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Investigation of the Influence of Modes of Intensive Plastic Deformation
on the Process of Grain Refinement of Titanium Alloy Ti-13Nb-13Zr
at Equal-Channel Angular Pressing and Subsequent Rotary Forging Compression

Ultrafine-grained materials are currently of great interest due to their excellent mechanical and functional
properties. One of the most effective methods to obtain such materials with a unique combination of micro-
structure and properties is intense plastic deformation (IPD). This paper deals with the development of an ef-
ficient IPD method for Ti-13Nb-13Zr titanium alloy based on a combined approach involving equal channel
angular pressing (ECAP) and subsequent rotational forging compression (“RFC”). Ti-13Nb-13Zr titanium al-
loy was pressed at different temperatures using an equal channel angular pressing (ECAP) process through a
channel angle of 130° for several passes, followed by rotational forging compression (“RFC”). Microstructur-
al analysis showed that the application of combined processing (RCUP + RFC) transformed the coarse-
grained (CQG) structure into an ultrafine-grained structure (UFGS). In addition, the results of mechanical tests
indicate that the application of combined processing method significantly increases the hardness and modulus
of elasticity of titanium alloy Ti-13Nb-13Zr. These changes in the complex of properties allow us to consider
this alloy as a highly effective alternative to traditional metallic materials used in biomedical implantology.
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Introduction

In recent decades, there has been a steady increase in interest in the use of titanium alloys in medicine,
particularly in orthopedics, traumatology, dentistry and cardiac surgery. This is due to the unique properties
of titanium and its alloys, such as high corrosion resistance, excellent biocompatibility, low specific weight,
and a favorable combination of strength and elastic properties [1]. However, with the ever-increasing re-
quirements for the durability and reliability of medical devices, especially implants, the need to improve the
mechanical properties of materials without compromising their biocompatibility becomes obvious. There-
fore, it is highly desirable to develop new materials for implants made of titanium and titanium alloys with
higher tensile strength and elasticity modulus equivalent to the bone elasticity modulus.

One of the most urgent and promising directions in the field of improving the performance characteris-
tics of titanium alloys is the formation of ultrafine grain structure (“UFGS”). Reduction of the average grain
size to submicron level (less than 1 micron) provides a significant increase in strength, hardness and fatigue
resistance due to intensification of the grain boundary hardening mechanism [2]. The strength of metallic
materials increases with decreasing grain size, which is well known as the Hall-Petch relationship [3]. Grain
refinement can induce hardening without the addition of any alloying elements and can potentially achieve
the desired strength. Intense plastic deformation (IPD) is known as a new method to produce UMP structures
and a large number of studies have been conducted on IPD and UMP structures. Equi-channel angular press-
ing, multilayer torsion, rotary forging and others are commonly used to fabricate IPD [4].

Nevertheless, most of the existing IPD methods require further optimization in terms of manufacturabil-
ity, reproducibility and scalability for practical application in the medical industry. In addition, it is important
to take into account the influence of deformation parameters on the phase composition, texture and, ultimate-
ly, on the biomechanical properties of the finished products. Thus, the actual scientific task is the develop-
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ment of such a method of IPD, which will make it possible to obtain titanium alloys with UMP structure,
possessing high strength, stability and suitability for the manufacture of medical implants.

Equal channel angular pressing (ECAP) is one of the most effective methods of severe plastic defor-
mation, which is used to obtain ultrafine-grained and nanostructured materials. This process involves repeat-
edly pushing a sample through a system of channels with equal cross-sections connected at a certain angle.
The main advantage of ECAP is the ability to achieve significant plastic deformation without changing the
shape of the specimen, which makes this method attractive for improving the mechanical properties of met-
als and alloys such as strength, ductility and hardness. And also equal channel angular pressing is one of the
most effective methods of intense plastic deformation (IPD), designed to produce ultrafine grained or
nanostructured structure in metals and alloys without changing the external shape of the specimen. One of
the key factors affecting the efficiency of the ECAP process is the geometry of the matrix channels, includ-
ing the joint angle and corner rounding radius. Optimization of these parameters allows minimizing defor-
mation inhomogeneities, reducing friction and lowering pressing forces, which is especially important for
ensuring microstructure uniformity and improving the quality of the processed material.

Currently, scientists have proposed various variants of mechanical and thermomechanical treatments of
Ti-13Nb-13Zr alloy [5]. For example, Majumdar et al. [6] have tried several combinations of hot working,
ST and cooling conditions to optimize the mechanical performance. Park et al. [7] introduced warm cross
rolling to obtain ultrafine grain structure in Ti-13Nb-13Zr alloy. Li et al. [8—12] first proposed to improve the
mechanical properties of this alloy by multi-pass gauge rolling. Recently, he was able to improve this pro-
cess and obtained the lowest Young’s modulus ever reported for Ti-13Nb-13Zr [13]. In [14], the effect of
thermomechanical treatment by equal-channel angular flattening on the structures and phase composition of
Ti-13Nb-13Zr (TNZ) was investigated. In [15] the peculiarities of microstructure evolution and properties of
Ti-13Nb-13Zr alloy under combined processing including ECAP and subsequent rotational forging compres-
sion (RFC) were investigated. Due to RCUP + RFC, the tensile strength increased to 1167.7 MPa and the
elongation was 8.6 %. The excellent mechanical properties were mainly due to hardening by a-phase precipi-
tation, dislocation hardening and grain refinement.

In this regard, the aim of this work is to develop an efficient IPD method for Ti-13Nb-13Zr titanium al-
loy based on a combined approach involving equal-channel angular pressing (ECAP) and subsequent rota-
tional forging compression (RFC).

Materials and methods of experiments

Ti-13Nb-13Zr titanium alloy was chosen as the material for the study. The chemical composition of the
main alloying elements is: 13.0 wt.% Nb, 13 wt.% Zr, 0.086 wt.% O, 0.009 wt.% N, 0.0012 wt.% H, the rest
— Ti. The choice of this alloy is due to its wide application in the production of medical implants due to its
high biocompatibility, corrosion resistance and low modulus of elasticity.

The study of structure and properties of samples after different treatment modes was carried out using
optical and electron microscopy. Surface microstructure and cross-sectional morphology of the coatings were
studied by scanning electron microscopy (SEM) on Vega 4 (Tescan, Czech Republic). Hardness and modu-
lus of elasticity of the samples were measured by the Martens method according to ASTM E 2546 on a hard-
ness tester FISCHERSCOPE HM2000S (“Fischerscope”, Germany), at indenter load F = 245.2mN and dwell
time of 20s. Surface roughness was determined according to GOST 25142-82 using a profilometer model
130 [16].

A combined approach involving equal-channel angular pressing (ECAP) followed by rotational forging
compression (“RFC”) was used to obtain an ultrafine grained (UFQG) structure.

Figure 1 shows the complete simulation of the equal-channel angular pressing process, including the
punch path (a), channel geometry (b, c), finite element mesh (d), Mises stress distribution (e), and force ver-
sus displacement plot (f). The punch motion exhibits linear descent and return, which sets the initial condi-
tions for deformation. The channel geometry and grid structure provide high detail of the calculation in the
stress concentration zones. The stress distribution shows that the maximum stresses are concentrated in the
corners of the channel, confirming the need for shape optimization to reduce peak values (~14x10% N/m?).
The force-displacement plot illustrates the stability of the process with a peak force of ~9x10° N, which is
associated with overcoming the material resistance. This model demonstrates a comprehensive approach to
the analysis of ECAP, which allows us to evaluate the influence of process parameters and suggest optimal
conditions for uniform formation of ultrafine-grained structure.
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Figure 1. Modeling of ECAP process: (a) punch trajectory, (b, ¢) channel geometry, (d) finite element mesh,
(e) Mises stress distribution, (f) force dependence on vertical displacement

The computational mesh used is characterized by high density in critical areas, which ensures the accu-
racy of the analysis and allows for a detailed study of the plastic behavior of the material. Thus, this model
serves as an important tool for the study and optimization of the ECAP process, allowing the consideration
of various geometrical and technological parameters. This, in turn, contributes to the improvement of materi-
al characteristics, reduction of production costs and expansion of the application of the ECAP method in in-
dustry.

Based on the theoretical calculations carried out using the finite element method, the design of the ma-
trix for ECAP was developed and optimized. The main design criterion was to ensure uniform distribution of
plastic deformation of the material while minimizing stress concentrations and pressing forces. Calculations
showed that the optimal angle of channel connection is 130 degrees, which provides effective strain redistri-
bution without significant increase in force.

High-strength tool steel of 9XI'CA grade, which has high wear resistance and deformation resistance,
was used for manufacturing the matrix. The design includes an internal channel with an angle of 130 de-
grees, which allows minimizing the friction of the material against the walls and preventing local fractures
during the passage of the sample. The actual design was fabricated with the calculated loads and contact
conditions [17, 18].

This matrix (Fig. 2) is designed for experiments to improve the mechanical properties of the material by
intense plastic deformation.

Ti-13Nb-13Zr

Figure 2. Matrix for ECAP
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The samples were prepared in the form of cylinders with a diameter of 10 mm and a height of 20 mm,
which meets the requirements of a matrix fabricated with a channel angle of 130 degrees.

After equal channel angle pressing (ECAP), the material is subjected to an intermediate heat treatment
to relieve residual stresses and stabilize the structure. This step is critical to prepare the material for the next
processing step, rotational forging compression (RFC) (Fig. 3).

1, 2 —rollers; 3 — spindle; 4 — cage; 5 — strikers; 6 — workpiece
Figure 3. Rotary forging scheme (a) and rotary forging machine ()

RFS complements ECAP by providing additional grain refinement through a complex combination of
rotational and axial deformations, which contributes to microstructure equalization and increased uniformity
of mechanical properties. Figure 4 shows a scheme of stages of combined ECAP and RFS processing with
intermediate heat treatment, where each stage plays a key role in achieving ultrafine grain structure. The first
stage of ECAP provides an intense plastic deformation initiating grain refinement and substructure for-
mation. The material is then subjected to intermediate heat treatment, which relieves residual stresses, acti-
vates recrystallization processes and prepares the material for the next stage. The final stage of RFS (rotary
forging compression) completes the process by creating complex deformation modes to eliminate structural
inhomogeneities and additional grain refinement.

Figure 4. Schematic diagram of stages of combined processing
of ECAP and RFS with intermediate heat treatment
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Table summarizes the combined severe plastic deformation (SPD) regimes applied to titanium, involv-
ing equal-channel angular pressing (ECAP) and rotary forging compression (RFC), with varying numbers of
cycles and processing temperatures. All processing was conducted in air.

Table
Modes of combined severe plastic deformation
Mode Processing Processing Number Processing Processing Number
method temperature (°C) of cycles method temperature (°C) of cycles
Ti 1 ECAP 700 1 - - —
Ti 2 ECAP 700 1 RFC 800 2
Ti 3 ECAP 700 2 RFC 800 3
Ti 4 ECAP Room temperature (25) 1 - - -

Results and Discussions

Room temperature the study of titanium microstructure after intense plastic deformation (IPD) with dif-
ferent number of cycles and application of heat treatment showed a significant influence of processing modes
on the material structure (Fig. 5). In the initial state (@) titanium had a coarse-grained structure without de-
fects. After 2 cycles with heat treatment (b), grain refinement and the beginning of recrystallization were ob-
served, but the structure remained heterogeneous. Three cycles with heat treatment (c¢) promoted the for-
mation of a fine-grained and homogeneous structure, practically devoid of defects. The maximum uniform
ultrafine-grained structure was achieved after 5 cycles with heat treatment (d), which provided material sta-
bility and improved mechanical properties. In the case of 1 cycle without heat treatment (e), significant de-
fects such as microcracks and inhomogeneous structure were found, which limits the strength properties.
Thus, heat treatment after IPD plays a key role in improving the structure and properties of titanium.

Figure 5. Microstructures of titanium alloy samples after various processing modes:
Ti_orig. (a); Ti_1 (b); Ti_2 (¢); Ti_3 (d); Ti_4 (e)
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Figure 6 shows the dependence of hardness (H) and modulus of elasticity (E) of titanium alloy samples
on processing modes. The source material has low hardness and modulus of elasticity. After ECAP pro-
cessing in Ti_1 mode, there is a slight increase in these parameters. A significant increase in hardness and
elastic modulus is observed in the Ti 2 and Ti_3 modes, where combined ECAP + RFC treatment was ap-
plied. The maximum values are reached in the Ti_3 mode, which is associated with an increase in the num-
ber of cycles and more intensive grinding of grains. However, in the Ti_4 mode, when using ECAP at room
temperature, the hardness and modulus of elasticity are significantly reduced, due to insufficient deformation
of the material and a low degree of grain grinding.

Thus, combined ECAP + RFC treatment with an optimal number of cycles demonstrates the greatest ef-
ficiency in improving the mechanical characteristics of a titanium alloy.
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Figure 6. Hardness (H) and modulus of elasticity (E) of the samples

Conclusion

In the course of the study, an effective technology for intensive plastic deformation of Ti-13Nb-13Zr ti-
tanium alloy for medical purposes using equal-channel angular compression (ECAP) and rotational forging
compression (RFC) was developed and experimentally substantiated.

The results of numerical finite element modeling have confirmed the importance of optimizing matrix
geometry for ECAP. It has been shown that the channel connection angle of 130° ensures uniform distribu-
tion of plastic deformation and minimizes peak stresses in the material, which helps to prevent the destruc-
tion of samples during pressing.

The combined treatment, including the sequential use of ECAP and RFC with intermediate heat treat-
ment, made it possible to achieve the formation of an ultra-fine-grained structure of the material and a signif-
icant increase in its mechanical characteristics. Experimental studies of the structure and properties of the
titanium alloy have shown that the best results are achieved after five cycles of combined ECAP + RFC
treatment at a temperature of 700—800 °C. At the same time, the formation of a uniform ultrafine-grained
structure with a minimum number of defects was observed, as well as a significant increase in the hardness
and modulus of elasticity of the material compared with the initial state.

The developed technology of plastic deformation intensification opens up new prospects for the crea-
tion of a new generation of medical implants with improved performance, increased reliability and durabil-
ity. The results obtained can be used to scale the process into industrial production and for further research
aimed at optimizing deformation and heat treatment modes depending on the requirements for specific medi-
cal devices.
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A.b. Kenecoexkos, A. Cepikbaiikbizbl, J. baitbxan, E.E. baranos, JI.C. Kaup6aesa

Kapkbinabl miacTukajabik aegpopmanus pexkumaepidin Ti-13Nb-13Zr tutan
KOPBITHACHIHBIH I9HIH TeH apHAJIbI OYPBIIITHIK MpPecTey KIHe 0aH KeHiHri
alfHAIMAJIBI-COFY ChIFBIM/AY Ke3iHJe YHTAKTAy NMpoleciHe dcepiH 3epTrey

VYaprpaycakrydiporikri (Y¥T) wmarepuammap Kasipri Ke3[e 6©3/A€piHIH >KOFaphl MEXaHUKAIBIK KOHE
(YHKLIMOHAIIBIK KacHeTTepiHe OaillaHbICTBI YJIKEH KBI3BIFYIIBUIBIK TYAbIpYAa. MyHIail MaTepHaiiapasl
epeKIIe MUKPOKYPBUIBIMBEI MEH KacHEeTTep YilleciMiH/Ae alyIblH €H THIMII omicTepiHiH 0ipi — WHTEHCHUBTI
mwiactukanbik aepopmarust (UIT). Ocel sxymbicta Ti-13Nb-13Zr Tutan KocnachiHa apHanrad taimai U1
oniciH a3ipney KapacTelppurraH. byn oxmic TeHapHaumsl OypwiuThK npectey (TBII) jkoHe onmaH KeifiHri
aiiHanManbI-Kbicy COKKbICHIH (AKC) KaMTHTBIH GipiKTipireH Tocinai Koimanyra Herizaenared. Ti-13Nb-13Zr
TUTaH KocmachbiHa OipHerre oTy apkpuibl 130° OypbINITE apHAaH OTETIH TEHApHAJbl OYPBIITHIK HpecTey
(TBI1) mpomeci opTypni TemrepaTypaiapla KYpTi3iimi, oJaH KeifiH aifHanManbl-Kbicy COKKbICE (AKC)
KOJIIaHBUIIBL. MUKpPOKYPBUTBIMABIK Taliay HoTikenepi kepcetkeraend, TBII mer AKC-To GipikTipin eHIey
apkputel Oactamkel ipi TydipmikTi (IT) KypbuleM yibTpaycakTydipmrikke aifHamanasl. COHBIMEH KaTap,
MEXaHHKAJIBIK CHIHAK HOTWKeJepi aramraH OipikripinreH enaey omiciHig Ti-13Nb-13Zr TutaH KOCIachIHBIH
KATTBUIBIFBI MEH CepHIMALTIK MOIYJTiH eAdyip apTThIpaThiHBIH Kepcereni. KaibinTackan KacHeTTep
KellleHiHaeri Oy e3repictep Oy KocnaHbl OMOMETUIMHANBIK MMIUIAHTOJIOTHAAA KOJIAHBUIATBIH IOCTYPII
MeTaJul MaTepHalIapblHa )KOFaphl THIMI OalaMa peTiHae KapacThpyFa MyMKIiH/iK Oepeni.

Kinm co30ep: WHTEHCHBTI IUIACTHKAIBIK AedopMalus, YJIbTPAayCaKTYHipUIKTI KYpBUIBIM, TEHapHAJbI
OYPBIIITHIK TIPECTEY, AHAIMAIBI-KBICY COKKBICHI, THTAH KOPTIATaphI

A.b. Kenecoexkos, A.Cepik6aiikei3bl, Jl.baitxkan, E.E. baranos, JI.C. Kaupbaesa

HccaenoBanne BIAMSHUSA Pe:KUMOB HHTEHCMBHOM IUIaCTHYECKOI 1epopmannu
HA npolecc u3MeJb4eHns 3epHa TUTaHOBOro ciiiaBa Ti-13Nb-13Zr
NMPHU PABHOKAHAJBLHOM YIJIOBOM NPECCOBAHUU
U MOCJIeAYy0IIeM BPAallaTeIbHO-KOBOYHOM CoKATHH

VpTpaMenko3epHICThIE MaTepHalIbl B HACTOSIIIEe BpeMs IPEICTAaBISIIOT OOBIIOI MHTepec Oimaromapst cBoO-
UM TIPEBOCXOJHBIM MEXaHWYEeCKHM U (PyHKIMOHAIBHEIM cBoiicTBaM. OqHNM 13 Hanboiee 3p(heKTUBHEIX Me-
TOJIOB TIOJIy4EHHsI TAKUX MaTepHAIOB C YHUKAIEHBIM COYETAHHEM MHUKPOCTPYKTYPHI M CBOIMCTB SIBISIETCS MH-
TeHcuBHas mactudeckas aepopmanust (UI1J]). B HacTosmeli paboTte paccmaTtpuBaetcst pa3paboTka s dek-
tuBHoro meroga WIIJ mms turanoBoro cmiaBa Ti-13Nb-13Zr, ocHOBaHHOTO Ha MPUMEHEHHH KOMOWHHPO-
BaHHOTO MOJX0/a, BKJIIOYAIOIIEro paBHOKaHaiIbHOe yriaoBoe npeccosanue (PKVYII) u mocnenyromiee Bpama-
tenpHO-KOoBouHOE ckaTre (BKC). Turanossri crumas Ti-13Nb-13Zr noxsepraics mpeccoBaHHIO HPH pa3ind-
HBIX TEMIIEpaTypax C MCIHOJIb30BAaHUEM IIpoliecca paBHOKaHaIbHOro yriosoro mpeccoBanus (PKVYII) uepes
yron kaHana 130° B TedeHHe HECKOJIBKHX IPOXOJOB, C MOCIEAYIOIINM BpPalIaTelIbHO-KOBOYHBIM CHKATHEM
(BKC). MukpocTpyKTypHBI aHaJIN3 MOKa3aj, YTO IpH NPHUMEHEHHH KoMOMHNpoBaHHOH 00padotky (PKVYII
+ BKC) xpynnosepuuctas (K3) cTpykrypa Tpanchopmupyercs B ynbTpaMenkosepHuctyio (YM3) crpykry-
py. Kpome Toro, pe3ynbTaTsl MEXaHHYECKHX MCHBITAaHUI CBHAETEIBCTBYIOT O TOM, YTO IPUMEHEHHe KOMOH-
HHMPOBAHHOTO MeTOa 0OPaOOTKH CYIIECTBEHHO MOBBIMIACT MOKA3aTeNH TBEPAOCTH U MOJYJISl YIPYTOCTH TH-
tanoBoro cruiaBa Ti-13Nb-13Zr. Vka3aHHble M3MEHEHHSI B KOMIUIEKCE CBOICTB MO3BOJISIIOT PaccMaTpuBaTh
JIAHHBII CIJIaB B KauecTBE BbICOKOA((EKTHUBHOH abTEpPHATHBBI TPAJIULMOHHBIM METAUINYECKHM MaTepya-
JIaM, MCTIOJIb3yeMbIM B OMOMEIMIIMHCKOH HMILTaHTOIOTHH.

Kniouesvie cnosa: MHTEHCUBHAS IUTacTHYecKas JedopMarys, yabTpaMenKo3epHUCTast CTPYKTypa, paBHOKa-
HaJIbHOE YTJIOBOE NPECCOBAHNE, BPANIATETFHOE KOBOYHOE C)KATHUE, THTAHOBBIE CIJIABEI
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