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1. Introduction

T
iNi-based porous alloys are currently of high sci-

entific and practical interest due to their abil-

ity to reversibly deform under physiological stress

without destruction [1, 2]. A unique combination of the

shape memory effect and superelasticity along with such

technological and mechanical properties as strength and

ductility, corrosion resistance, biocompatibility, allows

using the alloys in medicine. The introduction of various 

alloying elements into the composition of titanium nick-

elide forms various structural and phase states and, as a

result, influences efficiently the physical and mechani-

cal characteristics, determined by these elements [3–5].

Titanium nickelide alloys with a porous structure are filled

satisfactorily with tissue cells and biological fluids, which

is promising when creating materials intended for osteo-

plasty [6, 7].

At present, when developing implants, special atten-

tion is paid to materials with antimicrobial activity to pre-

vent infections [8]. Among the metals, silver is known for 

its antibacterial activity and low toxicity at certain concen-

trations. Silver has bactericidal activity at concentrations

of up to 35 parts per billion without exerting toxic influ-

ence on mammalian cells [8, 9]. In addition, bacteria show

a slight tendency to developing resistance to silver [9].

In the existing studies, the bulk of the works is devoted

to studying the properties of monolithic titanium nickelide

alloys with the addition of silver, and there are no studies

on porous alloys based on titanium nickelide, obtained by 

the SHS method [10–20]. From the viewpoint of using 

TiNiAg materials in medicine, silver at a concentration 

from 0.5 to 9 at.% imparts new properties to the alloy, 

improving its cytocompatibility and antibacterial ability 

[10–14], while increasing the tensile yield stress and ulti-

mate tensile strength [15, 16]. The shape memory effects

of the Ag-doped TiNi were studied at a silver concentra-

tion of 1.4 at.% [11], while martensitic transformations,

as well as microhardness, were mainly considered within 

0.6–1.9 at.% of Ag [17–20]. Adding silver in the amount

of up to 3 at. % was found to lead to an improvement in

tribological properties, corrosion resistance and biocom-

patibility [23]. At a concentration of 0.7 at.%, the elas-

tic modulus of the alloy corresponds to the spongy bone

modulus and demonstrates satisfactory superelasticity at

human body temperature [18]. Since the silver solubility 

in NiTi is very low, adding an excessive amount of silver

leads to precipitation, making the composition heteroge-

neous and causing instability of the passive film. The studies 

of corrosion resistance and martensitic transformations al-

lowed establishing the fact that the amount of silver, added 

to TiNi, should be within 0.5–1.5 at.% [11]. There were no 

studies devoted to the influence of the low silver content 

(<0.5 at.%) on the structure and mechanical properties of 

porous TiNiAg alloys, obtained by the SHS method.

The refore, the purpose of the present research is to

study the influence of silver doping on the structure and
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physical-mechanical properties of porous titanium nick-

elide alloys, obtained by the SHS method.

2. Materials and research methods

The titanium nickelide powder of the PN45T55OM 

grade, nickel powder of the PNK OT-4 grade, titanium

powder of the PTOM-2 grade and a silver nanopowder, 

having an average particle size of 8 nm, at concentrations

of 0.2 at.% of Ag and 0.5 at.% of Ag were mixed together. 

For the more uniform mixing of the powders, silver and

nickel were mixed first in the quantities that are similar 

in weight. Then the titanium powder was portionwise

added and mixed, having coarser particles with a devel-

oped surface in comparison with nickel particles. The

TiNiAg alloy samples were obtained by the SHS method

when preliminarily charging the furnace with inert argon

gas to prevent oxidation of the powders during heating.

The synthesis was initiated by an electric arc, having pre-

viously maintained a stable temperature of 520 °С in the

furnace. After conducting the SH-synthesis, the samples

were cooled to room temperature by immersing them into

water. The phase composition and structural parameters

of the samples were studied using a Shimadzu XRD-6000

diffractometer in the Cu KαKK -radiation. The diffractograms

were indexed be means of the PowderCell 2.4 full-profile

analysis program and by comparing them with the PDF

4+ database. The images of the TiNiAg alloy surface were

obtained using a scanning electron microscope with the

Schottky cathode of Tescan MIRA 3 LMU (TESCAN 

ORSAY HOLDING, Brno, Czech Republic) equipped 

with an energy dispersive X-ray spectrometer of Oxford XX

Instruments Ultim Max 40 (Oxford Instruments, High

Wycombe, UK). The strength properties were studied by 

means of the Instron machine of the 5969 series (USA); 

a compression loading configuration was applied. The com-

pression samples were cut out of the workpiece using the 

electrospark discharge machine and had geometric dimen-

sions of 6′3′3 mm3. When studying the mechanical proper-

ties of each composition, at least 5 samples were tested.

3. Results and discussion

3.1. X-ray diffraction studies of TiNiAg alloys XX

Fig. 1 shows X-ray diffractograms of the TiNi sam-XX

ples with the addition of Ag. The phase composition of 

the alloys under study is represented by Ti4Ni2O, Ti2Ni,

TiNi(B19’), TiNi(B2) phases. No Ag-based phases were 

detected probably owing to the small amount of silver.

The quantitative X-ray diffraction analysis of theXX

TiNiAg alloys showed an increase in the volume fraction of 

the martensitic TiNi phase, having the B19’ structure, and

the growth of secondary phases, based on Ti2Ni, Ti4Ni2O 

compounds. It also demonstrated a decrease in the share 

of the austenitic TiNi phase, having the B2 structure, ac-

companied by an increase of the silver concentration in 

the alloy (Fig. 2, a)a .

The dependence of the coherent scattering regions

on the silver concentration shows that the crystallite

size decreases for the TiNi phase, while it increases for r

Ti2Ni. The CSR increase in the Ti2Ni phase is 

probably related to the fact that silver dissolves 

in the Ti2Ni phase; at the same time, silver is

practically absent in the TiNi phaseii (Fig. 2, b)b . 

Micro-distortions of the crystal lattices of 

all the intermetallic compounds, identified 

in the TiNiAg alloy system, were revealed 

by the quantitative X-ray structural analysis. XX

This phenomenon is presumably associated 

with the fact that when increasing the silver 

concentration in the TiNi alloy, the lattice 

parameters of the TiNi(B19’) and TiNi(B2)

phases decrease, thereby changing the inter-

atomic forces and increasing internal elastic

stresses Δd/dd d (Fig. 2,d c)c .

3.2. Scanning electron microscopy
of TiNiAg porous SHS-alloys

The analysis of the porous macrostructure

of the alloys showed that the porosity of all the

samples did not depend on the silver concen-

tration and it was equal to 62 ± 2% (Fig. 3).
According to the histograms of the pore

size distribution (Fig. 4, a, b)bb , when the sil-

ver concentration increased, the average 

pore size increased from 130 ± 9 to 168 ±

± 9 μm. The size of the interporous bridges

also increased from 119 ± 10 to 145 ± 9 μm 

2, deg.
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Fig. 1. X-ray diffractograms of TiNi porous SHS-alloy samples for:XX
a – TiNi; b – TiNi + 0.2%Ag; c – TiNi + 0.5%Agc
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(Fig. 4, c, d)dd . The sample size was about 200 

measurements per sample. The average size of 

pores and brigdes was calculated by the ran-

dom linear intercept method using ImageJ 

software.

The matrix of the TiNi porous SHS-alloy 

without the addition of silver consists of two 

phases. The first phase of gray color corre-

sponds to the almost equiatomic composition 

of the TiNi compound in terms of the ratio be-

tween titanium and nickel. The dark gray in-

clusions are the intermetallic Ti2Ni(O) phase

with the oxygen admixture, formed during the

peritectic reaction (Fig. 5, Table 1).
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Fig. 2. Concentration dependence based on the results of the X-ray diffraction analysis of the samples of the TiNiAg porous SHS-alloy:XX
a – volume fraction of phases; b – CSR values; c – micro-distortionsc

Fig. 3. Raster images of the sample surfaces of the TiNi porous SHS-alloy

Fig. 4. Histograms of the size distribution of (a, b) – pores; (c, d) – interporous bridges in the samples of the TiNi porous SHS-alloydd
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SEM images and the corresponding element distribu-

tion maps for porous TiNi alloys at a silver concentration

of 0.2 at.% and 0.5 at.% showed the presence of silver in

the form of light particles up to 2 μm in size. The silver 

particles are to be noted to localize predominantly on

Ti2Ni(O) or Ti4Ni2O inclusions (Figs. 6, 7; Table 2).
In some cases, silver was found to crystallize not only 

in pure form, but also in the form of coarse CaAg particles

of up to 7 μm in size (Fig. 8). The presence of calcium 

is associated with the method of obtaining the PTOM-2

titanium powder by means of hydride-calcium reduction.

The elemental composition of the TiNiAg system shows

that Ca was found only in silver particles (Table 3).
Studies of the microstructure of the SHS-alloys of 

TiNiAg show that the silver solubility in the TiNi(B2)

phase of the porous alloy is limited to 0.1 at.%. At the same

time, other authors have found that the silver solubility in a

cast alloy does not exceed 0.26 at.% [10, 11]. Ag is known

to have a significantly different electronic structure with

Table 2
Elemental composition of the phases in the TiNi + 0.2%Ag

porous SHS-alloys

Identification Ti, at.% Ni, at.% O, at.% Ag, at.% Ca, at.%

TiNi
(Ti and Ni alloy)

51.18 48.82 – – –
Ti2Ni(O) 59.55 29.84 10.09 0.52 –

Ag 0.41 0.29 4.23 89.06 6.01

10 �m

25 �m 25 �m

 TiNi
 Ti2Ni

Fig. 5. Raster image of the

microstructure and

mapping by the

chemical elements of 

the TiNi control 

porous SHS-alloy

Fig. 6.  Raster image of the microstructure and mapping by the chemical 

elements of the TiNi + 0.2%Ag porous SHS-alloy
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Table 1
Elemental composition of the phases

in the TiNi porous SHS-alloy

Identification Ti, at.% Ni, at.% O, at.%

TiNi
(Ti and Ni alloy)

49.36 50.64 0

Ti22Ni 56.2 36.87 6.93

Fig. 7. Raster image of the 

microstructure and 

mapping by the

chemical elements

of the TiNi + 

+ 0.5%Ag porous

SHS-alloy
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reference to Ni and Ti elements from among three alloy-

forming elements. In addition, Ag atoms vary significant-

ly in size in comparison with Ni atoms. Therefore, the

difference in the structure of the binary state diagrams of 

Ag – Ni, Ag – Ti and Ni – Ti systems is conditioned by 

the different structure of the electron atom shells of these

three elements. The electronic subsystem behavior cor-

relates with the phase diagrams of Ti – Ag binary alloys,

where Ti and Ag in the Ti – Ag system can form solid

solutions based on the initial components (Ag), (αTi), 

(αTi) and two intermetallic compounds AgTi и AgTi2 at

temperatures of 1020 ± 5 and 940  °С [22]. In the Ni –

Ag system with a simple monotectic system in the state

diagram, Ni and Ag are practically insoluble in each

other. The maximum solubility of Ni in Ag is 0.102 at.%,

and the maximum solubility of Ag in Ni is approximately 

1 at.%, which decreases along with a decrease in tempera-

ture [4, 22].

The results of the energy dispersion spectroscopy 

analysis and mapping of the elements for the porous alloys

at a silver concentration of 0.2 at.% and 0.5 at.% allow

concluding that silver particles are localized mainly in the

zones of peritectic crystallization of Ti2Ni(O) or Ti4Ni2O 

inclusions. When the silver concentration in the alloy in-

creases from 0.2% to 0.5%, the minimum, maximum and

average particle size of pure silver increases (Table 4).

3.3. Transmission electron microscopy
of TiNiAg porous SHS-alloys

Fig. 9 shows cross-sectional images of TiNiAg sam-

ples, obtained using a transmission electron microscope,

which covers the areas of the surface layer and the matrix.

The analysis results show that silver crystallizes in the form

of nanoparticles up to 10 nm in size in the Ti4Ni2O surface 

layer (Fig. 9). One should note that silver crystallizes in the

matrix in the form of coarse particles up to 2 μm in size. 

Similar data were obtained when studying ternary mono-

lithic TiNiAg alloys, where silver was found only in the 

form of uniformly dispersed pure particles on the surface 

[10, 11]. In a number of other works, silver was found to 

be both in pure form and in the solid solution compo-

sition of the alloy-forming phases (silver solubility was 

0.26 wt.%) [21, 18].

3.4. Mechanical properties of TiNiAg porous SHS-alloys 

The mechanical properties of TiNiAg porous SHS-

alloys were studied according to the compression loading 

configuration. When the silver concentration increased,

the strength properties did not change, the ultimate

strength was 74 ± 2 MPa (Fig. 10, Table 5). The elastic

strength decreases from 26 to 12 MPa, the elastic modulus

decreases from 1700 to 950 MPa along with an increase of 

the silver content in the TiNi alloy. The maximum strain-

to-fracture during compression of porous TiNiAg alloys

increased from 7 to 27% along with an increase in the

silver concentration. A similar effect on the mechanical

characteristics was found in the studies on the influence

Fig. 8. Raster image of the microstructure and mapping by the chemical elements of the CaAg particle in the TiNi + 0.5%Ag porous SHS-alloy
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Ca Ag Ni Ti 

Table 3
Elemental composition of the phases in SHS-alloys

of TiNi + 0.5%Ag

Identification Ti, at.% Ni, at.% O, at.% Ag, at.% Ca, at.%

TiNi
(Ti and Ni alloy)

51.2 48.73 – 0.1 –

Ti22Ni(O) 61.88 32.93 4.72 0.47 –

Ag 0.28 0.81 4.24 88.86 5.81



83

M A T E R I A L S  S C I E N C E

NNon-ferrous Metals. 2022. No.2. рр. on-ferrous Metals. 2022. No.2. рр. 78–8478–84

of doping monolithic TiNi alloys with silver [4, 18]. The 

plasticity increase is apparently caused by the uniform dis-

tribution of silver nanoparticles, which, deforming plasti-

cally, hinder the crack propagation. Additional evidence 

of enhanced plastic properties is SEM images of fracture

surfaces of porous TiNiAg alloys subject to compression 

testing, on which plastic shear traces are present.

The explanation of the significant enhancement of the

plastic properties of porous TiNiAg alloys obtained by the

SHS method requires a deeper and more comprehensive

study.

100 mm
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 C  Ca
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 Ni   N

 O  Ti

Table 4
Statistical parameters of the size distribution of silver

particles in TINiAg porous SHS-alloys

Sample Min, μm Max, μm Average, μm RSE Dispersion

0.2% Ag 0.19 1.619 0.81 ± 0.11 0.281 0.07

0.5% Ag 0.542 5.962 1.79 ± 0.45 1.113 1.23

Fig. 9. Transmission electron

microscopy and

element mapping of 

the TiNi + 0.5%Ag

porous SHS-alloy

Fig. 10. Fracture surface image of the alloy sample for:

a – TiNi + 0.2%Ag; b – TiNi + 0.5%Ag; c – dependence s-e for c
SHS-alloys of TiNiAg

Table 5
Mechanical properties of TiNiAg porous SHS-alloys

Alloy E, MPa σe, MPA σcom, MPa εcom,% P, %

TiNi 1733 ± 10 26 ± 1 71 ± 2 7 ± 1 62 ± 2

TiNi + 0.2%Ag 1000 ± 12 15 ± 1 70 ± 4 16 ± 2 63 ± 2

TiNi + 0.5%Ag 958 ± 8 12 ± 2 74 ± 2 27 ± 2 62 ± 2

Note: E – elasticity modulus; E σe – elastic strength; σcom – ultimate 
compression strength; εcom – maximum deformation during
compression up to destruction; P – porosity.P

40 �m

80

�, МРа

�, МРа

70

60

50

40

30

20

10

0 10 20 30 40 50

40 �m

 TiNi + 0.2% Agа

с

 TiNi + 0.5% Ag

 TiNi 

 TiNi + 0.2% Ag
 TiNi + 0.5% Ag

b

1 —

2 —

3 —

1 2

3



84

M A T E R I A L S  S C I E N C E

4. Conclusion

The results of t he conducted studies allow concluding

that silver dissolves restrictedly in the TiNi(B2) phase up

to 0.1 at.% and crystallizes in the form of pure silver par-

ticles or a small amount of the solid calcium solution in

silver. Coarsely crystalline silver particles up to 2 μm in size

were found in the matrix in the zones of peritectic crystal-

lization of Ti2Ni(O) or Ti4Ni2O inclusions. In the surface

Ti4Ni2O layer, silver particles crystallized uniformly in the

nanocrystalline state up to 10 nm in size. An increase of the

plastic properties from 7 to 27% was established along with

an increase of the silver volume fraction; at the same time,

the ultimate compression strength did not change and was

70±4 MPa. The physical and mechanical properties were

at the level that is acceptable for practical application of 

porous TiNiAg alloys as an implantation material.
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