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In this study, beta-type Ti-35Nb-10Cu alloy foams were produced by powder metallurgy method for dental
implant applications. 35% Nb was added to stabilize the beta-Ti phase with low Young�s modulus. Cu
addition enhanced sinterability and gave precipitation hardening capacity to the alloy. Sintered specimens
were precipitation hardened in order to enhance the mechanical properties. Electrochemical corrosion
behavior of the specimens was examined by electrochemical impedance spectroscopy in artificial saliva.
Electrochemical impedance spectroscopy results indicated that the oxide film on the surface of foam is a bi-
layer structure consisting of outer porous layer and inner barrier layer. Impedance values of barrier layer
were higher than porous layer. Corrosion resistance of specimens decreased at high fluoride concentrations
and at low pH of artificial saliva. Corrosion resistance of alloys was slightly decreased with aging.
Mechanical properties, microstructure, and surface roughness of the specimens were also examined.

Keywords artificial saliva, beta-ti, dental implant, EIS method,
Ti-35Nb-10Cu

1. Introduction

Porous materials exhibit a structure similar to cancellous
bone. Advantage of the porous metals is their ability to provide
anchorage for the surrounding tissue via ingrowth of tissue into
their pores. Implants suffer from mismatch of their Young�s
modulus with bone (Ref 1–5). Ti alloys are used in biomedical
applications because of their high strength to density ratio,
biocompatibility, and corrosion resistance. However, there are
disadvantages such as high Young�s modulus and low wear
resistance (Ref 3–6). Ti has hexagonal close-packed (a-phase)
structure at room temperature and transforms to body-centered
cubic beta structure (b-phase) at 883 �C, which can be
increased by a-phase stabilizers (Al, O, N) or lowered by beta
(b)-phase stabilizers (Mo, Nb, Ta, V). Beta-Ti phase has low
Young�s modulus (close to bone), high wear resistance, and
biocompatibility (Ref 7–13). Nb is non-toxic, biocompatible,
and it is a beta-Ti stabilizer. Moreover, some Ti-Nb alloys
exhibit shape memory effect (Ref 14–16).

Cu addition enhances sinterability of the Ti particles, and
compacts were sintered at lower temperatures than other Ti
alloys. Addition of Cu contributes to easier machining. Cu
addition also enhances heat treatment capacity by aging (Ref
17–22). As a bioinert material, titanium alloys do not have
antibacterial capability after implantation in the jaws, and
dental plaques can be identified around Ti dentures. Bacterial
colonization leads to implant loosening through the stages of
peri-implantitis (Ref 23, 24). It is important to develop

functional transmucosal implant surfaces that inhibit coloniza-
tion of the oral bacteria (Ref 25). Antibacterial activity is
affected by surface properties of the implants. Several metal
ions (Ag+, Cu2+, and Zn+) were used as antibacterial agents. Cu
represents a promising element in terms of its lower toxicity.
Furthermore, Cu is a metabolizable agent whereas Ag+ tends to
stay in the human body. Ti-Cu alloy is considered as a
candidate dental implant material with respect to its antibac-
terial activity and biocompatibility. Antibacterial activity is
affected by surface properties of the implants. Poor adhesive
strength leads to failing of antibacterial coating, which would
result in loss of antibacterial properties. It is important to
develop a material, which has antibacterial activity in its bulk
structure rather than on its surface (Ref 22–25).

In this study, beta-Ti type heat treatable Ti-35Nb-10Cu alloy
foams were produced for dental implant applications. Beta-Ti
alloys have low Young�s modulus similar to the cancellous
bone. Although cast Ti-Cu alloy and powder metallurgy-based
Ti-Nb alloys have been studied, there is no study on the powder
metallurgy-based heat-treatable beta-type Ti-35Nb-10Cu alloy
foam in the literature. Experimental studies on corrosion
behavior of beta-Ti alloy system are also scarce. The aim of the
present work was the production of Ti-35Nb-10Cu alloy foam
and characterization of the corrosion properties by EIS method.
In short, there is no study on powder metallurgy-based highly
porous Ti-35Nb-10Cu alloy foam. In addition, studies on
corrosion behavior of beta-Ti alloys are scarce.

2. Experimental

2.1 Specimen Production

Foams were produced by powder metallurgy-based space
holder method using Ti, Nb, and Cu powders (Alfa Aesar,
USA). Chemical composition of the Ti powder was 99.61 wt.%
Ti, 0.23 wt.% O, 0.018 wt.% N, 0.03 wt.% Fe, 0.01 wt.% Mn,
0.01 wt.% Mg, 0.009 wt.% C, <0.01 wt.% Al, 0.01 wt.%
Cl, <0.01 wt.% Na and 237 ppm H. Nb powder consisted of
99.8 wt.% Nb, while Cu powder consisted of 99.75 wt.% Cu
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and 0.10 wt.% O. Mean particle sizes of the Ti, Cu, and Nb
powders were 44, 34, and 34 lm, respectively. In the alloy
preparation stage, 35 wt.% Nb and 10 wt.% Cu powder were
added to the Ti powder. As a space holder, carbamide (Merck,
Germany), in the fraction of 710 to 1000 lm, was used. The
urea percentage in the mixture was about 55 and 80 vol.%.
Binder for green strength was polyvinylalcohol (PVA). Metal
powders were mixed with 1.5 wt.% PVA. Mixtures were
compacted at 200 MPa into cylindrical specimens with diam-
eter of 12 mm and heights of 15 to 20 mm. Specimens were
immersed in water and then carbamide was leached out. PVA
was thermally removed at 400 �C. Sintering consisted of
heating at a rate of 5 �C/min to 410 �C (debinding) with dwell
time of 40 min, followed by heating at rate of 11 �C/min to
sintering temperatures. Specimens were sintered at tempera-
tures between 1000 and 1250 �C for 45 min in pure argon
atmosphere in a tube furnace. Optimum sintering temperature
was determined as 1200 �C. The specimens were sintered at
1200 �C for 45 min. In the precipitation hardening (aging) step,
sintered specimens were initially solution treated at 1000 �C in
a vacuum furnace and then quenched using N2 as a cooling gas
in the same furnace. Quenched specimens were subsequently
aged at 480 �C.

2.2 Artificial Saliva Preparation

Artificial saliva solution was prepared from chemicals
supplied by Merck, Germany (Ref 4, 26–28). Amounts of the
reagents were 0.40 g/l NaCl, 0.79 g/l CaCl2ÆH2O, 0.40 g/l KCl,
0.005 g/l Na2SÆ9H2O, 0.78 g/l NaH2PO4ÆH2O, 0.35 g/l Urea-
CO(NH2)2. In the oral environment, in which pH varies
between 2 and 11, F� concentration has effects on implants.
There is increased use of gels containing fluoride to prevent
plaque and caries (Ref 29, 30). In order to determine effect of
fluoride on our specimens, artificial saliva with 0.25, 0.50, 0.75,
and 1.00 wt.% F� was prepared via NaF addition. pH was
adjusted to 2.50, 5.00, and 7.40 by adding lactic acid.

Metal ion release from the alloys was investigated by static
immersion tests in the artificial saliva solution. Inductively
coupled plasma-mass spectrometer, ICP-MS, (Thermo Scien-
tific Elemental X Series 2) was used to determine metal ion
release. Specimens with 70% porosity were machined, pol-
ished, and washed, respectively. Total porosity and surface area
values of the specimens were equal in the static immersion
tests. Specimens were then exposed to artificial saliva solution
in closed polyethylene bottles. Foams with equal porosity
levels were immersed in solution at room temperature for
several soaking times up to 14 days. Solution volume to
specimen surface area ratio was constant in the immersion tests.
A solution without a specimen was used for blank test.

2.3 Electrochemical Corrosion Study

Electrochemical corrosion studies were carried out in the
artificial saliva using a potentiostat (Interface 1000 Poten-
tiostat/Galvanostat/ZRA, Gamry Instruments Inc., USA) con-
trolled by a personal computer. Volume of glass corrosion test
cell was 1000 mL. A conventional three-electrode system with
high-density graphite rod as a counter electrode, a saturated
calomel electrode (SCE) as reference electrode, and specimen
as a working electrode was used. Data acquisition was carried
out through a computer software (Framework, Version 6.04,
Gamry Instruments, USA), while data analysis was carried out

by Echem Analyst Software, Version 6.04, Gamry Instruments,
USA. Specimens were prepared by being cut and then
mounted into epoxy resin. The specimens were connected to
a copper wire. All experiments were carried out at room
temperature. Open circuit potential (OCP) value of the
specimens was measured before carrying out the electrochem-
ical corrosion experiments. OCP level was measured for the
durations of 2 to 3 h, until the OCP value was stabilized. OCP
value was considered stable when the OCP curve has an
asymptotically stable region. The OCP value was also
considered stable when the OCP was not changed at a rate
of 3 mV/min or higher.

Electrochemical impedance spectroscopy (EIS) measure-
ments were started after each specimen reaches a steady-state
condition. Electrochemical impedance spectroscopy measure-
ments were carried out in potentiostatic mode, at OCP with a
constant voltage perturbation a.c. sine wave. The potential
amplitude of signal was 5 mV. EIS studies were conducted at a
frequency range from 100 kHz to 0.001 Hz, with 5 points per
frequency decade. Impedance spectra were fitted by an
electrical equivalent circuit model using Gamry, EIS100
software, by a complex non-linear-least-square method. Quality
of the fit was described by the average error of regression.
Nyquist and Bode spectra were recorded.

2.4 Characterization of Microstructure and Mechanical
Properties

Densities were determined from measurements of weights
and dimensions of the specimens. SEM images of the
specimens were used to determine the mean pore size and
pore shape. X-ray diffraction (XRD) analysis (Rigaku D/Max-
2200/PC) was also used in order to characterize the alloys.
Mechanical properties of the specimens were studied by the
compression tests performed on a Schimadzu AG-X materials
testing machine. Compression tests were carried out at a
crosshead speed of 0.5 mm/min. The stress was calculated
using the apparent cross-sectional area of the respective
specimen; Young�s modulus was determined from the slope
of linear portion of the elastic region of the corresponding
stress-strain graph by the software. Surface roughness param-
eters (average roughness Ra, maximum height of the profile, Rt

and average maximum height of the profile, Rz) of the
specimens were also determined (Mitutoyo, Surftest SJ-301).

3. Results and Discussion

3.1 Foam Structure

Ti-35Nb-10Cu alloy foams were produced by powder
metallurgy-based space holder method. Pore size and pore
morphology of the foams replicated initial size and morphology
of the carbamide (space holder) particles and the mean pore
sizes of the foams were about 450 to 500 lm, which are
suggested as the suitable range of values for biomedical implant
(hard tissue) applications (Ref 3–5). Figure 1 shows the SEM
image of the cracked surface of the foam with about 70%
porosity. As seen from the Fig. 1, some micropores are found
inside the macropores, which suggest that the macropores are
connected by small microchannels for the escape of gas during
sintering. In general, a certain amount of micropores are desired
for vascularization in the biomedical implants.
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3.2 Electrochemical Impedance Spectroscopy Study

Equivalent electric circuit with two time constants is used to
analyze the electrochemical impedance spectroscopy (EIS) data
and to interpret behavior of the alloy and its surface oxide
film. Figure 2 shows the equivalent electric circuit, Rsol

(Cpore(Rpore(CbarrRbarr))), to fit the EIS data. Model assumes
that the passive oxide layer consists of a barrier-like inner layer
and a porous outer layer. The Rsol represents electrolyte
(solution) resistance, and constant phase element (C) repre-
senting shift from ideal capacitor is used instead of capacitance.
Rpore and Rbarr are resistances of porous and barrier layers that
are associated with charge transfer resistance through porous
layer and participation of adsorbed intermediates. Cpore and
Cbarr correspond to capacitances of porous and barrier layers
which are related to double layer formation. Fitting quality of
the EIS data is judged by Chi-squared (v2) values of about
10�6, indicating a good fitting to proposed equivalent electrical
circuit. The n values close to one indicate near capacitive
behavior of the passive oxide film. The n value is associated
with non-uniform distribution of the current as a result of
surface roughness and surface defects.

Experimental and simulated impedance spectra of the foams
are presented as Nyquist and Bode plots. Nyquist plot is
characterized by a semicircle, indicating capacitive response of

the passive film. Bode magnitude plots are characterized by two
regions. In high frequency, there is flat portion due to
electrolyte resistance. In low frequency, impedance shows a
linear slope due to capacitive behavior. Bode phase plots show
different behaviors. There are three regions in the Bode phase
plots. In high frequency, phase angle drops toward 0� due to
electrolyte resistance. In middle frequency, phase angle remains
near �50� indicating passive film and its capacitive response.
In low frequency, phase angle decreases because of passive film
resistance. Phase angle approaching �90� indicates passive
film and capacitive response. Constant phase angle maximum
over a wide frequency range suggests formation of stable pas-
sive film and difficulty in charge transfer. Two phase angle
peaks are indicative of two relaxation time constants and
formation of a two-layer (duplex) passive oxide film.

Resistances of inner barrier layer (Rbarr) are higher than
outer porous layer (Rpore) demonstrating that inner layer
dominates corrosion protection. Higher impedance, lower
capacitances, and larger phase angle are attributed to nobler
electrochemical corrosion behavior.

3.2.1 Effect of Precipitation Hardening (Aging). Fig-
ure 3 shows the effect of aging (precipitation hardening)
treatment on the Nyquist plots of the specimens, while Fig. 4
illustrates the effect of aging (precipitation hardening) on the
(a) Bode magnitude (Zmod), and (b) Bode phase angle plots of
the specimens. As seen from Fig. 3, lower capacitive open
semi-arc diameters can be observed for precipitation hardened

Fig. 1 SEM image of cracked surface of the foam

Fig. 2 Equivalent electric circuit to fit the EIS data

Fig. 3 Effect of aging on the Nyquist plots of the specimens (pH
7.40, 0.50% F, 52% porosity, 10% Cu)
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(aged) specimens in Nyquist plots. Low capacitances can be
associated with increase in passive layer thickness and decrease
in dielectric constant of the oxide film. As shown in Fig. 4, in
higher frequency, Bode magnitude plots were exhibited near
constant Zmod, associated with phase angle near zero degree,
indicating that the impedance was dominated by electrolyte
resistance. On the other hand, in low and middle frequency,
Bode magnitude displayed linear slope, due to capacitive
behavior (Ref 31–33). In the Bode phase plots, in high
frequency, phase angle drops toward 0� due to electrolyte
resistance. In middle frequency, phase angle remains near �60�
indicating passive film and its capacitive response. In low
frequency, phase angle decreases because of passive film
resistance.

3.2.2 Effect of Fluoride Content and pH of Artificial
Saliva. Electrochemical impedance spectroscopy (EIS) mea-
surements were carried out at different F at pH values of
artificial saliva. Figure 5 shows the effect of pH of the artificial
saliva on the Nyquist plots of the specimens, while Fig. 6
illustrates the effect of pH of artificial saliva on the (a) Bode
magnitude, and (b) Bode phase angle plots of the specimens.
As seen in Fig. 5, capacitive semicircles were observed in the
Nyquist plots of the specimens. The sizes of the semicircles
were decreased as the pH value of the artificial saliva
decreased. The Nyquist plot was composed of two semicircles.

As shown in Fig. 6(a), in higher frequency, Bode magnitude
plots were exhibited constant Zmod, associated with phase angle
near zero degree, indicating that impedance was dominated by
electrolyte resistance. In low frequency, Bode magnitude

Fig. 4 Effect of aging on the (a) Bode magnitude and (b) Bode
phase angle plots of the specimens (pH 7.40, 0.50% F, 52% poros-
ity, 10% Cu)

Fig. 5 Effect of pH of the artificial saliva on the Nyquist plots of
the specimens (1.00% F, 78% porosity, 10% Cu, nonaged)

Fig. 6 Effect of pH of artificial saliva on the (a) Bode magnitude,
and (b) Bode phase angle plots of the specimens (1.00% F, 78%
porosity, 10% Cu, nonaged)
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displayed linear slope, due to capacitive behavior. In the Bode
phase plots, in high frequency, phase angle drops toward 0� due
to electrolyte resistance. In middle frequency, phase angle
remains about �50� indicating capacitive response. In low
frequency, phase angle decreases because of film resistance. As
seen from the Fig. 6(a), magnitude values were decreased with
decreasing pH level of artificial saliva. In the Bode phase plots
in Fig. 6(b), phase angle drops toward 0� in high frequency due
to electrolyte resistance. In middle frequency, phase angle
remains near �50� indicating capacitive response. Phase angle
was decreased with decreasing pH level of artificial saliva.

Figure 7 shows the effect of F� content of the artificial
saliva on the Nyquist plots of the specimens. Figure 8
illustrates the effect of F� content of artificial saliva on the
(a) Bode magnitude, and (b) Bode phase angle plots of the
specimens. As seen in Fig. 7, capacitive semicircles were
observed in the Nyquist plots of the specimens. The sizes of the
semicircles were decreased as the F content of the artificial
saliva increased. As seen from Fig. 8(a), magnitude values
were decreased with increasing F� content of the artificial
saliva solution. Phase angle values were also decreased with
increasing F� content of the artificial saliva.

Dissolution of the Ti is due to formation of Ti-F complex.
Incorporationof theF in the surface oxidefilm results in formation
of a porous layer. Depending on the concentration of theF andpH,
titanium fluoride, titanium oxyfluoride, or sodium titanium
fluoride may form. HF is responsible for destroying the passive
oxide film. Once the passive layer is destroyed, regeneration of
passive layer is a function of the dissolved oxygen. Electrochem-
ical behavior of the titanium in F� added acidic solutions was
determined by the presence ofHF. In low pH conditions, HF leads
to destruction of the passive oxide. There are two kinds of fluoride
in solutions, HF and F. Both can affect the electrochemical
corrosion resistance of the titanium. Porosity of film is increased
by F� and low pH, due to the dissolution (Ref 32–36).

Electrical parameters fitted by equivalent circuit model are
listed in Table 1. Specimens show lower R values in artificial
saliva with low pH, which can be confirmed by smaller and
deformed semicircles. In addition, lower frequency semicircles
in the Nyquist plots represent exposed internal surface area.
Resistances of inner barrier layer (Rbarr) are higher than outer
porous layer (Rpore) demonstrating that inner layer dominates
corrosion protection behavior. Capacitances decrease and

resistances increased with increasing pH. Passive oxide film
becomes more resistive with increasing pH.

3.3 Metal Ion Release Behavior

Fluoride-containing toothpastes and mouth rinses, which are
recommended for preventing plaque and caries, tend to corrode
Ti alloy implants or restorations, if they are used in acidic
environment (Ref 37). It is a vital requirement to improve the
corrosion resistance and develop the mechanical strength of
dental implant materials. Cumulative Cu ion concentration in
the artificial saliva solution was increased with increasing Cu
content of the implant alloy and with immersion time. Ti alloys
with high Cu content exhibited higher Cu ion release in
artificial saliva. According to the static immersion study,
decreasing pH level of the artificial saliva solution had
increased the metal (Cu) ion release. Decreasing pH of the
artificial saliva solution from 7.40 to 2.50 had increased the Cu
ion release from about 40-50 to 80-100 ppb. In order to
determine the effect of F concentration of the artificial saliva,
artificial saliva solutions with different F� concentrations were
prepared. Increasing F� content of artificial saliva solution from
0 to 1 wt.% had increased the metal ion (Cu) release.
Meanwhile, metal ion release values of the specimens were
not higher than reference levels of the ions in human body

Fig. 7 Effect of F content of the artificial saliva on the Nyquist
plots of the specimens (pH 7.40, 52% porosity, 10% Cu, nonaged)

Fig. 8 Effect of F content of artificial saliva on the (a) Bode mag-
nitude, and (b) Bode phase angle plots of the specimens (pH: 7.40,
52% porosity, 10% Cu, nonaged)
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fluids (Ref 21, 36). Increased release of Cu with the increased
F� concentrations and with the increasing acidic environment
indicates a positive influence on antibacterial levels of Cu for
the transmucosal implants vulnerable to bacterial contamina-
tion. As a bioinert material, titanium alloys do not have
antibacterial capability after implantation, and dental plaques
can be identified around implanted Ti dentures. Bacterial
infections are reason for complications of Ti-based implants.
Implants with antibacterial activity must be used in order to
reduce the infection. Ti alloy with Cu addition has biocompat-
ibility and corrosion resistance for dental implants. Ti-Cu alloy
is considered as a candidate dental implant material and shows
antibacterial activity (Ref 22).

3.4 Microstructure and Mechanical Properties

Young�s modulus and compressive yield strength of the
specimens were increased with increasing aging (precipitation
hardening) temperature and have reached its peak at about 480
to 490 �C and then decreased. This was attributed to the
formation of coherent Cu-rich precipitates (Ti2Cu) in optimum
sizes. Hardening was attributed to pinning of dislocations by
precipitated clusters. Decrease in the mechanical properties
with overaging was attributed to formation of coarse and
incoherent precipitates. Initially, increasing aging temperature
up to 480 �C increased the compressive yield strength of the
specimens from 40 to 65 MPa. Increasing aging temperature
also increased the Young�s modulus from 1.40 to 1.60 GPa. But
increasing temperature above 480 �C decreased the Young�s
modulus and compressive yield strength from peak values to
1.50 GPa and 57 MPa, respectively. Maximum Young�s
modulus and compressive yield strength values of the aged
60% porous specimens were 1.60 GPa and 65 MPa, respec-
tively. Young�s modulus and compressive yield strength values

were decreased with increasing porosity. Young�s modulus and
compressive yield strength of aged 79% porous specimens were
0.56 GPa and 25 MPa, respectively. Figure 9 shows the effect
of precipitation hardening (aging) temperature on the mechan-
ical properties (compressive yield strength and Young�s mod-
ulus) of the specimens.

Increase in the Young�s modulus during initial stages of
aging was attributed to the increase in Young�s modulus of
matrix due to depletion of Cu and to formation of coherent
precipitates in optimum sizes. Increase was also attributed to
the increased fraction of precipitates, which reduced the
distortion. In overaged condition, loss of coherency leads to
decrease in the Young�s modulus. The Young�s modulus
depends on crystal structure, alloying, and phases. Young�s
modulus of an alloy is determined by elastic modulus and
volume fractions of its phases. Aging promotes precipitation of
the clusters and variations of the microstructure, which varies
the Young�s modulus (Ref 17, 18).

Figure 10 shows the XRD patterns of the (a) Ti powder, (b)
Nb powder, (c) Cu powder, and (d) sintered Ti-35Nb-10Cu
alloy. As-received titanium powder consists of alpha titanium
phase. Sintered alloy mainly consists of alpha titanium. Some
oxide (TiO2) was also formed on the surfaces of the sintered
specimens.

In general, biomedical implant (orthopaedic or dental)
materials for load bearing (bone replacement) applications are
fabricated to have sufficiently rough surface to increase
contact area with the surrounding tissues. Moreover, cell
viability is dependent on the surface roughness of the implant
material on which the cells are attached. In the present study,
the average roughness (Ra) of the specimens was about
10 lm, which is a suitable value for implant applications (Ref

Table 1 Electrochemical impedance spectroscopy parameters of the alloy obtained by fitting by equivalent electrical
circuit model

pH Rsol, X cm2 Rpore, X cm2 Cpore, S sa/cm2 n Rbarr, X cm2 Cbarr, S sa/cm2 m v2

7.40 17± 0,10 169± 12 0.005± 0.0001 0.96± 0.06 501± 66 0.015± 0.001 0.60± 0.07 949 10�6

5.00 4± 0.08 157± 12 0.003± 0.0001 0.94± 0.05 270± 57 0.015± 0.001 0.74± 0.08 949 10�6

2.50 14± 0.10 130± 11 0.002± 0.0001 0.99± 0.06 165± 49 0.018± 0.001 0.72± 0.08 169 10�6

Fig. 9 Effect of aging temperature on the mechanical of the speci-
mens

Fig. 10 XRD patterns of the (a) Ti powder, (b) Nb powder, (c) Cu
powder, and (d) sintered Ti-35Nb-10Cu alloy
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36). In addition, maximum height (Rt) and average maximum
height (Rz) values are measured and found to be 20 and
24 lm, respectively.

4. Conclusions

Beta-type Ti-35Nb-10Cu alloy for dental implant applica-
tions was produced by powder metallurgy technique. Cu
addition enhanced the sinterability and Cu-added compacts
were sintered at lower temperatures than the traditional Ti
alloys, due to the low melting point of the alloy. The
electrochemical impedance spectroscopy (EIS) results indicated
that the passive oxide film formed on the surface of the foam is
a bi-layer structure consisting of an outer porous layer and an
inner barrier layer. Electrochemical impedance values of the
barrier layer were higher than porous layer demonstrating that
the inner barrier layer ensured the foam with a good
electrochemical corrosion resistance. Increased fluoride con-
centration of the artificial saliva reduces its corrosion protection
behavior. Fluoride ions attack the alloys, and severity of this
attack depends on its concentration and pH level of the artificial
saliva. Electrochemical corrosion resistance of the specimens
decreases at high F concentrations and at low pH levels.
Electrochemical corrosion resistance of the alloys was slightly
decreased with precipitation hardening (aging). Diameters of
the capacitive open semi-arcs in Nyquist plots decreased with
aging.
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