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Since tritiated water contains deuterium oxide, we require a better understanding of

stainless steel corrosion in tritiated water and thus we have compared the behaviour of 316

Ti stainless steel in 2H2O and H2O with and without chloride. This was done by anodic

polarization curves, cyclic voltammetry and electrochemical impedance spectroscopy. The

corrosion potential of 316 Ti stainless steel in deuterium oxide changes and is related to pH

modification due to the dissociation constant of this aqueous medium which shows the

importance of pH in passivity. Without chloride, the insulating properties of the passive

oxide layer depending on the pH and passive potentials are enhanced with 2H2O. With

deuterium oxide containing chloride at near neutral pH, the repassive potential is lower than

that obtained with H2O, consequently localized corrosion in grain boundaries and pit

propagation, which lead to crevice corrosion, are greater. The critical pitting potential is in

transpassivity indicating that pitting is less likely to occur. Comparison with and without Cl~
for the passive potentials near the corrosion potential, shows that although chloride reduces

the insulation provided by the passive oxide layer it is still greater than that obtained with

H2O.
1. Introduction
In this work, the passivity of 316 Ti stainless steel with
respect to its application in tritium reprocessing in-
stallations was studied. The specific case study under-
taken in this work concerns deuterium oxide.
Deuterium is used in deuterated-tritiated titanium tar-
gets which are bombarded in electrostatic accelerators
to produce fast neutrons and a particles of 14.1 and
3.5MeV, respectively, by the reactions shown as
Equations 1 and 2 with the formation of fluxes be-
tween 108—1013 n cm~2 s~1 for use, in hospitals and
fusion studies. The quantity of tritium trapped on the
target ranges between 0.04—40TBq. Due to the pro-
duction of these targets, tritiated water contains the
three hydrogen isotopes.

2H#3H P 4He#n#a &E"17.6MeV (1)

2H#2H P 3He#n#a &E"3.3MeV (2)

Tritium decays with the emission of a b~ particle
resulting in the production of radiolytic products in
tritiated water. The effects of these species on the
corrosion of stainless steels was recently published by
our laboratories [1—6]. Quantitative analysis of
tritium distribution and stress corrosion cracking in
steels has been reported [7—10]. In this case, for

deuterium oxide, the dissociation constant is 14.8

0022—2461 ( 1997 Chapman & Hall
[11]. The pH in 2H
2
O is thus different from that in

water.
We studied the effects of added chloride since chlor-

ide containing polymers may be used in pump oils or
sealing joints. Tritium easily absorbs and diffuses in
organic polymers by chemical bonds, e.g., —(R—3H

2
)
/
—

without degassing in air, but with possible isotopic
re-exchange with water. As with water, the b~ particle
energy decomposes organic polymers, when these are
in contact with gaseous tritium or tritiated water. If
these polymers have R—Cl bonds, the decomposition
reaction is:

R—Cl#b~ P Cl~#CO
2
#R@— (3)

It was observed that the decomposition of sintered
Ni#PTFE or PVC composites tested in our laborat-
ories is visible after two months and the concentrated
tritiated water used (e.g., 10 TBq cm~3) becomes
brownish during the decomposition. This tritiated
water contains an appreciable concentration of Cl~.

An acid medium was selected since relatively con-
centrated nitric acid solutions are produced in
tritiated water reprocessing installations during the
catalytic gaseous tritium oxidation cycles at 450 °C
by air and finely divided palladium. This can be
explained by the effect of b~ particles on nitrogen

in the air used for oxidation in tritiated water; the
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TABLE I Dependence of pH on aqueous medium

Aliquots added (mmol) pH

2H
2
O H

2
O

H
2
SO

4
0.1 4.5 4

10~3 7.5 8
NaOH

reactions are [12—15]:

N
2
#b~ P 2N· (4)

N·#3HO~
2

P HNO
3
#H

2
O#2O · (5)

The HO~
2

radical is an intermediate species produced
in water radiolysis. The effects of NO~

3
and HO~

2
on

corrosion have been previously reported [1, 2]. In
water reprocessing, the tritiated water can be concen-
trated by isotopic distillation, consequently, the pH is
close to neutral. At the end of the tritiated water
reprocessing cycle in French facilities, it is decom-
posed by alkaline electrolysis, using a cathodic diffu-
sion hollow palladium finger to obtain pure gaseous
tritium which is further enriched by isotopic separ-
ation in a chromatographic column. Due to these
processes, we investigated alkaline, acid and near neu-
tral pH conditions. The effects of Cl~ with deterium
oxide were studied at different concentrations and in
comparison to light water and with or without Cl~ for
the range of the corrosion, passive and localized cor-
rosion potentials by means of anodic polarization
curves, cyclic voltammetry and electrochemical impe-
dance spectroscopy.

2. Experimental procedures
Equivalent amounts of sodium hydroxide and sulphu-
ric acid were added to deuterium oxide and light water
(Table I). As expected, the dissociation constant differ-
ence between 2H

2
O (pK2

HÈO
"14.8) and H

2
O

(pK
HÈO

"14) leads to a slight pH increase in acid
media and a slight decrease in alkaline media for
2H

2
O. The chloride concentration was measured with

a specific electrode.
The electrochemical equipment consisted of

a Radiometer bipotentiostat and signal generator
(PRT-20 and GSTP3) connected to a Tektronix 2230
numerical oscilloscope to display the currents in cyclic
voltammetry. After storage in the oscilloscope, the
curves were recorded on a Hewlett-Packard AXY HP
7440 plotter. The electrochemical impedance dia-
grams and the polarization curves obtained at a low
scan rate were plotted with a Radiometer ZCP 130 T
generator controlled by a Hewlett-Packard 486-25U
personal computer monitored by a HP 82324 co-
processor. A standard procedure was adopted in ac-
quiring the impedance diagrams to have good data
reproducibility. The spectra were obtained in poten-
tiostatic mode where the current is free to change. The
measurement sequence in passivity was: (1) to apply
a given potential, E, stable to within 1 mV, first about
the corrosion potential, to achieve the corresponding
20 12 12.5
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TABLE II Composition of the 316 Ti steel

Elements C Ni Cr Fe Mn Si Mo Cu Ti

stationary conditions (a few min), (2) to obtain its
impedance spectrum with good reproducibility, (3) to
shift the potential in a positive direction up to E#*E
and wait to ensure the new stationary condition, (4) to
obtain the impedance spectrum at this new potential,
and (5) to repeat the sequence from point 3 in the
potential range. The frequency was scanned from high
(100 kHz) to low (10mHz) frequencies with a
sinusoidal voltage variation of $10 mV. The Circelec
computer program [16, 17] was used to interpret the
experimental impedance diagrams, making it possible
to obtain values of the electrical components at the
electrode surface. The reference and auxiliary elec-
trodes were, respectively, saturated calomel (SCE) and
platinum electrodes. A platinum wire was connected
to the reference electrode through a 0.1 lF capacitor
to eliminate any possible interference and short con-
nection leads were used to minimize inductance
effects. Prior to each use in voltammetry at high or
low scanning, or impedance spectroscopy, the work-
ing disk electrode was mechanically polished using
1000mesh grade silicon carbide sheets, then with dia-
mond paste down to 1lm. The roughness factor, r, for
polished 316 Ti steel is estimated to be in the range
1—1.6 [18—23]. The potential scanning and impedance
measurements were made immediately after immer-
sion in the electrolyte that had been deoxygenated by
bubbling nitrogen for 10min. The disk rotation speed
in r.p.m. was determined in each test.

The deuterium oxide after the tests was analysed, if
necessary, by atomic absorption spectroscopy (AAS-
Perkin Elmer 3110) with continuum background
correction (deuterium beam) and an HGA induction
furnace with a pyro-coated graphite crucible equipped
with a L@ Vov@ platform to enhance the measurement
sensitivity. The AAS detection limit for each
main alloying element — Ni, Cr, Mo, Ti and Fe — in
water at a signal-to-noise ratio of 3, was about
10~10mol cm~3. The sensitivity (quantification limit)
which characterizes the variation of the optical density
value related to that of alloying element concentra-
tion, was found to be 2]10~10mol cm~3. The relative
standard deviation of measurements obtained for sev-
eral replicate determinations was about 3%. A linear
calibration plot was obtained in the range from
5]10~10—1]10~8mol cm~3. After calibration with
standard solutions, four sample measurements were
carried out both with and without the addition of
standard solutions, to ensure the elimination of any
interference between the different alloying elements.
The polished 316 Ti steel surface was examined after
these tests with a Cambridge S90 scanning electron
microscope. The composition of the 316 Ti austenitic
stainless steel, the titanium is added to improve the
corrosion resistance, is given in Table II. It can be seen
that there is a non-negligible carbon content.
(Wt%) 0.06 12 16.8 bal. 1.8 0.34 2 0.3 0.44



Figure 1 (a) Polarization curves with 2H
2
O or H

2
O at acid pH x:

2000 r.p.m., v : 5mV s~1 , A: 0.2 cm2, 0.05mol dm~3 NaNO
3
, H

2
O

pH 4, 2H
2
O pH 4.5, (1) H

2
O without Cl~, (2) 2H

2
O without Cl~, (3)

H
2
O, 0.02mol dm~3Cl~, (4) 2H

2
O, 0.02mol dm~3 Cl~, (5)

H
2
O, 0.05mol dm~3 Cl~ and (6) 2H

2
O, 0.05 mol dm~3 Cl~. (b)

Determination of Tafel parameters with 2H O 1!a"!110mV,

3. Experimental results
3.1. Results obtained with deuterium oxide

or light water without chloride
3.1.1. Anodic polarization curves
Anodic polarization curves obtained for different pH
values without Cl~ and at a low scan rate of 5 mVs~1

are presented in Figs. 1 (a and b), 2 (a and b) and 3a. In
these curves, the deuterium evolution potential is
2
a"50mV.
Figure 2 (a) Polarization curves with 2H
2
O or H

2
O at near neutral

pH x: 2000 r.p.m., v : 5mVs~1 A: 0.2 cm2, 0.05 mol dm~3 NaNO
3
,

H
2
O pH 8, 2H

2
O pH 7.5, (1) H

2
O without Cl~, (2) 2H

2
O without

Cl~, (3) H
2
O, 0.02mol dm~3Cl~, (4) 2H

2
O, 0.02mol dm~3 Cl~, (5)

H
2
O, 0.05mol dm~3 Cl~, and (6) 2H

2
O, 0.05mol dm~3 Cl~.

(b) Determination of Tafel parameters with 2H O 1!a"

more negative than that of hydrogen. At alkaline and
near neutral pH, the corrosion potential is shifted
towards more positive values with 2H

2
O, whereas at

acid pH it is shifted in the opposite direction. This is
probably due to the positive and negative pH differ-
ences between 2H

2
O and H

2
O (Table I). At the cor-

rosion potential, the corrosion should occur at the
cathodic and anodic sites, e.g., by the following reac-
tions at alkaline and acid pH.
Cathodic sites:

alkaline medium: 2H
2
O#e~PO2H~0 #2H

!$4
(6)
2
!105mV, a"55 mV.
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Figure 3 (a) Polarization curves with 2H
2
O or H

2
O at alkaline pH x: 2000 r.p.m., v : 5mV s~1 , A: 0.2 cm2, 0.05mol dm~3 NaNO

3
, H

2
O pH

12.5, 2H
2
O pH 12, (1) H

2
O without Cl~, (2) 2H

2
O without Cl~, (3) H

2
O, 0.02mol dm~3Cl~, (4) 2H

2
O, 0.02mol dm~3 Cl~, (5)
H
2
O, 0.05mol dm~3 Cl~ and (6) 2H

2
O, 0.05mol dm~3 Cl~. (b) Determination of Tafel parameters with 2H

2
O 1!a"!120mV,
a"60mV.

TABLE III Dependence of E
#033

and i
#033

on H
2
O or 2H

2
O for

different pH

H
2
O 2H

2
O

pH 4 8 12.5 4.5 7.5 12

E
#033

(V/SCE) !0.25 !0.5 !0.75 !0.28 !0.48 !0.7
i
#033

(lAcm~2 ) 6 5 7 5 4 6

acid medium: 2H`#e~P2H
!$4

(7)

22H
!$4

P22H (8)

The cathodic currents in the above reactions are:

i
#
" !k

#
F[2H

2
O]vred exp (!FE/2R¹ ) (9)

i
#
" !k

#
F[2H`] exp (!FE/2R¹ ) (10)

anodic sites:

Me#2O2H~PMe(O2H)
2!$4

#2e~ (11)

Me (O2H)
2!$4

#O2H~PMeOO2H#2H
2
O (12)

i
!
" 2k

!
F [O2H~]vox exp(FE/R¹ ) (13)

where the different k are the anodic and cathodic
reaction rate constants and l the electrochemical reac-
tion orders, and MeOO2H is the ‘‘wet’’ oxide together
with ‘‘dry’’ Me

2
O

3
formed on 316 Ti steel. In Equa-

tion 13, F is the Faraday constant, E the applied
potential, ¹ the temperature and R is a constant. The
size and characteristics of the oxide layer change with
the potential and with other factors such as the aque-
ous medium. In these curves, the passive currents are
lower for pH 7.5 and with 2H

2
O. The explanation for

the lower currents could be that deuterium oxide leads
to less dissociated ‘‘wet’’ deuterated metal oxide and
more insulating ‘‘dry’’ oxide. These equations show that
O2H~ are consumed in anodic sites and produced in
cathodic sites resulting in local pH modifications as

demonstrated by previous work in our laboratories [24].
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Figure 4 Voltammetric curves with 2H
2
O or H

2
O at acid pH x:

2000 r.p.m., v : 100mV s~1 , A: 0.2 cm2, 0.05 mol dm~3 NaNO
3
,

without Cl~, (1) H
2
O pH 4 and (2) 2H

2
O pH 4.5.

Equations 11 and 12 contribute to the passivity by
means of Me (O2H)

2!$4
and Me

2
O

3
. The corrosion

potential of this system is the potential at which both
the cathodic and anodic currents are equal. From
these equations, E

#033.
is assumed to be:

E
#033.

"

1.15 R¹

F Alog
k
#

k
!

#mpHB (14)

According to Equation 14, plotting E
#033.

against pH
should give a straight line:

LE
#033.

LpH
"

1.15mR¹

F
(15)

It can be seen that the pH variation with deuterium
oxide (Table I) modifies the corrosion potential as
shown by the experimental values in Table III where
the slope is about 57 mV per pH decade. The reaction

order sign (m) expected for 2H

2
O is consequently



Figure 5 Voltammetric curves with 2H
2
O or H

2
O at near neutral

pH x: 2000 r.p.m., v : 100mV s~1 , A: 0.2 cm2, 0.05mol dm~3,

negative which clearly indicates the cathodic electro-
chemical reaction [25]. The cathodic and anodic
experimental Tafel slopes obtained from the Radio-
meter software program (Figs. 1 (a and b), 2 (a and b)
and 3b) are, respectively, approximately !110 and
55mV per decade and are consistent with Equations 9,
10 and 13.

As in Equation 14, the corrosion current is, e.g., for
alkaline pH:

i
#033.

" 2k
!
FA

k
#

k
!
B
0.66

(O2H~ )0.3m (16)

The corrosion current, i
#033 .

, depends on O2H~ activ-
ity, therefore on pH modification by deuterium oxide.
The values determined from the experimental data
using the Radiometer software program are given in
Table III. In this table, it can be seen that the value of
i
#033.

is lower with 2H
2
O. These values show better

protection with deuterium oxide.
In the transpassivity, it is observed that the anodic

current increases with 2H
2
O or H

2
O signifying cor-

rosion of 316 Ti steel.

3.1.2. Voltammetric curves
The use of relatively fast scan rates is unusual in cor-
rosion testing, and the justification for this technique
is given by Morris and Scarberry [26]. With the rapid-
scan curves, it is easier to find peaks and inflections
where the slow-scan curves suggest they might exist.
Figs. 4, 5 and 6 illustrate the voltammograms obtained
with deuterium oxide and light water and a scan rate
of 100mVs~1. Evidently the presence of 2H

2
O signifi-

cantly affects the 316 Ti steel oxidation and reduction
processes. On increasing the potential in the forward
scan, a prepassive peak is seen at alkaline pH. At more
acid pH, the prepassive peak is hidden to a greater
extent by the deuterium and hydrogen evolution cur-
rent. The size of the prepassive peak changes or disap-
pears depending on whether or not there is deuterium
oxide (Fig. 5). In the backward scan, a major reduction
peak occurs near !0.8 V/SCE as seen at alkaline or
NaNO
3
, without Cl~, (1) H

2
O pH 8 and (2) 2H

2
O pH 7.5.
Figure 7 Diagram giving the behaviour of 316 Ti steel in chloride-
free solution (top), polarization curves at pH 4—12 (bottom), experi-
mental circumstances of general corrosion, alkaline corrosion and

Figure 6 Voltammetric curves with 2H
2
O or H

2
O at alkaline pH x:

2000 r.p.m., v : 100mV s~1 , A: 0.2 cm2, 0.05mol dm~3, NaNO
3
,

without Cl~, (1) H
2
O pH 12.5 and (2) 2H

2
O pH 12.

more neutral pH and corresponds to the reduction of
corrosion products. Near neutrality and with 2H

2
O,

the passive current is fairly low and shows that the
oxide layer is an excellent isolating barrier. It should
be noted that the passive region is followed by a trans-
passive peak preceding the oxide layer dissolution and
oxygen evolution potentials. The current increases
quickly in this region. The reaction concerning the
passivity [27].
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Figure 8 Active peak partially hidden by the reduction current of
deuterium oxide acid pH and simulation with 3]10~2 mol dm~3

corrosion products for 316 Ti, v: 200mVs~1, x : (1) 0, (2) 360, (3) 460,

transpassive region is:

MeOO2H#2 2H
2
OPMeO2~

4
#5 2H`#3e~

(17)

In this equation, it is clear that the passive oxide
participates in the production of MeO2~

4
. Evidently,

the presence of 2H
2
O significantly affects the oxida-

tion and reduction processes of 316 Ti steel as with
H

2
O and leads to a local acidification whose effect on

corrosion is inhibited by stirring [24]. Due to less
alkaline and acid pH with 2H

2
O, the transpassive

peak is smaller with this medium.
Moreover, the curves exhibit the following charac-

teristics: (a) in the forward scan, the anodic curves
intersect the potential axis at more positive potentials
with 2H

2
O and for alkaline and near neutral pH, (b)

a lower reduction peak is obtained with 2H
2
O for

these pH, (c) in the forward scan, the 316 Ti steel active
peak disappears with 2H

2
O at close to neutral pH, (d)

in the passive region, the anodic current decreases
more with 2H

2
O. It would appear that the passive

oxide layer is more protective with 2H
2
O, (e) in the
(4) 560, (5) 660 and (6) 960 r.p.m.

4360
transpassive region, the anodic peak is lower with
2H

2
O. An interpretation of this behaviour could be

that the oxide breakdown current decreases. As a re-
sult, voltammograms and polarization curves show
that there is modification of the passive oxide layer
between 2H

2
O and H

2
O.

The tracing of voltammograms at different pH
values reveals the active behaviour modifications. At
the corrosion potential and the active region, the net
current is equal to the sum of two currents with
opposite signs: that due to 316 Ti steel oxidation and
that due to 2H

2
O reduction. The explanation of active

behaviour modifications is aided by reference to the
diagrams in Fig. 7 which show several characteristic
changes depending on pH in the Pourbaix relation-
ship [27]:
(1) At pH 12.5 obtained with H

2
O, a larger alkaline

corrosion region with the formation of HMeO~
2

is
seen. 316 Ti steel is easily corroded with the formation
of a high active peak. Higher potentials than that of
alkaline corrosion correspond to the passive region.
At pH 12 obtained with 2H

2
O, a narrower alkaline

corrosion region is seen with the formation of passive
oxide corresponding to Me

2
O

3
and Me

3
O

4
. 316 Ti

steel is passivated with the formation of a smaller
active peak.
(2) At pH 7.5 obtained with 2H

2
O, the corrosion

potential is more easily placed in passivity (contrac-
tion point A) than at pH 8 obtained with H

2
O, there-

fore 316 Ti steel is passivated without the formation of
an active peak. For this pH, the corrosion current
should be lower than that obtained at pH 8.
(3) At pH 4 and 4.5, a wider corrosion region preced-
ing the passivity is seen, with the possible formation of
Me2` and Me3`. 316 Ti steel is corroded with the
formation of an active peak. This peak can be partially
hidden by the deuterium oxide reduction current
(Fig. 8) at more acid pH. In this figure, the active peak
depends on ionic species coming from the corrosion of
steel in deuterium oxide whereas the transpassive peak
does not depend on ionic species.

It is also necessary to compare the straight lines for
deuterium and hydrogen evolution. That of deuterium
is below that of hydrogen, but due to the positive and
negative pH differences between 2H

2
O and H

2
O

(Table I), at alkaline and near neutral pH, the cor-
rosion potential of 2H

2
O should be higher than that of

H
2
O, and at acid pH the corrosion potential of 2H

2
O

is lower than that of H
2
O. From the Pourbaix dia-

gram, it can be seen that:
(1) At alkaline pH, the corrosion potential will be
nearer potentials of the narrow corrosion region for
2H

2
O, while with H

2
O, the corrosion potential will be

positioned more centrally in the alkaline corrosion
region resulting in a higher active peak.
(2) Near neutrality, H

2
O is slightly more dissociated

and the pH is 8, whereas the pH of 2H
2
O is 7.5.

According to the Pourbaix relationship, at pH 7.5, the
straight line for deuterium is nearer the contraction in
point A. This results in more passivity than at pH 8
and a very small passive current without an active
transition (Fig. 5) and higher corrosion potential as

also seen in the voltammograms. Fewer corrosion



Figure 9 Experimental Bode spectra with H
2
O x : 2000 r.p.m., A :

0.2 cm2, 0.05mol dm~3 NaNO
3

(a) pH 4, (1) !0.2. (2) !0.17. (3)

!0.15. (4) !0.12. (5) 1.375 and (6) 1.425 V/SCE (b) pH 8, (1)
!0.22. (2) !0.2. (3) !0.17. (4) !0.15. (5) !0.12. (6) !0.1. (7)
1.3 and (8) 1.325 V/SCE (c) pH 12.5, (1) !0.35. (2) !0.32. (3)
!0.3. (4) !0.27. (5) !0.25. (6) !0.22. (7) !0.2. (8) !0.17. (9)
!0.15. (10) 0.58. (11) 0.6 and (12) 0.65 V/SCE parameter values in

Table IV.
Figure 10 Experimental Bode spectra with 2H
2
O x : 2000 r.p.m., A :

0.2 cm2, 0.05mol dm~3 NaNO
3

(a) pH 4.5, (1) !0.2. (2) !0.17. (3)
!0.15. (4) !0.12. (5) !0.1 (6) 1.425. (7) 1.3 and (8) 1.325 V/SCE (b)
pH 7.5, (1) !0.22. (2) !0.2. (3) !0.17. (4) !0.15. (5) !0.12. (6)
!0.1. (7) !0.07. (8) !0.05. (9) 1.3 and (10) 1.325 V/SCE (c)
pH 12, (1) !0.37. (2) !0.35. (3) !0.32. (4) !0.3. (5) !0.27. (6)
!0.25. (7) !0.22. (8) 0.6 and (9) 0.65 V/SCE, parameter values in

Table V.
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Figure 11 Simulated impedance diagrams by subtracting the elec-

species are formed since the reduction peak is lower
than that obtained at pH 8.
(3) At acid pH, the corrosion potential of 2H

2
O is

lower than that of H
2
O in the voltammograms, which

corresponds to the situation given in the Pourbaix
relationship for pH 4.5 and pH 4. In this case the
corrosion potential of 2H

2
O will be towards the con-

traction point whereas that of H
2
O will be nearer the

corrosion region. The active peak can be hidden by
the cathodic current corresponding to hydrogen or
deuterium evolution.

3.1.3. Impedance spectra
3.1.3.1. Results. This section is concerned with the
analysis of impedance data for 316 Ti steel passivated
at different passive potentials and with 2H

2
O or H

2
O.

The impedance data will be compared to evaluate the
effect of 2H

2
O on the passive oxide characteristics. In

the passive domain, the semicircles in the Nyquist
plots are too incomplete over all the frequency range
to be easily interpreted, therefore the Bode plots were
plotted for 316 Ti steel. Comparative measurements
(Figs. 9 (a—c) and 10 (a—c)) made at different pH, with
2H

2
O or H

2
O and passive potentials near the cor-

rosion potential (up to #200 mV) show changes in
log DZ D and phase angle/log ( f ). In these figures, f is
the frequency and DZ D the electrode impedance. The
Bode plots are essentially characterized by three dis-
tinct regions:
(a) In the higher frequency region (1—100 kHz), the
Bode plot exhibits a constant (horizontal line) log DZ D
versus log ( f ) with phase angle values near 0°. This is
the response of the electrolyte resistance R

%-
(resistive

region).
(b) In the broad low and middle frequency range, the
diagrams display a linear slope of about !1 in log DZ D
as log ( f ) decreases, while phase angle values ap-
trolyte resistance (line A) according to Fig. 10a.
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proach !90°. This is the characteristic response of
a passive oxide capacitance (C

09
) in the purely capaci-

tive region. The capacitive behaviour is observed over
a broad measurement frequency range.
(c) In the higher frequency range of (b), an inflection in
the phase angle versus log ( f ) curve and the log DZ D
versus log ( f ) plots, which can be more easily obtained
by subtracting the electrolyte resistance, as shown in
the simulated Bode plots (Fig. 11). These indicate the
presence of a hardly identifiable parallel resistance
and a non-dissipative passive oxide capacitance due to
its formation. Also, the deviation of the phase angle
maximum, near !90°, signifies that the passive layer
thus formed on 316 Ti steel approaches more ideal
capacitor behaviour.

According to different studies [28—30], the recipro-
cal space charge capacitance (C~1

09
) is directly propor-

tional to the oxide layer thickness. To calculate the
thickness, the reciprocal capacitance value can be
either taken from the Bode plot at 0.16Hz, where the
impedance data give a straight line with a slope of
+!1, or from the value of imaginary part of the
impedance, Z

*.
, at the same frequency using the rela-

tions given by Kerrec et al. [31].

1/C
09
"2p f Z

*.
(18)

d"ee
0
r/C

09
(19)

where d is the oxide layer thickness, r the roughness
factor, e the relative dielectric constant of the oxide,
e
0

the permittivity of free space (8.9]10~14F cm~1)
and C

09
the oxide layer capacitance. As the relative

dielectric constant for 316 Ti steel was not found in the
literature, we measured the current dependence as
a function of time during potentiostatic oxide forma-
tion at #0.2V above the corrosion potentials and
with 2H

2
O or H

2
O and the different pH (Fig. 12).

Under these conditions, the current response may be
attributed to two possible processes: passive layer
formation and oxide layer dissolution. Thus, we
quantitatively analysed for Fe, Ni, Cr and Ti ions
which could be present in deuterium oxide by AAS;
before analysis, the potential was kept for 1 h at the
selected value. The detection limit by AAS is found to
be 10~10mol cm~3, while the total amount of oxide
was calculated from Fig. 6 to be 2]10~8mol, assum-
ing a surface of 1 cm2 in the tests. The double layer
Figure 12 Current as a function of time in passivity.



charging current should be negligible (no greater than
15lA at passive potentials). The method therefore is
suitable for showing the presence of some metallic ions
in deuterium oxide and determining e. The amounts of
analysed iron, nickel, chromium and titanium in the
deuterium oxide were negligible. Therefore the quantity
of the total charge obtained integrating the cur-
rent—time curve in Fig. 12, corresponds to oxide layer
formation. From Faraday’s law, the oxide layer thick-
ness, d, is calculated by another method:

d"QM/nFqr (20)

where Q is given in coulomb, M is the mean molar
weight of the oxide, assumed to be 159, n is the mean
number of electrons required to form the passive oxide
and q the oxide density, equal to 5.2 g cm~3 according
to Schmuki and Böhni [32]. Substitution of Equation
20 into Equation 19 therefore yields the average value
of e and gives 24. The values of passive oxide
capacitance (C

09
) were calculated for different passive

potentials and with 2H
2
O or H

2
O by Equation 20

(Tables IV and V). In these tables, the variation of
C

09
indicates that the oxide layer formation obeys

a growth law depending on the passive potentials as
was indicated by Schmuki and Böhni [32], pH and
deuterium oxide or light water. A ‘‘critical capacitance’’
corresponding to its lower value denotes the perfect
oxide layer. The Bode plots (Figs. 9(a—c) and 10(a—c))
allow us to calculate the flatband potential and donor
or acceptor concentration (n

$
) over a sufficient potential

range following the simplified Mott—Schottky equation:

C~2
09

"(2/ee
0
n
$
re) (»

.
!»

&"
!k¹/e) (21)

where e is the charge of the electron, n
$

the donor
n
d
]1019 6 2 3

density, k the Boltzmann constant, and »
.
, »

&"
the
Figure 13 Mott—Schottky plots for passive oxide layer (1) H
2
O, pH

4, (2) H
2
O, pH 8 (3) H

2
O, pH 12.5, (4) 2H

2
O, pH 4.5, (5) 2H

2
O, pH

7.5, (6) 2H
2
O, pH 12, curves 1 and 2: acid pH, curves 3 and 4: pH

near the neutrality, curves 5 and 6: alkaline pH, uneven-number:

potentials at which the impedance measurements are
carried out and the flatband potential, respectively.
The term k¹/e is 25mV at room temperature. Assum-
ing that additional capacitive elements such as the
Helmholtz layer capacitance can be neglected, lin-
earity is observed from about E

#033
(Fig. 13) depending

on pH and 2H
2
O or H

2
. Using Equation 21, the

donor-acceptor density (which corresponds to Me/`
metal cation in oxide) calculated from the slope is
lower with 2H

2
O for the different pH (Table VI). The

carrier concentration obtained with H
2
O, agrees with
2H
2
O, even-number: H

2
O.
TABLE VI Thickness and donor density dependence on H
2
O and 2H

2
O

Acid pH pH near neutrality Alkaline pH

H
2
O 2H

2
O H

2
O 2H

2
O H

2
O 2H

2
O

C
09

(lFcm~2) 6.9 4 6.5 3.5 2.8 2.3
d(nm) 1.9 2.4 2.1 2.8 4.2 5.2

TABLE V Dependence of oxide capacitance (lF cm~2) on passive potentials for 2H
2
O at different pH

E (V/SCE) !0.37 !0.35 !0.32 !0.3 !0.27 !0.25 !0.22 !0.2 !0.17 !0.15 !0.12 !0.1

pH 4.5 8.3 7.7 6.2 5 4
pH 7.5 8.3 6.7 5.3 4.3 3.5
pH 12 6.2 4.9 4.3 3.8 3.4 2.7 2.3

TABLE IV Dependence of oxide capacitance (lF cm~2 ) on passive potentials for H
2
O at different pH

E/(V/SCE) !0.35 !0.32 !0.3 !0.27 !0.25 !0.22 !0.2 !0.17 !0.15 !0.12

pH 4 11 10 9 6.9
pH 8 11 10 9 8.3 6.5
pH 12.5 5.3 4.8 4 3.6 3.2 2.8
1 0.5 0.3
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the theoretical value for a passive layer given by
Castro and Vilche [33], Simoes et al. [34] and Rak-
Hyun et al. [35]. The flat-band extrapolated potential
depends on pH and 2H

2
O or H

2
O.

The oxide layer thickness estimated from Equation
19 is thicker with 2H

2
O and alkaline pH. The donor

density is lower with 2H
2
O. These values indicate less

electron transfer and higher corrosion resistance. The
passive oxide layer formed is more insulating for
2H

2
O and alkaline pH. These reflect the formation of

a highly ordered and less defective oxide layer.
In the passive-transpassive region, the Bode plots

(Figs. 9(a—c) and 10(a—c)) show a horizontal line at low
frequencies (1—0.1Hz) which corresponds to the
charge transfer resistance indicating that 316 Ti steel
becomes predominantly more resistive over a broad
frequency range while the capacitive part is predomi-
nant only at higher frequencies. The value of the
charge transfer resistance decreases when the passive
potentials shift towards the transpassive region. The
oxide layer thus formed on 316 Ti steel approaches
less ideal capacitor behaviour and would then be less
stable. These reflect the formation of a more defective
oxide layer, breakdowns and oxide dissolution at
these potentials.

3.1.3.2. Equivalent circuits and value determinations.
Diagnostic criteria for the choice of equivalent circuits
for modelling impedance data may be summarized by
visual observation of the shifts in experimental Bode
plots with changing passive potentials and with 2H

2
O

or H
2
O. It seems that at potentials in the passive

region (mainly purely capacitive impedance), spectra
give a perfect fit with the experimental data if the total
impedance is modelled according to the equivalent
circuit shown in Fig. 14a. In this circuit, the R

%-
term is

the electrolytic resistance, and R
09

denotes the oxide
formation resistance. Constant phase elements (CPE)
are used instead of ‘‘ideal’’ capacitors to account for
the slight deviations observed, such as a capacitive
slope lower than !1. For a constant phase element,
the impedance, Z

CPE
is defined as [36—38]:

Z
CPE

"A ( j2p f )~a (22)

in which, a slope of 0(a(1 for the experimental or
simulated diagrams and a value of j"(!1)1@2 are
taken, while A is a frequency-independent constant
considered as the reciprocal capacitance only if a+1.
The exponent a is related to the constant phase angle
of the CPE in the complex plane: h"(1!a)p/2.

One of the aims of plotting the experimental dia-
grams is to find the values of the main electrical
elements using the Circelec software program [16, 17].
For this, in the simulated Bode plots (Fig. 11), the
spectrum shapes coincide with the experimental plots
(Figs. 9(a—c) and 10(a—c)) given as a function of the
studied parameters. It is found that the charge transfer
resistance is higher with 2H

2
O (4.4]102 k) cm2).

Also, consideration of this value shows that the
deuterium oxide would favour passivating.

In the passivity-transpassivity limit, the experi-

mental diagrams obtained in Figs. 9(a—c) and 10(a—c)
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Figure 14 Equivalent circuits for impedance simulation (a) R
%-

:
electrolyte resistance, R

09
: oxide resistance, CPE

1
, CPE

2
: constant

phase elements (b) R
%-
: electrolyte resistance, R

#5
: charge transfer

resistance, C
$-

: double layer capacitance (c) R
%-
: electrolyte resist-

ance, R
#5
: charge transfer resistance, C

$-
: double layer capacitance,

¼: Warburg impedance.

can be explained by the equivalent circuit shown in
Fig. 14b. In this circuit, R

#5
is the charge transfer

resistance and C
$-

reflects the double layer capaci-
tance. The values of the charge transfer resistance
obtained from the simulated spectra and Circelec soft-
ware program show that the charge transfer resistance
decreases (200 ) cm2) when the potential increases,
signifying more corrosion.

3.1.3.3. Discussion. As indicated by Chao et al. [39]
and Bassone et al. [40], it is possible to explain the
presence of a diffusion controlled process within
the passive oxide layer. The model has these basic
features:

(a) the oxide layer contains vacancies (»n`
M%

and
»2~

O
);

(b) the vacancies are in equilibrium at 2H
2
O/H

2
O-

oxide and oxide-alloy interfaces;
(c) the passive oxide layer kinetics are governed by

vacancies across the oxide layer.
Based on these considerations, the following reac-

tions, besides Equations 11 and 12, are in equilibrium
at each interface:

Me% MoxideN#»
O2~ alloy-oxide interface

(23)
Me#»
M%/`

% MoxideNH (24)



»
O2~#2H

2
O% 22H`#O2~

oxide-deuterium oxide interface
(25)
MoxideN#n2H
2
O%»

M%/`
#Me(O2H)

/
#n2H`#ne~H (26)
where MoxideN represents metal cations in the passive
oxide layer which are in equilibrium with the metal
cation vacancies. Apparently, »

OÈ~
are produced at

the oxide-alloy interface and consumed at the oxide-
deuterium oxide interface. As a result, »

OÈ~
diffuses

from the oxide-alloy to oxide-deuterium oxide interfa-
ces, or equivalently, O2~ diffuses from the oxide-
2H

2
O to oxide-alloy interfaces. Similar arguments

show that »
M%/`

diffuses from the oxide-deuterium
oxide to alloy-oxide interfaces, and equivalently, Mox-
ideN diffuses in the opposite direction. The net results
of »

OÈ~
migration can be seen by combining Equa-

tions 23 and 25:

Me#2H
2
O% MoxideN#22H`#O2~ (27)

Similarly, combining Equations 24 and 26 shows that
the net result of »

M%/`
migration can be expressed as:

Me#n2H
2
O%Me(O2H)

/
#n2H`#ne~ (28)

From the set of previous reactions, it is clear that the
diffusion of »

OÈ~
(or equivalently O2~) results in oxide

growth, depends on flatband potential, and is produc-
ed with consumption of 2H

2
O or H

2
O at the oxide

deuterium oxide interface, whereas the diffusion of
»

M%/`
(or equivalently MoxideN) is accompanied by

Me(O2H)
/

formation, as in Equations 11 and 12.
The reactions occurring on passive oxide are in-
fluenced by the potential drops in the interfaces and
within the oxide layer, */. The oxide-deuterium oxide
interface is polarizable, therefore it is expected that
the total potential drop is a function of deuterium
oxide or light water taking into account the pH
modification.

L*E"L*E
09*$%—!--0:

#2.3a
R¹

2F
LpH#L*/ (29)

where a is a constant and *E represents the potential
drop between the interfaces and within the oxide layer.
It is expected that:

L (C~1
09

)"L*E#2.3a
R¹

2F
LpH (30)

The thickness is given by:

Ld"bAL*E#2.3a
R¹

2F
LpHB (31)

C
VO2~

"

M

o
exp CA

*G!2F/

R¹ B#4.6apHD (32)

where C is the vacancy concentration with an inverse
dependence on »

M%n`
and »

O2~ , *G the standard
Gibbs energy, b a constant resulting from considering
the oxide layer as a plane capacitor. Thus Equations
29—32 represent the functional dependence of the pass-

ive layer growth law on L*E and LpH.
3.2. Results obtained with deuterium oxide
or light water and chloride

The different experimental curves were drawn for the
same previous pH, with H

2
O or 2H

2
O and two Cl~

concentrations.

3.2.1. Polarization curves
According to Strehblow [41] and Chao et al. [39, 42],
if the metal cation vacancies penetrate into the alloy at
a slower rate than their diffusion through the oxide
layer, they accumulate at the alloy-oxide layer inter-
face and finally lead to a local concentration and
hence will form a void. When the void grows to
a certain critical size, the passive oxide layer suffers
local collapse which then marks the end of the pit
incubation period. The collapsed site dissolves much
faster than any other location on the layer thereby
leading to pit growth. From this, the diffusion of metal
cation vacancies is affected by the incorporation of
Cl~ ions at the oxide-2H

2
O interface as shown in the

following equations.

null%»
M%/`

#

n

2
»

O2~ (33)

C
»

M%/`
"k (C

VO2~
)~0.5n (34)

»
O2~#Cl~

!26%064
% MCl~N (35)

Equation 33 represents the Schottky-pair reaction at
the oxide-2H

2
O interface. In Equation 34, MCl~N is

a chloride anion occupying O2~ vacancies. It can be
seen that the number of »

O2~ vacancies that are free
decreases. Due to interdependence of the concentra-
tion of cation and anion vacancies and the penetration
of Cl~ within the oxide layer, the number of metal
cation vacancies increases in the oxide layer (Equation
34) up to a critical concentration leading to break-
down at the pitting potential. From these consider-
ations, the criterion for pit initiation in the presence of
2H

2
O can be expressed by:

L»
M%/`

Lt
"J

0
[C

VO2~
Moxide!2H

2
O N]~0.5n (36)

where J
0

depends on thermodynamic constants and
C

VO2~
Moxide—2H

2
ON is the concentration of O2~

vacancies at the oxide layer—2H
2
O interface. Equation

36 shows that the metal cation vacancies diffusion is
enhanced by decreasing the concentration of O2~

vacancies, e.g., with chloride present. This enhance-
ment can effectively lead to an accumulation of metal
cation vacancies at the alloy-oxide layer interface.
From Equations 33 and 36, and applying a calculation
procedure similar to that given by Strenblow [41]

and Chao et al. [39, 42], we can write the simplified
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equation with 2H
2
O present:

E
1*5

"

4.6aR¹

Fn
log A J

.

J
0

M

o
exp G

pH

R¹H
~0.5n B

!

2.3aR¹

F
logCl~ (37)

where J
.

is the rate of submergence of the metal cation
vacancies in the alloy. It can be seen that low sub-
mergence rates and the pH modification by 2H

2
O and

H
2
O change pitting by Cl~.
Figure 15(a—c) Metallographic examination of 316 Ti steel.
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Figure 16(a—n) Scanning electron microscopy photographs of 316
Ti steel corroded in the presence of 0.02 mol dm~3 Cl~ in 2H O at
2
1.5V/SCE.



Figure 16 (Continued).
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Figure 16 (Continued).

In the polarization curves, a comparison of their
features allow us to determine the propensity for local-
ized corrosion (e.g., pitting and crevice corrosion). The
difference between the pitting potential and corrosion
potential, and between the repassivation potential and
corrosion potential, and finally the hysteresis shape
are shown to be dependent on three variables used to
characterize the propensity for localized corrosion. If
the current in the backward scan is greater than that
of the forward portion of the scan, the 316 Ti steel is
predicted to be susceptible to corrosion by pitting, and
if also the repassivation potentials and pitting poten-
tials are close to the corrosion potential, the steel is
predicted to be susceptible to both crevice corrosion
and pitting.

In the first measurements, the effects of chloride at
acid pH on pitting potentials, are observed in the
polarization curves in Fig. 1(a and b). It can be seen
that the corrosion potential is the same with or with-
out Cl~. The passive currents for 2H

2
O are lower than

those obtained with H
2
O, and in both cases, the re-

spective currents are higher than that obtained with-
out Cl~. In the passive region, the anodic peak
obtained at 0.15 V/SCE corresponds to the formation
of titanium oxide identified by voltammetry in com-
parison with pure Ti. The critical pitting potential in
transpassivity is not well defined and the passive re-

gion is the same indicating that pitting is unlikely to
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TABLE VII Composition of deuterium oxide after corrosion of
316 Ti

Elements Ni Cr Fe Mo Ti

(Wtlg%) 19.2 5.5 74.2 0.5 0.6

Figure 17 Voltammetric curves with Cl~ and 2H
2
O or H

2
O at acid

pH (A) 0.2 cm2, x : 2000 r.p.m., 0.05mol dm~3 NaNO
3
, scan rates:

(1) 100. (2) 50, (3) 40 and (4) 30 mVs~1 (a) with H
2
O , 0.02mol dm~3

Cl~, (b) with H O , 0.05mol dm~3 Cl~, (c) with 2H O,

2 2

0.02mol dm~3 Cl~ and (d) with 2H
2
O , 0.05mol dm~3 Cl~.



Figure 17 (Continued).

occur. At potentials above the pitting potential, pits
are expected to grow. In the backward scans, it is seen
that the anodic current increases with chloride con-
centration and is higher with 2H

2
O than H

2
O, and

returns to 5200 mV above the corrosion potential
for 2H

2
O. According to the hysteresis shape, pits con-

tinue to initiate and grow after the scan reversal. These
behaviours, decreasing intervals between E

#033
and

E
3%1!44*7!5*0/

, suggest pitting followed by crevice cor-
rosion with deuterium oxide.

The polarization curves obtained at more neutral
pH are shown in Fig. 2(a and b). As shown above, the
passive currents for 2H

2
O are lower than those ob-

tained with H
2
O, and in both cases, the respective

currents are higher than that obtained without Cl~.
The corrosion potential shifts towards more positive

values increasing the Cl~ concentration. With 2H

2
O,
the passive potential domain decreases as the pitting
potential shift towards lower values. As shown by the
positive hysteresis shape in the backward scan, with
2H

2
O, the repassivity potential decreases more rap-

idly than that of H
2
O when the Cl~ concentration

increases, which makes it easy for crevice corrosion to
occur. These different results imply that deuterium
oxide does not provide better protection under these
conditions, and the number of pits or the locally
corroded area must increase. Metallographic exam-
ination (Fig. 15(a—c)) shows rod-shaped ferrite and
cubic and pyramidal crystallites of titanium carbide
coming from grain boundary decohesion. Magnetic
measurements of ferrite give a concentration of 0.8%.
In this case, as carbon is present (0.06%), chromium,
molybdenum and titanium-rich carbides precipitate
depleting the ferrite and grain boundaries in these
elements. Localized corrosion and microcracks in the
austenite/ferrite and titanium carbide borders of grain
boundaries would arise. From scanning micrographs
(Fig. 16(a—n)), it is seen for 1.5 V/SCE that the 316 Ti
steel is highly corroded with localized corrosion: pit-
ting, crevices and grain boundary decohesion leading
to internal cavities expanding where the ferrite was
present. The corrosion is also shown by the yellow
colour of deuterium oxide and the purple-black pre-
cipitate (titanium hydroxide), whereas at 1 V/SCE
no-pitting is seen by scanning electron microscopy.
These two potentials correspond to, respectively, in-
itiation and propagation of pits in the transpassive
potentials (1.5 V/SCE), and without initiation (1
V/SCE), therefore pits cannot propagate or form. As
titanium hydroxide precipitates at pH'3, the 2H

2
O

used was acidified to dissolve the metal cations
before analyzing for Fe, Cr, Ni and Ti ions by atomic
absorption spectrometry. The wavelengths were, re-
spectively, 248.3, 357.9, 232.0 and 276.8 nm. The analy-
sis results are given in Table VII. In comparison with
Table II, these show essentially a weight loss for tita-
nium, iron and nickel on the surface of 316 Ti steel.
Along the grain boundaries there is localized cor-
rosion of ferrite and formation of titanium carbide by
the Cl~ and 2H

2
O.

The polarization curves obtained with chloride at
alkaline pH are shown in Fig. 3(a and b). Two regions
can be identified: the passive region and a sharply
defined pitting region. The anodic current fluctuations
obtained with deuterium oxide and the higher Cl~
concentration result from the occurrence of meta-
stable pits (prepitting events) signifying breakdowns
and repassivity alternatively in potentials close to pit-
ting. 316 Ti steel remains passivated over a large
potential domain. The transition potential (E

1*5
) de-

creases very slightly with a chloride concentration
increase. As suggested by the shape of the positive
and negative hysteresis, a few pits would continue to
initiate and grow only in the beginning of the back-
ward scan. This clearly defines a very small pitting
potential region and shows that the passive oxide
provides protection over a large potential domain. It
can be seen that the corrosion potential increases with
chloride, and the large deviation between E

#033
and
E
1*5

indicates no risk of crevice corrosion.
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3.2.2. Voltammetric curves
In Fig. 17(a—d) realized at acid pH, a decrease in the

scan rate leads to decreasing the passive and transpas-
sive currents and the anodic peak of titanium oxide in
the forward scan. In the backward scan, a decrease in
the scan rate increases the pitting currents (Fig. 17b).
It can also be seen that the repassive potential is
higher at a high scan rate. At a low scan rate, chloride
ions have the time to adsorb, then diffuse in the oxide
layer by ionic vacancies leading to pitting following
the kinetics. Using deuterium oxide, the repassivating
potential is lower (Fig. 17d) than that of H

2
O, signify-

ing a greater possibility of crevice formation.
Fig. 18(a—d), realized at a more neutral pH, shows

that the pitting current in the backward scan is higher
than that obtained at acid pH and with 2H

2
O. In

these figures, the anodic current increases with the
scan rate and Cl~ concentration. By plotting the cath-
2
2H

2
O , 0.02mol dm~3 Cl~ and (d) with 2H

2
O , 0.05mol dm~3 Cl~.

odic peak current as a function of scan rate, a straight

4370
line is obtained which fits the Levich equation:

i
1
"1.24F2@3¶v0.5Ax0.5C

41
(38)

where v is the scan rate, D the diffusion coefficient,
A electrode surface, ¶ the dynamic viscosity, F the
Faraday constant and C

41
the species concentration.

An experimental diffusion coefficient value of
5]10~5 cm2 s~1 is then found and is close to the
usual values found for aqueous media [43].

Tests realized at alkaline pH (Fig. 19) do not show
any pitting current on varying scan rate. No current
fluctuations are seen, the kinetics of oxide layer break-
downs are so slow that these scan rates they are not
observable. There is no pitting propagation: pits are
easily repassivated.

The explanation of the pitting behaviour obtained
by polarization and voltammetric curves is helped as
above by using the diagrams in Fig. 20 which show

several characteristic changes depending on pH in the
Figure 18 Voltammetric curves with Cl~ and 2H
2
O or H

2
O at near

neutral pH (A) 0.2 cm2, x : 2000 r.p.m., 0.05mol dm~3 NaNO
3
, scan

rates: (1) 100. (2) 50, (3) 40 and (4) 30 mVs~1 (a) with H
2
O,

0.02mol dm~3 Cl~, (b) with H O , 0.05mol dm~3 Cl~, (c) with



Figure 19 Voltammetric curves with Cl~ and 2H
2
O or H

2
O at

alkaline pH A : 0.2 cm2, x : 2000 r.p.m., 0.05 mol dm~3 NaNO , with

3

0.02 or 0.05mol dm~3 Cl~.

2
2H

2
O , 0.05 mol dm~3Cl~, (1) !0.2. (2) !0.17. (3) !0.15 and (4) !
Figure 20 Diagram giving the behaviour of 316 Ti steel in water
containing chloride (top), polarization curves in solution at pH 3—12
(bottom), experimental circumstances of general corrosion and per-

fect, non-perfect passivity, crevice corrosion and pitting [27].

Figure 21 Experimental Bode spectra in passivity with 2H
2
O or H

2
O at acid pH x : 2000 r.p.m., A : 0.2 cm2, 0.05mol dm~3 NaNO

3
(a) with

H
2
O , 0.02 mol dm~3Cl~, (1) !0.2. (2) !0.17. (3) !0.15 and (4) !0.12 V/SCE (b) with H

2
O, 0.05 mol dm~3Cl~, (1) !0.2. (2) !0.17. (3)

!0.15 and (4) !0.12 V/SCE (c) with 2H O, 0.02 mol dm~3Cl~, (1) !0.2. (2) !0.17. (3) !0.15 (4) !0.12 and (5) !0.1 V/SCE (d) with

0.12 V/SCE, parameter values in Table VIII and IX.
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Pourbaix relationship. At alkaline pH, perfect passiv-
ity for 316 Ti steel is seen. At more neutral pH, there is
imperfect passivity and pitting with H

2
O at pH 8,

whereas with 2H
2
O, 316 Ti steel is more corroded by

pitting and crevice corrosion at pH 7.5. At acid pH,
the Cl~ concentration must be too low, and the polar-
ization and voltammetric curves show a mixed behav-
iour: passivity and corrosion with greater possibility
of pitting for 2H

2
O as seen in the experimental curves

and in the Pourbaix relationship for pH 4.5 and 4.

3.2.3. Impedance diagrams
The experimental Bode plots obtained for 316 Ti steel
at the corrosion potential and subjected to Cl~ in
2
0.05 mol dm~3Cl~, (1) !0.27. (2) !0.25. (3) !0.22. (4) !0.2. (5) !0

2H
2
O and H

2
O and drawn from about the corrosion

4372
potential are shown in Figs. 21(a—d), 22(a—d) and
23(a—d). The Bode plots are characterized as pre-
viously (section 3.1.3) by the same distinct regions.
Data in Tables VIII and IX indicate that the oxide
capacitance increased with Cl~. The higher value
(48lFcm~2) obtained at pH 7.5 with 2H

2
O and

0.05mol dm~3 Cl~ would correspond to the double
layer [43]. Comparison with Tables IV and V shows
that the passive oxide layer is less insulating, signifying
adsorption and diffusion of Cl~ within the passive
oxide. This interpretation can be verified by deter-
mining the charge donor density (Fig. 24(a—c)). The
values obtained are between 0.3—6]1019 carrier cm~3

(Table X). These values, which are higher than those
without Cl~, indicate, from Equations 33—36, that

the O2~ vacancies decrease and Me/` vacancies in
Figure 22 Experimental Bode spectra in passivity with 2H
2
O or H

2
O at neutral pH x : 2000 r.p.m., A : 0.2 cm2, 0.05mol dm~3 NaNO

3
(a) with

H
2
O , 0.02 mol dm~3Cl~, (1) !0.3. (2) !0.27. (3) !0.25. (4) !0.22. (5) !0.2. (6) !0.17 and (7) 0.15 V/SCE (b) with H

2
O,

0.05 mol dm~3Cl~, (1) !0.32. (2) !0.3. (3) !0.27. (4) !0.25. (5) !0.22. (6) !0.2. (7) !0.17. (8) !0.15V and (9) !0.12 V/SCE (c) with
2H O, 0.02 mol dm~3Cl~, (1) !0.27. (2) !0.25. (3) !0.22. (4) !0.2. (5) !0.17. (6) !0.15. (7) 0.12 and (8) !0.1 V/SCE (d) with 2H O,
2
.17 and (6) !0.15 V/SCE, parameter values in Tables VIII and IX.



Figure 23 Experimental Bode spectra in passivity with 2H
2
O or H

2
O at alkaline pH x : 2000 r.p.m., A : 0.2 cm2, 0.05mol dm~3 NaNO

3
(a)

with H
2
O , 0.02 mol dm~3Cl~, (1) !0.3 (2) !0.27 (3) !0.25 (4) !0.22 (5) !0.22 (6) !0.17 (7) !0.15 (8) !0.12 (9) 0.6 and (10) 0.675

V/SCE (b) with H
2
O, 0.05 mol dm~3Cl~, (1) !0.35 (2) !0.32 (3) !0.3 (4) !0.27 (5) !0.25 and (6) !0.22 V/SCE (c) with 2H

2
O,

0.02 mol dm~3Cl~, (1) !0.45 (2) !0.42 (3) !0.4 (4) !0.37 (5) !0.35 (6) !0.32 (7) !0.3 and (8) !0.27 V/SCE (d) with 2H O,

2

0.05 mol dm~3Cl~, (1) !0.45 (2) !0.42 (3) !0.4 (4) !0.37 (5) !0.35 and (6) !0.32 V/SCE, parameter values in Tables VIII and IX.
TABLE IX Dependence of oxide capacitance (lFcm~2) on passive potentials with Cl~ and 2H
2
O

E (V/SCE) !0.45 !0.42 !0.4 !0.37 !0.35 !0.32 !0.3 !0.27 !0.25 !0.22 !0.2 !0.17 !0.15 !0.12 !0.1

pH 4.5 0.02mol dm~3Cl~ 13 11 8 7 5
0.05mol dm~3Cl~ 15 13 10 9

pH 7.5 0.5mol dm~3Cl~ 23 17 14 10 9 7 6 4
0.05mol dm~3Cl~ 48 30 25 19 16 13 11 9

pH 12.5 0.02mol dm~3Cl~ 36 23 11 9 6 5 4 3.2

TABLE VIII Dependence of oxide capacitance (lFcm~2) on passive potentials with Cl~ and H
2
O

E (V/SCE) !0.35 !0.32 !0.3 !0.27 !0.25 !0.22 !0.2 !0.17 !0.15 !0.12

pH 4 0.02mol dm~3Cl~ 17 14 12 11
0.05mol dm~3Cl~ 25 20 19 17

pH 8 0.02mol dm~3Cl~ 31 27 24 19 16 12 9
0.05mol dm~3Cl~ 42 32 29 25 21 18 14 11 8

pH 12.5 0.02mol dm~3Cl~ 8 6 5 4 3.7 3.5
0.05mol dm~3Cl~ 10 8 7 5 4.5
0.05mol dm~3Cl~ 40 25 14 11 7 6 5 4
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Figure 24 Mott—Schottky plots for passive oxide layer in 2H
2
O or

H
2
O and Cl~ media, (a) acid pH, (b) near neutral pH, (c) alkaline

pH, curves 1 and 2: H O , curves 3 and 4: 2H O with 0.02 and
TABLE X Thickness and donor density dependence on H
2
O and 2H

Acid pH pH near

H
2
O 2H

2
O H

2
O

Cl~ (mol dm~3) 0.02 0.05 0.02 0.05 0.02
C

09
(lFcm~2) 11 17 5 9 9

d(nm) 1.1 0.7 1.7 1.3 1.8
nd]1019 7 13 2 6 3

2 2
0.05mol dm~3 Cl~ respectively for each water.
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Figure 25 Nyquist plots with 2H
2
O and Cl~ pH 7.5, x : 2000 r.p.m.,

A: 0.2 cm2 0.05 mol dm~3, NaNO , (1) 0.02 and (2) 0.05mol dm~3

equilibrium with metal cation increase with chloride,
improving the diffusion. It thus appears that chloride
ions adsorb and diffuse corresponding to the incuba-
tion period. Comparison between Figs. 13 and 24(a—c)
shows that the flatband potential decreases with
chloride which corresponds to the variation of oxide
capacitance in agreement with Equation 30. The oxide
thickness is also determined, its value is lower than
without Cl~. In the tables, for 2H

2
O, the oxide layer

is more insulating in alkaline pH which corresponds
to the perfect oxide in the Pourbaix relationship
(Fig. 20).

The experimental Nyquist plots obtained for 316 Ti
steel subjected to chloride in 2H

2
O are shown in

Fig. 25. Along the capacitive semicircle, a linear unit
slope region is observed. This is a characteristic of
diffusion impedance. Changes in Cl~ concentration
affect the frequency shift in the straight line and capac-
itive semicircle suggesting that the mass transport is
dependent on the Cl~ concentration. The experimental
2
O containing Cl~

neutrality Alkaline pH

2H
2
O H

2
O 2H

2
O

0.05 0.02 0.05 0.02 0.05 0.02 0.05
8 4 9 3.5 4.5 3.2 4
1.1 2.5 1.3 2.7 1.1 4.8 2.7
7 2 5 0.7 3 0.3 1

3
Cl~, E : !0.35V/SCE.



Figure 26 Simulated Nyquist plots with 2H
2
O and Cl~ parameter

values in Table X.

Figure 27 Electrode impedance as a function of angular frequency
from Fig. 25.

diagrams can be satisfactorily explained on the basis
of the equivalent circuit approach presented in Fig.
14c and the simulated spectra (Fig. 26) including
a Randles diffusion impedance. The ionic diffusion
coefficient (D) through the prepassive oxide layer can
be determined uisng the spectra in the Warburg re-
gion. For this, Huggins et al. [44] have shown that
Z

3%!-
as a fucntion of x~0.5 varies linearly (Fig. 27) and

its slop r is equal to:

r"

R¹

n2F2A(2)1@2 A
1

D0.5C0.5B (39)

where r is the Warburg coefficient, A the area and
n the number of electrons transferred. The experi-
mental slope of r from Equation 39 is 8000 and
7000 ) cm2 s~0.5 for 0.02 and 0.05 mol dm~3 Cl~, re-
spectively, which agree with the simulated value
(Table XI). From these, the diffusion coefficients were
calculated to be 0.9 and 1.5]10~18 cm2 s~1. The ionic

diffusion coefficient increases slightly with Cl~ con-
TABLE XI Dependence of Warburg impedance on 2H
2
O and

Cl~ at !0.3 V/SCE and pH 7.5

Cl~ (mol dm~3) 0.02 0.05

W () cm2 s~0.5) 8000 7000

centration and appears much lower inside the passive
oxide layer than in deuterium oxide (Equation 38).
These values indicate that the prepassive oxide layer is
present at the corrosion potential (see section 3.1.1. on
the effect of intermediate deuterated metal oxide).

4. Conclusions
Without chloride, it is experimentally shown that
deuterium oxide modifies the corrosion potential due
to the positive or negative displacement in pH between
2H

2
O and H

2
O as indicated in the potential—pH rela-

tionship. This modification of pH also contributes to
changing the size of active and transpassive peaks and
the passive current value. At the different pH values
studied and with 2H

2
O, 316 Ti steel is less corroded in

the active region and corrosion potential. The oxide
layer capacitance, thickness, donor density and flat-
band potential were determined at different passive
potentials for 2H

2
O and H

2
O. The capacitance and

donor density are lower with deuterium oxide. These
values indicate the formation of a more perfect passive
oxide and better protection with 2H

2
O.

With Cl~ and acid pH or near neutral pH and with
2H

2
O, the critical pitting potential is in transpassivity

indicating that pitting is unlikely to occur for 316 Ti
steel. The repassive potential is around #200mV
above the corrosion potential, therefore crevice coro-
sion is expected. Scanning electron microscopy and
optical examinations show effectively that 316 Ti steel
is locally corroded at high potentials by pitting
and grain boundary dissolution leading to crevice
corrosion and internal cavities. Localized corrosion
produces titanium carbide crystallites and ferrite/ aus-
tenite borders along grain boundaries. These different
results imply that deuterium oxide does not provide
better protection with chloride for the transpassivity.
The results obtained in the passive potentials at the
beginning of passivity show that the passive oxide
layer is more insulating with 2H

2
O than H

2
O, but the

oxide capacitance and donor density are higher than
without chloride. These values indicate the formation
of a less perfect passive oxide. At alkaline pH, perfect
passivity is obtained as shown in the potential—pH
relationship and experimental results.
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