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ABSTRACT

Pitting corrosion resistance and galvanic behaviour of Alloy 31, a highly alloyed
austenitic stainless steel (UNS N08031), and its weldment were studied in a heavy brine
LiBr solution 1080 g/l at different temperatures (75 °C - 150 °C) using electrochemical
techniques. The Mixed Potential Theory was used to evaluate the galvanic corrosion
between the base and welded metals. Cyclic potentiodynamic curves indicate that high
temperatures make passivation and repassivation of pits difficult, because the whole
passivation range and the repassivation potential values decrease with temperature. The

Critical Pitting Transition occurs between 100 °C and 125 °C.
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1. INTRODUCTION

Lithium Bromide absorption machines are an alternative to refrigeration compression
systems, since the refrigerants traditionally used in compression systems were banned in
the Montreal Protocol (1987) because they belonged to the chlorofluorocarbon (CFC)
group, and their substitutes are submitted to severe regulations (Kyoto Protocol (1997)).
Absorption machines use water as refrigerant and Lithium Bromide heavy brine
solutions as absorbent, both zero ozone depletion potential fluids and zero global
warming potential fluids, that is why absorption technology appears to be a promising
alternative to vapour-compression systems [1]. The first absorption machines were
single-effect (SE) systems with five main elements: Evaporator, absorber, condenser,
generator and heat exchanger. The most aggressive conditions in these systems were
100 °C and 992 ¢/l LiBr [2]. Afterwards, double-effect (DE) absorption machines with
two generators and two heat exchangers were developed to increase the energy
efficiency of single-effect systems; however higher temperatures (up to 170 °C ) and
LiBr concentrations (up to 1080 g/l LiBr) are reached in these systems [1]. DE machines
generate an additional cooling effect compared to SE and have been used as an
industrial standard for a high performance heat-operated refrigeration cycles, but the
severe working conditions can aggravate the corrosion problems of the construction

materials [3, 4].

The cheapest and first structural material candidate for the construction of structural
elements of these machines was carbon steel, however, it is not the most corrosion
resistant in many environments [5-8]. For this reason, the most widely used structural

materials for this application are 300 series baseline stainless steels (AISI 304, AISI



316, AISI 316L, etc.). There are several references of other authors referred to corrosion
caused by LiBr solutions in these materials applied to absorption refrigeration systems

[8-13].

The severe conditions of LiBr concentration and temperature reached in the heat zones
of DE machines aggravate the corrosion problems on metallic components of these
systems; these problems are even more important on the weldments due to the galvanic
effect between the base and welded metal, and demand for higher corrosion resistant
materials. One method to solve these corrosion problems in double-effect LiBr
absorption machines is to use high corrosion-resistant and technologically efficient
performance steel tubes [11, 14, 15] in their construction. The development of
corrosion-resistant metallic materials, like highly alloyed austenitic stainless steels with
large amounts of chromium, nickel and molybdenum (superaustenitic stainless steels),
has become one of the key issues in new absorption systems. One of these alloys is
Alloy 31 (UNS N08031), with 26.75% Cr, 31.85% Ni and 6.6% Mo. Alloy 31 is an
iron-nickel-chromium-molybdenum alloy with nitrogen addition which fills the gap
between the existing baseline stainless steels and the nickel alloys, showing greater
corrosion resistance than conventional stainless steels and very close to that of the
nickel base alloys. Alloy 31 is characterised by its high resistance to corrosion in halide
media, yet it can undergo localised preferential pitting corrosion in bromide

environments.

In previous works, the authors studied the corrosion behaviour of different materials,

especially, copper and copper alloys [16-28], austenitic and duplex stainless steel [14,



15, 27-47], titanium[19, 29, 30, 48, 49] etc. (including their weldments in some studies)
in LiBr solutions under different conditions (static, cavitation and flowing conditions)
and at temperatures from 25 °C to 100 °C and LiBr concentrations from 400 g/l to 992
g/l. In the present study 150 °C and 1080 g/l LiBr conditions have been reached to
reproduce more accurately the real operation conditions in the most problematical zones
of double-effect machines. The results of these previous works, in particular those about
conventional stainless steels, indicate that all materials passivate in heavy brine LiBr
solutions, but their corrosion rates and susceptibility to pitting corrosion increase with
temperature and LiBr concentrations. These results can not be directly extrapolated to
more aggressive conditions (the decrease in corrosion resistance with temperature could
not be linear, as observed in the present study), which implies to carry out tests

approaching to the real operation conditions.

The aim of the present work was to study the pitting corrosion resistance and
repassivation behaviour of Alloy 31 and welded Alloy 31, as well as their galvanic

coupling, in a 1080 g/l heavy brine LiBr solution at 75 °C, 100 °C, 125 °C and 150 °C.

2. EXPERIMENTAL

The materials tested were the highly-alloyed Austenitic Stainless Steel Alloy 31 (UNS
N08031) used as base metal and the welded metal obtained by means of the Gas
Tungsten Arc Welding (GTAW) technique using the nickel-base alloy (UNS N06059)
as filler metal. Alloy 31 and the filler metal were provided by KRUPP VDM Gmbh.

Material compositions are shown in Table 1. The working electrodes were cylindrically



shaped and covered with polytetrafluoroethylene (PTFE) coating. To avoid the effect of
the cathode/anode area ratio in the galvanic study, the Alloy 31 and welded metal
probes were identical (55 mm high and 8 mm in diameter with a 2 mm teflon coating),
thus an area of 0.5 cm? was exposed to the solution. All the electrodes were wet abraded
from 500 SiC (silicon carbide) grit to 4000 SiC grit, and finally rinsed with distilled

water.

The welded samples were obtained from the Alloy 31 probes, which had a gap (2.5 mm
wide and 3 mm deep) in the upper part of the bar. That gap was filled with the filler metal
using the GTAW technique. Welding was applied using a tungsten electrode in an argon
atmosphere and the welding conditions were maintained constant in all the welded

samples (current 63 A, voltage 14 V and argon flow 10 I/min).

Electrochemical measurements of Alloy 31 and Welded Alloy 31 were achieved in a
heavy brine 1080 g/l (12.44 M) LiBr solution prepared from purissimum LiBr (98
%wt). The tests were carried out at 75 °C, 100 °C, 125 °C and 150 °C in order to study
the influence of temperature on Alloy 31 and welded Alloy 31 corrosion resistance.
These temperatures were reached using a heater belt located around a horizontal
electrochemical cell [50]. All temperatures were below the boiling temperature of the
1080 g/l LiBr solution, i.e. 165 °C. The heavy brine 1080 g/l LiBr solution was stored

at 60 °C to avoid LiBr crystallisation.

Cyclic potentiodynamic polarisation curves of Alloy 31 and welded Alloy 31 were

determined. The potentials of the working electrode were measured vs an external



silver-silver chloride reference electrode with 3M potassium chloride solution. The
auxiliary electrode was a platinum wire. Polarisation curves were recorded in LiBr
solution deareated for 20 minutes by bubbling nitrogen prior to immersion. A nitrogen
atmosphere was maintained over the liquid surface during the whole test to avoid the
presence of oxygen, reproducing the real operation conditions of absorption machines.
These machines must operate under vacuum conditions, since the presence of gases
would reduce the performance of both the condenser and the absorber [3, 51]. Before
each polarisation, the sample was immersed in the test solution for 1 h at the Open
Circuit Potential (OCP). Cyclic potentiodynamic polarisation curves were then recorded
from 150 mVagagci below the corrosion potential at 0.5 mV/s sweep rate. When the
current density reached 10 mA/cm?, the potential scan was reversed in order to evaluate
the repassivation tendency of the metal. All tests were repeated at least three times in
order to verify reproducibility. Corrosion potential (Ecor) and corrosion current density
(icorr) Were estimated to obtain information about the general electrochemical behaviour
of the material. Pitting corrosion susceptibility and repassivation behaviour were
evaluated from parameters such as pitting potential (E,), passivation current density (ip),
repassivation potential (E;p) and repassivation current density (ir,). Pitting potentials
were reported as the potential at which current density reaches 100 uA/cm? [52]. Eq
values were taken at the crossing between the backward and forward scans.

Repassivation current density represents the maximum current reached [53].

The galvanic corrosion between the welded and base material was evaluated from the

polarisation curves by superimposing the potentiodynamic curves of both alloys. The



galvanic current density and mixed potential of the pairs were estimated from the

intersection point, according to the Mixed Potential Theory [54].

3. RESULTS AND DISCUSSION

3.1. OPEN CIRCUIT POTENTIAL

The open circuit potential values of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr
solution at high temperatures are shown in Table 2. The OCP values of Alloy 31 shifted
to more positive values as temperature increased, increasing around 5 mV/°C from 100
°C to 125 °C. This increase is more than two times the increase rate from 75 °C to 100
°C and from 125 °C to 150 °C. This ennoblement of the metal with temperature, also
reported previously in LiBr medium [40, 44, 55], is due to the fact that although
temperature favours the kinetics of corrosion reactions [15, 56-58], it also promotes the
fast growth of passive films on metallic surfaces [14, 59-61]. The same tendency with

temperature was observed from 100°C in the welded Alloy 31.

There is a general trend in the open circuit potentials of both materials at the
temperatures studied to increase with time at the beginning of the tests and to stabilise at
the end of the tests, indicating the ennoblement of the materials and the spontaneous
formation of the oxide layer on the metal surface. This behaviour could be attributable
to the healing of the pre-immersion air formed oxide film and further thickening of the
oxide film as a result of the interaction between the electrolyte and the metal surface
[62]. The growth of the oxide film continues until the film reaches a thickness that is

stable in the electrolyte. In this case, during the open circuit potential test a passive film



containing Cr,O3; (Alloy 31 contains 26.75 % chromium, and consequently welded
Alloy 31 too) grows on the electrode surface, shifting the open circuit potentials to

higher potentials [63] until they stabilise.

3.2. CYCLIC POTENTIODYNAMIC TESTS

Cyclic potentiodynamic curves of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr
solution were obtained at 75 °C, 100 °C, 125 °C and 175 °C (Figure 1) to study the
influence of temperature on the corrosion behaviour of both metals. These polarisation
curves can be divided into several potential domains. The cathodic domain includes
potentials below the corrosion potential, where current density is determined by the the
cathodic reaction. Figure 1 shows a continuous increase in the current density of the cathodic
branch as the potential decreases, shifting these cathodic branches to higher current
densities as temperature increases. This fact was also observed in previous works in
LiBr media as follows: Cyclic potentiodynamic curves of AISI 304 stainless steel [28]
and Alloy 31 [40] in 850 g/l LiBr solutions at different temperatures show an increase
in the cathodic current densities to higher values with temperature. The same behaviour
was observed from the cyclic potentiodynamic curves of a duplex stainless steel in 992
o/l LiBr solutions at different temperatures [44]. This behaviour could be expected if the
cathodic reaction were controlled by diffusion, at least partially since a limiting current
density is not observed. Temperature enhances the transport of the products to or from
the metallic surface, increasing the cathodic reaction rate [28, 64], which favours the

cathodic reaction that occurs on the metal surface.



The next potential domain corresponds to the cathodic-anodic transition. This domain
is characterised by the corrosion potential and the corrosion current density, which will

be described in section 3.2.1. Corrosion potential and corrosion current density.

The third domain corresponds to the passive plateau. In this domain the current density
of both materials was stable after the corrosion potential and during a wide range of
potentials at the temperatures studied, even at 150 °C, indicating that these curves are
typical of a passive material at all temperatures. Moreover, the absence of current
density transients along the passive zone at the temperatures studied indicates a lack of

metastable pitting and high stability of the passive film even at 150 °C,

Figure 1 shows a current density peak on the passive zone of the cyclic curves of both
metals at the lowest temperatures. Alloy 31 registered these current density peaks at 350
MV agiager and 340 mV agiager at 75 °C and 100 °C respectively, while welded Alloy 31 at
360 mMVagager at 75 °C. In other words, all of them appeared around 350 mV agagci
wherever this potential was reached. The peak that occurs before the increase in current
density due to pitting can be related to the transpassive dissolution of Cr-containing
species. This transpassive dissolution of the alloying elements is closely related to the
passive film breakdown and localised corrosion phenomena. The result is a depletion of
the alloying elements such as Cr in the first atomic layers near the solution, which are
the most susceptible to localised attack by aggressive anions [65]. This issue, as
described below in the text, is related to the different pitting mechanisms depending on
temperature. The initiation of pitting at lower temperatures is related to the transpassive

dissolution of the alloying elements (as illustrated by the current density peaks at 75 °C



and 100 °C before the onset of pitting in Figure 1), while conventional stable pitting

occurs at lower potentials [66], when temperature increases to 125 °C and 150 °C.

The last domain was characterised by a sharp increase in current density indicative of
the breakdown of the passive film, which shifted in both materials to more negative
potentials as temperature increased. Figure 1 (a) highlights that this shift was of more
than 300 MV agagcr as temperature increased from 100 °C to 125 °C in Alloy 31, while it
was of around 130 mVagagci @S temperature increased from 75 °C to 100 °C and
scarcely of 40 mVagager from 125 °C to 150 °C. Welded Alloy 31 (Figure 1 (b)), the
behaviour observed was practically the same. This significant shift of the increase in
current density observed between 100 °C and 125 °C indicates that the transition from
one mode of pitting mechanism to another occurs within this range of temperatures, as it
has been commented previously and will be demonstrated with the pitting and

repassivation parameters.

Alloy 31 and welded Alloy 31 registered hysteresis loops in the cyclic curves at the
temperatures studied, which are characteristic of passivation breakdown on the forward
sweep and subsequent repassivation on the backward sweep. This fact means that both
materials were able to repassivate after the breakdown of the passive film even at such

high temperatures as 150 °C.

Figure 2 shows images of Alloy 31 and welded Alloy 31 corresponding to the end of

the cyclic tests. These images are mosaics created from images obtained with an optical

microscope. At temperatures from 75 °C to 125 °C the damaged area produced as a
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result of corrosion is clearly visible, while the rest of the surface remains metallic.
However, at 150 °C practically the whole surface appears corroded. Qualitatively,
Figure 2 shows how the damaged area increases as temperature increases in both
materials. Quantitatively, the percentages of the corroded area with regard to the total
electrode area were obtained by means of image analysis techniques using Visilog 6.3
software. Results are shown in Figure 3. These values evidence the enlargement of the

corroded area with temperature.

Figure 4 shows images of the electrode surfaces where it is possible to observe that the
severity of the attack increases with temperature. Bigger pits appeared distributed in the
austenite grains of Alloy 31 as temperature increases and the typical dendrites of the

welded metal seem to be more noticeable as temperature increases.

3.2.1. Corrosion potential and corrosion current density

Corrosion potential and corrosion current density values (Figure 5) were obtained from
the cyclic curves in the heavy brine 1080 g/l LiBr solution at different high

temperatures (Figure 1).

Corrosion potentials of Alloy 31 followed the same tendency as its OCP values, i.e. they
shifted towards more positive values with temperature (Figure 5 (a)), the greatest
increase occurring from 100 °C to 125 °C, when Ego increased 4 mV/°C. This shift of
the corrosion potentials to more positive values with temperature was observed in

previous works [28, 40, 44] and it seems to be related with the enhancement of the
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cathodic reaction with temperature [28], since the displacement of the cathodic branch
of the polarisation curves to higher values of current density shifts the corrosion
potential to higher values. Similarly, the general tendency of the E,r values was also to

increase with temperature in welded Alloy 31.

The corrosion potentials obtained from the potentiodynamic curves were lower than the
OCP values, which was due to the polarisation applied during the potentiodynamic
sweep [28, 67, 68]. During the open circuit measurements a protective oxide film was
formed on the metal surface, shifting the potential to more positive values. However, at
the beginning of the potentiodynamic sweep the potential diminished to -1 Vagagci. At
this negative potential the metal surface was modified, and the corresponding Ecor
calculated from the potentiodynamic curve was more negative than the potential

obtained under open circuit conditions (OCP value).

The corrosion current densities of both materials were similar up to 100 °C, but differed
at higher temperatures (Figure 5 (b)). Corrosion current densities of Alloy 31 increased
with temperature from 8.7 pA/cm? at 75 °C to 62.2 pA/cm? at 150 °C (Figure 5 (b)), the
most abrupt increase again occurring from 100 °C to 125 °C (1.12 uA/cmZ-OC). This
increase was more than two times higher than those registered between 75 °C-100 °C
and 125 °C-150 °C. Current density increase was even more dramatic in welded Alloy
31, which reached a value of 134 pA/cm? at 150 °C, i.e. more than fifteen times higher
than that obtained at 75 °C (8.7 pA/cm?). In this case the most abrupt increase was from

125 °C to 150 °C (4.3 nA/cm?°C). The results demonstrated that the general corrosion

12



resistance of both Alloy 31 and welded Alloy 31 decreased with temperature since their

corrosion rates increase with temperature [28, 40, 57, 58].

3.2.2. Pitting parameters

The pitting corrosion resistance of a passive metal is determined by its susceptibility to
local breakdown and initiation of pits. The mechanisms of pitting corrosion have been
widely studied in the literature [52, 57, 69-75], as well as, the aggressiveness of
bromides to promote the pitting of stainless steels [52, 64, 76-79]. In this work, pitting
potentials were measured potentiodynamically at a scan rate of 0.5 mV/s and reported as
the potential at which the current density reached 100 pA/cm?. Passivation current
densities were also obtained from the cyclic potentiodynamic curves as the value of
current density that remains stable as potential increases after the corrosion potential.
Pitting potentials and passivation current densities of Alloy 31 and welded Alloy 31 in
the 1080 g/l LiBr solution at 75 °C, 100 °C, 125 °C and 150 °C are shown in Figure 6.
According to the literature, the pitting potential represents the potential limit above with
the formation of pitting begins [56]. The more positive the value of pitting potential the
more resistant the metal is to pit initiation and the longer the time required for pit
initiation at potentials below E, (but above E,p) [14, 80]. Figure 6 (a) shows that the
pitting potential of both materials decreases with temperature [28, 40, 44, 58, 81]; this
fact indicates a reduction in the pitting corrosion resistance of both metals with

temperature.
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The greatest decrease in the pitting potentials of both materials was observed between
100 °C and 125 °C. Alloy 31 registered a decrease in pitting potential of 13.5 mV/°C in
this range of temperatures, while the decrease from 75 °C to 100 °C was much less
significant, 5.8 mV/°C. Finally, the pitting potentials scarcely diminished 1.2 mV/°C
from 125 °C to 150 °C. In the case of welded Alloy 31 E, diminished almost 6 mV/°C
from 100 °C to 125 °C, more than two times the decrease from 75 °C to 100 °C (2.45
mV/°C). Also in this material pitting potentials practically coincided at 125 °C and 150
°C. Therefore, the effect of temperature on the pitting potential of both materials was
almost the same. On the other hand, Alloy 31 registered E, values higher than those of
welded Alloy 31 at the lowest temperatures (75 °C and 100 °C), but this behaviour

changed at 125 °C and 150 °C.

The sharp drop of pitting potentials observed in Figure 6 (a) between 100 °C and 125
°C indicates the Critical Pitting Temperature (CPT) transition from the transpassive
region to stable pitting corrosion. The Critical Pitting Temperature (CPT), which is the
lowest temperature at which the growth of stable pits is possible [66], is defined as the
temperature at which E, drops sharply in a plot of the pitting potentials against
temperature [58, 62, 66, 81]. However, this drop must occur in a narrow range of
temperatures, narrower than the 25 °C range observed in this paper (between 100 °C and
125 °C). Hence, in this study it only can be established the CPT transition, which occurs
between 100 °C and 125 °C, being the CPT within this range of temperatures. This high
CPT value is related to the elevated PRE value of Alloy 31. Laycock, N.J. [82] reported
that the molybdenum content is the most important factor in determining the CPT of a

given alloy and the effect of other elements can also be included to produce an
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empirical pitting resistance equivalent (PRE). According to Laycock, different authors
have quoted different equations for the PRE (e.g., PRE = Cr (wt %) + 3.3 Mo (wt %) +
30 N (wt %)) but the CPT in all cases increases linearly with increasing PRE.
According to this equation, the PRE value of Alloy 31 is 54.32, a very high value
compared with the PRE values of the 300 series baseline steels (PRE (304SS) ~ 18,
PRE (316SS) ~ 25, PRE (316LSS) =~ 25), which is in agreement with the high values of

CPT obtained in this work.

For a given alloy in a particular test environment, stable conventional pitting does not
occur below the CPT and the breakdown observed at high anodic potentials is caused
instead by transpassive dissolution before the onset of pitting. But if the CPT is
exceeded, then conventional stable pitting can occur and breakdown potentials sharply
drop to several hundred millivolts below those required for transpassivity [66]. As
observed in Figure 6 (a), the breakdown of the passive film produced by transpassivity
occurs at temperatures lower than 100 °C and at potentials higher than 300 mV, while
stable pitting occurs at temperatures higher than 125 °C and at potentials lower than 150

mV.

As it has been commented, below CPT stable pitting does not occur, at least not before
the onset of transpassive corrosion [81]. Transpassive oxidation of a metal implies the
formation of species in a valence state higher than that in the primary passive film
formed on the alloy. In most cases, these species have much greater solubility and are
abstracted in the solution, resulting in the transpassive dissolution of the material, which

is more susceptible to localised attack by aggressive anions [65, 83], such as bromides.
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In this study, results show that once the transpassive dissolution happens, the high

bromide concentration leads to the pitting of the alloy.

Results have demonstrated that temperature favours pitting on the alloys, which is due
to the fact that in general temperature favours the kinetic reactions, and more
specifically, the anodic dissolution of the metal in the active zone located inside the
cavity. This anodic dissolution of the metal contributes with metallic cations inside the
pit. The hydrolysis of these metallic ions reduces the local pH, and the electroneutrality
produces the migration of Br™ into the pit [74, 75, 84, 85], making the local conditions
more aggressive, so that the metal dissolution continues. Moreover, according to some
authors [86-90], the release of aggressive anions from pits and the diffusion over the
electrode surface causes weakening of the protective passive film and each active pit

increases the probability of creation of further pits in its vicinity.

During the passivation range, the corrosion rate of Alloy 31 and welded Alloy 31 was
determined by its passivation current densities (Figure 6 (b)). This figure shows that the
values registered by Alloy 31 and welded Alloy 31 increased with temperature
following an almost linear trend during the whole range of temperatures with a similar
increase rate, 0.5 pA/cm?°C and 0.7 pA/cm?/°C respectively. Welded Alloy 31
registered higher values of passivation current densities than the base metal at the

temperatures studied.

Passivation current densities were not lower than their corresponding corrosion current

densities, although both materials presented stable passivation ranges without pitting

16



under all the studied conditions due to the formation of the passive film. It is generally
accepted that Cr,Os-based products form these barrier layers that are responsible for the
superior corrosion resistance of stainless steels [59, 91]. These passive films consist of
two regions, an inner zone essentially formed of chromium oxide (Cr,O3) whose
composition is practically constant, and an outer region mainly composed of a mixture
of iron and nickel oxides, whose composition depends on external parameters [61, 92].
Although oxides of chromium are the main components of the passive films, S. Ramya
[93] also detected the presence of other species as nitrates formed due to the nitrogen
content of the alloy (0.193 % N in the case of Alloy 31), by means of Laser Raman
microscopic studies of passive films formed on austenitic stainless steels in chloride
media. In LiBr media, after the passive film is formed, bromide ions can be adsorbed on
the film and replace the oxygen position in the film, forming a soluble metal bromide,
destroying the film and increasing corrosion rates [14]. This is in relation to passivation,
but  when highly alloyed stainless steels reach the transpassive potentials at
temperatures lower than the CPT, transpassive dissolution of the chromium,
molybdenum and to a lesser extent the nickel that were on the the passive film occurs
[83]. Transpassive oxidation is a complex process including the growth of a passive
film via generation, transport and consumption of ionic defects, continuous changes in
the stoichiometry of the first atomic layers of the film adjacent to the electrolyte, charge
transfer reactions at the film/electrolyte interface and transport of reaction products in

the bulk solution.

The transition from transpassive corrosion to pitting corrosion upon increasing the

temperature indicates that steel resistance to pitting corrosion depends on the solution
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temperature [62]. Results reveals that the pitting corrosion resistance of Alloy 31 and
welded Alloy 31 decreases with temperature, since pitting potentials decreased (Figure
6 (a)) and passivation current densities increased (Figure 6 (b)) with temperature. This
fact occurs because the properties of the passive film degraded with temperature, the
passive films formed at lower temperatures being significantly less defective and more
resistant to film breakdown than those formed at higher temperatures. This same
behaviour has been reported by several authors [60, 94, 95]. Generally, dissolution
processes can accompany the formation of the passive films in high-temperature
aqueous enviroments, which could affect the outer layer of the films while the inner
chromium oxide layer would be less affected [96]. In this sense, Hur [60] suggested
that important changes in the composition of the films with increasing temperature are
responsible for this decrease in the protective properties of the film formed at high
temperatures. Wang [94] also reported that when temperature increases the resistance of
the passive film to breakdown decreases. They attributed this fact to two reasons: on the
one hand, the porosity of the passive film increases with temperature; and, on the other
hand, an intrinsic modification of the chemical composition and/or physical structure of
the passive film takes place. Manning and Duquette [95] found that the oxide film on
stainless steels changes from p-type at room temperature to n-type at higher

temperatures.

3.2.3. Repassivation parameters

The parameters related to the repassivation behaviour of Alloy 31 and welded Alloy 31

in the 1080 g/I LiBr solution at 75 °C, 100 °C, 125 °C and 150 °C are shown in Figure 7.
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The repassivation potential (Ep) is plotted in Figure 7 (a). This parameter refers to the
limit below which the metal remains passive and even active pits repassivate. Figure 7
(a) shows that, in general, repassivation potential values shifted to more negative values
as temperature increased in both materials, the repassivation potential values of welded
Alloy 31 being higher than those of the base metal at the temperatures studied. This
decrease of E,, with temperature indicates that pit propagation is increasingly stable as
temperature increases, therefore, repassivation of propagating pits becomes more

difficult as temperature increases.

Alloy 31 registered the highest decrease of E,, between 100 °C and 125 °C ( 3.5 mV/°C)
(Figure 7 (a)), which corresponds to the Critical Protection Temperature (CPrT)
transition. Different authors have determined the CPrT from the sharp drop of potentials
when E, is plotted versus temperature [56, 62]. E.A. Abd EI Meguid [62] reported that
CPrT occurs at a lower temperature level than CPT, indicating that stable pits formed at
CPT can grow at lower temperatures. This fact can not be verified in Alloy 31 because
the CPT and CPrT values are in the same range of temperatures (100 °C-125 °C), but in
the case of welded Alloy 31 the CPrT transition was between 75 °C and 100 °C (Figure

7 (a)), therefore at lower temperatures than the CPT transition.

Figure 7 (b) shows the whole passivation range (Ep-Ecor). According to Neville and
Hodkies [97], the difference between the pitting potential and the corrosion potential
was taken as an indicator of the range of potentials in which the metal was passive
(passivity region). These values are used as an indication of the tendency to nucleation

pitting in the metal [56], the greater the difference the greater the resistance of the
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material to pitting corrosion. In general, Ey-Ecor Values decrease with temperature in
both materials (Figure 7 (b)), indicating that temperature makes the passivation of both
metals difficult in the 1080 g/l LiBr solution, since the whole passivation ranges
diminish as temperature increases. Alloy 31 presented wider passivation ranges than the

welded metal up to 100 °C, but this behaviour changed at 125°C and 150 °C.

The E;p value can be used to define two passivity regions: the stable (Eqp-Ecor) and the
unstable (Ey-Erp) passivity region [56, 98]. The Ep-Econ difference was defined as the
perfect/stable passivity region according to Bellezze et al. [98], where pitting corrosion
cannot initiate and, furthermore, existing pits cannot propagate. The imperfect/unstable
passivity region was defined by the potential range (E,-E;p) and corresponds to the
region where pits cannot initiate but existing pits can propagate. Intermediate values
between E, and E;, affect the probability for pitting to occur over extended exposure
time, with the probability of pit initiation approaching to zero near E,. This (E;—Erp)
value also defines the anodic hysteresis loop, which reflects the repassivation tendency
of pitting since it is a measure of the growth tendency of nucleated pitting. Figure 7 (c)
shows the anodic hysteresis loop (Ep-Erp) of both materials in the 1080 g/l LiBr solution
at the different high temperatures under study. In the case of Alloy 31, (E,-E;p) values
decreases with temperature, but welded Alloy 31 registered a first increase of (Ep-Ep) as
temperature increases from 75 °C to 100 °C, followed by a decrease up to 125 °C. The
last behaviour was also reported by other authors [62], who attribute this peak in the
(Ep-Erp) value to the formation of metastable pits below the CPT that can grow at higher
anodic current densities. The highest decrease in the Ep-E,, values of both materials

again occurred between 100 °C and 125 °C, 7.4 mV/°C in the case of Alloy 31 and 4.4
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mV/°C in welded Alloy 31, indicating the CPT transition. Figure 7 (c) shows that above
the CPT, the values of (E,-Erp) tend to be practically temperature independent. This
behaviour was also reported previously [62] and suggests that stable pits have their own
pitting solution compositions which are independent of the bulk environment. The
differences between the anodic hysteresis loop of Alloy 31 and welded Alloy 31

decreased with temperature, being minimal from 125°C.

Regarding the repassivation of pits, the narrowing of the hysteresis loop of a
potentiodynamic cyclic curve is in general related to a better repassivation capacity [56,
98]. The reasons why the hysteresis loop narrows must be considered, since it should be
associated with a shift of the E,, to higher values as indicative of good repassivation
properties. In this study the hysteresis loop narrows as temperature increases (Figure 7
(c)), but this is due to the fact that E, decreases much more than Eg;, which also
diminishes. Therefore, this fact can not be associated witha less difficult repassivation
of pits with temperature. In this case, it is necessary to consider the E;, values to
establish the repassivation behaviour of the materials, and results demonstrate that
repassivation of pits becomes more difficult as temperature increases since E, decreases

with temperature.

Figure 8 shows the passive ranges obtained from the cyclic potentiodynamic curves of
Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr solution at different temperatures.
The OCP values have been located within the corresponding passive ranges. It can be

observed that the OCP values of both materials coincided within their respective passive
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range at the temperatures studied, which means that Alloy 31 and welded Alloy 31

spontaneously passivated under the studied conditions

The displacement of the OCP with temperature is more significant in Alloy 31 since the
OCP values shifted from the perfect passivity region to the imperfect passivity region as
temperature increased, being around the pitting potential at 150 °C, Figure 8 (a).
Regarding welded Alloy 31, Figure 8 (b), the OCP values were located in the perfect
passive region at temperatures below the CPT (75 °C and 100 °C) and in the imperfect
passive region at temperatures above the CPT (125 °C and 150 °C). Finally, both
materials show similar behaviours, since according to the results, under the open circuit
potential condition pitting corrosion will not initiate in the 1080 g/l LiBr solution and,
furthermore, existing pits will not propagate below the CPT. However, if pits exist on

the surface before immersion (as defects etc.), they propagate above the CPT.

3.2.4. Arrhenius plots

The results above mentioned have demonstrated that temperature caused an increase in
the corrosion current density of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr
solution. In general, this increase in the corrosion rate, which is represented by the
corrosion current density (icorr), With temperature follows Arrhenius equation (eqg.1) [99-

101]:

logi,,, =log A— (Eq.1)

2.303RT
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where E, (J/mol) is the molar activation energy of the process, R is the gas constant
(8.314 J/mol/K), T is the temperature (K) and A is a constant. The molar activation
energy of an electrochemical process refers to the energy level that must be overcome
by the electron in the exchange through the electrode/ electrolyte interphase. Arrhenius
equation indicates that the faster the dependence of the corrosion rate to temperature the

higher the E, [99].

The Arrhenius plots of the current densities registered at different potentials on the
cyclic potentiodynamic curves can be used to evaluate the different effects of
temperature in different potential regions [57]. Figure 9 shows the Arrhenius plot for a
cathodic potential (-950 mVagagci), for the corrosion potential, for a potential in the
perfect passive region [56, 98] (-450 mV agiagcl in the case of Alloy 31 and -230 in the
case of welded Alloy 31) and for a potential in the imperfect passive region [56, 98] (0
MV agagcr). No differences in the data obtained from tests conducted below or above the

CPT transitions at the different potentials are observed in Figure 9.

The most abrupt increase in current density with temperature occurred at the cathodic
potentials in both materials (Figure 9), as the highest slopes reflected, indicating that
the most noticeable influence of temperature was on the cathodic reaction in both
materials. This fact is related to the shift of the corrosion potentials to higher values as
temperature increases. Consequently, the highest values of activation energies
correspond to the cathodic processes, 55 kJ/mol and 61 kJ/mol for Alloy 31 and welded
Alloy 31 respectively. No big differences between the two materials were observed in

terms of the cathodic reaction.
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In the case of Alloy 31, very similar values of activation energy were registered at the
corrosion potential, in the perfect passive region and in the imperfect one, 33 kJ/mol, 34
kJ/mol, 27 kJ/mol respectively. This fact indicates that the dependence of the current
density established during the passivation range with temperature is similar along the
whole passive range. Regarding the welded metal, the activation energy diminishes
from the corrosion potential (50 kJ/mol), to the perfect passivity region (21 kJ/mol) and
the imperfect one (9 kJ/mol). In this case, the dependence of the current density
established during the perfect passivity region with temperature is stronger than that
established during the imperfect passivity one. That is, the increase in the corrosion rate

with temperature is slower as the potential shifts to more positive values.

4. GALVANIC CORROSION

The materials were examined by Scanning Electron Microscopy (SEM) in order to
estimate possible microstructural variations produced during the GTAW welding
procedure that could explain a different corrosion behaviour of the parts of the galvanic
pair. Figure 10 (a) shows the microstructure of Alloy 31 after etching [102, 103]. This
is a single-phase austenite microstructure with equiaxed grains, characteristic of an iron-

nickel-chromium-molybdenum alloy like Alloy 31.

Figure 10 (b) shows the dendritic microstructure of austenite characteristic of

solidification of metals. An Energy Dispersive X-Ray analysis (EDX) was used to

identify the changes in the welded metal composition. Results obtained from this
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analysis are shown in Figure 11. This figure shows that the content of chromium and
especially molybdenum, diminished in the dendrite cores relative to the bulk but
increased in the grain boundaries. Concretely, the dendrite cores presented 3 %
chromium and 23 % molybdenum less than the grain boundaries. This fact reflects
chromium and molybdenum accumulations in the grain boundaries of welded metal,

which increases the dissimilarity between the base and the welded metal.

Table 3 summarizes the corrosion potential (Ecorr) of Alloy 31 and the welded Alloy
31, as well as the mixed potential (Ecouple ) between the pair and the differences
between the corrosion potential of the cathodic and the anodic part of the pair (Ec-Ea).
In the same way, Table 3 shows the corrosion current density (icorr) Of the uncoupled
metals, the galvanic current density generated due to the coupling of the pair (ig) and
the ratio ig/icorr. Letters “A” (anodic) and “C” (cathodic) indicate the character of each

part in the pair.

The corrosion potential of Alloy 31 was lower than the corrosion potential of welded
Alloy 31 in the range of temperatures between 75 °C and 100 °C (Table 3), indicating
that Alloy 31 was the anode of the pair. This fact could be attributed to the higher nickel
and molybdenum content of the filler metal (60.58 % and 15.40 % respectively) used to
obtain the welded metal with respect to the base metal (31.85 % and 6.60 %
respectively) [41, 47]. However, welded Alloy 31 was the anode at the highest
temperatures (125 °C and 150 °C). The more positive mixed potentials were obtained at

the highest temperatures (125 °C and 150 °C).

25



Minimal differences of 100-130 mV between the corrosion potential of the cathodic and
the anodic part of the pair (Ec-Ea) are necessary to consider the galvanic effect relevant

[64], so that according to this fact the galvanic effect was not significant.

Table 3 shows that the galvanic corrosion between the base and the welded Alloy 31
hardly increases with temperature, reaching the elevated value of 182.5 pA/cm? at 150

°C, a value more than thirty five times higher than that registered at 75 °C.

The corrosion resistance of the anode decreased due to the galvanic effect produced by
coupling between the base and the welded metal, since the galvanic current density was
higher than its respective corrosion current density at 100 °C, 125 °C and 150 °C (Table
3). This fact does not occur at 75 °C, although the increase in the corrosion resistance of
the anode due to coupling was not significant. According to Mansfeld and Kendel [104],
this relative increase in the corrosion rate of the anodic part of the pair could be
expressed by the ratio ic/icor, Where ig is the galvanic current density and icor is the
corrosion current density of the uncoupled anodic part. The magnitude of this ratio may
be used as a guide that reflects the severity of the galvanic effect in a couple, and it was
suggested that a value lower than 5 implies compatibility of the parts in the couple
[105]. Thus, in spite of the high values of galvanic current density registered by the pair
in the 1080 g/l LiBr solution, the low values of the ratio ic/icorr (all of them lower than

1.4) demonstrated the compatibility of the parts of the pair.
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5. CONCLUSIONS

The open circuit potentials of both materials increase with time at the temperatures
studied, indicating the ennoblement of the materials and the spontaneous formation of

the oxide layer on the metal surface.

Alloy 31 and welded Alloy 31 present potentiodynamic cyclic curves typical of passive
alloys at all temperatures. The absence of current density transients along the passive
zone at the temperatures studied indicates a lack of metastable pitting and high stability

of the passive film even at 150 °C.

The presence of hysteresis loops in the cyclic curves at the temperatures studied
indicates that both materials were able to repassivate after the breakdown of the passive

film even at such high temperatures as 150 °C.

Results demonstrated qualitatively and quantitatively the enlargement of the corroded

area with temperature.

Corrosion current densities of materials increased with temperature following the

Arrhenius equation. Therefore, results demonstrated that the general corrosion

resistance of both Alloy 31 and welded Alloy 31 decreased with temperature.

Based on the criteria used to define the pitting potential and the passivation current

density in this paper, the pitting corrosion resistance of Alloy 31 and welded Alloy 31
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decreases as temperature increases, since pitting potentials decreased and passivation

current densities increased with temperature.

Temperature makes the passivation of both metals difficult in the 1080 g/l LiBr
solution, since the whole passivation range diminishes as temperature increases. The
repassivation of pits is also more difficult as temperature increases, as demonstrated by

the decrease of the repassivation potential values with temperature.

The more dramatic changes in the pitting and repassivation parameters obtained
according to the criteria used in this paper, occur between 100 °C and 125 °C in both
materials, indicating that the CPT transition from transpassive dissolution before the

onset of pitting to conventional stable pitting occurs in this range of temperatures.

Results obtained following the methodology described in this paper indicates that Alloy
31 and welded Alloy 31 spontaneously passivated under the studied conditions. Under
the open circuit potential condition pitting corrosion will not initiate in the 1080 g/l
LiBr solution and, furthermore, existing pits will not propagate below the CPT (75 °C
and 100 °C). However, if pits exist on the surface before immersion (as defects etc. ),

they will propagate above the CPT (125 °C and 150 °C).

Galvanic corrosion between the base and the welded Alloy 31 hardly increases with
temperature. However, in spite of the high values of galvanic current density registered
by the pair, the low values of the ratio ig/icor demonstrated the compatibility of the parts

of the pair at the temperatures studied.
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Tables captions

Table 1. Materials composition (wt%).

Table 2. OCP values of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr solution at

75°C, 100°C, 125°C and 150°C .

Table 3. Galvanic parameters of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr

solution at 75°C, 100°C, 125°C and 150°C.
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Figures captions

Figure 1. Cyclic potentiodynamic curves of Alloy 31 (a) and welded Alloy 31 (b) in a
1080 g/I LiBr solution at 75°C, 100°C, 125°C and 150°C.

Figure 2. Images of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr solution after
the cyclic tests at 75°C, 100°C, 125°C and 150°C. These images are mosaics created
from images obtained with an optical microscope.

Figure 3. Percentages of the damaged area of the Alloy 31 and the welded Alloy 31
after the cyclic tests in the 1080 g/l LiBr solution at 75°C, 100°C, 125°C and 150°C.
Figure 4. Images taken with an optical microscope of Alloy 31 and welded Alloy 31 in
the 1080 g/l LiBr solution after the cyclic tests at 75°C, 100°C, 125°C and 150°C.
Figure 5. Corrosion Potentials (a) and Corrosion Current Densities (b) of Alloy 31 and
Welded Alloy 31 at 75°C, 100°C, 125°C and 150°C in the 1080 g/l LiBr solution. Error
bars denote the standard deviations of the measured values. Symbols denote the average
of at least three measurements.

Figure 6. Pitting potential values (a) and passivation current densities (b) of Alloy 31
and welded Alloy 31 in the 1080 g/l LiBr solution at 75°C, 100°C, 125°C and 150°C.
Error bars denote the standard deviations of the measured values. Symbols denote the
average of at least three measurements.

Figure 7. Repassivation Potential (a), passivity region (b) and anodic hysteresis loop (c)
of Alloy 31 and welded Alloy 31 in the 1080 g/l LiBr solution at 75°C, 100°C, 125°C
and 150°C. Error bars denote the standard deviations of the measured values. Symbols

denote the average of at least three measurements.
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Figure 8. Passive ranges obtained from the cyclic potentiodynamic curves of Alloy 31
(@) and welded Alloy 31 (b) in the 1080 g/l LiBr solution at 75°C, 100°C, 125°C and
150°C.

Figure 9. Arrhenius plots of current densities at different potentials from the cyclic
potentiodynamic curves of Alloy 31 (a) and welded Alloy 31 (b) in the 1080 g/l LiBr
solution at 75°C, 100°C, 125°C and 150°C.

Figure 10. SEM image of a) Alloy 31 etched for 120 s in 60% HNO; at 140 mA/cm?
and b) the welded metal etched for 120 s in 15ml HNO3-5 ml Methanol-85 ml H,O
(using backscattered electrons).

Figure 11. EDX analysis on the welded Alloy 31.
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Table 1

Material UNS Cr Ni Mn Si Mo Cu Fe S P C N Al Co

Alloy3l  NO0BB3L 2675 3185 150 010 660 121 3143 0002 0017 0005 01938 — -

Filler Metal N06059 22.65 60.58 0.15 0.03 1540 --- 058 0.002 0.003 0002 -- 0.16 0.04




Table 2 (revised)

OoCP (mVAg/AgCl)

75°C 100°C 125°C 150°C
Alloy 31  -259+15 2213423 8132 2348
Welded 55, 2234%10 2202+11 -179+13

Alloy 31




Table 3 (revised)

75 °C 100 °C 125 °C 150 °C
e ey 31 Weded gy Wl gy ar Welded gy 3y Melded
Ecorr (MV g g/a0c1) -739 711 =728 -685 -618 -660 -575 -651
Ecouple (mV Ag,AgCl) -723 =701 -626 -633
Ec-E, (mV) 28 43 42 77
icorr (WA/cm?) 8.7A 47C 186A  17.38C  469C  252A  622C  133.6A
i (LA/cm?) 5.2 24.9 273 182.5
ic /icorr 0.6 1.3 1.1 1.4




Figure 1 (revised)
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Figure 2 (revised)
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Figure 3 (revised)
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Figure 4 (revised)
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Figure 5 (revised)
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Figure 6 (revised)
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Figure 7 (revised)
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Figure 8 (revised)
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Figure 9 (revised)
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Figure 10 (revised)
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Figure 11 (revised)
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