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Abstract

A novel apparatus, high-pressure/high-temperature nickel flow loop, was constructed to study the
effect of the flow on the rate of erosion–corrosion of mild steel in hot caustic. It has been successfully
used to measure the corrosion rate of 1020 steel in 2.75 M NaOH solution at a temperature of 160 �C
and velocities of 0.32 and 2.5 m/s. In situ electrochemical methods were used to measure the corro-
sion rate such as the potentiodynamic sweep, the polarization resistance method, and electrochem-
ical impedance spectroscopy (EIS). Also used were the weight-loss method and scanning electron
microscopy (SEM).

Eight electrodes/coupons were used to monitor the metal loss rate, four were placed at the low
velocity section, while the other four were placed in the high velocity section. The first three coupons
in each section were placed within the disturbed flow region, while the fourth was placed in a fully
developed flow region.

The corrosion rate of the coupons in the high velocity section was generally higher than that of
the coupons in the low velocity section. One coupon in the disturbed flow region had a significantly
higher corrosion rate than the others.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Caustic; Erosion–corrosion; High-pressure; High-temperature; Nickel flow loop; Mild steel; NaOH;
Heat exchanger; Test section; Electrochemical measurements; Disturbed flow
0010-938X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.corsci.2005.09.018

* Corresponding author. Tel.: +1 740 593 9945; fax: +1 740 593 9949.
E-mail address: nesic@ohio.edu (S. Nešić).
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1. Introduction

Many bauxite refineries utilize what is known as the ‘‘Bayer process’’ in the production
of aluminium oxide (alumina), a process involving a strong caustic solution. At a partic-
ular stage in the process, the caustic solution is passed through a series of heat exchangers
in order to recuperate heat. The headers of these heat exchangers which are constructed of
mild steel are regularly inspected for corrosion damage. Long term data collection has
indicated localized corrosion damage to certain sections of the heat exchangers’ header
shells and tube-sheets. The damage appeared to be flow related.

Erosion–corrosion is a type of attack predominantly observed on mild steel, displaying
active-passive behaviour in caustic solutions due to formation of surface films. In order
to operate mild steel equipment in caustic environments, it is essential that these protective
surface films do form and survive the operating conditions. The protective surface films pro-
tect the bare metal from a high corrosion rate by providing a ‘‘barrier’’ between the solution
and the bare metal. It is believed that these films can be removed completely or partially
under certain water chemistry and flow conditions, such as disturbed turbulent flow. Once
the protective surface films are removed or damaged, the bare metal becomes exposed
directly to the solution and a severe localized corrosion and failure of the equipment may
occur. This type of attack is commonly referred to as: flow affected corrosion (FAC) or ero-
sion–corrosion. In this context, the word erosion refers to a hydro-mechanical removal of
the protective film by the flow while the main mode of metal loss is due to corrosion.

Erosion–corrosion often occurs at the heat exchanger tube inlets, where the flow expe-
riences a sudden contraction as it moves from the large cross-sectional area of the heat
exchanger header into the small cross-section area of the tubes. The sudden contraction
of the flow at the tube inlets causes a flow disturbance, which can remove the protective
surface films partially or completely, thus causing severe localized erosion–corrosion,
and subsequent failure. The available literature on the corrosion of mild steel in caustic
is very limited, especially at high-temperatures and high-pressures.

It is generally accepted that in alkaline solutions the overall corrosion reaction is [1]:

3Feþ 4H2O ! Fe3O4 þ 4H2 ð1Þ
In other words the final product of this reaction, which is electrochemical in nature, is
magnetite Fe3O4 usually found on the surface of the steel. The exact mechanism of this
reaction is difficult to pinpoint as there is a number of possible pathways.

1.1. Cathodic reaction

The concentration of hydrogen ions is very low in highly alkaline deoxygenated solu-
tions so the cathodic current comes primarily from direct reduction of water (dragging
away of the OH� portion of the adsorbed water molecules) [1]:

2H2Oþ 2e� ! H2 þ 2OH� ð2Þ
1.2. Anodic reaction

One can assume the following anodic reaction dominates in alkaline solutions:

Feþ 2OH� ! FeðOHÞ2 þ 2e� ð3Þ
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The solid ferrous hydroxide film is in equilibrium with a number of dissolved ferrous
species1 such as: Fe2þ;FeOHþ;FeðOHÞ�3 ;HFeO�2 ;FeO2�

2 . The concentration of these
species is defined by a set of chemical equilibria and the alkalinity of the solution. For
example in alkaline solutions the reaction:

HFeO�2 þOH� () FeO2�
2 þH2O ð4Þ

has the equilibrium moved far to the rhs of the reaction. Hence, the main dissolved species
is ferroate (hypoferrite) FeO2�

2 which is in equilibrium with the ferrous ions:

FeO2�
2 þ 2H2O () Fe2þ þ 4OH� ð5Þ

There is no need to list here all the equilibrium reactions as they are available in the open
literature [3]. Another way to write an overall anodic reaction for alkaline solutions is:

Feþ 2H2O () HFeO�2 þ 3Hþ þ 2e� ð6Þ
or in terms of a mechanism:

FeþH2O () FeOHads þHþ þ e� ð7Þ

FeOHads þH2O !rds
HFeO�2 þ 2Hþ þ e� ð8Þ

followed by the equilibrium

HFeO�2 þOH� () FeO2�
2 þH2O ð9Þ
1.3. Passivity

The word passive in the present context can be somewhat misleading as it is usually
associated with the passive behavior of stainless steel and very low corrosion rates.
Although the form of the polarization sweeps obtained on mild steel in high-temperature
caustic solutions does show a active/passive transition peak [4,5], the obtained passive cur-
rent is frequently of the order of 1 A/m2 or even higher. This corresponds to corrosion
rates of 1 mm/y and higher for steel and in most practical cases, when mild steel corrodes
at such a high rate, it can be misleading to characterise this behavior as passive. However,
since the term passive has been used extensively in the literature, it has been adopted here
as well, in order to avoid confusion.

The onset of passivity of mild steel in alkaline solutions is most often related to forma-
tion of a protective film on the steel surface. In de-oxygenated alkaline solution it is most
likely that the surface film will be composed of magnetite Fe3O4. There are a few proposals
suggesting different mechanisms for this process.

The precipitation model [1] assumes that once the concentration of ferrous species
becomes sufficiently high, the solubility product of magnetite will be exceeded, leading
to deposition of a surface film. The relevant reversible dissolution/precipitation chemical
reactions describing this process can be written in a compact form as [6]:

3FeðOHÞð2�bÞþ
b þ ð4� 3bÞH2O () Fe3O4 þ 3ð2� bÞHþ þH2ðgÞ ð10Þ
1 According to some studies [2] the presence of ferric species such as Fe3þ;FeðOHÞ3;FeðOHÞ�4 in deoxygenated
solutions can be neglected in the potential range of interest so they will be omitted from the present discussion.
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where the integer parameter b = 0,1,2,3 is used to denote the different iron species, e.g. 0
refers to Fe2+, etc.

The protectiveness of such a film will depend on its structure and porosity which is
influenced by a number of factors such as nucleation rate, supersaturation level, electro-
chemical potential, state of the surface, presence of other species in the solution, etc. Very
little is known on the relationship between these factors and the protectiveness of a surface
film.

Another theory [7] proposes that the onset of passivity of mild steel in alkaline solutions
is related to direct oxidation of the HFeO�2 via:

3HFeO�2 þHþ ! Fe3O4 þ 2H2Oþ 2e� ð11Þ
forming an adherent, non-porous Fe3O4 film offering good protection. Other proposals [8]
include direct oxidation of Fe to form a protective Fe3O4 film according to Eq. (1).

Finally, it has been generally accepted that an important path for forming magnetite
film is the so called ‘‘Schikorr’s reaction’’:

3FeðOHÞ2 ! Fe3O4 þH2ðgÞ þH2O ð12Þ
It is quite possible that the growth of the magnetite film proceeds according to several
mechanisms simultaneously. The proposal that the film grows from the inner (metal inter-
face) side via the direct oxidation mechanism, while it grows from the outside (solution
interface) side via the precipitation mechanism seems plausible as it leads to a ‘‘duplex’’
film structure often observed in experiments [8]. In these films, due to the confined space,
the inner layer consists of a small-grain, low-porosity crystal structure, while the outer
layer consists of larger, free-growing crystallites with higher porosity. It has been reported
[9,10] that the inner compact layer firmly adhering to the surface is the one offering pro-
tection while the outer porous layer was less protective and vulnerable to removal by flow.

1.4. Loss of passivity

From the results scattered throughout the reports it became quite clear that certain fac-
tors influence the corrosion rate by affecting the survival of the protective surface films.
For example it is generally known that high velocity leads to higher film removal rate
either through a dissolution or a mechanical erosion mechanism.

• Dissolution film removal mechanism is commonly accepted and most often controlled
by the mass transfer through the liquid boundary layer. The rate of this process depends
on the chemistry of the solution and the local near wall turbulence levels. Turbulence
levels can vary significantly particularly in complex flow geometries such as pipe inlets,
valves and in all other cases where disturbed flow conditions are present.

• Erosion film removal mechanism is far less understood although it cannot be excluded
as a possibility. It can only be speculated that high near-wall turbulence levels and/or
mean wall shear stress can lead to film mechanical erosion or, what is more probable,
interfere with film formation. The feasibility of this proposal, and even more so the
exact mechanism for this process, is unknown. It was reported that the contribution
of the dissolution mechanism can be additive to film erosion and sometimes even act
in a synergistic way by loosening the crystal grains of the film making them more prone
to erosion [11,12].
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Meyer and Atrens [13] examined tubes inlets from Bayer heat exchangers to charac-
terise service erosion–corrosion. Three distinct regions were observed: the thin wall
region, which extends from the tube inlet to a distance of approximately one tube dia-
meter, had a smooth, wavy surface with some localized wall perforation; the transition
region, which starts at a distance of approximately one tube diameter from the tube
inlet, had a valley morphology; and the thick wall area, starting at a distance of approx-
imately one to two diameters from the tube inlet, which had pits and horseshoes. There-
fore, in this project, the tube’s inlet region was fully covered by inserting three working
electrodes downstream from a sudden pipe constriction in order to measure the corro-
sion rate at these three critical positions. Meyer et al. [14] used the impinging-jet test
rig to study the mechanism of the erosion–corrosion of caustic solution at high-temper-
atures used at a Bayer plant site. When the liquid jet was submerged under controlled
conditions, the observed damage rates were low for all conditions of one-phase flow.
The presence of particulates in the Bayer liquor had no significant effect on the ero-
sion–corrosion rates. Higher damage rates were measured by using liquor at higher tem-
peratures. It appeared that in single-phase flow the rate of erosion–corrosion remains
low, a fact not confirmed in the present study as shown below. It can be speculated that
the low rates of attack observed by Meyer et al. [14] were related in the first place to the
startup procedures used in their experiments. Meyer and Atrens [15] tested the effect of
the composition of Bayer liquor, the nature of the localized attack, the presence of
atmospheric gases (O2 and N2), and two-phase flow. The presence of atmospheric gas
bubbles (O2 and N2) caused damage to the coupons. Two-phase liquid–vapour flow
caused high damaged rates, while the single-phase liquid flow had low erosion–corrosion
damage rates under all conditions.

May and Orchard [16] and May [17] studied the corrosion of carbon steel exposed to
spent Bayer liquor and analysed the relative effects of process variables, erosion–corro-
sion, stress corrosion, and inhibitors and microstructure on the rate of general corrosion.
They found that the corrosion resistance depends on surface passivation and material
microstructure. At velocities less than 2.5 m/s, erosion is not an important metal
removal mechanism, but at velocities more than 4 m/s rapid degradation may occur
[16,17]. Therefore, it was expected that for the velocities used in the present project
(62.5 m/s) there should be only a limited effect of velocity on the rate of erosion–
corrosion.

Flis et al. [18] studied the effect of non-de-aerated 8.5 M NaOH at 100 �C on stagnant
decarbonised iron and its alloys with 0.23 wt.% C and 0.875 wt.% C. Flis et al. [18] con-
cluded that iron showed a higher tendency for passivation than these alloys, the formation
of the passive film on iron was easier than on the alloys, and its stability was higher than
on the alloys. From these results, Flis et al. [18] concluded that carbon retards the passiv-
ation of iron in hot NaOH and weakens the stability and compactness of the passive film.
Yasuda et al. [19] investigated the effect of 30% and 50% NaOH at boiling temperatures
(117 �C and 148 �C, respectively) on stagnant carbon steel, austenitic stainless steels, nickel
alloys, and nickel. The corrosion rate of these alloys in boiling caustic solution was greater
than that in the hydrogen-saturated solution at the same temperature and concentration.
Increasing the nickel content in the alloy decreased the corrosion rate. Ogata et al. [20]
studied the effect of 2–20 M NaOH at temperatures 50–200 �C under a pressure of
20 atm on stagnant iron, nickel, and Raney nickel. The corrosion rate of iron in hot
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concentrated caustic was high, while nickel had a high corrosion resistance to caustic.
Sriram and Tromans [7] studied the effect of de-aerated caustic aluminate solutions on
stagnant 0.18 C steel at 92 �C. The anodic dissolution of the steel was inhibited by the
presence of AlO�2 anions.

Studying the effects of turbulent flow on corrosion was commonly performed by using
rotating cylinder electrodes [21,22]. Rotating cylinder electrodes have been used in previ-
ous studies on corrosion and/or protective film formation close to room temperature [23–
27] or at high-temperature close to or more than 100 �C [4,28]. Stationary electrodes were
used at a high-temperatures in non-mixed solutions [29–34]. Meyer and Atrens [35]
inserted probes into a Bayer plant’s heat exchanger train. Newton et al. [36] developed
an in situ corrosion monitoring system for high-temperature Bayer solution operation
up to 240 �C.

Bremhorst and Lai [37] studied the role of flow characteristics on the erosion–corrosion
of the tube inlets in the inlet channel of shell and tube heat exchangers handling solutions
with some solid content. Different flow patterns were investigated. Cross-flow, which
existed in the header near the tube ends, was primarily the cause of the erosion–corrosion.
Different flow correction devices have been tested and their effect on the flow pattern in the
header have been observed and evaluated by Lai and Bremhorst [38]. The best flow cor-
rector device providing the most favorable flow pattern was the perforated plates. Due
to impracticalities of this design a prism attached to the baffle was selected as the solution
which was implemented in the heat exchanger headers. Bremhorst and Flint [39] identified
flow patterns, particularly flow impingement angles, in several sections of a standard multi-
pass shell and tube heat exchanger. These results were compared with the observed tube
wear in a plant. The similarity between high metal loss and large flow incidence angle
was close.

One can conclude that despite some progress, the mechanism of erosion–corrosion in
caustic solutions involving the formation and removal of protective oxide films is still lar-
gely unknown.

2. Experimental equipment

The apparatus used in this experimental work was a high-pressure/high-temperature
nickel flow loop. The design and building of the high-pressure/high-temperature nickel
flow loop was an integral part of the present project and required a major effort. The
high-pressure/high-temperature nickel flow loop is illustrated in Fig. 1.

The loop can handle temperatures up to 300 �C and pressures up to 200 bar. All the
wetted parts of the loop are made from pure nickel and high-nickel containing alloys such
as Monel 400, Hastelloy C, and Inconel 601, and Teflon since these materials have an
excellent erosion–corrosion resistance to hot caustic solution. The piping of the loop is
1/2 in. nominal diameter nickel pipe. The main components of the loop are described
below.

The test section is the most important part of the loop. It is made from nickel. The test
section was designed to simulate the disturbed flow conditions present in the heat exchang-
ers and indeed to house the coupons. The test section is made from four major compo-
nents joined together by two stainless steel flanges (see Fig. 2). The test section is
mounted vertically in order to prevent the entrapment of gases particularly in the large-
diameter section. The main parts of the test section are:



Fig. 1. A sketch of the high-pressure/high-temperature nickel flow loop.
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• The large-diameter section. As the flow enters the test section it passes through a sudden
diameter expansion which roughly approximates the flow entering the heat exchanger
header. A straight section of pipe 40-pipe diameters in length was installed upstream
of the entire test section in order to ensure fully developed flow entering the test section.
The internal diameter of the inlet pipe to the large-diameter section part is B13.7 mm
while the large-diameter section part it is B38.1 mm giving a 1:9 expansion area ratio.
The length of the large-diameter section is 500 mm.

• The small-diameter section. From the large-diameter cross-section, the flow enters the
small-diameter cross-section (sudden pipe constriction) as illustrated in Fig. 2. The
length of the small-diameter section is 300 mm and its diameter is B13.7 mm. This part
of the test section broadly approximates the disturbed flow situation present at the inlet
of the heat exchanger tubes.

• Working electrodes. There are eight coupons (working electrodes) inserted at different
positions through the test section as illustrated in Fig. 2. Four electrodes are inserted
in the large-diameter section, and four more in the small-diameter section. Three elec-
trodes in each section are placed in the disturbed flow region. The fourth electrode in
each section is placed as far from the disturbed flow region as possible, where the flow
has recovered. Each electrode is given a number as shown in Fig. 2. The working elec-
trodes are made from the material to be tested in the present project, which is 1020 mild



Fig. 2. The outside and the cross-section views of the test section showing the positioning of the working
electrodes (coupons).
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steel. The chemical composition of 1020 mild steel is illustrated in Table 1 expressed in
wt.%.

• Counter electrodes. For the purpose of electrochemical measurements there are eight
counter electrodes (see Fig. 2). They are placed diametrically opposite to the working
electrodes in order to ensure a symmetrical current distribution during electrochemical
polarization measurements. The counter electrodes are made from Inconel 601, as this
material has an excellent resistance in hot caustic solution. The counter electrodes are
the same size and shape as the working electrodes. The working and counter electrodes
are enclosed in Teflon cups to avoid contact with the test section body as illustrated in
Figs. 2 and 3. Teflon was chosen because of its excellent corrosion resistance to almost
all chemicals. Also, it can withstand temperatures as high as 310 �C.
Table 1
The chemical composition of 1020 mild steel coupons expressed in weight percent

C P Mn Si S Ni Cr Mo Cu Fe

0.21 0.027 0.82 0.01 0.018 0.02 0.03 0.01 0.01 Balance



Fig. 3. Electrodes (coupons) position detail in the large-diameter section.
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The working and counter electrodes are protected by safety shields, as shown in Figs. 2
and 3, to prevent the electrode stems from being expunged as projectiles in the unlikely
case the head of the electrodes completely corrode and/or fail mechanically.

• Reference electrode. There is only one external Ag/AgCl reference electrode attached to
the test section. In most of the experiments a simple Ag rod (2 mm diameter and 45 mm
long) coated by AgCl which was prepared by anodically polarizing the Ag rod in a sat-
urated KCl solution at room temperature. A current density of 10 mA/cm2 was used for
3 min in order to coat the rod with a durable AgCl layer. In the experiments the refer-
ence electrode was continuously wetted by the solution which was extracted from the
test section and cooled to room temperature, by passing through a small cooler.

The turbine pump is used to circulate the solution through the loop. The wetted parts of
the pump are made from nickel 200. The pump is sealed by two teflon encapsulated viton
O rings, which can handle temperatures up to 230 �C. The pump has a maximum head dif-
ferential of 103 kPa at 19 l/min and 25 �C. The design pressure is 34.5 MPa at 300 �C, and
the hydrostatic test pressure is 51.7 MPa at 25 �C.

The tank (autoclave) is a 2 l pressure vessel acting as a reservoir for the solution sur-
rounded by three electric band heaters which heat the solution. It is equipped with a level
indicator to indicate the level of the solution inside the autoclave, a pocket to house a thermo-
couple to measure the temperature of the solution inside the autoclave and a nitrogen gas
connection.

There is a flow line parallel to the test section line as illustrated in Fig. 1. It is used to
pass the solution through the loop during the heating process taking place (while the test
section line is closed). Once the required temperature is reached, the test section line is
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opened in order to expose the coupons directly to the solution at the required temperature
(while the bypass line is closed).

The dosing pump can be used to pump additional solution into the loop during the
experiment at high-pressure if needed. Topping-up of the loop with the working solution
or adjustment of the solution composition during the experiment are two examples.

The magnetic flowmeter has a wafer style flow tube lined with perfluoroalkoxy (PFA).
It has two Hastelloy C electrodes. The internal nominal diameter of the flowmeter tube is
15 mm. The flowmeter measurement range is 0.01–10 m/s. It can stand a maximum tem-
perature of 180 �C, and a maximum pressure of 4.5 MPa at 180 �C.

A pressure transducer is used to measure the total pressure inside the loop. The sensor
is made from Hastelloy C, and the body of the transducer is filled with silicon oil. The span
limits of the pressure transducer are 0.7–21 MPa. It is equipped with a liquid crystal dis-
play. The differential pressure transducer is used to measure the pressure drop between
two points along one of the loop’s straight pipe sections. The measured pressure drop
can be used to calculate the velocity, which is an alternative way to measure the flow rate
(in addition to the flowmeter). The sensor is made from Hastelloy C, and the body is filled
with silicon oil. The differential pressure transducer has span limits of 0.12–7.5 kPa, and
range limits of �7.5 to 7.5 kPa. It is equipped with a liquid crystal display.

A potentiostat is used to monitor the corrosion rate on line. The potentiostat boards
inserted into a PC have the following specifications; maximum current ±300 mA,
minimum current ±3 nA, maximum potential ±12 V, minimum potential ±0.03 V, and
measures an impedance of 109 ohms or higher. The multiplexer is attached to the poten-
tiostat and is used to log sequentially and continuously the corrosion rate of all the eight
working electrodes according to a prescribed program.

Since typical experiments lasted about three days, it was essential to log and control the
process variables such as velocity, temperature, pressure and differential pressure, by using
data acquisition and control software. All the relevant parameters were logged every
10 min.

3. Results and discussion

In all the experiments, the following experimental methods were used:

• Polarization resistance method—used to measure the corrosion rate in situ at different
time intervals during the experiment.

• Potentiodynamic sweep—primarily used to obtain an indication of the corrosion mech-
anisms and determine the Tafel slopes for the anodic and cathodic reaction.

• Electrochemical impedance spectroscopy—attempted in order to measure in situ the
polarization resistance at different time intervals during the experiment as an alternative
to the Polarization resistance method and also to help identify the corrosion
mechanism.

• Weight loss—used to calculate the time-averaged corrosion rate during the experiment.
• Scanning electron microscopy—used to investigate the appearance of the corrosion sur-

face and to check for presence of the protective surface film.

This experimental series was named ‘‘Experiment 1.1’’ and the same experiment was
repeated three times. The individual repeats are designated as 1.1-1, 1.1-2, and 1.1-3.



Table 2
The conditions for Experiment 1.1

Temperature (�C) Mean velocity (m/s)

Small-diameter pipe section Large-diameter pipe section

160 2.5 0.32
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The reference electrode used in Experiments 1.1-2 and 1.1-3 was a laboratory prepared
Ag/AgCl reference electrode as previously described. In Experiment 1.1-3, a commercial
Ag/AgCl reference electrode was tested.

The electrolyte used in Experiment 1.1 was made by dissolving 2.75 M NaOH and
1.5 wt.% NaCl in de-aerated distilled water. The selected concentration of NaCl was cho-
sen to be similar to the concentration in actual Bayer solution [17]. Both chemicals, NaOH
and NaCl, were analytical reagents (AR) grade.

Other experimental conditions are summarized in Table 2.
The experimental procedure was as follows:

• The coupon were prepared by grinding with 1500/2000 grit paper, then washed by eth-
anol and allowed to dry. They were weighed before being installed in the test section, in
order to calculate the weight loss.

• The loop was flushed with nitrogen gas to get the oxygen out of the loop.
• The test section was closed and the loop was filled with previously de-aerated caustic

solution.
• The caustic solution was circulated and simultaneously heated to 160 �C.
• The test section was opened and the by-pass line was closed.
• The electrochemical measurements were started.
• After completion of the experiments the coupons were removed from the test section

and immediately washed with ethanol. They were then dried and stored in a desiccator.
The corrosion products were removed as described below.

3.1. Potentiodynamic sweep measurements

This method was used only in Experiment 1.1-1 to investigate the corrosion mechanism
of 1020 mild steel in hot caustic solution and to estimate the anodic and cathodic Tafel
slopes. A typical potentiodynamic polarization curve (taken at electrode 7) is illustrated
in Fig. 4. The scan rate used was 0.2 mV/s. It is obvious the working electrode displays
an active-passive behaviour. The parts of the curves closer to the free corrosion potential
were used to calculate the Tafel slopes, since they show distinct linear regions particularly
on the cathodic side. The linearity of the anodic portion of the polarization curves was not
as pronounced. The calculated values of the Tafel slopes are illustrated in Table 3.

The values of the cathodic Tafel slopes were reasonably consistent. On the other hand a
broad variation was obtained for the anodic Tafel slopes at different electrodes depending
on whether the electrodes were corroding actively or not. In order to obtain an average
anodic Tafel slope the values obtained for electrodes 4 and 8 were excluded as they indi-
cated pre-passive behaviour. All the cathodic Tafel slopes were used for averaging. As a
result, the average values of the Tafel slopes were 44 mV/decade for the anodic and
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Fig. 4. A typical potentiodynamic sweep curve obtained in Experiment 1.1-1 for electrode 7.

Table 3
Estimated Tafel slope values for different electrode positions

Electrode Number ba (mV/decade) bc (mV/decade)

1 47 143
2 37 133
3 48 150
4 137
5 34 117
6 55 129
7 43 125
8 128

Average value 44 133
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133 mV/decade for the cathodic reaction. It is believed that these can be attributed to
active iron dissolution reaction (3) and water reduction reaction (2) respectively. These
values of anodic and cathodic Tafel slopes were used for all the experiments where active
iron dissolution was observed in order to calculate the B value needed for conversion of
the polarization resistance into a corrosion rate. For electrodes displaying passive behav-
iour, a value of infinity for the anodic Tafel slope was used to calculate the B value. As a
comparison it is worth noticing that the cathodic Tafel slope used by Ogata et al. [20] was
175 mV/decade for 99.5% pure iron in 10 m NaOH at 150 �C. Yasuda et al. [19] estimated
the anodic and cathodic Tafel slopes to be 45 and 165 mV/decade, respectively, for differ-
ent metals and alloys including iron in 30% and 50% NaOH at boiling temperatures of
117 �C and 148 �C, respectively.

The Tafel analysis of the potentiodynamic sweep was an unreliable method for calcu-
lation of the corrosion rate, since the corroding surface was perturbed significantly by
the high polarization applied. It initially appeared that Tafel analysis based on this method
gave much higher corrosion rate values than the polarization resistance method. This dif-
ference in corrosion rate could be clearly related to the shift in corrosion potential (Ecorr)



-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

-6 -5 -4 -3 -2 -1
Log Current (A)

P
ot

en
tia

l (
V

) 
vs

 E
re

f

ECORR

EOC

Fig. 5. The shift in the open-circuit/corrosion potential before (Eoc) and after the potentiodynamic sweep (Ecorr).
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before and after the potentiodynamic sweep as illustrated in Fig. 5. It can be seen that the
open circuit potential (Eoc) recorded prior to the sweep was more noble than the corrosion
potential (Ecorr) recorded during the sweep. Since the polarization sweep was conducted by
sweeping the potential from cathodic to anodic potentials, most likely the protective films
were reduced in this process, resulting in a lower corrosion potential and a much higher
corrosion rate. The shift in the corrosion potential varied between 135 and 200 mV across
the eight electrodes.

3.2. Polarization resistance measurements

This method was used to obtain the polarization resistance Rp from the slope of the
potential/current curve. Most of the measurements were done by polarizing the working
electrode starting at 20 mV below and ending 20 mV above the open circuit potential.
The scan rate used was 0.1 mV/s. A typical polarization curve is illustrated in Fig. 6.

In Experiments 1.1-1, 1.1-2, and 1.1-3, some electrodes showed ‘‘linearity’’ (electrodes
2, 3, and 4) as shown in Fig. 6, and the other showed non-linearity as shown in Fig. 7. The
corrosion resistance Rp of the non-linear curves was calculated by drawing a tangent line
to the polarization curve at the corrosion potential Ecorr [40,41]. The slope of this tangent
line is the corrosion resistance Rp. The corrosion current (icorr) was calculated by using:

icorr ¼
B

Rp

ð13Þ

where icorr is the corrosion current density in A/m2; Rp is the polarization resistance in
X m2 and B is the proportionality constant in V/decade:

B ¼ babc

2:3ðba þ bcÞ
ð14Þ

where ba is the anodic Tafel constant in V/decade, and bc is the cathodic Tafel constant in
V/decade.
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The corrosion rate (CRec) measured by the electrochemical method was calculated by
using:

CRec ¼
icorrw
qF

ð15Þ

where w is the equivalent weight of Fe; F is the Faraday constant, and q is the density of
Fe.

3.3. Weight-loss measurements

After completion of experiments the mild steel working electrodes (coupons) were
removed from the test section and immediately washed with ethanol. They were then dried
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and stored in a desiccator. The corrosion products were removed using a standard
procedure [42] involving cathodic polarization with a current density of 100 A/m2 for
5 min at a temperature of 20–25 �C in a solution made from 100 g diammonium citrate
((NH4)2HC6H5O7) in 1000 ml reagent water. The anode used was stainless steel. The
above procedure was repeated and the electrodes dried and weighed after each time until
the weight stopped changing. Since a stainless steel anode was used instead of platinum or
carbon, the solution was changed after each cleaning sequence because the stainless steel
anode contaminated the solution.

The time-averaged corrosion rate determined by weight loss CRwl in mm/y was calcu-
lated by using [43]:

CRwl ¼
K � W

A� T � q

where K = 8.76 · 106 (mm/m)(h/y) = 103 mm/m · 365 day/y · 24 h/day is a unit conver-
sion constant; T is the time of exposure in h; A is the exposed area of the electrode in
m2; W is the mass loss in kg and q is the density in kg/m3.

The time-averaged corrosion rate obtained from electrochemical (polarization resis-
tance) measurements CRec in mm/y was calculated by using:

CRec ¼
P

iT i � CRiP
iT i

where Ti is the measuring time interval in h, and CRi is the average corrosion rate recorded
during that time interval in mm/y.

The comparison of time-averaged corrosion rates obtained by weight-loss and electro-
chemical measurements is given in Table 4. As can be seen there were significant differ-
ences between the corrosion rates calculated by using the weight-loss and the
electrochemical (polarization resistance) measurements. Most likely these can be related
to an inadequate cleaning procedure used in this series of experiments to remove surface
film from the electrode surfaces prior to weight-loss measurements. It has been found that
in some cases the corrosion products were not removed entirely (Experiments 1.1-1 and
1.1-3) while in other cases some of the base metal was removed along with corrosion
Table 4
Experiment 1-1: comparison of time-averaged corrosion rates obtained by using electrochemical CRec and
weight-loss measurements CRwl

Electrode
number

Experiment 1.1-1 Experiment 1.1-2 Experiment 1.1-3

CRwl

(mm/y)
CRec

(mm/y)
CRwl

(mm/y)
CRec

(mm/y)
CRwl

(mm/y)
CRec

(mm/y)

1 1.842 7.742 14.504 12.923 0.465 3.128
2 1.512 2.964 1.669 SEM 3.236
3 1.329 3.282 1.462 SEM 3.048
4 1.267 3.070 1.397 0.465 2.951
5 0.439 3.702 0.953 0.574 2.096
6 0.456 4.899 1.327 SEM 2.362
7 SEM 0.445 0.218 0.680 0.287 1.677
8 0.189 2.722 0.739 0.191 1.439

The time of exposure in Experiments 1.1-1, 1.1-2, and 1.1-3 was 75, 29, and 33 h, respectively.
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products (Experiment 1.1-2). These errors were to a large extent corrected in the subse-
quent series of experiments.

3.3.1. SEM

One electrode (electrode 7) from Experiment 1.1-1 and three electrodes (electrodes 2, 3,
and 6) from Experiment 1.1-3 were examined by SEM as indicated in Table 4. They were
previously mounted in epoxy to avoid any damage to the surface film. The surfaces of
electrodes 2 and 3 was examined as shown in Figs. 8 and 9, respectively, while the
Fig. 8. SEM image of the surface of electrode 2, Experiment 1.1-3.

Fig. 9. SEM image of the surface of electrode 3, Experiment 1.1-3.
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cross-sections of electrodes 6 and 7 were examined as shown in Figs. 10 and 11, respec-
tively. The surface of electrodes 2 and 3 appeared to be film-free and somewhat rough.
The cross-section view of electrodes 6 and 7 shows no visible film while the surface is rough
and has some pits. Since all electrodes were passive and had almost the same corrosion
rate at the end of the experiments, it is most likely that the protection was provided by
a very thin passive film on the steel surface undetectable with SEM. The pitting may be
related to the presence of chlorides.
Fig. 10. SEM image of the cross-section of electrode 6, Experiment 1.1-3.

Fig. 11. SEM image of the cross-section of electrode 7, Experiment 1.1-1.
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3.4. Time series

The measured corrosion rate and corrosion potential were plotted vs. time for electrode
1 in Figs. 12 and 13, respectively. The same is done for the other seven electrodes in
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Fig. 12. Corrosion rate vs. time for electrode 1, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 13. Corrosion potential vs. time for electrode 1, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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Figs. 14–27. In each plot three repeats of the same experiment are shown for the corrosion
rate and two for the potential. It is worth mentioning that the corrosion potential scale in
these and all similar plots is arbitrary as the exact relationship of this scale with a standard
Electrode 2
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Fig. 14. Corrosion rate vs. time for electrode 2, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 15. Corrosion potential vs. time for electrode 2, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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Ag/AgCl or any other reference potential has not been established. From the plots, the
following observations can be made.
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Fig. 16. Corrosion rate vs. time for electrode 3, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.

Electrode 3

Experiment (1.1-1)

Experiment (1.1-2)

Caustic

T = 160oC
V = 2.5 m/s

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Time (hours)

-200

-100

0

100

200

300

E
co

rr
 (

m
V

)

Fig. 17. Corrosion potential vs. time for electrode 3, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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• In most cases the final corrosion rate (measured at the end of experiments) varied
between 1 and 4 mm/y. This behaviour can be termed below as ‘‘passive’’ corrosion
even if the corrosion rates are rather high, in order to contrast it to ‘‘active’’ corrosion
when the corrosion rates were extremely high (10–100 mm/y).
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Fig. 18. Corrosion rate vs. time for electrode 4, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 19. Corrosion potential vs. time for electrode 4, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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• Overall there were no major differences in the final corrosion rates, measured at the end
of different experiment repeats, across the eight working electrodes. However, some
effect of flow on corrosion rates was seen. The corrosion rates varied between 2 and
4 mm/y for the higher velocity section and between 1 and 2 mm/y for the lower velocity
section.
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Fig. 20. Corrosion rate vs. time for electrode 5, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 21. Corrosion potential vs. time for electrode 5, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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• There were significant variations of the corrosion rate at the beginning of different
repeats of the same experiment, i.e. the time it took the electrodes to passivate varied
across different experiment repeats, indicating that this process is difficult to control.
Even if it is not shown in these plots, it was later discovered (see Part II of this study)
that most caustic experiments started out with a very high corrosion rate, typically
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Fig. 22. Corrosion rate vs. time for electrode 6, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 23. Corrosion potential vs. time for electrode 6, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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10–100 mm/y. The reason that this behaviour was not recorded in this series of exper-
iments is the data logging equipment which was not started soon enough and ‘‘missed’’
the high corrosion rates present at the very beginning of the experiments.

• In most experiments passivation happened within the first couple hours of the experi-
ment. There were exceptions: electrode 1 in Experiments 1.1-1 took almost 12 h to pas-
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Fig. 24. Corrosion rate vs. time for electrode 7, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 25. Corrosion potential vs. time for electrode 7, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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sivate after corroding at a very high rate (20–60 mm/y). The same electrode 1 in the
repeated Experiment 1.1-2 corroded for over 20 h at approximately 10 mm/y before
it passivated (see Fig. 12).
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Fig. 26. Corrosion rate vs. time for electrode 8, Experiment 1.1. For the position of electrode in the test section
see Fig. 2.
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Fig. 27. Corrosion potential vs. time for electrode 8, Experiment 1.1. For the position of electrode in the test
section see Fig. 2.
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• The corrosion potentials support these observations. In most experiments the passiv-
ation process can be identified by the rapid increase in the corrosion potential. The
potential rose typically 400 mV as the electrodes went through the active/passive tran-
sition. Again, the exception is electrode 1 (see Fig. 13).

• It can also be speculated that the unusual behavior of electrode 1 can be attributed to
the disturbed turbulent flow conditions, as this electrode positioned at the inlet section
of the sudden constriction (see Fig. 2) experiences the most ‘‘violent’’ i.e. turbulent flow
conditions. Otherwise there was little difference in the corrosion behaviour of the
remaining seven electrodes.

4. Conclusions

The aim of this research project was to investigate the erosion–corrosion of mild steel in
caustic solutions with respect to the metal loss problem found in the bauxite refineries’
mild steel heat exchangers. Some of the most important findings are summarized below.

• When freshly ground mild steel coupon were exposed to hot caustic the measured cor-
rosion rate was typically 1–4 mm/y. It is speculated that the initial corrosion rate was
higher but was quickly reduced due to the formation of passive surface films.

• There were rare exceptions when some electrodes experienced extended periods of very
high corrosion rates (i.e. failed to passivate rapidly). They were located at the inlet sec-
tion of the sudden pipe constriction where very unsteady highly turbulent flow is pres-
ent. Nevertheless, the effect appeared only in a small fraction of the cases, almost at
random.
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