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Abstract—Titanium and titanium alloys are intriguing materials having widespread industrial and medical
applications due to their excellent corrosion resistance and biocompatibility. These entice our interest to scru-
tinize the electrochemical and semiconducting properties of the naturally grown surficial oxide films on Ti
metal and its Ti–6Al–4V alloy in borate buffer solutions of pH 6, 7 and 8 at ambient temperature. The work
was carried out using open circuit potential measurements (OCP), potentiodynamic polarization (PDP),
electrochemical impedance spectroscopy (EIS), as well as Mott–Schottky (MS) analysis. For both tested
electrodes, the development of OCP in the noble direction with time reveals a continuous growth for their
native passive films. PDP results disclose that passive performance of Ti metal increases with increasing solu-
tion pH as indicative from the positive shift in the corrosion potential (Ecorr), significant increase in the polar-
ization resistance (Rp) and decrease in corrosion current density (icorr) values. However, for its Ti–6Al–4V
alloy, a contrary trend is perceived. The experimental EIS data are fitted to a suitable electrical equivalent cir-
cuit model and a number of important parameters including roughness factor (α), oxide film resistance (Rf)
and its thickness (df) are all estimated and discussed. The charge carrier donor concentration (Nd) and flat
band potential (Efb) estimated from MS analysis for the two samples were also correlated with the obtained
electrochemical results. Values for the parameters α, Rf and df are all found to be higher for the metal than its
alloy. Meanwhile, raising the solution pH leads these parameters to be boosted for Ti metal and conversely
getting lower for its alloy. This concludes a trend going opposite way depending on the tested Ti material that
is in agreement with the MS analysis revealing a higher Nd value for the alloy as compared to its metal. Such
trend is owing to formation of a more defective passive oxide film on the Ti–6Al–4V alloy as compared to the
one grown on its base metal.
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1. INTRODUCTION
Titanium (Ti) and titanium alloys have been

increasingly used in many industrial and technological
applications, such as chemical process industry and
aerospace materials due to their excellent corrosion
resistance and high strength to density ratio [1–4].
The passive films on Ti and its alloys allow them to
excellently satisfy their biocompatibility since those
films are characterized by their spontaneous forma-
tion, adherence, self-healing and stability [5–7].
More than one additive alloying elements could be
mixed to enhance the corrosion response of Ti to
expand its usage in different industrial sectors. Ti–
6Al–4V alloy is the most frequently one utilized in
biomedical [8], pipeline, marine and military applica-
tions [9]. For this alloy, addition of Al and V elements

are responsible about adverse reactions and various
disorders in the microstructure of its surface oxide
film, since these elements display a mixture of both α-
and β-oxide phases [9]. Nevertheless, properties of
this oxide film can be regulated through tailoring its
microstructure using different heat treatment condi-
tions [10].

The electrochemical impedance technique has
been used to examine passive films and provide valu-
able information on its electronic properties [11]. In
addition, Mott–Schottky plot is always used to study
the semiconducting properties of the passive film and
its conductivity nature (p- or n-type). The type of
semiconductor was affected by the constituents of
both passive film and testing environment. The semi-
conducting properties of passive film were of such
333
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importance in determining the electron and ion trans-
fer processes at both metal/oxide and oxide/electro-
lyte interfaces [12]. Thin semiconducting films are
required in solar techniques; especially application of
photo-electrochemical solar cells where a semicon-
ductor/electrolyte junction is of great interest due to
its simple preparation and possibilities of direct stor-
age of energy [13].

With regard to the numerous applications of Ti
materials, further investigation is increasingly import-
ant for better understanding their electrochemical
passivation and semiconducting traits especially in
relation to pH effect of the contacting environment.
Therefore, the present work aims to scrutinize the
electrochemical behavior of native surficial oxide lay-
ers on Ti and Ti–6Al–4V alloy in borate buffer solu-
tions of different pH including neutral, weakly acidic
and alkaline values. Moreover, Motty–Schottky anal-
ysis was used to make a comparative study of the semi-
conducting properties of the two tested materials in
those buffer solutions.

2. EXPERIMENTAL

2.1. Materials and Solutions

The two tested materials Ti metal with purity
99.5% and Ti–6Al–4V alloy with chemical composi-
tion in wt % of: 5.70 Al, 3.85 V, 0.18 Fe, 0.038 C, 0.106
O, 0.035 N, and balance Ti were supplied from John-
son and Matthey, England. Electrodes were in the
form of massive cylindrical rods having the same
length of 2 cm but with different diameters. Each spec-
imen was welded to an electrical copper wire and
encapsulated in a glass jacket with Araldite epoxy adhe-
sive resin leaving a cross-sectional area of 0.125 cm2 for
Ti and 0.282 cm2 for the alloy to serve as a working
electrode exposed to the electrolyte. Prior to each
experiment, the electrode surface was abraded pro-
gressively with fine SiC emery papers up to 1500 grit,
rinsed with deionized water, degreased in acetone and
dried in air. Borate buffer solution of pH 9.2 (0.05 M
Na2B4O7 ⋅ 10H2O + 0.006 M H3BO3) was used as a
stock electrolyte to prepare all tested buffer solutions
[14]. Few drops from 1.0 M HCl solution were care-
fully added to adjust the target pH values of 6, 7 and 8.
Borate electrolyte is conventionally employed for
investigating the semiconducting properties of oxide
films on different metals and alloys due to stable con-
dition of the surface films in borate buffer solution
[15]. All solutions used in the present work were pre-
pared using deionized water and the chemically pure
reagents as supplied. To ensure reproducible results,
the measurements were repeated in triplicate and the
mean values were statistically calculated.
PROTECTION OF METALS AND PHYSICAL
2.2. Electrochemical Measurements

Electrochemical measurements including poten-
tiodynamic polarization (PDP) scans, electrochemi-
cal impedance spectroscopy (EIS), and Mott–
Schottky (MS) plots were performed using the electro-
chemical workstation Metrohm Autolab PGSTAT302N
unit controlled with NOVA1.10 software. All experi-
ments were conducted in a conventional three-elec-
trode glass cell furnished with a platinum counter elec-
trode (CE), Ag/AgCl/sat. KCl reference electrode
(RE) and Ti metal or its Ti–6Al–4V alloy as the work-
ing electrode (WE). Impedance spectra were recorded
at the steady OCP value using an excitation AC signal
with amplitude of 10 mV peak-to-peak in the fre-
quency domain from 100 kHz down to 0.01 Hz. MS
measurements were performed using 10 mV AC signal
at a fixed frequency of 100 Hz over the potential win-
dow from –700 to 1500 mV (vs. Ag/AgCl) with a step
potential of 100 mV. EIS and MS measurements were
started after monitoring the OCP for 180 s to ensure a
stable electrochemical conditions. Potentiodynamic
polarization curves were scanned at a rate of 1.0 mV s–1

from –1200 to 600 mV (vs. Ag/AgCl). Corrosion cur-
rent density (icorr) which is equivalent to the corrosion
rate of the specimen was estimated using Tafel extrap-
olation method. All experiments were carried out
inside an air thermostat which was kept at 25°C. Each
measurement was performed in triplicate using a new
clean sample surface and fresh solution to guarantee
data reproducibility.

3. RESULTS AND DISCUSSION

3.1. OCP Measurements

Open circuit potential (Eocp) was measured as a
function of immersion time for each of Ti metal and
Ti–6Al–4V alloy in borate buffer solutions with dif-
ferent pH values of 6, 7 and 8 at 25°C. As it can be
shown in Fig. 1, Eocp of the two electrodes exhibits
similar behavior where it increases upright towards a
more positive potential within the first few minutes
reaching a maximum value after 1800 s immersion
time. This behavior indicates continuous growth of a
passive layer on the sample surface leading to increase
its self-passivation. For Ti metal, Eocp gets nobler with
increasing the pH value from 6 to 8, while for Ti–6Al–
4V alloy an opposite trend is observed. Such reverse
trend can be attributed to the alloying Al and V ele-
ments in the sample, which are likely incorporated in
the crystalline lattice of the passive film spawning in a
growth of mixed oxide having microstructure with dif-
ferent degree of disorder as compared to the single
TiO2 film that is formed on Ti metal [16, 17]. This
behavior will be further explored in the following two
coming sections.
 CHEMISTRY OF SURFACES  Vol. 56  No. 2  2020
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Fig. 1. Variation of EOCP (vs. Ag/AgCl) with time for Ti metal and its Ti–6Al–4V alloy as a function of the borate solution pH at
25oC.
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Fig. 2. Cathodic and anodic polarization curves for Ti metal and its Ti–6Al–4V alloy in borate buffer solution with different pH
at 25oC.
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3.2. Potentiodynamic Polarization Measurements

Potentiodynamic polarization curves were
recorded by scanning the potential of the working
electrode from the cathodic value of –1.200 V up to
the final anodic value of 0.600 V (vs. Ag/AgCl) with
a rate of 1.0 mV s–1. Figure 2 depicts the effect of the
borate pH on cathodic and anodic polarization curves
for Ti and its alloy. Generally, both materials display a
narrow anodic active dissolution region followed
directly by a steady passive current zone with no sign
for a discerned active passive transition peak [18].
Additionally, the results clearly demonstrate that with
PROTECTION OF METALS AND PHYSICAL CHEMISTR
increasing solution pH from 6 to 8, the whole polar-
ization curve shifts towards nobler potential values in
case of Ti metal and towards less nobler values in case
of its Ti–6Al–4V alloy. This behavior is in good agree-
ment with the OCP results.

It is also noticeable that the magnitude of the
cathodic current density for the cathodic reaction on
both samples decreases with increasing pH of the
borate buffer solutions. In the present naturally aer-
ated test solutions, this indicates a similar predomi-
nant cathodic process occurring on the metallic sur-
face through dissolved oxygen reduction according to
the following equation [16, 19]:
Y OF SURFACES  Vol. 56  No. 2  2020
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Table 1. Electrochemical polarization corrosion parameters for Ti metal and its Ti–6Al–4V alloy in borate buffer solutions
with different pH values at 25oC

pH βa, V/dec –βc, V/dec Ecorr, vs. Ag/AgCl (V) icorr, μA/cm2 CR, mm y–1 Rp, kΩ cm2

Ti
6 0.474 1.198 –0.512 4.912 0.171 240.52
7 0.384 0.469 –0.454 2.898 0.101 253.34
8 0.351 0.493 –0.389 2.653 0.092 268.40

Ti–6Al–4V
6 0.426 0.569 –0.418 2.707 0.095 118.32
7 0.474 0.376 –0.495 2.731 0.097 107.38
8 0.718 0.340 –0.557 4.778 0.169 101.50
(1)
Various electrochemical corrosion parameters

including corrosion current density (icorr) and corro-
sion potential (Ecorr), anodic and cathodic Tafel slopes
(βa and βc) were evaluated from the polarization
curves using Tafel extrapolation method [16], as given
in Table 1. According to Stern–Geary relationship
[20], the polarization resistance (Rp) can be related to
the instantaneous corrosion rate (icorr) via the expres-
sion (Eq. (2)):

(2)

Also, the corrosion rate (CR) in mm y–1 can be esti-
mated from Eq. (3) as follows:

(3)

where icorr is the measured corrosion current density in
A cm–2 as obtained from Tafel extrapolation method,
K is defined as a constant expressing the corrosion rate
units, EW is the equivalent weight for titanium in g
equi–1 and d is its density (4.51 g cm–3) [21, 22].

The results in Table 1 clearly indicate that Ti metal
has its higher propensity for passivation in pH 8 borate
solution as marked by its higher Rp and lower CR val-
ues as well as nobler Ecorr in comparison with the val-
ues in the other two solutions. On contrast, for Ti–
6Al–4V alloy it exhibits its higher passivation perfor-
mance in the acidic pH 6 borate solution as compared
to the neutral and alkaline ones of pH 7 and 8, respec-
tively. The passivation tendency referring to an
advanced corrosion protection effect is thus enhanced
more for pure Ti sample by raising the solution pH and
for its alloy sample by lowering it. This output result
can be attributed to the presence of Al and V alloying
elements in the lattice of the passive oxide film grown
on the alloy surface rendering it to be more stable in
solution with lower pH, as alumina is more prone to
dissolution in solution with higher pH value [23]. Pre-
vious results by Contu et al. [24] could similarly verify
this empirical fact where it was found that Ti–6Al–
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17Nb alloy showed the highest corrosion resistance in
acidic solution and the least resistance value in the
alkaline one.

It is well recognized that Ti metal in air has higher
tendency to cover its surface by a stable oxide film
(TiO2) of about 1–4 nm thick that can protect the bulk
metal from further oxidation [25, 26]. In borate buffer
solution the oxide grows up and its homogeneity is
highly dependent on the pH value of the contacting
medium. The present results indicate that the intensity
of corrosion damage of pure Ti is high in acidic pH
and decreases in the alkaline one [27] while for its Ti–
6Al–4V alloy a better oxide film is likely formed at pH 6
than at higher pH values of 7 and 8 owing to the growth
and formation of surface oxide film with better stabil-
ity in lower than in higher pH borate buffer solution.
The effect of adding Al and V elements in the alloy can
be more clarified from the EIS results in the below
section.

3.3. EIS Measurements
EIS is a powerful non-ionizing and non-destruc-

tive technique with high sensitivity to interfacial pro-
cesses and surface geometry which is used in a wide
frequency band width [28]. Figure 3a, b presents the
Bode and Nyquist diagrams for Ti metal and its Ti–
6Al–4V alloy in borate buffer solutions with different
pH under natural convection. In each solution the
impedance spectra were recorded at the sample OCP
over the frequency domain 100 kHz down to 0.01 Hz.
Generally, the two tested samples exhibit similar plot
shape on each format indicating similar corrosion
mechanisms taking place on their surfaces. The Bode
diagrams shown in Fig. 3a are all characterized by
a high capacitive behavior occurring over a wide fre-
quency domain from 0.01 up to 1000 Hz (LF to MF)
typically of passive materials [23, 29, 30] This is repre-
sented by a linear diagonal with a negative slope in the
log|Z| vs. log f plot that ends by a resistive horizontal
segment at the high frequency (HF) range >1000 Hz.
As it can be seen, for pure Ti sample the slope of the
impedance diagonal becomes steeper with increasing
 CHEMISTRY OF SURFACES  Vol. 56  No. 2  2020
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Fig. 3. (a) Bode and (b) Nyquist diagrams for Ti metal and its Ti–6Al–4V alloy in borate buffer solutions with different pH values
at 25°C.
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borate pH from 6 to 8, but for its Ti–6Al–4V alloy it is
detected to be less steep in alkaline than in neutral or
acidic buffer solutions. Likewise, the Nyquist dia-
grams shown in Fig. 3b indicate a behavior of blocking
surface as each plot exhibits an arc of single incom-
plete capacitive loop. The diameter of this arc
increases for the metal sample and decreases for the
alloy with increasing pH of the borate solution. It is
thus evident that Ti metal displays higher surface resis-
tance in alkaline rather than in neutral or acidic borate
solution while its alloy demonstrates its highest surface
resistance in acidic as compared to neutral and alka-
line borate solutions. Furthermore, in the Bode dia-
grams (Fig. 3a) the maximum single phase angle (θmax)
appeared at the MF region is less than the ideal value
PROTECTION OF METALS AND PHYSICAL CHEMISTR
of –90°. Upon increasing borate buffer pH, θmax
increases with a concomitant shifts towards higher fre-
quency where its value is ranged between –73° to –80°
for the metal and between –72° to –75° for the alloy.
The lower θmax values for the alloy in comparison to its
base metal suggests that passive oxide layers grown on
pure Ti surface have more perfect structure than those
formed on the alloy sample.

Based on the present results showing one time con-
stant behavior, the experimental EIS data for Ti metal
and its Ti–6Al–4V alloy can be analyzed using the
simple Randles’ equivalent circuit (EC) presented in
Fig. 4. In this model Rs stands for the solution resis-
tance between working and reference electrodes in
series connection with RC parallel combination (RfCf)
Y OF SURFACES  Vol. 56  No. 2  2020
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Fig. 4. Electrical equivalent circuit model used to fit the
experimental EIS data.
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into which Rf expresses the resistance associated with
the transport of ions across the surface oxide film and
Cf accounts for its faradaic capacitance. To acquire
satisfactory fitting results with an average error of less
than 0.5%, impedance associated with surface oxide
film capacitance was described by the complex fre-
quency impedance of a constant phase element (ZCPE)
defined as [16, 30, 31]:

(4)

where the admittance (C) and the exponent (α) of the
CPE are both independent of the frequency (f) and j is
the imaginary number (–1)1/2. In practice, the empir-
ical exponential term (α) of the CPE is often ranged
between zero to one (0 ≤ α ≤ 1), and its deviation from
unity is an indication of the CPE deviation from an
ideal capacitive behavior. The parameter ω = 2πf is the
angular frequency (rad s–1), and ZCPE would be equal
to C–1 (Ω cm2) when ω = 1 [32].

Designation of the CFE to the surface oxide film
can be validated by plotting a relationship between
imaginary parts (logZim) of the CPE impedance versus
log f for Ti metal, as a typical example. The obtained
linear plots with constant slope values equal to (–α) as
presented in Fig. 5, indicate that the CPE in all tested

α −= ω 1
CPE [ ( ,) ]Z C j
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Table 2. Equivalent circuit and Mott–Schottky parameters fo
with different pH values at 25oC

pH Rf, kΩ cm2 Cf, μF cm–2 α Rs, Ω cm

Ti
6 98.13 7.880 0.882 20.4
7 180.20 6.880 0.893 19.8
8 221.37 5.984 0.899 17.1

Ti–6Al–4V
6 91.09 7.529 0.845 31.3
7 68.75 8.050 0.827 17.9
8 50.00 9.078 0.823 14.1
borate solutions is due to the spontaneously grown
protective oxide film on its surface and does not assign
to the double layer capacitance [31, 33]. The numeri-
cal values of all equivalent circuit parameters resulting
from the fitting procedure are summarized in Table 2
for the two tested samples as a function of borate solu-
tion pH. Generally, the results obtained from EIS cor-
roborate the OCP and PDP results, where they con-
firm that increasing pH of the borate medium is an
effective way favoring the growth of a better oxide film
with higher resistance for Ti metal, but then again the
opposite is noticed for its Ti–6Al–4V alloy.

Moreover, as it can be clearly seen, there is an
inverse correlation between the increasing and
decreasing trends of film resistance (Rf) along with the
increase in borate buffer pH and the trend of film
capacitance (Cf) for Ti metal and its Ti–6Al–4V alloy,
respectively. Considering the passive film as a dielec-
tric parallel plate capacitor, the oxide layer thickness
(d) was estimated from the following expression [23,
33–35]: d = εε0A/Cf, where A is the sample surface
area, Cf is the oxide layer capacitance, ε is the dielec-
tric constant of the oxide film taken as 60 according to
 CHEMISTRY OF SURFACES  Vol. 56  No. 2  2020

r Ti metal and its Ti–6Al–4V alloy in borate buffer solutions

2 df, nm Efb, vs. Ag/AgCl (V) Nd ×10–20, cm–3

6.742 0.073 1.68
7.722 0.111 1.27
8.878 0.169 1.09

7.056 0.277 1.94
6.599 0.239 2.10
5.852 0.061 2.29
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Fig. 6. Variation of the roughness factor (α) and oxide film
resistance (Rf) for Ti metal and its Ti–6Al–4V alloy as a
function of the borate solution pH at 25°C.
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previous studies on Ti materials [35–37] and ε0 =
8.854 × 10–14 F cm–1 is the vacuum permittivity. It fol-
lows that the obtained results (Table 2) for both sam-
ples display a direct correlation between the oxide
layer thickness (df) and its resistance (Rf) proving that
thicker and compact passive film is more resistive and
offer a better protection performance than the thinner
and more defective or less dense one [38]. The greater
values of the parameter (α) for Ti metal than those for
its Ti–6Al–4V alloy give more evidence that sponta-
neously deposited oxide films on pure Ti sample are
always more homogeneous and coherent than those
grown on its Ti–6Al–4V alloy. In good agreement
with the PDP results are the present EIS findings
reflecting that for both titanium materials the corro-
sion resistance is mainly determined by the thickness
and homogeneity of the surface oxide film formed
spontaneously on the sample surface. Figure 6
demonstrates the relationship between roughness
parameter (α) and passive film resistance (Rf) for both
Ti metal and its Ti–6Al–4V alloy as a function of the
borate buffer pH.

3.4. Mott-Schottky Analysis

The nature of passive films grown spontaneously
on Ti metal or its Ti–6Al–4V alloy control their cor-
rosion resistance as they impede the f low of current
across the metal/solution interface in a given environ-
ment. The point defect model (PDM-I) [39] has pro-
posed that the passive film comprises a single defective
oxide layer containing cation and oxygen vacancies.
The presence of point defects in these films makes
them showing different semiconductor properties.
Hence, in addition to the chemical composition and
microstructure features, electronic properties of these
passive films are of importance to understand the elec-
trochemical corrosion mechanism of their basic
metallic materials. The electronic properties of passive
films are best understood by Mott–Schottky analysis
[35–37], which involves electrochemical impedance
measurements at fixed frequency with increasing
applied bias potential ( ) so that variation of the
capacitance of the space charge region with the
applied  can be followed. In fact, the capacitance (C)
of a semiconductor/electrolyte interface is related to
the space charge layer capacitance (Csc) and the
Helmholtz capacitance (CH) by the relation: C–1 =

. Normally, CH  Csc and therefore  can
be neglected. Consequently, the determined capaci-
tance is in effect from the contribution of the space
charge layer (C ≈ Csc). Based on that, the potential
dependence of Csc is thus given by the well-known
Mott–Schottky equation [40]:

E

E

− −+1 1
sc HC C @

−1
HC
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(5)

(6)

where Nd and Na are the donor density and acceptor den-
sity, respectively. Efb denotes the flat band potential,  is
the electron elementary charge (1.602 × 10–19 C), ε and
ε0 have the same meaning as before, A is the electrode
surface area, k is the Boltzmann constant (1.38 × 10–23 J
K–1) and T is the absolute temperature (298 K). Usu-
ally, the value of  equal 0.025 V at 298 K, is
smaller than the difference (E  Efb) and can be
ignored in the standard studies. The f lat band poten-
tial ( ) and the charge carrier donor concentration
(Nd) can be obtained from the extrapolation of the fit-
ted linear regions of straight line and the slope of this
plot. According to Eq. (5), a plot of 1/C2 vs. E is linear
and Nd value is commonly calculated from the slope of
this plot according to Eq. (7):

(7)

Also, the flat band potential ( ) can be estimated
from the intercept of the plot and the slope, using Eq. (8):

(8)

where the factor (kT/qe) is ignored as indicated above.
The flat band potential is related to the space charge
layer which is generated when the working electrode
bearing the passive film is immersed into the aqueous
electrolyte at a specified pH value.
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Fig. 7. Variation of capacitances for passive film formed in
Ti–6Al–4V alloy as a function of the frequency (log f) at
25°C.

Ti–6Al–4V

–2 –1 0 1 2 3 4 5

C
/F

 c
m

–
2

0

1e–9

2e–9

3e–9

4e–9
6
7
8

100 Hz

log(f/Hz)
Based on the electron band theory of solids [41],
the oxide is considered as n-type semiconductor if the
number of electrons in the oxide conduction band is
larger than that of holes in valence band (as e.g. ZnO),
whilst it becomes p-type if the reverse is happened (as
e.g. NiO). To select the optimized frequency (f) for the
Mott–Schottky experiments, a set of capacitance
measurements was first recorded as a function of f over
the range from 0.01 to 100 kHz for spontaneous pas-
sive film formed on Ti metal and Ti–6Al–4V alloy
samples immersed in borate buffer solutions with three
different pH values at 25°C, as displayed in Fig. 7 for the
alloy sample, as being a typical example. It can be
clearly seen that, the measured capacitance exhibits a
substantial decrease in its value as the frequency is
increased until reaching a definite frequency region for
which the capacitance has almost constant value [38].
Frequency of 100 Hz was taken as a reference fre-
quency for the Mott–Schottky measurement experi-
ments.
PROTECTION OF METALS AND PHYSICAL

Fig. 8. Mott–Schottky plots for spontaneous surface films forme
with different pH at 25°C.
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Mott–Schottky plots (C–2 vs. E) at potential range
from –0.7 to 1.5 V vs. Ag/AgCl for native passive films
on Ti metal and its Ti–6Al–4V alloy in borate buffer
solutions of pH 6, 7 or 8 (Fig. 8) show linear relation-
ships bend upwards with positive slopes. This implies
that passive films on the working electrodes behave as
n-type semiconductors. The negative conduction
character is developed in the non-stoichiometric pas-
sive films either by cation transport through interstitial
diffusion or by oxygen anion diffusion into the metal
through oxygen vacancy point defects in their micro-
structures [35, 36, 42]. The relationships in Fig. 8 are
very precise to describe any change in charge carrier
donor concentration (Nd) and its distribution in the
passive layer when Ti material is immersed in test elec-
trolytes with different pH values. It is well established
that, Nd is produced due to the presence of continuous
defect generation and annihilation processes at the
metal/film (m/f) and film/solution (f/s) interfaces
[39]. Charge-transfer processes occurred across the
interface between the working electrode and the test
electrolyte are dependent upon the interfacial poten-
tial being termed as electrode potential in electro-
chemistry and represents in physics the energy level of
electrons or the Fermi level. The impact that the pH of
aqueous borate buffer solution has on the electronic
properties of native passive films on Ti metal and its
alloy is best illustrated by estimating the donor density
(Nd) and flat band potential ( ) using Fig. 8 and Eqs.
(7) and (8). The obtained values for the two samples
are listed also in Table 2. Careful inspection of values
in Table 2 reveal several interesting features.

(1) For both tested Ti materials, Nd values are in the
order of 1020 cm–3 and are in good consistent with the
previously recorded values in the literature [35, 36,
43]. The exact Nd value depends on both the composi-
tion of Ti material and the pH of prevailing borate
solution. Thus, for pure Ti metal Nd is 1.68 × 1020 cm–3 at
pH 6 and decreases to 1.09 × 1020 cm–3 at pH 8.

fbE
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Fig. 9. Variation of donor density (Nd) and oxide film
thickness (df) for Ti metal and its Ti–6Al–4V alloy as a
function of the borate solution pH at 25°C.
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Whereas in the contrary, for Ti–6Al–4V alloy Nd is
1.94 × 1020 cm–3 at pH 6 and notably increases with
pH achieving 2.29 × 1020 cm–3 at pH 8.

(2) With increasing borate solution pH, there is an
inverse correlation between Nd value and the oxide
film resistance (Rf) or its thickness (df). This trait
reflects the dependency of Nd on the microstructure of
spontaneously grown oxide film having the general
chemical formula of TiO2 – x [35, 43].

(3) With the increase of film thickness (df) on Ti
metal by pH increase of the borate solution or by pH
decrease in the case of Ti–6Al–4V alloy, the observed
Nd value is decreased as demonstrated in Fig. 9. Such
behavior is in agreement with PDP results, since the
electrochemical reaction is controlled by electron
transfer, and the decrease in Nd value can limit the
electron transmission process. Hence, a reduction in
the number of charge carrier point defects in the pas-
sive film should lead to a noticeable decrease in the
corrosion rate of titanium material underneath spawn-
ing a remarkable improvement in its corrosion resis-
tance (see Table 1).

(4) Over the studied pH range (6–8) of the borate
solutions, Nd values for Ti metal are always lower than
their corresponding values for Ti–6Al–4V alloy. In
a stable passive state, the PDM [39] envisioned that
the migration of oxygen and/or cation vacancies
through the passive film governs the whole electro-
chemical process. It follows that for Ti metal, passive
films with fewer defects and thus preferable protective
capability are formed in borate medium as compared
to those for its alloy.

(5) For n-type semiconductive passive film, it is
worth to note that the width of the space charge layer
(dsc) is given by the following equation [36, 40, 42]:

(9)

Generally, this dsc value can be scaled with the pas-
sive film thickness if the charge is uniformly distrib-
uted across the film [44]. Hence, it is reasonable to
conclude that passive films on Ti metal are thicker,
more compact, and thus more stable than the corre-
sponding ones on its Ti–6A–4V alloy under similar
conditions.

(6) As for the f lat band potential (Efb), Table 2
reveals a direct correlation between its value and the
oxide thickness value (df) for the two titanium sam-
ples. Therefore, the observed increase in Efb for pure
Ti metal, by increasing the borate pH, and for the
alloy, by decreasing the borate pH, can be considered
as a direct consequence for the impact of the decreas-
ing trend of Nd value with the film thickness (df). This
gives additional support to the present findings as Efb
is very sensitive to changes in the film microstructure
and morphology. To this end, we can say that the
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1 2
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sc fb
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2 .
   

d E E
q N
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obtained electrochemical and electronic data are all
consistent with each other. Generally, results indicate
that the propensity to form a passive film with better
protective effect in borate buffer medium is highly pH
dependent as being favored for Ti metal by raising the
solution pH and for Ti–6A–4V alloy by lowering it.

4. CONCLUSIONS
Oxide films grown spontaneously in borate buffer

solutions on Ti metal are more stable in comparison to
the ones grown on its Ti–6Al–4V alloy as revealed
from the recorded open circuit potential (Eocp) values
at different pH of 6, 7, and 8.

— Polarization resistance (Rp) value of Ti metal
increases with increasing the pH from 6 to 8, but it
decreases for its Ti–6Al–4V alloy. Such behavior is
attributed to increasing corrosion susceptibility of the
alloy in alkaline media.

— EIS results indicate that the oxide film resis-
tance (Rf) and its thickness (df) are both increased for
the metal and decreased for the alloy with increasing
solution pH.

— The heterogeneity or roughness parameter (α),
as well as Rf values evidence that oxide films formed on
Ti metal are less defective and more resistive than
those grown on its Ti–6Al–4V alloy. At any given pH
value, these two parameters are always higher for the
metal than for the alloy.

— Mott–Schottky analysis was used to investigate
the type and point defect concentration, as well as the
flat band potential (Efb) of the oxide films. The results
prove that passive films grown spontaneously on Ti
metal and its Ti–6Al–4V alloy are of n-type semicon-
ductor character and their charge carrier donor density
(Nd) values are inversely correlated with the film thick-
ness (df). For Ti metal Nd value is always lower than for
its Ti–6Al–4V alloy. It follows that, for Ti metal pas-
Y OF SURFACES  Vol. 56  No. 2  2020
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sive films with fewer defects and thus enhanced pro-
tective capability are formed in borate medium in
comparison to those formed on its alloy.

— The observed increase in Efb for pure Ti metal,
by increasing the borate pH, and for the alloy, by
decreasing the borate pH, can be considered as a
direct result for the impact of the decreasing trend of
Nd with the film thickness (df). This gives additional
support to the present findings as Efb is very sensitive
to changes in film microstructure.
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