leads to an increase in the etching ability of structural element bound-
aries, which can be observed in Figures 3f and 4b. It should be noted that studying the early
stages of martensite aging by electron microscopy is challenging due to the high density of
dislocations. However, during TEM analysis, reflections from TiC carbide were detected in
the selected area electron diffraction patterns (Figure 8b,c).

This study revealed that the grain refinement during the rotary swaging process,
as well as dispersion hardening through the precipitation of fine carbides during subse-
quent annealing, led to a significant increase in the strength properties of the metastable
austenitic steel. It should be noted that the tensile curves for the samples after stepwise RS
450 — 20 °C mode with and without annealing (curves 4,5) are somewhat different from
the others. Corresponding tension diagrams are characterized by a sharp abrupt transition
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in the shape of a tooth from the elastic region to the plastic region. This behavior is typical
for bec materials, when the formation of impurity atmospheres (Cottrell, Suzuki, Snuka) on
dislocations complicates the movement and increases the voltage necessary for the start of
the operation of dislocation sources [42]. In addition, the resulting structure is an UFG with
a large volume of grain boundary surfaces primarily responsible for dislocation glide. The
increased density of dislocations and grain boundaries formed during the rotary swaging
process leads to the accumulation of dislocations, hindering their further movement and
thereby increasing the yield strength. Dispersion strengthening during annealing operates
in a similar manner by impeding dislocation motion and promoting grain refinement. The
combination of these mechanisms contributes to the overall improvement in the strength of
the material.

Due to the fact that the initiation of fatigue cracks is also a result of dislocation sliding,
such processing methods as RS should not only lead to a significant increase in strength
but also a substantial improvement in fatigue limit. This was demonstrated on Cr-Ni-Ti
stainless steel samples after the stepwise rotary swaging with temperature reduction RS
450 — 20 °C. However, annealing following this processing, which was accompanied
by dispersion strengthening, did not increase the fatigue limit of Cr-Ni-Ti stainless steel
obtained after deformation. It is possible that the loss of ductility in the investigated
steel facilitates easier initiation and propagation of fatigue cracks. Up to a certain level
of strengthening achieved after the stepwise deformation RS 450 — 20 °C, there is still
some improvement in the fatigue limit. After significant strengthening due to dispersion
hardening from subsequent annealing, there is no further improvement in fatigue strength
due to the lack of ductility reserve. However, despite the absence of further improvement in
fatigue strength, the fatigue limit of the steel remains at the same high level after annealing
as observed after deformation.

The mechanical characteristics of samples obtained after rotary swaging show the
prospects of using this method for processing stainless steels. In this work, stepwise rotary
swaging followed by annealing at 475 °C resulted in an excellent combination of strength
and ductility (oyts = 1939 MPa and ¢ = 8.2%, respectively). A similar strength value
(1855 MPa) was previously achieved only using high pressure torsion (Table 4). It is
necessary to take into account that in the case of HPT, the ductility of steel is two times lower
than that obtained in this study [5]. In addition, HPT is mostly a model processing method
that makes it possible to study the structure formation of a material at very high degrees of
deformation. In contrast, rotary swaging is an industrially applicable deformation method
that makes it possible to obtain long-length workpieces of various diameters.

Table 4. Mechanical properties of different Cr-Ni-Ti stainless steels (HPT—high pressure torsion;
ECAP—equal-channel angular pressing).

Steel Condition oyrs [Mpal oys [Mpa] e [%] Reference
Quenching, Tq = 1323 K (water cooling) 601 313 50
Fe-17.3Cr-9.2Ni-0.7Ti RS, Tgrs = 450 — 20 océ i = 10, annealing 1939 1610 8o Present study
at475°C

0.08C-18Cr-10Ni-Ti HPT 1855 - ~4 [11]
Fe-17.3Cr-9.2Ni-0.7Ti ECAP,N=4,~25°C 1228 1173 11 [5]
AISI 321L 1\(1113_%(%35;/;8-1102%"{; Cr-10.6% ECAP, N =4, T = 150 °C 1100 _ 45 [40]
Fe-17.3Cr-9.2Ni-0.7Ti ECAP,N=6,T =450 °C 1009 900 21 [43]
08C-18Cr-10Ni-Ti ECAP, N =8, T=400°C 1020 990 14 [44]
AISI 321 Cold rolling 1270 - 14.7 [45]

Fe-18.02Cr-9.77Ni-1.4Mn-0.59Ti-

Hot rolling (1100 °C, e = 0.8, 1 pass) + Hot

0. o e rollin °C,e=0.
0.39Si-0 19((‘;\]1; (/)O)lMo 0.08C lling (600 °C 0.7 793 + 34 677 + 34 12+6 [46]
0.12 C-18Cr-10Ni-Ti ABC pressing + rolling 1133 £ 15 867 £ 11 32+15 [47]
AISI-321 Radjial-shear rolling 1073 - 21 [48]
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The strength values obtained in an earlier study [11] on this steel, using the ECAP
method at room temperature (oyrs = 1228 MPa, oys = 1173 MPa), are significantly lower
(Table 4) than those obtained in this work (Table 3). Increasing the ECAP temperature to
150 °C leads to a decrease in strength (oyts) to 1100 MPa (which is 43% lower than the
value obtained in this study) while increasing ductility (¢) to 45% [40]. An increase in the
ECAP temperature to 450 °C in the study [41] leads to the formation of lower strength
values and a twofold growth of ductility (oyts = 1009 MPa, & = 21%) compared to samples
of the same steel after ECAP at room temperature [11]. In the study [44], at an ECAP
temperature of 400 °C and a higher number of ECAP passes (N = 8), it was found that while
the strength slightly increased compared to the deformation regime in [43], the ductility
significantly decreased (¢ = 14%). The level of strength achieved through ECAP in [40,43,44]
is comparable to the strength obtained through traditional deformation methods such as
cold rolling [45], pressing combined with rolling [47], and radial-shear rolling [48]. In
contrast, hot rolling produces a state with noticeably lower strength [45]. Thus, it should be
noted that the application of rotary swaging for processing Cr-Ni-Ti stainless steel, such
as type 321, allows to produce the high-strength long-length workpieces comparable in
strength to samples subjected to severe plastic deformation. This highlights the promising
potential of rotary swaging in industrial applications.

5. Conclusions

The application of rotary swaging and subsequent heat treatment, in order to modify
the structure and properties of metastable austenitic Cr-Ni-Ti stainless steel, has resulted in
outstanding strength characteristics due to the refinement of the structure and occurrence
of phase transformations. The following findings were obtained during the study:

1.  The formation of an ultrafine-grained predominantly twinned structure with struc-
tural elements sized between 100-250 nm in Cr-Ni-Ti stainless steel was observed.

2. By reducing the temperature of the end of the step-wise rotary swaging to 200 °C, the
density of deformation twins in the microstructure is increased, and their thickness
is reduced. Further lowering the temperature to room one RS 450 —20 °C leads to a
deformation-induced y— &’ martensitic transformation, resulting in the formation of
deformation martensite (up to 60%). This sequence of temperature reductions during
RS allows for the manipulation of the microstructure and the phased transformations,
ultimately leading to the desired properties in the steel.

3. The structure obtained through RS and subsequent annealing determined a high
level of mechanical properties. The high-strength characteristics, exceeding the
yield strength level in the initial state by 1.3-3.2 times, and the tensile strength by
2.1-5.1 times, are accompanied by the achievement of acceptable level of ductility.

4. The maximum level of strength (oyTts = 1939 MPa, oys = 1610 MPa) was achieved
in the samples after RS with temperature reduction from 450 to 20 °C, followed by
annealing at 475 °C for 1 h. This significant improvement in strength is attributed to
the precipitation hardening of the steel, which is achieved through the formation of
nanoscale carbides in the high-defect structure of the martensite.

5. During the investigation of microhardness changes after one-hour annealing in the
temperature range of 100-900 °C, a temperature range for carbide precipitation in
the steel after RS 450 — 20 °C was established. This observation was confirmed
using DSC.

6.  The RS process with step-wise temperature reduction from 450 °C to 20 °C demon-
strates a noticeable improvement in the fatigue strength of the steel under cyclic
loading conditions, reaching up to 700 MPa. This significant enhancement in fa-
tigue strength highlights the effectiveness of the RS process in improving the fatigue
resistance and durability of the steel.

7. The precipitation hardening observed during the annealing of Cr-Ni-Ti stainless steel
after rotary swaging with step-wise temperature reduction RS 450 — 20 °C does not
affect the fatigue limit obtained after deformation.
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