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The effect of copper contents (5 and 10 at. %) and heat treatment (800°C, 30 minutes) on the corrosion
behavior of 45 (at.%)Ni-55Ti alloys in Hank’s solution has been studied by using potentiodynamic
polarization curves and electrochemical impedance spectroscopy (EIS) measurements. Results have
shown that both, the addition of Cu and heat treating the alloys increased the corrosion resistance of
the base NiTi alloy. EIS measurements showed the existence of a duplex passive layer which was
reinforced with the addition of copper or the heat treatment.
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1. INTRODUCTION

Nickel-titanium (NiTi) alloys are widely used for orthopedic and dental application due to their
super-elastic properties, shape memory effects, biocompatibility, good corrosion resistance, low
density and strong enough[1-4]. These properties normally have been attributed to the titanium oxide
(TiOy) layer spontaneously formed on to the alloy surface[5-7]. According to literature [8-12] the high
corrosion resistance of these alloys is due to a dense layer of TiO, which has a duplex structure, with
an inner compact layer which acts as a barrier against the ion dissolution, so that the corrosion
resistance increase with its thickness. There is also an outer porous layer, which is less corrosion
resistance, but the incorporation of components from the electrolyte into its pores favors osteo-
integration [13-15]. However, despite of its high corrosion resistance, the major concern of Ni-Ti
alloys is the release of allergenic and toxic Ni?* ions due to its corrosion for the human body fluids. To
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prevent Ni dissolution, Ni-Ti alloys have been modified by using different surface treatments [16, 17].
The susceptibility of the Ni-Ti alloys to suffer rejection from human cells is now days an important
issue to be resolved due to the high number of infections in patients that experiment this problems.
Therefore, the objective to introduce a little amount of copper into the NiTi alloys is due to the need to
improve the material acceptation in the human body since it is well known that cooper possesses
excellent behavior as antiseptic and antibacterial material [18]. In this study, the effect of Cu
concentration (5 and 10 at. %) as well as heat treatment on the corrosion behavior of a NiTi alloy will
be evaluated in the Hank’s solution by using electrochemical techniques.

2. EXPERIMENTAL PROCEDURE

2.1 Testing material

Material tested in this study was a 45% at. Ni-55Ti base alloy with the addition of 5 and 10
at.% Cu. Alloys with nominal high purity Ni-Ti -Cu elements( 99.98%) were fabricated by induction
melting technique. In order to obtain lower amount of impurities a quartz crucible was used for melt
the alloys inside of a chamber under vacuum atmosphere (10 Torrs). Alloys with Cu additions were
heat annealed at 800°C during 30 minutes under an Ar atmosphere. Heat treated specimens have been
designated as HT. After reach the liquid state, the alloys were cooling down up to reach the solid state
in the same crucible.

2.2 Corrosion tests

Electrolytic solution chosen for these experiments was the Hank’s solution with a chemical
composition as given in table 1. For the corrosion evaluation in the Hank’s solution, potantiodynamic
polarization curves and electrochemical impedance spectroscopy measurements were used.

Table 1. Chemical composition of Hank”s solution (g/L).

NaCl | CaCl, | KCI | Glucose | NaHCO3 | MgCl,.6H,0 | Na,HPO,4 2H,0 | KH,PO,4 | MgSO,47H,0
8 014 |04 |1 0.35 1 0.06 0.06 0.06

This solution simulates the physiological media of the human body. To perform the corrosion
tests, specimens of 5 x 5 x 3 mm were machined by an electro discharge machine, encapsulated in
epoxy resin and then grinded with 600-grade SiC emery paper, rinsed and degreased with acetone.
Corrosion tests were carried out in a potentiostat from ACM-Instruments. Potentiodynamic
polarization curves were carried out by polarizing specimen from £ 500 mV, around the free corrosion
potential, Ecorr, at a scan rate of 1mV/s. The Eqor Value was monitored during 30 minutes, until it was
stable, before starting the experiments. All the potentials are referred with respect to a Saturated
Calomel Electrode (SCE) , whereas the counter electrode was a graphite rode. Corrosion current, I,
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were calculated by using linear Tafel extrapolation. Electrochemical impedance spectroscopy
measurements (EIS) were carried out at the Eor Value by applying a signal with an amplitude of £10
mV in a PC4 300 Gamry potentiostat, in an interval frequency 10 KHz-0.5 Hz obtaining 50 points per
decade. All tests were carried out at 37 °C.

3. RESULTS AND DISCUSSION

3.1 Microstructures
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Figure 1. SEM micrographs showing the microstructures of a) 45Ni-55Ti, b) as-cast 45Ni-50Ti-5Cu,
c) heat treated 45Ni-50Ti-5Cu d) as-cast 45Ni-45Ti-10Cu and e) heat treated 45Ni-45Ti-10Cu
alloy.
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SEM microstructures of the different tested materials are shown in Fig. 1. Fig. 1a show the
image of the surface microstructure of the 45 Ni-55 Ti base alloy with the eutectic phase (grey zones)
inside of columnar grains longer than 100um can be seen. On the other hand, some dendritic structures
are observed with a lower area fraction (dark zones). The differences in contrast is produced due to the
differences in reflectivity depending of the phase orientation. The formation of TiNiz and TiyNi is
reported according to the alloy composition [19]. Microstructure of the sample 45Ni-50Ti-5Cu in as-
cast condition is shown in Fig. 1 b, where columnar grains with an internal sub-nucleation of a second
phase is observed. A lamellae eutectic structure grows with the same directions of the grains. Dark
zones correspond to a dendritic phase precipitated on the alloy matrix. Fig. 1 ¢ presents the image of
the heat treated 45Ni-50Ti-5Cu alloy, where it can be observed that the columnar gran have been
transformed and few equiaxed grains are formed due to the temperature effect; also, the lamellae
eutectic structure it is not present any longer, presumably because it was dissolved into the alloy
matrix. Some traces of dendritic structure are observed (black zones). The corresponding phases for
this alloy with cooper additions correspond to Ti,Ni, TisNi and Ti,Cu. The surface microstructure of
the alloy 45Ni-45Ti-10 Cu in the as-cast condition is presented in Fig. 1 d; at this copper
concentration, big amount of small dendritic structures are observed of approximately 20 um length,
emerging from the alloy matrix which present a fine columnar grains. Finally, the surface
microstructure of the heat treated 45Ni-45Ti-10Cu alloy is observed in Fig. 1 e, where it is notorious
that columnar grains with larger size and some preferential orientation in comparison with the as cast
condition. In the image is clearly visible that dendritic phase have considerably grown after the heat
treatment. Ti,Ni, Ti3sNi and Ti,Cu are the corresponding precipitated phases for these alloys with
cooper additions in agreement with the ternary alloy phase diagram.

3.2 Polarization curves

Polarization curves for the different NiTi alloys in the Hank’s solution are given in Fig. 2,
where it can be seen that all the alloys exhibit an active-passive behavior.

500

250 |

|45Ti45Ni10CuHT

L 45TISONISC 45TISONISCUHT

E (mV)

45Ti45Ni10Cu

-500

-750

-1000
9

-log (i) (Afem?)

Figure 2. Effect of Cu contents and heat treatment on the polarization curves for Ni-Ti alloy in Hank’s
solution.
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Electrochemical parameters obtained from the polarization curves are shown in table 2. Base
45Ni-55Ti, the E¢orr Value is around -535 mV whereas the corrosion current density value, lgor, Was 1.6
x 10° A/cm?. Polarization curves for the base alloy displays a passive zone which started
approximately at a potential value close to -400 mV and ended in a pitting potential, E;, close to -20
mV. At this point, an abrupt increase in the current density can be observed due to the dissolution of
the TiO, passive layer. ®** Passivation current density value, Ipss, Was 4 x 10°A/cm?,

Table 2. Electrochemical parameters obtained from polarization curves of NiTi alloys in Hank’s

solution.
Alloy Ecor leorr Epit (MV) | loas (A/cm®)
(mV) (Alcm?)

A5Ni55Ti -535 1.6 x10° | -20 4x10°
45Ni50Ti5Cu -615 1.6 x 10" | 105 3.1x 10"
45Ni50Ti5CuHT | -515 5x 107 100 1.2x107
45Ni45Ti10Cu -400 6x 107 190 1.5x 107
45Ni45TilOCuHT | -395 1.6 x 107 | 150 3.1x 107

HT= heat treated alloy

These values are similar to those reported for a Ti6Al4V alloy coated with TiNi [6] and pure Ti
[20] in Hank’s solution. As soon as 5% Cu is added, the Ecor value shifts towards nobler values, or
towards more active values when 10% Cu is added. Additionally, the I and lpas values were
decreased up to one order of magnitude with Cu additions, obtaining the lowest values with 5% Cu, as
well as with the heat treated alloy containing 10% Cu. Finally, the pitting potential value, E,i;, was
increased with the addition of Cu, obtaining the highest values with the addition of 10% Cu. This
improvement in the passive layer parameters such as a decrease in the passive current density as well
as in the increase in the pitting potential values with the addition of Cu may be due to the formation of
cooper oxides and their incorporation in to the TiO, passive layer reinforcing it.

3.3 Electrochemical impedance spectroscopy

EIS results, in both Nyquist and Bode-phase formats for base 45Ni-55Ti alloy are given in Fig.
3. Nyquist diagrams, Fig. 3 a, show capacitive-like, depressed semicircles, with their centers in the real
axis, and with their diameters decreasing as time elapses. When the experiments were performed at a
lower frequency, the semicircles were better defined but the impedance values were within the same
order of magnitude, indicating that the corrosion process is under charge transfer control.
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Figure 3. EIS data for 45Ni-55Ti alloy in Hank’s solution in the a) Nyquist and b) Bode-phase

formats.

The fact that the real impedance values decrease as time elapses indicates an increase in the
corrosion rate, due to a deterioration of the passive film. On the other hand, Bode diagrams, Fig. 3 b,
clearly show two time constants, and according to the literature [8-12] the high corrosion resistance
of these alloys is due to a dense porous layer of TiO, which has a duplex structure, with an external
porous outer layer and an inner compact layer which acts as a barrier against the ion dissolution; thus,
the two time constants correspond to these two layers. The corrosion resistance is attributed to the
inner compact layer. Normally a passive material exhibit a highly capacitive behavior, where the phase
angle remain constant, approaching 90°, in a wide interval of frequencies, suggesting that a highly
stable film is formed on tested alloy in the electrolyte used. In this case, phase angles during the first
day of exposure is around 75°, and it decreases as time elapses, indicating that the film on 45Ni-55Ti
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alloys is not as stable as that reported for pure Ti alloy [20] and the film protectiveness decreases with
time, as indicated by the decrease in the semicircles diameter observed in Fig. 3 a.
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Figure 4. EIS data for the as-cast 45Ni-50Ti-5Cu alloy in Hank’s solution in the a) Nyquist and b)
Bode-phase formats.

Nyquist and Bode-phase diagrams for the 45Ni-50Ti-5Cu alloy in the as-casting condition at
different immersion times are given in Fig. 4. It can be seen that Nyquist diagrams, Fig. 4 a, display a
single capacitive-like, depressed semicircle with its center in the real axis, indicating a charge transfer
corrosion process. The semicircle diameter decreases as time elapses, indicating an increase in the
corrosion rate as time elapses probably due to the penetration of the electrolyte though small film
defects during exposure time. The impedance values for the 45Ni-50Ti-5Cu alloy are higher for those
corresponding to the base 45Ni-55Ti alloy, which is more evident for the data at 28 days of immersion.
The impedance for the base alloy after 28 days of exposure to the corrosive environment was around
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27,500 ohm cm?, whereas that for the 45Ni-50Ti-5Cu alloys was 40, 000 ohm cm?, indicating a more
protective passive film and a decrease in the corrosion rate due to the presence of Cu. On the other
hand, Bode-phase diagrams, Fig. 4 b, show the presence of two time constants, which was not very
clear during the first day of exposure, but it was more evident for longer exposure times. Phase angle
at high frequency values increase with time, but at low frequency values decreases. This decrease in
the phase angle, together with the decrease in the semicircle diameter, Fig. 4 a, indicates the decrease
in the film protectiveness due to the penetration of the electrolyte through the film defects.

When the 45 Ni-50 Ti-5 Cu alloy was heat treated, Fig. 5, Nyquist diagrams displayed
depressed, capacitive-like semicircles, but its diameter sometimes increased and some others decreased
as time elapsed, indicating an unstable the passive formed film on the alloy. The increase in the total
impedance indicates an improvement on the film protectiveness, due to an increase in its thickness, and
a decrease in the total impedance indicates a decrease in the film thickness due its dissolution or to its
disruption.
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Figure 5. EIS data for the heat treated 45Ni-50Ti-5Cu alloy in Hank’s solution in the a) Nyquist and b)
Bode-phase formats.
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This might be due to the fact that for the heat treated alloy, the amount of dendritic phases
inside the equiaxed grains is much higher than that for the as-casting alloy, Fig. 1, increasing the
number of sites where the passive film can be disrupted. Bode-phase diagrams, Fig. 5 b, showed the
presence of two time constants, and the phase angle sometimes increased and some others decreased as
time elapsed for the reasons given above. However, the phase angle value were lower than those for
the same alloy but without heat treatment, indicating a much lower corrosion resistance of the former,
due to the electrolyte penetration and to the film disruption.

EIS diagrams for the as-cast 45Ni-45Ti-10Cu alloy are given in Fig. 6. Nyquist diagrams, Fig.
6 a, show a single capacitive-like, depressed semicircle at all frequency values, with its diameters
decreasing with an increase in time. This fact indicates that the corrosion process is under charge
control, indicating an increase in the corrosion rate as time elapses due to the penetration of the
electrolyte trough the film defects.
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Figure 6. EIS data for the as-cast 45Ni-45Ti-10Cu alloy in Hanks solution in the a) Nyquist and b)
Bode-phase formats.
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Figure 7. EIS data for the heat treated 45Ni-45Ti-10Cu alloy in Hanks solution in the a) Nyquist and
b) Bode-phase formats.

Bode-phase diagrams, Fig. 6 b, show two time constants, with a decrease in the phase angle as
time elapses, due to the penetration of the film by the electrolyte and an increase in the corrosion rate.
For heat treated 45Ni-45Ti-10Cu alloy, Fig. 7, Nyquist diagrams also displayed capacitive semicircles
at all frequency values, and its diameter decreased as time elapsed during the whole experiment
increasing, thus, the corrosion rate. The total impedance values were higher than those for the as cast
45Ni-45Ti-10Cu alloy, which indicates a higher corrosion resistance for the former as indicated in
polarization curves, Fig. 2. Bode-phase diagrams, Fig. 7 b, show a wide peak around -65° during the
first day of exposure to the electrolyte, indicating a very stable passive film on top of the alloy. The
frequency interval where the phase angle peak is constant decreases during the rest of the experiment,
which indicates a decrease in the passive film protectiveness, and thus, an increase in the corrosion
rate. With a further increase in the exposure time, the frequency interval where the phase angle peak
remains constant increases once again, decreasing the corrosion rate of the alloy.

In order to simulate EIS data for the different tested alloys, electric circuit shown in Fig. 8 was
used, as proposed by other authors [9-12, 21,22], which is composed by two layers, an external porous
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outer layer and an inner barrier layer. In this circuits, Rs is the solution resistance, the resistance and
admittance of the porous layer are R, and Y/, respectively, whereas the resistance and admittance of the
barrier layer are represented by R, and Y, are. Finally, n, and n, are parameters which indicate the
deviation from a pure capacitive behavior [23].
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Figure 8. Equivalent electric circuit used to simulate the EIS data for NiTi alloys in Hanks solution.

Table 3. Electrochemical parameters used to simulate EIS data of NiTi alloys after 1 day of exposure
to the Hank’s solution.

CPE, CPE, Ry (Q
Alloy 7 % Y, (@) x  np Ry@em?d) Yy (Qls)x10% n cm?)
cm’) 10°® x 10°
45Ni55 1.83 9.5 0.83 1047 64 04 24
Ti 1
45Ni55 1.61 13 0.71 10260 2.5 0.8 9.8
Ti5Cu 1
45Ni55 1.77 50 0.67 291 47 0.6 4.8
Ti5Cu 3)
HT
45Ni55 2.27 54 0.72 11121 62 0.7 54
Til0Cu 5
45Ni55 1.86 3.1 0.93 65 54 0.7 8.8
Ti10Cu 2
HT

Parameters used to fit EIS data for the different NiTi alloys after 1 day of exposure to the
Hank’s solution are given in table 3, where it can be seen that, irrespective of the chemical
composition or heat treatment, the inner barrier layer resistance, Ry, is higher than that for the outer
porous layer resistance, Ry, which supports the idea that the inner layer of the passive film determines
the alloy corrosion resistance [24]. The highest R, value is for the alloys containing 5% Cu and the
heat treated alloy containing 10% Cu alloys, suggesting, thus, that these alloys have a higher corrosion
resistance than the rest of the alloys, as evidenced by polarization curves in Fig. 2 and table 2. The
lowest Ry, value was for the base 45Ni55Ti alloy, which showed the highest corrosion resistance. From



Int. J. Electrochem. Sci., Vol. 11, 2016 9293

table 2 we can see that for 45Ni55Ti alloy, the capacitance values, C, for the porous and inner layers
are in the order of 10° and 10™ F/cm? respectively. Nominally, the thickness of an oxide layer, 8, can
be calculated by using following expression:

d = (eg,A)/C (2

where ¢ and ¢, are the dielectric constants for the oxide and vacuum (8.85 x 10™* F/m) and A
the effective surface area [9]. Capacitance values can be calculated with following equation [9, 24]:

C= (YOR-(n-l)) 1/n (3)

We can see that the inner layer is thinner than the outer porous layer, but it offers more
corrosion resistance. For alloy containing 5% Cu and heat treated 10% Cu alloys which offered the
highest corrosion resistance, the inner layers were thicker and more compact than the outer porous
layer, may be due to the formation of cooper oxides and their incorporation in to the TiO, passive
layer, which gives more protection against the diffusion of the electrolyte. The fact that the from all the
tested alloys, the lowest Y}, values was for the alloy containing 5% Cu, from eq. (2) is concluded that
this is the thickest inner layer supports the idea that this thickening is due probably to the incorporation
of copper oxide into this inner layer. The base 45Ni55Ti alloy, which has the highest Y, value, would
have the thinnest inner layer, and, thus, the lowest corrosion resistance. Due to a thicker and more
compact inner layer in these alloys, slower diffusion processes appear on these alloys, which are the
rate controlling step. The n, values were in all cases either similar or lower than those for n,, indicating
a less capacitive behavior of the inner layer, suggesting that the mass diffusion through the inner layer
is the rate controlling step [22, 25]. Only the heat treated alloy containing 10% Cu had an n value close
to 1.0 (0.93) for the porous layer, indicating a nearly ideal capacitive behavior, resulting in a highly
corrosion resistant alloy according to table 2. For this alloy, the porous layer was thicker than the
inner layer, probably due to the incorporation of the electrolyte components into the pores of the outer
porous layer, resulting in an increased corrosion resistant of this oxide layer.

4. CONCLUSIONS

A study on the effect of heat treatment as well as the addition of 5 and 10 at. % Cu on the
corrosion resistance of a 45Ni-55Ti alloy has been carried out. Polarization curves have shown that the
corrosion resistance was increased by adding either 5 or 10 % of Cu as well as by annealing the
specimens at 800 °C for up to one order of magnitude due to the existence of a passive layer.
Passivation current density values were also decreased whereas the pitting potential values increased.
EIS measurements indicated that the passive layer was formed by an external porous layer and an
inner, compact, which is the one which confers the corrosion resistance to the passive layer. It is
thought that the addition of Cu to the alloy forms oxides which are incorporated into the passive layer
reinforcing its corrosion resistance.
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