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Abstract: Simultaneous doping of TiNi alloy with copper and zirconium by substituting zirconium for titanium and copper
for nickel while maintaining the quasi-binary (Ti3sZr;s)(NizsCuis) composition enables the formation of two fundamentally dif-
ferent phase states — amorphous and crystalline — as a result of exposure of the material to low- and medium-energy ion beams.
An amorphous layer synthesised from the same alloy on the surface of a medical implant made of a Ti-Ni—Cu—Zr alloy, not
functional (stents, occluders), but structural (intervertebral discs, orthopedic braces), will allow protecting effectively the implant
from the permanent effects of aggressive biological environments of any type (biological fluids, soft tissue, and bone). However,
ion-beam modification of the Ti-Ni—Cu—Zr alloy surface can induce residual stresses that can change the properties of the origi-
nal material. According to X-ray diffraction analysis, niobium ion treatment results in the formation of a layered structure with
an amorphous-crystalline surface layer, a B2 matrix phase, and secondary (T1,Zr)2(Ni,Cu) and TiZr phases. It was found that
the B2 phase is a superposition of two phases, one of which, B2°, predominates in the deeper layers of the sample, while B2%,
conversely, is formed primarily in the surface layers. Analysis of the elastic stress state revealed that beneath the ion-modified
surface layer, the B2%" phase is in a tensile state, while the B2°" phase is in a compressed state, which indicates a complex inter-
action between the phases and the fact that the stresses in them can mutually compensate for each other. The obtained results are
important for understanding the influence of ion implantation on the structure and properties of Ti3sNizsCuisZris alloys and opti-
mising processing modes for medical applications.
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INTRODUCTION

One of the best known alloys used in medicine due to
its high bio-compatibility and shape memory effect
(SME) is a TiNi-based alloy. This material is widely
used in the production of fixators, intravascular implants
and targeted drug delivery systems [1; 2]. Medical devices
require materials to meet high requirements, including
their chemical composition, mechanical characteristics
and elastic properties, which must be tolerant and close to
the properties of living tissues. Alloying the TiNi alloy,

© Yuzhakova S.1., Ostapenko M.G., Meisner L.L., 2025

for example, with copper, improves the ductility of
the alloy [3], and the addition of zirconium increases its
corrosion resistance [4]. According to the data on
the structure and properties of TiNi-based SME alloys of
ternary compositions (Ti—-Ni—Cu [5] and Ti-Ni—Zr [6]),
when the content of substitution alloying elements (Cu
instead of Ni or Zr instead of Ti) in them does not exceed
15-20 at. %, such alloys exhibit a high tendency to
amorphisation. Based on this, one can assume that in
a quasi-binary quaternary (Ti3sZr15)(Ni3sCuis) alloy, under
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non-extreme changes in external conditions, such as when
exposed to low- and medium-energy ion beams, two fun-
damentally different phase states can simultaneously form:
amorphous (in the surface layer) and crystalline. The latter
is a crystalline structure based on the B2 phase with a bcc
structure ordered according to the CsCl type, capable of
undergoing a martensitic phase transformation.

An amorphous layer on the surface of a structural
medical implant made of a Ti—-Ni—Cu—Zr alloy, synthe-
sised from the same alloy, will allow protecting effec-
tively the implant from the permanent effects of an ag-
gressive biological environment. Therefore, creating
an amorphous layer on the surface of these alloys is
a critical task Studies have shown that the creation of an
amorphous surface layer in TiNi-based alloys is possible
through the use of various surface treatments, such as
laser irradiation, ion-beam or electron-beam machining
[7-9]. According to [10], treating TiNi alloys with titani-
um and niobium ions leads to a significant increase in
their corrosion resistance and, consequently, to improved
biocompatibility of the alloy. According to the literature
review, a comprehensive study of phase transformations
and residual stresses in the Ti3sNizsCuisZris alloy after
Nb ion implantation has not been previously published.

It is known that ion-beam modification can lead to
the formation of high residual elastic stresses due to
the uneven distribution of temperature fields and defor-
mation gradients [11]. These stresses can have a signifi-
cant influence on the structure stability of the material, its
corrosion resistance, and mechanical properties, such as
tensile strength, elastic modulus, and fracture toughness.
The presence of residual stresses affects the bulk proper-
ties of the material, promotes crack development and ma-
terial failure, and reduces the reliability and safety of
structures, especially under cyclic loading conditions typi-
cal of some medical devices [12]. Therefore, assessing
residual stresses is a key step in the development of new
materials and technologies for medical applications, en-
suring the safety and efficiency of medical devices.

The aim of this study is to investigate the influence of
ion-beam machining on the structural phase states and
the level of residual elastic stresses in the quaternary
Ti;5Ni35Cu152r15 alloy.

METHODS

Research objects

A quaternary alloy based on the Ti—-Ni—Cu—Zr system
was produced in a vacuum arc furnace by remelting
the pure (99.98 %) components (Ti, Ni, Cu, and Zr).
The mixture was melted in a cooled copper casting mold
under an argon atmosphere, using a titanium getter to
absorb water vapor and residual oxygen from the cham-
ber. The alloy’s chemical composition, as loaded accord-
ing to the charge, was Ti3sNi3sCuisZrys (at. %). The al-
loy’s chemical composition was monitored by wave-
length-dispersive spectroscopy (WDS) using an INCA
Wave-500 WDS spectrometer with a detector (Oxford
Instruments, UK) mounted on an EVO 50 scanning elec-
tron microscope (Zeiss, Germany), with an accuracy

of +0.1 wt. % for Ti and Ni. Plate-shaped specimens
measuring 10x15x1 mm were cut from a 40-gram ingot
along the cross-section using the electroerosion method.
The specimens were then mechanically ground using
silicon carbide abrasives (P600, P1000, P1500, P2000,
and P2500) and electrolytically polished in an acid solu-
tion (3 parts of CH;COOH + 1 part of HCIO4). Electro-
lytic polishing conditions: polishing time 7~10 s, current
1=0.3 A, voltage U=20 V, water-ice mixture temperature
T=278 K. Ultrasonic surface cleaning was performed
in an USB-5.7 TTD ultrasonic bath (Sapphire, Russia) in
distilled water at 7=298 K for =30 min.

Methods of surface modification

Samples of Ti3sNizsCusZrys alloy were modified with nio-
bium ion beams using the Mevva-V.Ru machine (Institute of
High-Current Electronics of SB RAS, Tomsk) [13] in implan-
tation mode at a irradiation dose of D=5-10'® cm?, an acceler-
ating voltage of 30 kV, a pulse frequency of 10 Hz, and an ion
beam current density of 4.6 mA/cm?.

Methods of X-ray diffraction analysis

X-ray diffraction analysis was performed on a DRON-
8N diffractometer (JSC Burevestnik, Russia) in Cu-Ka ra-
diation (A=1.54 A) at a voltage of 40 kV and a current of
20 mA in symmetric 0-0 and asymmetric 20 geometries
using a one-dimensional parabolic mirror and a fast record-
ing system with a Mythen 2R1K linear position-sensitive
detector. The shape and angular position of the X-ray lines
of the B2 phases were analysed using only the Kal compo-
nents of these lines after their separation into Kal-Ka2
doublets. The total volume fraction of secondary phases
was calculated using the PowderCell 2.4 software package.
PowderCell 2.4 provides a full-profile analysis of each re-
flection in the X-ray diffraction pattern, compares the ob-
tained data (d, 20, and intensity) with PDF maps, and calcu-
lates the volume fraction of phases in the sample based on
changes in reflection intensities. A detailed algorithm for
quantitatively determining phase composition is described
in [8]. Refinements by Rietveld method were also per-
formed using Renex software, and peak profiles were modeled
using a Lorentzian function.

The lattice parameter ag> of the B2 phase was deter-
mined using a precision method by constructing extrapo-
lation dependences of agp2(hkl) on the function

1cos’0 cos’0

2 sin6 0
parameter was Aa=%0.00005 nm.

Strains caused by the first-order stresses ¢! were calcu-
lated using the formula?® for each plane (kkl):

!, The accuracy of measurement of lattice

ini
1 _ Ay =i
Ch = o >
dl}’ll
hkl
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! Pearson W.B. A Handbook of Lattice Spacing and Structures
of Metals and alloys. International Series of Monographs
on Metal Physics and Physical Metallurgy. Netherlands, Elsevier
Publ., 2013. Vol. 4, 1054 p. DOI: 10.1016/C2013-0-08243-6.

2 Teylor A. Rentgenovskaya metallografiya [X-ray
metallography]. Moscow, Metallurgiya Publ., 1965. 663 p.
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where dji, and d,,, are the interplanar distances for

the original and modified samples, respectively.

Absolute values of ¢/ were calculated within the elas-
tic approximation of the kinematic theory of X-ray scat-
tering, assuming that deformation is elastic and obeys
Hooke’s law:

! I
Ot = EXEhy 2)

where £=53 GPa is the elastic modulus obtained by instru-
mental indentation?.

The measurement accuracy was Ac’=+30 MPa. Note
that, in accordance with the used scheme of taking diffrac-
tion patterns, the o values characterise the magnitude of
elastic residual stresses in the direction perpendicular to
the irradiated surface.

The sizes of coherent scattering regions (CSRs) were
calculated using the Scherrer formula®:

_ 0.9 , 3)
Bcos6
where D is the CSR size;
A is the X-ray wavelength;
B is the half-width.
The thicknesses of the analysed layers were calculated
using the formula®:

; “)

where R=I;/I is the fraction of radiation absorbed by a lay-
er of thickness #;

p is the linear attenuation coefficient of the studied materi-
al, calculated additively for the Ti3sNi3sCu;sZr;s alloy;
k=(1/sino+1/sind) is a parameter that takes into account
the imaging geometry;

o is the glazing angle of the incident X-ray beam;

0=(26—0a) is the angle at which the beam reflected from
the (hkl) plane exits the sample;

0 is the diffraction angle.

Additionally, to analyse changes in the surface layer
structure, asymmetric exposure schemes were used, where
with a decrease in the glazing angle (0=17, 10, 5, 3°),
the thickness of the analysed layer also decreased (Fig. 1)
from 5.1 uym (0=17°) to 1.43 um (0=3°). Studies of
the crystal structure of the B2 phase were carried out using
the Rietveld method, which included a full-profile analysis
of each diffraction reflection (kk7) [14].

3 Teylor A. Rentgenovskaya metallografiya [X-ray
metallography]. Moscow, Metallurgiya Publ., 1965. 663 p.

4 Noyan I.C., Cohen J.B. Residual Stress: Measurement
by Diffraction and Interpretation. New York, Springer-Verlag
Publ., 1987. 276 p. DOI: 10.1002/crat.2170240228.

5 Cullity B.D., Stock S.R. Elements of X-Ray Diffraction.
3rd ed. Massachusetts, Addison-Wesley Publishing Company
Publ., 2014. 654 p.

RESULTS

According to the data of X-ray diffraction analysis,
high-intensity reflections of the B2 phase (cP2 Pearson
symbol, Pm-3m symmetry group, #00-050-1148°%) are ob-
served in the X-ray diffraction patterns for the samples of
the initial Ti3sNi3sCuisZris alloy (Fig. 2 a).

Except for the reflections belonging to the matrix B2
phase, peaks indicating the presence of the (Ti,Zr)>(Ni,Cu)
phase, the structure of which is similar to the Ti,Ni phase
(Fd-3m space group, cF96 Pearson symbol, card #04-001-
15577) and the TiZr phase (P63/mmc space group, hP2
Pearson symbol, card #04-005-95278%) are also identified
in the diffraction pattern. Quantitative assessment showed
that the total volume content of these phases does not
exceed 10 %. In the X-ray diffraction patterns of
the Nb+/Ti3sNizsCuisZris samples after ion-beam treat-
ment with niobium (Fig. 2 b), in addition to reflections
from the B2, (Ti,Zr)>(Ni,Cu) and TiZr phases, regions of
diffuse scattering of the first (DSR1) and second (DSR2)
orders, respectively, are detected in the angular ranges of
20=32-50° and 26=67-90°. The occurrence of the ob-
served effects allows suggesting that the surface layer of
the Nb+/Ti3sNizsCuisZris samples, formed as a result
of ion implantation, is a composite structure consisting of
amorphous and crystalline phases.

It was found that each of the reflections of the B2
phase (hkl) in the samples both before and after ion-
beam modification could be divided into two singlets
(Fig. 1), which allows suggesting the presence of two
isomorphic structures of the B2 phase. With a decrease
in the glancing angle o, an increase in the intensity of
the “near-angle” B2 singlets is observed in the X-ray
diffraction patterns of the TissNizsCuisZris  and
Nb+/TissNizsCujsZrys samples. This indicates that these
lines belong to a phase located predominantly in the sur-
face layer of the sample; therefore, we will denote it as
the B2*f phase. For the “far-angle” B2 singlets, on
the contrary, a decrease in the glancing angle a leads to
a significant decrease in the intensity of the reflections.
This indicates a decrease in the volume fraction of
the phase near the surface and, accordingly, the predom-
inance of this phase in the deeper layers; therefore, here-
inafter the phase is designated as B2¢'. The obtained
experimental data showed that the Nb+/Ti3sNi3sCusZrs
samples exhibit a layered structure similar to that de-
scribed in [15], but with a more complex phase composi-
tion and depth distribution of these phases. It was found
that with a decrease in the glancing angle a, significant
shifts of the B2*"f phase reflections to the “near-angle”
region and the B2°°*® phase reflections to the “far-angle”
region are observed, indicating differences in the nature
and distribution of strains and stresses between the B2
and B2¢°*® phases.

Analysis of the diffraction patterns of
the Nb+/Ti35Ni3sCuysZris samples revealed that, except for
the appearance of diffuse scattering regions, niobium ion

6 International Centre for Diffraction Data. Database (2002).
ICDD. URL: https://www.icdd.com/.

7 See 6.

8 See 6.
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Fig. 1. Fragments of X-ray patterns obtained using an asymmetric exposure scheme:
a — Ti3sNizsCuisZris; b — Nb+/TissNizsCuisZris

Puc. 1. ®pazmenmol penmeeHoepamm, NOIYHEeHHbIX 8 ACUMMEMPUYHOU CXeMe CHLeMKU:
a — Ti3sNizsCuisZris; b — Nb+/TissNizsCuisZris

treatment results in an increase in the half-width of
the FWHM reflections of the surface B2%"'f phase. It is
known that there is a direct correlation between
the width of diffraction reflections and the concentration
of defects within the crystalline phase, which suggests
a higher defect density in the surface region of ion-
modified samples [16]. This conclusion is based on
the assumption that the broadening of the reflections is
caused by lattice microdeformations and/or a decrease in
crystallite size. Wider reflections of the B2 phase in-
dicate a smaller average size of Dcse. Thus, in
Nb+/Ti3sNizsCuysZris samples, Desg values of 44 nm are
approximately 2 times smaller than the Dcsr values of
76 nm in the original sample.

Fig. 3 shows the extrapolation graphs ag,=f(0) constructed
to determine the lattice parameter in the B2°°® and B2%f phas-
es from the X-ray diffraction patterns of the Ti3sNizsCuisZrs
(curves 1,2) and Nb+/Ti3sNizsCuysZrs (curves 3, 4) sam-

ples. It is found that the B2 (curves 1, 3) and B2
(curves 2, 4) values are separately described by linear
extrapolation curves for both types of samples, which
confirms the validity of the assumption about the occurrence of
the B2 and B2°® phases in the TizsNi3sCuisZr;s and
Nb+/TissNissCuysZr;s samples. According to the obtained
data, the lattice parameters in the initial Ti3sNi3sCuisZris
samples aB2°"=3.1416 A, corresponding to the B2s"f
phase, significantly exceed the values aB2¢°°=3.1121 A
for the B2 phase. For the Nb+/Ti3sNizsCu;sZris sam-
ples, the lattice parameters decreased and amounted to
aB2*=3.1364 A and aB2¢"=3.1085 A for the B2*f
and B2°® phases, respectively. It is important to note
that the B2 and B2°™ phases with isomorphic B2
structures in the TissNizsCusZris and Nb+/TizsNizsCuysZrs
samples are characterised by larger B2 crystal lattice
parameters than in the binary TiNi alloy, which is
probably due to the substitution of Cu and Zr atoms for
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Fig. 2. X-ray diffraction patterns:
a — Ti3sNissCuisZris sample; b — Nb+/TissNizsCuisZris sample. Symmetric exposure scheme, Cu-Ka radiation
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the TiNi crystal lattice [5]. lon-beam machining leads
to a decrease in the lattice parameters in both B2 and
B2¢r¢ phases, which can be caused by two factors —
a change in the chemical composition and the presence
of residual elastic stresses in the surface layer of
the studied samples.

Fig. 4 shows the dependences of the volume fraction
of the B2%f and B2 phases (Fig. 4 a) and the defor-
mations &’ of the crystal lattices (Fig. 4 b) on the thick-
ness & of the effectively reflecting layer. It is found that
in the surface layer with a thickness of ~2.25 pum,
the B2 phase predominates (Fig. 4 a, curve 1), which
experiences microdeformations ¢>0, which indicates
a tensile nature of the deformations along the normal to
the surface plane and that they monotonically decrease
from the surface to the deeper layers. The graph of the &/(h)
dependence for the B2 phase (Fig. 4 b, curve 2) has
two important features. The first is that in the surface
region, where the volume fraction of the B2°°™ phase is
minimal, /<0 deformations are observed, i.c., these are
compression-type deformations. The second is that in
the deeper layers, where the B2 phase begins to pre-
dominate, the g(h) values change sign to £>0, indicating
a change in the stress pattern. Based on the data ob-
tained, one can assume that in the B2¢°™ phase, compres-

sive stresses are observed in the near-surface layers,
which transform into tensile stresses in the deeper layers.
Thus, in the surface modified layer, tensile stresses in
the B2°"f phase and compressive stresses in the B2¢
phase are observed simultaneously.

DISCUSSION

As follows from the results of X-ray diffraction ana-
lysis, after niobium ion-beam treatment, the microstruc-
ture of the TissNi3sCuysZrys alloy surface layers retains
its principal characteristics manifested in the formation
of sublayers consisting of the B2%"f and B2 matrix
phases along with the formation of an additional amor-
phous surface layer approximately 100 nm thick. Resid-
ual first-type stresses resulting from the treatments are
localised in these sublayers and are caused by differ-
ences in the structural states of the surface and deep lay-
ers of Ni+/Ti3sNi3sCuisZris. A change in the nature of
the stress distribution across the depth of the analysed
layer is observed, accompanied by a change in the signs
of the stresses in the B2%*"f and B2°°"® phases. In the sur-
face layer, the B2%"'f phase is in a state of tension, and
the B2 phase is in a state of compression, i.e.,
the stresses in both phases mutually compensate each other.
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One of the causes of compressive and tensile stresses in
the surface layer may be crystal structure radiation damage,
which occurs as a result of ion-beam treatment with niobi-
um and leads both to amorphisation of the surface layer and
to strengthening of the B2 surface phase. The radiation-
induced swelling effect caused by the incorporation of nio-
bium ions and the formation of excess concentrations of
radiation defects can lead to segregation of individual alloy
components in the near-surface layer (beneath the ion-
modified layer) and, consequently, to the development of
tensile stresses in this layer.

The simultaneous presence of tensile stresses in one
phase and compressive stresses in another, coexisting in
the same layer, indicates a complex interaction between
the phases and the stress state in the modified material.

CONCLUSIONS

1. Ion-beam modification with niobium leads to
the formation of a composite structure on the surface of
the TissNi3sCuisZris alloy, consisting of amorphous and
crystalline phases (matrix B2*" and B2 phases, second-
ary (Ti,Zr)»(Ni,Cu) and TiZr phases).

2.1t was found that TissNi3sCuisZris and Nb+/
Tis3sNissCuisZris samples are characterised by a layered
structure with a gradient phase distribution over depth:
the B2 phase dominates in the surface layer of the alloys,
while the B2¢°" phase dominates in the deeper layers.

3.1t was found that in the surface ion-modified layer,
the B2 phase is in the state of tension, and the B2
phase is in the state of compression, which indicates stress
compensation and the complex nature of the interaction of
the phases.
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Annomayusn: Tlpu ogHOBpeMeHHOM JiernpoBaHuy ciuiaBa TiNi Mepl0 U IUPKOHHUEM ITyTEM 3aMeIleHHs IMPKOHUEM THUTa-
Ha, a MEJIbI0 — HUKEIS C COXpaHeHHeM KBa3nOMHapHO#H koMrto3uiwH (Ti3sZris)(NizsCuis) BO3MOXKHO (popMupoBaHUe IBYX MPHH-
IUITHAIBHO PA3HBIX ()a30BBIX COCTOSIHMN — aMOP(HOTO M KPUCTALINYECKOTO B Pe3yJbTare BO3ACHCTBUS Ha Mareprall TIOTOKOB
HMOHOB HHU3KHX U CPEAHHX dHEPruid. AMOP(MHBIH CITOH Ha MOBEPXHOCTH MEAUIIMHCKOTO uMintantara u3 Ti-Ni—Cu—Zr cruiaBa He
(YHKIMOHAIEHOTO (CTEHTHI, OKKJIFONEPHI), a KOHCTPYKIHMOHHOTO THIA (MEKIO3BOHOYHBIC AWCKH, OPTOIIEIMYECKUAE CKOOBI),
CHHTE3MPOBAHHBIA U3 TOTO K€ CIUIaBa, O3BOIUT 3(P(EKTUBHO 3alIUTHTh UMIUIAHTAT OT IIEPMAaHEHTHOTO BO3ACHCTBUS arpec-
CHBHOU Omocpessl JiFo0oro Tura (OHOMOrHYeCKHe KHUIKOCTH, MITKHE U KOCTHBIC TKaHH). OIHAKO MOAMGDHKAIS TOBEPXHOCTH
cmaBoB Ti-Ni—Cu—Zr mydkaMi HOHOB MOXKET MHIYIIMPOBATH OCTATOYHBIC HANPSDKEHUSA, CIOCOOHBIE M3MEHHUTH CBOWCTBA HIC-
xomHOTro Marepuaia. CorracHO JaHHBIM PEHTICHOCTPYKTYPHOTO aHAII3a, 00pab0TKa HOHAMH HHOOWS IPUBOAUT K ()OPMHUPOBA-
HHIO CJIOCBOM CTPYKTYPBI C TIOBEPXHOCTHBIM aMOP(HO-KPUCTAILIMYECKHM CJI0eM, MarpuuHoi ¢azoit B2 u BropeiMu dazamu
(Ti,Zr)»(Ni,Cu) u TiZr. Ycranosneno, uto ¢aza B2 mpeacrasmser coboii cyrnepro3unuio AByX (a3, oqHa u3 KOTOPBIX, B2,
npeobianaeT B IyOMHHBIX CIIOAX 00pasia, B To Bpems kak B2 HaoGopoT, copMHUpOBaHa NPEMMYIIECTBEHHO B TIOBEPXHOCT-
HBIX CIIOSIX. AHAIN3 YIIPpYTO-HAIMPSXKECHHOTO COCTOAHMA IMOKa3ajl, YTO IO/ MOBCPXHOCTHLIM I/IOHHO-MO)II/I(bI/ILlI/IPOBaHHI)IM CJIIOEM
¢aza B2™" HaxouTCA B COCTOAHMM pacTskeHus, a paza B2 — B COCTOSHMM CKATHs, YTO YKa3bIBA€T HA CJIOMKHBIHA XapakTep
B3anMOACHCTBHA (ha3 M TO, YTO HANPSDKCHWS B HUX MOTYT B3aMMHO KOMIICHCHPOBAThH NpYT npyra. [lomydeHHBIC pe3yiabTaThl
BaKHBI ISl IOHMMAHUS BJIMSHUS MOHHOW MMIUIAHTAIMK HAa CTPYKTYpY M cBoMCTBa CIUIaBoB TizsNizsCuysZris ¥ ONTHMH3AIA
PEeXIMOB 00pabOTKH I MEAUIIMHCKUX TTPUMEHEHHUIH.

Knroueevie cnosa: cnnasel Ha ocHOBe TiNi; HOHHO-ITyYKOBas MOJAM(HUKAIINS MOBEPXHOCTH; OCTATOYHBIC HAIPSHKCHUS,
PEHTICHOCTPYKTYPHBIH aHallN3; FPpaJineHTHas CTPYKTypa
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