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Abstract— The electrochemical comparative studies 
between, Cu-Al-Ni alloy as a non-precious casting alloy 
and a pure Ti as a common biomaterial were investigated 
in simulated body fluid (SBF). The aim of the work was to 
evaluate the corrosion resistivity of these alloys in the 
simulated body fluids, using electrochemical impedance 
spectroscopy (EIS) and potentiodynamic polarization 
measurements. The surface morphology of the alloys was 
examined via the scanning electron microscopy. This 
comparison was focused on the effect of the solution 
chemistry and immersion time on the passivity of the 
alloys.  The influence of albumin, as a model protein, and 
a fluoride ion with its simulated dose in a human body, on 
both biomaterials was investigated. The Albumin has 
enhanced the corrosion resistance of both samples. On 
the contrary, fluoride ion increased their corrosion rate 
in all the tested solutions. The electrochemical behavior 
of Ti has shown a higher transfer resistance and a lower 
capacitance compared with the copper alloy. However, 
the resistivity of both materials increased with immersion 
time in the different solutions.  
Keywords— Biomaterials, Corrosion, Cu-Al-Ni alloy, 
impedance, Polarization, SEM. 
 

I.  INTRODUCTION  
Titanium and its alloys have been widely used in the last 
decades as biocompatible materials for dental implants, 
orthopedic implants and medical devices [1-5]. This is 
due to a passive film formation on their surface, 
consisting mainly of amorphous titanium dioxide (TiO2), 
which is responsible for their biocompatibility and 
corrosion resistance in several media, including the 
human body environment [6, 7]. A contact between the 
metallic implant and the living tissues takes place through 
the oxide layer on the implant surface during the 
osseointegration process [8]. 
Nowadays in the prosthetic dentistry field “non precious” 
alloys (Ni and Co based) substitutes the much more 
expensive precious metal alloys (Pt, Au, Pd and Ti) [8].  
Copper-based alloys have been used in many practical 
applications because of their good corrosion resistance, 
and excellent physical properties [9-11]. The addition of 
aluminum to Cu-based alloys increases its corrosion 
resistance while the presence of nickel is essential in the 

passivation of Cu-Ni alloys. The passivation of the alloy 
is attributed to the greater affinity of aluminum toward 
oxygen than copper and a considerable stability of Al 2O3 
than Cu2O in neutral solutions [12, 13]. Different 
corrosion studies of aluminum bronze in artificial saliva, 
acidic and saline solutions showed that 0.9% saline 
solution is more corrosive than artificial saliva [14]. Also, 
‘passivation’ was observed in artificial saliva and Na2S 
solutions, but not in citric acid or KCl solutions [15]. One 
of the main challenging issues that faces the casting non-
precious alloys is the release of elements into the body 
over the short-term (days) and long term (months) during 
corrosion[16-22].  For some metals and alloys, elemental 
release during corrosion can be affected significantly by 
biological environments in vitro and in vivo, and 
specifically in the presence of proteins [23]. In vitro, 
proteins show an increase of the corrosion rate of some 
alloys and pure metals such as stainless steel, copper, 
nickel and titanium [24, 25]. However, few studies have 
considered the effects of proteins on the elemental release 
from dental casting alloys. Liu [26] has found that the 
corrosion resistance in simulated body fluid (SBF) + 1 
g/L albumin is almost twice that in SBF alone. The 
electrochemical behavior of WE43 alloy in SBF in the 
absence and presence of 40 g/L albumin was investigated 
by Retting [27, 28].  
In the present work, it is aimed to assess the influence of 
the simulated body fluid in the presence of albumin, as a 
model protein, and a fluoride ion with its simulated dose 
in a human body on the passivation and dissolution 
behavior of Cu-Al-Ni and Ti metal at about 37 ◦C. The 
study is furthermore aimed to improve knowledge of the 
nature of the formed passive films in these systems by 
comparing the behavior of Cu-Al-Ni as a non-precious 
low cost alloy with titanium, using potentiodynamic, 
electrochemical impedance spectroscopy techniques and 
scanning electron microscopy. 

 
II.  EXPERIMENTAL  

2.1 Materials and solutions 
Two samples of pure titanium (99.99%) and Cu-Al-Ni 
alloy with composition of wt. %; 9.71 Al, 5.03 Ni, 3.05 
Fe, 1.06 Mn, 0.02 Si, 0.02 Sn, and 81.11 Cu were used in 
this study. The electrodes were supplied in the form of 
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cylindrical rods from Johnson and Malthey (England) 
with exposed surface area of 0.4 and 0.5cm2 for titanium 
and Cu-Al-Ni alloy, respectively. The electrodes surfaces 
were successively polished with finer grades of emery 
paper (600–1200 grade) to obtain a mirror-like image. A 
conventional three-electrode cell was used with a 
saturated calomel reference electrode (SCE) (ESCE = 0.242 
V vs. NHE) and a rectangular platinum sheet as counter 
electrode.  The experiments were carried out using three 
simulated body solutions: naturally aerated aqueous 
simulated body fluid (SBF) (NaCl 8.74 g/l, NaHCO3 0.35 
g/l, Na2HPO4 0.06 g/l, NaH2PO4 0.06 g/l, PH 7.4), SBF 
with 0.5 g/l albumin and SBF with 4.4 mg/l KF 
(simulated dose in the human body) in order to analyze 
the influence of fluoride ion and albumin on the 
electrochemical behavior of the biomaterials .The 
solutions were prepared from Analytical grade reagents 
and triply distilled water. Temperature of the solutions 
was kept out ± 37 oC and pH 7.4 (human body 
conditions). 

2.2 Electrochemical Techniques 
All the electrochemical measurements, including open-
circuit potential Eoc, potentiodynamic and electrochemical 
impedance spectroscopy (EIS) were carried out using the 
electrochemical workstation IM6e Zahner-electrik GmbH 
(Mebtechnik, Kronach, Germany) provided with Thales 
software. Open-circuit potential measurements, Eoc, for 
each material were measured on a freshly polished 
sample, in naturally aerated aqueous solutions without 
stirring, for 24 h. Potentiodynamic polarization tests were 
performed after one hour of immersion in the tested 
solutions. The cathodic and anodic polarization scans 
were carried out at 2 mVs−1 scan rate vs. SCE. 
Electrochemical impedance spectroscopy (EIS) 
measurements were studied at the open-circuit potential. 
The impedance spectra were acquired in the frequency 
range from 0.1 Hz up to 10 kHz with a perturbation signal 
of 10 mV. EIS plots were obtained after the specimens 
were immersed in the test solution for different time 
immersion up to 24 h.  SEM micrographs were conducted 
using a JEOL JXA-840 A electron probe micro analyzer. 
The experiments were always carried out at 37 oC, unless 
otherwise stated. 

 
III.  RESULTS AND DISCUSSION 

3.1 Open-circuit potential analyses    
The open-circuit potential (Eoc) of pure Ti and Cu–Al-Ni 
alloy was followed over a period of 24 h in three media, 
simulated body fluid (SBF), SBF+ Albumin and SBF+ 
KF.  The results were presented in Figs. 1, 2. Eoc changed 
towards more positive potentials during the first hour of 
electrode immersion in different solutions. After that, Eoc 
changed slowly until it reached a quasi-stationary state 
after three hours.  No significant change occurred after 

that. This indicated that a spontaneously passive film is 
formed with time on both Cu-Al-Ni and pure Ti surfaces. 
The addition of fluoride ion shifted the potential towards 
more negative values in both samples. This is because; 
fluoride addition to the solution made Ti potential more 
active and enhanced its corrosion. In other words, fluoride 
ion affected the electrochemical activity of Ti [29-31].  
On the other hand, adding albumin to the SBF solution 
shifted the potential towards more positive values for both 
samples (Cf. Figs. 1, 2). It is known that a layer of 
adsorbed proteins is formed immediately on the dental 
implant surface after being into the oral cavity, which 
enhances the biocompatibility of the implant. Therefore, 
the naturally contained proteins in the human saliva may 
play an important role in the corrosion resistance of dental 
implant materials, e.g. Ti and Ti-based alloys. The 
presence of protein (bovine albumin) in phosphate 
buffered saline (PBS) increased the corrosion resistance 
of Ti–6Al–4V, but decreased that of Ti–13Nb–13Zr and 
Ti–6Al–7Nb [32, 33]. Obviously, the presence of 
proteins, albumin would affect the corrosion resistance of 
titanium alloys. 

3.2  Potentiodynamic polarization     
Figs. 3, 4 showed the potentiodynamic polarization curves 
of Ti and Cu-Al-Ni alloy in the three solutions: SBF, 
SBF+ KF and SBF+ Albumin respectively. The 
polarization curves of Cu-Al-Ni revealed an active-to-
passive transition behavior in all the tested solutions, 
whereas Ti showed a totally passive behavior. The 
passivation and corrosion behavior of the Cu-Al-Ni alloy 
could be explained on the basis of the data reported on Cu 
and cast nickel-aluminum bronze [34-37]. The copper 
dissolution reaction represented the major anodic process. 
Whereas, the cathodic reaction was mainly due to oxygen 
reduction, as seen in the following equation: 

 
O2 + 2H2O + 4e-→ 4OH-      [Eo = 0.401 V vs. SHE] 

 (1) 
The corrosion resistance of the Cu-Al-Ni alloy was 
mainly due to the duplex nature of the protective layer 
containing both Cu2O and Al2O3 [38].  
On adding albumin to the solution, the cathodic current 
density was significantly decreased. All the corrosion 
parameters were estimated and presented in Tables 1, 2. 
Since the albumin isoelectric point is known to be 4.9 
[39], so it was expected that albumin is negatively 
charged at the pH of the tested solutions (pH7.4). As the 
alloy surface was polarized in the positive direction where 
electron depletion was created, the adsorption of 
negatively charged species of albumin on the electrode 
surface was detected. 
 
On the contrary, addition of fluoride ion increased the 
corrosion current density significantly and shifted the 
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corrosion potential to more negative direction (cf. Tables 
1, 2). The increase of the current density in the presence 
of fluoride ion could be explained by the dissolution of 
the protective oxide film. The structure of oxide layer 
may be affected by the fluoride ion and become more 
porous, which leads to a decrease in its resistance. 
Generally, the effect of fluoride ion depends on its 
concentration and the solution pH [40]. 
3.3 Electrochemical impedance spectroscopy 
measurements       
Impedance spectra of pure Ti and Cu-Al-Ni alloy at 
different immersion times in SBF, SBF+ Albumin and 
SBF + KF solutions were represented as Bode plots, in 
Fig. 5 (a, b, c) and Fig. 6 (a, b, c) respectively.  The 
presence of additional time constants in the impedance 
spectra at different frequency range was predicted from 
the phase angle, ϴ. It is usually more preferable to use 
Bode plots format as, it presents all experimental data 
over the entire frequency domain [41].  
After one hour of immersion, both of the tested samples 
exhibited low impedance values. The total impedance was 
considerably increased with immersion time. However, 
no significant change in the behavior was observed after 
24 h. This trend could be due to the surface full coverage 
with spontaneous oxide layers [42]. The broadening of the 
Bode plots spectra and the increase of the phase angle 
with immersion time indicated a decrease in the corrosion 
rate of the alloys. The increase in the charge transfer 
resistance of the surface oxide film reflected the 
improvements of the corrosion resistance of the alloy with 
the immersion time [43]. The Bode plots in the frequency 
domain 0.1 Hz up to 10 kHz showed two time constants 
with a phase angle close to 80o for pure Ti and 70 o for Cu-
Al-Ni alloy. The relation between the frequency (log f) 
and the impedance (log |Z|) was observed to be a linear 
one with a slope near to 1. After 24 h of immersion, the 
phase angle of Ti remained near 80o even at low 
frequencies, and 70o for the copper alloy. This indicated a 
near-capacitive response for both samples. However, the 
alloys immersed for 24 h in SBF solution showed two 
time constants spectra with a bi-layered surface 
corresponding to an inner layer and an outer one. 
The equivalent circuit shown in Fig. 7 was the best fitting 
for all the experimental data. Where, Rs, CPE1 and R1 are 
the solution resistance, a constant- phase element 
corresponding to the double layer capacitance and the 
charge transfer resistance, respectively. CPE2 and R2 
assigned the electrical elements of the outer layer. The 
electrode impedance, Z, was expressed as follows: 

Z = Rs + [Rct/ {1 + (2 π f Rct Cdl)
 α}]                      (2) 

Where α is an empirical parameter (0 ≤ α ≤ 1) and f is the 
frequency in Hz. This formula considered the deviation 
from the ideal RC-behavior due to surface 
inhomogeneties, roughness effects, and different 

compositions of surface layers [44, 45]. The observed 
first time constant at low frequency range was due to the 
presence of an inhomogeneous passive film [46]. 
It can be noted from Tables 3-8 that the capacitance 
decreased, in almost all cases, with the immersion time 
and (α) values were close to 1, so CPE showed an almost 
pure capacitive behavior. The increase of the film 
resistance R2 with immersion time reflected a formation 
of a spontaneously oxide film on both cu-alloy and Ti 
metal as can be seen from Fig. 8 a, b. The impedance 
values for Ti showed better corrosion resistance than that 
of Cu-Ni-Al alloy in all the studied simulated body fluids. 
On the other hand, the copper alloy showed a remarkably 
high corrosion resistance, which was essentially due to 
the presence of a protective layer of duplex nature, 
containing both Cu2O and Al2O3 [38, 47-48]. The inner 
layer was an Al-rich barrier layer which prevents a 
Copper dissolution from the alloy surface. The outer layer 
was a porous Cu-rich consisting mainly of Cu2O passive 
film [38, 49]. This result was confirmed by EDX [50], 
where the surface showed a higher concentration of Cu 
and also a lower concentration of Ni due to Ni diffusion 
in the inner barrier layer. Al was involved in the compact 
inner layer and its concentration on the surface is slightly 
lower than the bulk. The duplex barrier layer hindered the 
ionic transport and consequently increased the corrosion 
resistance [48, 51].  
In both samples, the effect of time on the resistance and 
capacitance depended on the solution chemistry. With 
respect to the influence of albumin, it increased the charge 
transfer resistance and the outer layer resistance of 
titanium and copper alloy and slightly decreased the 
capacitance.  This was mainly due to the blocking effect 
of the organic molecule and the adsorption effect [46]. R2 
values of Ti increased from 592.2 kΩ cm2 in SBF solution 
to 1080 kΩ cm2 in SBF + Albumin and from 168.5 kΩ 
cm2 to 292 kΩ cm2 for the copper alloy. On contrary was 
the effect of KF, as it decreased significantly the 
impedance resistance of both samples with respect to SBF 
solutions (cf. Tables 3, 4, 6 and 8).  The presence of the 
fluoride ion in the solution may affect the nature of the 
oxide layer and change it to a porous structure that leads 
to a decrease in its resistance and increase in its 
capacitance [52- 54].  

3.4.  Morphology     
Fig. 8 (a-h) showed the surface morphology of Cu-Ni-Al 
and Ti in SBF, SBF+KF and SBF + Albumin 
respectively. A significant improvement of the surface 
morphology due to the film formation was observed in the 
presence of albumin in both samples (Fig.8 d, h). On the 
other hand, a higher dissolution and roughness of the 
surface was assigned in the presence of KF (Fig. 8 c, g). 
The sample surface became denser and the flawed regions 
were repaired in the presence of albumin. This behavior 
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confirmed well the polarization and impedance 
measurements. 

IV.  CONCLUSIONS     
-The electrochemical behavior Cu-Ni-Al alloy and Ti 
metal was investigated in simulated body fluids at the 
human body temperature 37 ◦C. 
-The remarkably high corrosion resistance of Cu-Ni-Al 
was essentially due to the presence of a protective layer of 
duplex nature containing both Cu2O and Al2O3. 
-The effect of time on the resistance and capacitance 
behavior of both samples depended on the solution 
chemistry. 
-The influence of albumin as a model protein in the 
simulated body fluid enhanced the impedance 
performance of both materials. 
-Addition of fluoride ion to the simulated body fluid 
increased the corrosion current density of Ti and copper 
alloy. 
-The corrosion resistance of both alloys has been 
improved with the immersion time. 
-The scanning electron microscopy confirmed well the 
electrochemical techniques results 
- Cu-Ni-Al alloy could be considered as a promising non-
precious casting alloy that has a considerable high 
corrosion resistance in simulated body fluids. 
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HIGHLIGHTS  

• Cu-Ni-Al alloy could be considered as a 
promising non-precious casting alloy that has a 
considerable high corrosion resistance in 
simulated body fluids. 

• The considerable corrosion resistance of Cu-Al-
Ni is due to a protective layer of duplex nature 
containing both Cu2O and Al2O3. 

• The presence of albumin as a model protein 
enhanced the impedance performance of the 
tested materials  

• The fluoride ion addition increased the corrosion 
current density of the tested samples.  

• The corrosion resistance of the alloys increased 
with immersion time.  

 

 
Fig. 1: Open-Circuit potential vs. time profile for pure Ti in SBF, SBF+ Albumin and SBF+ KF at 37oC. 
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Fig. 2: Open-Circuit potential vs. time profile for Cu-Al-Ni in SBF, SBF+ Albumin and SBF+ KF at 37oC. 

 
 

 
Fig. 3: Potentiodynamic polarization curves for Ti in SBF, SBF+ Albumin and SBF+ KF at 37oC. 
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Fig. 4: Potentiodynamic polarization curves for Cu-Al-Ni in SBF, SBF+ Albumin and SBF+ KF at 37oC. 

 
Fig. 5(a):  Bode plots of Ti as a function of immersion time at 37oC in SBF solution 
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Fig. 5 (b): Bode plots of Ti as a function of immersion time at 37oC in SBF +Albumin 

 

 
Fig. 5 (c): Bode plots of Ti as a function of immersion time at 37oC in SBF +KF 
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Fig. 6 (a): Bode plots of Cu-Al-Ni as a function of immersion time at 37oC in SBF solution 

 

 
Fig. 6 (b): Bode plots of Cu-Al-Ni as a function of immersion time at 37oC in SBF +Albumin 
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Fig. 6 c  Bode plots of Cu-Al-Ni as a function of immersion time at 37oC in SBF +KF 

 
 

 
 

Fig. 7: The equivalent circuit 
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Fig. 8 (a): Change of the impedance with immersion time for Ti in different simulated body fluids 

 
 

Fig. 8 (b): Change of the impedance with immersion time for  Cu-Al-Ni in different simulated body fluids 
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(a)                                                                         (b) 

 

 
(c)                                                            (d) 

 
(e)                                          (f) 

 
(g)                                       (h) 

 
Fig. 9: Scanning electron microscopic images of samples after potentiodynamic testing; 

a) Polished Cu-Ni-Al, b) Cu-Al-Ni in SBF, c) Cu-Al-Ni in SBF + KF, d) Cu-Al-Ni in SBF + Albumin, e) Polished Ti, f) Ti in 
SBF, g) Ti in SBF +KF, h) Ti in SBF + Albumin. 
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Table.1:  Potentiodynamic corrosion data of Ti in SBF, SBF+KF and SBF+ Albumin solutions. 

Medium  Ecorr (mV)  i corr (µA cm-2)  Ba (mVdecade−1)  Bc (mVdecade−1)  

SBF  -487.9  3.2  542  -626  
SBF+KF  -563.4  5.0  617  -554  

SBF+Albumin  -466.8  1.8  1220          -525  

 
Table.2:  Potentiodynamic corrosion data of Cu-Al-Ni in SBF, SBF+KF and SBF+ Albumin solutions 

 

Medium Ecorr (mV) i corr (µA cm-2) Ba (mVdecade−1) Bc (mVdecade−1) 
SBF  -454 0.22 124 -754 

SBF+ KF -653 6.22 605 -511 
SBF+Albumin 

 
-425 0.062 86.5       -523 

 
Table.3: Impedance parameters of Ti in SBF 

Time/min.  Rs/ Ω  CPE1/µF cm-2  α1  R1/kΩ cm2  CPE2/µF cm-2  α2  R2/kΩ cm2  

5  59.0  5.025  0.79  0.015  2.30  0.91  71.84  

15  58.7  4.74  0.79  0.015  2.24  0.94  122.1  

30  58.5  4.55  0.79  0.015  2.11  0.95  179.4  

90  58.3  4.37  0.78  0.016  2.04  0.97  292.9  

120  57.8  4.22  0.81  0.018  1.96  0.98  380.8  

180  55.7  4.37  0.86  0.021  1.77  0.99  429.6  

24 hr.  64.0  3.45  0.86  0.022  1.29  0.93  592.2  

 
Table.4: Impedance parameters of Ti in SBF + KF 

 
Table.5: Impedance parameters of Ti in SBF + Albumin 

Time/min.  Rs/ Ω  CPE1/µF cm-2  α1  R1/kΩ cm2  CPE2/µF cm-2  α2  R2/kΩ cm2  

5  59.7  4.175  0.81  0.0036  8.75  0.86  112.5  

15  59.8  3.75  0.78  0.0064  8.50  0.92  154.8  
30  64.1  3.95  0.78  0.0068  8.43  0.93  190.5  
90  74.5  3.85  0.80  0.0064  8.08  0.93  286.7  

120  70.8  3.87  0.81  0.0060  7.97  0.94  305.4  

180  50.5  3.97  0.83  0.0048  7.67  0.92  364.0  

24 hr.  52.5  4.20  0.93  0.0036  7.60  0.92  850.0  

 
 
 

Time/min.  Rs/ Ω CPE1/µF cm-2 α1 R1/kΩ cm2  CPE2/µF cm-2 α2 R2/kΩ cm2  

5 45.5 3.5 0.71 0.061 0.42 0.99 65.2 

15 64.5 10.2 0.82 0.075 1.78 0.99 116.2 

30 64.9 10.0 0.83 0.076 1.77 0.99 142.8 

90 64.5 9.75 0.84 0.075 1.76 0.99 238.7 

120 65.1 9.72 0.84 0.075 1.76 0.99 274.8 

180 68.0 9.50 0.85 0.077 1.75 0.99 297.5 

24 hr. 74.0 8.60 0.87 0.088 1.62 0.99 406.8 
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Table.6: Impedance parameters of Cu-Al-Ni in SBF 

Time/min.  Rs/ Ω  CPE1/µF cm-2  α1  R1/kΩ cm2  CPE2/µF cm-2  α2  R2/kΩ cm2  

5  38.3  3.04  0.66  0.017  2.46  0.98  39.1  

15  38.1  2.50  0.65  0.017  1.57  0.95  45.0  

30  37.6  2.32  0.66  0.017  1.34  0.92  50.0  

90  37.2  2.18  0.67  0.016  1.12  0.92  54.5  

120  37.7  2.25  0.67  0.015  1.14  0.90  55.0  

180  37.1  2.14  0.68  0.014  1.06  0.92  58.0  

24 hr.  37.1  2.12  0.68  0.014  1.04  0.95  168.5  

 
Table.7: Impedance parameters of Cu-Al-Ni in SBF+ Albumin 

Time/min.  Rs/ Ω  CPE1/µF cm-2  α1  R1/kΩ cm2  CPE2/µF cm-2  α2  R2/kΩ cm2  

5  35.6  2.07  0.63  0.0125  3.50  0.96  19.5  

15  36.1  2.13  0.63  0.0120  3.68  0.93  46.1  
30  36.3  2.10  0.65  0.0115  3.70  0.92  82.3  
90  37.5  2.04  0.68  0.0105  3.58  0.87  136.8  

120  38.1  2.04  0.68  0.0095  3.54  0.86  139.5  

180  39.5  2.07  0.69  0.0065  2.40  0.83  156.6  

24 hr  40.7  2.12  0.70  0.0050  3.53  0.83  250.0  

 
 

Table 8: Impedance parameters of Cu-Al-Ni in SBF + KF 
 

 

Time/min.  Rs/ Ω CPE1/µF cm-2 α1 R1/kΩ cm2  CPE2/µF cm-2 α2 R2/kΩ cm2  

5 32.3 2.13 0.61 0.0045 7.46 0.77 1.97 

15 32.7 2.28 0.65 0.0040 8.94 0.77 2.44 

30 33.4 2.28 0.67 0.0035 9.24 0.77 2.45 

90 33.7 2.19 0.69 0.0030 9.00 0.76 2.20 

120 33.6 2.15 0.69 0.0025 8.80 0.76 2.30 

180 34.1 1.99 0.65 0.0025 7.80 0.78 2.25 

24 hr 36.9 0.594 0.55 0.0030 0.864 0.93 109.0 


