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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 (Ti35Zr15)(Ni35Cu15) 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 (Ti,Zr)2(Ni,Cu) and TiZr phases. It was found that  

the B2 phase is a superposition of two phases, one of which, B2core, predominates in the deeper layers of the sample, while B2surf, 

conversely, is formed primarily in the surface layers. Analysis of the elastic stress state revealed that beneath the ion-modified 

surface layer, the B2surf phase is in a tensile state, while the B2core 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 Ti35Ni35Cu15Zr15 alloys and opti-

mising processing modes for medical applications. 

Keywords: TiNi-based alloys; ion-beam surface modification; residual stresses; X-ray diffraction analysis; gradi-
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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,  

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 (Ti35Zr15)(Ni35Cu15) 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 Ti35Ni35Cu15Zr15 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 

Ti35Ni35Cu15Zr15 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 Ti35Ni35Cu15Zr15 (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 10×15×1 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 CH3COOH + 1 part of HClO4). Electro-

lytic polishing conditions: polishing time t≈10 s, current 

I≈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 T≈298 K for t≈30 min. 

Methods of surface modification 

Samples of Ti35Ni35Cu15Zr15 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=5·1016 cm−2, an acceler-

ating voltage of 30 kV, a pulse frequency of 10 Hz, and an ion 

beam current density of 4.6 mA/cm2. 

Methods of X-ray diffraction analysis  

X-ray diffraction analysis was performed on a DRON-

8N diffractometer (JSC Burevestnik, Russia) in Cu-Kα ra-

diation (λ=1.54 Å) at a voltage of 40 kV and a current of 

20 mA in symmetric θ-θ and asymmetric 2θ 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 Kα1 compo-

nents of these lines after their separation into Kα1–Kα2 

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, 2θ, 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 aB2 of the B2 phase was deter-

mined using a precision method by constructing extrapo-

lation dependences of aB2(hkl) on the function 








 22 cos

sin

cos

2

1
1. The accuracy of measurement of lattice 

parameter was Δa=±0.00005 nm. 

Strains caused by the first-order stresses σI were calcu-

lated using the formula2 for each plane (hkl): 

 

ini
hkl

ini
hklhklI

hkl
d

dd 
 ,                            (1)

                                                 
1 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 
ini
hkld  and hkld  are the interplanar distances for  

the original and modified samples, respectively. 

Absolute values of σI 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
hkl

I
hkl E  ,                              (2) 

 

where Е=53 GPa is the elastic modulus obtained by instru-

mental indentation3.  

The measurement accuracy was ∆σI=±30 MPa. Note 

that, in accordance with the used scheme of taking diffrac-

tion patterns, the σI 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 formula4: 

 





cos

9,0
D ,                                 (3) 

 

where D is the CSR size;  

λ is the X-ray wavelength;  

β is the half-width. 

The thicknesses of the analysed layers were calculated 

using the formula5: 

 

 
k

R
h






1ln

,                               (4) 

 

where R=Ih/I∞ is the fraction of radiation absorbed by a lay-

er of thickness h;  

μ is the linear attenuation coefficient of the studied materi-

al, calculated additively for the Ti35Ni35Cu15Zr15 alloy;  

k=(1/sinα+l/sin) is a parameter that takes into account  

the imaging geometry;  

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

=(2−) is the angle at which the beam reflected from  

the (hkl) plane exits the sample;  

θ 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 (α=17, 10, 5, 3°),  

the thickness of the analysed layer also decreased (Fig. 1) 

from 5.1 μm (α=17°) to 1.43 μm (α=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 (hkl) [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, #00-050-11486) are ob-

served in the X-ray diffraction patterns for the samples of 

the initial Ti35Ni35Cu15Zr15 alloy (Fig. 2 a). 

Except for the reflections belonging to the matrix B2 

phase, peaks indicating the presence of the (Ti,Zr)2(Ni,Cu) 

phase, the structure of which is similar to the Ti2Ni 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+/Ti35Ni35Cu15Zr15 samples after ion-beam treat-

ment with niobium (Fig. 2 b), in addition to reflections 

from the B2, (Ti,Zr)2(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  

2θ=32–50° and 2θ=67–90°. The occurrence of the ob-

served effects allows suggesting that the surface layer of 

the Nb+/Ti35Ni35Cu15Zr15 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 α, an increase in the intensity of  

the “near-angle” B2 singlets is observed in the X-ray 

diffraction patterns of the Ti35Ni35Cu15Zr15 and 

Nb+/Ti35Ni35Cu15Zr15 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 B2surf phase. For the “far-angle” B2 singlets, on  

the contrary, a decrease in the glancing angle α 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 B2core. The obtained 

experimental data showed that the Nb+/Ti35Ni35Cu15Zr15 

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 α, significant 

shifts of the B2surf phase reflections to the “near-angle” 

region and the B2core phase reflections to the “far-angle” 

region are observed, indicating differences in the nature 

and distribution of strains and stresses between the B2 surf 

and B2core phases. 

Analysis of the diffraction patterns of  

the Nb+/Ti35Ni35Cu15Zr15 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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 a b 

Fig. 1. Fragments of X-ray patterns obtained using an asymmetric exposure scheme: 

a – Ti35Ni35Cu15Zr15; b – Nb+/Ti35Ni35Cu15Zr15 

Рис. 1. Фрагменты рентгенограмм, полученных в асимметричной схеме съемки: 

a – Ti35Ni35Cu15Zr15; b – Nb+/Ti35Ni35Cu15Zr15 

 

 

 

treatment results in an increase in the half-width of  

the FWHM reflections of the surface B2surf 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 B2surf phase in-

dicate a smaller average size of DCSR. Thus, in 

Nb+/Ti35Ni35Cu15Zr15 samples, DCSR 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 aB2=f(θ) constructed 

to determine the lattice parameter in the B2core and B2surf phas-

es from the X-ray diffraction patterns of the Ti35Ni35Cu15Zr15 

(curves 1, 2) and Nb+/Ti35Ni35Cu15Zr15 (curves 3, 4) sam-

ples. It is found that the B2surf (curves 1, 3) and B2core 

(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 B2surf and B2core phases in the Ti35Ni35Cu15Zr15 and 

Nb+/Ti35Ni35Cu15Zr15 samples. According to the obtained 

data, the lattice parameters in the initial Ti35Ni35Cu15Zr15 

samples аB2surf=3.1416 Å, corresponding to the B2surf 

phase, significantly exceed the values аB2core=3.1121 Å 

for the B2core phase. For the Nb+/Ti35Ni35Cu15Zr15 sam-

ples, the lattice parameters decreased and amounted to 

аB2surf=3.1364 Å and аB2core=3.1085 Å for the B2surf 

and B2core phases, respectively. It is important to note 

that the B2surf and B2core phases with isomorphic B2 

structures in the Ti35Ni35Cu15Zr15 and Nb+/Ti35Ni35Cu15Zr15 

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 – Ti35Ni35Cu15Zr15 sample; b – Nb+/Ti35Ni35Cu15Zr15 sample. Symmetric exposure scheme, Cu-Kα radiation 

Рис. 2. Рентгенодифракционные картины:  

a – образец Ti35Ni35Cu15Zr15; b – образец Nb+/Ti35Ni35Cu15Zr15. Симметричная схема съемки, Cu-Kα-излучение 

 

 

 

the TiNi crystal lattice [5]. Ion-beam machining leads 

to a decrease in the lattice parameters in both B2surf and 

B2core 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 B2surf and B2core phases (Fig. 4 a) and the defor-

mations εI of the crystal lattices (Fig. 4 b) on the thick-

ness h of the effectively reflecting layer. It is found that 

in the surface layer with a thickness of ~2.25 μm,  

the B2surf phase predominates (Fig. 4 a, curve 1), which 

experiences microdeformations εI>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 εI(h) 

dependence for the B2core phase (Fig. 4 b, curve 2) has 

two important features. The first is that in the surface 

region, where the volume fraction of the B2core phase is 

minimal, εI<0 deformations are observed, i.e., these are 

compression-type deformations. The second is that in  

the deeper layers, where the B2core phase begins to pre-

dominate, the ε(h) values change sign to εI>0, indicating 

a change in the stress pattern. Based on the data ob-

tained, one can assume that in the B2core 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 B2surf phase and compressive stresses in the B2core 

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 Ti35Ni35Cu15Zr15 alloy surface layers retains 

its principal characteristics manifested in the formation 

of sublayers consisting of the B2surf and B2core 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+/Ti35Ni35Cu15Zr15. 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 B2surf and B2core phases. In the sur-

face layer, the B2surf phase is in a state of tension, and 

the B2core phase is in a state of compression, i.e.,  

the stresses in both phases mutually compensate each other. 
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Fig. 3. The dependences of lattice parameters of the B2surf (curves 1, 3) and B2core (curves 2, 4) phases  

on the function 
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 a b 

Fig. 4. Thickness (h) dependencies for the effective reflecting layer: 

a – phase volume fractions; b – strain (ε). 

Curves 1 and 2 correspond to B2surf and B2core phases in Nb+/Ti35Ni35Cu15Zr15 samples 

Рис. 4. Зависимости от толщины (h) эффективно отражающего слоя: 

a – объемной доли фаз; b – микродеформации (ε). 

Кривые 1 и 2 соответствуют фазам B2surf и B2core в образцах Nb+/Ti35Ni35Cu15Zr15 
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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 B2surf 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 Ti35Ni35Cu15Zr15 alloy, consisting of amorphous and 

crystalline phases (matrix B2surf and B2core phases, second-

ary (Ti,Zr)2(Ni,Cu) and TiZr phases). 

2. It was found that Ti35Ni35Cu15Zr15 and Nb+/ 

Ti35Ni35Cu15Zr15 samples are characterised by a layered 

structure with a gradient phase distribution over depth:  

the B2surf phase dominates in the surface layer of the alloys, 

while the B2core phase dominates in the deeper layers. 

3. It was found that in the surface ion-modified layer, 

the B2surf phase is in the state of tension, and the B2core 

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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Аннотация: При одновременном легировании сплава TiNi медью и цирконием путем замещения цирконием тита-

на, а медью – никеля с сохранением квазибинарной композиции (Ti35Zr15)(Ni35Cu15) возможно формирование двух прин-

ципиально разных фазовых состояний – аморфного и кристаллического в результате воздействия на материал потоков 

ионов низких и средних энергий. Аморфный слой на поверхности медицинского имплантата из Ti–Ni–Cu–Zr сплава не 

функционального (стенты, окклюдеры), а конструкционного типа (межпозвоночные диски, ортопедические скобы), 

синтезированный из этого же сплава, позволит эффективно защитить имплантат от перманентного воздействия агрес-

сивной биосреды любого типа (биологические жидкости, мягкие и костные ткани). Однако модификация поверхности 

сплавов Ti–Ni–Cu–Zr пучками ионов может индуцировать остаточные напряжения, способные изменить свойства ис-

ходного материала. Согласно данным рентгеноструктурного анализа, обработка ионами ниобия приводит к формирова-

нию слоевой структуры с поверхностным аморфно-кристаллическим слоем, матричной фазой B2 и вторыми фазами 

(Ti,Zr)2(Ni,Cu) и TiZr. Установлено, что фаза В2 представляет собой суперпозицию двух фаз, одна из которых, B2core, 

преобладает в глубинных слоях образца, в то время как B2surf, наоборот, сформирована преимущественно в поверхност-

ных слоях. Анализ упруго-напряженного состояния показал, что под поверхностным ионно-модифицированным слоем 

фаза В2surf находится в состоянии растяжения, а фаза В2core – в состоянии сжатия, что указывает на сложный характер 

взаимодействия фаз и то, что напряжения в них могут взаимно компенсировать друг друга. Полученные результаты 

важны для понимания влияния ионной имплантации на структуру и свойства сплавов Ti35Ni35Cu15Zr15 и оптимизации 

режимов обработки для медицинских применений. 

Ключевые слова: сплавы на основе TiNi; ионно-пучковая модификация поверхности; остаточные напряжения; 

рентгеноструктурный анализ; градиентная структура 
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