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The passive behaviour of Alloy 31, a highly-alloyed austenitic stainless steel (UNS
NO08031), has been investigated in a LiBr heavy brine (700 g/l) at different temperatures
using potentiostatic polarisation and Mott-Schottky analysis. Cation vacancies have
been found to be the dominant defect in the passive films formed on Alloy 31. An
increase in temperature enhanced the generation of cation vacancies at the film/solution
interface and raised the steady-state passive current density. The density of defects
within the passive film also increased significantly with temperature, making the film

more conductive and less protective against localised attacks.
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1. INTRODUCTION

Energy demand for refrigeration and air-conditioning appliances has been increasing in
last decades [1-3]. World energy demand as well as CO, emissions are expected to rise
about 60% by 2030 as compared to the beginning of this century [1]. Conventional
vapour compression chillers require electricity to work, which is produced from fossil
fuels and therefore non-renewable sources. Additionally, vapour compression cooling
systems use CFCs and HCFCs as working fluids, which contribute to global warming
and ozone layer depletion. Absorption cooling systems use heat as energy source, which
can be supplied by waste heat recovered from other industrial processes (e.g. in oil
refineries and petrochemical facilities) or from solar energy [1, 4, 5]. Lithium bromide-
water absorption cooling systems are widely used in thermal-driven air-conditioning
systems and have several benefits in comparison with compression cooling systems:
they require a tenth of the energy consumed by vapour compression chillers, are
environmentally-friendly (the LiBr-water mixture used as a refrigerant has zero global
warming potential and does not contribute to stratospheric ozone layer depletion) and

noise free, among others [6, 7].

In spite of the advantages of LiBr absorption machines, bromide ions are aggressive and
can cause serious corrosion problems in these refrigeration systems. Moreover, the high
temperatures and concentrations reached in absorption machines accelerate the corrosive
effect of bromides [8-16]. One method to solve these corrosion problems is to use high
corrosion-resistant metallic materials in their construction, like highly alloyed austenitic
stainless steels with large amounts of chromium, nickel and molybdenum

(superaustenitic stainless steels). One of these metallic materials is Alloy 31 (UNS



NO08031), with 26.75% Cr, 31.85% Ni and 6.6% Mo. Alloy 31 is characterised by its
high resistance to corrosion in halide media [11, 17-19]. Nevertheless, because of the
severe conditions inside absorption machines, even highly alloyed metallic materials
such as Alloy 31 may undergo passivity breakdown and localised attacks [11, 18-20].
Therefore, it is very important to understand the mechanisms of formation, growth and

eventual breakdown of Alloy 31 passive films in LiBr environments.

The Point Defect Model (PDM) developed by Macdonald and co-workers [21-30] is
perhaps the most well-known model for the passive state nowadays. The basis for this
model is that passive films are considered to be highly defective structures with the
main point defects being cation vacancies (VMX'), anion vacancies (oxygen

vacancies, Vo) and/or cation interstitials (M{"), as designated by the Kroger-Vink

notation. The PDM emphasises the role of these ionic point defects in conducting the
current through the film. According to the PDM, anion vacancies and cation interstitials
are created and consumed at the metal/film and film/electrolyte interfaces, respectively;
on the other hand, cation vacancies are created at the film/electrolyte interface but are
consumed at the metal/film interface. The formation and annihilation of anion vacancies
contribute to film growth (which occurs inward into the metal phase), while cation
vacancies contribute to metal dissolution through the film. Passivity breakdown is
closely related to the concentration of cation vacancies at the metal/film interface, and
hence related to the flux of cation vacancies through the film. Consequently, the
transport of vacancies within the passive film under the influence of both a
concentration gradient and an electrical potential gradient is necessary for the processes

of film growth and breakdown. Another important assumption of the PDM is that the



electric field strength across the film depends on the chemical and electrical properties,

being independent of applied potential and film thickness.

The goal of this paper is to examine the influence of temperature on the passive behaviour
and electronic properties of Alloy 31 in a heavy brine LiBr solution (700 g/I) and to find out
a relationship between the electronic and corrosion properties of the passive film, through

the study of current density transients and Mott-Schottky analysis (M-S).

2. EXPERIMENTAL PROCEDURE

Materials, specimen preparation and electrochemical measurements

The material tested was the highly alloyed austenitic stainless steel Alloy 31 (UNS
NO08031: 26.75% Cr, 31.85% Ni, 1.50% Mn, 0.10% Si, 6.60% Mo, 1.21% Cu, 31.43%
Fe, 0.002% S, 0.017% P, 0.005% C, 0.193% N), provided by ThyssenKrupp VDM. The
Alloy 31 electrodes were cylindrically shaped (8-mm in diameter) and covered with a
polytetrafluoroethylene (PTFE) coating. The area exposed to the solution was 0.5 cm®,
All specimens were wet abraded from 500 to 4000 SiC grit, and finally rinsed with
distilled water. The samples were tested in a 700 g/1 (8.06 M) LiBr solution (pH = 6.80)
at four different temperatures: 25, 50, 75 and 100 °C. Before the tests, the electrolyte
was purged with purified nitrogen gas for 1 hour, in order to deaerate the solution. The

purging continued over the electrolyte solution until the end of the tests.

All electrochemical measurements were carried out using an Autolab PGSTAT302N

potentiostat. A Ag/AgCl 3M KCI electrode served as the reference electrode and a



platinum wire served as the counter electrode. In all cases the tests were repeated at

least three times in order to verify reproducibility.

Determination of the polarisability of the passive film/solution interface, a

In order to obtain the parameter « (the dependence of the potential drop across the film/
solution interface, ¢y, on the applied potential, or polarisability of the passive
film/solution interface), potentiodynamic polarisation curves were performed at
different LiBr concentrations, from 28 to 992 g/l LiBr (0.32 — 11.42 M, respectively),
and at different temperatures from 25 to 100° C (at concentrations lower than 700 g/l
LiBr, the maximum temperature was 75° C, since at 100° C the solutions showed signs
of boiling; thus, at 100° C only two polarisation curves were performed: 700 and 992 g/
LiBr). The potential of the working electrode was scanned from a value of -150 mV
with respect to the open circuit potential towards the active direction at 0.5 mV/s. From
these curves, the pitting potential £, was determined as the potential at which the
current density reached 100 pA/cm?. The parameter a was afterwards calculated from
the slope of the linear representation E, vs. log as,., ap. being the activity of bromide

anions in each LiBr solution.

Potentiostatic passivation tests

Before the potentiostatic passivation tests, the surface of the samples was pre-treated
cathodically at -1 Vagager for 30 min to create reproducible initial conditions.
Afterwards, the working electrode was polarised at different film formation potentials

within the passive region of Alloy 31 (from -0.3 Vagagci to 0.05 Vagaecr at 25 and 50



°C, from -0.25 VAg/AgCl to 0 VAg/AgCl at 75 °C, and from -0.2 VAg/AgC] to -0.05 VAg/AgCl at
100 °C) for 1 hour to form a steady-state passive film. During passivation experiments,

current density was recorded against time.
Capacitance measurements

Mott—Schottky plots were obtained by sweeping the potential from the film formation
value in the negative direction with potential steps of 50 mV, at a frequency of 5 kHz
with an amplitude signal of 10 mV. A high scanning rate was used to avoid
electroreduction of the passive film and changes in film thickness during the
measurements. At a sufficiently high scanning rate, the defect structure within the
passive film is “frozen-in” to avoid defect density from being affected by the change in

applied potential [27, 31, 32].

3. RESULTS AND DISCUSSION
Determination of the polarisability of the passive film/solution interface, a

The parameter a is very important in passive systems since it expresses the dependence
of the potential drop across the passive film/solution interface on the applied potential
[21, 22]. Therefore, o value illustrates the potential distribution at the interfaces
(metal/film and film/solution). According to the PDM [33-35], the critical breakdown
potential or pitting potential, £,, can be expressed as a function of the logarithm of the

aggressive anions activity, as follows:
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where y is the charge of the metal ions, b is a constant and D is the diffusivity of cation
vacancies in the passive film, F is Faraday’s constant (96485.34 C mol™), R is the gas

constant and 7 is absolute temperature.

Potentiodynamic polarisation curves of Alloy 31 in the different LiBr solution at 25, 50,
75 and 100° C are shown in Figure 1. As tests were reproducible, these curves illustrate
one of the recorded measurements. It can be observed that as LiBr concentration
increases, the sharp increase in current density corresponding to the pitting potential
shifts towards more negative values. This result indicates worse pitting corrosion

resistance of Alloy 31 in concentrated LiBr solution.

Eq. (1) predicts a linear relationship between the pitting potential and the logarithm of
aggressive anions activity. The value of a can therefore be determined from the slope of
this straight line. Activities for LiBr solutions, az;z., have been calculated from the

following equation:

m
aLiBr - 0 7i (2)
m

my;z- being the LiBr molality (mol LiBr/kg H,0), m’ is the standard LiBr molality
(m” =1 mol LiBr/kg H,0) and y. is the mean ionic activity coefficient of LiBr in the
solution. Activity coefficients were calculated using a model developed by Meissner
and Kusik for strong electrolytes in aqueous solutions at different temperatures [36, 37].
The values of my;z,, 7+ and ap,. for the different LiBr solutions at different temperatures

are shown in Table 1.



Figure 2 shows the E, vs log ag,. plots at 25, 50, 75 and 100° C. The error bars included
in this figure show that the £, measurements were very reproducible. A linear decrease
of E, with log ap. can be observed at temperatures from 25 to 75° C. This linear
relationship becomes more marked with increasing temperatures. At 100° C, a correct
value for the slope cannot be determined since only two potentiodynamic curves were
carried out due to boiling limitations. By using eq. (1), the values of a have been
calculated to be 0.80, 0.47 and 0.37 at 25, 50 and 75° C, respectively. A clear decrease
of a can be observed with increasing temperatures, especially from 25 to 50° C.
According to this tendency, the value of a at 100° C can be estimated to be 0.3. These
values of o indicate that the potential drop at the passive film/solution interface
decreases as temperature increases, which increases the potential drop at the metal/film
interface. It is at the metal/film interface that the reaction of passive film formation

takes place, according to the PDM [22, 24, 28].

Potentiostatic passivation tests

As an illustration, Figure 3 shows the effects of the temperature of the solution on the
current transient of Alloy 31 in the 700 g/l LiBr solution when stepping the applied
potential to -0.1 V from the cathodic pretreatment at -1 V. Current density decreases
exponentially with passivation time regardless of the electrolyte temperature, and
eventually reaches a steady-state value (iss). It is evident from Figure 3 that current
density of Alloy 31 increases significantly with increasing temperatures from 25 to 100

°C.

According to the PDM [28, 29, 31], the general expression for the passive current

density under steady-state conditions is:
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where ¢ is the charge of cations ejected from the passive film (3 in the case of Cr’"),

C P is the proton concentration in the solution, CIO# is a standard state H' concentration

and n is the kinetic order of the reaction of passive film dissolution with respect to

(C o / C’. ) The parameters k;,, k.. and kg5 are, respectively, the rate coefficients for

the reactions of formation of cation interstitials, cation vacancies and passive film
dissolution. Eq. (3) suggests that the steady-state current density isg is associated with
the fluxes of point defects and also with the kinetic parameters for the interfacial
reactions. Hence, iss consists of three components: the first (0Fk;,;) due to the generation

and transport of cation interstitials, the second (0Fk.,) due to the generation and
transport of cation vacancies and the third oFk (C . / Cg+ )n due to the movement of

oxygen vacancies. The latter term is expressed in terms of the rate of dissolution of the

passive film [28-31].

According to the PDM, In igg will vary linearly with film formation potential, £
provided that cation vacancies dominate ionic charge transfer through the film. For
cases where cation interstitials or oxygen vacancies dominate ionic charge transfer
through the film and the charge of cations ejected from the passive film (J) is the same
as the charge of cations within the passive film, Jln iss/OE will be zero. On the basis of
eq. (3) and the relationship between In s, and E;, the PDM yields a diagnostic criterion

that can be used to determine the identity of the main point defects in the passive film



[38-40]. Plots of In ig vs Er for Alloy 31 in the 700 g/l LiBr solution at different
temperatures are shown in Figure 4. A linear dependence of In igs on the film formation
potential is observed in the four plots, with passive current density increasing with
increasing potential. According to the diagnostic criterion mentioned above, a linear In
iss vs. Er dependence with positive slope, as is the case of Figure 4, indicates that there
is a preponderance of cation vacancies over cation interstitials and oxygen vacancies in
the passive film formed on Alloy 31 in the 700 g/l LiBr solution, that is, the majority of

the current is carried by cation vacancies.

For cation vacancy conducting films, the PDM predicts that the In iss vs Ey relationship

within the passive range has the form:

. _ 0 acura575/ a o POYPH
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kcat = kcat
where kcmo and a., are the standard rate coefficient and the transfer coefficient,
respectively, for the cation ejection and cation vacancy formation reaction at the passive
film/electrolyte interface (Crer — Cr’" + Vi), a is the polarisability of the passive
film/electrolyte interface (calculated above), y = F/RT and f is the dependence of the

potential drop across the film/electrolyte interface, ¢y., on pH.

According to eq. (4), a plot of In iss vs. Erin the passive region should be linear with a

slope of a..00y. Using the values of a calculated in the previous section and with ¢ = 3,
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the transfer coefficient for the cation ejection and cation vacancy formation reaction at
the passive film/electrolyte interface, a.., can be calculated from the values of the slope
of the lines in Figure 4. From the intercept at 0.0 Vgyg of the straight line in Figure 4
(In OFk.. + acapoypH), the value of the standard rate coefficient for the cation ejection
and cation vacancy formation reaction at the film/electrolyte interface, ke, can be
calculated, with pH = 6.80 and f = -0.005 V [25, 29, 30]. The calculated values of a..
and k.. are presented in Figure 5. The change of both parameters with increasing

temperature is very similar.

It can be observed from Figure 5 that a., values are rather low at the four studied
temperatures. Low values of transfer coefficients have usually been found for passive
film on iron and Fe-Cr alloys [29, 41-44]. In accordance with the activated complex
theory, all electrochemical processes proceed via a transition state which is less stable
than both reactants and products. The transfer coefficient provides an indication of how
reactant-like or product-like the transition state is in terms of its electrical behaviour
(charge development). Hence, the rather low a., values indicate that the charge on the
developing cation vacancy at the passive film/electrolyte interface is between 2.1-
34.5%, depending on the temperature of the system; in other words, the transition state
is reactant-like, that is, little different from the initial state. From a physical point of
view, since the rate coefficient £ for an electrochemical process depends exponentially
on the electrode potential and the transfer coefficient (eq. (5)), the low values of a.u

indicate that a change in the formation potential, £y, will have little effect on 4.

With regard to the standard rate coefficient for the cation ejection and cation vacancy

formation reaction at the film/electrolyte interface, kcatO, it can be observed from Figure

11



5 that its value increases abruptly with increasing electrolyte temperature, indicating
that the formation of cation vacancies at the film/electrolyte interface is enhanced by

rising the temperature of the system.
Capacitance results

The electrochemical capacitance of the passive system was measured as a function of
the applied potential to examine the semiconducting properties and defect structure of
the passive films formed on Alloy 31. Mott-Schottky analysis was performed as a
function of electrolyte temperature after passive film formation at different potentials
within the passive range for 1 hour. From the imaginary component of the impedance
(Z") and the CPE exponents n determined in a previous work [18], it was possible to
calculate the CPE parameter, Q, and then the interfacial capacitance using the following

equation [18,45]:

_(o-r)"
C=" ®)

It is important to remark that capacitance is frequency dependant [46-53]. Several
causes for the frequency dispersion have been proposed: (i) a non-uniform distribution
of point defects through the passive film [46, 50, 53]; (ii) the contribution of surface
states to the capacitance response (adsorption of anions, e.g. chlorides, or other species)
[46, 50]; (iii) the ionic part of the space charge layer, which gives a contribution only at
low frequencies due to the low ionic mobility, particularly in heavily doped materials
where the space charge region is very thin (passive films generally satisfy these
requirements) [46, 48, 51]; (iv) dielectric relaxation phenomena which occur throughout

the space charge layer and the Helmholtz layer [46, 47, 50, 52]; (v) an amorphous and

12



strongly disordered semiconductor nature of passive films, characterised by a high
density of localised states between the valence and the conduction band and whose
charging leads to a strong frequency dependent capacitance behaviour [46, 49, 51, 53];

(vi) presence of deep donor states [46, 47, 51].

In a previous study [18] it has been demonstrated that the measured capacitance for
Alloy 31 in heavy brine LiBr solutions becomes almost independent of frequency at 5
kHz. Therefore, a value of 5 kHz has been used in this work to eliminate capacitance

dependence on frequency.

The measured capacitance of the passive system can be written as:

1o -
CcC C, Cy

where Csc is the capacitance of the space charge layer and Cy the capacitance of the

Helmholtz layer.

From eq. (7), the Mott-Schottky relations for p-type and n-type semiconductors are

expressed by egs. (8a) and (8b) respectively:

1 1 2 kT
2 - a2 (E —Ep - ej p-type (8a)

1 _t, 2 [E —E,, - ij n-type (8b)
e
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where ¢ is the dielectric constant of the passive film (a value of 15.6 has been assumed
for the chromium and iron oxides formed on austenitic stainless steels [46]), &y is the
vacuum permittivity (8.85-107* F/cm), e is the electron charge (1.602-10™"° C), N, and
Np are respectively the acceptor and donor densities, Eg; is the flat-band potential, & is

the Boltzmann constant (1.38-107 J/K) and T is the absolute temperature.

Figure 6 shows the Mott-Schottky plots of the passive films formed on Alloy 31 at
different formation potentials and temperatures. In general, two different regions with
different capacitance response can be observed, below and above the flat-band potential,
Erp (Regions I and II, respectively). In both regions, a Mott-Schottky type behaviour
can be observed, that is, a linear relationship between C 2 and E. In the more cathodic
region (Region I, E<Epp), the slope of the linear zone is negative (only discernible at 25
and 50 °C) and the capacitance describes the behaviour of a p-type semiconductor,
according to eq. (8a). On the other hand, in Region II (£ > Epp), the slope of the linear
zone is positive, indicating the properties of a n-type semiconductor. It is widely
accepted that the semiconducting behaviour of Fe-Cr and Fe-Cr-Ni alloys reflects a
duplex structure of passive films [19, 49, 52, 54-57]. This structure has been found to be
rather complex, especially in highly alloyed stainless steels [19, 49, 56, 58-64]. The
formation of a ternary inner Fe-Cr-Ni oxide layer with spinel structure has been
proposed in the literature for passive films formed on highly alloyed stainless steels and
nickel-base alloys [19, 49, 64, 65]. The inner layer of the passive film displays both p-
type and n-type semiconductivity. In the region close to the metal surface, the spinel
oxide is enriched in Cr and behaves as a p-type semiconductor [65]. As the Cr content

in the passive film decreases and Fe content increases near the outer hydroxide layer of
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the film, the spinel structure changes gradually from NiCr,O4 to NiFe,O4, which has an
inverse structure and behaves as an n-type semiconductor [65-69]. The outer layer of the
passive film consists of a mixture of Cr and Fe hydroxides and oxy-hydroxides with n-

type semiconductivity too.

Thus, the capacitance response observed in Region I (Figure 6) is controlled by the
electric structure of the mixed Fe-Cr-Ni spinel oxide in the region of the passive film
close to the metal surface, whose dominant acceptor species are cation (chromium)
vacancies, V¢ . The behaviour observed in Region II is controlled by the electric
structure of the Fe-Cr-Ni spinel oxide with a higher amount of Fe present in the inner
region of the passive film near the outer hydroxide layer, whose predominant donor

. . P . . .. + .
species are oxygen vacancies, V., and/or cation interstitials, Mi* . Fe and Cr hydroxides

present in the outer region of the film may also influence the n-type semiconducting

behaviour observed in Region II.

As mentioned above, the Mott-Schottky type behaviour in Region I is only discernible
at low temperatures (Figures 6a and 6b), especially at 25 °C. At these two temperatures
the slopes of the straight lines in Region I increase with formation potential. It has been
reported in the literature [65, 70-74] that the concentration of Cr(III) in the passive films
formed on stainless steels, Ni-Cr alloys and pure Cr increases with increasing formation
potential within the passive region. The increase of Cr(Ill) within the passive film
implies a decrease in the number of cation vacancies, V¢, and consequently higher
negative slopes in the p-type semiconductivity zone below the Erz (Region I) according
to eq. (8a). The absence of a linear zone with negative slope in Region I at high

temperatures (Figures 6¢ and 6d), can be explained in terms of a higher concentration
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of V¢ in the Cr-enriched layer of the passive film close to the metal surface. As it has
been observed above (Figure 5), the rate of cation vacancies formation is significantly
enhanced at 75 and 100 °C, which results in an increase of Ve density. As a
consequence, at high temperatures the innermost layer of the passive film is highly
defective and no longer behaves as a semiconductor, but as a metal-like conductor. In
Region II of Figure 6, the main effect of the solution temperature is a substantial
increase in capacitance values (a decrease in C), which indicates an increase in the
conductivity of the Fe-enriched spinel oxide layer or a decrease in the thickness of this

layer with temperature, as it will be explained below.

Acceptor and donor densities (N4 and Np) can be determined for p-type and n-type
semiconductors from the slopes of the linear zones in Regions I and II (Figure 6) using
equations (8a) and (8b), respectively. Figure 7 shows the values of N4 and Np at

different formation potentials and temperatures.

It can be seen from Figure 7 that the density of defects is of the order of 10°°-10*' cm,
similar to the results obtained by other authors for stainless steels [18, 54, 60, 75, 76].
The density of cation vacancies, Ny, is always higher than the density of oxygen
vacancies or cation interstitials, Np, regardless of the solution temperature. This fact can
be related to the presence of bromide anions in the solution. According to the PDM [22,

33], aggressive anions such as bromides adsorb into the surface oxygen vacancies:

vV, +Br  —Br, 9)
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where Br, represents a bromide anion adsorbed into an oxygen vacancy in the

film/electrolyte interface. The system responds to the loss of oxygen vacancies by

generating cation vacancy/oxygen vacancy pairs via a Schottky-pair type of reaction:

Null >V + [QV(;' (10)

where V)7 represents a generic cation vacancy. The oxygen vacancies continue reacting

with additional Br~ at the film/electrolyte interface to generate additional cation
vacancies. Hence, the generation of cation vacancies through eqgs. (9) and (10) is

autocatalytic.

The higher density of cation vacancies over oxygen vacancies and metal interstitials is
consistent with the result obtained from the diagnostic criterion of the PDM concerning
the relationship between In iss and £ explained above (eq. (4)). This criterion has been
used to identify the predominant crystallographic defect type within the passive film,
which has been found to be cation vacancy. However, although cation vacancies are the
main defects within the passive film and determine the p-type semiconductivity of the
innermost layer, Mott-Schottky analysis has also revealed an n-type semiconducting
behaviour, with oxygen vacancies and/or cation interstitials acting as donor species.
Therefore, the diagnostic criteria provided by the PDM should be used along with the

Mott-Schottky analysis to avoid possible ambiguities [18].

Regarding the influence of temperature on the density of defects within the passive film,

it can be observed from Figure 7 that N, and N increase with increasing temperatures,
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indicating a more disordered structure and hence worse protective properties of passive
films formed at high temperatures. The increase of N4 and Np with temperature can be
explained considering the influence of temperature on the rate coefficients for vacancy
generation reactions. It has been demonstrated above that the rate coefficient for the
cation vacancy formation reaction, kcmo, increases markedly with increasing solution
temperatures (Figure 5). Moreover, temperature will also enhance the generation of
cation vacancies via eqs. (9) and (10) [31], which accounts for the more pronounced
increase of Ny with temperature and the higher degree of degeneration of the p-type
layer of the passive film. At 75 and 100 °C, N, is extremely high and cannot be
determined unequivocally by Mott-Schottky analysis, since at these temperatures the
structure of the region of the film close to the metal surface is very degenerate and M-S

approximation becomes invalid.

The 1/C’ vs. E plots shown in Figure 6 exhibit a minimum in the flat-band potential
region. Therefore, the measured capacitance should not be derived from a single space
charge region, but from two regions [18, 48, 77]. In a metal/film/electrolyte system,
space charge regions can be formed in the film either at the film/electrolyte interface or
at the metal/film interface [78]. Therefore, according to the results of M-S analysis, two
space charge regions appear at the metal/inner layer and outer layer/electrolyte
interfaces. The capacitance of these space charge regions, Csc, can be obtained from the

measured capacitance values using eq. (7).

It is usually assumed that the Helmholtz layer capacitance is so large compared with the

space charge layer capacitance that the total capacitance measured can be treated as the

space charge layer capacitance and the potential drop caused by the applied potential
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occurs entirely within the space charge region. However, charging of the Helmholtz
layer capacitance cannot always be neglected. In fact, several studies [79, 80] have
demonstrated that a significant part of the potential difference at the
semiconductor/electrolyte interface extends to the Helmholtz layer in the solution.
Therefore, Cy should not be neglected, particularly in highly doped semiconductors,
such as passive films [18, 52, 80]. It can be assumed that at £ = Epp, Cy is equal to the
total measured capacitance, since no depletion layer exists at this potential and the
contribution of the space charge or the passive film to the total capacitance values is
negligible [47, 81]. From Figure 6 Cy values were estimated to be 15-24 uF cm™ at 25

°C, 32-42 pF cm™ at 50 °C, 47-54 pF cm™ at 75 °C and 60-76 uF cm™ at 100 °C.

The thickness of the space charge layers formed within the passive film can be
calculated from the Cyc values determined at the formation potential (thickness of the n-
type space charge layer) and at the most negative potential (thickness of the p-type
space charge layer). Thicknesses have been calculated with the expression for a parallel

plane condenser [48, 82]:

11)

where W is the space charge layer thickness. Table 2 gives the thickness values of the
space charge layers formed within the passive film (p-type layer and n-type layer, W,
and W,, respectively) for Alloy 31 at different film formation potentials and
temperatures. It can be observed that the thickness of the space charge layers increases
with increasing formation potentials, regardless of the temperature of the system. This

increase is more pronounced in the case of the n-type layer (W,), which is coherent with
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the higher degree of defectiveness of the p-type layer. In fact, at 75 and 100 °C the
thickness of the space charge layer developed in the region of the film near the metal
(W,) cannot be calculated from the space charge layer capacitances, since at these high
temperatures this layer no longer behaves as a semiconductor (Figures 6¢ and 6d). As a
consequence, at 75 and 100 °C, only the thickness of the n-type layer has been
calculated from capacitance measurements. It can also be observed from Table 2 that
W, and W, decrease significantly with increasing temperatures, which is closely related
to the higher density of defects found in the passive films formed at higher temperatures
(Figure 7). These films are less compact, more conductive and have worse protective

properties than those formed at lower temperatures.

The magnitude of the total thickness of the space charge layers developed within the
passive films (Table 2) is in good agreement with the thickness of passive films formed
on stainless steels, which is in the range of 1-3 nm [59]. Figure 8 shows the variation of
the total thickness of both space charge regions (Wsc = W, + W,) with film formation
potential at different temperatures. There is a linear relationship between Wgc and Ej
indicating that the electric field across the space charge regions is constant and
independent of the applied formation potential. A decrease in Wsc with increasing
temperatures can also be observed. Several authors working with passive systems [31,
83] have observed an increase in the passive film thickness with increasing
temperatures, in spite of the higher conductivity due to a rise in the density of charge
carriers. Hence, the decrease of the total thickness of the space charge layers (Wsc) with
increasing temperatures clearly indicates that this thickness cannot be regarded as the
thickness of the whole passive film, but as an “effective thickness” directly related to

the degree of degeneration and to the protective properties of the passive film.
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4. CONCLUSIONS

The polarisability of the passive film/solution interface, a, decreases from 0.8 (25° C) to
0.3 (100° C). These values indicate that the fraction of the applied potential which drops
in the Helmholtz layer decreases with increasing temperatures, increasing therefore the

potential drop at the metal/film interface.

The logarithm of the steady-state current density, In iss, increases linearly with applied
potential at the four studied temperatures. According to the PDM, this result indicates
that cation vacancies are the dominant defect in the passive films formed anodically on

Alloy 31 in a 700 g/l LiBr solution.

The standard rate coefficient for the reaction of cation vacancies formation at the
film/solution interface, k’.., increases abruptly with increasing temperatures. Thus, as
temperature rises, the number of cation vacancies generated at the film/solution
interface will increase. This increase in kowt results in an increase of the steady-state

passive current density with temperature.

The density of defects within the passive film increases significantly with temperature,
especially the density of cation vacancies in the region of the passive film close to the
metal surface. At 75 and 100° C, the innermost region becomes highly defective and its

electronic behaviour resembles that of a metal-like conductor.
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The thickness of the space charge layers developed at the interfaces decreases with
increasing temperatures. This is closely related to the higher density of defects found in
the passive films formed at high temperatures, which are more conductive and have
worse protective properties than those formed at lower temperatures. This result
indicates that the total thickness of the space charge layers (Wsc) cannot be regarded as
the thickness of the whole passive film, but as an “effective thickness” directly related

to the degree of degeneration and to the protective properties of the passive film.
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Tables captions

Table 1. Values of molality, m;;5,, mean ionic activity coefficient, y., and activity, a;;z,, of LiBr solutions

at different temperatures.

Table 2. Thicknesses of the p-type (W,) and n-type (W,) space charge layers developed in the passive

films formed on Alloy 31 in the 700 g/l LiBr solution, at different temperatures and at different film

formation potentials within the passive region.
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Figures captions

Fig. 1. Potentiodynamic polarisation curves of Alloy 31 in the different LiBr solutions at (a) 25° C, (b)

50° C, (c) 75° C and (d) 100° C.

Fig. 2. Plots of pitting potential, E,, versus logarithm of LiBr activity, In a;;, for Alloy 31 at different

temperatures.

Fig. 3. Effect of solution temperature on the current transient of Alloy 31 in the 700 g/l LiBr solution
when stepping the applied potential from a cathodic value of -1 Vagaeci to a passive value of -0.1

Vagagct-

Fig. 4. Plots of logarithm of the steady-state passive current density, In i, versus film formation potential,

Ej, for Alloy 31 in the 700 g/l LiBr solution at different temperatures.

Fig. 5. Calculated values of the transfer coefficient a.,, and the standard rate coefficient k", for the cation
vacancy formation reaction at the passive film/electrolyte interface, for Alloy 31 in the 700 g/l LiBr

solution at different temperatures.

Fig. 6. Mott-Schottky plots of Alloy 31 in the 700 g/l LiBr solution at different film formation potentials

and at (a) 25 °C, (b) 50° C, (c) 75° C and (d) 100° C.

Fig. 7. (a) Acceptor and (b) donor densities for Alloy 31 in the 700 g/l LiBr solution at different

temperatures and at different film formation potentials within the passive region.

Fig. 8. Estimated values of the total thickness of the space charge regions developed in the passive film of

Alloy 31 (Wsc) as a function of the film formation potential, in the 700 g/l LiBr solution at different

temperatures.
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Figure 1
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Figure 2
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Figure 4
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Figure 7
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Figure 8

2 1
Wse =2.72E, +1.58
1.8 ] R=0.98 ®
1.6 1
1.4 ]
] Wse = LOTE, + 1,01
e 1.2 ] R =0.99
c ] [ ]
o 1] d
2] i
= 0.8 | :/‘/./‘/‘/Wlsc = 1.04E , +0.91
] N ~ . R =0.99
0.6 1 o Wsc = 0.26E ; +0.69
0.4 - R=089 ® 25°C
. m 50 °C
0.2 4 A 75°C
1 © 100 °C
07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
035 03 025 -02 015 -01  -0.05 0 0.05
E vs (Ag/AgC)/V
Table 1
CLiBr/g |-1 CL,-B,/mOI |-1 T/°C mL,-B,/(mOI LIBr) (kg HZO)-l Y+ ariBr
100 1.15 25 1.20 0.81 0.98
50 1.21 0.81 0.98
75 1.10 0.78 0.86
400 4.61 25 5.69 3.53 20.12
50 5.74 3.08 17.67
75 5.79 2.64 15.28
700 8.06 25 10.18 18.95 192.88
50 10.34 1430 147.96
75 10.50 10.43 109.45
100 10.68 749  80.02
992 11.42 25 15.15 89.26 1352.56
50 15.53 60.21 935.34
75 15.84 3831 606.72
100 16.20 2392 387.65
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Table 2

25°C 50 °C 75°C 100 °C
Evs (Ag/AgCD/IV| W,/nm | W,/om | W,/nm | W,/nm |[W,/nm| W,/nm |W,/nm| W,/nm

-0.30 0.14+0.05(0.73 £ 0.03|0.05 £ 0.01]0.64 £ 0.02| -----= | -==== | === | --em-
-0.25 0.09 +0.03{0.75 + 0.08]0.05 £ 0.01]0.70 £ 0.05| ----- 0.64+0.02| ---—- | -
-0.20 0.12 +£0.03{0.88 = 0.05]0.06 = 0.02]0.73 £ 0.01| ----- 0.69 +£0.02| ----- 0.63 £0.04
-0.15 0.30 £ 0.06{0.85 + 0.070.06 £ 0.01]0.81 £ 0.07| ----- 0.76 £ 0.04| ----- 0.66 +0.03
-0.10 0.31 +0.04{0.93 +£ 0.07]0.06 £ 0.02]0.84 = 0.05| ----- 0.82+0.05| ----- 0.67 +0.06
-0.05 0.47 £ 0.02{1.02 + 0.09]0.06 £ 0.02|0.88 £ 0.02| ----- 0.86 £ 0.02| ----- 0.67 +£0.04

0 0.45+0.01{1.11 £ 0.07{0.07 £ 0.03]|0.92 £ 0.04| ----- 0.89+£0.05] - | -
0.05 0.52 +0.04{1.25 £ 0.09{0.09 £ 0.03][1.00 £ 0.04]| --—--- | - | - | -
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