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To obtain high temperature shape memory alloys of the lower cost Ni-Ti-X system, elements such 
as Hf and Zr are introduced to modify the thermal and mechanical properties of these alloys. This 
work studied the production and characterization of Ti50 Ni50-x Zrx alloys (x = 0, 5, 10 at.%) with the 
aim of improving their thermal, mechanical and corrosion resistance properties. In the resulting alloys, 
transformation of phase B2 into phase B19' occurred in a single stage. The addition of zirconium led 
to an increase of transformation temperatures, as well as the appearance of second phase particles 
in the grain boundaries of the matrix. The increase in zirconium percentage favored the increase of 
corrosion resistance from 520.23KΩ to 1007.30KΩ and of microhardness from 346HV to 543HV for 
the N0 and N10 alloys, respectively.
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1. Introduction
More research is being conducted on Ni-Ti alloys, also 

known as Nitinol, because of their unusual properties1-3. 
they have high corrosion resistance, biocompatibility, shape 
memory effect and superelasticity. The use of such alloys 
as biomaterial has been increasing as their superelastic 
properties allow greater reversible deformations2,4. However, 
transformation temperatures of these alloys range from 
-100ºC to 100ºC, hence their application may be limited 
for industrial purposes5,6.

A third element is added to increase the transformation 
temperature of alloys containing nickel titanium. An option 
for the third element to form the Ni-Ti-X alloy is Hafnium or 
Zirconium, usually ranging from 5 to 20%. These elements 
have been the focus of research because they are less expensive 
than Pd, Pt or Au, and they can increase the transformation 
temperature of Ni-Ti alloys7,8. Previous studies have reported 
an increase in characteristic transformation temperatures (Ms, 
Mf, As, Af) with increased Hf or Zr content in these alloys9-11.

The addition of zirconium can provide transformation 
temperatures of up to 200º C10,12-14 for possible applications 
in gas turbines, rocket engines, automotive engines, and 
nuclear reactors. In most studies, zirconium is added to 

the solid solution to replace Ti, thus raising transformation 
temperatures and increasing hardness and corrosion 
resistance5,11,15,16. However, studies about the mechanical, 
corrosive and functional behavior of Ti-Ni-Zr alloys are 
still very limited. The addition of zirconium may also lead 
to the appearance of unknown secondary phases that directly 
influence the properties of these alloys9-12,14.

The objectives of this work were to produce Ti50Ni50-xZrx 
(x = 0, 5, 10) alloys through the Plasma Skull Push-Pull 
process and to investigate the influence of zirconium 
percentage on microstructure, transformation temperatures, 
microhardness and corrosion resistance.

2. Experimental Procedure

2.1 Production of alloys by Plasma Skull 
Push-Pull

Twenty grams of each alloy were produced using the 
Plasma Skull Push-Pull (PSPP) melting method, in which 
metal is melted in a copper cylinder and then injected into a 
cylindrical aluminum mold. This technique was implemented 
by Araújo et al.17 for production of Ni-Ti alloys and Cu-based 
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alloys. The study alloys were prepared with pure metals Ti 
(99.99%), Ni (99.97 %,) and Zr (99.99%), using a Discovery 
Plasma device, manufactured by EDG Equipamentos e 
Controles. During the melting process, the alloys were melted 
again at least five other times under an argon atmosphere. 
Through electrical discharge machining (EDM) at low current 
discharges, the samples were cut in the shape of disks (12.4 
mm diameter). The nomenclature described in Table 1 was 
used to identify the alloys more easily.

of 1 mVs-1 using an Autolab PGSTATE 302N potentiostat/
galvanostat connected to a computer by the software NOVA 
1.11. Electrochemical impedance spectroscopy tests were 
performed on the same equipment used for potentiodynamic 
polarization, with frequency range from 100 kHz to 0.01 
Hz and amplitude of 0.01 V. The input data used in this 
analysis consisted of the open-circuit potential values that 
were measured after 60 minutes.

3. Results and Discussion

X-ray diffraction was performed to identify the present 
phases, and these results are shown in Figure 1. Phase 
identification was based on ICDD International Centre for 
Diffraction Data. The patterns in Figure 1 show that all the 
alloys present the characteristic phases of the shape memory 
effect; the austenite phase FCC (B2) was found on planes 
(100),(101),(200) and the monoclinic martensite phase (B19'), 
on planes (111), (210), (111); similar identification was found 
by Hsieh & Wu12 and Evirgen et al.9. Characteristic peaks of 
titanium oxides TiO2(211) and TiO(202) were formed, and 
so were zirconium oxides (311), because these elements are 
highly reactive to oxygen, as also found by Hsieh et al.18. 
While Ti atoms migrate to form TiO2 and TiO particles, 
residual Ni atoms diffuse into the TiNi matrix to form Ni-rich 
regions, and then the Ni4Ti3 (223) and Ni10Zr7 (422) phases 
appear18,19. Also in the N5 and N10 alloys, other phases 
appear, e.g., λ1 and NiZr phases and the coexistence of 
the austenite and martensite phases, which was also found 
by other authors19,20. Table 2 shows the transformation 
temperatures of these alloys.

Peaks shown in Figure 2 are identified as being associated 
with martensite (B19') and austenite (B2) transformation 
into Ti-Ni-Zr alloys9,12,14. The addition of zirconium led to a 
significant increase in martensite transformation temperatures, 
ranging from 2ºC in the N0 alloy to 51ºC in the N5 alloy. The 
increase in Zr percentage caused peak displacement to the 
right, raising the austenite transformation temperatures from 
80ºC for the N5 alloy to 93ºC for the N10 alloy. Reasons for 
this increase are changes in matrix composition, appearance 
of secondary phases, as seen in the diffractogram (Figure 
1), and the fact that these are Ti-rich Ti-Ni-Zr alloys, since 
transformation temperatures can also increase as the content 
(Ti + Zr) increases to 51.5%, as found by Hsieh and Wu11,12,14. 
The decrease of Ms temperature of the N10 alloy can also 
be due to the variation of mean valence electrons per atom 
(ev/a) and to valence electron concentration (VEC) in the 
matrix, as a result of the large amount of Zr. A similar result 
was found in studies using Ti-Ni-Cu-Zr-based alloys and 
different zirconium percentages: additions of up to 5% Zr can 
decrease transformation temperatures21. These temperatures 
are still considered to be high because the alloys are as-cast 
samples, and alloys of the same system, when studied by 
Evirgen et al.9 only presented similar or higher temperatures 

Table 1. Nominal composition of Ti-Ni-Zr alloys in atomic weight

Alloys Nominal (%at.) composition

N0 Ti50Ni50

N5 Ti50Ni45Zr5

N10 Ti50Ni40Zr10

2.2 Characterization of the alloys

Firstly, the alloys were analyzed by X-ray Diffraction 
(XRD) for phase identification with a Shimadzu 6100 
diffractogram, using copper K-alpha radiation, 40 kV voltage 
and 30 mA operating current. Scanning range varied from 
20º to 60º, using spectral slits of 5º and scanning speed of 
0.02ºC/min.

Transformation temperatures were determined by 
Differential Scanning Calorimetry (DSC) analysis on a Q20 
DSC Calorimeter (DuPont). The tests were performed at a 
rate of 10°C/min. with high-purity argon flux during both 
heating and cooling, with temperature ranging between -60°C 
and 120°C for the Ti-Ni alloy, and from 0°C to 200°C for 
Ti-Ni-Zr alloys. Alumina crucibles were used as containers.

For analysis of microstructure and morphology, Scanning 
Electron Microscopy (SEM) analyses were carried out on 
a TESCAN VEGA 3SBH SEM microscope, with 20Kv 
voltage. Energy dispersive spectroscopy (EDS) was also 
used to collect data on alloy composition. Before SEM 
measurements, the samples were etched in a H2O:HNO3:HF 
5:4:1 solution to reveal their microstructures.

To determine microhardness and modulus of elasticity, 
microhardness tests were performed on a Shimadzu DUH 
- 211S Dynamic Ultra Micro Hardness Tester. The test was 
performed with a load of 200 mN and penetration time of 20 
seconds and the average of at least 5 readings was calculated.

The corrosion test was performed with a potentiostat, an 
electrochemical cell composed of an electrolyte (corrosive 
medium), a working electrode (study alloy), a reference 
electrode (saturated calomel electrode) and counter electrode 
(platinum electrode). The electrochemical cell was inserted 
into a Faraday cage to prevent any external disturbance from 
causing noise in the measurements. The tests were carried out 
with 3.5% NaCl (sodium chloride) solution as the corrosive 
medium, at room temperature, for simulation of sea water. 
The polarization curves were determined with a scanning rate 
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Figure 1. Diffractograms of the alloys N0, N5 e N10.

Figure 2. DSC curves of the alloys, N0 alloy (a), N5 alloy (b), N10 
alloy (c). The temperatures As and Ms were obtained by the tangent 
method as shown in the curve of Fig. (b).

Table 2. Phase Transformation Temperatures

Alloys Ms (ºC) Mp (ºC) Mf (ºC) As (ºC) Ap (ºC) Af (ºC)

N0 2 -33 -51 -20 11 25

N5 51 46 36 80 98 109

N10 48 38 34 93 108 120

after heat treatment at 550°C for 10 hours. When Wu and 
Hsieh16 carried out studies with Ti-Ni-Zr alloys, they found 
that Ms transformation temperatures decrease to approximately 
50ºC as hardness increases, because of the shear restriction 
caused by increased hardness. Based on the results shown in 
Figure 2 and Table 2, it can be stated that an Ti-Ni-Zr alloy 
can be obtained with the desired transformation temperatures 
by carefully controlling the percentage of Zr.

Figures 3(a-b) show micrographs of the N0 alloy, in Fig. 
3a it is possible to observe the formation of more defined 
grains of the matrix phase composed of NiTi (composition 
described in Table 3), in Fig. 2b it is observed the presence 
of a precipitate with a size of about 20 µm, dispersed in the 
N0 alloy matrix and several other minor precipitates. The 
EDS analyzes (Table 3) on the matrix and the precipitates 
show that the composition of the matrix is ​​almost equiatomic 
and precipitates are mainly composed of titanium22. Figure 3 
(c-d) shows the micrographs of N5 alloy where it is possible 

to observe a large number of particles of the second phase 
around the grain boundaries of the matrix phase (Ti, Zr), 
Ni, this second phase is probably the second phase (Ti, 
Zr)2, Ni, as it was observed or by other authors14,16. The 
compositions of these phases are described in Table 3. In 
Fig. 3d it is possible to observe that some particles of the 
second phase are trapped in the matrix that phenomenon 
was also observed in other works14,16. Figure 3e shows the 
micrograph of N10 alloy where the presence of two phases 
is observed (composition described in Table 3). The matrix 
phase (Ti, Zr), Ni14,16,23 and the grain growth of the second 
phase (about 10 µm) with more defined polygonal shapes; 
a similar result was observed by Khan et al., 2017. With 
the addition of Zr there was the emergence of other phases, 
as shown in Figs. 3c-y confirming the results obtained by 
DRX (Fig. 1). The investigations carried out also reveal 
that NiTiZr shape memory alloys always show secondary 
phases14,16,23,24.
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Table 3. Chemical composition of the phases obtained by EDS.

Alloys
Chemical Composition (at%)

Ti Ni Zr

N0
Matrix 51,7 ± 0,5 48,2 ± 0,5 0

Second phase 79,4 ± 2,2 20,5 ± 2,2 0

N5
Matrix 48,9 ± 0,9 46,7 ± 0,5 4,3 ± 1,4

second phase 54,6 ±1,8 37,9 ± 1,5 7,4 ± 2,6

N10
Matrix 51,3 ± 2,8 34,9 ± 1,5 13,8 ± 4,3

Second phase 45,9 ± 0,1 46,4 ± 0,5 7,7 ± 0,5

The nanoindentation method for obtantion hardness 
and modulus of elasticity has already been used by other 
authors25,26. Table 4 shows the modulus of elasticity and 
microhardness (HV) measurements for alloys N0, N5 and 
N10. Figure 4 shows the images captured after indentation 
was performed in each phase, as specified in Table 4. There 
was a clear effect of adding zirconium to the alloys, namely, 
an increase in the values of microhardness and modulus 
of elasticity. The highest values of microhardness were 
found in the alloy with 10% zirconium. This increase was 
already expected, because when zirconium is added, a solid 
solution is formed and it increases hardness. The reason is 
that zirconium has a larger atomic radius than titanium and 

nickel, thus causing distortions in crystal lattices which 
prevent disorder and result in increased microhardness and 
formation of the Ni4Ti3 phase. This result was also found by 
Firstov et al.15 in their work. Table 4 shows the variation in 
the values of microhardness and modulus of elasticity when 
there is variation in chemical composition in each phase.

In the N0 alloy, analyses were made of the matrix and on 
the light (P1) and dark (P2) particles. There was not enough 
variation to allow the conclusion that they are different 
phases. Because indentation cannot be performed only on 
the particles, the obtained value is only tentative, since part 
of the indentation occurs in the matrix phase. However, it can 
be claimed that these precipitates are harder than the matrix, 

Figure 3. Scanning electron microscopy of the alloys N0 (a-b), N5 (c-d) and N10 (e), respectively. Legend: M: matrix, P: precipitate, 
S1: second phase.
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Table 4. Microhardness and modulus of elasticity of the alloys (Ti50Ni50-xZrx).

Alloys Phase Microhardness (HV) Modulus of elasticity (GPa)

N0
Matrix 346 ± 2 57 ± 1

Second phase (S1) 407 ± 4 63 ± 8

N5
Matrix 319 ± 15 66 ± 4

Second phase (S1) 614 ± 19 82 ± 3

N10
Matrix 543 ± 27 95 ± 2

Second phase (S1) 762 ± 15 92 ± 5

Figure 4. Indents made on the N0, N5 and N10 alloys. M: matrix, P1: precipitate light color, P2: precipitate dark color, S1: second phase.
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because the obtained values were higher. These particles can 
be precipitated from the Ni4Ti3 phase, which increases the 
hardness of the alloy and also make difficult the slippage of 
the discordances27. The formation of oxides such as TiO2, 
TiO, as shown in the diffractograms of Figure 1, also favors 
alloy hardening28. In the N5 alloy, the second phase that 
appears in the grain boundary has a higher microhardness 
value (614 HV) because this phase is enriched by adding 
zirconium, according to the composition shown in Table 4. 
In the N10 alloy, hardness of the second phase is greater than 
that of the matrix phase; up to 762 HV. This high level of 
hardness may be the reason why martensite transformation 
temperatures are still below 100ºC, since any strengthening 
mechanism that prevents shear can decrease transformation 
temperatures, because martensite transformation involves 
a shear process12,14.

Table 4 shows the modulus of elasticity values of the 
alloys. In general, modulus of elasticity values are increased as 
microhardness increases in all the alloys. This behavior may 
be associated to changes in the microstructures as observed 
in XRD and SEM. The highest modulus of elasticity value 
was identified in the N10 alloy (95 GPa) and the lowest value 
in the N0 alloy (57 GPa). This high modulus of elasticity 
value indicates that the N10 alloy is the greater rigidity.

Electrochemical measurements were performed to 
evaluate the effect of zirconium addition on corrosion 
resistance of Ti-Ni-Zr alloys. Figure 5 shows the behavior 
of the open-circuit potential (OCP) as a function of time. At 
the beginning, there was an increase followed by a decrease 
in the OCP value, which may be due to the formation and 
dissolution of the passive film until it reached stability. The 
increase of zirconium percentage in the alloy shifted OCP 
potentials to positive values. This means that the increase 
of zirconium in the alloy favors the formation of oxide at 
the electrode/electrolyte interface, which results in higher 
OCP values. Thus, the increase of zirconium content led 
to an increase of oxide thickness and, consequently, of the 
more stable passive layer. The oxides which are formed may 
be TiO, TiO2 and Ti2ZrO. After the increase of zirconium 
content, the alloy becomes more resistant to corrosion, as 
far as thermodynamic parameters are concerned29,30.

Figure 6 shows the linear potentiodynamic polarization 
curves (PPL). For corrosion measurements, the Tafel 
extrapolation method was used to determine potential 
corrosion values (ECorr), corrosion current (jCorr), resistance 
to polarization (Rp) and anodic (ba) and cathodic (bc) Tafel 
coefficients. Table 5 shows the values obtained by the Tafel 
extrapolation method. Calculation of the corrosion current 
was based on the Stern-Geary equation31,32:

.
ICorr

b b R
b b

2 3 a c p

a c$=
+Q V 		          (1)

where ba and bc represent the slopes of the anodic and 
cathodic Tafel's equations, respectively, and ICorr represents 
the corrosion current.

Figure 5. OCP curves of N0, N5 and N10 alloys.

Figure 6. Potentiodynamic polarization curves for N0, N5 and N10 
alloys obtained in 3.5 NaCl.

The hydrogen evolution reaction usually occurs by the 
polarization curves, in the cathodic region, because the 
solution is aqueous, while metal dissolution/passivation 
and oxygen evolution occur in the anodic region33,34. When 
zirconium content increased, the corrosion potential was 
shifted to positive values. This was the same behavior found 
for the OCP results. A passivation film was formed in the 
N5 and N10 alloys, starting at the potential -0.183V and 
ending at the potential -0.131V. When the potential value 
increase, the passive film was broken down. The passive film 
formed by the N10 alloy is more stable than the one formed 
by the N5 alloy. This behavior may be due to the increase 
of zirconium in the alloy and, consequently, the fact that 
zirconium oxides reacted with titanium oxides (TiO2, TiO)8,35, 
as shown in the XRD diffractograms (Figure 1). This oxide 
layer increased the strength of the alloy by forming a barrier 
between the metal and the solution, thereby reducing nickel 
oxidation36. The increase of zirconium content brought about 
microstructural changes which favored increased hardness 
and may have affected corrosion resistance. The studies by 
Balcerzak8, reported a similar result: after Zr was added to 
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Table 5. Results obtained by the linear potentiodynamic polarization of the N0, N5 and N10 alloys.

Alloys Ecorr (mV) jcorr (nA/cm2) Rp (KΩ.cm2) ba (mV.dec-1) -bc (mV.dec-1)

N0 -272.95 147.00 520.23 281.65 358.94

N5 -251.16 60.89 928.87 212.11 271.78

N10 -244.18 52.42 1007.30 202.05 270.65

the Ni-Ti alloy, there was an increase of corrosion resistance. 
When Zr is introduced into the alloy, there is a change in the 
unit cell volume by replacing Ti with Zr, which has a larger 
atomic radius. This replacement causes phase changes in the 
resulting material, which favors the increase of corrosion 
resistance of the Ni-Ti alloy8.

The results for the polarization curves show that the 
addition of zirconium caused an increase in corrosion 
resistance, reaching 1007.30 KΩ.cm2 for the N10 alloy, i.e., 
an increase of approximately 40% (Table 5).

In order to confirm the results of the polarization test, 
the electrochemical impedance spectroscopy (EIS) test 
was performed and the results are shown as a diagram of 
Nyquist in Figure 7. As the arc increases, there is an increase 
in impedance values, that is, in the corrosion resistance of 
Ni-Ti-Zr alloys. The diagrams suggest a typical capacitive 
behavior of passive materials, involving a protective film 
with high corrosion resistance.

Figure 7. Nyquist diagram for the N0, N5 and N10 alloys obtained 
in open circuit potential.

Figure 8. Equivalent electrical circuit used to adjust the experimental 
data of the impedance spectra.

Table 6. Adjusted parameters of the equivalent circuit for Ni-Ti-Zr alloys

Alloys Rs (Ω.cm2) CPE (µF.cm-2) n Rp (MΩ.cm2)

N0 81.70 5.66 0.90 0.65

N5 81.40 0.16 0.84 1.33

N10 81.80 0.16 0.85 1.44

An equivalent circuit was proposed to simulate 
the behavior of the Nyquist diagrams (Figure 8). The 
equivalent circuit that was used is the simplest, known as 
Randles circuit37-39. The equivalent circuit consists of the 
following elements: Rs - solution resistance, Rp - passive 
film polarization resistance and charge transfer resistance 
(Rct). Rct is the constant phase element which represents 
passive film capacitance. Rct is inserted from the equivalent 
circuit to replace a pure capacitor in order to improve the fit 
of the proposed model40,41. Table 6 shows the results of the 
proposed equivalent circuit fitting. The solution resistance 
value (Rs) was approximately 81 Ω.cm2, which shows that 
all the experiments were performed with the same initial 
conditions.

The N5 and N10 alloys present a passive behavior and 
have higher corrosion resistance, which confirms the results 
for the polarization curves. Figure 7 shows the experimental 
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data for the Nyquist curves. The corrosion resistance of the 
N5 alloy may be associated with grain refinement of alloy, 
because the corrosion resistance of NiTi alloys depends 
on grain size; fine grains favor the formation of a more 
noble and more compact passive film when there are larger 
amounts of grain boundaries, working as nucleation sites 
for the passive film42-44. The increase of Zr content in the 
alloy results in a decreased formation of TiO2 and increased 
formation of zirconium oxide, because zirconium oxides 
are more compact than titanium oxides, hence corrosion 
resistance is improved41. The presence of Ni4Ti3 particles 
also favors the increase of corrosion resistance , since they 
increased the Ti/Ni ratio in the matrix and the formation of 
oxides (TiO)45.

4. Conclusion

The present study focused on the characteristics of ternary 
shape memory alloys (Ti-Ni-Zr) and important conclusions 
have been drawn:

In these alloys, transformation of phase B2 into phase 
B19' occurs in a single stage and Ms and As temperatures 
increase from 2ºC to 48ºC and from -20ºC to 93ºC for N0 
and N10 alloys, respectively.

Addition of zirconium caused the appearance of second 
phase particles in the grain boundaries of the N5 and N10 
alloy matrix. In addition, it increased corrosion resistance from 
520.23KΩ to 1007.30KΩ for N0 and N10 alloys, respectively, 
and increased microhardness from 346HV (N0) to 543HV 
(N10). In the second phase, there was even greater hardness, 
reaching 762HV, while modulus of elasticity was 92 GPa.

The increase in Zr content in the alloy caused a change 
in its microstructure and hence in the electro-electrolyte 
interface, which favored the formation of Zr oxides which 
increased the corrosion resistance of the resulting alloys.
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