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Abstract: The aim of this study was to investigate the electrochemical behavior of

Ti49.6Ni45.1Cu5Cr0.3 (TiNiCuCr) alloy in artificial saliva solutions with a wide rage of pH

values and to characterize the surface passive film after polarization tests. This article

represents the ideal, static environment and associated electrochemical response and

comparison values. The corrosion behavior of TiNiCuCr alloy was systematically studied by

open circuit potential, potentiodynamic, potentiostatic, and electrochemical impedance

techniques. Potentiodynamic and potentiostatic test results showed that the corrosion behavior

of TiNiCuCr was similar to that of NiTi alloy. Both corrosion potential (Ecorr) and pitting

corrosion potential (Eb) showed a pH-dependent tendency that Ecorr and Eb decreased with the

increase of the pH value. X-ray photoelectron spectroscopy results revealed the composition of

the passive film consisted mainly of TiO2 with a little amount of Ni oxides (NiO/Ni2O3) that

was identical with NiTi alloy. Besides Ni, a Cu enriched sub-layer was also found. The nickel

ion release rate showed a typical time-related decrease as examined by ICP/OES. In

conclusion, the addition of Cu and Cr had little effect on the corrosion behavior of NiTi or on

the composition and the structure of the passive film. ' 2007 Wiley Periodicals, Inc. J Biomed Mater

Res Part B: Appl Biomater 86B: 335–340, 2008
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INTRODUCTION

Shape memory effect and superelasticity of equiatomic

NiTi alloys are widely employed in various medical devi-

ces, for example, dental archwire, endodontic file, orthope-

dic instruments, and cardiovasular stents, and so forth. A

review of the corrosion resistance of NiTi alloys in simu-

lated human fluids has been reported,1 and the authors con-

clude that nickel-containing dental alloys do not pose a risk

to patients or members of the dental team. The biocompati-

bility of metallic materials is closely related to their corro-

sion behavior. Large amounts of metal ions released from

the metallic biomaterials are generally harmful for human

health. The release of ions may cause unwanted reactions

in the human tissues. This ion release behavior of the alloy

is related with its corrosion rate.2

Corrosion resistance of titanium and its alloys relies on

the presence of a passive film on the surface, which is

commonly recognized as TiO2.
3 This thermodynamically

stable oxide film prevents the matrix from corrosion and

provides good corrosion resistance and excellent biocom-

patibility in physiological environments. But the release of

metal ions also takes place accompanied by the growth of

the oxide film. Once the ion release rate equals to the

growth rate of the passive film, the thickness of the film

stabilizes at a constant scale. In spite of the protection,

localized corrosion such as pitting corrosion and crevice

corrosion may also occur due to its inhomogeneity.

Third and fourth alloying elements were added to NiTi

alloy to enhance its mechanical or corrosion properties. Ma

and Wu4 have found that the addition of Ta improves the

corrosion resistance of NiTi in simulated body fluids, and

decreases the Ni ion release rate under a corrosive environ-

ment. The substitution of Ni by Cu will result in the variance

of the martensitic transformation sequence.5 With the

increase of Cu content above 7.5%, the parent phase with a

B2 structure can transform to a B19 martensite phase, and

then to a B19 0 martensite. Cu addition will also reduce the

stress-hysteresis in the pseudoelasticity and stabilize the

superelastic characteristics against cyclic deformation.6 Five

to six percent addition of Cu will increase the strength and
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reduce the energy lost as measured by the area within the

first and second plateau regions.7 Most of the earlier men-

tioned aspects are beneficial for orthodontic use.

Superelastic NiTiCu alloys have been developed as

potential orthodontic archwire materials recently, unfortu-

nately little published works can be found so far as con-

cerning the corrosion behavior and the structure of the

passive film. The aim of this study is to investigate the cor-

rosion behavior of Ti49.6Ni45.1Cu5Cr0.3 alloy (throughout

this article the alloy compositions subscripts are atomic

fractions), hereafter referred to as TiNiCuCr alloy, with

NiTi as reference as well as the characterization of the pas-

sive film formed on the surface by means of X-ray photo-

electron spectroscopy (XPS).

MATERIALS AND METHODS

TiNiCuCr alloy ingots were prepared by vacuum arc melting

furnace protected by argon atmosphere. All the metal ele-

ments were at commercially pure level.* The purity of each

element, given as a mass fraction is as follows: 99.9% for

Ti, 99.98% for Ni, 99.95% for Cu, and 99.98% for Cr. The

alloy ingots were melted three times to ensure homogeneity.

After melting, they were hot rolled at 8508C into sheets with

about 1 mm in thickness. The sheets were then annealed at

8508C for 30 min and quenched into water. For electrochem-

ical study, the hot rolled sheets were cut into (10 3 10) mm2

squares by electro-spark cutting machining and polished to

2000 grit by SiC paper and then to mirror finish by means of

Al2O3 with mean diameter of 2.5 lm. Before each measure-

ment, the samples were ultrasonically cleaned in acetone,

alcohol and deionized water, successively.

All the electrochemical measurements were conducted

by Solartron 1287 Electrochemical Interfacey connected to

a computer using Corrware{ as the control software. A plat-

inum foil was used as counter electrode and potentials

were controlled with respect to a saturated calomel

electrode (SCE). All the measurements were carried out at

(37 6 0.5)8C by maintaining the test cell in a water bath.

Before each test except electrochemical impedance spec-

trometry (EIS), the specimen was immersed into the elec-

trolyte for 30 min. The sample area exposed to the

electrolyte was 0.5 cm2. The Ti-50.8 at. % Ni alloy sam-

ples were used as control.

The electrolyte was modified Fusayama artificial saliva.8

Its composition is as follows: NaCl (0.4 g/L), KCl (0.4 g/L),

CaCl2 (0.78 g/L), NaH2PO4 � H2O (0.69 g/L), Na2S � 9H2O

(0.005 g/L), KSCN (0.3 g/L), and Urea (1 g/L). All the

chemical reagents were in analytical purity.§ The solution

was prepared with analytically pure reagents and deionized

water. The pH value of the neutral artificial saliva equaled to

5.3, and lactic acid and NaOH were used to adjust the pH

value to 2.4 and 6.2, respectively.

Open circuit potential (OCP) measurement was con-

ducted for 12 h in three different solutions with pH value

equaling to 2.4, 5.3, and 6.2, respectively. The potential

was recorded as a function of measuring time. Polarization

tests were carried out by Potentiodynamic technique with a

scanning rate of 1 mV/s; the working potential ranged from

2500 mV to 1600 mV versus SCE. The test cell was

purged for 30 min with high purity nitrogen (the purity

larger than 99.999%) before and during the whole test. The

polarization tests were repeated three times for each testing

condition. Potentiostatic technique was performed for 1.8 ks

in pH 5 5.3 artificial saliva solution. The results were

recorded as current density versus polarization time curve.

The electrochemical impedance (EIS) measurements were

performed with sinusoidal AC voltage amplitude of 10 mV

above the OCP. The frequency ranged from 100 KHz to

10 mHz. Before EIS tests, samples were immersed in the

solution 1 h for stabilization.

The specimens for ion release behavior study were sealed

with room temperature curing denture base resin leaving an

area of 1 cm2 exposed to the saliva solution. The specimens

were immersed into 50 mL of modified Fusayama artificial

saliva solution at 378C for different periods of time (1, 3, 5,

and 7 days). The Inductively Coupled Plasma Optical Emis-

sion Spectrometer} (ICP-OES) Optima 5300DV was used to

measure the Ni ions concentrations.

XPS was used to characterize the surface film after polar-

ization. The XPS data were taken on an AXIS Ultra instru-

ment from Kratos Analytical. The data were converted into

VAMAS** file format and imported into CasaXPSyy software
package for manipulation and curve-fitting.

RESULTS

Figure 1 shows the potential versus time curves of TiNi-

CuCr alloy carried out in three different pH values. We

note that, at the beginning of the immersion, the Ecorr

changes a lot. As the immersion went on, it tended to be

constant. After 12 h, the potential stabilized at 20.05,

20.094, and 20.34 V in pH 5 2.4, pH 5 5.3, and pH 5
6.2 solutions, respectively. It’s obvious that Ecorr decreases

with the increase of the pH value.

Figure 2(A) shows the representative potentiodynamic

polarization results of TiNiCuCr alloy in three different pH

values of deaerated electrolytes including pH equaling to

2.4, 5.3, and 6.2 at 378C which are similar to that of NiTi

* Ti was bought from Mountain Technical Development Center for Non-Ferrous
Metals (Haidian District, Beijing). Cu, Ni, and Cr were bought from Cuibolin Non-
Ferrous Technology Developing (Xinjiekou Wai Street, Beijing).

y Solartron Analytical UK; Southwood Business Park, Farnborough, Hampshire,
UK.

{ Scribner Associates; 150 East Connecticut Avenue, Southern Pines, NC 28387.
§ Bought from Tianjin Kermel Chemical Reagent; located at No. 11 Xingyuan

Road, Xianshuigu Industry District, Tianjin, China.

} PerkinElmer; Waltham, Massachusetts 02451.
** The VAMAS format allows data from any system to be read by any compati-

ble software to allow quantitative surface analysis. The VAMAS format is very gen-
eral to accommodate elemental maps, depth profiles, and data sequences arising from
the compatible methods AES, EDX, FABMS, ISS, SIMS, SNMS, UPS, XPS, XRF.

yy Casa Software Ltd., Devon TQ14 8NE, UK.
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alloy [Figure 2(B)]. As can be seen, the pitting corrosion

occurred (indicated in the figures) at high potentials for

both TiNiCuCr and NiTi alloys. It is obvious that both

breakdown potential (Eb) and corrosion potential (Ecorr)

decrease with the increase of the pH values. Though it

changes a little with the pH value, the passive current den-

sity keeps at a low level within the passive state.

Potentiostatic polarization technique was performed in

pH 5 5.3 artificial saliva solution. According to the poten-

tiodynamic results, both TiNiCuCr and NiTi samples are

under passive state at 500 mV versus SCE. So 500 mV

was applied on the samples to acquire a stable passive film.

As we can see from the results (Figure 3), both of the two

current densities drop sharply to a lower level at the begin-

ning; after a few hundreds of seconds, they stabilize,

approaching a nearly constant level. The current density of

NiTi sample, which is 3.09 E26 A/cm2, is as six times

high as that of TiNiCuCr sample.

EIS results demonstrate little difference among different

artificial saliva solutions as shown in Figure 4 (Nyquist

plot). It’s obvious that each Nyquist plot exhibits only one

time constant, and the electrochemical behavior might be

represented by a resistance Rp and a capacitance C in paral-

lel. The resistance Rp, known as the polarization resistance,

is inversely proportional to the corrosion rate and is thus

an indicator of corrosion resistance. Rp can be calculated

from the diameter of the Nyquist plot for the systems with

one time constant. The circle fitting results showed all the

three Nyquist plots diameter were under the same magni-

tude. Rp values for the pH 5 2.4, 5.3, and 6.2 electrolytes

are as follows: 0.28, 0.31, and 0.29 MX cm2.

The Ni ion release rate decreased with the increase of

the immersion time during the measuring period, as shown

in Figure 5. This time-related decrease is similar to the

results found by other researcher on the in vitro corrosion

evaluation of NiTi alloy.9,10

The typical XPS survey spectra of the polarized TiNi-

CuCr alloy are shown in Figure 6. It can be found that,

before sputtering, the dominant surface elements are O, C,

and Ti, and they occupy the percentage of 38.09%,

43.95%, and 7.92%, respectively (Table I). The main com-

ponent of C1s peak at 284.251 eV is related to C��C bond-

ing, and its presence is attributed to atmospheric

Figure 1. Open circuit potential versus immersion time curves of

Ti49.6Ni45.1Cu5Cr0.3 alloy. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

Figure 2. Potentiodynamic results obtained in deaerated artificial
saliva solutions for (A) Ti49.6Ni45.1Cu5Cr0.3 alloy and (B) Ti-50.8 at. %

Ni alloy. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Figure 3. Potentiostatic curves of Ti49.6Ni45.1Cu5Cr0.3 alloy and Ti-

50.8 at. % Ni alloy reference. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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contamination. It is obvious that the concentration of Ni is

less than that of Ti as can be see from Table I. After sput-

tering, the Ni and Ti concentrations increased, while the O

and C concentrations decreased sharply. The ratio of Ni:Ti

is about 0.27:1 on the outmost surface, and it changed to

about 2.57:1 after 300 s argon ion sputtering. Cu2p peaks

appeared as can be seen in Figures 6(B) and 7(E) with a

concentration of 3.58%.

The high resolution spectra of Ti exhibit two dominant

peaks before argon ion sputtering, namely Ti2p3/2 at

458.32 eV and Ti2p1/2 at 463.99 eV with concentration of

5.00% and 2.49% respectively. Both of them are corre-

sponding to TiO2. There is also a little amount of metallic

Ti corresponding to intermetallic NiTi at 453.68 eV and

459.22 eV. After argon ion sputtering for 300 s, there is

only intermetallic Ti can be found as can be seen in Figure

7(C). On the outmost layer, there are little amount of NiO

and Ni2O3 except metallic Ni [indicated by lines in Figure

7(B)]. But after sputtering, similar to Ti, there is only me-

tallic Ni can be found as can be seen in Figure 7(D). It is

notable that metallic Cu appeared after sputtering while it

was absent on the outmost layer. Cr was not detectable ei-

ther on the outmost layer or after argon ion sputtering.

DISCUSSION

The OCP results show that after a few hours immersion,

the Ecorr stabilized at a constant value, indicating a stable

passive film had formed on the surface of the sample. This

passive film consists of mainly TiO2 as examined by XPS.

The final potentials after 12 h immersion decreased with

the increase of the pH values. This is consistent with the

results of potentiodynamic measurements. Though a little

difference is observed, both TiNiCuCr and NiTi alloys pos-

sess a large range of passive region before the localized

pitting corrosion occurs at high potentials above 1000 mV,

indicating the good corrosion resistance. The pitting poten-

tial is high enough to stand against localized corrosion

in vivo.11 The pH value of the electrolytes has limited

influence on the corrosion behavior of the TiNiCuCr alloy

similar to the NiTi alloy. We can see that both corrosion

potential (Ecorr) and breakdown potential (Eb) decrease

with the increase of the pH values as shown in Figure 2,

indicating that the pH value of the corrosion media may

affect the corrosion resistance and the passive film stability

of the alloys. Rondelli12 found the similar pH effects on

Figure 4. Nyquist plots of Ti49.6Ni45.1Cu5Cr0.3 alloy performed in
various pH solutions. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Figure 5. The nickel ion release rate of Ti49.6Ni45.1Cu5Cr0.3 alloy for
different immersion periods (1, 3, 5, and 7 days).

Figure 6. The typical XPS spectra of Ti49.6Ni45.1Cu5Cr0.3 alloy (A)
before argon ion sputtering and (B) after sputtering. [Color figure

can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

TABLE I. The Element Concentrations of NiTiCuCr Before
and After Argon Ion Sputtering

Survey Conditions

Element Concentration (%)

Ni2p O1s Ti2p C1s Cu2p

Before

sputtering

1.99 38.09 7.92 43.95 0

After 300 s

sputtering

61.43 8.02 23.90 3.07 3.58
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pitting corrosion potential of NiTi alloy. But his results are

opposite to ours, that is, the pitting potential increases with

the increase of the pH values. This may be due to the dif-

ferent corrosion electrolytes used in our studies.

According to the potentiostatic results, the passive cur-

rent density of NiTi alloy is much higher than that of TiNi-

CuCr alloy, indicating TiNiCuCr alloy would possess a

lower corrosion rate than NiTi alloy as the passive current

density is directly proportional to the corrosion rate by

Faraday’s law. EIS results show little difference of Rp of

TiNiCuCr alloy immersed in three pH values saliva solu-

tions. The Nyquist plots exhibit one time constant (virtually

the same for each) indicating the presence of a single oxide

layer on the surface that is the same for each test condi-

tion.

The XPS results confirmed that the composition of the

outmost surface layer of the studied samples is TiO2 with

little amount of Ni/NiO/Ni2O3. Whereas there exists a Ni/

Cu enriched layer between the outmost oxide film and the

matrix as can be seen in Figure 6. This Ni enrichment phe-

nomenon under the outmost layer has also been observed

by others.13,14 Besides Ni, we also found Cu enriched

below the oxide film. We believe that the Ti on the outer-

most surface is oxidized firstly by oxygen and is not

released into the electrolyte while Ni and Cu remain

unchanged.14,15 Both of them may diffuse into the sublayer

or release into the electrolytes. At the mean time, the TiO2

film prevents Ni and Cu from diffusing into the electrolytes

as a barrier. Thus a structure consisting of the outmost ox-

ide layer, the Ni and Cu enriched sublayer and the matrix

formed on the surface.

CONCLUSIONS

This article represents the ideal, static environment and

associated electrochemical response and comparison values.

The actual situation with orthodontic archwire and engage-

ment with the bracket will be dramatically different

(dynamic, including crevice) than the corrosion response

described in this article. We have investigated the corrosion

behavior of Ti49.6Ni45.1Cu5Cr0.3 alloy and the characteris-

tics of its passive film with NiTi alloy as reference. Elec-

trochemical measurements results showed that the

TiNiCuCr alloy has a similar corrosion behavior to that of

the NiTi alloy under the same corrosion conditions. The

pH value of the electrolyte has a little effect on the Ecorr

and the Eb. Both Ecorr and Eb decrease with the increase of

the pH value. Ion release rate measurements confirmed that

TiNiCuCr alloy had a similar corrosion behavior with NiTi

alloy that exhibited a time-related decrease of release rate

of Ni. XPS results revealed that the passive film consists

mainly of TiO2 with a little amount of Ni oxides (NiO,

Ni2O3). Besides Ni, a Cu enriched sublayer was also found.

All of the earlier results may conclude that the addition of

Cu and Cr to change the superelastic characteristics of

NiTi does not change the corrosion resistance of NiTi alloy

in artificial saliva.
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