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and Sensitised State in LiBr Solutions Using Confocal Laser Scanning Microscopy
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The aim of this work is to study the corrosion evolution of a
unsensitised and sensitised stainless steel in a 992 g/l LiBr solution.
The tested material has been a highly alloyed austenitic stainless
steel (UNS N08926) in its as-received state and heated at 825 °C
for 1 hour in an inert atmosphere. Tests have been carried out in an
electrochemical minicell that can be put in the stage of a confocal
microscope. Differences in the evolution of morphology attack
have been observed between the unsensitised and sensitised
samples. The used technique has demonstrated to be very useful to
check differences in the evolution of corrosion processes.

1. Introduction

Refrigeration absorption machines are again considered as suitable refrigeration systems
because the use of chlorofluorocarbons (CFCs) was banned (Montreal Protocol (1), 1987)
and their substitutes, i.e. hydrochlorofluorocarbons, are submitted to severe regulations,
Kyoto protocol (2), 1997). Absorption machines can use different working fluids, such as
(NH3-H»0) or (H,O-LiBr). The last one, H,O-LiBr, is the most commonly employed
refrigerant/absorbent couple in absorption systems due to their favourable thermophysical
properties (3). However, LiBr can cause serious corrosion problems on metallic
components in refrigeration systems. Bromides, like chlorides, are aggressive ions and
their corrosion effect may be accelerated in absorption machines due to the high
temperatures and concentrations reached in them. Therefore, stainless steels are widely
used in structural elements because they present good corrosion resistance. The
corrosion resistance of stainless steel is mainly due to its chromium content because a
chromium oxide film is formed that protects the alloy (4-6). AISI 304 and AISI 316
austenitic stainless steels are the most commonly manufactured materials. However, in
austenitic stainless steels, an improper heat treatment in the temperature range between
500 and 900 °C causes chromium and carbon to react at grain boundaries and form
chromium carbides. Concomitant with the formation of chromium, depletion zones
appear at the adjacent zones (7-22). Then, the corrosion resistance of the steels decreases
as a result of the precipitation of chromium carbides. The high concentration of
chromium in Cry3Cg particles, which is one of the most stable carbides (23, 24), reduces
locally the chromium content in the region adjacent to these chromium rich precipitates.
Since chromium diffuses much more slowly than carbon, there is not enough time for
chromium to diffuse to the carbide from all over the grains. So, in the region that is near
grain boundaries, the chromium content lowers below 13 %, which is a critical value for
the corrosion resistance of stainless steels. This process that forms a chromium depletion
zone is called sensitisation to intergranular corrosion.
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On the other hand, corrosion has been mainly studied using large-scale experiments
(25-28). However, corrosion mechanisms occur on a smaller scale. Then, it can be useful
to develop smaller scale methods and experimental methodologies. In this way, it will be
possible to study reduced surfaces and the early stages of corrosion processes. Therefore,
the aim of this work is the study of the corrosion morphology of a highly alloyed
austenitic stainless steel, Alloy 926 (UNS N08926), in its unsensitised and sensitised state
in a 992 g/l LiBr solution at microscopic scale.

2. Experimental procedure

2.1. Description of working electrodes

The material used in this work was a highly alloyed austenitic stainless steel, Alloy
926 (UNS N08926). The Alloy 926 electrodes were machined as shown in Figure 1.
These electrodes present a hole in the base, where the electrical connection was made,
and a cylindrically reduced bar 1.6 mm in diameter. Three specimens of Alloy 926 were
introduced in a silica tube in a furnace (CARBOLITE TVS 12/600) under an argon
atmosphere. Then, the specimens were heated to develop sensitisation. Heat treatments
were carried out at 825 °C for a period of 1 hour. These conditions were selected because
in previous works, sensitisation was observed with this heat treatment (29, 30). The
electrode was covered with an epoxy-resin; in this way only a circular area of 1.6 mm in
diameter was exposed to the LiBr solution (the area of the electrodes was determined for
every test by image analysis). The electrical connection to the potentiostat was done by
means of a conductor wire. Prior to the electrochemical tests, the specimens were wet
abraded from 220 SiC (Silicon Carbide) grit to a 4000 SiC grit finish, and finally rinsed
with distilled water.

Figure 1. Machined working electrode of Alloy 926.

2.2. Minicell description

The minicell, developed in a previous work (31), that was employed in this study
permits using confocal laser scanning microscopy in order to observe the beginning of
the microscopic corrosion process during the tests. Figure 2 shows a scheme of the
minicell. The cell is made of glass and consists of two parts. The first part is a base to
support the specimens. This base has four small supports to maintain the working
electrode in a horizontal position (Figure 2 c)), and a frosted lateral surface to close the
cell with the upper part. The upper part has the inlets and outlets of the cell. There are
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two inlets for the electrodes, the first of them is for the reference electrode, which is a
silver-silver chloride with 3 M KCl reference mini-electrode, and the second inlet serves
to take out the electrical connection of the working electrode. The counter electrode
consists of two platinum filaments that pass through the glass and are connected outside
the cell to the potentiostat. When the cell is closed, it is under a completely insulated
atmosphere. Additionally, an inlet and an outlet serve to introduce the electrolyte into the
cell from a glass container by means of a pump. The glass container has a thermostatic
jacket that controls the temperature of the solution. It is also possible to bubble nitrogen
in the solution to deaerate it.
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Figure 2. Scheme of the parts of the minicell: (a) Main view of the top of the cell , (b)
Cross view of the top of the cell, and (c) Cross view of the base of the cell (measurements
in millimetres).

2.3. Microscopic systems

The confocal laser scanning microscope is an “Olympus LEXT 3100 OLS” with the
following features:

a) Three acquisition modes: optical light, non-confocal laser, and confocal laser.
b) A motorized stage that permits moving quickly to the interesting region.
¢) The change of the objective lens is executed electrically through PC control.
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The confocal laser scanning microscope gives fast, accurate, non-contact
measurements of surface topography in three dimensions.

2.4. Galvanodynamic Curves

Galvanodynamic curves allow controlling the current, and therefore, it is possible to
control the corrosion rate when the damage begins. This point is important because one
of the objectives of this work is the study of the first stages and the propagation of the
corrosion process; thus, it is very important to control the speed of the process. The tests
were repeated at least three times.

Galvanodynamic curves were made in deaireated 992 g/l LiBr aqueous solution by
bubbling nitrogen for 15 minutes, prior to immersion. Before each test, the sample was
immersed in the test solution for 1 hour at the open circuit potential (OCP). After the
OCP test, the specimen’s current density was reduced to 0 mA/cm” during 60 seconds in
order to begin all the tests under the same conditions. Then, the galvanodynamic curves
were registered from 0 mA/cm? to positive current densities at 10° mA/s sweep rate.
Images of the surface of the working electrode were obtained during the tests with the
confocal laser scanning microscope.

3. Results and discussion

3.1. Galvanodynamic curves

Two representative galvanodynamic curves of the sensitised and unsensitised Alloy
926 are shown in Figure 3.
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Figure 3. Galvanodynamic curves of unsensitised and sensitised Alloy 926 in the 992 g/l
LiBr solution at 25 °C.

48

Downloaded 07 May 2012 to 70.96.146.4. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



ECS Transactions, 41 (24) 45-54 (2012)

Potential increases with increasing current density in both curves. When current
density reaches a certain value the increase of potential is lower and then it decreases
quickly; this drop can be related to the pitting potential point. After this potential drop
(point 2, Figure 3), some potential peaks, that have been marked with numbers, appear in
the galvanodynamic curves at different current density values. As it will be explained
later, these potential peaks correspond to the corrosion attack expansion. Table I shows
the potential and the current density values of the unsensitised and sensitised Alloy 926
measured at the different points indicated in the galvanodynamic curves.

TABLE I. Potential and current density values of the unsensitised and sensitised Alloy 926 measured at the
different points indicated in the galvanodynamic curves.

Point Unsensitised Alloy 926 Sensitised Alloy 926
E (mVpx00) i (A/ em®) E (mV px0c) i (A/ em’)
1 889 71 713 50
2 910 104 734 90
3 360 169 388 213
4 360 389 360 389
5 350 489 350 537
6 340 691 340 724

The drop in the potential happens at lower potential values for the sensitised sample
than for the unsensitised sample. Furthermore, the pitting current density (point 2) in the
sensitised sample is lower than in the unsensitised sample. Therefore, the corrosion
resistance is lower as a consequence of the sensitisation process. On the other hand, the
current density value is similar to the value proposed in the literature to establish the
pitting potential (100 pA/cm?) (32).

3.1. Analysis with the confocal laser scanning microscope

Figures 4 and 5 show optical images of the evolution of the corrosion damage during
the galvanodynamic curves carried out with the unsensitised and sensitised Alloy 926 in
the 992 g/l LiBr solution at 25 °C. Figures 4 a) and 5 a) show how the corrosion product
spread out the affected area and corrosion attack mainly affects the centre of this volume.
Corrosion goes on spreading from the centre of the circle, until it gets to the limit of the
circle as shown in Figures 4 b) and 5 b). Then, the corrosion product expands and the
circle grows, Figures 4 c) and 5 c), and corrosion goes on expanding again until it arrives
at the end of the new circle (Figure 4 d) and 5 d)). This sequence (corrosion product
expansion, corrosion attack growth inside the corrosion product, and again corrosion
product expansion) happens over and over again. Therefore, corrosion spreads affecting
the entire surface in a sequential way with increasing current density in the
galvanodynamic curve. It seems that the corrosion products catalyze the subsequent
corrosion processes, this behaviour being according to the literature (33-37). Every time
that the corrosion product forms a new circle and corrosion begins to affect a greater arca
of the electrode, a potential peak appears in the galvanodynamic curves (peaks are
marked with numbers from 3 to 6 for both samples in Figure 3).

On the other hand, there are clear differences in the corrosion attack between the
unsensitised and sensitised Alloy 926. In the case of the unsensitised Alloy 926, pits
appear in a random way inside the cloud of corrosion product, while in the sensitised
Alloy 926, corrosion grows along the grain boundaries that are inside the cloud of
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corrosion product. These differences in the morphology of corrosion attack are due to
chromium carbide precipitation in the sensitised sample. Areas depleted of alloying
elements (Cr, Mo) appear surrounding chromium carbides (7-22) and these areas are
preferential zones for corrosion attack. In the sensitised samples corrosion attack grows
along these areas that are in the grain boundaries.

f)

Figure 4. Optical images of corrosion damage evolution in the unsensitised Alloy 926
during a galvanodynamic curve in the 992 g/l LiBr solution at 25 °C obtained by means
of the CLSM.

d) f) e)

Figure 5. Optical images of corrosion damage evolution in the sensitised Alloy 926
during a galvanodynamic curve in the 992 g/l LiBr solution at 25 °C obtained by means
of the CLSM.
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Values of the area affected by corrosion and current values were obtained for every
point of the galvanodynamic curve marked in Figure 3. Despite the fact that current
density is calculated over the entire surface, all the current flows through the area
affected by corrosion. Therefore, the effective current density that affects the attacked
area was calculated. These values are summarised in Table II. On the other hand, Figure
6 shows the evolution of the affected area and the effective current density during the test
for both samples.

Table II. Values of the effective current density, and damage extension at the different points marked in
the galvanodynamic curves of the unsensitised and sensitised Alloy 926 in the 992 g/I Libr solution at 25 °C.

Point Unsensitised Alloy 926 Sensitised Alloy 926
Effective current Affected area Effective current Affected area
density (nA/ cm?) (um®) density (nA/cm?) (nm?)

1 3.8x 107 4.0 2.7x 10 4.0
2 3.9x 10* 5.3x10° 3.4 x 10 6.5x 10°
3 4.1x10* 8.7x 10° 1.8x 10 9.1x 10°
4 14x10* 5.7x 10* 1.4 x 10* 5.9x 10*
5 1.2 x 10* 9.5 x 10* 1.0 x 10* 1.1x10°
6 46x10° 3.2x10° 42x10° 3.9x10°
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Figure 6. Effective current density and evolution of the damage area during the
galvanodynamic tests for the unsensitised and sensitised Alloy 926 in the 992 g/l LiBr
solution at 25 °C.

The effective current density that passes through the affected area is high at the
beginning of the damage and then it decreases quickly with the growth of the affected
area (38). The effective current density that flows at the beginning of pit formation is
very high in both samples (38 A/cm’ for the unsensitised Alloy 926 and 27 A/cm? for the
sensitised sample) because the affected area is very small (4 um?). Therefore, the
beginning of the corrosion processes is very fast and the affected area grows quickly
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during the first stages of the attack. In addition, the affected area /unaffected area ratio is
very unfavourable to the pit. The greater the affected area is the more slowly the
corrosion product spreads, and the time intervals among peaks in the galvanodynamic
curves increase.

Regarding the differences between both specimens, when the pit appears the effective
current density in the case of the sensitised sample is lower than in the case of the
unsensitised Alloy 926. Therefore, the corrosion resistance of the sensitised sample is
lower than in that of the unsensitised Alloy 926. Similarly, the affected area is slightly
larger in the case of the sensitised sample.

Finally, Figure 7 shows two three-dimensional images of the unsensitised and
sensitised Alloy 926 after the galvanodynamic curves in the 992 g/l Libr solution at 25 °C.
The differences in morphology attack between the unsensitised and sensitized Alloy 926
are confirmed in the images obtained after the galvanodynamic tests. In the case of the
unsensitised Alloy 926, different pits occur randomly along the affected area. However,
in the case of the sensitised sample, all grain boundaries inside the affected area are
attacked and deep ditches appear on the surface. The attack goes on spreading from these
areas to the rest of the surface.

6,600 51700 6,000 102400

a) Unsensitised Alloy 926 b) Sensitised Alloy 926

Figure 7. 3D images of the electrode surface of the unsensitised and sensitised Alloy 926
after galvanodynamic curves in the 992 g/1 LiBr solution at 25 °C.

4. Conclusions
The main conclusions of this work can be summarised as follows:

1. Sensitised Alloy 926 is less corrosion resistant than unsensitised Alloy 926.
2. The corrosion process is sequential: first the corrosion damage appears, next the
corrosion product spreads, and finally the corrosion damage starts growing again.
. Corrosion product catalyses the corrosion attacks.
. The effective current density is very high in the formation of the initial pit.
5. Pits appear in a random way in the unsensitised Alloy 926 whereas corrosion grows
along grain boundaries in the sensitised Alloy 926.

B W
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