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The effects of dissolved oxygen on the electrochemical behavior and semiconductor properties of passive
film formed on 316L SS in three solutions with different dissolved oxygen were studied by using polar-
ization curve, Mott-Schottky analysis and the point defect model (PDM). The results show that higher

dissolved oxygen accelerates both anodic and cathodic process. Based on Mott-Schottky analysis and
PDM, the key parameters for passive film, donor density Ny, flat-band potential Eg, and diffusivity of
defects Dy were calculated. The results display that Ng(1—7 x 102’ m~3) and Dg(1-18 x 107'¢ cm?/s)
increase and Eg, value reduces with the dissolved oxygen in solution.
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1. Introduction

Stainless steels are usually used in environments that contain
oxygen, so it is useful to consider how dissolved oxygen in solution
affects the electrochemical behavior of passive film formed on
stainless steel. Over last several decades, there have been numer-
ous efforts in such field. Obviously, the oxygen reduction reaction
is one of the most relevant cathodic processes in different fields of
the electrochemistry. Qiao et al. [1] has tried to make an apparent
relationship between effects of oxygen and corrosion process of
high nitrogen bearing stainless steel. It is indicated that saturating
0.05 M H,S0, solution with nitrogen to remove oxygen from the
system decreased the potential slightly in negative direction and
reduced the current densities below that of the aerated solution.

Moreover, many other authors have researched the influences
of dissolved oxygen on the structure, composition and growth of
passive films formed on metal or alloy. A study [2] about oxygen
evolution and porous anodic alumina formation believed that the
reaction of oxygen evolution during anodization plays a crucial
role in determining the morphology of anodic films. It believed that
the oxygen bubbles evolved during anodization under normal
atmospheric pressure cannot leave from the film surface immedi-
ately due to the adsorption of the film surface, which caused many
pores and grooves in the alumina layer. Another deeper study [3]
about residual flaws due to formation of oxygen bubbles in anodic
alumina suggested that the formation of oxygen bubbles within
anodic alumina, by oxidation of 0%~ ions in the vicinity of the
metal/film interface, are considered as one type of residual flaw,
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which are the preferred sites of pitting and dielectric breakdown.
So, enough oxygen bubbles in the solution are able to change the
structure, morphology and growth of passive films, which directly
affect the anodic dissolution of metal.

Besides of the effects of oxygen on electrochemical behavior,
that on the semiconductor properties of passive films also needs
our more attentions. In general, the passive films of metal are
mainly made up of metallic oxides or hydroxides which are envis-
aged as semiconductors. Mott-Schottky analysis, as a good method,
has been widely used to study and characterize the semiconductor
properties of passive films, such as the passive films on chromium,
nickel, aluminum and stainless steels [4-7]. Fattah-alhosseini et al.
[8] used Mott-Schottky analysis and point defect model (PDM) to
investigate the effects of H,SO, solution concentration on semicon-
ductor properties of passive films formed on stainless steels. They
indicated that the diffusivities and densities of the defects within
the passive film increased with the H,SO,4 solution concentration.
And the passive films formed on stainless steels at different poten-
tials in acids solution all performed n-type semiconductor property.

Although the relationship between dissolved oxygen and elec-
trochemical behavior of passive film formed on stainless steels is
made clear by previous authors, unfortunately a complete under-
standing of how oxygen influenced stainless steel passive layer is
still lacking. This, however, is a key point for the comprehension
of many corrosion mechanisms. In this paper, according to a
variety of techniques, including potentiodynamic polarization,
Mott-Schottky analysis and PDM, we give a full explanation to
the effects of dissolved oxygen in the borate buffer solution on
cathodic and anodic process of 316L SS. And three parameters,
donor density Ny, flat-band potential Eg, and diffusion coefficient
Dy, are calculated in this paper, which could accurately character-
ize the corrosion resistance of passive film. More importantly, the
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relationship between dissolved oxygen and such parameters is
given in this paper. It is quite useful to understand the effects of
oxygen on properties of passive film.

2. Experimental
2.1. Electrodes and solutions

The 316L stainless steel was investigated in this paper, with the
chemical composition (in wt.%): 0.60Si, 0.80Mn, 0.013P, 2.28Mo,
17.14Cr, 12.58Ni, 0.014C, 0.073S. The specimen with the size of
10 mm x 10 mm x 3 mm was soldered to a copper wire for electri-
cal connection, using lead-containing solder and phosphoric acid
flux, and was mounted in epoxy resin with only 1 cm? of surface area
exposure to solution. The working surface of the specimen was
abraded to a mirror finish with 2000 SiC paper, cleaned with distilled
water and acetone, and then dried in cold air immediately before
electrochemical tests. Electrochemical experiments were carried
out on a Vmp3 advanced electrochemical system from Princeton
Applied Research. A saturated calomel electrode (SCE) and a large
graphite plate served as the reference electrode and the counter elec-
trode respectively. All experiments in this paper were conducted in
borate buffer solution 0.05 M H3BO3 + 0.075 M Na,B40,-10H,0 (pH
9.0)at 22 °C, in which different dissolved oxygen contents were con-
trolled by blowing N,, O, and no blowing gas respectively.

2.2. Open-circuit potential measurement in situ

The working specimen was polarized potentiostatically in elec-
trolyte for 10 min at —1.3 Vscg to remove the air-formed film before
all electrochemical experiments. The open-circuit potential (OCP)
of the specimen was performed in static electrolyte (without blow-
ing gas). Until the OCP values were stable enough, O, gas was
blown smoothly into the solution with the gas-guide tube close
to the inner side of the electrolytic cell. During the process of sat-
urating the solution with oxygen, the OCP measurement was still
running.

2.3. Potentiodynamic polarization and EIS measurements

The potentiodynamic polarization tests in solutions with differ-
ent dissolved oxygen were carried out on the potential scan rate of
1 mV/s and the potential range from —0.8 Vscg to 1.1 Vg for eval-
uating the electrochemical corrosion behavior. Before the electro-
chemical impedance spectroscopy (EIS), the specimens firstly
were polarized at —0.2 Vscg, —0.1 Vscg, 0 Vg, 0.1 Vg, and 0.2 Vsce
respectively for 2 h to ensure that stable enough film was formed
on the specimen. The EIS experiment was conducted over the fre-
quency from 100 kHz to 2 mHz using a 10 mV sinusoidal potential
modulation (peak to peak) around the film formation potentials.

2.4. Mott-Schottky measurements

Mott-Schottky analysis was employed to characterize the semi-
conducting properties of the passive film formed in solutions with
different dissolved oxygen, before which the specimen was polar-
ized at —0.2 VSCEv -0.1 VSCEv 0 VSCEv 0.1 VSCEv and 0.2 VSCE respec-
tively for 2 h. Potential sweeps are carried out from —0.3 Vscg to
0.6 Vscg with an amplitude signal of 10 mV, at a scan rate of
20 mV/s. In view of the controversy about the measured frequency
between the literatures indicating that the electronic properties of
the passive layer do not change with the frequency at 600-
6000 Hz, and others holding that the capacitance vary a lot with
the frequency [9,10], The very commonplace frequency value
1000 Hz was used in this investigation.

3. Results and discussion
3.1. Open-circuit potential measurement in situ

In Fig. 1, OCP plots of the specimen recorded in 0.05M
H3BOs + 0.075 M Na,B407-10H,0 solution are reported before and
after blowing oxygen. It is obvious that before saturating the solu-
tion with oxygen, the OCP values of specimen are stable enough
around —0.25 Vscg at 1800 s. And then oxygen is blown smoothly
into solution with the gas-guide tube close to the inner side of
the vessel. During the process of blowing air, the solution stirring
caused by the air bubble moving upward to fluid level is ignored
because of blowing slowly enough and the far distance between
the gas-guide tube and working electrode. After blowing oxygen
for half an hour, it can be seen from Fig. 1 that the OCP values de-
crease sharply from —0.25 Vscg to another stable enough potential
value around —0.38 Vsce. And then, oxygen is stopped to be blew
into solution, the OCP values of the working electrode are not var-
iable in solution. Around 7000 s, oxygen is started to be blew into
solution again, however the OCP values of specimen still do not
change, which suggests that the dissolved oxygen is saturated en-
ough that the redundant oxygen blowing has little influence on the
OCP values.

The value of OCP is defined as the potential drop in Helmholtz
double layers, which strongly depends on the surface state of pas-
sive films formed on specimens. This means that negative and po-
sitive charges respectively occupying both sides of Helmholtz
double layers are equilibrium at 1800 s, so OCP reach the stable va-
lue at 1800 s. After 1800 s, oxygen is started to be blew into solu-
tion. The introduction of oxygen changes the surface state of
passive film, further disturbs the equilibrium distribution of
charges in Helmholtz double layers, and finally makes them to an-
other equilibrium state at which the potential drop in Helmholtz
double layers is more negative. It is because higher oxygen in solu-
tion most likely results in more oxygen vacancies in the surface of
passive film, which would be demonstrated in later evidences.
Such vacancies serve as a kind of trap accumulating negative
charges in the surface of passive film, which causes the more neg-
ative potential drop in Helmholtz double layers. So, the stable OCP
values of 316L stainless steels decrease with the dissolved oxygen.

3.2. Potentiodynamic polarization

Fig. 2 displays the polarization curves for the 316L SS in borate
buffer solution with different dissolved oxygen contents. From
Fig. 2, we can clearly figure out the following results: (1) Ecorro,
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Fig. 1. Evolution with time of the open-circuit potential of 316L SS in borate buffer
solution before and after blowing O,.
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Fig. 2. Potentiodynamic polarization curve for 316L SS in borate buffer solution
with different dissolved oxygen. The scan rate was 1 mV/s.

the value of corrosion potential in solution, is larger than that in
solution with saturated nitrogen, Ecor1. This means that saturating
the solution with nitrogen to eliminate oxygen from the solution is
found to decrease the potential slightly in the negative direction.
(2) Meanwhile, blowing nitrogen into solution also brings down
the cathodic current density, which indicates that the decrease of
dissolved oxygen apparently influences on the cathodic process.
However it has few influences on anodic process, since two anodic
curves are almost overlapping. (3) E.or3, the corrosion potential in
solution with saturated oxygen, is much lower than E.; and
Ecorro. Moreover, the passive current I, of the specimen in saturated
oxygen solution is largest. So, blowing oxygen into solution di-
rectly influences the anodic process. In sum, the low content of dis-
solved oxygen in solution increases the corrosion potential Ecq.
and only affects cathodic process; while the high dissolved oxygen
reduces the value of E.,; and influences both anodic and cathodic
process.

Based on the experimental results in Fig. 2, dissolved oxygen
content in solution remarkably affects the corrosion behavior of
the 316L SS. The ideal polarization curves in Fig. 3 are used to ex-
plain the effects of oxygen concentration. The curve A; represents
the possible ideal anodic polarization curve of 316L SS in solution;
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Fig. 3. Supposed diagram of ideal polarization curves for the borate buffer solution
with different dissolved oxygen. A; and B; represent the anodic polarization curve
and the cathodic curve respectively in solution with saturated nitrogen; A; and B,
for the curves in solution; A, and Bs for the curves in solution with saturated
oxygen.

while the curve B, represents the ideal cathodic reaction of O,
reduction. It is easy to find out that there is a point of intersection
between anodic curve A, and cathodic curve B,, which represents
the corrosion potential E.y». The cathodic reaction is:

40H" <= 0, + 2H,0 + 4e )

RT . Do
Eo]—r/oz = E(gH’/Oz + E In GgHzf

2)

where Eou- 0, is the equilibrium potential of Eq. (1); ESH Jo, 1S the
standard equilibrium potential of Eq. (1); R is gas constant; T is
the absolute temperature; F is the Faraday’s constant; Po, is the
oxygen partial pressure and aoy- is activity coefficient of OH™.

From the Eq. (2), Eon- 0, is closely related with the partial pres-
sure of oxygen Po,. The value of Eoy-,0, decreases as Po, reduces.
So, when slowly blowing nitrogen into solution to eliminate oxy-
gen, the ideal cathodic polarization curve will move slightly in
the negative direction, which explains how dissolved oxygen af-
fects the cathodic process. Until the solution full of saturated nitro-
gen, the ideal cathodic polarization curve finally becomes into
curve B;. If blowing nitrogen into solution has few influences on
the anodic process, the corrosion process in solution with satu-
rated nitrogen will be composed of cathodic curve B; and anodic
Ai. In this case, the point of intersection of curve A; and B; repre-
sents the corrosion potential E.1, Which explains why the value
of Ecorrz in the solution is higher than E.. in saturated nitrogen
solution.

Likewise, when slowly saturating the solution with oxygen, the
ideal cathodic polarization oxygen would move in the positive
direction according to the Eq. (2), finally to Bs. Meanwhile, the dis-
solved oxygen in solution is enough to influence the anodic pro-
cess, which makes the ideal anodic polarization curve move to
A,. The reason why saturated oxygen results in the anodic curve
right shift will be explained in later discussions. So, the corrosion
behavior in solution with saturated oxygen is made up of curves
A, and Bs. The point of intersection of the two curves represents
the corrosion potential E.y3, Which is lower than Eqrq and Ecopro.
This is a good agreement with the result of OCP measurement
in situ that OCP value became more negative when increasing dis-
solved oxygen in solution. Therefore, the movements of the ideal
polarization curves caused by dissolved oxygen give a good expla-
nation to the variability of corrosion potential Ecoyy.

Besides of the discussions above, the movements of polarization
curves are also used to explain the change of current densities. In
Fig. 3, there are five points of intersection (a, b, ¢, d, and e) of the
line at —0.2 Vscg and ideal polarization curves. Understandably,
the segments bc, ac and de express the values of passive current
densities Iy, I1 and Ips respectively. It can be easy seen from
Fig. 3 that the length of segment bc is the shortest, de is the longest
and ac is in the middle. This quite accurately corresponds to the or-
der of passive current densities: Ip, < Ip < Ips. It demonstrates that
it is reasonable to use the movements of ideal polarization curves
to explain the effects of dissolved oxygen on the corrosion process.

3.3. Semiconductor properties
Based on the Mott-Schottky theory [11], the relationship be-

tween the space charge capacitance C and the applied potential E
can be written as:

1 2
—=——-(E—-Es — KT/e) n-type 3
C2 8806NA2 ( fb / ) yp ( )
1 -2
—=——-(E—Ep —KT/e) p-type 4)

2 geoeNA?
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where Eg, is the flat-band potential; &g is the vacuum permittivity
with the value of 8.85 x 10~'* F/cm; ¢ is the relative dielectric
constant of the specimen, 15.6 as in the literature [12]; K is the
Boltzmann constant (1.38 x 10723 J/K); T is the absolute tempera-
ture; N(m~3) is the donor density (Ng) or accept density (Na) and
A is the surface area of the sample (cm?).

In this paper, it is assumed that the measured capacitance cor-
responds to the space charge capacitance and that extra series
capacitance, such as the Helmholtz capacitance and surface state
capacitance, can be ignored [13,14]. This assumption is reliable be-
cause the Helmholtz capacitance with the value of 30-50 uF/cm?
for the smooth metallic/solution interface is much higher than
the capacitances tested on our specimens.

Fig. 4 displays the Mott-Schottky plots for the passive films
formed on 316L SS in borate buffer solution with different dis-
solved oxygen. Before the measurement, the specimens were
pre-passivated for 2 h at —0.2 Vscg, 0 Vscg, 0.1 Vs and 0.2 Ve
respectively. From Fig. 4b-d, in the potential range from —0.3 Vscg
to 0.3 Vicg, a linear relationship can be observed between C2 and E
in three solutions, the slopes can be identified. According to the Eq.
(3), the positive slopes indicate all the passive films formed on
specimens perform n-type semiconductor. The appearance of peak
values in Fig. 4 represents an inversion from n-type to p-type semi-
conductor property. We should notice that in all film formation
potentials, the passive films formed in the solution with higher dis-
solved oxygen possess lower slope values.

Moreover, the donor density (Ng) can be calculated from the
slope of Mott-Schottky plots. Fig. 5 displays donor densities of
the films formed at different potentials in three solutions. Ny value
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increases with the dissolved oxygen and reduces with the film for-
mation potential changing to positive direction, which is in accor-
dance with the results obtained in previous studies [8,15]. It is
acceptable that the carrier density closely associates with the
chance of the corrosion reaction since it corresponds to the point
defects and the nonstoichiometry of the space charge region. So,
the variability of donor densities indicates the change of structure
and morphology in the passive film. Many previous works [16,17]
suggested that the smaller Ny would cause the lower possibilities
of film breakdown and pitting initiation, because defects in the film
are potential sites where corrosion process are more likely to oc-
cur. Thus, higher dissolved oxygen in solution which causes the
larger donor densities would probably accelerate metal dissolu-
tion. It clearly explains effects of dissolved oxygen on anodic polar-
ization curve right shift in Fig. 3.

According to the Eq. (3), the other semiconductor parameter
(flat-band potential Eg,) is obtained in three solutions, as shown
in Table 1. In all film formation potentials, the values of Eg, for
the passive film become more negative with the increase of dis-
solved oxygen in solution. Such variability of Eg, is ascribed to
the change of metal/solution interface in three solutions. The
Nernstian expression for the Eg, of a semiconductor is:

Ep = —E}/q + Ady (5)

A®y = 0.059(pzc — pH) (6)

where pzc is the point of zero charge at which the surface excesses
of H and OH™ are equal under the condition of no other specifically
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Fig. 4. Mott-Schottky plots measured in borate buffer solution. The electrode is pre-passivated for 2 h at (a) —0.2 Vscg, (b) 0 Vscg, (¢) 0.1 Vscg and (d) 0.2 Vscg respectively.
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Fig. 5. Nq—E; curves of the passive film formed on 316L SS in borate buffer solution
with different dissolved oxygen.

Table 1
Flat-band potentials of passive film formed on 316L SS at each film formation
potential in solution with different dissolved oxygen.

Formation potential E¢ [Vsce Flat-band potential Eg,/V

Solution + N, Solution Solution + O,
0 -0.43 -0.51 -0.58
0.1 -0.39 —-0.50 -0.51
0.2 -0.43 -0.49 -0.52

adsorbed species except for H* and OH™ in solution; E? is the Fermi
level of a semiconductor material at pzc; and A®y is the potential
drop in Helmholtz layer. From the Eq. (5), Eg, varies with E2 and
A®y. It is assumed that the Fermi levels of specimens in three solu-
tions are constant because of the following aspects. One aspect is
that only one specimen was tested repeatedly in all solutions,
which avoids the attendance of adulterate behavior caused by the
differences of specimens (structure, composition, defects in the sur-
face). The other aspect is that dissolved oxygen content have fewer
influences on the dominate components in the passive films of
specimen. Thus, the variation of Eg, is attributed to the change of
A®y in the system. The value of A®y is defined as the difference be-
tween the potential at the electrode surface which is determined by
the surface charge (qs) and the potential at the outer Helmholtz
plate (ohp) [11]. Specifically adsorbed anions on the passive film
are closely related with A®y. In our research, before blowing O, into
the solution, the specifically absorbed anions on the passive film are
mainly borate anions. After blowing O, into the solution, more dis-
solved oxygen occur reduction reaction, which indicates the specific
adsorption of borate anions were partly substituted by 0>~ or OH™.
Because of the smaller size of 0~ and OH~, more negative charges
accumulated on the surface, which causes an increase of residual
negative charges in the surface, further makes potential drop in
Helmholtz layer more negative. This clearly explains why the flat-
band potentials become more negative with the increase of dis-
solved oxygen in solution. Moreover, the adsorbed anion 0>~ or
OH™ on the passive film is beneficial to the corrosion behavior, since
they play a more important role in the reaction of metal dissolution
than borate anions do. So, higher dissolved oxygen in solution
speeds up the anodic reaction. It further explains the shift of anodic
polarization curve in Fig. 3.

3.4. PDM and diffusivity of point defects

3.4.1. Point defect model
The PDM [18,19] claims that the point defects present in a bar-
rier layer generally are cation vacancies (V{;), oxygen vacancies

(V$) and cation interstitials (M#"). Cation vacancies are electron
acceptors, doping the barrier layer p-type, whereas oxygen vacan-
cies and metal interstitials are electron donors, resulting in n-type
doping. The Mott-Schottky analysis indicates the passive films of
316L SS in three solutions perform n-type semiconductor property,
so point defects presenting in the passive film mainly are oxygen
vacancies (V) and interstitials cation (M/"). In view of the appar-
ent difference of atomic radius between Fe and O, it is obviously
figured out that the atomic radius of Fe is much larger than that
of 0, which means interstitials iron Fe?" needs much more energy
to move in the passive film. Compared with interstitials cation, it is
easier for oxygen vacancies to flux in the passive film, so the major
point defects in the passive film are oxygen vacancies. This is a
good agreement with the results of Kloppers [20], who insisted
oxygen vacancies gave a more important contribution to passive
current densities than interstitials iron does and the principal de-
fects in passive film of iron alloy are oxygen vacancies. Thus, in
the set of defect generation and annihilation reactions occurring
at the metal/barrier interface and at the barrier layer-solution
interface in Fig. 6 [8], we are greatly concerned the generation
and annihilation reactions of oxygen vacancies in this paper. The
Eq. (8) indicates that the number of oxygen vacancies in the barrier
layer increases when blowing oxygen into solution. So, the passive
films of 316L SS formed in the solution with saturated O, contain
more defects of oxygen vacancies than that in the solution with
N,. Such defects in the film provide potential sites where anodic
dissolutions are more likely to occur. It gives a good interpretation
for the effects of dissolved oxygen on the anodic process, and also
explains the positive shift of ideal anodic polarization curve in
Fig. 3.

3.4.2. Diffusivity of oxygen vacancies
Before calculating the diffusivities of oxygen vacancies in the
passive film formed in three solutions, the EIS spectra were mea-
sured in different formation potentials (Ef), as shown in Fig. 7a-c.
According to Eq. (9) [21], the thickness of passive film (Lss) at a
given passive film formation potential can be obtained by the mea-
surement of EIS plots.

ss — Tf (9)

where C; is the passive film capacitance; ¢ is the relative permittiv-
ity of passive film; ¢y is the permittivity of vacuum; and A is the
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Fig. 6. Interfacial defect generation-annihilation reactions. m, metal atom; V;,
cation vacancy on the metal sublattice of the barrier layer; M/", interstitial cation;
My, metal cation on the metal sublattice of the barrier layer; V,, oxygen vacancy on
the oxygen sublattice of the barrier layer; Og, oxygen anion on the oxygen
sublattice of the barrier layer; M'*, metal cation in solution.



176
1.6x10° /i a
1.2x10° /*’ v
NE v/
<
S 8.0x10°
N
R, Q
4.0x10°
Rl
0.0 1 )
0.0 3.0x10°  6.0x10°  9.0x10° 1.2x10°  1.5x’
Z' 0.cm?
—~-0.2 \J’SCE &
1.2x10° p—0—-01 Vg -
-0V, /
9.0x10° 01 Vsce /
£
Q 5
& 6.0x10
3.0x10°
0.0 & : : :
0.0 3.0x10° 6.0x10° 9.0x10° 1.2x10°
Z'0.cm?

-Z" O.cm?

Z. Feng et al./Journal of Nuclear Materials 407 (2010) 171-177

0.2V, b
(]
16x10° P o001V,
0 Vsee /A’
1.2x10° p~7— 0.1 Vg /v;
8.0x10°
4.0x10°
0.0 ".';‘ L Il L L
0.0 3.0x10°  6.0x10° 9.0x10° 1.2x10° 1.5x10°
Z' 0.cm?
4} d
3t
£
c
- 2 k
o
-
m Solution+N,, L_ =3.31E + 3.41
ir ® Solution, Ly =4.90E, +3.11
A Solution+0,, L, = 6.55E, + 2.41
0 L L L L L

-0.2 -0.1 0.0 0.1

Potential E / V.

0.2 0.3

Fig. 7. EIS plots and Ls—E; curves of 316L SS in solution with different dissolved oxygen. (a) EIS plots in solution with saturated N, (b) EIS plots in solution, (c) EIS plots in
solution with saturated O, (d) the relationship between the thickness of passive film and Ey.

surface area of the sample. Fig. 7d displays the thickness of passive
film formed on 316L SS at various E;. For the three curves, linear
relationships between Lgs and Ef are indicated, which correspond
with Eq. (10) [22]:

1
L =—(1 - o)E +B (10)
oL

where o is the polarizability of the passive films/solution interface
(x=0.743) [23]; B is a constant; ¢ is the mean electric filed
strength, which is a key parameter to calculate the diffusivity of
point defects in the film. Three slopes, which represent anodizing
constant of the passive film, are 3.31, 4.90 and 6.55 respectively
with the increase of dissolved oxygen. It indicates that the thickness
of passive film formed on 316L SS in solution with saturated O, is
most sensitive with increasing of the potential. The ¢ can be calcu-
lated from slopes to be 0.78 x 10°V/cm, 0.52 x 10°V/cm and
0.39 x 10° V/cm with the increase of dissolved oxygen.

Based on the PDM, it is been proved that the relationship be-
tween the donor density and the film formation potential can be
described with [23]:

N4 = w; exp(—bE¢) + w; (11)
where w1, w, and b are unknown constants, which can be deter-
mined from the fitting results of Ny-E; curves. The exponential fit-
ting curves to the experimental data are shown in Fig. 5. The

exponential relationship between the Nq and E; in solution with dif-
ferent dissolved oxygen is listed as:

In solution: Ny = 1.69exp(—4.94E;) + 0.90;

In solution + N, : Ny = 1.04exp(—6.21E;) + 1.09;

In solution+ 0, : Ny = 3.08exp(—3.94E;) + 0.38.

Macdonald also demonstrated that w; in Eq. (11) could be re-
lated to the diffusivity of the point defects (mainly oxygen vacan-
cies) Do by the following equation based on the Nernst-Plank
transport equation:

b
2Kw,

where Jj is the steady-state flux of donors, and K = Fe /(RT); F is the
Faraday constant; R is the gas constant and T is the temperature.
The relationship between Jp, and passive current in steady-state
could be expressed with [23]:

Dy

(12)

iSS
- 13
Jo=-5 (13)
where i is the steady-state passive current density.
Form the Egs. (9)-(11) and (13), it is easy to calculate diffusiv-
ities of oxygen vacancies in the passive film of 316L SS in three
solutions, as shown in Table 2. Considering the errors caused by
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Table 2
The diffusivities of point defects of passive films formed on 316L SS at each potential
in solution with different dissolved oxygen.

Formation Solution

potential Eg/Vscg

Solution + N, Solution + O,

iss/ 10716D0/ iss/ 10716D0/ iss/ 10716D0/
UA  cm?s7! pA  cm?s7! pA  cm?s”!
-0.2 195 0.77 1.15 0.81 794 17.70
-0.1 296 1.12 1.85 1.30 7.00 15.60
0 3.56 1.40 277 1.95 6.47 14.42
0.1 3.72 1.46 324 228 6.17 13.75
0.2 3.85 1.51 347 244 6.07 13.53

the fitting curves in Figs. 5 and 7d, Dy values are estimated to be
approximately in the range of 10~ cm?/s and 10~'> cm?/s, which
correspond to the diffusivity of donors determined by Macdonald
[23] for WO5_, passive film, 5.3 x 10> cm?[s. In Table 2, it is obvi-
ous that Dg values in solution with saturated O, is highest at each
formation potential, while Dy obtained in solution with saturated
N, is lowest. According the Egs. (7) and (8) in Fig. 6, higher Dy is
beneficial for metal dissolution. Therefore, the calculated Dy also
demonstrates higher dissolved oxygen in solution accelerate the
anodic process.

4. Conclusions

The effects of dissolved oxygen on the electrochemical behavior
and semiconductor properties of 316L SS were investigated in
0.05M H3BOs +0.075 M Na;B40,.10H,0 solution. Saturated dis-
solved oxygen in borate buffer solution accelerates both cathodic
and anodic process of 316L SS. The donor densities in the passive
film are in the range of 1-7 x 10?” m~3 and increase with the dis-
solved oxygen, while the flat-band potential shifts to the negative
direction as dissolved oxygen increases. The diffusion coefficient
Dy in three solutions at each potential are calculated to be approx-
imately in the range 1—18 x 10~ cm?/s. These parameters, donor
density Ny, flat-band potential Eg, and diffusion coefficient Dy, are

useful to explain the effects of dissolved oxygen on the anodic dis-
solution process of 316L SS.
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