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Chapter 1

Introduction

The growth in a global demand for energy, as well as the awareness of a
significant climate change, have evolved a very strong incentive for utilizing and expanding
the use of clean and renewable energy resources."® Geothermal energy is considered as
one of a few alternatives ideal for replacing conventional sources due to its consistency and
reliability, and is receiving ever more attention.?”® However, geothermal systems are found to
be the most aggressive natural environments in terms of corrosion. High temperature and
pressure conditions, as well as the existence of almost an entire periodic system of elements
in form of corrosive salts, present a major threat to the integrity of the construction material.’
Therefore, in order to achieve a safer and continuous energy production, and increase the
competitiveness of geothermal energy on the world scene, a comprehensive assessment of
the materials suitability is of high importance for operators and vendors. Finally, this would
lead to an increased lifespan of the power plant, as well as its economic profit, due to the

reduced maintenance costs.

Among the studied literature, a vast of them deals with the corrosion performance
of different steel grades in geothermal environments.'®?° However, none of them studied the
combined influence of different physical and chemical factors, such as temperature,
pressure, solution acidity and salt concentration, on the materials behavior. These factors
determine the corrosion rate of metals in geothermal fluids. However, they are prone to

225 and their influence

periodic changes due to the instability of the geothermal systems,
needs to be elucidated thoroughly prior to the initial design phase to ensure a “safer

operating window” of a power plant.?6%
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Higher temperatures were found to increase the corrosion rate only when the
metal dissolution was controlled by the chemical reaction and/or diffusion and migration of
aggressive species toward the metal surface.®?' In case the corrosion was influenced by
other factors, such as solubility of corrosive gases (O,, H,S, CO,), formation of stable and
compact corrosion product film on the steel surface, etc., the corrosion rate of steel in
aqueous media decreases with temperature.***?*® Increased concentration of chloride ions
leads to a higher amount of active sites susceptible to chloride adsorption and larger driving
forces toward the bottom of the initiated pits, having as a consequence higher localized
corrosion propagation rates.'***** However, reduction in the corrosion rate has also been
observed with an increased salt content due to the metal surface saturation and lower
oxygen solubility.*® It was revealed that the solution acidity has the most profound effect on
the metal dissolution when pH decreases below 4.'%%3373 |n such environments hydrogen
reduction is a dominant cathodic reaction. An increase in its rate, due to the hydrogen ion
abundance, results in an increased anodic (metal dissolution) reaction rate.*® Furthermore,
hydrogen may incorporate in the passive film formed on the metal surface,* thereby forming
positively charged localized sites and promoting the adsorption of negative chloride ions on

the metal surface.*'*

The objective of this work, performed within the framework of the multidisciplinary
project Sustainability concepts for exploitation of geothermal reservoirs in Indonesia —
Capacity building and methodologies for site deployment, funded by the German government
(Ministry of Education and Research, BMBF), was to evaluate which materials currently
available on the market could overcome the problem of corrosion and withstand highly
aggressive conditions in the exploitation of geothermal resources in volcanic environments,
and what are the dominating environmental factors. The focus was set on the above-ground
material application for construction of the first binary power plant in Indonesia. The main
investigated materials were alloyed steels considering their excellent corrosion resistance,

appropriate mechanical properties and lower costs compared to other materials.**°

The research approach focused on three materials, selected out of different
alloying steel grades based on their chemical composition, and their corrosion performance
in electrolyte solutions that simulated the conditions present on the geothermal sites Sibayak
(North Sumatra) and Lahendong (North Sulawesi) — the geothermal “hotpots” of Indonesia.
The difference in the chemical composition of the brines, as well as the temperature and the
pressure conditions in the system were used as border limits, i.e. factors, whose influence on
the corrosion behavior of the selected alloys was investigated. The methodology comprised
of a combined use of both electrochemical and exposure testing methods in the static

conditions of the artificial brines that simulated the period of a power plant temporary
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shutdown, for instance during the maintenance. Exposure tests provided a rational insight
into materials behavior at open circuit conditions during long-term periods of immersion in the
investigated conditions. On the other hand, the advantage of short-term electrochemical
methods was the elucidation of corrosion reactions kinetics and mechanisms, and prediction
of corrosion rates and the materials susceptibility to different types of corrosion. Furthermore,
after each alloy/condition experimental set, the surface of the corroded materials was
analyzed to characterize the type of corrosion attack and study the evolution and change of

the formed surface layer.

The approach and methodology used in this research enabled a comprehensive
evaluation and comparison of the selected alloys performance in specific geothermal
environments. Nevertheless, the achieved results could be transferable also to other
applications other than geothermal and allow a behavioral prediction of the metallic
materials, grades and types other than the investigated ones. The research is certainly of the
greatest value for operators and vendors of geothermal power plants. It would doubtless
serve its purpose and help to maintain the sustainability and integrity of geothermal systems,

and assure a continuous, reliable and safer energy production.






Chapter 2
State of the Art

21 Geothermal energy

Continuous growth on energy demand and constant increase in greenhouse gas
emissions have raised the world’s consciousness and awareness for the need of a
renewable and clean type of energy."® As one of a few alternatives ideal for replacing
supply-limited and environment-polluting fossil fuels, geothermal energy is considered the
most consistent and reliable resource among all the renewables®”® due to its multitude

valuable characteristics.>>%*"**

211 Geothermal hotspots

Geothermal energy is the natural heat of the Earth stored inside the Earth’s core,
mantle and crust.>*’ For normal geological conditions an average geothermal temperature
gradient (an increase in temperature with depth) is 25 - 30 °C/km depth reaching the
maximum of 6,650 °C in the core of the Earth (Figure 2.1).>*® There are, however, some
areas in which the geothermal gradient is far beyond the average value, reaching the values
up to 10 times higher than the average ones. These high enthalpy regions, often called the
“hotspots”, are located nearby tectonic plate boundaries and recent volcanism, and cover
about 10 % of the Earth’s surface.® They represent the most common geographical places
for geothermal fields, as the crust is highly fractured and thus, permeable to geothermal

fluids, and sources of the heat are readily available.*’
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Figure 2.1 Structure of the Earth and the average geothermal gradient™

2.1.2 Utilization - electricity generation

One of the ways to utilize the geothermal energy is for the electricity
generation.””*"*® |n order to be cost effective, conventional electric power production is
commonly limited to the fluid temperatures above 100 °C.>* To reach the minimum
requirements, wells within the earth are drilled up to several kilometers in depth to extract the
heat in form of a geothermal fluid.>® The fluid is piped from the production well through a
turbine, which drives the generator and produces electrical energy. Upon that, the fluid is
transmitted to a condenser and reinjected back into the reservoir through the injection well
(Figure 2.2).474®

Production
well
1

_/ T \ Geothermal reservoir

Figure 2.2 Geothermal system — geothermal fluid exploitation®®
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213 Geothermal energy in Indonesia

Located in the Pacific “Ring of Fire” volcano belt, one of the top ten geothermal
hotspots, Indonesia has the largest estimated geothermal energy reserves in the world of
approximately 27,000 MW, or 40 % of the global total.>*”*®®%? Based on the available
reports from 2011,°"% it utilizes less than 5 % of the estimated potential or 1,196 MW,
being the 3™ largest producer of geothermal energy, behind USA and the Philippines. The
major contributor to the country’s total energy production are fossil fuel-fired power plants
with approximately 87 %% out of 174 Mtce (million tons of coal equivalent) putting Indonesia
in the top 3 or 4 global contributors to greenhouse gas emissions.” In order to minimize the
environmental impact and meet the rapidly increasing demand of the electricity (from 1990 to
2007 annual increase by about 6 %; more the 3 times faster than the world’s average annual
growth),” Indonesia is devoting a lot of effort in accelerating the development of geothermal
energy (from 2005 to 2010 the installed capacity increased 50 % and the electricity
production 58 %).> The main target is reaching 6,000 MW, of energy production until 2020
and 9,500 MW, by 2025.

With 256 geothermal potential locations in Indonesia, there are currently 7
operated geothermal fields in the country (Figure 2.3).°%%° The focus of the present study was
set on two prospective areas, geothermal fields Sibayak (North Sumatra) and Lahendong
(North Sulawesi), operated by Pertamina Geothermal Energy (PGE), one of the energy

resource companies in Indonesia.

Sumatra
Sibayak 12 MW
Sarulla 0 MW
— Ulubelu 110 MW Sulawesi
Lumut Balai 110 MW Lahendong 80 MW
Y
» "=

b
| | Java-Bali
Kamojang 200MW  Dieng 60 MW
Darajat 260MW  Patuha 120 MW
Gn. Salak 377MW  Bedugul 110 MW
Wayang-Windu 227 MW  Karaha Bodas 55 MW

Figure 2.3 Operating geothermal fields in Indonesia®
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2.1.3.1 Sibayak

Located within the Singkut caldera rim 65 km SW of Medan in North Sumatra at
an elevation between 1,400 ma.s.l. and 2,200 ma.s.l., and surrounded by 3 active
volcanoes, Sibayak is one of the prospective geothermal fields in Indonesia. According to the
internal reports from 2011, it consists of 3 clusters with all together 7 production and 3
reinjection wells.** The reservoir is liquid-dominated with temperature ranges between
240 °C and 300 °C and pressure variations between 45 bar and 110 bar. The enthalpy of the
reservoir reaches 1100 kJ/kg.?>®’ The fluids are discharged from the wells at approximately
170 °C and 8 bar. They are low acidic (pH 4.82 - 5.45) and contain relatively high chloride
(1,115 mg/L) and silica (567 mg/L) content.?"®® Physicochemical properties of the brines
produced from the wells SBY-03 and SBY-05 are shown in Table 2.1.%1246265

Currently, Sibayak geothermal field utilizes dry steam for production of 12 MW,

energy out of estimated 25 MW, potential.®®

21.3.2 Lahendong

Lahendong geothermal field is located 30 km S of Manado in North Sulawesi,
one of the major geothermal resources in Indonesia with an estimated potential of
865 MW..*® Lying at an elevation between 600 m a.s.l. and 900 m a.s.l,, it is characterized by
active volcanoes that formed the volcanic inner arc of Minahasa.®® Due to such a unique
geological position, Lahendong area itself has the potential of 170 MW,.%® Currently, only
80 MW, has been utilized (4 units x 20 MW,), but still enough to supply 60 % of North

Sulawesi with electrical energy.®3626469

The field consists of 28 wells drilled in 5 clusters.*® Geothermal reservoirs in
Lahendong field are two-phased high-temperature geothermal systems, divided into two
categories based on their temperature and chemical characteristics.?*®®"® In the southern
part the temperature of the reservoir reaches 350 °C, the fluids are steam-dominated (80 %)
and contain relatively high silica (750 mg/L) and moderate chloride (440 mg/L) content when
discharged from the wells. The temperatures in the northern part of the geothermal system
do not exceed 250 °C, the fluids are liquid-dominated (80 %) and contain low silica (48 mg/L)
and chloride (20 mg/L) concentration at the surface.?"?*%’® The whole geothermal area is
characterized as low acidic (pH 3.77 - 5.35) above the ground at 175 °C and 9 bar, with an
exception of the fluid discharged from the well LHD-23 (northern part), having relatively low
pH (2 - 3) and high chloride (1,500 mg/L) and sulphate (1,600 mg/L) content.?’?* Physico-
chemical properties of the brines produced from the wells LHD-05 and LHD-23 are shown in

Table 2.1.%1246265
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Table 2.1 Characteristics of the brines produced from the wells SBY (SBY-03 and SBY-05),
LHD-05 and LHD-23 on the geothermal fields Sibayak and Lahendong?'24%2¢°

SBY LHD-05 LHD-23
Physicochemical parameters
T[°C] 22 - 23 26 - 28 27
pH 54 - 55 38 - 46 1.1
E° [mV] -210 - -187 -157 - 289 36
EC [uS/cm] 4820 - 4920 220 - 580 9700
Brine composition [mg/L]
F- 26 - 44 0.05 - 0.15 19 - 20
Cl- 1144 - 1611 4 - 21 475 - 1559
Br- 7.5 - 106 0.06 - 0.06 0
HCO; 0 0 - 116 0.00 - 0.90
NO; 0 - 0.06 0.10 - 0.10 0
SO% 99 - 1238 69 - 274 537 - 1609
PO 0 00 - 13 0
B3* 0 0 23.0 - 23.0
Ca™ 194 - 210 1.0 - 4.1 0 - 32
Fe? <0.1 01 - 45 54 - 94
K* 238 - 248 <10 -0 79 - 173
Mg* 09 - 2 0.00 - 0.69 1.8 - 5.0
Mn* 26 - 27 <01 -0 6.4
Na* 560 - 590 20 579 - 1637
Li* 0 0 2.8
Sr* 16 - 1.8 <0.01 0.04
Zn* <0.1 0.92 0.80
Si* 302 - 306 9.6 - 20.0 461 - 962
2.2 Corrosion on geothermal power plants

During an average lifespan of approximately 30 years,”' geothermal power plants
are more than 90 % of the time in operation, i.e. they are producing electrical energy. One of
the major problems that could affect the stable and continuous energy production is the
corrosion of construction materials and equipment due to their interaction with an aggressive
environment.®’? Among all the existing electric power generation facilities, corrosion is
considered to be the most severe on geothermal power plants.'® This can be attributed to the
extreme high temperature and pressure conditions present in geothermal systems, as well as

the existence of almost an entire periodic system of elements in form of corrosive salts.’
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Therefore, geothermal fluids are found to be extremely hostile for the construction material
and equipment installed at geothermal power plants. If insufficient and inadequate measures
for material selection are undertaken during the initial design phase of the plant, a huge risk
of equipment degradation and system failure is present. This could not only lead to the
reduction in the energy production, but also to the shutdown of the entire geothermal power

plant.®®

The corrosion on geothermal power plants depends on the physicochemical
conditions prevailing on the site. Given that each geothermal system is different and unique;
depending on the geographical location, reservoir depth, geology of the rocks beneath the
surface etc.,” for a reliable and reasonable material selection it is necessary to evaluate the
corrosion behavior of materials for the specific geothermal field, the field where the power
plant will be installed. That way appropriate materials would be chosen that would in the
same time withstand such aggressive environments and still be cost-effective. Eventually,
safer operation of geothermal power plant, as well as its longer lifetime would be

accomplished.

2.21 Construction materials

Geothermal systems consist of various constructional units required for the power
plant operation. In order to exploit the geothermal fluid from the reservoir and transfer it to
the turbine in the geothermal power plant, several hundred meters of transport pipeline is
installed, along with different equipment necessary for plants’ performance. The most
commonly used materials for construction of these units are metallic materials, primarily
steels, due to their excellent corrosion resistance in aggressive geothermal environments,
appropriate mechanical properties and lower costs compared to other materials.’®"® Since
this study focused only on alloyed steel materials, in the further text only their characteristics

are being further discussed.

2211 Low-alloyed steel

Low-alloyed steels are ferrous materials exhibiting higher corrosion resistance
and superior mechanical properties to plain carbon steels as a result of addition of alloying
elements such as nickel, chromium and molybdenum etc.” Depending on the chemical
composition they can be classified as nickel, nickel-chromium, molybdenum or chromium-

molybdenum steels. Total element addition could range from 2 wt% up to 10 wt%.
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Exposing low-alloyed steel to an aqueous solution, iron tends to dissolve
uniformly, forming different corrosion products, depending on the steel composition and the
surrounding medium. In the initial phase of exposure, the layer of the corrosion products,
formed on the surface of low-alloyed steel, is extremely porous causing the corrosion rate to
be substantially high. As a function of time and the type of surrounding environment, these
compounds may become more or less compact. The more compact they are, the more the

corrosion rate is reduced. *757

Corrosion in neutral solutions

Exposing low-alloyed steel to an aqueous solution containing oxygen, iron tends

to dissolve uniformly according to the reaction:

Fe(s) »> Fe?'(aq) + 2e~ E =-044V (2.1)

The most common cathodic reaction in neutral solutions, which consumes the liberated

electrons, is the reduction of dissolved oxygen:

0,(g)+2H,0(1)+ 4e~ <> 40H (aq) E°=0.815V (2.2)

Ferrous ion, Fe?*, formed during the anodic oxidation of iron, reacts with the hydroxyl anion,
OH:

Fe* (aq)+20H" — Fe(OH),(s) (2.3)

forming a ferrous (Il) hydroxide, Fe(OH),, also known as the “green rust”. Due to the
instability of Fe(OH),, it is readily oxidized to insoluble ferric (lll) hydroxide, Fe(OH)s, even in

the presence of only traces of oxygen:

4Fe(OH),(s)+ 0, (g)+2H,0() — 4Fe(OH), (s) (2.4)

Fe(OH); is an amorphous brown-red compound, thermodynamically unstable. It easily
transforms to ferric (l1l) oxide, Fe,O3, with the formation of dehydrated ferric oxy-hydroxides

as intermediate products:”’

Fe(OH), (s)—2—FeOOH (s)—"2>—Fe,0O,(s) (2.5)
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When there is no dissolved oxygen in the water or its supply is limited (difficulties
in oxygen diffusion, oxygen depletion, deaerated conditions, etc.), iron, Fe** and Fe*, and
hydronium ions, H;O", can act as oxidizing agents and continue corrosion reactions on the
surface of low-alloyed steel. Since their concentration in neutral and alkaline aqueous
solutions is usually very small, their influence on the cathodic reaction is not significant,

causing the corrosion rate to slow down.”’

Among numerous iron oxides possible to form on the surface of low-alloyed steel,
(Table 2.2), the most common are y-FeOOH (lepidocrocite), a-FeOOH (goethite), Fe;0,
(magnetite) and y-Fe,03; (maghemite).” These products can coexist partly as crystalline and
partly as amorphous structures, the ratio depending on the environmental conditions. The
layer can incorporate as well various impurities, such as chlorides, sulphates, carbonates,
calcium, magnesium, etc., present in the medium.”” Anions, such as chlorides and sulphates,
can accelerate corrosion by promoting anodic dissolution:

Fe(s)+2C " (aq) — FeCl ,(s)+2e (2.6)

Fe(s)+S0? (aq) — FeSO,(s)+2e" (2.7)

Due to the instability of the formed corrosion products, they are readily oxidized to FeOOH in

the presence of oxygen or other oxidizing agent:

4FeCl ,(s)+80H (aq)+ O, (g) - 4FeOOH (s)+ 80~ (aq) + 2H,0(1) (2.8)
4FeSO, (s)+80H (ag)+0,(g) — 4FeOOH (s)+4S0?% (aq) + 2H,0() (2.9)

releasing CI~ and SO? anions and restarting another cycle.”

Corrosion in acidic solutions

Exposing low-alloyed steel to a solution containing high concentration of protons,

indicated by the low pH, the most common cathodic reaction is hydrogen evolution:

2H,0"(aq)+2e~ — H,(g)+2H,0() E'=0V (2.10)

The anodic reaction that precedes the hydrogen reduction is the oxidation of iron, Fe, to
ferrous ion, Fe?*, as shown in reaction (2.1), which occurs on the ferrite phase of the low-
alloyed steel. Due to the more noble potential (+0.37 Vs in acid), carbide phase serves as a

cathode indicating how the rate of low-alloyed steel corrosion depends strongly on the steel
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chemical composition, especially the carbon content; the higher the carbon content, the
larger the cathodic area leading to the rapid consummation of electrons and thus, the greater

the increase of the anodic reaction rate.””°

Table 2.2 The list of known iron oxides’®

Oxy-hydroxides and hydroxides Oxides

Goethite, a-FeOOH Hematite, a-Fe,O3
Lepidocrocite, y-FeOOH Magnetite, FesO, (Fe'Fe,0, )
Akaganéite, B-FeOOH Maghemite, y-Fe,O3
Schwertmannite, Fe,;O,;(OH),(SO,), -nH,0 B-Fe,05

0-FeOOH e-Fe,O;

Feroxyhyte, 8'-FeOOH Woistite, FeO

High pressure FeOOH

Ferrihydrite, FesHOg-4H,0

Bernalite, Fe(OH);

Fe(OH),

Green Rusts, Fe"Fe"(OH),,.,, (A ).; A =0 ; 5S0%

In deaerated conditions, the total reaction of the iron dissolution in hydrochloric

acid could be presented as:

Fe(s)+2HCl (ag) — FeCl ,(s)+H,(g) (2.11)

In case when low-alloyed steel is exposed to acid containing dissolved oxygen,
oxygen reduction also occurs on the cathode areas of the steel, next to the hydrogen

evolution:”’
0,(g)+4H"(aq)+ 4e” < 2H,0() E =1.229V (2.12)

leading to the same reaction path as in the reactions (2.3) - (2.5).

As noticed, the formation of different phases on low-alloyed steel surface during
its exposure in corrosive environment depends on many factors; the chemical composition of
the steel, environment composition and conditions, exposure time etc. In the initial phase of
the exposure, the layer of corrosion products is usually extremely porous, causing
substantially high corrosion rates. As a function of time and the type of surrounding
environment, these compounds may become more or less compact. The more compact they

are, the more decreased is the corrosion rate.*"®
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221.2 Stainless steel

Stainless steel is an alloy containing minimum 12 wt% chromium.*¢%>77#" When
exposed to certain environments containing oxygen, a stable, passive film is readily formed
on its surface, consisting mostly of chromium (lll) oxides, hydroxides and/or oxy-

82,83

hydroxides:
Cr(s)— Cr*(aq)+3e" E'=-0.74V (2.13)

The film is impervious to water and air, and provides excellent protection against uniform
corrosion, preventing further surface corrosion and retarding it from spreading into the alloy’s
internal structure. It forms instantly on the steel surface and grows slowly with time.
Depending on the surrounding environment and conditions, it normally results in an
extremely thin film (several orders of nm thick) invisible to the naked eye, making the metal
surface remain lustrous. In contrast to the corrosion products formed on low-alloyed steel
surface, the properties of the passive layer formed on stainless steel do not significantly
change after the first 24 h, unless exposed to a new environment.®? In case the surface is
scratched, the film has the possibility to quickly reform, thereby repassivating the stainless

steel surface.'®77:81:84

The characteristics of the passive film are strongly dependent on the metal
composition, surrounding environment and exposed conditions. In the acidic environments it
was found that it is enriched with chromium (lll) oxides and hydroxides, due to the sufficient
chromium content.®? The reason why the presence of iron, the most abundant element in the
alloy, has not been detected in the passive layer, is mainly due to its selective dissolution in
acidic media. However, in alkaline media the passive layer contains more iron oxides and

hydroxides thanks to their superior stability compared to chromium compounds.®%%°

Beside chromium, stainless steels are alloyed with other elements as well (nickel,
molybdenum, nitrogen, copper, etc.), in order to increase their resistance to localized

44,46,16,77,81,39.86-88 Thage elements can also

corrosion and improve their mechanical properties.
be incorporated in the protective layer formed on the surface of the stainless steel.®® Nickel
is, therefore, found mostly in the layer closest to the metal/oxide interface, in its metallic
state, since it oxidizes less readily than iron and chromium. Similarly, molybdenum in its
oxidizing state 6+ is found to be enriched at the surface region. However, Mo** oxides and
oxy-hydroxides show more homogenous distribution through the passive layer.'®"37°
Knowing the content of the specific alloying elements, it is possible to calculate and roughly
estimate the tendency of the alloy to pitting corrosion using the following equation for pitting

resistance equivalent number, PREN:*
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PREN =wt% Cr+3.3wbtoMo +20 wbto N (2.14)

Stainless steel grades with a PREN of 40 or more are known as “superaustenitic’ or
“superduplex” types, depending on which type of structure they have.*® The most common
stainless steels according to the type of structure are austenitic, ferritic, martensitic and
duplex stainless steels. Besides the difference in the crystal lattice and mechanical
properties, these phases discern in the corrosion resistance. Since austenitic stainless steels
are the primary steels being used in the present study, their corrosion resistance will be

briefly discussed in the following text.

Austenitic stainless steels are a class of alloys with a face-centered-cubic crystal
structure of austenite over the whole temperature range from the cryogenic region to the
melting point of the alloy. With more than 70 % of the total stainless steel production,
austenitic grades are the most common steels used when both the properties of steel and
resistance to corrosion are required.® The reason for such a common use is mainly
because, next to the duplex steels, they are found to be the most corrosion resistant among
the stainless steel grades due to the high chromium and nickel content.** They contain
minimum 16 wt% chromium; providing them excellent resistance to uniform corrosion,
maximum 0.15 wt% carbon; reducing the possibility to intergranular corrosion, and sufficient
nickel and molybdenum; to retain an austenitic structure and to reduce the susceptibility to
localized corrosion.***8* Despite such low carbon content, the tendency to carbide
precipitation in the structure of austenitic grades still exists. Therefore, grades with very low
carbon content have been designed in order to reduce the sensitization effect and, that way,
the susceptibility to intergranular corrosion. These grades are usually called the “L” grades;
“L” indicating the low carbon content, < 0.03 %. One of the austenitic grades, exhibiting even
better corrosion resistance than normal austenitic steels, is superaustenitic steel. Such steels
have greater resistance to pitting and crevice corrosion ensured by the higher molybdenum
and nitrogen content, what is evident in the high PREN (PREN > 40). In addition, the nickel
content is higher as well, compared with the normal austenitic grades, making them less

susceptible to stress corrosion cracking.>*3>%4

222 Common types of corrosion attack

Depending on the type of alloy and the operating conditions, there are many
different types of corrosion possible to occur on the construction material. The most common
forms observed on steels in geothermal systems containing high salinity brines are uniform
corrosion, and localized corrosion in form of pitting corrosion, crevice corrosion and stress

corrosion cracking.?®?”?® In the further text these forms of corrosion are discussed in detail.



Chapter 2 State of the art 16

2.2.21 Uniform corrosion

Uniform corrosion is a type of corrosion attack uniformly distributed over the

39,77

entire metal surface area. It is the most common form of corrosion having rates that can

vary over wide ranges, depending on the environmental factors affecting it. Due to its
predictive nature, uniform corrosion rarely causes disastrous failures in modern engineering

systems.?"%

Figure 2.4 Uniform corrosion

On the surface exhibiting uniform corrosion, anodic and cathodic sites are
constantly switching positions, because the conditions both on the steel surface and in the
solution are changing with time. This leads to the uniform loss of the alloy surface and

homogeneous distribution of corrosion products formed on it.”

If the products of anodic
reaction, e.g. ferrous ions, Fe?", dissolve in the surrounding medium, the rate of the metal
loss may become quite high, due to the formed concentration cell between the solution and
the steel/solution interface. On the other hand, depending on various factors, one of them
being chemical composition of the exposed metal, an insoluble and compact layer of
corrosion products is possible to form on the metal, presenting a physical barrier between the
surface and the corrosive environment, and protecting the metal from the rapid corrosion.
The formation of such kind of protective layer is usually a characteristic of higher alloyed
steels (Cr > 12 wt%) and it is known as 'passivity’,'®’""® as already been addressed in the
previous text. However, it has been observed that stainless steels can also suffer from
uniform corrosion in specific environments, such as strongly acidic or alkaline solutions.
Low-alloyed steel, on contrary, corrodes uniformly forming loosely bound and porous
corrosion products on the surface. In particular conditions, these layers can become
adherent and non-porous, thereby providing protection to the metal by reducing the corrosion

rate.11'17'77

The nature and properties of the protective films formed on the steel surface are
very important from the corrosion resistance viewpoint. When strength, dense and adherent
film on a metal surface breaks down locally, it may give rise to highly localized regions of

corrosion attack such as pitting.*>""*
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22.2.2 Pitting corrosion

Pitting corrosion is characterized as a highly localized corrosion attack that
occurs in the form of pits, which occupy a very small surface area, but which can be quite
deep. The overall metal loss is usually minimal and difficult to detect, making this form of
corrosion extremely dangerous due to its unpredictive nature. It occurs only on specific sites
of a metal surface due to the surface inhomogeneity, caused by physical or chemical defects,

such as mechanical damage, imperfection of surface passive films, presence of flaws,

77,35,84

impurities and inclusions on the metal surface, etc.

Figure 2.5 Pitting corrosion

The most common requirements for pitting corrosion to occur are the presence of
a heterogeneous passive film on the metal surface and aggressive anionic species in the
surrounding environment. Even though a passive layer does not commonly form on low-alloy
steel surface, susceptibility of low-alloyed steel to pitting corrosion may occur, since some

parts of the active surface tend to dissolve faster than the others."

The most detrimental anionic species are found to be the chlorides, especially in
the presence of oxidizing agents. Due to their small size and high diffusivity, they penetrate
easily through the passive film and reach the bare metal surface. The mass transport of
larger compounds, such as oxygen and other oxidizing agents, is limited through the same
path, causing their depletion inside the pit and a formation of differential aeration cell. As a
result cathodic reaction is shifted on a boldly exposed metal surface where these reactants
are more plentiful. The anodic reaction, on contrary, occurs within the pit and causes the
agglomeration of cations, due to the larger cathodic area that acts as a driving electric force
of corrosion and stimulates the anodic dissolution within the pit. In order to maintain the
electrical neutrality, chlorides electromigrate inside the pit and react with metallic cations

forming soluble, non-protective corrosion products within the pit:

Fe(s)+ 20 (aq) —» Fed ,(s) (2.15)
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The products easily hydrolyze, lowering the pH of the pit solution due to the formation of

hydrochloric acid:

Fed ,(s)+2H,0() - Fe(OH), (s)+2HC (aq) (2.16)

That way, a critical acidic environment is generated, presenting a much aggressive medium

for most of the metals that tends to propagate the pit growth.>*3>#

2223 Crevice corrosion

Crevice corrosion is a form of localized attack, usually associated with a stagnant
solution present inside the shielded areas, i.e. crevices.®®> Such microenvironments are
usually formed under gaskets, washers, insulation materials, lap joints, clamps, etc. They
can occur between two metals or a metal/non-metal connection, the latter being more
critical.”® Mechanisms of crevice corrosion and pitting propagation are very similar due to the
difficulties in oxygen transport inside the occluded site (crevice), which causes an oxygen
depletion and, eventually, the formation of a large cathodic area outside the crevice. As a
consequence, metal dissolution, i.e. the anodic reaction, within the crevice rapidly increases,
causing a buildup of corrosion products. Eventually, the latter hydrolyze and form extremely
acidic crevice solutions (pH could be as low as 1)’ that cause the propagation of a crevice
corrosion. The composition of a solution within the crevice depends only on the composition
of the metal and not on the composition of the bulk solution. The bulk electrolyte has an
influence only on the rate at which the composition of the crevice solution changes with

time.3%3°

The main difference between crevice and pitting corrosion is the fact that, in
order for crevice corrosion to occur, the existence of previously formed passive film on the
metal surface is not required, as well as the presence of aggressive anionic species.
Furthermore, crevice corrosion is more detrimental than pitting. It initiates more rapidly, due

to the critical acidity that is reached much faster, causing critical (pitting) potential reduction

39,35

and earlier onset of localized corrosion.

Figure 2.6 Crevice corrosion
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2224 Stress corrosion cracking

Stress corrosion cracking (SCC), also known as environmental induced cracking,
is a form of localized corrosion induced from a combined influence of a tensile stress and a
corrosive environment. The required tensile stress may be in a form of residual or applied
(operational) stresses, the latter being more common reason for SCC failures in service. The
effect of the applied stress is found to be mainly as the crack “opener”, thereby allowing
easier diffusion of corrosive species inside the crack and causing higher metal dissolution
rates.** Most likely locations for cracking to occur are regions of high residual stresses
(welded, bolted and riveted joints) and regions where stress or environment concentration

can occur (notches and crevices).

Figure 2.7 Stress corrosion cracking

Stress corrosion cracking can occur on numerous alloys. The main requirement
for SCC is the presence of surface discontinuities or pits, which act as the crack initiation
sites. For highly corrosion resistant metals, in addition, the presence of aggressive ions is
necessary for the cracks to propagate. Usually, most of the metal surface is not attacked,
while cracks appear and initiate through it along a path of higher than normal corrosion
susceptibility. It is generally observed that the cracks progress rapidly perpendicular to the
applied stress, along the grain boundaries (intergranular SCC) or without the preference for
boundaries (transgranular SCC). The second path is more likely to occur,® though the first
case is not unusual as well. It is considered that, in case of intergranular SCC precipitation of
chromium carbides along the grain boundaries occurs, causing an impoverishment in
chromium of the adjacent sites and making the structure more susceptible to corrosion
attack. Thereby, SCC is more likely to occur on sensitized austenitic stainless steels with
high yield strengths (> 1200 MPa), although it was observed on lower strength stainless

steels, as well as on low-alloyed steels.’%%

Beside the tensile stress, an adequate corrosive environment (chlorides, pH, T,

etc.) and an alloy composition and structure, SCC is influenced by an electrochemical factor;
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only within the certain potential ranges for particular metal/environment conditions cracking

can occur.””%

By all means, the synergism of the aforementioned factors can reach
catastrophic proportions, leading to devastating and unexpected failure of the material

integrity due to the formation of a one single crack.

223 Influencing factors

From corrosion viewpoint the performance of construction materials in
geothermal systems depends on numerous factors, divided into internal and external.
Internal factors generally relate to the metallurgical properties of the materials: chemical
composition, structure, treatment methods, imperfections present on the surface, flaws in the
crystal lattice, presence of stresses, etc., which can be influenced only during the initial
phase of material development. All other factors are considered as external, such as
environment (chemical composition of the fluid, presence of dissolved salts and suspended
solids, etc.) and operational conditions (temperature, pressure, flow rate, presence of other
materials, presence of stray electrical currents, etc.).”” In the further text the focus is put on

the external factors, which have been addressed in this research.

2.2.31 Temperature

Temperature has a great influence on both thermodynamics and kinetics of
metallic corrosion. Increase of temperature usually accelerates anodic and cathodic

reactions on the metal surface, according to the Arrhenius equation,®

and migration
(diffusion, adsorption, absorption, etc.) of the species (e.g. oxidizers toward the cathode O,,
H,O*, Fe*", etc.).77'99 It also changes the dissolution and transformation of corrosion products
on a metal surface.” However, increase in temperature causes a reduction in solubility of
oxidizing gases present in the solution (O,, H,S, CO,, etc.), resulting in solution degassing
and its decreased corrosiveness.****’’ |t was found that at 100 °C and 1 bar pressure nearly
all dissolved oxygen escapes from the water. Thus, temperature influences corrosion rate by
two factors; it accelerates both anodic dissolution of a metallic surface and cathodic
reduction of oxidizing species, and diminishes the concentration of oxygen responsible for
cathodic reaction.””'® At some temperatures these two factors are equal, they compensate
each other and corrosion rate reaches the maximum value. With further temperature
increase, oxygen diminishes from the solution thereby, causing depletion in reactants
needed for cathodic reaction, resulting in corrosion rate reduction (Figure 2.8). Increasing the

temperature of the closed system further above 100 °C its pressure increases, causing a
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higher solubility of the gases and further increase in the solution aggressiveness. However, a
dielectric constant of the water decreases with the temperature increase resulting in a lower
dissociation constant of the salts and acids present in the solution.”""%? Consequently, the

solution conductivity is reduced, causing a lower solution oxidizing nature.

Corrosion rate

B A

20 40 60 80 100 120
T[°C]
Figure 2.8 Temperature influence on corrosion of low-alloyed steel in pure water (A) and

neutral aqueous solutions of electrolyte (B)"’

Except on uniform corrosion, temperature has an influence on pitting corrosion as
well, namely the pitting potential. It was found that many materials do not suffer pitting at
temperatures below a certain value; the critical pitting temperature (CPT). At low
temperatures, they exhibit extremely noble pitting potential, corresponding to the
transpassive dissolution. At higher temperatures, pitting potential decreases with the
temperature increase and chloride concentration.®*%* In case of stainless steels a reduction
of pitting potential of approximately 0.5V has been observed in the temperature range
between 0 °C and 70 °C. Usually, for many stainless steels CPT is in the range of 10 °C and

100 °C; the higher the CPT, the more resistant the alloy to pitting corrosion.*®

The susceptibility of metals and alloys to stress corrosion cracking is generally
inversely proportional to the temperature increase. It was found that the severity of SCC is
highest at normal atmospheric temperatures and decreases as temperature increases due to

the surface relaxation.®”’

2.2.3.2 Pressure

Geothermal fluids can be pressurized to several hundred bars within the
geothermal system.'®'%'% Syuch high pressures can affect corrosion by increasing the
solubility of oxygen and other corrosive gases.*” Furthermore, the dielectric constants of

aqueous solutions increases as well, resulting in higher dissociation constants of salts and
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acids present in the solutions.’®"'®® That way more aggressive anionic species are present in

the system, resulting in higher uniform and localized corrosion rates.

2233 Fluid velocity

Fluid velocity is generally found to increase the corrosion rate,'®'*:3977.80.103,106-108

Compared to static conditions, during the fluid flow a constant supply of the aggressive
corrosive species inside the system is enabled, causing their continual replenishment and
thereby, higher corrosion rates.™ Furthermore, mass transport, for example of soluble iron
from the oxide surface into the bulk solution or oxidizing species toward the metal surface, is
greatly enhanced.’””'°® Thus, the destruction of a protective passive layer formed on the
metal is very likely to occur under high fluid velocities. However, there had been particular
cases when certain fluid velocity decreased the corrosion rate.®*'%” This is attributed to the
fact that with higher turbulent flows, aggressive anionic species, such as chlorides, do not
have time to adsorb on the metal surface, so they are easily removed from the latter,

resulting in reduced localized corrosion rates.

Clearly, the influence of the solution velocity on the materials performance
depends on the type of material being exposed. Low-alloyed steel is negatively affected by
the dynamic conditions in the system, unlike the stainless steels, which show better

performance in terms of corrosion.

2234 Acidity

Influence of pH, a scale measuring hydrogen ion concentration in solution, plays
a very important role in corrosion process.* In acidic environments due to the abundance of
hydrogen ion, the reduction of hydrogen is a dominant cathodic reaction. The higher the
hydrogen concentration (the more the acidic the solution), the higher the dissolution rate of
the metal surface.®®*®”” When a metal is exposed to the acidic environments, it commonly
corrodes uniformly, unless preferential, more active anodic sites are present on the metal
surface, as well as aggressive anionic species. Investigating an effect of pH on the pitting
corrosion, it was revealed that the pitting potential does not change significantly in the range
of pH between approximately 1.6 and 10.*>*® This is related to the hydrolysis reaction of
corrosion products, occurring inside the pits, that generates its own critical acidity, which is
little influenced by the acidity of the bulk solution. However, in alkaline solutions pitting
potential is displaced in nobler direction, due to the formation of stable, compact hydroxide

corrosion products on the metal surface.
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Corrosion rate
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Figure 2.9 Influence of solution acidity on corrosion of steel”’

Iron and chromium, the most relevant components of alloyed steel materials, are
found to corrode with relatively high rates in the solutions with pH below 4 and above 13.5 at
temperatures higher than 80 °C. With pH increase to values between approximately 6 and 8
corrosion rate is significantly reduced, almost pH independent, due to the formation of stable
chromium and iron compounds on the steel surface,®® while at pH between 9 and 13 it is

considered to be near zero considering the stability of iron hydroxides (Figure 2.9).”

2.2.35 Oxygen

Geothermal systems are usually characterized as reducing environments, with
redox potentials mostly below the hydrogen evolution line in Pourbaix diagram. Although it is
not common for oxygen to occur in these systems, its intrusion has been noted on operating
geothermal fields, mostly due to the contact of geothermal fluid with an atmosphere or with
surface and shallow ground waters containing oxygen.'?'>'>1%1"" An air infiltration at the
pump seals, located in the system above the ground is likely to occur as well, particularly
during the maintenance of the geothermal power plant, even though the fluid system is

maintained mostly at overpressure.’*"%

The reason why presence of oxygen in geothermal systems is found to have an
important role in corrosion is because, as soon as it enters the system, it quickly oxidizes the
reduced species, promoting the corrosion of a metal surface.'>"20:%6:331010 Thare have
been cases noticed when a 30 ug/L concentration of oxygen caused a 4-fold increase of
corrosion rate on carbon and low-alloyed steel in comparison to the deaerated conditions."®
An increase of oxygen concentration will cause acceleration in corrosion process due to its
participation in cathodic reaction, thereby promoting electrical current flow rate, i.e. metal

dissolution.
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Corrosion rate

Dissolved oxygen concentration

Figure 2.10 Influence of dissolved oxygen concentration in water of high purity on corrosion

rate of low-alloyed steel”’

If present in sufficient concentrations, oxygen has a great effect on uniform
corrosion, unless some preferential anodic sites exist on the metal surface, which act as sites
for localized corrosion attack. It also has an indirect influence on the solution acidity; forming
unstable and soluble corrosion products on the metal surface, products tend to hydrolyze,
decreasing the pH of a solution and causing an even more profound effect on the exposed
material.?® However, it was found that oxygen presence in sufficient concentration in the
system in some particular conditions may result also in the formation of stable oxide
corrosion products that form a stable, compact passive film and provide protecion to the
metal against further corrosion.**'® In some power stations it is sometimes injected even on
purpose as one of the corrosion control methods.”” Beside uniform corrosion, it was found
that oxygen concentration below 100 ug/L is responsible for serious pitting corrosion and can
cause chloride-stress corrosion cracking of some austenitic stainless steels when present in

conjunction with chlorides and high temperatures.'®

2.2.3.6 Dissolved salts

Geothermal brines are being exploited from geothermal reservoirs, which can be
found sometimes several km beneath the earth’s surface. Due to the extreme conditions of
temperatures and pressures present at such depths, the surrounding rocks tend to be
dissolved by the hot brines, making them abundant in salts and thus, highly concentrated.
The salts tend to dissociate into ions causing an increase in the brine electrical conductivity.
The higher the conductivity, the higher the ability of the brine to carry an electric current on a
metal surface between anodic and cathodic sites resulting in higher corrosion rates.”’
However, not all the dissolved salts have the same effect on the corrosion process. The most

aggressive salts are acidic salts, e.g. ferric chloride, FeCl;, aluminum sulphate, Al;(SQO,)s,
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sodium dihydrophosphate, NaH,PO,, etc. Upon dissolution in the geothermal brine, they tend

to hydrolyze to form acids, which decrease the solution pH:

FeCl ,(s)+2H,0(l) — Fe(OH)* (aq)+ 30~ (ag)+H,O" (2.17)

As a consequence, corrosion rate of the metals exposed to such brines increases due to the

higher cathodic reaction rates caused by an increase of hydrogen ion concentration.

In geothermal systems the most common anionic groups found in the brines are
chlorides and sulphur compounds, originating from magma and/or hot rocks present inside
the earth.">'"® These ions do not have an effect on overall corrosion rate since they do not
participate in cathodic reactions. However, their influence on the localized corrosion rate is
significant, especially that of chlorides due to their smaller size and higher diffusion
coefficient, already addressed in the previous paragraph.®>** Generally, as the concentration
of these ions increases, the conductivity of the brine increases as well, resulting in a higher

localized corrosion rate.'%°

Other than acidic salts, salts that form deposits are a very common feature in
geothermal brines. They are mainly silicate and carbonate minerals, precipitating on the
metal surface due to the pressure and temperature drops occuring inside the geothermal
systems (e.g. after heat-exchangers, before reinjection wells, etc.). In most of the recorded
cases they form compact and stable corrosion product film on the metal surface, presenting
a physical barrier between the metal surface and corrosive environment."'"**"" However,
cases where corrosion product film did not provide protection were observed as well." This
was attributed to the formation of porous and loosen layers, which easily fall off during the

plant operation due to the high flow rates of geothermal fluids.
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Chapter 3

Experimental Setup

3.1 Investigated materials

The focus of the research was put on steel materials currently available on the
world market and commonly used as construction materials for piping and various equipment
elements in different industries. Three types of steels were chosen as representatives of
different grades, depending on the content of alloying elements, such as chromium,
molybdenum and nickel considering their great influence on the materials corrosion

44.1681,39.77.78.115 The study disregarded carbon steel and focused only on alloyed

behavior.
steels basing on their superior corrosion performance and hence, more suitable application
in geothermal systems."®""® Hence, low-alloyed steel 1.7218, stainless steel 1.4404 and
high-alloyed stainless steel 1.4562, were chosen for this study. The cross reference of the
selected materials equivalent grades, their exact chemical composition determined with a
spark emission spectrometer SPECTRO LAB and mechanical properties are shown in

Table 3.1 - Table 3.3, respectively. Additional details for each of the selected steel

type are given in the further text.

3.1.1 Low-alloyed steel 1.7218

Low-alloy steel 1.7218 is a chromium-molybdenum steel with a ferritic (body-
centered cubic) crystal structure. Addition of alloying elements, such as nickel, chromium,
molybdenum etc., improves its mechanical properties and resistance to corrosion in certain
environmental conditions, making them superior to plain carbon steel. They are widely used

in oil & gas industries, and in fossil fuel and nuclear power plants.'"
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31.2 Stainless steel 1.4404

Stainless steel 1.4404 is an austenitic (face-centred cubic crystal structure) steel,
with the widest and most significant usage in marine application. It is also regarded as a

“marine grade stainless steel”.'*'?!

Alloy 1.4404 has an excellent resistance to uniform corrosion due to its high
chromium content of more than 16 wt%. Even in the atmospheres with only traces of oxygen,
Cr,0O3 passive layer readily forms on the surface, protecting the metal from the aggressive
corrosive environments. Owing the additional presence of molybdenum and nickel, and low
carbon content, alloy 1.4404 shows an excellent corrosion resistance when exposed to a

44.1681,39.76,77.122124 t5 yulnerability is observed with an

range of corrosive environments.
increase in temperature and concentration of halide ions that initiate localized corrosion
(PREN = 23.1 - 28.5).88'20'21 The alloy provides excellent elevated temperature tensile,

creep and stress-rupture strengths.

3.1.3 High-alloyed stainless steel 1.4562

Alloy 1.4562 is an austenitic high-alloyed stainless steel designed to bridge the

cost-performance gap between standard stainless steels and nickel alloys.**#%%’

Combining the advantages of high-chromium alloyed materials, i.e. an excellent
resistance to corrosive attack by oxidizing media,* with molybdenum content of more than
6 %, remarkable resistance to localized corrosion is achieved in a variety of

1658.81.76.77.115.116 The glloy is also referred to as superaustenitic due to its high pitting

media.
resistance equivalent number (PREN =50.3 - 58.6), indicating excellent resistance to pitting
corrosion. Increasing the nickel content, resistance to stress corrosion cracking is
improved,**®*. Addition of nitrogen approved thermal stability and mechanical properties of
the alloy.**® Owing the outstanding combination of local resistance, high mechanical
strength and ease of workability, alloy 1.4562 has an extensive usage, particularly in

chemical and petrochemical industries, environmental engineering and oil and gas

production.®#"12*
Table 3.1 Equivalent grades of the selected materials'*>"’
Germany Europe USA
DIN, WNr EN 10088-2 ASTM UNS
17218 25CrMod 4130  G41300

1.4404 X2CrNiMo17-13-2 316L S31603
1.4562 X1NiCrMoCu32-28-7 31 N08031
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Table 3.2 Chemical composition of the selected materials in wt% (Fe bal.)

C Si Mn P S Cr Mo Ni N Cu

1.7218 0.212 0.249 1.332 0.008 0.007 0.497 0.013 0.038 0.016 -

14404 0.030 0.396 1.825 0.028 0.003 16.410 2471 11.870 0.034 0.256

14562 0.011 0.063 1.732 0.018 0.005 26.580 6.230 32.930 0.148 1.048

Table 3.3 Mechanical properties of the selected materials'?®"*
T Rp0.2 Rm
Steel | oqp V [MPa] [MPa]
1.7218 20 0.28 931 1034
20 0.28 =240 530 - 680
100 0.31* 166 420*
1.4404
150 0.32* 152 360*
200 0.33* 137 270*
20 0.28 =276 =650
100 0.31* 210 630
1.4562
150 0.32* 195* 605*
200 0.33* 180 580
* interpolated values
3.2 Investigated geothermal brines

Corrosion resistance of the selected materials was investigated in three artificial
geothermal brines. Using commercially available reagents, the electrolyte solutions were
prepared in the laboratory based on the analysis of the fluid aquifers (Table 2.1) discharged
from the wells SBY-03, SBY-05, LHD-05 and LHD-23 present on Sibayak and Lahendong
geothermal sites (Indonesia).?*?®* Due to the observed geothermal system instability with

time,?"?? the worst-case scenario respective to the corrosion was assumed.

3.2.1 Sibayak geothermal site, wells SBY-03 and SBY-05

SBY-03 and SBY-05 are production wells in cluster B on the Sibayak geothermal
field (North Sumatra, Indonesia). The wells are located at 1,479 m elevation, at
N 3° 13" 35.5", E 98° 30' 04.0" geographical surface coordinates. The reservoir temperature
ranges between 264 °C and 310 °C and the gauge pressure varies between 45 bar and

110 bar.®*®” The brines from the wells are collected after the separator into one transmission
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pipeline, having the temperature 175 °C and pressure 9 bar. The chemical composition and

the resulting acidity of the artificial brine are shown in Table 3.4.

3.2.2 Lahendong geothermal site
3.2.21 Well LHD-05

LHD-05 is a production well in the cluster 5 on the Lahendong geothermal field. It
is located at 878 m elevation, at N 1° 16' 36.49", E 124° 50' 58.67" geographical surface
coordinates.®? The reservoir temperature is at 250 °C temperature and 150 bar pressure.®
Above the ground the system temperature and pressure drop down to 175 °C and 9 bar. The

chemical composition and the resulting acidity of the artificial brine are shown in Table 3.4.

3.2.2.2 Well LHD-23

LHD-23 is a production well in the cluster 5 on the Lahendong geothermal field. It
is located at 878 m elevation, at N 1° 16' 36.49", E 124° 50' 58.67" geographical surface
coordinates.®? The reservoir temperature is at 280 °C temperature and 120 bar pressure.®
Above the ground the system temperature and pressure drop down to 175 °C and 9 bar. The

chemical composition and the resulting acidity of the artificial brine are shown in Table 3.4.

Table 3.4 Chemical composition and the resulting acidity of the artificial geothermal brines

mg/L -  CI s0* HCO; Ca* K Na®  pHysec
SBY 1,500 20 15 200 250 600 4
LHD-05 21 20 15 - 6 20 4
LHD-23 1,500 1,600 - - 200 1,000 2

3.3 Methods

The experimental methods utilized in this work to evaluate the corrosion
resistance of selected materials were standard electrochemical methods and exposure tests,

conducted in the laboratory in the artificial geothermal brines.

3.3.1 Electrochemical techniques

Electrochemical measurements were carried out in a standard three electrode
cell, consisting of a saturated Ag/AgCl reference electrode, Ti/TiO, net counter electrode and

a working electrode made of the investigated material spot-welded on a nickel holder and
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completely immersed in the testing electrolyte. Low temperature experiments were
performed in glass vessels equipped with water condensers. For high temperature and
pressure conditions autoclaves, equipped with manometers for pressure control and
aluminum cylinder mantles to avoid heat dissipation, were used. External heating mantles
and ceramic heating plates, together with a temperature regulator, precision +3 K, and

Pt-100 sensor were employed to assure the constant heating during the experiments.

The measurements were performed using Gamry Potentiostatic System Model
Reference 600. The obtained data were analyzed with Gamry Echem Analyst Software. All of
the recorded electrode potentials, mentioned in the current work, are referred to the standard

Ag/AgCl reference electrode potential.

3.3.11 Open circuit potential

Open circuit potential (E,.), also referred to as the free corrosion potential (Ecorr)

is a measure of a tendency of the investigated, i.e. working electrode to dissolve (loose

100

electrons) and undergo oxidation.”™ It is measured versus a stable reference electrode,

when no potential or current is being applied to the electrochemical cell. Prior to the
beginning of an electrochemical experiment, it is necessary to allow a sufficient time for the
system to stabilize, i.e. for the various corrosion reactions to reach a constant rate. It is
generally considered as a steady state when E,. does not change more than 5 mV over a

10 minute period.""

E.. can provide useful information about the system under study, e.g. corrosion
behavior of the investigated metal, oxidation power of the electrolyte etc. However, in order
to obtain information of the corrosion mechanism and quantify the corrosion rates, additional

electrochemical methods need to be employed.

In the current research the steady state of the investigated systems was reached
after several hours of immersion. In order to obtain a comparable corrosion behavior of the
materials under study, the subsequent electrochemical methods were performed after 20 h of

immersion.

3.3.1.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a very powerful electro-

chemical method that has seen a tremendous increase in popularity in recent years due to its

132,133 134,135

versatile application in studying uniform and localized corrosion, elucidating

136,137 138-142 132,138

reaction mechanisms, studying metal/solution interfaces, oxide films,

133,143 137,144,145

coatings, corrosion inhibitors effectivhess and general characterization of
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surface films,'00132138.141.146-148 Bagide the aforementioned capabilities, its advantage over
direct current techniques lies in its unlimited performance, due to the non-destructive nature,

133,149

and the possibility in measuring corrosion rates in poorly conducting media, or of metals

covered by high-resistant surface layers, such as organic coatings.'®'2810.1°1

EIS is based on applying a small sinusoidal AC signal (potential or current) to the
electrochemical cell in a steady state over a wide frequency range, and measuring the
system’s response. The cell voltage and current are subsequently converted into the
complex impedance, Z; a measure of the circuit ability to resist the flow of the electrical
current. The obtained results are presented in Nyquist; imaginary impedance part (-Z") vs.
real impedance part (Z') and Bode; impedance modulus (| Z|) and phase angle () vs. log
frequency (f) plots. Considering the shape of the plots and basic assumptions regarding the
nature and the structure of the system under investigation, it is possible to model its
electrochemical behavior using an equivalent electrical circuit (EC) model comprised of
different electrical elements, representing specific parts and/or interactions of the studied
system. The precondition for the proper EIS modelling is that the selected EC has a
reasonable physical interpretation of the studied system and the physicochemical events
taking place in it."®*"*""%2 Assuming the correct model selection, it is possible to obtain
quantitative information on the EC constructive blocs, such as solution resistance (Rs),
capacitance (C), polarization resistance (R;) etc. and that way, characterize the studied
system quantitatively. In most cases the impedance response of the system shows non-ideal
behavior due to the electrode surface heterogeneity or continuously distributed time-
constants for charge-transfer reactions.’® Such time-constant dispersion is commonly
represented in equivalent EC as a constant phase element (CPE) instead of pure

capacitance (C) and it is characterized with parameters Q and a (a # 1).

In the current study a 10 mV potential perturbation was superimposed on the
electrochemical system over a 100 kHz to 10 mHz frequency domain (10 points per decade)
under E,. conditions upon the system stabilization. After careful examination of the obtained
impedance data, the electrical circuits, presented in Figure 3.1, were chosen to model the
electrochemical interface of the studied systems. The number of the observed relaxation
times in the impedance spectra and their relationship corresponded to the number of R-CPE
loops and how they were connected in the circuit (parallel vs. series). Parallel connection of
two R-CPE loops, as in Figure 3.1: B, was used to describe two different physical processes
(e.g. charge transfer, diffusion, adsorption, etc.) occurring simultaneously on the electrode/
solution interface. Generally, the inner layer, modelled in the current study with R-CPE

(Figure 3.1: A) and R,-CPE, (Figure 3.1: B) loops, is associated with an electrical double
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layer."®2"%® To support this fact, interface capacitance was extracted from the corresponding

CPE according to the equation'*
1 e
C:QQ(LQJ (3.1)

If the capacitance value was within the range characteristic for the double layer capacitance
(10 - 100 pyF/cm?), the phenomenon occurring on the electrode/solution interface was linked
to the charge transfer. Accordingly, the resistance related to the capacitance was charge
transfer resistance, directly associated with the single kinetically controlled electrochemical
reaction. Higher capacitance is usually correlated to the evolved corrosion layer formed on

the electrode surface due its oxidation.

solution metal solution layer metal

CPE
RE WE

A

Figure 3.1 Equivalent electrical circuits used for fitting the results obtained by EIS and their

physical interpretation

3.3.1.3 Tafel extrapolation method

Tafel extrapolation method is used to experimentally evaluate and predict the
rate of uniform corrosion, and to study the kinetics and mechanisms of the anodic and
cathodic reactions, through the short-time experiments. It is based on applying a slow linear
potential sweep from -250 mV to 250 mV relative to E., and measuring the current
response of the electrochemical cell. Typical graphical output of the experiment is a plot log
current density (j) vs. potential (E). From the intersection of the extrapolated linear anodic
and cathodic branches at the zero overpotential, corrosion current (jor) and free corrosion
potential (E.,r) are determined (Figure 3.2). Consequently, corrosion rate (CR) can be
calculated according to the equation:'*®

-M

CR = >— 2
z-F-p (3.2)
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Furthermore, from the slopes of Tafel lines the kinetics and the mechanisms of the

corresponding reactions are elucidated.'%%%"1%618

One rule of thumb that needs to be taken into account for Tafel extrapolation to
be valid is that the corrosion reactions need to be under the charge transfer control. Also, in

order to perform an accurate extrapolation, at least one of the branches of the polarization

curves should exhibit linearity over at least one decade of current density.'*311%
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Figure 3.2 Principle of Tafel extrapolation technique

In the present study the potential range from -200 mV to 200 mV relative to Ego
was used, with the 0.2 mV/s sweep rate. The corrosion rate was calculated from jeor,
obtained from the intersection of E. line and Tafel branch that showed the linearity over at

least one decade of jor-

3.3.14 Cyclic polarization

Potentiodynamic polarization is used for studying various aspects of corrosion.
One of its major applications is in understanding the passivity of stainless steels and their

susceptibility to localized corrosion. 89123160

The method is based on a slow linear sweep of the potential in the noble
(positive, anodic) direction relative to E,. and recording the resulting current (i) (Figure 3.3).
In the active region of the potential scan the measured current tends to increase with the
applied potential. During this active phase the metal corrodes (dissolves) uniformly in film-
free conditions. When the passivation potential (E,) is reached, a dramatic decrease of the
current occurs due to the passive film formation. The beginning of the decrease is known as

the active-passive transition. At the time of reaching the perfect passivation potential (Epp)
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the metal surface is entirely passivated, evident by the current drop to a very low value, i,
(passive current). In the passive potential range, further potential increase usually has a little
effect on the passive current density. The measured current remains very low and constant
until the pitting potential (E,) is reached, signifying the beginning of the protective film
breakdown. Consequently, the current tends to increase again as more and more pits
propagate. In order to evaluate the repassivation ability of the investigated material, as soon
as the certain, previously defined, maximum of current or potential is reached, the scan
potential is reversed in the negative (active, cathodic) direction toward E... During the
reverse scan measured current decreases with potential sweep. At the intersect of a reverse

scan with the forward scan, repassivation potential is determined (E,).*'%"°"
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Figure 3.3 Principle of cyclic polarization technique

In the current work the potential scan started at -200 mV relative to E,. and
proceeded in the anodic direction with 0.2 mV/s linear sweep rate. As soon as E vs.
Eoc= 1.2 V or jeor = 2 mA/cm? was reached, the scan was reversed in the cathodic direction,
back to -200 mV vs. E,. The critical potentials, E,; and E., were determined when

jeorr = 0.1 MA/cm?2.

3.3.2 Exposure Tests

Perhaps the most common method for estimating the corrosion resistance of a
material is exposing it in the environment of interest for a certain period of time and
assessing the corrosion rate using different techniques. In the current work the weight loss

method was used.

The tested coupons were prepared according to the ASTM G1-03 standard,

weighed on an analytical laboratory scale to an accuracy 10* g, and vertically immersed in
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the investigated solution for a certain time interval. After exposure, the corrosion products
were firstly removed mechanically, using a paper towel and a nonmetallic bristle brush.
Afterwards, it was followed by chemical cleaning in an ultrasonic bath, immersing the
coupons in the solution specifically designed to remove the corrosion products with minimal
dissolution of the base metal. For this purpose an aqueous solution of 250 mL/L HCI (conc.)
containing 3.5 g inhibitor hexamethylenetetramine was used for pickling the surface of
1.7218 grade, and a mixture of 100 mL/L HNO; and 20 mL/L HF (4 wt%) for cleaning 1.4404
and 1.4562 grades.” "% The coupons were subsequently weighed on the same analytical
scale as prior to the exposure. The corrosion rate was determined according to the
equation:'®?
m, —m

CR = Pf—tp1 (3.3)

Low temperature tests were performed in glass vessels equipped with water
condensers to avoid water evaporation. For high temperature and pressure conditions
autoclaves made of 316L stainless steel with PTFE vessels were used. During the exposure,
the equipment was put in a climate chamber that provided the needed heat and uniform

temperature distribution.

3.3.3 Surface analysis

Upon the end of each experiment, the metal specimens were removed from the
environment, rinsed with an acetone and dried in the air. For surface analysis Reichert-Jung
Polyvar MET optical microscope with a 2000-fold magnification was used to determine the
type of corrosion attack. If corrosion was in the localized form, the width and depth of the
formed pits were determined. Additionally, cross-section of the coupons was analyzed to
resolve the progress of the corrosion attack into the bare metal, and to determine the

thickness and morphology of the corrosion layer formed on the metal surface.

3.4 Test setup

3.4.1 Factors influencing corrosion

Considering the occasional variation in conditions due to the instability of the
geothermal systems, an influence of different parameters on the corrosion behavior of the
selected materials in the static conditions was investigated by means of electrochemical

methods and exposure tests.
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3411 Temperature effect

Influence of three different temperatures on the corrosion behavior of the
selected materials was examined. The most extreme investigated conditions were 175 °C,
where the gauge pressure in the autoclaves reached 9 bar, simulating the actual service
conditions in the technical facilities above the ground (e.g. pipelines, separators, heat
exchangers etc.) at Sibayak and Lahendong geothermal power plants. Additionally, to
simulate the possible conditions in the pipeline after the heat exchangers, prior to the

injection wells, 70 °C and 100 °C at 1 bar pressure were investigated as well.

3.4.1.2 Brine acidity

The main difference in the chemistry of the LHD-23 and SBY geothermal brines
was the brine acidity (pH 2 vs. pH 4). Comparing the corrosion behavior of the materials in
the aforementioned brines, it was possible to extract the influence of pH on the corrosion

process. In the current work it was done at 175 °C (9 bar).

3.4.1.3 Brine concentration

Geothermal brines from the LHD-05 and SBY wells differ in the salt
concentration; chlorides having the main influence on the corrosion behavior (20 mg/L vs.
1,500 mg/L). In order to determine the influence of the brine concentration, corrosion
behavior of the materials in the formerly mentioned conditions was examined at 175 °C
(9 bar).
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Figure 3.4 Schematic illustration of the electrodes (A) and coupons (B) used for

electrochemical and exposure testing, respectively
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3.4.2 Material sample preparation

The materials were provided in the form of an A4 sheet. Employing the water jet
method they were cut into smaller rectangular samples, to obtain electrodes (20 x 15 x
3 mm?3) and coupons (50 x 20 x 3 mm?) for electrochemical measurements and exposure
tests, respectively (Figure 3.4). The electrodes were spot-welded on a metal rod made of
highly resistant Nickel alloy grade 2.4886 (Figure 3.7: A). The coupons, in addition, had a
5 mm diameter hole used for fixation during the exposure tests (Figure 3.4: B and Figure
3.7: B).

Crevice corrosion susceptibility of the selected materials was examined in the
artificial SBY geothermal brine at 100 °C. The crevice was simulated using a rubber pad,
imbedded on approximately 30 % of the material’s surface. The electrode design for this

particular test is shown in Figure 3.7: B.

Stress corrosion cracking (SCC) investigations were performed in the artificial
LHD-23 geothermal brine at 175 °C using U-bend coupons according to the ASTM G-30
standard'® (Figure 3.5 and Figure 3.7: C). The coupons were bent at room temperature
beyond their elastic limits in order to produce a tensile stress on their surface and that way,
reduce the initiation time and promote the SCC. Due to the stress relief and surface
relaxation with temperature elevation, coupons were additionally tightened with titanium
screw embedded in PTFE tape to avoid an occurrence of galvanic corrosion. The stresses
produced on the coupons during the experimental temperature application were calculated

using ANSYS Workbench Mechanical computer software.
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Figure 3.5 Schematic illustration of the pre-formed (A) and U-bend (B) coupons for SCC

Prior to each experiment, materials were wet ground with a 320 SiC sand paper,
thoroughly rinsed with deionized water and degreased ultrasonically in alcohol and acetone
to remove the residual impurities, according to the ASTM G1 standard.'® The microscopic

appearance of the metals surface after the treatment is shown in Figure 3.6.
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In order to assure the results reproducibility, each of the experiment set was

performed three times.

1.7218 1.4404 1.4562

100 pm " 100 pm 100 pm
L § ——] e

Figure 3.6 Microscopic view of the metals surface after the surface treatment and prior to the

corrosion investigations

Figure 3.7 Material sample test setup for: A) electrochemical tests, B) crevice corrosion tests

using electrochemical methods, C) SCC in exposure tests, D) exposure tests






41

Chapter 4
Corrosion Resistance of Low-alloyed
Steel 1.7218

4.1 Introduction

In this chapter dependence of corrosion resistance of low-alloyed steel grade
1.7218 on various factors is evaluated, as well as the alloy’s susceptibility to crevice
corrosion and stress corrosion cracking. The results were obtained by means of
potentiostatic (electrochemical impedance) and potentiodynamic (Tafel extrapolation)

electrochemical methods, and long-term exposure tests (up to 6 months).

4.2 Corrosion film growth

Low-alloyed steels normally corrode uniformly over the entire surface. The metal
dissolution starts immediately upon the immersion of the metal in the corrosive solution. The
rates are highest in the beginning and tend to decrease with time due to the accumulation of
corrosion products on the metal surface, providing the physical barrier between the metal
and the corrosive environment.'®""'*1% |n what degree do the corrosion products lower the
corrosion rate of low-alloyed steel 1.7218 in the artificial SBY geothermal brine at 100 °C as

a function of time, is shown in the current paragraph.
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4.21 Short-term electrochemical methods
4211 Open circuit potential monitoring

Open circuit potentials (E,) of low-alloyed steel 1.7218 exposed in the artificial
SBY geothermal brine at 100 °C were recorded during 10 days of immersion. The
corresponding results are shown in Figure 4.1. E. tended to increase with time, which could

be attributed to the formation of corrosion products, causing an ennoblement of the metal

surface as suggested by different authors.'®'*®
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Figure 4.1 Monitoring of open circuit potential of 1.7218 steel in the artificial SBY geothermal

brine at 100 °C during a 10-day immersion test

4212 Electrode/solution interface characterization

Electrode/solution interface on the surface of 1.7218 steel was studied by means
of electrochemical impedance spectroscopy during a 10-day period. The obtained results are
shown in Figure 4.2. Irrespective of the immersion time, the impedance spectra resembled
two depressed semi-circles, implying to the existence of two different processes occurring on
the electrode surface (e. g. charge-transfer, diffusion, adsorption, etc.).”® The diameter of
the semi-circles increased with time, suggesting an increase in the impedance and relaxation
time of the interface after the potential perturbation. Such findings could be linked to the
evolution of a corrosion film on the electrode surface, as suggested by Frateur et al.,'®’
causing the resistance increase.

According to the visual observations of the obtained spectra and the physical
interpretation of the electrochemical behavior of the studied system the equivalent electrical

circuit presented in Figure 3.1: B was chosen to fit the impedance data. The corresponding
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results are shown in Table 4.1. A non-ideal capacitive behavior was confirmed given that a
values were < 1. According to Orazem and Tribollet,’ this was caused by the electrode
surface heterogeneity and/or continuous distribution of time constants for charge-transfer
reaction. To determine which of the phenomena occurred, the true capacitance values (C)
were calculated from the corresponding CPE according to Equation (3.1). Their values
suggest that both layers correspond to the corrosion film and that no electrical double layer
was detected on the metal/solution interface. Such finding is not unusual in the systems
where thick layers of corrosion products form on the steel surface.”*'*®""" |t could be
attributed either to the interference of a thick adjacent corrosion layer and its capacitance on
a thin double layer, or to the too short double layer relaxation time due to which in the applied
frequency range the layer was not observed experimentally, as suggested by Orazem and
Tribollet.” Regardless of the cause, R; and R, were attributed to the resistances of the

corrosion product layers formed on the electrode surface during the metal oxidation.
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Figure 4.2 Typical impedance spectra for 1.7218 in the artificial SBY geothermal brine at

100 °C under E,. conditions as a funtion of immersion time

Studying the characteristics of the layers and their change with immersion time, one could

conclude that the outer layer, characterized with Ry and C4, was much thinner in comparison
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to the inner layer, characterized with R, and C,, providing lower resistance to the transfer of
corrosive species toward the metal surface. According to Table 4.1, the resistance of the
inner layer (Ry) increased during the first 5 days, implying to the growth of the layer.
However, with further exposure time a reduction in R, was observed. Since the capacitance
C, exhibited a continuous growth during the whole testing period, one could conclude that
the inner layer became more porous, i.e. less compact during the 10 days of immersion. On
the other hand, the outer layer showed a constant increase in the resistance R; and
capacitance C4. Based on the observations, it could be assumed that the outer layer grew on
the expense of the inner layer, presenting a fully oxidized form consisting of ferric (Fe**) ions.
Due to the high thermodynamic stability of ferric compounds in the investigated conditions,’®
the formed corrosion film on the surface of 1.7218 could present a physical barrier between
the metal and the corrosive environment that would subsequently reduce the metal oxidation

rate, as shown in the research of Carter and Cramer."”

Table 4.1 Electrochemical data obtained by EIS for 1.7218 during a 10-day immersion test in

the artificial SBY geothermal brine at 100 °C under E,. conditions

t Rs R1 Q1 a4 C1 Rz Qz Cz

[days] [Q] [Q cm?] [mS s%cm?] [uF/em?] [Qcm?] [mS s®/cm?] a2 [uF/cm?]
1 9 31 2 0.817 922 637 4 0.860 3,157
2 9 34 3 0.776 1,188 724 7 0.842 5,795
3 9 34 4 0.733 1,384 756 10 0.826 8,909
4 9 36 4 0.712 1,526 798 13 0.815 13,151
5 9 36 4 0.699 1,604 812 18 0.805 18,442
6 9 41 6 0.629 1,735 727 25 0.782 29,293
7 9 40 5 0.640 1,611 719 29 0.752 35,568
8 9 48 6 0.618 1,784 655 33 0.790 41,155
9 9 47 5 0.632 1,753 653 35 0.758 45,935
10 9 55 6 0.605 1,970 586 39 0.782 50,626

422 Long-term exposure tests

To support and confirm the aforementioned conclusions, long-term exposure
tests up to 6 months were performed. Corrosion rates, calculated according to the weight
loss method (Equation (3.3)) for different exposure times, are presented in Figure 4.3.
Exposing the metal coupons in the artificial SBY geothermal brine at 100 °C showed a

reduction in the corrosion rate. The cross section of the exposed specimens revealed
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uniform dissolution of the metal and the presence of a corrosion layer on its surface (Figure
4.4). The thickness of the layer increased significantly during 6 months of exposure;
maximum thickness after 1 month was 18 um, whilst after 6 months 54 ym. This confirms the
increase of the weight loss, but due to the increased test period, the resulting corrosion rate
was lower. Such observation corroborates the results obtained by EIS; an adherent and
stable corrosion film formed on the surface of 1.7218 steel with time, serving as a protection

to the metal from the further dissolution.
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Figure 4.3 Corrosion rates of low-alloyed steel 1.7218 in the artificial SBY geothermal brine

at 100 °C during a 6-month exposure test
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50 pm 50 pm

Figure 4.4 Cross section of 1.7218 coupons after 1 and 6 months of exposure in the artificial
SBY geothermal brine at 100 °C



Chapter 2 State of the art 46

4.3 Influence of temperature on corrosion performance

Temperature effect on the corrosion behavior of 1.7218 was investigated in the
artificial SBY geothermal brine at 70 °C, 100 °C and 175 °C.

4.3.1 Short-term electrochemical methods
4311 Open circuit potential monitoring

After 20 h of immersion in the artificial SBY geothermal brine at different
temperatures, open circuit potential (Eo;) of 1.7218 electrode surface was determined. The
corresponding results are shown in Figure 4.5. Increasing the temperature E,. shifted in the
anodic direction, resulting in a lower affinity of the surface to oxidation. Such behavior
suggests less active surface, possibly due to the accumulation of corrosion products on it, as
suggested by different authors.''"'® |n order to obtain more detailed information about the
corrosion behavior of the studied alloy and confirm the above proposed explanation for Eq

ennoblement, additional testing methods were performed.
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Figure 4.5 Open circuit potentials of low-alloyed steel 1.7218 in the artificial SBY geothermal

brine at different temperatures

431.2 Electrode/solution interface characterization

Electrode/solution interface, formed on the surface of 1.7218 in the artificial SBY
geothermal brine under E,. conditions, was studied by means of electrochemical impedance
spectroscopy (EIS). The temperature influence on the obtained impedance spectra is
depicted in Figure 4.6. Irrespective of the temperature, the spectra resembled two

overlapping distorted semicircles, implying to the existence of two processes occurring
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simultaneously on the electrode surface (e.g. charge transfer, diffusion, adsorption, etc.). The
high-frequency (HF) impedance loop was best defined at 70 °C. As the temperature
increased, it was superpositioned with the low-frequency (LF) semi-circle, resulting in less
distinguishable time constants. The diameter of the LF semi-circle increased with the
temperature, indicating an increase of the resistance to the reaction occurring in this
frequency range. This was supported with the Bode modulus plot (Figure 4.6: C), which

showed an increase in the impedance in the LF domain with temperature.
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Figure 4.6 Typical impedance spectra for 1.7218 steel in the artificial SBY geothermal brine

at different temperatures under E,. conditions

Based on the interpretation of the spectra, the electrochemical behavior of the
system was modeled with an electrical circuit presented in Figure 3.1: B. The corresponding
results are shown in Table 4.2. The CPE behavior was clearly confirmed given that a values
were always < 1, irrespective of the temperature. The true capacitance values (C) calculated
according to Equation (3.1), were not in the range characteristic for the double layer
capacitance. It is, therefore, assumed that none of the resistances R; and R,, associated
with the corresponding Qs and Q, respectively, were attributed to the charge transfer
resistances across the double layer, but to the corrosion layers formed on the electrode.

Accordingly, it could be concluded that two different layers of corrosion products formed,
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similar to the results of several different authors."* %" The outer layer had a significantly
lower resistance and capacitance compared to the inner layer, irrespective of the
temperature. It can, therefore, be assumed that adjacent to the electrode surface a much
thicker and porous inner layer was formed. Accordingly, the transport of ions to and from the
electrode surface through the inner layer was a rate limiting step in the overall corrosion
reaction. With the temperature increase both of the layers grew considering the increase in
the resistance, indicating a buildup of corrosion products on the surface. This could
eventually cause a reduction in the corrosion rate as the temperature increases, due to the
reduced electrode/solution contact area. To support this assumption, Tafel extrapolation

method was performed.

Table 4.2 Electrochemical data obtained by EIS for 1.7218 in the artificial SBY geothermal

brine under E.. conditions at different temperatures

T R R, Qu1 a C, R; Qaz o, C.
[°C] [Q] [Qcm?] [mS s’/cm?] [WF/lecm?] [Qcm?] [mS s’ /cm?] [uF/cm?]
70 8 23 2 0.762 679 523 4 0.823 4,956
100 6 35 3 0.863 1,744 627 3 0.864 3,453
175 7 28 20 0.880 18,108 2,278 8 0.908 10,396

4.3.1.3 Study of corrosion reaction kinetics and mechanisms

Owing the observed fact that the low-alloyed steels corrode uniformly, Tafel
extrapolation method was employed to study the corrosion reactions kinetics and
mechanisms, and to predict the corrosion rates of 1.7218 in the investigated conditions.
Typical polarization curves generated for 1.7218 in the artificial SBY geothermal brine at
different temperatures are shown in Figure 4.7. Similar shape of the cathodic curves
suggests the same mechanisms of the cathodic reactions, irrespective of the investigated
temperature. Considering the conditions in which the curves were generated (aerated
conditions, pH 4, negative E,;) reaction occurring on the cathode was predominantly an
oxygen reduction (Equation (2.2)). Linearity of the cathodic branch was clearly observed in
most of the applied potential range. However, in the initial stage of the potential scan a curve
non-linearity was apparent. Such behavior was percieved also in the work of Zhang et al.,"®
and they characterized it as a disturbance of a non-faradaic charging current. Very high
slopes of the linear approximation of the cathodic region (201 - 399 mV/dec) compared to the
anodic one (38 - 55 mV/dec) suggest overall corrosion rate was predominantly limited by the
rate of reduction of oxidizing species. This is generally attributed to the potential drop on the

electrode/solution interface, due to the formation of an adherent corrosion Iayer.172
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The shape of the anodic polarization curves pointed out to the active corrosion of
the electrode surface. According to the iron Pourbaix diagram,'”® assuming the ferrous (Fe?*)
ion activity of 10° M and a bulk solution pH 4, at the mean E,. (from the experimental curves)
and for the more positive applied potentials, the following mechanisms of the anodic

reactions were proposed:

Fe »>Fe* +2e” 4.1)

Fe” >Fe* +e 4.2)

Formation of ferric (Fe*") compounds generally results in a formation of a uniform non-
passive conductive film on the electrode surface, thereby imparting a resistance to the

electrode and causing the recorded anodic potentials to be greater than the true ones.'”
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Figure 4.7 Typical cathodic and anodic polarization curves of low-alloyed steel 1.7218 in

artificial SBY geothermal brine at diferent temperatures

This was clearly seen in the anodic branch, as the curves showed non-linearity over the
complete applied potential range, especially at higher overpotentials, thereby, disobeying
Tafel' s law. Since the net rate of the iron dissolution on the anode is equal to the net rate of
oxidants reduction on the cathode, it was possible to determine the corrosion rate by
extrapolating only cathodic polarization curve to the zero overvoltage. Based on the
calculations presented in Table 4.3, highest dissolution rates were observed at 100 °C.
Considering the presence of only traces of oxygen in the latter conditions due to its

decreased solubility, one would assume metal electrode exhibits lowest rates. However, in
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the presence of other oxidants, such as hydrogen and iron ions, the electrode dissolution
proceeds.”” Moreover, formation of soluble corrosion products is favored due to the oxygen

absence,'"®

resulting in an uncovered electrode surface and thus, larger corrosion rates.
Interestingly, the lowest dissolution rates were observed at 175 °C. Such finding opposes to
many researchers, who found a continuous growth in corrosion rate of low-alloyed steel with
temperature increase, as for instance Luo and Su.m The reason for this contradiction could
be in the chromium presence in alloy 1.7218. Temperature increase caused most probably
higher diffusion rates of chromium from the metal matrix toward the surface,'” thereby
stimulating the formation of chromium (lll) oxide and its incorporation into the corrosion layer,
considering a higher oxygen supply due to the pressure increase. As a result more compact
and stable corrosion layer formed on the surface, reducing the corrosion rate and thus,

corroborating the results obtained by EIS.

Table 4.3 Electrochemical data for 1.7218 obtained by Tafel extrapolation method in the

artificial SBY geothermal brine at different temperatures

T Ba B jcorr ECOI’I‘ CR

C
[°C] [mV/idec] [mV/dec] [mA/cm?] [mV] [mmly]
70 55 399 0.0254 -614 0.29
100 62 317 0.0273 -593 0.32
175 38 201 0.0225 -553 0.26
4.3.2 Long-term exposure tests

Square coupons of low-alloyed steel 1.7218 were exposed to the artificial SBY
geothermal brine up to 6 months. Temperature influence on the corrosion rates, calculated
from the coupons weight loss according to Equation (3.3), are depicted in Figure 4.8. During
the whole exposure time the corrosion rates were appreciably lower at 175 °C compared to
the rates at lower temperature. The maximum rate was reached at 100 °C, followed by the
similar values at 70 °C, clearly corroborating the results obtained by short-term

electrochemical tests.

Surface analysis of the coupons exposed for 6 months at 100 °C revealed the
presence of two layers on the metal surface; the red-orange loosely bound outer layer,
presumably hematite, and grey-black adherent inner layer, possibly magnetite (Figure 4.9: A)
as suggested by Groysman.”” Cross section showed the metal surface corroded uniformly,
with no preferential sites for localized attack. Furthermore, the overall film thickness was

determined to vary between 32 ym and 58 ym (Figure 4.10: A). At 175 °C one adherent layer
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was formed on the metal surface. Considering the grey-black color, it was presumably a
stable magnetite layer’’ (Figure 4.10: B). Determined from the cross section analysis, the
surface was attacked uniformly and the formed layer’s thickness ranged between 4 ym and
24 um (Figure 4.10: B).
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Figure 4.8 Corrosion rates of 1.7218 steel after exposure in the artificial SBY geothermal

brine at different temperatures
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Figure 4.9 Appearance of 1.7218 coupons after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C and 175 °C, respectively

The observed findings showed that the corrosion film formed on the metal
surface at 100 °C was thicker compared to the one formed at 175 °C. However, considering
the lower corrosion rate in the latter conditions, the layer formed at 100 °C was presumably
less compact, i.e. more porous. Hence, more diffusion paths through the film were present,
providing an easier transfer of oxidants toward the metal surface, resulting in higher
dissolution rates. The reason for such behavior could be attributed to the synergistic effect of

oxygen and chromium content in the solution, and physical characteristics of the system.
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Figure 4.10 Cross section of 1.7218 coupons after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C and 175 °C, respectively

At 100 °C the oxygen solubility in the solution decreases, resulting in the formation of
unstable, more soluble corrosion products and consequently, a porous corrosion layer. On
the other hand, increasing the temperature of the closed system to 175 °C the pressure
rises. This results in a higher oxygen partial pressure over the brine, leading to the increased
oxygen solubility. Also, with the temperature increase diffusion of chromium from the metal
matrix is accelerated, resulting in the formation of stable chromium (1) oxide, incorporated in
the corrosion layer. Moreover, the medium dielectric constant decreases with temperature
increase, as proven by different authors,'"'%? |eading to the formation of stable ferric
compounds on the metal surface and lower conductivity of the solution, and having as a

consequence lower corrosion rates at 175 °C.
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Figure 4.11 Comparison of the corrosion rates obtained by the weight loss method after

6-month exposure test and Tafel extrapolation method

In Figure 4.11 the comparison of the corrosion rates, calculated according to the
coupons weight loss during 6 months of exposure, with the ones obtained by Tafel

extrapolation method is presented. The same trend in the behavior of the rates was
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apparent; slight increase in corrosion rate from 70 °C to 100 °C, followed by the significant
reduction at 175 °C. However, a discrepancy between the results obtained with different
methods was clearly visible, becoming substantial as the temperature rose to 175 °C.
Poorgasemi et al.'”® explained this behavior with the fact that an adherent corrosion product
film formed on the metal surface with time, decreasing the corrosion rate. Since Tafel
extrapolation method was performed within the first two days of metal exposure, the layer
was not as evolved as during the subsequent 6 months of exposure, resulting in higher
corrosion rates compared to the weight loss tests. Nevertheless, both methods suggested
the formation of an adherent corrosion layer on the metal surface at 175 °C, having the

highest resistance compared to the layers formed at lower temperatures.

4.4 Influence of acidity on corrosion performance

The influence of the solution acidity on the behavior of low-alloyed steel grade
1.7218 was investigated at 175 °C in the artificial geothermal brine pH 2 (LHD-23) and
pH 4 (SBY), respectively.

441 Short-term electrochemical methods
4411 Open circuit potential monitoring
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Figure 4.12 Open circuit potentials for 1.7218 after 20 h of immersion at 175 °C in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

After 20 h of immersion in the investigated solutions open circuit potentials (Eo)
of 1.7218 were determined. The obtained results are shown in Figure 4.12. Increasing the
solution acidity open circuit potential increased, suggesting lower surface activity in the
solution pH 2. Such observation was in contradictions with the expected. Nevertheless, it

could be explained by the assumption that upon the electrode immersion in the more acidic
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solution the dissolution rate was higher. However, due to the buildup of the corrosion
products on the surface, corrosion rate was reduced, resulting in a less active surface. In

order to support the given explanation, additional tests were conducted.

441.2 Electrode/solution interface characterization

Electrochemical impedance spectroscopy (EIS) was used to characterize the
electrode/solution interface, formed on the surface of 1.7218 steel in the solutions with
different acidity. The obtained impedance spectra are depicted in Figure 4.13. Nyquist
representation of the impedance data (Figure 4.13: Aand B) revealed a substantial
difference in the impedance of the obtained spectra in the solutions with different acidity. Two
depressed overlapping semi-circles were resolved in both cases, with a better differentiation
of the time constants in the more acidic brine. The reduction of the solution resistance with
the pH decrease was clearly visible from the Nyquist and Bode modulus plots (Figure
4.13: A and C), indicating an increased conductivity of the solution due to the higher content
of migrating ions. This could eventually lead to higher dissolution rates of the metal
electrode. Substantially lower diameter of the semi-circle obtained in the more acidic
conditions was apparent compared to the loop obtained at higher pH. This resulted in a
significant reduction in the impedance, as can be seen from the Bode modulus plot in the

low-frequency (LF) domain (Figure 4.13: C).

Based on the visual interpretation, the impedance data were fitted on the
equivalent electrical circuit model shown in Figure 3.1: B. The corresponding results are
given in Table 4.4. The electrode/solution interface behavior as a leaking capacitor was
supported with a values being < 1. Furthermore, a much lower a in the solution pH 2 implied
to a rougher surface compared to the solution pH 4. True capacitance values (C) calculated
according to the Equation (3.1), were not within the range characteristic for a double layer
capacitance, irrespective of the solution acidity. Hence, the corresponding resistances R,
and R, were not linked to the charge transfer resistances, but to the resistances of the
corrosion layers formed on the electrode surface. Consequently, one could assume a
corrosion film consisting of two layers with different physical characteristics formed. In both
solutions the outer layer exhibited lower resistance R; and capacitance C;, compared to the
corresponding values of the inner layer, suggesting its lower thickness. Consequently, the
rate limiting step of the overall corrosion reaction was the transfer of ions to and from the
electrode surface through the thick, but porous inner layer formed during the metal

dissolution.
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Figure 4.13 Typical impedance spectra for 1.7218 at 175 °C under E,. conditions in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

Table 4.4 Electrochemical data obtained by EIS for 1.7218 at 175 °C under E,. conditions in
the artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

pH Rs Ri Q, a C. R: Q; a C.
[Q] [Qcm?] [mSs®cm?] 1 [mFicm?] [Qcm? [mS s%cm?] 2 [mF/cm?]
2 2 6 13 0.745 6 16 309 0.672 668
4 7 28 20 0.880 19 2,278 8 0.908 10

Comparing the characteristics of the inner layers formed on the electrode surface
in the solutions with different acidity, one can assume a much thicker, i.e. stable, corrosion
layer was formed in the less acidic solution. Due to the extreme acidic conditions in the
solution pH 2, the formed corrosion products were unstable, and thus, dissolved in the
solution. This could be an additional reason why the solution resistance Rs was lower in pH 2
conditions, beside the high hydrogen content. Furthermore, substantially lower resistance
(> 2 orders of magnitude) and higher capacitance (> 1 order of magnitude) were perceived in
the solution pH 2. Such findings suggested the formation of a much thinner, more porous and
less stable corrosion layer, providing less protection to the electrode surface compared to the

layer formed at pH 4. Consequently, increasing the solution acidity, i.e. lowering the pH,
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higher dissolution rates of the metal electrode are expected. To support this assumption,

additional testing methods were performed.

4413 Study of corrosion reaction kinetics and mechanisms

Typical cathodic and anodic polarization curves for 1.7218 recorded at 175 °C in
the artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively, are depicted in
Figure 4.14. The electrochemical data determined from the curves are shown in Table 4.5.
The polarization curves were shifted appreciably toward higher corrosion current densities as
the pH decreased from 4 to 2. The reason for such behavior could be ascribed to the
increase in the concentration of hydrogen ions, which were the main species driving the

cathodic reduction reaction in the low pH conditions (Equation (2.10)). Examining the

——pH2 ———pH4
-200

-350

-500

E [mV]

-650

0.001 0.01 0.1 1 10

j [mAlcm?]

Figure 4.14 Typical cathodic and anodic polarization curves of 1.7218 in the artificial
geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

cathodic and anodic polarization curves in the low pH brine, a non-linearity was observed in
both branches. The deviations from Tafel behavior could be attributed to the buildup of
dissolved metal cations near the electrode surface and/or formed hydrogen bubbles as the
corrosion rate increased, which eventually blocked the electrode surface and hindered the
oxidants transport to the electrode. As a result, both anodic and cathodic reactions were
under the concentration (mass transport) rather than the activation (charge transfer) control,
suggested also by the high Tafel slopes (B, and B;) shown in Table 4.5. Such findings
corroborated the assumption of the more positive E.. in the lower pH brine. However,
absence of the linearity region on the Tafel plot could lead to an imprecise extrapolation of

the polarization curves and erroneous corrosion rates. Whether the calculated corrosion rate
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of more than 15 mm/y in the brine pH 2 (Table 4.5) represented reasonable result or was
overestimated, forthcoming long-term exposure test revealed. Nevertheless, higher corrosion

rates in the more acidic conditions confirmed the assumption made based on the EIS results.

Table 4.5 Electrochemical data of 1.7218 in the artificial SBY and LHD-23 geothermal brines
at 175 °C obtained by Tafel extrapolation method

H Ba Bc jcorr ECOI‘I‘ CR
P [mV/dec] [mV/dec] [mA/cm?] [mV] [mmly]
2 257 264 1.3500 -449 15.62
38 201 0.0225 -553 0.26
4.4.2 Long-term exposure tests

Low-alloyed steel 1.7218 coupons were exposed for different time periods at
175 °C to the artificial brine pH 2 and pH 4, respectively. The influence of the brine acidity on
the corrosion rate, calculated according to Equation (3.3), is depicted in Figure 4.15. Metal
dissolution rate increased up to 2 orders of magnitude with the solution pH decrease. This
was in accordance with literature,”” which highlights a strong dependence of the corrosion
rate on the solution acidity below pH 4. The anodic dissolution of the metal was effectively
facilitated by the abundance of hydrogen ions present in the LHD-23 solution, which
generated large cathodic currents. Reduction in the corrosion rates with time was observed
during the exposure tests. This occurred presumably due to the accumulation of cations
and/or hydrogen near the metal surface, resulting in a hindered transfer of oxidants toward
the metal surface. Hence, cathodic and, consequently, anodic currents were reduced. This
was also noticed with Tafel extrapolation method, where the signs of the mass transport
control were clearly visible, even after only 2 days of metal immersion in the more acidic
solution. However, the substantial difference in the calculated corrosion rates obtained by
Tafel extrapolation and exposure tests (Table 4.5, Figure 4.15) could be attributed to the
evolved corrosion layer during the long-term exposure tests, resulting in reduced corrosion

rates.

Surface analysis of the coupons exposed in the solutions with different acidity
revealed a clear difference in the composition of the corrosion layer formed on the surface
(Figure 4.16). In the less acidic solution a grey-black layer, presumably magnetite’”” was
formed. Increasing the solution acidity, an adherent greenish layer was present on the
surface. This could be a stable ferrous hydroxide resulting from a previously formed ferrous
sulphate (Equation (2.7)) due to the increased sulphate concentration present in the LHD-23

solution.
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Figure 4.15 Corrosion rates of 1.7218 after exposure at 175 °C in artificial geothermal brine

pH 2 and pH 4, respectively

pH 4

Figure 4.16 Appearance of 1.7218 coupons after 6 months of exposure at 175 °C in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

Cross section of the exposed coupons (Figure 4.17) revealed that the corrosion
attack occured uniformly over the entire coupon surface, with no preferential local sites,
irrespective of the exposed conditions. The thickness of the formed layer varied between
42 ym and 84 ym in the more acidic brine, which was up to 20 times greater than the
thickness of the layer formed in the less acidic conditions (4 um - 24 uym). Considering that
the corrosion rates were much higher in the more acidic solution, one could assume that the
layer formed in the latter conditions was less compact, supporting conclusions made based
on the EIS. Consequently, the existence of a larger amount of diffusion paths through the
surface layer enabled an easier transport of the oxidizing species from the bulk solution

toward the bare metal, resulting in the higher metal dissolution rates.
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pH 2

Figure 4.17 Cross section of 1.7218 coupons after 6 months of exposure at 175 °C in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY)), respectively

4.5 Influence of salt concentration on corrosion performance

The effect of the increased salt concentration on the corrosion behavior of 1.7218
was investigated at 175 °C in the artificial geothermal brines containing 20 mg/L (LHD-05)
and 1,500 mg/L (SBY) chlorides.

451 Short-term electrochemical methods
4511 Open circuit potential monitoring

Open circuit potentials (Eoc) of 1.7218 electrodes after 20 h of immersion in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides are
shown in Figure 4.18. Increasing the salt concentration in the solution, E is shifted in the
cathodic direction. Possible explanation for such behavior could be the “salting out”

phenomenon;'”""® due to the presence of more ionic species in the SBY brine, the affinity of
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Figure 4.18 Open circuit potentials of 1.7218 after 20 h of immersion at 175 °C in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides
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the non-polar oxygen molecules to the polar water is reduced, resulting in a decreased
oxygen solubility in the solution. Since only in the presence of sufficient oxygen concentration
adherent ferric compounds could form on the surface, in the brine containing higher chloride
concentration mostly soluble corrosion products form. Therefore, the surface tends to be
more active than in the brine containing lower amount of salt. Furthermore, chlorides form
soluble, unstable complexes with iron, hygroscopic in nature, and that way enhance the
surface electroylte formation. As a consequence corrosion attack is further stimulated and

the metal surface exhibits more active potentials.

451.2 Electrode/solution interface characterization

To study the influence of salt concentration on the electrode/solution interface,
electrocehmical impedance spectroscopy (EIS) was performed under E,. conditions in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides,
respectively. The obtained impedance spectra are presented in Figure 4.19. Nyquist
representation of the impedance data (Figure 4.19: A) revealed a high amount of
perturbations in the low-frequency (LF) domain of the spectrum recorded in the brine
containing less chloride. Such phenomena could be explained by the synergistic effect of the
low brine conductivity (k <200 uS/cm?), unstable electrode surface due to the active
dissolution, and the surrounding artifacts that induced the electrical field and thus, the
observed noise. It was, therefore, impossible to obtain a clear system response in the LF
domain in the less concentrated solution. Due to this fact, employing a model that would
describe the electrochemical interface did not make much sense and it was, therefore, in this
case neglected. Only visual evaluation and comparison of the obtained spectra in the

investigated conditions are given in the further text.

Increasing the chloride content, solution resistance decreased from
approximately 45 Q to 7 Q (Figure 4.19: A). This was clearly understandable, due to the fact
that with the addition of soluble salts to a solution, the salts tend to dissolve into ions and
hence, increase the solution conductivity. This could have as a consequence higher
corrosion rates of the immersed metal. A non-ideal capacitive behavior of the metal/solution
interface in the less concentrated conditions was observed. Such behavior was ascribed to
the surface heterogeneity, which causes the frequency distribution of the capacitance and
impedance across it. Therefore, the interface behaved like a leaking capacitor. According to
the Bode phase angle plot (Figure 4.19: C), the surface of the electrode, exposed to the brine
containing higher chloride concentration, seemed to be smoother and hence, did not cause
such time constant distributions. Applying lower frequency perturbation signal to the

examined systems, a much smoother slope of the Bode modulus impedance curve was
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noticed in the solution containing 20 mg/L chlorides (Figure 4.19: B). Such finding proposed
a lower impedance of the interface and thus, higher dissolution rates of the metal electrode in

the latter conditions, corroborating the assumption made according to the E,. recordings.
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Figure 4.19 Typical impedance spectra for 1.7218 at 175 °C under E,. conditions in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

4513 Study of corrosion reaction kinetics and mechanisms

Typical cathodic and anodic polarization curves for 1.7218 recorded at 175 °C in
the artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides,
respectively, are presented in Figure 4.20. The electrochemical data determined from the
curves are shown in Table 4.6. Increasing the chloride concentration polarization curves
shifted toward more active potentials, but lower current densities. Cathodic branch exhibited
linearity in a short potential region and thus, not behaving completely according to Tafel' s
law. Nevertheless, the slope of the extrapolated linear region was rather high (Table 4.6),
indicating mass transport control of the oxidants toward the electrode surface. In the solution
containing less chloride, cathodic Tafel slope was lower, suggesting faster cathodic reaction.
Considering the conditions in which the curves were generated (aerated conditions, pH 4,
negative E.), cathodic reaction was in both conditions predominantly an oxygen reduction
(Equation (2.2)). The difference in the cathodic behavior in the investigated conditions could
be attributed to the difference in oxygen concentration. In the solution containing more
chlorides (and other ionic species), oxygen concentration was lower, resulting in the
deficiency of the oxygen on the electrode surface, needed to drive the cathodic reaction.
Consequently, the anodic reaction rate was expected to be lower in SBY brine. However,
according to the extremely flattened anodic curve, i.e. low anodic Tafel slope, significantly

high(er) electrode anodic rate was observed. Such behavior could be ascribed to the
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presence of other oxidizing species, such as hydrogen and iron ions, generated from the
electrode dissolution, that were reduced on the cathode and stimulated the anodic reaction.
Moreover, the so-formed corrosion products were not as stable as ferric oxides formed in the
presence of sufficient oxygen content. As a result, loosely adhered and soluble corrosion

products formed on the electrode surface, exposing the surface to the corrosive environment.
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Figure 4.20 Typical cathodic and anodic polarization curves of 1.7218 at 175 °C in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

Table 4.6 Electrochemical data of 1.7218 determined from the polarization curves at 175 °C
in the artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY)

chlorides

c(CI) B. B. Jeorr Ecorr CR
[mg/L] [mVidec] [mV/dec] [mA/cm?] [mV] [mmly]

20 113 126 0.0274 -379 0.32

1,500 38 201 0.0225 -553 0.26

On the other hand, in the brine with less chloride, higher anodic Tafel slope was observed,
suggesting a buildup of metal cations on the electrode surface, causing a concentration
effect. This could be attributed to the sufficient oxygen concentration, resulting in the
formation of stable ferric oxide corrosion layer, causing a reduction in the anodic current.
However, the overall reaction rate suggested lower electrode dissolution rate in the brine
containing more chlorides, supporting the observations made by EIS and pointing out to the

cathodic reaction as a rate limiting step in the overall corrosion reaction.
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452 Long-term exposure tests

Low-alloyed steel 1.7218 coupons were exposed for different time periods at
175 °C to the artificial brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides.
The influence of the solution concentration on the corrosion rate, calculated according to
Equation (3.3), is presented in Figure 4.21. Weight loss tests revealed lower corrosion rates
in the more concentrated solution through the whole exposure time, which was in agreement
with the results obtained by short-term electrochemical methods. The rates were up to
almost one order of magnitude lower, compared to the ones in the solution containing less
salt. Presumably, the main reason for such observation was the higher oxygen content in the
less concentrated solution that drove the cathodic reaction and thus, accelerated the anodic
dissolution rates. During the exposure time, an inconsistency in the corrosion rate was
noticed. After 3 months of exposure, the rate decreased to half in both conditions, whilst with
further exposure the rate increased to the values similar after the first month of exposure.
This could be linked to the corrosion products build up and falling off from the surface, due to
the coupons vertical position in the vessel, resulting in metal surface exposure to the

corrosive solution.
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Figure 4.21 Corrosion rates of 1.7218 after exposure at 175 °C in the artificial geothermal
brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively

Surface analysis of the exposed coupons revealed the difference in the corrosion
layers formed on the metal surface after 6 months of exposure (Figure 4.22). In the more
concentrated solution, one adherent grey-black layer, presumably magnetite was formed. On
the surface of the coupons exposed in the less concentrated solution two layers were

observed; a loosely bound orange outer layer, presumably hematite, and adherent grey-
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black inner layer, possibly magnetite. Cross section of the coupons revealed in both cases
uniform corrosion attack over the entire surface, without the preferential sites for localized
attack (Figure 4.23). The film thickness ranged between 12 ym and 20 ym in the less
concentrated solution, and between 4 ym and 20 um in the more concentrated solution.
Accordingly, corrosion films formed on the coupon surface during the 6 months of exposure
at 175 °C in the artificial geothermal brines containing different salt concentration have
similar thickness. However, considering the difference in the corrosion rate, the film formed in
the less concentrated conditions was apparently more porous, resulting in the presence of
more diffusion paths. That way, oxidizing species migrated easily toward the metal surface,

resulting in higher cathodic reaction rate and, consequently, faster metal dissolution.

20 mg/L 1,500 mg/L

Figure 4.22 Appearance of 1.7218 coupons after 6 months of exposure at 175 °C in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

20 mg/L 1,500 mg/L

Figure 4.23 Cross section of 1.7218 coupons after 6 months of exposure at 175 °C in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

4.6 Investigation of crevice corrosion susceptibility

The susceptibility to crevice corrosion of 1.7218 was investigated using a rubber
pad, imbedded on the electrode, to simulate an occluded area (Figure 3.7: B). The results of
potentiodynamic polarization in the conditions with and without the simulated crevice were

compared and shown in Figure 4.24 and Table 4.7. Similar shapes of the anodic and
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Figure 4.24 Typical cathodic and anodic polarization curves of 1.7218 with and without the

crevice simulation in the artificial SBY geothermal brine at 100 °C

Table 4.7 Electrochemical data of 1.7218 determined from the polarization curves in the

artificial SBY geothermal brine at 100 °C with and without the crevice simulation, respectively

Ba Bc jcorr Ecorr CR

[mVidec] [mVidec] [mA/cm?] [mV] [mmly]
no crevice 62 317 0.0273 -593 0.32
with crevice 60 270 0.0270 -625 0.31

no crevice with crevice

Nod

Figure 4.25 Appearance of 1.7218 electrode after the cyclic polarization in the artificial SBY

geothermal brine at 100 °C with and without the crevice simulation, respectively

cathodic polarization curves in the system with and without the crevice suggested no
difference in the mechanism of the corresponding reactions. Furthermore, the curves almost
overlap each other, resulting in the similar corrosion rates. However, from the electrodes’

appearance, depicted in Figure 4.25, narrow and shallow pits were present on the
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electrode’s surface where the crevice was simulated. Even though the pitting corrosion was a
not common phenomenon on a low-alloyed steel surface due to the absence of a passive
layer, it seems that the conditions present in the occluded area were favorable for a localized
attack. Presumably, a stable iron (lll) oxide and/or hydroxide layer formed on the surface
while there was still enough oxygen present in the occluded area. Due to its heterogeneity
and presence of active sites, imperfections, defects, etc., anions responsible for pitting

corrosion adsorbed and initiated the formation of pits.

4.7 Investigation of stress corrosion cracking susceptibility

Susceptibility of low-alloyed steel 1.7218 to stress corrosion cracking (SCC)
could not have been investigated using U-bend specimens (Figure 3.7: C) because the
coupons cracked already during the bending. The stress produced on the coupons surface
just before the crack, calculated with ANSYS Workbench Mechanical computer software,
clearly exceeded the tensile strength of the material (Figure 4.26: A), causing a crack on the
tension stretched surface to occur (Figure 4.26: B). Such behavior indicated to the hardness
of the material, presumably due to the relatively high carbon content (> 0.2 wt%), causing it
to break without significant deformation. Consequently, the material could be considered
susceptible to mechanical cracking once the stress level exceeds the tensile strength of the
material, even without any significant note of previous deformation. Susceptibility to stress
corrosion cracking is, however, possible in case the preconditions for crack initiation are
fulfilled; a mechanical factor (two-axis tension) and chemical (existence of aggressive ions in

the solution that cause localized corrosion).

A B

I 1163,7 Max
a3

—' 8,7737 Min

Figure 4.26 Calculated tensile stress in 1.7218 U-bend coupon just before the break point (A)

and appearance of the broken coupon (B)
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Chapter 5
Corrosion Resistance of Stainless Steel
1.4404

5.1 Introduction

In this chapter dependence of corrosion resistance of stainless steel grade
1.4404 on various factors was evaluated, as well as the alloy’s susceptibility to crevice
corrosion and stress corrosion cracking. The results were obtained by means of
potentiostatic (electrochemical impedance spectroscopy) and potentiodynamic (cyclic
polarization) electrochemical methods, and long-term exposure tests (up to 6 months). Tafel
extrapolation method did not provide much sense in determining and predicting the corrosion

rates of the alloy, due to the alloy’s passive behavior observed in the investigated conditions.

5.2 Passive film growth

Passive films on stainless steels, containing mostly chromium (lll) oxide, are
formed instantaneously in the conditions where even only traces of oxygen are present. It is,
therefore, assumed that prior to the immersion of the metal sample in the investigated
conditions, the passive layer was already formed. The surface behavior of 1.4404 steel after
the immersion in the artificial SBY geothermal brine was investigated by means for

electrochemical methods and exposure tests at 100 °C as a function of time.
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5.2.1 Short-term electrochemical methods
5211 Open circuit potential monitoring

The change in the open circuit potentials (E,.) of stainless steel 1.4404 during the
10 days of immersion in the artificial SBY geothermal brine at 100 °C is shown in Figure 5.1.
Despite the initial drop of the potentials, the E,. shifted toward anodic direction with time,
indicating an ennoblement of the metal surface due to the, presumably, growth of the passive
layer. However, interpretation of E,. can sometimes be misleading. An increase of the E,.
could lead to the reduction of the passive range as well, and sooner onset of pitting
corrosion. Therefore, additional methods were performed in order to establish the passivity

range of the alloy and determine the critical potentials.
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Figure 5.1 Monitoring of open circuit potential of 1.4404 steel in the artificial SBY geothermal

brine at 100 °C during a 10-day immersion test

521.2 Electrode/solution interface characterization

Electrode/solution interface on the surface of 1.4404 steel was investigated using
electrochemical impedance spectroscopy (EIS) during a 10-day period. Typical impedance
spectra obtained throughout that time period are depicted in Figure 5.2. Nyquist spectra
(Figure 5.2: A) resembled one distorted semi-circle irrespective of the immersion time,
implying to the occurrence of one physical process on the metal/solution interface. The
diameter of the semi-circle increased with time, what is a clear indication of the impedance
increase. Such behavior was better perceived in the Bode modulus plot (Figure 5.2: B) in the
low frequency (LF) domain.

According to the aforementioned observations, the investigated interface was

modeled with an electrical equivalent model presented in Figure 3.1: A. The corresponding
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data are given in Table 4.1. The results of the fit confirmed a non-ideal capacitive behavior of
the interface. True capacitance values (C) calculated applying the Equation (3.1), were within

the range characteristic for the double layer capacitance for each of the obtained spectra,
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Figure 5.2 Typical impedance spectra for 1.4404 in the artificial SBY geothermal brine at

100 °C under E,. conditions as a function of immersion time

Table 5.1 Electrochemical data obtained by EIS for 1.4404 during a 10-day immersion test in

the artificial SBY geothermal brine at 100 °C under E,. conditions

t Rs R Q Cc
[days] [Q] (kQ cm?] [pS s®/cm?] a [MF/cm?]
1 10 844 102 0.872 51
2 10 2,005 92 0.875 46
3 10 3,369 87 0.876 43
4 10 4,609 84 0.876 42
5 10 3,942 81 0.877 40
6 10 4,374 78 0.876 38
7 10 4,489 75 0.877 37
8 10 6,817 74 0.876 36
9 10 12,112 72 0.876 35
10 10 n/a 71 0.876 34

proving that the observed phenomena was linked to the charge transfer. Consequently,
resistance R was the charge transfer resistance, directly associated with the single kinetically
controlled electrochemical reaction. Hence, it was possible to conclude that within the first
10 days of exposure the metal electrode exhibited direct increase in the resistance to the

oxidation, i.e. corrosion reaction, presumably due to the formation of a passive layer on the
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electrode surface. However, due to its extremely thin nature (in order of several nm), the
passive film had a very short relaxation time. Hence, it was not observed experimentally in

the applied frequency range.

5.2.1.3 Determination of critical potentials

In order to locate the change in the position of critical potentials, cyclic
polarization was performed after 1 and 10 days of immersion. The recorded curves are
presented in Figure 5.3, while the determined electrochemical data in Table 5.2. Similar
width of the passive range was observed due to the shift of both E,; and E,; in the anodic
direction. The ennoblement of E,; implied to a delayed onset of pitting corrosion, which could
be attributed in this case to an improvement of the protective characteristics of the passive
layer formed on the electrode surface during 10 days of exposure. Furthermore, slightly
lower passive current density was perceived after 10 days, contributing to the assumption of

the formation of a more compact, thermodynamically stable passive layer.
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Figure 5.3 Typical cyclic polarization curves of 1.4404 after 1 and 10 days of immersion in
the artificial SBY geothermal brine at 100 °C

Table 5.2 Electrochemical data of 1.4404 determined from the cyclic polarization curves after

1 and 10 days of immersion in the artificial SBY geothermal brine at 100 °C

t Eoc Erep Epit
[days] [mV] [mV] [mV]
1 -50 - -47 109 — 129 673 — 685

10 25 - -1 98 - 107 74 — 762
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522 Long-term exposure tests

Long-term exposure tests were performed on 1.4404 coupons for 6 months in the
artificial SBY geothermal brine at 100 °C. The appearance of the coupon is presented in
Figure 5.4. The specimens retained a lustrous surface during the 6 months of exposure,
exhibiting extremely low weight loss (< 0.0001 g) and showing, thus, an excellent resistance
to uniform corrosion and the stability of the passive layer. Determination of the passive layer
structure, as well as its thickness, was attempted by XRD. However, the surface analysis
revealed only the bulk metal composition, indicating that the passive layer was thinner than
ca. 10 nm. Furthermore, no signs of localized corrosion were observed on the coupons, only
some microscopic impurities. These could, eventually, with further exposure time, present

active sites for chloride adsorption and become the initiation sites for pitting corrosion.

Figure 5.4 Appearance of 1.4404 coupon after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C

5.3 Influence of temperature on corrosion performance

Temperature effect on the corrosion behavior of stainless steel 1.4404 was
investigated in the artificial SBY geothermal brine at 70 °C, 100 °C and 175 °C.

5.3.1 Short-term electrochemical methods
5.3.1.1 Open circuit potential monitoring

After 20 h of immersion in the artificial SBY geothermal brine open circuit
potentials (E,.) of 1.4404 electrode surface were determined. The corresponding results are
depicted in Figure 5.5. Increasing the temperature E,. were consistently displaced in the
cathodic direction. Such behavior suggests more active surface, resulting in a higher passive

layer dissolution rates.
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Figure 5.5 Open circuit potentials of 1.4404 steel in the artificial SBY geothermal brine at

different temperatures

53.1.2 Electrode/solution interface characterization

Temperature influence on the electrode/solution interface, formed on 1.4404
steel surface under E,. conditions, was studied by means of electrochemical impedance
spectroscopy (EIS). The obtained spectra are presented in Figure 5.6. Nyquist
representation of the impedance data (Figure 5.6: A) revealed the presence of one
depressed capacitive semi-circle for each of the recorded spectra. Such observation pointed
out to the existence of one relaxation time, i.e. one process occurring on the electrode
surface (e.g. charge transfer, diffusion, adsorption, etc.). As the temperature increased, the
diameter of the semi-circles decreased (Figure 5.6: A), which was a clear indication of the
interface resistance reduction. Such behavior was better perceived in the Bode modulus plot
in the low-frequency (LF) domain (Figure 5.6: B). Considering the shape of the impedance
spectra, an increased depression of the semi-circles with temperature was apparent (Figure
5.6: A). This was also supported with the Bode phase angle plot (Figure 5.6: C), where the
phase angle deviation from 90 ° (characteristic for an ideal capacitor) clearly increased with
the temperature.

According to the visual observations, the studied interface was modeled using
the equivalent electrical circuit model presented in Figure 3.1: A. The results of the fit are
shown in Table 5.3. Considering that a values were always < 1, deviation from an ideal
capacitive behavior was confirmed. Furthermore, with temperature rise a values decreased,
meaning; the surface roughness increased. True capacitance values (C) calculated
according to the Equation (3.1), were within the range characteristic for a double layer
capacitance, proving that the observed phenomena was linked to the charge transfer.

Consequently, the resistance R was the charge transfer resistance, describing an
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electrochemical reaction under the activation control. Considering its continuous decrease,
one can conclude that with temperature increase from 70 °C to 175 °C the resistance to

metal oxidation, i.e. corrosion, was reduced.
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Figure 5.6 Typical impedance spectra for 1.4404 steel in the artificial SBY geothermal brine

at different temperatures under E,. conditions

Table 5.3 Electrochemical data obtained by EIS for 1.4404 in the artificial SBY geothermal

brine under E.. conditions at different temperatures

T R R Q Cc
[°C] [Q] [kQ cm?] [mS s®/cm?] a [uF/cm?]
70 7 1,589 7-10% 0.893 37
100 10 859 1-10* 0.871 51
175 6 171 1-10* 0.820 36

5.3.1.3 Determination of critical potentials and pits characterization

Typical cyclic polarization curves obtained for 1.4404 in the artificial SBY
geothermal brine at the investigated temperatures is shown in Figure 5.7. The
electrochemical data determined from the curves are presented in Table 5.4. Alloy
1.4404 exhibited passive behavior at all investigated temperatures. The passive currents
were highest at 175 °C, which is in agreement with the Arrhenius law; an increase in the
temperature will increase the kinetics of a reaction. In accordance, higher dissolution rates of
the passive layer formed on the surface were expected. The widest passive range was
observed at 100 °C indicated by the most positive pitting potentials. Such observation could
be linked to the evolution of a passive layer with temperature increase from 70 °C to 100 °C

due to the higher diffusion rates of chromium from the bulk metal toward the surface'® and
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the formation of protective chromium (lll) layer. Increasing the temperature up to 175 °C, the
curve shifted to more active direction, implying to a stronger temperature effect on the
chloride chemisorption on the metal surface causing an easier passive film breakdown,
rather than the layer improvement. The substantially narrower passive range showed the
electrodes susceptibility to pitting corrosion already at potentials very close to E,..
Considering that the E,. were located between the repassivation and pitting potentials,
metastable pitting was possible to occur. Moreover, this also suggested the alloy’s poor

capability to repassivate in normal stagnant service conditions.
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Figure 5.7 Typical cyclic polarization curves of 1.4404 in the artificial SBY geothermal brine

at different temperatures

Table 5.4 Electrochemical data of 1.4404 determined from the cyclic polarization curves in

the artificial SBY geothermal brine at different temperatures

T Eoc Erep Epit
[°C] [mV] [mV] [mV]

70 5 - 39 124 - 155 369 — 415
100 -50 - -47 109 - 129 673 — 685
175 -120 - -72 -165 — -146 134 - 337

On the backward scan of each of the recorded curves, a lagging of the current
densities with potential was apparent, commonly known as hysteresis. Such observation is a
sign of surface perturbation due to the anodic polarization. Consequently, one can conclude
a much milder surface distortion at 70 °C compared to the higher temperatures, which was
supported by the surface analysis of the electrodes after the anodic polarization (Figure 5.8
and Figure 5.9).
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Surface analysis of the polarized electrodes revealed the presence of the surface
discoloration. This phenomenon commonly occurs on stainless steels due to the passive film
destabilization. It is linked to the formation of various types of ferric oxides and/or hydroxides
of different thickness and color, which interfere with each other and cause surface

180,181

discoloration. Due to the increased dissolution rates of the passive film with

temperature, surface discoloration was mostly pronounced at 175 °C.

100 °C 175°C

Figure 5.8 Appearance of 1.4404 electrodes after cyclic polarization in the artificial SBY

geothermal brine at different temperatures

Beside the surface discoloration, pitting corrosion was present on the electrodes
surface in all investigated conditions as well. The highest amount of pits was observed at
70 °C (Table 5.2, Figure 5.4), whilst the lowest at 100 °C. Furthermore, the deepest pits were
formed in the latter conditions. Such findings could be linked to the evolution and
improvement in thickness and crystallinity of the passive layer with temperature, leading to
fewer imperfections present in its structure and thus, lower amount of formed pits at higher
temperatures. Moreover, the oxygen solubility in the solution is significantly reduced at
100 °C, resulting in a decreased capability of a passive layer self-repair and thus, more
concentrated localized attack. The highest pits width-to-depth ratio was observed at 175 °C
(Figure 5.4), suggesting preferential dissolution of pits walls over the bottoms with

temperature increase. Presumably, the passive layer improvement with temperature and

Table 5.5 Characterization of the pits observed on 1.4404 electrode surface in the artificial

SBY geothermal brine at different temperatures

T no. of pits width depth
[°C] I em’ [pm] [um]

70 3 257 = 117 234 + 38
100 1 367 =+ 177 280 + 104

175 1 381

+

278 143

+

40
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sufficient oxygen concentration in the solution counterbalanced the higher adsorption and
diffusion rates of the aggressive anions on the active sites. Hence, faster repassivation of the

attacked sites occurred, resulting in a smaller pit depth.
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Figure 5.9 Amount and average width-to-depth ratio of the pits observed on 1.4404 after

cyclic polarization in the artificial SBY geothermal brine at different temperatures

53.2 Long-term exposure tests

Square coupons of stainless steel 1.4404 were exposed to the artificial SBY
geothermal brine for 1, 3 and 6 months at 100 °C and 175 °C. Due to the extremely low
coupons’ weight loss (< 0.0001 g) during the whole exposure time, the uniform corrosion rate
was considered to be < 0.06 um/y at both investigated temperatures. Such finding proved a
thermodynamically stable passive layer formation, resulting in excellent resistance of 1.4404

steel to uniform corrosion.

Surface analysis of the exposed coupons using an optical microscope revealed
hardly any signs of corrosion attack (Figure 5.10 and Figure 5.11). The coupons surface
remained lustrous at both investigated temperatures, suggesting the formation of an
extremely thin and protective passive layer. However, light deposits were found on the
surface at 175 °C, which could eventually, with further exposure time, result in a passive film
breakdown. An indication of the crevice corrosion was present at the place of coupon fixation
at 175 °C. Nevertheless, during the 6 months of exposure alloy 1.4404 exhibited an excellent

uniform and pitting corrosion resistance.
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100 °C 175°C

Figure 5.10 Appearance of 1.4404 coupons after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C and 175 °C, respectively
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Figure 5.11 Surface of 1.4404 coupons after 6 months of exposure in the artificial SBY
geothermal brine at 100 °C and 175 °C, respectively

54 Influence of acidity on corrosion performance

Influence of the solution acidity on the behavior of 1.4404 was investigated at
175 °C in the artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively.

54.1 Short-term electrochemical methods
54.1.1 Open circuit potential monitoring

After 20 h of immersion in the artificial geothermal brines open circuit potentials
(Eoc) of 1.4404 were determined. The obtained results are shown in Figure 5.12. Slightly
more positive E,; were observed in the pH 2 conditions, suggesting lower surface activity.
Additional testing methods were performed in order to study the alloy’s performance in more
detail.
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Figure 5.12 Open circuit potentials for 1.4404 after 20 h of immersion at 175 °C in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

5412 Electrode/solution interface characterization

Electrode/solution interface, evolved in the solutions of different acidity on 1.4404
steel surface, was characterized using electrochemical impedance spectroscopy (EIS). The
obtained impedance spectra are depicted in Figure 5.13. Nyquist representation of the
impedance data (Figure 5.13: A and B) revealed a substantial difference in the metal/solution
interface behavior in the conditions with different acidity. In the less acidic solution only one
depressed semi-circle was present in the applied frequency range, suggesting an occurrence
of one process on the electrochemical electrode/solution interface (e.g. charge transfer,
diffusion, adsorption, etc.). On the other hand, in the more acidic solution two time constants
were clearly resolved in the obtained impedance spectrum, indicating the existence of two
processes on the electrode surface. In both high- (HF) and low-frequency (LF) domains the
semi-circles exhibited a non-ideal capacitive behavior (Figure 5.13: D). Due to their
overlapping (at approximately 1 Hz) it was assumed that the processes occurred
simultaneously. Increasing the solution acidity, the reduction in the resistance was noticeable
from the zoomed-in portion of the Nyquist plot (Figure 5.13: B) and HF region of the Bode
modulus plot (Figure 5.13: C). Such behavior was completely understandable considering an
increase in the hydrogen ion concentration and thus, the solution conductivity. Furthermore,
a substantial reduction in the interface impedance was clearly seen from the diameters of the
semi-circles (Figure 5.13: A) and LF region of the Bode modulus plot (Figure 5.13: C). It was,
therefore, expected that the dissolution rates of the passive layer and/or electrode surface

would be significantly higher in the solution pH 2.

Taking into consideration the visual observations, the obtained impedance

spectra in the solution pH 2 and pH 4 were modelled using the equivalent electrical circuits
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presented in Figure 3.1: B and A, respectively. The corresponding data are shown in Table
5.6. A non-ideal capacitive behavior was confirmed considering a values were < 1. Lower a
in the solution pH 2 implied to a rougher surface compared to the solution pH 4. Such finding
was the main cause for the heterogeneous distribution of the time constants and it supported
the CPE behavior. Furthermore, greater surface heterogeneity in pH 2 solution resulted in
higher true capacitance values (C) calculated according to Equation (3.1) from the
corresponding Q, compared to the capacitance in the less acidic conditions. The layer
formed on the electrode surface in the solution pH 4 could have been linked to a double layer

capacitance due to its value being within the double layer characteristic range.
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Figure 5.13 Typical impedance spectra for 1.4404 at 175 °C under E, conditions in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

Consequently, the phenomenon that occurred on the electrode/solution interface could be
attributed to the charge transfer, and the corresponding resistance R; to the charge transfer
resistance, directly associated with a single kinetically controlled electrochemical reaction.
On contrary, the capacitances of the layers formed in the more acidic conditions couldn’t be
linked to the double layer and it was, therefore, impossible to compare the corrosion behavior
of the material in the investigated conditions. However, it was perceived that the corrosion
film formed on the surface of the electrode exposed in the more acidic conditions consisted

of two different layers; the thicker, porous inner layer and the thinner, outer layer. Such
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observation could be attributed to the higher dissolution rates of the electrode surface in the
latter conditions, causing the corrosion product film on the electrode to grow and,
consequently, greater relaxation times that contributed to the experimental detection of the

layers.

Table 5.6 Electrochemical data obtained by EIS for 1.4404 at 175 °C under E,; conditions in
the artificial geothermal brine pH 2 (LHD 23) and pH 4 (SBY), respectively

pH R R, Q o C, R; Q. o C,

[Q] [kQcm? [mS s’/cm?] ' [uFlcm?] [kQcm? [mS s%cm?] 2 [uF/cm?]
2 28 0.1 1.1 0.712 242 1.8 7.0 0.677 2,960
4 57 1713 0.1 0.820 36 - - - -

54.1.3 Determination of critical potentials and pits characterization

Typical cyclic polarization curves for 1.4404 recorded at 175 °C in the artificial
geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively, are depicted in Figure 5.14.
The electrochemical data determined from the curves are shown in Table 5.7. Increasing the
solution acidity, the surface of the examined electrodes exhibited an active-passive transition
in the applied potential range. Since the corresponding E,. were more positive than the
potential at which this behavior was observed (approximately -220 mV), the metal was
considered passive in normal conditions. Polarizing the surface further in the anodic
direction, the passive layer formed instantly, indicated by the current sudden drop to
appreciably low values. The current stagnated over a wide passive range, until the pitting
potential were reached. Comparing the passive current densities, higher values were
observed in the more acidic solution, implying to the higher passive layer dissolution rates.
This was caused most probably due to the abundance of hydrogen ion, which is the main
oxidizer in high acidic conditions that drives the cathodic reaction and thereby, stimulates the

anodic dissolution of the electrode surface.

The pitting potentials shifted in the anodic direction as the solution acidity
increased. Such observation is in contradiction with a numerous literature that deals with this

tOpiC 42,43,182-184

which states that hydrogen decreases the stability of passive films, increases
the number of active sites and thus, promotes pitting initiation and accelerates pitting growth.
The controversial effect could be ascribed to the increased concentration of the sulphates
present in the LHD-23 solution. Increasing the sulphate-to-chloride ratio, a competitive
adsorption of the two aggressive anions on active sites occurs, as suggested by different
authors.'®"®" Since the sulphate anions are bigger than the chlorides, their diffusion rate
through the passive film is slower and are, therefore, considered less aggressive. Once they

adsorb on active sites of an electrode surface, their inhibitive effect on pitting corrosion
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prevails, despite the corrosion rate enhancement. Due to the blocked ingress of the more
aggressive chloride ions, the pit formation is delayed. However, once the pitting corrosion
onsets, the growth rate of the pits and/or their amount is much higher than in the solution
containing less sulphate, as suggested by the higher slope of the polarization curve on the

forward scan.
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Figure 5.14 Typical cyclic polarization curve of 1.4404 at 175 °C in the solution
pH 2 (LHD-23) and pH 4 (SBY), respectively

Table 5.7 Electrochemical data of 1.4404 determined from the cyclic polarization at 175 °C in
the solution pH 2 (LHD-23) and pH 4 (SBY), respectively

pH Eoc Erep Epit
[mV] [mV] [mV]
2 48 —  -43 45 — 23 301 — 390
4 120 _ 72 165 _ -146 134 _ 337

Reversing the scan in the cathodic direction, negative hysteresis in both
conditions was apparent. It was more pronounced in the solution with higher pH, resulting in
the slower “healing” of the disturbed surface, i.e. slower repassivation of the attacked sites.
Although such behavior controverted the expected, it was assumed that the reason laid in
the width-to-depth ratio of the pits observed on the electrode surface. This observation is
addressed in the further text below.

Different appearance was observed on the electrodes surface after the cyclic
polarization tests (Figure 5.15). In the less acidic conditions, an appreciable surface

discoloration and several pits were present. On the other hand, in the more acidic solution
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the lustrous surface was still persistent, but with a greater amount of pits on the electrode
surface. Due to the lower pH and hence, higher dissolution rates, ferric compounds were not
stable in the latter conditions. Since they are assumed to be the main reason for causing
such phenomenon to occur, surface discoloration in the more acidic solution was not
observed. However, according to the amount and size of the pits on the surface, shown in
Table 5.5, pitting corrosion was more pronounced. This was clear already from the cyclic
polarization curves (Figure 5.10) in the curves slope difference once the pitting potential was
reached. In both conditions the pits were visible to the naked eye, indicating rather wide and
deep pits. Their number and size increased with an increase in the solution acidity

(Table 5.5), confirming again more severe pitting corrosion in the solution with lower pH.

Figure 5.15 Appearance of 1.4404 electrodes after the cyclic polarization test at 175 °C in the
solution pH 2 (LHD-23) and pH 4 (SBY), respectively

5 - B
N 4 -4
E
2 — 3
o 3 T —e -
-a "l-§
w 2 .
o
< 1 -1

0 - -0

pH 2 pH 4

Figure 5.16 Amount and average width-to-depth ratio of the pits observed on 1.4404 after
cyclic polarization in the solution pH 2 (LHD-23) and pH 4 (SBY) at 175 °C, respectively

Considering the pits width-to-depth ratio increase with the solution pH decrease,
shown in Figure 5.11, it seemed that the increase in the solution acidity promoted the
increase in the pit width over the pit depth. This could be a reasonable explanation of the

slower surface repassivation in the solution with lower acidity, indicated by the wider negative
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hysteresis; reversing the potential in the cathodic direction, the passive film tended to recover
on the electrode surface, as well as inside the pits, but only in the presence of oxygen. Since
the pits formed in the brine pH 4 were narrower, oxygen diffusion inside the pits was

impaired and the passive film reformation was slowed down.

Table 5.8 Characterization of the pits observed on 1.4404 electrode surface after the cyclic
polarization test in the solution pH 2 (LHD-23) and pH 4 (SBY) at 175 °C, respectively

oH no. of Bits width depth
/cm [pm] [pm]
2 4 437 + 292 158 + 88
4 1 381 + 278 143 £ 40
54.2 Long-term exposure tests

Stainless steel 1.4404 coupons were exposed for different time periods at 175 °C
to the artificial brine pH 2 and pH 4, respectively. In the less acidic conditions, the mass loss
of the coupons was immeasurable using an analytical scale precision 10* g, meaning the
corrosion rates were <0.06 um/y. This could be attributed to the formed chromium (lIl)
passive layer that provided an excellent resistance to uniform corrosion. However, in the
more acidic solution, the passive film disruption was clearly evident (Figure 5.18: A),
suggesting high metal dissolution rates. The calculated corrosion rate reached 0.3 mm/y
during the first month of exposure (Figure 5.17). With the subsequent exposure time, the rate

was reduced, presumably due to the formation of an adherent, tenacious corrosion layer.
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Figure 5.17 Calculated corrosion rates and measured pits depth of 1.4404 after exposure in
the artificial geothermal brine pH 2 (LHD-23) at 175 °C
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Analyzing the surface of the coupons after 6 months of exposure, no signs of
corrosion attack were noticed on the coupons surface exposed in the less acidic conditions
using an optical microscope (Figure 5.18: B). However, in the solution pH 2 the surface was
severely disturbed after 6 months of exposure, indicated by the grain boundaries visibility
(Figure 5.18: A and Figure 5.19: A). Numerous pits, observed on the surface after 6 months
of exposure, indicated to the passive layer breakdown and alloy’s susceptibility to pitting
corrosion. However, cross section analysis showed no signs of pits propagation into the
metal matrix (Figure 5.19: B), meaning only shallow pitting occurred on the material surface.
Due to the high density of the formed shallow pits, it was hard to distinguish general metal
dissolution from the localized attack, implying to an extremely intensive corrosion. It was
interesting to note that the depth of the formed pits increased with exposure time, despite the
reduction of the corrosion rate (Figure 5.17). Such finding clearly corroborates already known
fact; weight loss method is not a reliable method in determining the corrosion rate of the
materials subject to localized corrosion. Nevertheless, the solution pH 2 clearly caused
higher uniform dissolution rates, confirming significantly lower resistance of the passive layer

formed on the surface in the latter conditions, obtained by EIS.

Figure 5.18 Appearance of 1.4404 coupons after 6 months of exposure in the artificial
geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively
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Figure 5.19 Surface (A) and cross section (B) of 1.4404 coupons after 6 months of exposure
in the artificial geothermal brine pH 2 (LHD-23)
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5.5 Influence of salt concentration on corrosion performance

Effect of an increased salt concentration on the corrosion behavior of stainless
steel 1.4404 was investigated at 175 °C in the artificial geothermal brine containing
20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides.

5.5.1 Short-term electrochemical methods
5.5.1.1 Open circuit potential monitoring

Open circuit potentials (Eo;) of 1.4404 electrodes after 20 h of immersion in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides,
respectively, are shown in Figure 5.20. Significant displacement of E.. in the cathodic
direction was apparent in the solution with higher chloride concentration. This suggested
more active surface and therefore, higher corrosion rates. In order to obtain more detailed

insight into the corrosion behavior of 1.4404 alloy, additional electrochemical tests were

performed.
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Figure 5.20 Open circuit potentials of 1.4404 after 20 h of immersion at 175 °C in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

551.2 Electrode/solution interface characterization

Characterization of the electrode/solution interface of 1.4404 surface in the
solution with different salt concentration was performed by means of electrochemical
impedance spectroscopy (EIS). The obtained spectra are depicted in Figure 5.21. Nyquist
representation of the impedance data (Figure 5.21: A) showed one distorted semi-circle over
the majority of the applied frequency range irrespective of the solution concentration.
However, zooming in the portion of the spectra at high-frequency (HF) domain, a second

time constant was revealed in the solution containing less chloride (Figure 5.21: B). The first
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semi-circle was overlapped by the second one that gave rise already at approximately 2 Hz.
This suggested a simultaneous occurrence of two processes on the electrode/solution
interface (e.g. charge transfer, diffusion, adsorption, etc.), first one having a very short
relaxation time. Increasing the chloride concentration, solution resistance was significantly
reduced (Figure 5.21: A, B and C). Such behavior was reasonable considering that with an
increased salt concentration more ions are present in the brine, resulting in a more
conductive, i.e. less resistive solution. However, the system’s impedance tended to increase
with the chlorides content, suggested by the increase in the semi-circle diameter (Figure
5.21: A). Such observation was better percieved in the LF domain of the Bode modulus plot
(Figure 5.21: C) that showed an improvement in the impedance of the interface exposed to

the solution containing 1,500 mg/L chlorides.
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Figure 5.21 Typical impedance spectra for 1.4404 at 175 °C under E,. conditions in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

According to the observed, interface of the systems exposed to the solution
containing 20 mg/L and 1,500 mg/L chloride was modelled using the equivalent electrical
circuits presented in Figure 3.1: B and A, respectively. The fit results are shown in Table 5.9.
As suggested by a values <1, the corresponding interfaces behaved as non-ideal, i.e.
leaking capacitors. Calculated according to Equation (3.1), true capacitance values (C) were
in all cases within the range characteristic for a double layer capacitance, proving that the
phenomena that occurred on the electrode/solution interface could be linked to the charge
transfer. However, one of the two layers, presumably the outer one, present on the electrode
surface exposed in the less concentrated solution was a passive layer. In the more
concentrated solution the passive layer was probably not as evolved and its relaxation time

was, therefore, too short to be detected. Nevertheless, the charge transfer resistance Ry of



Chapter 5 Corrosion resistance of stainless steel 1.4404 87

the double layer was higher in the more concentrated solution, indicating lower electrode
dissolution rates in the current conditions. This clearly corroborates the results obtained by
cyclic polarization method and could be attributed to the lower oxygen content. Owing the
fact that the oxygen was the main oxidant in the investigated conditions that drove the
cathodic reduction reaction, its lower content undoubtedly impeded the metal electrode

general dissolution rate.

Table 5.9 Electrochemical data obtained by EIS for 1.4404 at 175 °C under E,. in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

C(CI-) Rs R1 Q1 a C1 Rz Qz a C2
[mg/L] [Q] [kQcm? [mS scm?] 1 [UFlem?] [kQcm?] [mS s%cm?] 2 [uFlcm?]
20 67 0.5 0.12 0.794 50 17 0.16 0.785 81

1,500 6 171.3 0.1 0.820 36 - - - -

5.5.1.3 Determination of critical potentials and pits characterization

Typical cyclic polarization curves obtained for 1.4404 in the artificial geothermal
brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively, are
presented in Figure 5.22. The electrochemical data determined from the curves are shown in
Table 5.10. Anodically polarizing the electrodes, passive behavior in both conditions was
apparent. Lower passive currents were observed in the solution containing more chlorides,
indicating to the lower dissolution rates of the passive layer and/or electrode surface. This
could be explained with the effect of “salting out”;"””"""® due to the presence of more ionic
species in the SBY solution, the affinity of the non-polar oxygen molecules to the polar water
was decreased, resulting in decreased oxygen solubility in the solution. Since the oxygen
reduction was one of the main cathodic reactions in the investigated conditions, lower
oxygen content led to lower cathodic reaction rates and hence, the anodic dissolution rates in

the solution containing 1,500 mg/L chlorides were reduced.

On the forward scan of the polarization curve in the less concentrated solution a
small current hump was observed at the potential approximately 350 mV. First, it was
assumed to occur due to the surface disruption and formation of a metastable pit, but the
relatively large length of the hump and its presence always at the same potential, implied to
the certain chemical reaction. After examining the redox potentials of the species present in
the metal composition and the brine, oxidation of ferrous to ferric ion seemed the most

reasonable explanation for the observed effect.
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Figure 5.22 Typical cyclic polarization curve of 1.4404 at 175 °C in the artificial geothermal
brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively

Table 5.10 Electrochemical data of 1.4404 determined from cyclic polarization at 175 °C in
the solution containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

C(Cl-) Eoc Erep Epit
[mg/L] [mV] [mV] [mV]

20 100 - 111 152 - 364 706 — 749
1,500 120 - 72 165 _— 146 134 _ 337

The electrode surface was passive over a larger potential range in the solution
containing less chloride. The reason were nobler Eg;, resulting in a delayed onset of the
pitting corrosion. The amount and/or growth of the pits were certainly more pronounced in
the solution with higher chloride concentration. This could be concluded by the steeper
polarization curve once the E,; were reached, and the wider negative hysteresis observed on
the backward scan. All of these facts implied to a more substantial disturbance of the
electrode surface in the solution containing higher chloride content. Accordingly, one can
conclude that the higher amount of chlorides in the SBY artificial brine was responsible for
the earlier onset of the pitting corrosion and more substantial surface disturbance. Proposed
mechanism could be the following: higher chloride concentration in the solution led to an
increased chloride adsorption on the active sites. Subsequently, diffusion rates through the

passive film were increased, resulting in an earlier passive film breakdown.

In the solution with higher chloride content the E., were more negative than the

observed E,.. This implied to the possibility of metastable pits formation even during the
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normal stagnant service conditions. Furthermore, once the stable pit growth was initiated,
poor repassivation ability of the surface is expected. Conversely, in the brine containing
20 mg/L chlorides, the E., were more positive than the corresponding E.., resulting in a
sooner capability of the passive film self-repassivation after the breakdown, caused during

the anodic polarization.

20 mg/L 1,500 mg/L

Figure 5.23 Appearance of 1.4404 electrodes after the cyclic polarization test at 175 °C in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

Surface discoloration was present on 1.4404 electrodes in both investigated
conditions. It was more pronounced in the solution containing higher chloride concentration,
presumably due to the higher current densities during the polarization scan. Characterizing
the pits formed on electrodes surface in the investigated conditions (Table 5.11), wider and
deeper pits were observed in the solution containing higher chloride concentration. This
clearly corroborated the formerly made conclusions based on the hysteresis of the
polarization curves on the backward scan, about the severity of the electrode surface
disruption. However, the amount of pits was lower in the solution containing more chloride
(Figure 5.24). Such finding suggested concentrated localized attack, presumably due to the
greater chloride driving force to the inside of the formed pit than to the adsorption on new
active sites. Furthermore, an increase in the pit width-to-depth ratio with chloride
concentration (Figure 5.24) implied to the preferential dissolution of the pits walls over the
pits bottoms. A reasonable explanation could be the impaired chloride diffusion toward the pit
bottom due to the stagnant conditions in which the experiments were conducted and narrow

geometric characteristic of the pits.

On the backward scan of the cyclic polarization curves, the difference between
E,i and E., in both conditions was similar. It could be attributed, again, to the pits geometric
characteristics. Lower pit width-to-depth ratio in the solution containing 20 mg/L chlorides
(Figure 5.24) suggested narrower pits and thus, difficulties in the repassivation of the
attacked sites due to the hindered oxygen transport toward the pit bottom. Consequently, the

repassivation was delayed.
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Table 5.11 Characterization of the pits observed on 1.4404 electrode surface after the cyclic
polarization test at 175 °C in the artificial geothermal brine containing 20 mg/L (LHD-05) and
1,500 mg/L (SBY) chlorides, respectively

c(CI) no. of Bits width Depth
[mg/L] /cm [pm] [pm]
20 1 181 + 81 19 + 53
1,500 1 381 + 278 143 + 40
2 - 4
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Figure 5.24 Average amount and width-to-depth ratio of the pits observed on 1.4404
electrodes after cyclic polarization at 175 °C in artificial geothermal brine containing
20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively

5.6 Investigation of crevice corrosion susceptibility

The crevice corrosion susceptibility of stainless steel 1.4404 was investigated at
100 °C in the artificial SBY geothermal brine using a rubber pad imbedded on the electrode
(Figure 3.7: B). The results obtained by cyclic polarization in the conditions with and without
the simulated crevice were compared and shown in Figure 5.25 and Table 5.12. An obvious
shift of the polarization curve in the active (cathodic) direction in the system with the crevice
simulation was seen, resulting in the more active E,; and E., compared to the system
without the crevice. Accordingly, an earlier onset of the localized corrosion was expected,
which is in accordance with the results of several different authors.®>'®®'®° Furthermore,
passive current densities on the forward scan increased in the latter conditions, implying to
the higher dissolution rates of the metal surface. However, narrower negative hysteresis
contradicts the expected more severe surface disturbance. This could be attributed to the
fact that the improvised crevice former (the rubber pad) was completely covering a small part

of the electrode surface that way reducing the area exposed to the SBY solution and/or the
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area adjacent to the crevice acted as a cathodic site. This can also been seen from the
electrode surface appearance shown in Figure 5.26; the surface exhibited no signs of
corrosion attack on the lower third of the electrode (not including the lower edge).
Consequently, the current density on the backward scan ceased faster in the system with the
crevice simulation. However, the complete repassivation was achieved at lower potentials,
indicated by the more negative E,,. Such behavior could be linked to the hindered oxygen

diffusion to the crevice, needed for the repassivation of the occluded active site."#*"%2
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Figure 5.25 Typical cyclic polarization curve of 1.4404 in the artificial SBY geothermal brine

at 100 °C with and without the crevice simulation, respectively

Table 5.12 Electrochemical data of 1.4404 determined from the cyclic polarization in the

artificial SBY geothermal brine at 100 °C with and without the crevice simulation

Eoc Erep Epit
[mV] [mV] [mV]

no crevice -50 - -47 109 — 129 673 — 685
with crevice -51 - 30 90 - 98 474 - 572

The electrodes’ appearance after the cyclic polarization scans, shown in Figure
5.26, revealed serious general and pitting corrosion on the lower edge of the electrode where
the crevice was simulated. Due to the similarity of the corrosion attack with the corrosion
occurred on the alloy exposed to the solution pH 2 (Figure 5.18), it is supposed that critical
acidification occurred inside the occluded area. It is believed that such attack starts due to
the oxygen depletion inside the occluded area caused by the narrow crevice geometry. This

was supported by the absence of surface discoloration in the crevice, which is generally
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associated to the formation of ferric oxides and/or hydroxides."®*'®' However, oxygen
reduction continued on the surfaces external to the crevice, balancing the metal dissolution
within the crevice and that way causing metal cations accumulation in the occluded area.
Consequently, the aggressive anionic species (e.g. chlorides, sulphates, etc.) diffused in the
crevice to maintain the electrical neutrality, and caused an initiation of pitting corrosion.
Moreover, the unstable corrosion products, formed in the crevice, hydrolyzed and, that way,
formed critical acidic conditions that were favorable for general dissolution.>*181%3
Accordingly, alloy 1.4404 was susceptible to crevice corrosion in the artificial SBY

geothermal brine under stagnant conditions at 100 °C.

no crevice with crevice

Figure 5.26 Appearance of 1.4404 electrode after the cyclic polarization in the artificial SBY

geothermal brine at 100 °C with and without the crevice simulation, respectively

5.7 Investigation of stress corrosion cracking susceptibility

The susceptibility of stainless steel 1.4404 to stress corrosion cracking (SCC)
was performed on U-bend coupons (Figure 3.7: C) at 175 °C by means of exposure tests for
6 months. Considering the pitting corrosion as the main precursor for SCC, the tests were
conducted in the artificial LHD-23 geothermal brine, since during the 6 months of exposure

only in the latter conditions pits were observed on the flat coupons.

According to the stress vs. temperature diagram calculated for the temperature
range 20 °C to 175 °C, presented in Figure 5.28, the surface of the stressed coupons was
approximately linearly relaxed with temperature increase. Reaching the experimental
temperature of 175 °C, the stress present on the tension stretched surface of the coupon
was relieved up to more than 40 % of the initial stress value (Figure 5.28). Such behavior
implied to the reduced susceptibility to SCC with temperature increase. However, elevating
the temperature, diffusion of aggressive species, responsible for pitting corrosion, increases

in the same direction. Furthermore, the higher the temperature, the higher the crack
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propagation rate of the formerly initiated cracks.' ¥ Since the existence of the pits on the
surface is the main precursor for SCC, it is possible to conclude that the rate determining
step for SCC to occur is the formation of pits and availability of aggressive ions inside the

crack tip.
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Figure 5.27 Surface relaxation of 1.4404 coupons with temperature application
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Figure 5.28 Calculated tensile stress on the surface of 1.4404 U-bend coupon at
20 °C (A) and 175 °C (B), respectively

After 6 months of exposure of the plastically deformed coupons, no cracks were
observed on the coupons surface (Figure 5.29). As it was expected, pitting corrosion onset,
but none of the pits acted as crack initiation sites, shown in the cross section analysis of the
exposed U-bend coupons in Figure 5.29. However, it is not excluded that during the
subsequent exposure time the cracks wouldn’t be developed from the previously formed pits.
Furthermore, in case the pitting corrosion onsets already at lower temperatures, a higher

possibility for crack initiation exists due to the higher stress present in the material.®’
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Figure 5.29 Surface (A) and cross section (B) of U-bend 1.4404 steel coupons after 6 months
of exposure at 175 °C in the artificial LHD-23 geothermal brine
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Chapter 6
Corrosion Resistance of High-alloyed
Stainless Steel 1.4562

6.1 Introduction

In this chapter corrosion behavior of high-alloyed stainless steel 1.4562 and its
dependence on various factors was evaluated, as well as the alloy’s susceptibility to crevice
corrosion and stress corrosion cracking. The results were obtained by means of
potentiostatic (electrochemical impedance spectroscopy) and potentiodynamic (cyclic
polarization) electrochemical methods, and long-term exposure tests. Tafel extrapolation
method did not provide much sense in determining and predicting the corrosion rate of the

alloy, due to the alloy’s passive behavior observed in the investigated conditions.

6.2 Passive film growth

Similar to the surface of 1.4404 steel, high-alloyed steel 1.4562 is passivated
readily even in the presence of only traces of oxygen in the atmosphere. The behavior of the
metal surface, as well as the characteristics of the metal/solution interface, during the 11-day
immersion tests in the artificial SBY geothermal brine at 100 °C were investigated by means

of electrochemical and exposure tests.
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6.2.1 Short-term electrochemical methods
6.2.1.1 Open circuit potential monitoring

During 11 days of immersion, a substantial increase in the open circuit potential
(Eoc) was noticed from Figure 6.1. The passive layer, formed on the surface, was presumably
evolved during that time and that way, caused an ennoblement of the E,.. However, as a
consequence a risk of passive range narrowing existed, due to the rapprochement of the E,
toward the critical pitting potential (E,t). To confirm this assumption, additional tests were

performed and shown in the following text.
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Figure 6.1 Monitoring of open circuit potential of 1.4562 steel in the artificial SBY geothermal

brine at 100 °C during an 11-day immersion test

6.2.1.2 Electrode/solution interface characterization

Electrochemical impedance spectroscopy (EIS) was performed every 24 h during
11 days of electrode immersion in the investigated conditions to study the metal/solution
interface behavior throughout that time. The obtained results are presented in Figure 6.2.
One relaxation time was clearly resolved in each of the recorded spectra, implying to the
occurrence of one physical process on the metal/solution interface. The semi-circles
exhibited pure, however non-ideal capacitive behavior (Figure 6.2: A). Their diameter tended
to increase with time, which was a clear indication of the interface impedance increase. Such
behavior was better perceived in the Bode modulus plot in the low frequency (LF) domain
(Figure 6.2: B).

Based on the aforementioned observations, the metal/solution interface was
modeled using the equivalent electrical circuit shown in Figure 3.1: A. The results of the fit

are presented in Table 6.1. According to the a values being <1, a non-ideal capacitive
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behavior was confirmed. Calculating the true capacitance (C) from the Equation (3.1) for
each of the recorded spectra, it was found that the observed phenomena were linked to the
double layer. Accordingly, the corresponding resistance R was the charge transfer
resistance, directly associated with the single kinetically controlled electrochemical reaction.
It was, therefore, possible to conclude that during 11 days of exposure the affinity of the alloy
to the oxidation significantly decreased. The crucial moment happened after the 2™ day of
immersion, when the resistance increased for more than one order of magnitude. This was,
presumably, caused by the evolution of the passive layer that hindered the diffusion of
oxidizing species toward the bare metal surface. However, due to the thin nature of the

passive film, it was not possible to detect it in the applied frequency range.
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Figure 6.2 Typical impedance spectra for 1.4562 in the artificial SBY geothermal brine at

100 °C under E.. conditions as a function of immersion time

Table 6.1 Electrochemical data obtained by EIS for 1.4562 during an 11-day immersion test

in the artificial SBY geothermal brine at 100 °C under E,; conditions

t R, R Q a Cc
[days] [Q] [kQ cm?] [uS s®/cm?] [MF/cm?]
1 4 452 41 0.919 23
2 4 611 39 0.920 22
3 4 10,643 37 0.923 21
4 3 n/a 35 0.924 20
5 3 n/a 34 0.925 19
6 3 n/a 32 0.925 18

11 3 38,929 29 0.925 16
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6.2.1.3 Determination of critical potentials

To determine the shift of the potentials at which the localized corrosion initiated,
cyclic polarization of the metal electrodes was performed after 1 and 11 days of exposure.
The recorded curves are depicted in Figure 6.3. Similar values for the Ey: and E., were
observed irrespective of the exposure time, indicating a reduction in the passivity range with
time due to the ennoblement of the E... Furthermore, slightly lower corrosion current density

was observed after 11 days, implying to the passive layer evolution.
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Figure 6.3 Typical cyclic polarization curves of 1.4562 after 1 and 11 days of immersion in
the artificial SBY geothermal brine at 100 °C

Table 6.2 Electrochemical data of 1.4562 determined from the cyclic polarization curves after

1 and 11 days of immersion in the artificial SBY geothermal brine at 100 °C

t Eoc Erep Epit

[days] [mV] [mV] [mV]

1 -220 - -181 869 — 891 932 - 951

10 279 - 292 902 — 913 927 — 938
6.2.2 Long-term exposure tests

Exposure tests up to 6 months were performed on 1.4562 steel coupons in order
to study the influence of the longer immersion time on the metal surface. No signs of
corrosion attack, either uniform or localized, were visible on the coupons indicating an
excellent stability and compactness of the passive layer (Figure 6.4). XRD analysis of the

surface exposed for 6 months in the investigated conditions did not give any information on
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the passive layer structure due to its very thin nature, as already suggested with the
impedance spectroscopy. Accordingly, one can conclude that the layer was only a few nm
thick, but yet compact enough to provide an excellent resistance to uniform and localized

corrosion during the 6 months of exposure in the artificial SBY geothermal brine at 100 °C.

Figure 6.4 Appearance of 1.4562 coupon after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C

6.3 Influence of temperature on corrosion performance

Temperature effect on the corrosion behavior of high-alloyed stainless steel
1.4562 was investigated in the artificial SBY geothermal brine at 70 °C, 100 °C and 175 °C.

6.3.1 Short-term electrochemical methods
6.3.1.1 Open circuit potential monitoring
500
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Figure 6.5 Open circuit potentials of 1.4562 steel in the artificial SBY geothermal brine

at different temperatures
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After 20 h of immersion in the artificial SBY geothermal brine open circuit
potentials (E,.) of 1.4562 were determined. The results are shown in Figure 6.5. Increasing
the temperature to 100 °C the E.; shifted in the cathodic direction, impliying to the more
active electrode surface. Further increase of the temperature to 175 °C led to the
ennoblement of the E,;, suggesting the formation of a passive layer with better protective
characteristics. In order to obtain more detailed information about the corrosion behavior,

additional tests were performed.

6.3.1.2 Electrode/solution interface characterization

Temperature influence on the electrode/solution interface was studied using
electrochemical impedance spectroscopy (EIS). Typical impedance spectra recorded for
1.4562 in the artificial SBY geothermal brine under E; conditions at different temperatures
are depicted in Figure 6.6. Nyquist representation of the impedance data (Figure 6.6: A)
revealed the presence of one depressed capacitive semi-circle at 70 °C and 100 °C,
characteristic for one process occurring on the electrode/solution interface (e.g. charge
transfer, diffusion, adsorption, etc.). On the other hand, at 175 °C two time constants were
resolved, which overlapped at approximately 100 mHz. This was a clear indication of the
existence of two processes occurring simultaneously on the electrode surface. Additionally,
both high- (HF) and low-frequency (LF) semi-circles were depressed and exhibited a non-
ideal capacitive behavior. Increase in the temperature resulted in the reduction of the semi-
circle diameter (Figure 6.6: A), apparent also in the LF domain of the Bode modulus plot
(Figure 6.6: B). Furthermore, an increased deviation from an ideal capacitive behavior was
noticed from the Bode phase angle plot (Figure 6.6: C). This clearly indicated the reduction in

the corrosion resistance of the interface and increased roughness of the surface.

Considering the visual interpretation of the obtained spectra, the impedance data
were modelled using the equivalent electrical circuits presented in Figure 3.1: A (70 °C,
100 °C) and B (175 °C). The results of the fit are shown in Table 6.3. A non-ideal capacitive
behavior of the interface irrespective of the temperature was confirmed. Furthermore, with
temperature rise a decreased, meaning; the time constant distribution increased. The true
capacitance values (C) calculated according to Equation (3.1), were within the range
characteristic for the double layer capacitance, proving that the phenomenon occurring on
the electrode/solution interface could be linked to the charge transfer. Accordingly, resistance
R was charge transfer resistance, directly associated with the single kinetically controlled
electrochemical reaction. It was, therefore, possible to compare the corrosion behavior of the
electrodes at different temperatures and observe that with temperature increase, the

resistance decreased significantly. This was a clear indication of an increased oxidation rate
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of the metal electrode with temperature. Furthermore, increasing the temperature, the
passive layer, formed on the surface, evolved and became thicker, as suggested by its
longer relaxation time and thus, visibility during the frequency scan. Even though its
resistance R, contributed to the overall resistance of the system and lowered the migration
rate of the ionic species to and from the electrode surface, the affinity of the alloy to the
charge transfer at 175 °C was still rather high, as suggested by the low resistance of the
double layer.
70°C a100°C m175°C
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Figure 6.6 Typical impedance spectra for 1.4562 steel in the artificial SBY geothermal brine

at different temperatures under E,. conditions

Table 6.3 Electrochemical data obtained by EIS for 1.4562 in the artificial SBY geothermal

brine under E,. conditions at different temperatures

T R R Qu1 a C, R C%z a, C;
[°C] [Q] [kQcm? [mS s’/cm?] [uF/cm?] [kQ cm?*] [mS s"/cm?] [uF/cm?]
70 7 3,094 0.034 0.941 23 - - - -
100 4 452 0.041 0.919 23 - - - -
175 7 10 0.050 0.878 22 358 0.028 0.516 0.1

6.3.1.3 Determination of critical potentials and pits characterization

Typical cyclic polarization curves obtained for 1.4562 in the artificial SBY
geothermal brine at the investigated temperatures is shown in Figure 6.7. The

electrochemical data determined from the curves are presented in Table 6.4.

At 70 °C and 100 °C the surface of the electrodes exhibited passive behavior
over an extensive potential range of more than 800 mV. This implied to an excellent

resistance to uniform and pitting corrosion. Polarization curve at 175 °C was significantly
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shifted toward active potentials, indicating a substantial reduction in the passive range. This
resulted in an increased susceptibility of the alloy to pitting corrosion. E; were slightly
reduced as the temperature increased from 70 °C to 100 °C. This could be ascribed to the
temperature effect on chlorides behavior - the main ionic species considered responsible for
pitting corrosion in the investigated conditions. Increasing the temperature, the chlorides
diffusion rate and chemisorption on active sites increased, resulting in an earlier onset of the
current density due to the passive film breakdown. For the same reason, pitting corrosion at
175 °C initiated at even lower potentials. Once the E,; were reached, curves had relatively
similar slopes at all investigated temperatures. However, the highest current on the forward
scan was reached at 175 °C, suggesting the highest amount of pits and/or the propagation
depth inside the bare electrode occurred at the latter temperature. In addition, an excessive
hysteresis in the same conditions implied to the very slow repassivation of the attacked local
sites. This could be ascribed to the amount of the surface disruption; the more disrupted the
surface, the harder to repassivate it. That is why the repassivation currents ceased rather
quickly at lower temperatures, resulting in very noble Ey. Eoc in the latter case was more
negative than the E., meaning that in normal stagnant service conditions the surface of
1.4562 would be completely passivated, without the possibility of metastable pitting to occur.
Therefore, excellent repassivation capability could be assigned to alloy 1.4562 at 70 °C and
100 °C. However, at 175 °C E,. were located between E., and E,;, suggesting very poor
repassivation capability at normal stagnant service conditions and the possibility of

metastable pitting occurrence.
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Figure 6.7 Typical cyclic polarization curves of 1.4562 in the artificial SBY geothermal brine

at different temperatures



Chapter 5 Corrosion resistance of stainless steel 1.4404 103

Table 6.4 Electrochemical data of 1.4562 determined from the cyclic polarization curves in

the artificial SBY geothermal brine at different temperatures

T Eoc Erep Epit
[°Cl [mV] [mV] [mV]

70 147 — 235 932 — 1042 957 — 1055
100 -220 - -181 869 — 891 932 — 951
175 314 — 415 182 - 271 523 - 656

70 °C

Figure 6.8 Appearance of 1.4562 electrode surface after anodic polarization in artificial SBY

geothermal brine at different temperatures

Despite the narrowness of the hysteresis observed on the cyclic polarization
scan, pitting corrosion on the electrodes surfaces at 70 °C and 100 °C was appreciable as
shown in Figure 6.8 and Table 6.5. The electrodes surface remained lustrous, suggesting
only preferential local sites were attacked by the corrosive medium. With a temperature
increase to 100 °C, the amount of the formed pits increased (Figure 6.9), as well as the pits
width and depth (Table 6.5). This could be asigned to the higher adsorption and diffusion
rates of the aggressive species, mainly chlorides, toward the active sites and through the
passive layer, respectively, resulting in a more severe attack of the bare electrode surface.
Considering an increase in the pit width-to-depth ratio with the temperature rise from 70 °C to
100 °C (Figure 6.9), one can conclude that the pits walls were dissolved preferentially over
the bottoms. The reason for such behavior could be the impaired chlorides diffusion inside
the pits, due to the stagnant conditions in which the experiments were conducted and narrow

geometric characteristic of the pits.

With further temperature increase to 175 °C, an appreciable surface discoloration
was percieved on the electrode surface (Figure 6.8). This behavior was noticed on 1.4404
alloy in the same conditions. It is usually attributed to the formation of stable ferric
compounds, different thickness and colors, which interfere with each other.'®*'®' The reason
why such effect was not observed at lower temperatures, could be due to the higher passive

film dissolution rates (compared to 70 °C) and oxygen presence (compared to 100 °C), which
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makes it possible for these compounds to form. Beside the surface discoloration, pit clusters
were observed on the electrode surface at 175 °C. Their size was much larger compared to
the pits at lower temperature, but the width-to-depth ratio was lower (Figure 6.9). It seems
that the chlorides ingress inside the pits was significantly promoted with the temperature

increase to 175 °C, resulting in a substantial increase in the pits depth (Table 6.5).

Table 6.5 Characterization of the pits observed on 1.4562 electrode surface after cyclic

polarization in the artificial SBY geothermal brine at different temperatures

T no. of pits width depth
[°C] [ cm? [um] [pm]

70 4 45 + 20 22 + 9
100 15 70 + 30 26 + 22
175 2 393 + 193 234 + 136
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Figure 6.9 Amount and average width-to-depth ratio of the pits observed on 1.4562 after

cyclic polarization in the artificial SBY geothermal brine at different temperatures

6.3.2 Long-term exposure tests

Coupons of high-alloyed stainless steel grade 1.4562 were exposed to the
artificial SBY geothermal brine for 1, 3 and 6 months at 100 °C and 175 °C. Weight loss
method revealed extremely low mass loss during the whole exposure time (< 0.0001 g).
Accordingly, the calculated corrosion rates were < 0.06 um/y. Such finding proved an

excellent resistance of alloy 1.4562 to uniform corrosion in the investigated conditions.
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100 °C 175 °C

Figure 6.10 Appearance of 1.4562 coupons after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C and 175 °C, respectively

Surface analysis of the exposed coupons (Figure 6.10 and Figure 6.11)
supported the calculations obtained by the weight loss test method. Hardly any signs of
corrosion attack were visible on the surface with an optical microscope, implying to an
excellent passive behavior during the 6 months of exposure in the investigated conditions. At
100 °C the coupons retained a lustrous surface. However, at 175 °C light deposits were
observed on the coupon surface, suggesting that with further exposure time, the passive

layer could experience a breakdown and the surface could become active.

100 °C 175 °C

Figure 6.11 Surface of 1.4562 coupons after 6 months of exposure in the artificial SBY

geothermal brine at 100 °C and 175 °C, respectively

6.4 Influence of acidity on corrosion performance

The influence of the solution acidity on the behavior of 1.4562 was investigated at
175 °C in the artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively.

6.4.1 Short-term electrochemical methods

6.4.1.1 Open circuit potential monitoring

After 20 h of immersion in the investigated solutions open circuit potentials (E,c)

of 1.4562 were determined. The obtained results are shown in Figure 6.12. Increasing the
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solution acidity, the E,. decreased substantially, suggesting an increased surface activity.
Such observation could be attributed to the higher concentration of oxidizers in the LHD-23
solution, resulting in the higher passive film dissolution rates. In order to obtain more detailed
information about the corrosion behavior and support the assumptions, additional

electrochemical methods and exposure tests were performed.
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Figure 6.12 Open circuit potentials for 1.4562 after 20 h of immersion at 175 °C in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

6.4.1.2 Electrode/solution interface characterization

Influence of the solution acidity on the electrode/solution interface, studied with
electrochemical impedance spectroscopy (EIS), is depicted in Figure 6.13. Nyquist
representation of the impedance data (Figure 6.13: A and B) revealed a substantial
difference in the curves diameter, suggesting large difference in the systems impedance.
Two depressed semi-circles were clearly resolved in the more acidic solution spectrum. In
the solution with higher pH, time constant in the high-frequency (HF) domain was almost
completely restrained by the occurrence of the second one in the low-frequency (LF) domain,
indicating extremely short relaxation time of the corresponding physical process. In both
cases the second time constant appeared at approximately 250 mHz. Reduction in the
solution resistance was observed with the solution pH reduction (Figure 6.13: B and C),
confirming an increase in the solution conductivity, most probably due to the higher hydrogen
ion concentration. Furthermore, significantly smaller impedance curve diameter was
apparent (Figure 6.13: A), suggesting reduction in the interface impedance in the more acidic
brine. This observation was in agreement with the Bode modulus plot, showing decrease of
the impedance in the LF domain (Figure 6.13: C).

According to the visual observations, the physical processes occurring on the

electrode/solution interface in both conditions could be modeled with an electrical circuit
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presented in Figure 3.1: B. The results of the fit are shown in Table 6.6. It was found that a
values were lower in the more acidic conditions, implying to the greater time constant
distribution at the surface exposed to the solution pH 2. Consequently, higher capacitance
values (C) were expected, as proved from the calculations according to the Equation (3.1)

from the corresponding Q. The outer layers, formed on the surface in different pH conditions,
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Figure 6.13 Typical impedance spectra for 1.4562 at 175 °C under E, conditions in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

Table 6.6 Electrochemical data obtained by EIS for 1.4562 at 175 °C under E,. conditions in
the artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

pH R Ry Q, o o R Q; o C.

[Q] [kQcm? [mS s“cm?] ' [uFlem? [kQcm? [mS s%cm?] 2 [uFlcm?]
2 3 1 0.28 0.812 90 18 2.300 0.601 377.7
4 7 10 0.05 0.878 22 358 0.028 0.516 0.1

exhibited values characteristic for the double layer capacitance, proving that the
phenomenon could be linked to the charge transfer inside the double layer. Accordingly, the
outer layer resistances R; were directly associated to the resistances to the electrode

oxidation. It was therefore, possible to conclude that with pH decrease, the metal dissolution
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rate increased. Furthermore, in both conditions a passive layer evolved adjacent to the
electrode surface. Its resistance R, was much higher and capacitance C, lower in the less
acidic conditions, implying to the formation of a thicker and more compact, i.e. less porous,

layer in the latter conditions.

6.4.1.3 Determination of critical potentials and pits characterization

Typical cyclic polarization curves for 1.4562 recorded at 175 °C in the artficial
geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively, are depicted in Figure 6.14.
The electrochemical data determined from the curves are presented in Table 6.7. Increasing
the solution acidity the electrode surface was passive over an appreciably wider potential
range. This was mainly because of the shift of the E,. in the negative direction as the solution
pH was decreased. However, higher passive currents were noticed, resulting in higher
dissolution rates of the passive layer. This was in agreement with the expected; higher
concentration of the hydrogen ions, i.e. oxidants, led to the larger cathodic currents, which

eventually resulted in higher anodic dissolution rates.

——pH2 ~——pH4
3.0
25

s

1.5

j [mAlem?]

1.0
0.5

0-0—?5 -250 250 750 1250
E [mV]
Figure 6.14 Typical cyclic polarization curve of 1.4562 at 175 °C in the artificial geothermal
brine pH 2 (LHD-23) and pH 4 (SBY), respectively

The shape of the anodic polarization curves on the forward and backward scan
was very much alike, implying to the similar level of surface disruption. Increasing the
solution acidity, the curve shifted in the anodic direction, resulting in the nobler E,; and E.
Such feature was noticed also for 1.4404 in the same conditions, and it could be most
probably ascribed to the increased sulphate-to-chloride ratio.'®>'®” As already mentioned in

the previous chapter, in such conditions the adsorption of the sulfates on active sites and
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surface defects inhibits the ingress of more aggressive chloride anions. Consequently, the

initiation of pitting corrosion was delayed, as noticed from the more positive E;.

The ability of 1.4562 to repassivate was significantly higher in the more acidic
solution, despite the similar potentials at which the current ceased below the 0.1 mA/cm?.
The main reason was the more active E, in the LHD-23 solution, which was more negative
than the E.,. Therefore, once the system was returned to its initial stage after the anodic
polarization, all the propagated pits were repassivated. Controversially, in the solution pH 4,
a very poor repassivation ability was observed, due to the more positive E,. compared to the
E.p. Furthermore, in the normal stagnant service conditions metastable pitting corrosion

could occur.

Table 6.7 Electrochemical data of 1.4562 determined from the cyclic polarization at 175 °C in
the artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively

E Erep EPit

PH [mV] [mV] [mV]
2 60 — 11 213 _— 301 739 _ 757
4 314 _ 415 182 _ 271 523 _ 656

Surface analysis of the polarized electrode in the more acidic solution revealed
the electrode surface remained lustrous after the cyclic polarization test. In the less acidic
conditions surface discoloration was observed. Most reasonable explanation for not
observing the surface discoloration in the more acidic solution could be due to the highly
acidic conditions, unfavorable for the formation of ferric compounds, responsible for such

effect.

pH 2

Figure 6.15 Appearance of 1.4562 electrode after the cyclic polarization test at 175 °C in the
artificial geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively
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Figure 6.16 Amount and average width-to-depth ratio of the pits observed on 1.4562 after
cyclic polarization in the solution pH 2 (LHD-23) and pH 4 (SBY) at 175 °C, respectively

Susceptibility to pit initiation due to the anodic polarization was observed in both
conditions. However, more severe pitting corrosion was pronounced in the lower pH solution.
This was obvious from the determined amount and size of the pits, shown in Table 6.8 and
Figure 6.16. Narrower, but deeper pits were formed on the electrode surface in the more
acidic conditions. Two possible explanations could be reasonable for such behavior. First;
increased concentration of the sulphates in the LHD-23 brine presented higher concentration
of aggressive ions, responsible for pitting corrosion. Second; depletion of the oxidants,
i.e. hydrogen ions, inside the formed pits due to the difficulties in mass transfer, resulted in
pits acting as an anode and the surrounding surface as a cathode. Since the concentration of
oxidants in LHD-23 was much more abundant compared to SBY solution, cathodic reaction
on the electrode surface was continuously ongoing, thereby stimulating the dissolution of the
pit bottom. Decreased pit width-to-depth ratio as the solution acidity increased (Figure 6.16)
corroborated the proposed explanations; pits bottoms were preferentially dissolved over the

pits walls.

Table 6.8 Characterization of the pits observed on 1.4562 electrode surface after the cyclic
polarization test in the solution pH 2 (LHD-23) and pH 4 (SBY) at 175 °C, respectively

H no. of pits width depth
P I cm? [um] [um]
2 1 232 £ 132 254 £ 98

4 2 393 + 193 234 + 136
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6.4.2 Long-term exposure tests

High-alloyed stainless steel 1.4562 coupons were exposed for different time
periods at 175 °C to the artificial brine pH 2 and pH 4. According to the coupons weight loss
(< 0.0001 g), the corrosion rates in the less acidic conditions were < 0.06 um/y. Such
behavior was ascribed to the formation of chromium (lll) passive layer that provided excellent
resistance to uniform corrosion. Surface analysis showed no evidence of localized attack
during the 6 months of exposure (Figure 6.19: B). Similar behavior was noticeable in the
more acidic solution, but only during the first month of exposure (Figure 6.17). Afterwards,

the corrosion rate increased with time, suggesting increased passive layer dissolution rates.
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Figure 6.17 Calculated corrosion rates and measured pits depth of 1.4562 after exposure in
the artificial geothermal brine pH 2 at 175 °C

Examining the coupons after the exposure tests, the alloy surface remained
lustrous even after 6 months of exposure. However, an adherent greenish layer formed,

which could be a stable ferrous hydroxide, Fe(OH),,”’

resulting from a previously formed
ferrous sulphate (Equation (2.7)) due to the increased sulphate concentration present in the
LHD-23 solution. Closer inspection of the material surface revealed the presence of grain
boundaries and numerous pits formed on the surface (Figure 6.19: A). However, cross
section analysis revealed no signs of pits propagating into the metal structure (Figure
6.19: B), implying to the occurrence of shallow pitting corrosion. Nevertheless, increasing the
exposure time, the pits depth increased (Figure 6.17). Considering the greater increase in
the pit depth than the corrosion rate with time, once again the unreliability of the weight loss
method in determining the rate of localized corrosion was proved. On contrary, it can provide
misleading results, which could cause a failure of the system. Nevertheless, solution pH 2

clearly caused higher uniform dissolution rates, supporting the results obtained by EIS; the
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significantly lower resistance of the passive layer formed on the surface exposed to the

solution pH 2.

pH 2 pH 4

Figure 6.18 Appearance of 1.4562 coupons after 6 months of exposure in the artificial
geothermal brine pH 2 (LHD-23) and pH 4 (SBY), respectively
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50 pm

Figure 6.19 Surface (A) and cross section (B) of 1.4562 coupons after 6 months of exposure
in the artificial geothermal brine pH 2 (LHD-23)

6.5 Influence of salt concentration on corrosion performance

The effect of an increased salt concentration on the corrosion behavior of 1.4562
was investigated at 175 °C in the artificial geothermal brine containing 20 mg/L (LHD-05) and
1,500 mg/L (SBY) chlorides, respectively.

6.5.1 Short-term electrochemical methods
6.5.1.1 Open circuit potential monitoring

Open circuit potentials (E,.) of 1.4562 electrodes after 20 h of immersion in the
solution containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively, are
shown in Figure 6.20. More active E,. were noticed in the brine containing less chloride. This
could be linked to the higher oxygen concentration present in the LHD-05 solution, due to the
less salt, which drove the cathodic reaction. Consequently, the anodic oxidation of the

electrode was stimulated, resulting in the more active surface.
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Figure 6.20 Open circuit potentials of 1.4562 after 20 h of immersion at 175 °C in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

6.5.1.2 Electrode/solution interface characterization

Behavior of the electrode/solution interface in the solution with different salt
content was characterized using electrochemical impedance spectroscopy (EIS). Typical
impedance spectra recorded for 1.4562 under E,. conditions at 175 °C in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively,
are presented in Figure 6.21. Bode modulus representation of the impedance data revealed
one relaxation time in the spectrum recorded in the solution with less chloride (Figure
6.21: B), suggesting an occurrence of one process on the electrode/solution interface
(e.g. charge transfer, diffusion, adsorption, etc.). A non-ideal capacitive behavior of the
interface was clearly seen (Figure 6.21: A and C), which, in addition, implied to the surface
heterogeneity. The reduction in the solution resistance was noticeable from the Bode
modulus plot (Figure 6.21:B) in the high-frequency (HF) domain as the solution
concentration increased. Such behavior was attributed to the increased ionic species in the
solution with the addition of soluble salts, which resulted in increased solution conductivity,
i.e. decreased resistivity. However, from the low-frequency (LF) domain of the modulus plot
the resistance of the interface seemed to increase with the solution concentration. This could
be attributed to the formation of a more protective layer on the electrode surface and/or,
generally, lower dissolution rates due to the less corrosive environment owing to the lower

oxygen concentration.

According to the visual observation, the equivalent electrical circuits, presented in
Figure 3.1: A and B, were used to fit the impedance data obtained in the solutions containing
20 mg/L and 1,500 mg/L chlorides, respectively. The results of the fit are given in Table 6.9.

It was found that a values were always <1, confirming the CPE behavior and the
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heterogeneous time constant distribution. Higher capacitance values (C) in the less

concentrated solution were calculated according to Equation (3.1) from the corresponding Q.
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Figure 6.21 Typical impedance spectra for 1.4562 at 175 °C under E,. conditions in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

Table 6.9 Electrochemical data obtained by EIS for 1.4562 at 175 °C under E,. in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

c(Cl) Rs R4 Q, a Ci R: Q. a C

[mg/L] [Q] [kQcm?] [mS s®cm?] 1 [UFicm?] [kQ cm?] [mS s%cm?] 2 [MF/cm?]
20 76 37 0.16 0.784 84 - - - -

1,500 7 10 0.05 0.878 22 358 0.028 0.516 0.1

In the solution containing 20 mg/L chlorides only one layer was detected during the
frequency scan and it could be linked to the double layer. The resistance associated to that
capacitance was probably the resistance to the charge transfer across the double layer.
Since the outer layer, formed in the solution with 1,500 mg/L chlorides, showed similar
characteristics, it was possible to directly compare the corrosion behavior of the material in
the solutions with different salt content. Accordingly, due to the higher Ry in the less
concentrated conditions, lower charge transfer rate was expected. However, in addition to
the double layer, in the solution containing 1,500 mg/L chlorides a thick and compact passive
layer was evolved. Its resistance R, was up to one order of magnitude higher than the
resistance R, of the double layer formed in the less concentrated conditions. This could lead
to the conclusion that the rate limiting step in the electrode dissolution in the solution

containing more salts was the diffusion of ionic species through the inner layer.
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Consequently, the electrode dissolution rate could be lower in the latter conditions despite
the lower charge transfer resistance. In order to determine the corrosion rates in both
conditions and support the aforementioned assumption, exposure tests were performed.

Their results are shown in the further text below.

6.5.1.3 Determination of critical potentials and pits characterization

Typical cyclic polarization curves obtained for 1.4562 at 175 °C in the artificial
geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively,
are presented in Figure 6.22. The electrochemical data determined from the curves are
shown in Table 6.10. Shift of the E,; in the more active and the E; to the nobler direction
resulted in wider passive range in the solution containing less chloride. However, passive
current was much larger indicating higher dissolution rate of the surface layer. This could be
ascribed to the higher oxygen concentration present in the LHD-05 solution, leading to an
increase of the cathodic and thus, anodic dissolution rate, corroborated by the more active
Eo.. In contribution to this speaks an observed hump in the current density on the forward
scan of the anodic polarization curve, at approximately 350 mV. Such feature was observed
in the same conditions on the surface of 1.4404. It was most probably caused by the

oxidation of ferrous (Fe?") to ferric ions (Fe**) (Equation (2.5)).
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Figure 6.22 Typical cyclic polarization curves of 1.4562 at 175 °C in the artificial geothermal
brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively

A very mild slope of the current density increase extending until the transpassive
region was observed on the polarization curve recorded in the solution containing 20 mg/L

chlorides. Extremely narrow negative hysteresis and the small difference between the E,
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and E,; indicated to the quick repassivation of the slightly perturbed surface. Therefore,
1.4562 was considered to have excellent repassivation capability in LHD-05 at 175 °C. On
the other hand, the electrode surface in the solution containing more chlorides was
susceptible to pitting corrosion already at the potentials 200 mV more positive than the
corresponding E.. This was indicated by the relatively steep curve slope on the forward
scan. The reason was the more profound attack on the active sites and surface defects by
the higher chloride concentration. Chlorides adsorbed onto the sites, penetrated through the
passive film and attacked the bare electrode surface. Therefore, the large and wide negative
hysteresis observed on the backward scan in the solution containing 1,500 mg/L chlorides
implied to the significant surface disruption due to the pits formation. Repassivation ability
was thus, in the latter conditions, significantly reduced, indicated by the more negative E,
than the corresponding E,.. Moreover, such observation implied also to the possibility of

metastable pitting to occur in normal stagnant service conditions.

Table 6.10 Electrochemical data of 1.4562 determined from cyclic polarization at 175 °C in
the solution containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

c(CI Eoc Erep Epit
[mg/L] [mV] [mV] [mV]

20 94 _ 114 616 _ 640 743 _ 758
1,500 314 _ 415 182 _ 271 523 _ 656

20 mg/L 1,500 mg/L

Figure 6.23 Appearance of 1.4562 electrodes after the cyclic polarization test at 175 °C in the
artificial geothermal brine containing 20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides

Surface discoloration was apparent in both conditions on the electrodes surface
(Figure 6.23). It had a more uniform and smoother distribution in the solution containing less
chloride, indicating the lower presence of the preferentially dissolved local sites. This was
also supported by the fact that no pits were found on the surface, only some light deposits
(Figure 6.24). On contrary, pitting corrosion in the solution with higher chloride content was

obviously initiated. Significant surface discoloration and substantial amount and size of the
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pits speak in contribution, once again proving a profound effect of the chlorides on the

initiation of pitting corrosion.
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Figure 6.24 Average amount and width-to-depth ratio of the pits observed on 1.4562
electrodes after cyclic polarization at 175 °C in artificial geothermal brine containing
20 mg/L (LHD-05) and 1,500 mg/L (SBY) chlorides, respectively

Table 6.11 Characterization of the pits observed on 1.4562 electrode surface after the cyclic
polarization test at 175 °C in the artificial geothermal brine containing 20 mg/L (LHD-05) and
1,500 mg/L (SBY) chlorides, respectively

c(CI") no. of pits width depth
[mg/L] [ cm? [pm] [pm]
20 0 0 + 0 0 + 0
1,500 2 393 + 193 234 + 136
6.6 Investigation of crevice corrosion susceptibility

The susceptibility to crevice corrosion of alloy 1.4562 was investigated at 100 °C
in the artificial SBY geothermal brine using a rubber pad (Figure 3.7: B). The results of cyclic
polarization in the conditions with and without the simulated crevice were compared and

presented in Figure 6.25 and Table 6.12.

Irrespective of the crevice presence, extremely stable surface passivity,
extending over a wide potential range, was observed from the cyclic polarization curves.
Slightly higher passive current densities were seen on the electrode containing simulated
crevice. Such observation suggested higher uniform dissolution rates compared to the
system without the crevice as shown in the Figure 6.26. Furthermore, the E,; shifted to the

more active values, implying to an earlier initiation of localized corrosion, which is in
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agreement with the results of several different authors.**'®®'® Reversing the polarization
scan in the cathodic direction, extremely narrow negative hysteresis was apparent,
suggesting slight surface disruption due to the anodic polarization. Accordingly, the surface

showed an excellent repassivation capability of the perturbed sites.
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Figure 6.25 Typical cyclic polarization curve of 1.4562 in the artificial SBY geothermal brine

at 100 °C with and without the crevice simulation, respectively

Table 6.12 Electrochemical data of 1.4562 determined from the cyclic polarization in the

artificial SBY geothermal brine at 100 °C with and without the crevice simulation

Eoc Erep Epit
[mV] [mV] [mV]

no crevice -220 - -181 869 — 891 932 - 951
with crevice -120 - -113 609 - 868 782 - 937

Visually expecting the electrode surface after the cyclic polarization test, serious
corrosion was observed on the surface area where the crevice had been simulated (Figure
6.26). The evidence of the severity of the corrosion attack was the uniform removal of 3 ym
deep surface layer along the entire width of the electrode and the presence of the grain
boundaries. Obviously, a breakdown of the, generally, very stable and resistant passive
chromium (lll) layer occurred. Such finding led to the conclusion that in some point oxygen
free conditions with critical acidity arose, which retarded the repassivation of the surface and
caused high uniform dissolution rates, agreeing with the theories existing on this
topic.>>18%1% Accordingly, alloy 1.4562 was susceptible to crevice corrosion in the artificial

SBY geothermal brine at 100 °C under stagnant conditions.
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no crevice with crevice

Figure 6.26 Appearance of 1.4562 electrode after the cyclic polarization in the artificial SBY

geothermal brine at 100 °C with and without the crevice simulation, respectively

6.7 Investigation of stress corrosion cracking susceptibility

U-bent specimens (Figure 3.7: C) of high-alloyed stainless steel 1.4562 were
exposed for 6 months in the artificial geothermal brine at 175 °C in order to determine the
susceptibility of the alloy to stress corrosion cracking (SCC). Since the pitting corrosion, the
main precursor for SCC, was found only on the flat coupons surface exposed in the artificial

LHD-23 geothermal brine, the experiments were conducted in the latter conditions.
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Figure 6.27 Surface relaxation of 1.4562 coupons with temperature application

In Figure 6.27 dependence of the stress, present on the coupons surface, on the
applied temperature, calculated with ANSYS Workbench Mechanical computer software, is
shown. The surface was approximately linearly relaxed with temperature increase. However,
due to the high strength and low thermal expansion coefficient of the material, rather high

stresses were present on the tension stretched surface even after exposing the specimen to
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175 °C (Figure 6.28). Such behavior implied to the possibly high susceptibility to crack

initiation once the pitting corrosion onsets.”’
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Figure 6.28 Calculated tensile stress on the surface of 1.4562 U-bend coupon at
20 °C (A) and 175 °C (B), respectively

Exposing the plastically deformed coupons for 6 months in the LHD-23 artificial
geothermal brine, revealed numerous small pits on the surface (Figure 6.29: A), but none of
them acted as crack initiation sites (Figure 6.29: B). However, it is not excluded that during

the subsequent exposure time the cracks would not initiate from the previously formed pits.

A B

50 pm

Figure 6.29 Surface (A) and cross section (B) of U-bend 1.4562 steel coupons after 6 months
of exposure at 175 °C in the artificial LHD-23 geothermal brine
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Chapter 7

Summary

The summary of the results obtained with electrochemical methods and exposure

tests in different conditions (temperature, pH, salt concentration) is depicted in Figure 7.1

and Table 7.1, respectively. Based on the set out facts in the previous chapters, the following

could be summarized:

Time factor had a positive influence on the selected materials performance; a
thicker and more stable corrosion film evolved on the metal surface. Low-alloyed
steel 1.7218 exhibited uniform dissolution mainly of iron from the metal matrix,
forming a two-layered corrosion film. Considering its stability with time, it was
composed mostly of ferric compounds, which acted as a barrier between the
metal and the corrosive environment, indicated by the reduction in the corrosion
rate. Stainless steel 1.4404 and high-alloyed stainless steel 1.4562 exhibited
excellent resistance to uniform corrosion due to the formation of a several nm

thick, transparent passive film on their surface.

Increase in the temperature of the system showed variable effect on the
corrosion performance of the materials. At 100 °C the corrosion rate of 1.7218
steel reached a maximum among the investigated temperatures, whilst at 175 °C
the rate significantly decreased. It was concluded that such behavior was caused
by the difference in the oxygen content and the system pressure; existence of
only traces of oxygen in the solution at 100 °C impaired the formation of stable
ferric oxides on the metal surface. However, temperature increase to 175 °C of

the closed system resulted in increased oxygen solubility and formation of stable
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oxides on the metal surface. Furthermore, dielectric constant of the medium was
reduced causing lower solution conductivity. On the other hand, the corrosion
resistance of 1.4404 and 1.4562 steels continuously decreased with temperature.
Moreover, an increased susceptibility to pitting corrosion was observed as well.
This led to the conclusion that the dissolution rate of the passive layer, migration
rate of the aggressive ionic species toward and through the layer and their
chemisorption on the metal surface increased with temperature, leading to the

sooner breakdown of the protective passive layer.
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Figure 7.1 Overview and comparison of the results obtained with electrochemical methods
for the selected materials 1.7218, 1.4404 and 1.4562 in the artificial geothermal brines
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Increase of the solution acidity exhibited the most profound negative influence on
the corrosion performance of all three selected materials among the investigated
factors. The dissolution rate of 1.7218 coupons was significantly accelerated in
pH 2 conditions, without the possibility of a stable film formation on the metal
surface. Similar, substantial reduction in the resistance of the passive layers on
1.4404 and 1.4562 was observed, especially in case of 1.4404 steel, indicating
greater general dissolution rates. Such behavior was clearly attributed to the
increased concentration of the hydrogen ions present in the solution with higher
acidity, which were the main species driving the cathodic reaction. However, one
of the most noteworthy issues that needed understanding was the ennoblement
of the pitting potentials with pH decrease. This was linked to the higher sulphate-
to-chloride ratio present in pH 2 solution that caused an inhibitive effect to the
localized corrosion initiation, as suggested in the literature.’®'®” Nevertheless,
once the pits initiated, the surface was even more severely disrupted than in the
less acidic conditions due to the higher concentration of aggressive ionic species

responsible for localized corrosion.

Increase in the salt concentration had a profound effect only on the highly alloyed
materials. The surface of low-alloyed steel 1.7218 corroded with lower rates
compared to the surface exposed in the more diluted solution. Such behavior
was linked to the “salting out” phenomenon that occurred in the more
concentrated solution. ""”'"® Lower oxygen content impeded the cathodic reaction
rate, resulting in a lower metal anodic dissolution rate. Concerning 1.4404 and
1.4562 steels, an excellent resistance to uniform corrosion was shown, as
expected. However, more active pitting potentials were observed, indicating
sooner onset of pitting corrosion. This was clearly linked to the higher amount of
chlorides present in the more concentrated solution, which are considered the

main ionic species responsible for localized attack.

Investigating the crevice corrosion susceptibility revealed a high vulnerability of
highly alloyed steels to the presence of shielded areas. Low-alloyed steel 1.7218
did not show any significant change in the surface appearance. Conversely, both
1.4404 and 1.4562 steels experienced severe uniform corrosion at the occluded
sites exhibiting high dissolution rates of the passive layers due to the oxygen
depletion and formation of critical acidity in the crevice. Such behavior proved

higher susceptibility of the higher alloyed steels to crevice corrosion.
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Vi. Stress corrosion cracking (SCC), however, encountered certain limitations during
the investigations. First; 1.7218 steel coupons cracked during the bending, which
prevented to perform SCC testing on U-bend specimens, and second; the
duration of the tests for other selected materials was too short to initiate a crack
from the preformed pits. Based on these facts, it was possible to conclude only
that 1.7218 steel could not withstand high amount of tensile stress due to its high
strength and brittleness, caused by the relatively high amount of carbon
(> 0.2 wt%). It was susceptible to mechanical cracking once the stress level
exceeded the tensile strength of the material, even without any significant note of
previous deformation. Also, 1.4404 and 1.4562 steels proved excellent resistance

to SCC during the 6 months of exposure in the investigated conditions.

Table 7.1 Overview of the results after 6 months of exposure

Steel Conditions CR [mmly] Pitting Note
70 0.1736 no
SBY T[C] 100 0.1788 no
® 175 0.0049 no
Q. LHD-23 H 2 0.0895 no | crevice corrosion at the place of fixation
< |sBY P 4 0.0049 no
LHD-05 |¢(CI) 20 0.0172 no
SBY [mg/L] | 1,500 0.0049 no
70 - -
SBY T[°C] 100 <0.06 no
3 175 <0.06 no | crevice corrosion at the place of fixation
:fr_ LHD-23 oH 2 0.0759 yes | no SCC
< | SBY 4 < 0.06 no | crevice corrosion at the place of fixation
LHD-05 | ¢(CI) 20 - -
SBY [mg/L] 1,500 <0.06 no | crevice corrosion at the place of fixation
70 - -
SBY T[°C] 100 <0.06 no
N 175 <0.06 no
g_ LHD-23 oH 2 0.0042 yes | no SCC
< |SBY 4 <0.06 no
LHD-05 |¢(CI) 20 - -
SBY [mg/L] | 1,500 <0.06 no

The corrosion behavior differed significantly among the selected materials
depending on the conditions in which they were exposed. Nevertheless, one was certain:
steel grade 1.7218 exhibited active uniform corrosion, forming a visible two-layer film

consistent of different ferric compounds on its surface. On the other hand, on the surface of
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steel grades 1.4404 and 1.4562 a several nm thick, transparent passive layer formed, which
provided a protection against uniform corrosion. The high chromium content in the alloys
composition enabled the perfect passivation of the metal surface, and was thus, certainly the
main reason for such excellent corrosion performance in most of the investigated conditions.
However, the susceptibility to pitting corrosion was clearly observed, especially in the
conditions with higher chloride content. More noble pitting potentials of 1.4562 compared to
1.4404 were attributed to higher molybdenum, nickel and nitrogen content, preventing the
adsorption of aggressive ions on the active sites, stabilizing the austenitic structure of the

alloy and reducing the chlorides oxidizing power.
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Chapter 8

Conclusions & Outlook

In order to increase the competitiveness of the geothermal energy against the
conventional energy resources, there is a great necessity for improving the geothermal
systems; reducing the costs of the geothermal power plant construction and providing secure
energy exploitation. One of the major problems that could affect a stable and continuous
energy production is the corrosion of construction materials and equipment due to their
interaction with an aggressive environment. Among all of the existing electric power
generation facilities, corrosion is considered to be the most severe on geothermal power
plants. This can be attributed to the extreme high temperature and pressure conditions
present in geothermal systems, as well as the existence of almost an entire periodic system
of elements in form of corrosive salts. Therefore, geothermal fluids are found to be extremely
hostile for the construction material and equipment installed at geothermal power plants. If
insufficient and inadequate measures for material selection are undertaken during the initial
design phase of the plant, a huge risk of equipment degradation and system failure is
present. This could not only lead to the reduction in the energy production, but also to the

shutdown of the entire geothermal power plant.

Geothermal systems consist of various constructional units required for the power
plants’ operation. In order to exploit the geothermal fluid from the reservoir and transfer it to
the turbine in the geothermal power plant, several hundred meters of transmission pipeline is
installed, along with different equipment (separators, heat exchangers, turbine, etc.)

necessary for the plants’ performance. The most commonly used materials for construction
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of these units are metallic materials, primarily steels, due to their excellent corrosion
resistance in aggressive geothermal environments, appropriate mechanical properties and

lower cost compared to other materials.

This research was triggered by the corrosive conditions on the geothermal fields
Sibayak and Lahendong — “hotspots” of Indonesia, the country with the highest geothermal
potential in the world. The main objective was to evaluate which of the steel materials
currently available on the market could overcome the problem of corrosion and withstand
highly aggressive conditions during the exploitation of geothermal resources in volcanic
environments. It was also set out to investigate the alloys susceptibility to different types of
corrosion attacks using appropriate test setups, and to study the mechanisms of their
occurrence. Furthermore, the study has sought to understand the impact of different factors
on the corrosion performance of the selected materials and their integrity, due to the
complexity and common instability of the geothermal systems. This way the probability of the
material failure would be minimized and a “safer operating window” of power plants would be

achieved.

The summary of the results obtained with electrochemical methods and exposure
tests is shown in Table 8.1. It was shown that low-alloyed steel 1.7218 is suitable for all of
the investigated conditions except in low pH brine. The susceptibility to mechanical cracking
due to its hardness could present a major obstacle in its application considering the high
stresses present in geothermal power plants during the operation conditions. Austenitic
stainless steel 1.4404 showed remarkable resistance to uniform corrosion in most of the
investigated conditions. However, its major disadvantage is its susceptibility to localized
corrosion. The integrity of the system made of this type of steel could be severely disrupted
in low pH and high chloride conditions, especially in the presence of high temperatures.
Austenitic high-alloyed steel 1.4562 exhibited excellent resistance to uniform and a very
good resistance to pitting corrosion, even in low pH conditions. It is therefore considered to
be suitable in all of the investigate conditions. However, major attention should be paid in

systems where crevices at the metal/polymer connections are possible to occur.

The main application of the achieved results in this research is certainly in
geothermal systems, where a sustainability and integrity of the construction materials are of
great importance for the secure and reliable plant operation. Despite the same behavioral
pattern of the selected materials that has already been shown in a wide literature review, this
study allows a detailed insight into the corrosion performance of the alloys in particular
geothermal environments. It also allows a prediction of the performance of other alloys with

different chemical composition in the similar conditions. Furthermore, the change in the
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materials behavior where the stability of the system is difficult to foresee has also been
covered, enabling a construction of different plant units from distinctive materials, depending
on the constructer's needs. Indeed, the results are also transferable to applications other
than the geothermal, as long as the environmental conditions, to which the materials are

being exposed, are comparable.

Table 8.1 Results summary matrix of the performed experiments and their evaluation

Method | Conditions 1.7218 1.4404 1.4562
70
> Temperature 100
w |[°C]
' 175 0
2 2 o
3] pH =
o 4
§ Salt concentration 20
o |[mg/L] 1,500
Crevice corrosion
Q
Method | Conditions 1.7218 | 1.4404 | 1.4562 E
70 E
Temperature
o 175
=
] 2
W | Salt concentration 20 §
[mg/L] 1,500
Stress corrosion cracking

Additional elements that would have provided further insight into the problems
and present a complete picture of the studied problem were unfortunately not possible to
conduct due to the limited amount of time within this project. Several recommendations,
presented below, could complement the set of results presented in this research thesis. The

list of recommendations for further work is following:

i. It is recommended to investigate the influence of the geothermal brine flow on the

corrosion performance of the selected materials since geothermal power plants

are more than 90 % of their lifetime in operation.®14:37.145.198-201

ii. Silica content in the brine should be considered due to its abundance in

geothermal systems and possible counter effect to corrosion of the construction

materials, considering its precipitation on the walls of the pipeline.'® """
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It is advised to perform stress corrosion cracking (SCC) testing using the slow
strain rate method to accelerate the time to failure. Also, determination of critical
potential range where the alloy is the most vulnerable to SCC is recommended

using electrochemical potentiodynamic methods.*"?%

On-site testing in the real operation conditions is strongly recommended to
confirm the reliability of the results obtained in the artificial conditions, and, if
needed, to generate and develop new strategies and methods in the laboratory

investigations to improve the off-site testing reliability.
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