UC Berkeley
UC Berkeley Previously Published Works

Title

Point defect model for passivity breakdown on hyper-duplex stainless steel 2707 in
solutions containing bromide at different temperatures

Permalink

https://escholarship.org/uc/item/9v30z379

Authors

Sun, Li
Zhao, Tianyu
Qiu, Jie

Etall

Publication Date
2022

DOI
10.1016/j.corsci.2021.109959

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/9v30z379
https://escholarship.org/uc/item/9v30z379#author
https://escholarship.org
http://www.cdlib.org/

Corrosion Science 194 (2022) 109959

ELSEVIER

Contents lists available at ScienceDirect
Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

Check for

Point defect model for passivity breakdown on hyper-duplex stainless steel — [&&s
2707 in solutions containing bromide at different temperatures

Li Sun®"¢, Tianyu Zhao ", Jie Qiu", Yangting Sun®", Kuijiao Li?, Haibing Zheng*,
Yiming Jiang ¢, Yanhui Li ¢, Jin Li¢, Weihua Li? Digby D. Macdonald >

& School of Chemical Engineering and Technology, Sun Yat-sen University, Zhuhai 519082, China

b Department of Nuclear Engineering, University of California at Berkeley, Berkeley, CA 94720, United States

¢ Department of Materials Science, Fudan University, Shanghai 200433, China

4 Key Laboratory of Thermo-Fluid Science and Engineering of MOE, School of Energy and Power Engineering of Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China

ARTICLE INFO ABSTRACT

Keywords:

HDSS 2707
Bromide solution
Passivity breakdown
Point Defect Model

Passivity breakdown on HDSS 2707 has been studied and the electrochemical data are interpreted in terms of the
Point Defect Model. Pitting parameters of HDSS 2707 are determined, including the polarizability at bl/s
interface, the defect annihilation rate, and the defect diffusion coefficient. The breakdown potential is demon-
strated to be linearly related to log [Br], pH, and the square root of potential scan rate (v

1/ 2), and follows a near-

normal distribution. The critical vacancy concentration calculated from the PDM is consistent with that esti-
mated crystallographically from the chromic barrier layer, and the dominant point defect is further confirmed by

Mott-Schottky measurements.

1. Introduction

Hyper-duplex stainless steel 2707 (HDSS 2707) was developed to
serve in extreme corrosive environments, such as heat exchanger sys-
tem, refining equipment, and acid water/gas separation towers, because
of its pitting resistance equivalent number (PREN = wt% Cr + 3.3 wt%
Mo + 16 wt% N]) is more than 48, compared to that of DSS 2205 which
is about 34 [1-6]. Previous investigations showed that the potentiostatic
critical pitting temperature (CPT) of HDSS 2707 in 1 M and even in 3 M
NaCl solution is above 100 °C, indicating that the breakdown potential
(Ep) cannot be obtained by the potentiodynamic polarization technique
in NaCl solution when the temperature is below 100 °C at atmospheric
pressure [3]. However, a higher pitting resistance is a relative concept,
the corrosion failure of HDSS 2707 occurs when bromide anions are
present, and we obtained the CPT in 1 M NaBr solution at about 68 °C at
atmospheric pressure [3]. Accordingly, the passive film formed on HDSS
2707 is not completely resistant to passivity breakdown, and metastable
pits grow to critical dimension, thereby acting as the sites for the
nucleation of stress corrosion cracking (SCC) [7]. Previous researchers
focused on the effects of alloying elements, e.g., Si, Ce, Cuand W, on the
precipitated phases and their relationships to intergranular corrosion
(IGC) and pitting resistance of HDSS 2707 [8-11]. Besides, the

* Corresponding authors.

relationships between solution heat treatment and the resulting sensi-
tization, as well as the impact of welding, both resulting in micro-
structure evolution, and the phase precipitation and the IGC of HDSS
2707 have been comprehensively analyzed [12-15]. Nevertheless,
pitting occurs and the mechanisms of passivity breakdown and pitting
on HDSS 2707 has not been explained in detail, and the pitting pa-
rameters for HDSS 2707 are not reported in previous papers.

The point defect model (PDM) has been successfully employed to
describe the growth and breakdown of passive films on alloys and metals
(including HDSS 2707), providing a theoretical basis for explaining
pitting in aggressive environments [16-21]. The PDM postulates that
the barrier layer of a bi-layer passive film comprising a point defective
barrier layer (bl) and a non-defective, precipitated outer layer (ol) can
be described in terms of a set of defect generation/annihilation reactions
that occur at the metal/barrier layer (m/bl) and barrier layer/solution
(bl/s) interfaces as depicted in Fig. 1.

In describing passivity breakdown, aggressive (breakdown-inducing)
anions (e.g., CI', Br’, F) absorb into a surface oxygen vacancy (Eq. 1);
then the system compensates for the loss of oxygen vacancies by
generating cation vacancy/oxygen vacancy pairs via a Schottky-pair
type of reaction (Eq. 2) [22] or by the ejection of a cation from the
surface of the barrier layer (bl). The oxygen vacancies in turn react with
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Fig. 1. Summary of the defect generation and
annihilation reactions envisioned to occur at
the interfaces of the barrier oxide layer on a

Precipitated Layer

metal, according to the PDM. Vj\’;, is a cation
vacancy, M{ " is a cation interstitial, Vg is an
oxygen (anion) vacancy, M’ (aq) is a cation in
outer layer/solution interface, My, is a cation in
cation site on the cation sublattice, Opis an
oxide ion in anion site on the anion sublattice,
MO, is the stoichiometric barrier layer oxide.
Note that the origin of the coordinate system is
the bl/s interface and hence that the flux of
oxygen vacancies is negative.

k
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k
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additional anions (e.g., Br™ in this paper) at the barrier layer/solution
interface to generate more cation vacancies in a cyclical process. Thus,
the principal cation vacancy generation mechanisms that occur in
response to the absorption of X~ into V, can be depicted as:

Vo X~ -mH0=X, + nH,0 o)
Null' ™, %{V; +VL )

or via cation abstraction [23]:

Mys(X,), +mH0—M;; + Ve s+ x X" mH,0 + Vi + (6—y)e 3
Vins +Musa=Vigs  + My g Q)
[ )
L ]
Vi My =Viy Mg ®)
[ ]
[ ]
(V;:[.S’) +My g1~ (Vi;AK> + My x (6)

where V;; is an oxygen vacancy, X is the aggressive anions, Mys(X;) 518
cation vacancy/oxygen vacancy pair in the bl surface, My s is a cation in
the cation sublattice in the bl surface, My;s_1 is a cation in the cation
sublattice on first cation layer below the surface, V),{,,, is cation vacancies,
V?V/I,S is a cation vacancy in the surface of the barrier layer, and V}’;,‘Sfl isa
cation vacancy on the cation layer immediately below the bl surface.
The reactions occur cyclically, resulting in the transmission of cation
vacancies via migration from the bl surface to the m/bl interface where
they progressively condense to form the cation vacancy condensate

(Vg/;.sq) . Note that Reactions (1) and (3) — (5) occur for each occur-
n
rence of Reaction (6) to form the cumulative vacancy condensate,

(Vﬁ,’,‘sfl) . Itis this entity that causes separation of the bl from the metal,
n

resulting in cessation of the growth of the bl into the substrate metal at
the condensation point and, ultimately, in passivity breakdown via
dissolution of the bl “cap” over the condensation point that is unmatched
by growth of the bl into the metal. Both of the mechanisms outlined
above (Schottky pair and cation abstraction) give rise to identical
functional forms for the dependencies of the critical breakdown voltage
(V¢) and induction time (t;,4) on system independent variables, such as
chloride activity, pH, potential (t;,q only), and temperature, although the
model parameters contained in each are frequently unique [21,22].

The migration of cation vacancies across the barrier layer (bl) toward
the metal/bl interface is driven by the high electric field (¢) that exists
within the bl of the passive film. In the PDM, the electric field strength is
postulated to be buffered by Esaki (band-to-band) tunneling and hence is
independent of applied voltage [24]. Thus, under steady-state condi-
tions, the electric field strength within the bl is in the expected range of
(1 ~ 5) x 10° V/cm and deviates from the steady-state value under
transient polarization conditions; i.e., it is likely to be sweep
rate-dependent, because the defects structure of the bl relaxes only very
slowly [25,26]. Finally, the migrating cation vacancies annihilate at the
metal/bl interface can be seen in Reaction (R1) in Fig. 1 [25,27]. The
annihilation rate is designated J;, and its role in determining V¢ and
tmg for passivity breakdown is discussed further below. However, the
ability of this reaction to annihilate cation vacancies is limited by the
rate constant, k;, which, in the steady-state, is independent of applied
potential or is only weakly dependent on potential, depending upon the
system. This is, because in the expression for the rate constant:

kl — k(l)emveb]LMeclpH (7)

the quantity a; V+b;Ls; = const via exact compensation between the
effects of the applied voltage, V, and the resulting barrier layer thick-
ness, Ly, on k; when no change occurs in the oxidation state of the cation
upon ejection from the bl (i.e.,, § = y). If § # y, a1V +bi1Lss is a weak
function of V. L is the steady-state thickness of the bl [27].

Thus, as the applied voltage increases, the flux rate of cation va-
cancies across the bl from the bl/s interface where they are formed by
Reaction R4 to the m/bl interface where they are annihilated by Reac-
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Fig. 2. Schematic of the relative dependencies of J,,, and J., on the applied voltage, Vscg.

tion R1 in Fig. 1 also increases, as given by the Nernst-Planck equation
for migration:

Jea = xyDEC}) ®

where y = F/RT, D is the cation vacancy diffusivity in the bl, ¢ is the
electric field strength, and Cl",z ° is the concentration of cation vacancies
at the bl/s interface as established by the vacancy generation mecha-
nisms described above. Thus, the changes in the flux rate J,;, and J, as a
function of applied voltage are depicted schematically in Fig. 2. This
figure displays the relationships between the fluxes J,, and J., with the
critical breakdown voltage corresponding to the condition J,, = J¢q [27,
28]. Although k; is constant for § = y, it still depends on potential,
because Ct{,ln/l ° depends on the applied potential. This is because the rate
constant k4 is an exponential function of V; a dependence that is not
compensated for by an increase in Ly (note that b4 = 0, because Reaction
R4 occurs at the bl/s interface [25,26].

As noted above, the PDM proposes that the cation vacancies arriving
at the m/bl interface are annihilated by the emission of cations from the
metal into the vacancies [27]. If the annihilation rate, defined as J,,, is
incapable of consuming the cation vacancies arriving at the metal/bl
interface, because of an excessively high J.,, the excess vacancies will
condense at the m/bl interface, either on the adjacent layer of the cation

sublattice as Vj{,’, or, possibly on the adjacent layer of the metal lattice as
Vin.

T = Kexp(aV + by Lss + c,pH)Cy)" ©

This process is envisioned to initially begin at a point of atomic
dimension subtending a region of the bl that has an abnormally high J.,,
most likely due to a high cation vacancy diffusivity but perhaps also due
to a high Cl",ln/: (see Eq. 8). In any event, continued cation vacancy
condensation is postulated to occur at the periphery of this nucleus,
resulting in the continual expansion of the condensate. The condensate
results in decohesion of the bl from the substrate metal and hence in
cessation of bl growth into the metal via the generation of oxygen va-
cancies (Reaction R3, Fig. 1). Simultaneously, the bl “cap” over the

nucleus continues to dissolve such that the condensate will achieve a
critical size (radius) at the time of cap rupture.

In previous researches, PDM theory has been successfully applied in
interpreting the pitting behaviors of austenite stainless steels, ferrite
stainless steels, and multiphase alloys such as Al-Li and Al-Zn-Mg, and
have obtained the pitting parameters of these metals [29-33]. However,
the available information on pitting mechanisms of the duplex stainless
steels, especially the hyper-duplex stainless steel is still very rare. In this
paper, the PDM is employed to investigate the pitting predictions as a
function of temperature, Br” concentration, pH and potential scan rate,
and gives the pitting parameters of HDSS 2707.

2. Experimental

HDSS 2707 plate, provided by Sandvik company, was cut into
specimens with dimensions of 12 x 6 x 2 mm and has a chemical
composition of Cr 26.99 wt%, Ni 6.48 wt%, Mo 4.89 wt%, C 0.017 wt%,
N 0.36 wt%, Cu 0.13 wt%, Mn 1.00 wt% and Fe bal, which was deter-
mined by chemical analysis at the Shanghai material testing center. The
as-received samples were initially subjected to the annealing treatment
at 1100 °C in an inert nitrogen atmosphere for 30 min to assure a
structural homogenization before quenching in water [3]. Prior to each
test, the specimens were abraded down to 2000 grit sandpaper, and then
cleaned ultrasonically in acetone, alcohol, and deionized water, and was
finally dried in hot air. The concentration of NaBr is 0.5 M, 1 M, 2 M,
and 3 M. The temperature is controlled at 70 + 1 °C, 80 + 1 °C and
90 =+ 1 °C by using the thermostatic water bath. The pH of NaBr solution
is adjusted to 5.1 +0.1, 6.0 £0.1, 7.1 £ 0.1, and 8.1 £ 0.1 by using
acetic acid/sodium hydroxide.

A typical three-electrode system was used to conduct electro-
chemical experiments by using a potentiostat workstation CHI 660D.
The cell contained a platinum foil as the counter electrode, a saturated
calemol electrode (SCE) as the reference electrode, and a HDSS 2707
specimen as the working electrode with an exposed area of 0.25 ¢cm?. For
potentiodynamic polarization measurements, the working electrode was
cathodically polarized at —1.2 Vgcg for 120 s to remove the air-formed
oxidation products and to improve reproducibility. A twenty-minute
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Fig. 3. Typical potentiodynamic polarization curves for HDSS 2707 in NaBr solutions at the scan rate of 1.667 mV/s.

100 um

Fig. 4. Typical OM morphology of pitting on HDSS 2707 in NaBr solution after potentiodynamic polarization test.

rest at the open circuit potential (OCP) was then allowed before con-
ducting potentiodynamic polarization, scanned at the scan rate of
1.667 mV/s from —0.25 Vgcg (about —0.1 Vgcg lower than stable OCP)
to the occurrence of a stable pit. The scan on each specimen was
repeated 20 times to obtain the cumulative distributions of the break-
down potential (Ep). Pitting corrosion was confirmed by an optical mi-
croscopy (OM) after each experiment. In order to study the effects of
potential scan rates on Ep, four scan rates, i.e., 0.5 mV/s, 1.667 mV/s,
5.667 mV/s and 10 mV/s were employed.

The Mott-Schottky (M-S) analysis was carried out to study the

semiconductor characteristics and the donor densities of the passive film
on HDSS 2707 in NaBr solution by measuring the capacitance of the
interface as a function of applied potential from — 0.2 Vgcg to 0.7 Vscg.
This was done dynamically by superimposing a voltage sine wave of
10 mV at 1000 Hz frequency sweeping the potential in the negative
direction at a sweep rate of 20 mV/s [34].
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3. Results and discussion
3.1. The effect of bromide ions on pitting

Fig. 3 shows the typical potentiodynamic polarization curves of
HDSS 2707 in NaBr solution at 70 °C (pH = 8.1 + 0.1) as a function of
bromide concentration, at an applied potential sweep rate of v
= 1.667 mV/s. The polarization curves display a wide, stable passive
region (about 0.1 Vgcg ~ 0.5 Vscg) with the passive current density at

~10"%A/cm™2, terminating in a sharp rise in the current density at a
potential that depends on the bromide concentration, due to the sudden
occurrence of passivity breakdown. The breakdown potential (Ep) of
HDSS 2707 is seen to decrease with increasing bromide concentration.
According to the PDM, the aggressive ion (Br’) adsorbs into surface
oxygen vacancies and produce cation vacancies at the bl/s interface that
then condense at the m/bl interface, as described above. Thus, at higher
bromide concentrations, more cation vacancies are produced, and the
excess vacancies are envisioned to condense either on the cation
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sublattice or on the lattice of substrate metal at the m/bl interface,
resulting in the separation of the bl from the substrate metal. The passive
film eventually ruptures under the dissolution at the bl/s interface,
augmented by stress, and passivity breakdown and subsequently pitting
occurs [35]. The inflection point at which the current density suddenly
increases is defined as the breakdown potential (Ep), and the stable
pitting morphology is inspected in Fig. 4.

The PDM expresses the dependence of the Ejp (or V) on temperature,

pH, and anion activity as given by Eqs. (10) to (12), which show that V,
decreases linearly with increasing log(a,) and with decreasing pH,
where a, is the activity of the aggressive anion (e.g., Br), [35].

4.606RT b, 2.303RT
= log(+) —

yaF D aF log(as-) an

2
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Fig. 9. Mott-Schottky plots of the passive film on HDSS 2707 in NaBr solution at 70 °C.
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FyeN, RT
by)s = b)) +aV + fpH 12)

where D is the diffusivity of the cation vacancy in the bl, and b is defined
in Eq. (11). The parameters y, €, and Q are the oxide stoichiometry

(MO,2), the electric field strength, and the volume per mole of cation of
the passive film, respectively. In Eq. (11), the energy term, w, is defined
in Eq. (13) to describe the energy related to the absorption of Br" into
[36].
V4 X

w=AG]+ZAGy — S Fdy, 13

A negative value of w means the absorption process is energetically-
favorable. AG? and G are the change in standard Gibbs energy for the
Schottky-pair reaction (Eq. 2) and for the absorption of Br” into oxygen
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vacancies at the film/solution surface and a and f are the dependence of
the potential drop across the bl/solution interface (¢;) on the applied
voltage and pH, respectively. The parameter ¢J9/x is the value of ¢y, in
the standard state of V =0 and pH =0. R, T, F, and N, are the gas
constant, temperature, Faraday’s constant, and Avogadro’s number,
respectively.

The apparent mean breakdown potential, Ep (V,), for HDSS 2707 in
NaBr solution is found to decrease linearly with the logarithm of bro-
mide activity, as shown in Fig. 5, which is in accorded with the PDM
prediction in Eq. (10). According to these data, E}, can be described as a
function of ag- (v = 1.667 mV/s):

E, = 0.63126 — 0.30597log[az, | 14

Consequently, the value of o (the polarizability of bl/solution
interface) is determined as o = 0.22, which is similar to the value for
AISI Type 403 SS in borate buffer solutions (x = 0.23) [32], and Type
436 FSS in NaCl solutions (a = 0.29) [33], indicating that o depends
both on the material and the solution.

As described in Eq. (10), the breakdown potential of the passive film
can be reformulated as [22,25]:

p 2.303RT
E,=Vy—=pH ———
b 0 a‘p aF

The mean breakdown potential, Ep, for HDSS 2707 in 1 M NaBr so-
lution is found to increase linearly with the increasing of pH, as shown in
Fig. 6. This linear relationship between E}, and pH is expressed as:

logla,- 15)

E, = 0.32897 +0.04791pH (16)

Based on the Eq. (15), p is determined to be —0.0105 by the slope,
which is consistent with the other results of the alloys, suggesting that f§
is more independent than o [24,30,32,37]. According to Egs. (14) to

(16), the calculated Vj value is 0.268 Vgcg and 0.281 Vg, respectively.
It is worth noting that the V| obtained by these two methods is very
similar, implying the rationality of PDM in accounting for passivity
breakdown of HDSS 2707.

Fig. 7 shows the linear relationship between the breakdown potential
Ep (or V) of the passive film and potential scan rate (v). The PDM also
predicts the slope of the plot of the V, vs the square root of potential scan
rate (vl/ 2), which is defined as [38]:

26RT

Y )(aF)l/zvl/2+Vf(V =0)

Ve(v) a7

where V, (v = 0) is regarded as the breakdown potential of passive film
when the scan rate is zero. As V, is determined potentiodynamically at
scan rates that vary from study-to-study, an important use of Eq. (17) is
to correct the apparent value of V, for scan rate dependence so as to yield
the steady-state value, such as obtained in a long-term immersion
experiment, V. (v = 0) [24,30]. ¢ and Jp, are the critical areal cation
vacancy concentration and the rate of annihilation of cation vacancies at
the bl/metal interface, respectively. Employing the value of o deter-
mined above, the ration of {/Jp, can be calculated from the slope. As a
function of v/ 2, the Ep/V, follows:

E, = 0.60435 4+ 1.08331v'/? (18)

For different bromide ion concentrations at 70 °C, the relationships
between Ep, /V, of HDSS 2707 and the square root of the potential scan
rate (v'/2) are shown in Fig. 8. It is observed that the slope of the linear
function is independent of bromide ion concentrations, as required by
Eq. (17). Combining Eq. (17) and Fig. 8, it is noted that the breakdown
potential at a scan rate of zero, i.e., V. (v =0) of HDSS 2707 in1 M, 2 M
and 3M NaBr solutions at 70 °C are 0.604 Vscg, 0.546 Vgcg and
0.466 Vgcg, respectively. Obviously, the critical breakdown potential, V,
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Fig. 14. Replication of potentiodynamic polarization curves for HDSS 2707 in 1 M NaBr solutions at different temperatures: (a) 70 °C; (b) 80 °C; (c) 90 °C.

(v = 0), decreases with the increasing of bromide ion concentrations.

The maximum passive current density (I;) below the breakdown
potential is used to estimate the J, of cation vacancies at the metal/bl
interface in terms of Eq. (19). The value of { can be subsequently
obtained.

o ISJNA
= XF

19)

m

where N = 6.023 x 10?3 No./mol. x = 3, corresponding to CryOs. The
maximum I is estimated to be equal to 10 uA/cm? from Fig. 3. It should
be noted that, the passive film on HDSS 2707 surface in NaBr solution is
an n-type semiconductor, by observing a positive slope in Fig. 9,
implying that the dominant defects are cation interstitials (most likely)
and/or oxygen vacancies rather than cation vacancies [28]. Accord-
ingly, the fraction of the current density carried by cation vacancies
must be less than that indicated by the measured passive current density
(Iss) from Fig. 1. Therefore, at breakdown, the order of J., and J;,, obeys
Eqg. (20). Thus, by assuming that cation interstitials are the main
condensing species, Jp, and J¢, are estimated to be less than 2.1 x 108
em 27!, and ¢ is therefore less than 2.5 x 10'* cm™2.
IxN,

— a1y

JF (20)

The critical areal vacancy concentration ¢ (cm2) that leads to the
passivity breakdown can be estimated from the unit cell dimension of
the barrier layer and the substrate of the steel, depending on the lattice
cation vacancy condensation. The unit cell of the barrier layer on HDSS
2707 (assumed to be Cry03) is rhombohedral with lattice parameters of
a =0.493 nm and ¢ = 1.358 nm [33], and Cr is body centered cubic
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(BCC) with the lattice parameters of a = 0.288 nm or face centered cubic
(FCC) with the lattice parameters of a = 0.493 nm [39]. The density of
Cr atoms per unit area in a monolayer of the unit cell is computed as
~10% cm™2 for the steel substrate and ~10*% cm™2 for the chromic
barrier layer. Thus, the condensation of the defects will occur on either
the steel side or the barrier layer side. The results are in excellent
agreement with the { value of HDSS 2707 calculated from the experi-
mental data by employing the V. as a function of potential scan rate (v),
as proposed by PDM.

According to the basic M-S equation, the defect density within the
passive film of HDSS 2707 in NaBr solution is calculated from the slope
of the linear region in C~2 vs. V profiles. The basic M-S equation for n-
type semiconductor is shown as follows:

2D

where C is the space charge capacitance, e is the elementary charge
1.6 x 107 1° C), g is the vacuum permittivity (8.85 x 10714 F/cm), € is
the dielectric constant of the passive film (assumed as 12 for the chromic
barrier layer [34,40]), Vg is the flat band potential of the film, k is
Boltzmann’s constant (1.38 x 10723 J/K), T is the Kelvin temperature
(K), and Np is the donor (point defect) density. On the basis of Eq. (21)
and Fig. 9, the donor densities can be calculated. Accordingly, Np, in
0.5M, 1M, 2M and 3M NaBr solutions are 4.45 x 10%° cm™3,
1.34 x 10% cm’3, 1.73 x 10%! em™® and 3.93 x 10! cm’s, respec-
tively. The lower the slope, the higher the donor densities. The thickness
of the passive film (Lg) formed on stainless steel is usually of the
nanometer scale (nm =1 x 1077 cm) [41]; thus, the estimated density of
Cr atoms per unit volume for the barrier layer is around 102! cm™ from
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the unit cell dimension (~10'* em ™2 / L), which is in accorded with the
M-S test results and PDM analysis (( / Lgs).

3.2. The effect of temperature on pitting

Temperature is another key factor that affects the breakdown po-
tential. The polarization curves of HDSS 2707 in 1 M NaBr solution at
different temperatures are displayed in Fig. 10. It is seen that the po-
larization curves have a wide passivation region, from 0.1 Vgcg to
0.5 Vgcg, and the passive current density is ~ 10°° A/cmz, illustrating
the excellent pitting resistance of HDSS 2707. With increasing temper-
ature, the breakdown potential (Ep) gradually decreases because the
rates of point defect generation/annihilation reactions increase (Reac-
tion R1 and R4 in Fig. 1) and the diffusivity of cation vacancies is
enhanced, which enhances the accumulation of the vacancies at the bl/
metal interface and thereby inducing passivity breakdown at a lower
potential.

Fig. 11 shows the relationships between E}, of HDSS 2707 and the
square root of the potential scan rate %) in 1 M NaBr at different
temperatures. Combining Fig. 7 and Fig. 11, we can see that the slope
increases with the increasing of temperature. Based on Eq. (17), the
calculated ¢ are 2.5 x 10'* em™2,2.7 x 10" em 2 and 3.3 x 10'* em 2
at 70 °C, 80 °C and 90 °C, respectively, manifesting that the critical
concentration of cation vacancies increases slightly while the break-
down potential decreases with the temperature. However, it must be
recognized that this result is somewhat equivocal, because we do not
know the fraction of the total passive current density is due to the
migration of cation vacancies in contrast to that due to the migration of
donor point defects (oxygen vacancies and metal interstitials). Strictly
speaking, only the fraction of the observed passive current due to the
migration of cation vacancies should be used in Eq. (20) in determining
€. Unfortunately, we do not yet have a method for determining that
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fraction, but the optimization of the full, seven reaction PDM on wide
band EIS data holds significant promise. Nevertheless, the calculated
values of { are consistent with the cation vacancies occupying a mono-
layer of cation sites (1014 ~ 10'®) at the m/bl interface on either the
metal lattice or on the cation sublattice of the barrier layer. For a po-
tential scan rate of zero, i.e., V. (v = 0), the breakdown potentials of
HDSS 2707 in 1 M NaBr solution at 70 °C, 80 °C and 90 °C are calculated
as 0.604 yscg, 0.575 Vgcg and 0.500 Vg, respectively. Thus, the critical
breakdown potential, V, (v = 0), decreases with increasing temperature,
implying that during an immersion test, where the OCP gradually in-
creases with time (as predicted theoretically by the PDM [42] confirmed
by the 343 days of measured OCP values for P355 QL2 carbon steel in Ca
(OH); + NaOH solution [35]), the corrosion potential (ECP) ultimately
may become greater than the critical breakdown potential, thereby
ensuring spontaneous pitting [43,44] is the PDM postulates that the
cation vacancies are apt to accumulate at the site of inclusions (e.g., MnS
[45]), dislocations [46] and precipitates (e.g., M23Cg [47]); these being
sites of high lattice disorder at their intersection with the barrier layer
that are characterized by high cation vacancy diffusivity in the layer.
Accordingly, these are the preferred sites for pit nucleation.

3.3. The distribution law for Ep/V,

According to the PDM, the potential breakdown sites are assumed to
distributed normally with respect to the cation vacancy diffusivity with
the distribution being characterized by a mean value, D, and a standard
deviation, op [48]. Based on this postulate, an analytical distribution
function for breakdown potential, Ey/V,, is readily derived from Eq. (22)
[49].
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Table 1

Parameter values used in calculating cumulative probabilities in the breakdown
potential for HDSS 2707 in NaBr solutions with different bromide concentrations
at different temperatures.

Parameters Values Units Sources
F, Faraday’s constant. 96,487 c/ Constant
equiv
R, the gas constant. 8.314 J/(mol Constant
K
pH 8.2+0.2 - Measured
N, Avogadro’s number. 6.023 x 10% No./ Constant
mol
%, the barrier layer 3 - Assigned
stoichiometry (Cr,03).
g, the electric field strength 1 x 10° V/cm Assumed
within the bl.
«, the dependence of ¢/, on 0.22 - FromFig. 5.
the applied voltage.
P, the dependence of ¢;;; on -0.0105 \’% FromFig. 6.
pH.
Q, molar volume of Cr,03 per 14.59 em®/ From density
cation. mol
D, the mean diffusivity. of 2x107% em?/s Fitted from
cation vacancy. (343.15K) Fig. 17.
4x10°%
(353.15K)
1x107%
(363.15K)
Jm, the rate of annihilation of 2.1 x 10 No./ Calculate
cation vacancy at m/bl (cmzs)
interface.
¢, the critical areal cation 2.5 x 10™* No./ FromFig. 11.
vacancy concentration. (343.15K) cm?
2.7 x 10™
(353.15K)
3.3 x 10
(363.15K)
Np, donor density. 4.45 x 10%° No./ FromFig. 9.
0.5M) cm®
1.34 x 10*
(1.0 M)
1.73 x 10*!
(2.0 M)
3.93 x 10*
(3.0 M)
, _ xaF 11.16 (343.15K) v1! Calculated
" = oRT 10.84 (353.15K)
10.55 (363.15 K)
w, energy term. -7.29 kJ/mol Calculated
op, the standard deviation for 9x10°2'(2M, em?/s Fitted from
the cation vacancy 3M) Fig. 16 and
diffusivity. 1.3 x10°%° Fig. 17.
(0.5M,1M)
1.3x107%
(343.15K)
9x 107
(353.15K)
9x 10
(363.15K)
—\ 2
dN . —y'D x D—-D
dv. \2xop P V2 -0p
, 7o\ 2
—by’ (e e ) v v (22)
= ex, exp( —
\/iﬂ"ﬁu‘azc/zz ! 2-0heag fewp(=7Ve)
where y = %, j{,‘i = %/&’ % is derived from Eq. (10). V; is mean

breakdown potential, which is expressed as follows:

V.= lln(ﬁ.[//z)

},r D Br— (23)

The cumulative probability in breakdown potential is defined as Eq.
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(24), where P(V,) represents the percentage of breakdown sites at V. in
all possible breakdown sites.

2 @av,

oo \dV,

P(V,) =100 x @24

The relationship of P(V,) versus V. is given by Egs. (22) to (24).
Combined with experimental results, this provides a sensitive prediction
of the fundamental nature of, and the theory for, the distribution of
breakdown sites on the metal surface.

Fig. 12 and Fig. 13 show the typical replicate potentiodynamic po-
larization curves for HDSS 2707 in different bromide ion concentrations
at 70 °C, and the statistics of the V. along with the cumulative distri-
butions, respectively. It is evident that the distribution range of the
breakdown potential is less than 200 mVgcg (Fig. 13), ultimately
defining the fundamental limit on the reproducibility of V.. Literature
reviews indicate that the distribution range of breakdown potential
values from replicated measurements increases with (a) a decrease in
the exposed area, (b) an increase in the alloying content or a decrease in
the susceptible microstructural surface features (e.g., roughness), and
(c) a decrease in the environmental aggressiveness [50-52]. In this
paper, the distribution range of breakdown potential of HDSS 2707 is
larger than for any other metals reported to date [24,31,33,39], which is
attributed to the high alloying content of HDSS 2707.

Fig. 14 and Fig. 15 show typical replicate potentiodynamic polari-
zation curves for HDSS 2707 in 1 M NaBr solution at different temper-
atures, and the statistics of the V. and the cumulative distributions,
respectively. It is seen that the distribution in the breakdown potential
(V) decreases with the increasing of temperature, i.e., AV, = 200 mVgcg
at 70 °C, AV, = 140 mVgcg at 80 °C, and AV, = 120 mVgcg at 90 °C
because of an increased aggressiveness of corrosive environment.

Based on the above analysis, the required pitting parameters of HDSS
2707 for the PDM analysis are obtained, and are listed in Table 1. These
parameters for HDSS 2707 are obtained in a single [Br’] at each tem-
perature. Combined with Egs. (22)-(24), the statistical distribution in
the breakdown potential for HDSS 2707 in different NaBr concentrations
at different temperatures can be calculated, as shown in Fig. 16 and
Fig. 17. It is clear that the calculated values are consistent with the
experimental measurements, implying the rationality of the PDM for
predicting pitting.

The calculated distributions in terms of the PDM use op = 0.65D in
0.5 M and 1 M NaBr solutions, and use 6p = 0.45D in 2 M and 3 M NaBr
solutions of HDSS 2707 at 70 °C, and hence in good agreement with the
experimental measurements (Fig. 16). Typically, these experiments
were repeated 20 times, in order to obtain the statistically valid distri-
butions. A greater value of op dictates that the population of breakdown
sites is characterized by a wider distribution [39]. Therefore, increasing
Br™ concentration lead to a narrowing of the distribution in the break-
down potential, which is in satisfactory agreement with Fig. 13. Simi-
larly, the calculated distributions in terms of the PDM use op = 0.65D at
70 °C, and use op = 0.45D at 80 °C and 90 °C of HDSS 2707 in 1 M NaBr
solution for a better fit. Thus, increasing the temperature tends to
decrease the standard deviation, op, and to increase the mean defect
diffusivity (Table 1), D, at the breakdown sites, rendering the pitting
probability distribution more compact. Based on previous research, we
find that by lowering the number of potential breakdown sites per unit
area of the surface, the parameter that would appear to be most readily
manipulated to impact the susceptibility of a passive film to chemically
induced breakdown is the cation vacancy diffusivity [29,30,32,33,39].
Hence, a decrease in cation vacancy diffusivity (10~2° ~ 107° for HDSS
2707) leads to an increase in breakdown potential because a higher
voltage is required to produce the same flux of cation vacancies via the
barrier layer to achieve the breakdown condition (Jeq > Jp)-
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4. Conclusions convincingly describes the pitting behavior of duplex stainless steel. The

pitting parameters of HDSS 2707 are calculated, and the experimentally-

In this work, the relationships between the breakdown potential, Ep determined distributions of Ej of HDSS 2707 in NaBr solutions are in line

(V,), of passive HDSS 2707 and temperature, bromide concentration, with the PDM predictions. The main conclusions are summarized as
pH, and potential scan rate were studied. The results show that the PDM follows:
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1. The polarizability of the barrier layer/solution interface (a) is 0.22
and f is —0.0105 V for HDSS 2707 in NaBr solution. The annihilation
rate of cation vacancies at the metal/bl interface of HDSS 2707 is ~
2.1 x 108 em™%7L,

2. The critical areal cation vacancy concentration ({) for passivity
breakdown, analyzed by PDM, is calculated to be about ~10' cm’z,
and tends to increase with temperature, which is in excellent
agreement with that estimated from steel crystal structure and M-S
measurements, although this latter result is equivocal because the
fraction of the observed passive current density due to the migration
of cation vacancies is currently unknown.

3. Statistical analysis of the experimentally determined breakdown
potential (Ep) of HDSS 2707 shows that Ej follows a near-normal
distribution as predicted by the PDM.

4. Both increasing of bromide ion concentrations and the temperatures
tend to shift the distributions of breakdown potential (Ep) to more
negative potentials, and lead to a narrow distribution in Ep, thereby
having a decreased in standard deviation, op, for an optimal fit of the
theoretical distribution function to the experimental data.

5. Correlation between experimental data on the breakdown potential
(Ep) as functions of bromide ion concentration, temperature, pH, and
potential scan rate demonstrates the validity of PDM in analyzing the
breakdown behaviors of HDSS 2707.
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