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Abstract

High enthalpy geothermal fluid utilization has a potential for growth for green and
sustainable energy production. Geothermal energy production is often limited by the
corrosive nature of the geofluids utilized. For successful, safe and economic operation,
several technological challenges have to be overcome including the appropriate selection
of material(s) for casing, pipelines and other equipment. This dissertation reports the
results of a corrosion behaviour study for carbon steel and several corrosion-resistant
alloys tested in contact with synthetic geothermal fluids at high temperatures. Corrosion
tests were carried out using superheated steam (T = 350 °C and P = 10 barG) containing
H,S, CO, and HCI and the materials tested were carbon steel, stainless steel, nickel-based
alloys, titanium alloys, high-entropy alloys. Some of the materials were further tested after
silica (SiO,) had been deposited on the surfaces, and under boiling and condensing
conditions at lower temperatures. In superheated fluid, carbon steel and Cu added high
entropy alloys (HEAS) were prone to corrosion damage but negligible damages were
observed in other corrosion-resistant alloys. The carbon steel was prone to more severe
corrosion damage in the boiling and condensing conditions in comparison with the
superheated test fluid, hence, the corrosion behaviour of carbon steel can be associated
with the physical condition and temperature of the corrosive fluid. The extent of corrosion
damage of Cu added high-entropy alloys (HEAS) in the superheated fluid is associated
with increased Cu content and Cu-rich intermetallics. The corrosion rates of various
materials were assessed by the mass loss method (MLM) and were less than 0.1 mm/year
in all cases. Microstructural analysis was done via scanning electron microscope (SEM),
X-ray energy dispersive spectroscopy (XEDS) and solid and powder X-ray diffraction
(XRD) analysis. From the results, it can be concluded that the corrosion-resistant alloys are
immune to corrosion damage in high-enthalpy superheated geothermal fluid containing
H,S, CO, and HCI and should be selected in preference to carbon steels and Cu added
HEAs in such environments.






Utdrattur

Jardhitaorkunytni vokva med héa entalpiu (vermi) er ein af mérgum adferdum sem haegt er
ad nota til ad studla ad umhverfisveenni og sjalfbeerri orkunotkun i framtidinni. Til ad gera
pessa tegund orkunytni ardbeera parf hins vegar ad yfirvinna nokkrar teeknilegar hindranir
b.m.t. rétt val & hraefnum sem hefur gott teeringarpol i jardhitafédringar og banadi fyrir
jarohitaorkuver. bessi doktorsritgerd fjallar um rannsékn a teeringahegdun svarts stals og
annarra teeringarpolna melma i hermdum jarohitavokva vid hd hitastig. Taeringarpréfanir &
malm- og melmissynum (svart stal, ryofri stal, nikkel melmi og titanium melmi) voru
framkveemdar i yfirhitadri gufu med H,S, CO, og HCI vid 350 °C og 10 borG. Nokkur
synanna voru einnig préfud eftir ad kisiloxid (SiO,) hafdi verid Gtfellt & synin. Einnig voru
syni préfud vid sudu og péttingu & hermdum jardhitavokva vio 10 borG og vid legri
hitastig en 350 °C. Svart stal og haentropiumelmi med kopar (Cu) terdust greinilega en
adrir teeringarpolnir malmar taerdust ekki. Ennfremur vard teringarskadi i svortu stali meiri
vid sudu og péttingu a jardhitavokvanum en i yfirhitudum vokva sem synir ad
teeringarhegdun stalsins er had &standi og hitastigi teeringarvokvans. Teeringarskemmdir &
haentropiumelmum sem innihéldu kopar jokst med meira koparinnihaldi melmisins i
teeringarpréfunum i yfirhitudum vikva. Auknar teringarskemmdir er haegt ad Utskyra med
auknum styrk & koparrikum fésum i haentrépiumelminu. Teeringarhradi var metinn med
vigtartapi og var leegri en 0,1 mm/ar fyrir 61l synin sem voru profud i yfirhitudum vokva.
Uppbygging og myndgreining efnis og teringarleifa var greind i rafeindasmasja (SEM) og
efnasamsetning peirra var greind med efnagreiningu i XEDS greini og kristalbygging med
rongtgengeislagreiningu (XRD). Nidurstddurnar syna ad teringarpolin melmi verda ekki
fyrir teringu i yfirhitudum hermdum jarohitavokvanum. bessi melmi attu pvi ad velja
frekar en svart stal eda haentropiumelmi sem innihalda kopar i jardhitaumhverfi med
yfirhitudum vokva.
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1 Introduction

The exploitation of geothermal energy from geothermal well fluid discharges for heat and
power production is one of the renewable energy alternatives [1,2] that can replace energy
production via fossil fuel burning and hence reduce the amount of greenhouse gas (GHG)
emission.

Corrosion of geothermal process equipment materials and utilities such as casings, pipes,
turbines, valves and other equipment are normally associated with the exploitation of
geothermal energy, which can affect the efficiency and cost of geothermal energy
production [3,4]. Understanding the corrosion behaviour of materials under variable
physical conditions and the chemical composition of the geothermal fluid is, therefore,
vital for optimum material selection and to increase the economics and sustainability of the
system providing geothermal energy.

Geothermal boreholes in high-temperature geothermal systems are typically drilled to
depths of ~2-3 km, discharge fluids with temperatures of ~200-350°C [5]. Drilling into
deeper parts of the geothermal system and/or close to the magmatic heat source has been
suggested to be able to increase the power production of a single borehole up to 30-50
times. Such high-temperature deep (HTD) geothermal wells would be operated at
temperatures >350°C with enthalpy of 2800-3500 kJ/kg [6-8] and discharging
superheated or supercritical fluids. In addition, to prevent potential scaling upon
depressurization, the boreholes may need to be operated at higher pressures (>100 bar)
than conventionally done (typically 5-50 bar). Until today, very few studies of corrosion
behaviour of materials have been conducted at such temperatures relevant for HTD
geothermal environments, such knowledge is critical for the appropriate selection of
material(s) for casing, pipelines and other equipment[6,8,9].

In this dissertation, the corrosion behaviour of carbon steel and corrosion-resistant alloys
was studied in contact with synthetic geothermal fluids relevant to the HTD geothermal
conditions. The main focus was on the corrosion behaviour in single-phase superheated
geothermal fluid environment, but some additional tests were also conducted in contact
with two-phase (liquid and vapour) fluids for comparison. In most cases, the set
temperature of the corrosion tests was 350°C and the set pressure was 10 barG set for
vapour phase conditions. These conditions are comparable to previous work related to in-
situ tests conducted in the Iceland Deep Drilling Project well number 1 (IDDP-1) by
Karlsdottir et al. [10]. In addition, corrosion tests were conducted at lower temperatures
down to 180°C mimicking boiling and condensation of HTD geothermal fluid associated
with temperature changes.

The study consists of four journal articles (JAs) published in international scientific
journals and four conference articles from three international conferences. Each journal
article reports the investigation of the corrosion behaviour of carbon steel and corrosion-
resistant alloys in contact with synthetic, high-temperature geothermal fluids. The
distinction between the topic of the articles involves testing of different materials, testing



samples additionally at two-phase (liquid and vapour) conditions of the simulated
geothermal fluid and testing after solid silica deposition on the surfaces of the samples.

The contribution of the dissertation is to provide an understanding of the corrosion
behaviour of carbon steel and corrosion-resistant alloys under various conditions expected
in superheated and supercritical geothermal systems where H,S, CO, and HCI are among
the potential corrosive fluid species. Furthermore, this study will also provide a new
approach and design criteria details for superheated and multiphase testing facilities for
future corrosion studies in connection with a geothermal environment.

1.1 Related Work

The aim of the Iceland Deep Drilling Project (IDDP) is to extract energy and fluids from
hydrothermal systems at supercritical conditions. In Iceland, such boreholes were planned
to be drilled to ~3.5 — 5 km depths in three different geothermal fields to reach supercritical
fluid with temperatures of ~400-600 °C [6]. Two deep geothermal wells have been drilled
[8,9] at the present date in Iceland.

The first deep geothermal well (IDDP-1) drilled in Krafla, Iceland, was terminated at only
2100 m depth [11,12] after drilling into magma [12]. Despite the relatively shallow depth,
the well discharged superheated geothermal fluid eventually with wellhead temperatures of
~440°C. The geothermal fluid contained corrosive species such as H,S, CO,, HCI, HF and
H,. In addition to the corrosive substances, the superheated geothermal fluid contained
dissolved silica [13] which generally is considered to have a protective role when it
precipitates from liquid geothermal fluid and scales on material surfaces [14].

In-situ corrosion tests connected to the wellhead of the IDDP-1 well in Krafla were
performed, at 360 °C and 12 bars. The test results showed that all samples tested, including
the carbon steels; S235JR, K02100, K55, TN95, austenitic stainless steels; S30403,
S31603, S31254, Ni-based alloys; N06255 and N06625 and titanium alloys; R50400 and
R52400 had very low corrosion rates (< 0.01 mm/year) but all the samples were prone to
localized corrosion damages, i.e. cracking, pitting or both [10]. Furthermore, all samples
tested had silica scaling covering the surfaces, which might have affected the corrosion
behaviour of the samples tested. It was concluded that silica scaling on the test sample
surface had likely provided a protective effect resulting in a low corrosion rate but might
have also promoted some localized corrosion damage in the test samples due to under
deposit corrosion. As a result, questions arose about whether the same corrosion behaviour
would result if the carbon steels or the corrosion-resistant alloys would be in a similar dry
superheated geothermal fluid but without any silica scaling. Due to several corrosive
species present in the geothermal fluid of IDDP-1, it was not evident which chemical
species or environmental factors were the sources of the localized corrosion damages
observed in all the carbon steel and corrosion-resistant alloys tested. Furthermore, it was
not evident from this corrosion test what corrosive species were promoting the localized
corrosion damage in all the samples [10]. The well had to be eventually closed due to
corrosion damages to the wellhead and the casing and further testing was therefore not
done.

In previous work by Jonsson et al. [15], a first attempt to conduct laboratory corrosion tests
in synthetic superheated aqueous geothermal fluid containing H,S, CO, and HCI was



performed. A flow-through autoclave setup was used at temperatures of 350 °C and
pressures of 10 barG to simulate HTD geothermal conditions and to study the corrosion
behaviour of carbon steel, super austenitic stainless steel and two nickel-based alloys in the
environment. Cracking was observed in the super austenitic UNS S31254 and the nickel-
based alloy UNS N06625 but all the samples were tested without external stresses. The
cracking in the UNS N031254 was intergranular indicative of intergranular cracking (IGC)
behaviour but the cracking behaviour in the UNS N06625 was not evident. The corrosive
environment and residual stresses from machining of the samples were potentially enough
for inducing intergranular stress corrosion cracking (IGSCC), similar cracking was found
in on-site IDDP-1 heat exchanger corrosion tests for austenitic UNS S31254 pipes that
experienced fluctuation in pressure and clogging due to silica in the equipment [16]. From
the study by Jonsson [15], it was concluded that mixed-phase (wet and dry) conditions in
the test volume could have induced localized corrosion damage behaviour. An extremely
high corrosion rate was observed in the carbon steel and the other nickel-based alloy was
prone to general corrosion but not localized corrosion damage. These results were not
entirely in agreement with the previous in-situ tests in IDDP-1 [10]. The cause may have
been the plugging of deposits at the inlet and outlet of the autoclave resulting in pressure
increase and fluid condensation. The vertical setup of the reactor might also have
contributed to the backflow of condensed fluid into the reactor. Such would have resulted
in two-phase fluids (liquid and vapour) associated with the corrosion tests affecting the
results of the corrosion tests. The authors suggested improvement of the test design and
setup for future tests that included, for example, replacement of back-pressure regulator
that could be operated even upon solid deposition, longer autoclave systems with pre-
heating section, and alteration of the position of various parts including horizontal setup to
prevent condensed fluid backflow.

Recent work by Thorbjornsson et al. [17] of corrosion studies of corrosion-resistant alloys
in a geothermal fluid from the geothermal well RN-35 at Reykjanes in Iceland, where the
geothermal fluid was heated from 210 °C from the well up to superheated conditions at
450 °C at 20 barG in a flow-through reactor, reported that no corrosion-resistant alloys
tested (including UNS N06625, UNS S31254) were prone to localized corrosion damage
and all the samples had insignificant corrosion rate (< 0.01 mm/year) except the medium
carbon steel tested without cladding (0.11 mm/year). The geothermal fluid from the well
RN-35 contained H,S, CO,, H, and some other corrosive species but did not include HCI
or HF. Another study by Thorbjornsson et al. [18] from retrieved casing material at the
wellhead showed high-temperature hydrogen attack and cracking behaviour of medium
carbon steel due to decarburization and methane formation at the grain boundaries.

Another study by Yanagisawa et al. [19] to model the corrosion rates of materials in the
IDDP-1 geothermal fluid at Krafla at 25-500 °C with a maximum pressure of 60 MPa
showed that the highest corrosion rates were obtained at subcritical temperatures of 300-
350 °C. This conclusion was assessed by the pH dependence on temperature and pressure,
Cr equivalent and empirical corrosion rate formulas by Kurata et al. [20] but the numerical
corrosion rate values predicted for carbon steel were somewhat higher than the results from
the in-situ test in IDDP-1 [10] and simulated laboratory test [15] in this dissertation. The
results of Yanagisawa et al. imply that adequate corrosion rate models for the superheated
geothermal environment are not present with the current knowledge and more information
(CR, corrosion behaviour) is needed on the corrosion behaviour of materials in these
superhot conditions.



1.2 Motivation of Study

Based on the outcome of previous corrosion studies, it is clear that much more work is
needed to understand and map out the corrosion behaviour of various materials in HTD
geothermal environments. For example, the cause of localized corrosion damage observed
in previous in-situ studies in HTD geothermal fluid and the effects of silica scaling on the
corrosion behaviours are uncertain. Moreover, a limited number of corrosion studies have
been conducted related to the corrosion behaviour of carbon steel or corrosion-resistant
alloys commonly used within the geothermal industry both in a single-phase superheated
or supercritical fluid or associated with two-phase (liquid and vapour) fluids. Such
comparison is very important as multiphase geothermal fluid conditions can be expected
during different operation phases of the well such as warm-up, shut-in and discharge for
example.

The results of this study were intended to increase our knowledge of the corrosion
behaviour of carbon steel and CRAs in HTD geothermal environments which are needed
for material selection and design of future HTD geothermal wells. Furthermore,
experimental data on corrosion rates can aid in the construction of future corrosion rate
models for corrosion in a superheated geothermal fluid.

1.3 Research Questions and Structure of
Dissertation

In this PhD research project, the corrosion behaviour of carbon steel and corrosion-
resistant alloys in simulated, superhot and mixed-phase, geothermal environments is
studied. From the above discussions and previous work and background, the following
research questions (RQs) were defined in the project and answered based on the findings
of the PhD research:

Research Question 1 (RQ1):

Does superheated fluid, where the bulk is H,O that contains H,S, CO, and HCI, promote
localized corrosion damage in carbon steel or corrosion-resistant alloys tested in this
study?

Research question 2 (RQ2):
Does commonly observed scaling (i.e. amorphous silica) promote localized corrosion
damage on material surfaces in superheated steam of geothermal origin/nature?

Research Question 3 (RQ3):
Is there a significant difference in material corrosion behaviour depending on the phase
properties of the geothermal fluid, i.e. the fluid is superheated or in a liquid state?

In research question 1 (RQ1), all the materials tested i.e. carbon steel and corrosion-
resistant alloys were the subject of the investigation as localized corrosion damage was
observed in a previous study by Karlsdottir et al. [10]. In research question 2 (RQ2)
however, only corrosion-resistant alloys (nickel-based alloys) are subject to the
investigation because the carbon steel was prone to localized corrosion damage in the
simulated HT environment when tested without silica scaling. In research question 3



(RQ3), both carbon steel and corrosion resistant alloy (titanium alloy) were the subject of
the investigation.

Journal article 1 (JA1; Corrosion testing of materials in the simulated superheated
geothermal environment) covers most of the materials tested in superhot fluid and
contributes to RQL. Journal article 2 (JA2; Effect of alloying ratios and Cu-addition on
corrosion behaviour of CoCrFeNiMo high-entropy alloys in superheated steam containing
CO,, H,S and HCI) is a continuation of the research outlined in JA1 but with fabricated
HEAs in a laboratory tested (candidate material) in the superhot fluid. Journal article 3
(JA3; Corrosion Behaviour of Titanium Alloy and Carbon Steel in a High-Temperature,
Single and Mixed-Phase, Simulated Geothermal Environment Containing H,S, CO, and
HCI) covers the testing of carbon steel and titanium alloy in superheated and two-phase
(boiling and condensed) fluid conditions and contributes to RQ1 and RQ3. Finally,
journal article 4 (JA4; Silica scaling and boiling effect on corrosion behaviour of nickel-
based alloys associated with superheated hydrothermal fluids containing HCI, H,S and
CO,) covers testing of nickel-based alloys covered with a scale from geothermal brine
tested in superhot fluid and contributes to RQ1 and RQ2. The RQs and their link to the
journal articles (JAL to JA4) can be seen in Figure 1.

Research Questions (RQs) Journal Articles (JAS)

JAL: Testing in superheated
fluid

RQ1: Superheated fluid and
localized corrosion damage

T | JA2: Testing of HEASs in
superheated fluid

RQ2: Scaling and localized
corrosion damage in superheated
fluid

JA3: Testing in boiling,
superheated and condensed
fluid

RQ3: Corrosion behaviour in
various phases of geothermal fluid

JA4: Testing in superheated
fluid wi/scaling

Figure 1 Research questions (RQs) and link to journal articles (JAs)



The dissertation is divided into five chapters. The first chapter is the introduction of the
subject, the second chapter is the theoretical background where geothermal and common
corrosion phenomenons in the geothermal environment are explained. The third chapter
presents the methods for running the tests and analysing the results. The fourth chapter
summarized the results of individual articles, both journal and conference articles
contributing to this PhD research work. The final chapter, the fifth, represents the
conclusion, discussions and recommended future work followed by references and journal
articles as published



2 Background

This chapter outlines some of the most common corrosive species and corrosion forms of
materials in the geothermal environment experienced by the geothermal industry. In this
study, most of the corrosion tests were conducted in a single phase, superheated fluid but
some tests were also performed under liquid conditions, thus in this chapter, the difference
between “dry” and “wet” corrosion is explained. The distinction in the corrosion behaviour
of materials in dry superhot gas and in wet liquid, i.e. the theoretical distinction between
wet corrosion (in the liquid fluid) and dry corrosion (gaseous or vapour fluid) and the most
common corrosive species and corrosion forms in a geothermal environment is presented
and discussed.

2.1 Corrosion in Geothermal Fluid

Corrosive species and corrosion forms in geothermal environments have been summarized
by Nogara et al. [21,22]. In this study, many of the corrosion forms explained in this
chapter were not experienced, but for theoretical background, the main corrosive species
and corrosion forms experienced by materials in geothermal environments are introduced.

Corrosive Species in Geothermal Fluid

A geothermal fluid has H,O as the bulk phase but commonly gases or corrosive chemical
species are H,S, CO,, H,, HCI, chloride and more [3,23].

Hydrogen sulphide (H,S) can react with the material and form sulphide corrosion products
but can also provoke more severe corrosion damage by hydrogen damage such as sulphide
stress cracking (SSC) for low alloy steels [24] and martensitic stainless steels with high
hardness in sour environments [25]. Materials can also be prone to hydrogen cracking,
blistering, hydrogen embrittlement and hydrogen attack (decarburization) due to the effect
of hydrogen. Hydrogen sulphide can also play a major role in the effect of CO; corrosion
when the two species are present in the environment [26].

Corrosion due to CO; can be explained by the increased acidity (lower pH) effect of
dissolved CO, in an aqueous fluid. Increased acidity promotes the attack of H* on the
corrosive material but also prevents the formation of a passive layer, such as iron
hydroxides in acidic fluid [27]. At high temperatures, gaseous CO; can react directly with
metals and form corrosion and passive layer products [27,28].

Hydrogen chloride is a strong oxidizer where H* reacts with the material promoting anodic
dissolution in an aqueous medium and the chloride ion in the solution can prevent
passivation of the passive layer forming materials, promoting localized corrosion damage
in passive materials. Hydrogen chloride can also provide atomic hydrogen in the cathodic
reduction of H*. Limited literature was found on corrosion of materials in a gaseous HCI
environment without O, but a study by Krumm et al. shows that the effect of gaseous HCI
induced corrosion is more profound in absence of O, [29].



Corrosion due to hydrogen (H,) is related to the adsorption of hydrogen molecules at the
surface of the material and the migration of atomic hydrogen into the lattice of the
material, promoting hydrogen damage as described above.

Uniform Corrosion

Uniform corrosion is where the uniform dissolution of material is experienced due to a
uniform attack of the corrosive species for a prolonged time. The measured corrosion rate
(CR) of the material tested in mm/year was calculated via the mass loss method (MLM)
and according to standard ASTM G1 [30] :

= kw
CR="1 M)

Where K = 8.76-10*, W is the mass loss in grams of the tested material with a +0.00005
gram precision, A is the exposed surface area in cm? of a tested sample, t is the exposure
time in hours, and p is the material density in g/cm3.

Sulphide Stress Cracking (SSC)

Hydrogen sulphide is an aggressive hydrogen supplier because it provides hydrogen from
its molecule to the surface and can form sulphide “poison” in the material which retards
the formation of molecular hydrogen [31], enhancing the effect of atomic hydrogen
formed. Dissolved hydrogen sulphide (H,S) can attack carbon and low alloy steel alloys,
forming iron sulphide and releasing hydrogen molecules which can promote the diffusion
of atomic hydrogen into the steel lattice and induce hydrogen damage by the reactions
[32]:

Fes) — Fe** g + 2¢° )
H2S(ag) + 26" — S%ag) *+ Hagg) ®)
Giving the overall reaction
Fe) + HaSq— FeSe) + Hag) (4)
The hydrogen can then be adsorbed to the material surface and form atomic hydrogen
Ha(ad) — 2H(a0) )

The iron sulphide acts also as a poison and prevents of the formation of atomic hydrogen
back to molecular hydrogen [33]. The atomic hydrogen can diffuse into the material lattice,
making the material more brittle and susceptible to SSC. If the susceptible material is
under applied or residual tensile stresses in an H,S environment and with other favourable
environmental factors, a brittle fracture, SSC can be promoted in the material [31,34].



Other Hydrogen Damage

Hydrogen cracking is localized corrosion damage normally classified into three categories,
hydrogen-induced cracking (HIC), sulphide stress cracking (SSC) and stress oriented
hydrogen induced cracking (SOHIC) which is a combination of both HIC and SSC [35].
The crack mechanism depends on the environment but also the microstructure of the
material and stresses exerting on/in the material [36-41]. Hydrogen embrittlement arises
from atomic hydrogen diffusion into the material lattice and is normally more favoured for
hardened materials at low temperatures [42].

Hydrogen can be provided with H,S but also with acidic environments and the cathodic
reaction of water according to:

2H  aq) + 26" —Hyg) (6)
2H,0¢y + 28" — Hy) + 20H ) (7)

Atomic hydrogen can recombine and form hydrogen molecules which can increase the
pressure inside the material and form hydrogen blisters which can start a cracking or
rupture due to excess hydrogen gas pressure [31]. The supply of hydrogen with other
hydrogen sources can also promote hydrogen embrittlement as in SSC. At elevated
temperatures, the hydrogen can react with carbon precipitates at the grain boundaries and
dislocations and can form methane gas (CHa(g)) or decarburize which can produce a sudden
rupture or crack mechanism due to increased gas pressure inside the material [31,39]. The
formation of methane can be reduced by precipitating titanium, zirconium or vanadium
carbides in the grain boundaries of the material [31]. Titanium and other alloys can also
form brittle hydrides when reacting with hydrogen normally at temperatures above 250 °C
[31].

Formation of Sulphide Corrosion Product with an Oxide Layer

Hydrogen sulphide, in non-oxygen (O) containing fluid, has also been reported to react
with fast forming magnetite (F3O,4) to form iron sulphide (FeS) according to Gao et al. [43]
by the following chemical reaction:

Fe304(5) + 3H2$(aq) + 2H+(aq) +2e — 3FES(S) + 4H20(|) (8)

The formation of the external sulphide layer on the internal oxide layer is well known in
the geothermal industry [44,45].

Corrosion due to CO,

Carbon dioxide (CO,) when dissolved in aqueous fluid, can form an acidic environment
which can promote corrosion of materials in a geothermal environment [27,46]:

H2CO3(ag) > H'(ag) + HCO3 () )
HCO5 ey € H' ey + CO5” (e (10)

With the anodic dissolution of iron for instance as mentioned in (2) and the corrosion
product of iron carbonate:



Fe®* aq) +CO3” (ag) <> FeCOs) (11)

A study by Jingen et al. has revealed retarding effect of H,S on CO; corrosion of carbon
steel [26] and other studies have revealed both retarding and promoting effects, depending
on the temperature of the environment [47]. It has also been concluded that the CO,
corrosion of steel is strongly pH-dependent and accelerates at lower pH [48]. The presence
of CO; increases the rate of hydrogen evolution which increases the overall dissolution rate
of iron in brine or aqueous solutions. Furthermore, at pH>4, CO; can lead to much higher
corrosion rates, than corrosion in strong acids, at the same pH. This phenomenon is
explained by the presence of H,CO3 in CO, solutions, increasing the hydrogen evolution
step in the iron anodic dissolution mechanism and due to the slow mass transfer of H from
strong acids towards the iron surface at pH>4 which limits the hydrogen evolution step and
hence the overall iron dissolution rate [49,50].

Stress Corrosion Cracking

Stress corrosion cracking (SCC) is brittle localized damage that occurs when constant
tensile stress is applied or when internal stresses are present in susceptible material,
commonly passive materials in high-temperature chloride-rich environments [51].
Austenitic stainless steels have been reported to be prone to SCC in geothermal
environments, with and without, chloride in the geothermal fluid [52-55]. Testing in a dry
superhot geothermal fluid under stress has shown SCC behaviour of austenitic stainless
steels but not in carbon steels or other corrosion-resistant alloys tested [10].

Pitting and Crevice Corrosion

Pitting and crevice corrosion are both localized corrosion damage forms. Pitting corrosion
can be experienced in passive metal alloys where the localized corrosion rate is relatively
rapid and anions, such as chloride (CI), prevents the formation of a passive layer at
localized sites after the breakage of the passive layer in the corrosive environment. Crevice
corrosion can be experienced in passive metal alloys and materials that do not passivate
and is experienced where the crevice is at lower reduction potentials than the external
surface of the crevice. In the geothermal industry, pitting and crevice corrosion has been
experienced for corrosion-resistant alloys but also in non-passive such as carbon and low
alloyed steels [56-61].

De-alloying

De-alloying is when one or more of the alloying elements in the material is more
susceptible to corrosion than the rest of the alloy [62]. A limited number of de-alloying
incidents have though been reported in the geothermal environment.

Intergranular Corrosion

Intergranular corrosion is localized corrosion damage where selective corrosion at the
grain boundaries of the material occurs. The grain boundaries can have different
composition and reduction potentials than the rest of the materials and hence, a driving
force for internally driven corrosion or corrosion due to the environment can occur.
Intergranular corrosion can be experienced in some austenitic stainless steels at grain
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boundaries where chromium carbide precipitation has occurred due to heat treatment of the
material [63].

Fluid Flow Induced Corrosion and Erosion Corrosion

Fluid flow-induced corrosion can be categorized into four types of corrosion; mass
transport controlled corrosion where the corrosion mechanism is induced by the increased
convective effect of the flowing fluid, phase transport corrosion where the flowing fluid
supplies aggressive phases towards the corrosive surface, cavitation corrosion where gas
bubbles implode from the flowing fluid on the corrosive surface and finally erosion-
corrosion [64]. Erosion corrosion is associated with moving or high-velocity fluid
containing solid particles that break or remove the surface film of the material that
otherwise acts as a protective film for the material. Erosion corrosion occurs for soft
materials in a high-velocity fluid where turbulent flow or changes in flow conditions and
patterns occur. Vapour-phase steam carrying water can be very erosive corrosive to steel
[65]. As geothermal fluid can travel at high velocity from the geothermal source through
the geothermal casing, piping and equipment, erosion-corrosion has been reported in the
geothermal industry and simulated tests [66,67].

Galvanic Corrosion and Concentration Cell Corrosion

Galvanic corrosion is localized corrosion damage when two dissimilar metals or materials
submerged in the same electrolyte are also electrically connected via direct contact. The
metal with the lower reduction potential will corrode due to the potential difference with
the other metal (at higher reduction potential) or/and due to the synergic effect of the
environment and the other metal [68]. Solid precipitates on a solid surface exposed to
electrolytes can also be a subject of galvanic coupling. Pyrrhotite, one iron sulphide form,
has also been reported by Esmaeely et al. to have a galvanic effect on an iron surface and
induce localized corrosion damage in the iron where H" dominates the reduction reaction.
Furthermore, galvanic coupling between sulphide layers (cathodic pyrite and anodic
pyrrhotite) has also been reported by the same authors [69-71]. In our study, attention
was paid to sites where washers and fasteners were connected to the test samples to
observe if any galvanic corrosion had occurred in the tests. Concentration cell corrosion
occurs where a gradient in concentration of the cathodic species results in a gradient in
oxidizing power on the surface that can result in anodic dissolution.

2.2 Wet and Dry Corrosion Mechanism

Wet corrosion occurs in liquid electrolytes when anodic material reacts in its environment
due to the oxidative power of some cathodic species. In case of corrosion of metal/metal
alloy, the anodic metal/metal alloy loses an electron (or electrons) to the corrosive species
or the cathode and the anodic material is then afterwards solvated in the liquid electrolyte
where corrosion product is formed on the surface at the anode-cathode interface or
dissolved in the fluid. The liquid electrolyte has a high dipole moment and solvation
capability that acts as a charge carrier in the corrosion process [72].

For the electrochemical wet corrosion reaction to proceed, electronic charge transfer occurs
between the anodic and cathodic material but charge transfer via ion movement occurs also
via the electrolyte. Wet corrosion can have many forms and driving mechanisms but the
main factors affecting wet corrosion are; the potential difference between the anodic and
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cathodic half cells, electrolyte conductivity, surface properties (kinetics) of the electrodes,
the concentration of the solvated anodic/cathodic materials, mass transport of cathodic
species towards the anodic surface (convection of electrolyte), the relative surface area of
anode vs. cathode and more [31]. A schematic of the wet corrosion mechanism is given in
Figure 2.

Corrosive or cathodic species
(H,S, CO,, HCl in liquid geothermal fluid)

Electrolyte (Liquid geothermal fluid)

Cathodic species deposits on
=~ surface due to electron(s) uptake

P T Electron(s) transfer from anode to
_ ik
Material dissolutes from the bulk material cathode (n*e’)

into the electrolyte or deposits on surface

Material prone to corrosion or anodic material
(carbon steel or corrosion resistant alloy)

Figure 2 Schematic of wet corrosion mechanism

Dry corrosion is distinct from wet corrosion mainly due to the absence of liquid
electrolytes in the corrosion process. The mechanism of dry corrosion is not
straightforward and can be the result of many intermediate reactions occurring to the final
corrosion product [73]. Dry corrosion can occur at temperatures below 200 °C [74] where
the gas is adsorbed on the metal/metal alloy and reacts with the surface if the enthalpy of
formation for the corrosion product is negative i.e. the formation of the corrosion product
is possible in the environment.

The dry corrosion reaction is dependent on the temperature and partial gas pressure of the
corrosive species in the gas phase. If the reaction between the corrosive gas species and the
solid metal/metal alloy occurs, a thin surface scale, corrosion film, initially forms. The
progress and nature of the corrosion film can progress depend then to some extent on the
properties of the film such as melting point, conductivity, lattice structure and defects,
ionic nature of the surface scale (charged vacancies) and more. The amount of lattice
disorder in the corrosion film can determine the growth rate of the corrosion film. A highly
disordered lattice in the corrosion film leads to a high growth rate but a lattice with low
defects has a low growth rate. The growth of the corrosion film can be determined by the
mass diffusion of metal/metal alloy through the corrosion film towards the surface or
determined by the permeation of the corrosive gas species through the corrosion film to the
metal/metal alloy and corrosion film interface. As a result, the corrosion film growth can
either be dominated by growth on the surface of the corrosion film or by the growth at the
corrosion film and the metal/metal alloy interface [75]. The mechanism of the two
dominant dry corrosion mechanisms is schematically drawn in Figure 3.
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Gas phase (H,0 with H,S, CO, and HCI)

Corrosive species diffuses to o . P
o . Corrosive species in gas phase
~ original material surface or

O outward growing film ) ' (H,S, CO,, HCl or H,0)
O -

Original material surface
(before corrosion)

Outward growing corrosion film

Inward growing corrosion film _ Corrosive species diffuses to

material surface

Material diffuses
towards outer
growing film or Material prone to corrosion or anodic material

ts at th, . .
reactsatthe surface (arhon steel or corrosion resistant alloy)

Figure 3 Schematic of the two dominant corrosion mechanisms for growth of corrosion film in dry
corrosion

2.3 Conventional and Deep Geothermal Wells

To exploit the geothermal energy from the earth’s crust, geothermal wells are commonly
drilled to less than 3 km depth into geothermal systems [76] where the transportation of the
high enthalpy geothermal fluid, towards the surface, occurs via open holes or pipes/casing
material that has been inserted into the well to maintain its integrity and energy output
efficiency. The geothermal fluid is most commonly dominated by H,O, with other major
gases being example CO,, H,S and H,. “Conventional” high-temperature geothermal wells
typically discharge two-phase (liquid and vapour) fluids. In such cases, carbon steel casing
materials are commonly selected from the American Petroleum Industry (API) standards
which are prone to corrosion [3,77,78]. The extent of corrosivity of the geothermal fluid
can vary, depending on several factors such as temperature and the fluid composition
including pH, the concentration of dissolved gasses and more [79]. The more common
high-temperature wells are normally in the temperature range of 240 — 340 °C [6] but in
recent years there has been growing attention toward drilling wells at even more depths to
provide higher temperature and enthalpy geothermal fluids than the conventional high-
temperature wells. These wells onward referred to as high temperature deep geothermal
wells, are expected to produce additional energy or an enthalpy output with estimated
power production of an order of magnitude higher than from the more conventional high-
temperature wells [6]. Depending on the good design and physical condition of the fluid,
the fluid velocities of high temperature deep geothermal wells can be expected to be on the
scale of 30 -100 m/s [66,80]. Due to high cost and some technical challenges, only a few
deep geothermal wells have been drilled to the present date [81]. As a result, few
corrosion tests have been conducted in-situ in deep geothermal wells. The lack of
availability of corrosion facilities for corrosion studies at temperatures above 250 °C has
also limited the number of corrosion studies in simulated high-temperature geothermal
environments.
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3 Experimental

3.1 Test Materials and Sample Preparation

Carbon steel and low alloyed steel are common casing materials and hence one carbon
steel type was selected for this study. The corrosion-resistant alloys tested were austenitic
stainless steels, nickel-based alloys, titanium alloys and high entropy alloys are given in
Tables 1 to 4 but more detailed descriptions of the characteristics and composition of

materials are given in the publication of this study.

Table 1 Summary of main alloying elements in carbon steel and CRAs tested in JA1

. UNS Other Nominal composition [% wt]
Material no desian
: an. C ¢ N Mo N Cu Al Nb Ti W Sn Fe
Catrb‘l)” N/A NS-EN 004 004 002 000 0003 0040 004 000 0.00 bal.
stee S235JRG2
Austenitic  $31254 002 200 180 61 02 07 bal.
stainless
steel
$31277 0022 23 28 8§ 04 15 bal.
Nickel-  N06255 003 26° 52 O 128 3 bal.
bﬁllISEd N06845 005 25 50° 70 4 58 bal.
alloy
N06625 01°  23* 580° 10° 04 415" 04 5.0°
Titanium N/A Ti-4Al-
alloy 4Mo-25n 5 0.27 58 bal. 25 0.2°
IMaximum value ONb + Ta

15



Table 2 Summary of alloying elements in HEA tested in JA2

Nominal composition [% wt]

Material Cr Ni Mo Cu Co Fe
HEA1? 16.2 18.3 29.9 18.3 17.4
HEA 2 19.4 21.9 15.9 22 208
HEA 3 13.3 15 42.2 15.1 14.3
HEA 4 14.3 16.1 26.4 27.8 154

HEA 5 13.5 15.2 24.9 16.5 153 145
HEA 6 15.6 16.5 13 226 166 157

IHEA = "High Entropy Alloy"

Table 3 Summary of alloying elements in carbon steel and titanium alloy tested in JA3

Nominal composition [% wt]
Material (_)ther_
designation . . .
Si Mn Cr Ni Mo Cu Al Ti Fe 6] Zr
Carbon NS-EN
steel $235JRG2 004 0.02 0.2 004 002 0.04 0.04 bal.

Tit-based Ti-0.4Ni-

alloy 3.6Mo-0.75Zr 0.44 3.4 bal. 018 016 0.74

Table 4 Summary of alloying elements in the nickel-based alloys tested in JA4

UNS Nominal composition [% wt]

no. C Si Mn Cr Ni Mo Cu W Fe
a a a 470' 60' a a

NO6255 003 10° 10 2326 o 0 12 30° hal

NO6845 005 05 05 20-25 40~ 50- 20--20- .,

50.0 7.0 40 50

AMinimum value

Three flat coupon samples of each material were tested in each test reactor. Two longer
coupon samples and one shorter coupon sample were accommodated in each test reactor.
The longer test samples had dimensions of 100 mm x 7 mm x 1-2 mm the shorter coupon
had a dimension of 50 mm x 7 mm x 1-2 mm as seen in Figure 4. The thickness of the
coupons for each material depended on their availability from the producers.
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Figure 4 Mounting piece (left) and three-flat coupon samples connected with alumina washers and
fasteners after corrosion test

All the samples were ground to 600 grit with SiC abrasive paper before corrosion testing
except for the HEA samples tested in journal article no. 2 (due to brittleness) which were
not ground. The samples were then cleaned in an ethanol and ultrasound bath and weighed
and measured according to ASTM G1-90 [30] before corrosion testing.

3.2 Testing Conditions

The conditions of the corrosion tests varied in this study. They are summarized in Table 5.

In the first journal article, the first few tests were conducted at lower concentrations of H,S
and CO, (30 and 80 mg/kg respectively) to verify the robustness and leak proofing of the
test equipment before testing at higher concentrations. Testing of UNS N06255, N06845
and N06625 nickel-based alloys at lower H,S and CO, concentrations were also done to
test to investigate if the concentration level of the species had any significant effect on the
corrosion behaviour in the test environment.

In all the corrosion tests, three reactors were connected in series where the test fluid
entered the first reactor and eventually flowed out from the outlet of the third reactor.
Figures 5 and 6 show a photo of the corrosion test equipment (the flow-through reactor test
setup) developed in the study and a simplified process flow diagram of the setup.

Figure 5 Test equipment for superhot test in all test volumes
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Figure 6 Simplified process flow diagram of the flow-through test setup

The first reactor was used in the majority of the tests, only as a preheater for the solution to
achieve a superheated state before entering the second reactor. Hence, the first reactor did
not accommodate any samples in the research outlined in the first two journal articles. In
the third and fourth journal articles, however, the first reactor accommodated corrosion test
samples to study the effect of the boiling state of the simulated geothermal fluid on the
corrosion behaviour of the samples. Due to the expected high corrosion rate of the carbon
steel tested in the aqueous geothermal fluid in the first and third reactor, only a 3-day test
period was decided for the carbon steel tested and outlined in the third journal article.

In the first two journal articles, all the samples were tested at similar conditions i.e.
synthetic superheated geothermal fluid at 350 °C and 10 barG. In the third journal article,
however, the third reactor was at 180 °C to investigate the effect of condensed simulated
HT geothermal fluid on the corrosion behaviour of the test samples.

In all the tests, deaerating of the flow-through test volume was done first with water at RT
for 24 hours and then flushed and stabilized with superheated steam at 350 °C and 10 barG
for 3 hours to stabilize the test volume before the simulated geothermal fluid entered the
test volume. After each test period, the test volume was flushed with superheated steam at
350 °C and 10 barG to prevent condensation of the corrosive species in the test fluid when
the test equipment was cooled down to room temperature (RT).

Risks involved with the experimental procedure are the exposure to high temperature and
high pressure (an acidic) fluid and the danger of inhalation of hydrogen sulphide from gas
leakage from the testing equipment. Hydrogen sulphide is well known to have a toxic
effect on the nervous and respiratory systems [82]. For safety reasons, a gas detector, with
H,S (and CO,) sensors was applied in the laboratory room near the testing equipment.
Furthermore, the location of the gas detector was selected near the testing equipment and
the sensor assembly was placed at the floor level due to the higher density of H,S and CO,
in comparison with the atmosphere. In addition, an alarm was triggered, a sound alarm
from equipment and via SMS message to mobile phones of lab staff if the concentration of
the gasses exceeded some threshold value (1 ppm for H,S).
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Table 5 Type of experiments and test conditions used in the study and presented in journal articles J1-
J4

Test

Journal P H,S CO; HCI? Test fluid Silica scale

© b H
Article TrCl [barG]  [mg/kg] [mg/kg] [mag/kg] pH phase on samples ?3;;2?
30(and 80 (and 21° (and
#1 350 10 150) 250) 36.5 3 Superheated None 10)
#2 350 10 150 250 36.5 3 Superheated None 10
Boiling,
# RTto 10 150 250 365 3  Condensed None 3and 10
350 and
superheated
RT to Boiling and None and
#4 350 10 150 250 365 3 superheated silica scale 10
®FrompH =3

At RT and condensed state
“One test was only at 16 days

3.3 Sample & Fluid Preparation and Analysis

The test fluid preparation and analysis were done with known methods [83,84]. The testing
fluid was prepared by a mixture of two aqueous reactant solutions, one reactant solution
containing dissolved HCI and another reactant solution containing dissolved H,S and CO,
made by dissolving solid anhydrous >99.9% pure Na,S and >99.7% pure solid NaHCOs
from Sigma Aldrich in degassed deionized water. The two solutions were mixed in line to
produce an aqueous and acid solution with pH = 3 with the desired concentration of H.S,
CO; and HCI and a background electrolyte Na* and CI. The concentrations of the
dissolved H,S and CO, were further analysed using standard methods, i.e. Hg-precipitation
titrations with a dithizone as an indicator for analysis of H,S and modified alkalinity
titration for total dissolved CO, [72,73].

During corrosion tests, the flow rate and pH of the fluid condensate at the outlet were
regularly measured as well as the titration of H,S and CO; of the fluid was done at the
outlet to ensure the correct concentration in the test fluid. The flow rate was measured via
the volumetric flow rate of the condensed fluid at the outlet of the cooled condensed fluid.
The pH was analysed by taking samples from the outlet of the cooled condensed fluid. To
conduct the titration of the outlet fluid, H,S and CO, gases were extracted with 0.1 M
NaOH solution to avoid the escape of the gases from the fluid and titrated with the method
described earlier in this subchapter.

3.4 Test Equipment and Procedure

3.4.1 Development of Test Equipment

From the previous test of Jonsson [15], it was evident that modification of the flow-
through test equipment was necessary to ensure superheated conditions in the test volume
and exclude the boiling effect in the inlet and prevent condensation at the outlet of the test
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volume. Furthermore, some design adjustments were made to maintain thermal stability in
the test volume. In this study, some modifications were done by trial and error until
satisfactory temperature measurements were obtained that indicated a superheated state of
the test fluid in the test volume as outlined in conference papers no. 1 and 2 and journal
article no. 1.

The first step in the development of modified test equipment and simulating HT
geothermal environment was to connect in series three reactors together in a flow-through
loop. The first reactor acted as a preheater but the following two reactors accommodated
corrosion test samples when tested in a superheated fluid. The preheater was decided to be
oriented vertically to increase the probability that small liquid droplets formed in the
boiling at the inlet of the preheater, that may travel in the gas phase towards the first test
reactor, would drop due to gravity back into the preheater in the relatively slow flow of the
test fluid.

The preheater and reactors were all custom made at the University of Iceland by applying
UNS N10276 reactor pipes 300 mm in length and with 11.7 mm inner diameter. The
reactor pipes were inserted into an Aluminium cylinder that had been drilled through for
the insert of the reactor pipes. In the Aluminium cylinders, extra holes for the insert of
heating elements were also drilled. The Aluminium cylinder and reactor pipe were then
wrapped with glass wool and assembled in thermally insulated refractory material forming
an insulative box around the Aluminium cylinder and the reactor pipe. The whole assembly
was then sealed by aluminium plates, bolted together to form a box. A controller from
Rafhitun Ltd. was used to regulate the heat input and temperature in the tests.

Flow rates were also changed significantly from previous tests. The total flow was reduced
from 1 ml/min (0.5 ml/min from each pump) down to 0.3 ml/min (0.15 ml/min each pump)
which equals 1.2 cm/sec superficial velocity of the fluid at 10 barG and 350 °C. When flow
was set to lower values, the variance was observed to be too high but a stable flow rate was
achieved when each pump was set to 0.15 ml/min (0.3 ml/min total flow). Stable flow of
each pump is required to maintain total flow and that the reactants to react.

To minimize heat loss between preheater and test reactors, the length of pipes connecting
the preheater and the test volumes was minimized. Pipings between preheater and test
reactors and at the outlet were also thermally insulated with flexible glass wool and
wrapped with aluminium foil.

In the previous test by Jonsson [15], some condensation of superheated fluid was
experienced at the outlet, likely due to the orientation of the reactor in a vertical position.
To prevent condensation of the superheated test fluid at the outlet, the pipe length between
the outlet of the second (last) reactor and the condenser was increased to minimize the
effect of the condenser on the test fluid at the outlet of the second (last) reactor.
Furthermore, a heating tape was wrapped around the pipe at the outlet of the second (last)
reactor to heat the pipe and to ensure that the superheated state of the test fluid was
maintained at the outlet of the second (last) reactor. The thermal tape was connected to an
AC motor speed controller to regulate the heat input to the thermal tape. The control box
was built for the whole assembly.

Some modifications were also done in the design and material selection of the test
equipment to minimize corrosion of the material inside the hot testing and preheating
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volume during the corrosion tests and affect the test results. All pipes at the inlet, outlet
and between the preheater and test reactors were replaced by stainless steel to UNS
N10276 corrosion-resistant nickel-based alloy. Furthermore, all copper ferrules were
replaced with custom made Teflon ferrules.

The back-pressure regulator (BPR) from the previous test was replaced with a custom
made back pressure regulator to prevent the accumulation of salts and plugging of the BPR
during tests. In principle, the new BPR consists of outer housing that was filled with water
where the pressure was regulated by a hand pump. Inside the housing, a flexible Viton™
hose was connected to the test flow-through loop. By exerting pressure on the outer house
volume by the hand pump, the Viton™ hose was squeezed together, forming a small inner
diameter flow-through channel which resulted in pressure build-up inside the test flow-
through loop.

To monitor that no excess pressure build-up occurred in the flow-through loop during the
test, a pressure transducer was connected to a data logger in the flow-through loop. The
stability of pressure within the system was critical to maintaining phase equilibrium but
excess pressure can result in condensation inside the test volume which must be avoided in
tests in the superheated test fluid. The temperature of the reactor pipes was also monitored
via K-type thermocouples connected to a data logger during the tests.

To verify the performance of the test equipment i.e. if the simulated HT geothermal fluid
was superheated, the temperature was measured between the preheater and the test reactors
and at the outlet of the second test reactor by a resistance temperature detector (RTD).
This was also supported by the low uniform corrosion rate of carbon steel tested in the test
reactors, thus the superheated condition of the test fluid could be concluded.

3.4.2 Description of Test Equipment

A detailed description of the test equipment is outlined in JAL1. Two Chrom Tech series |
pumps were used to pump the two reactant solutions. The solutions were degassed by
Labhut degassers and then mixed before entering the preheater. The material in the flow-
through loop in the hot temperature part of the flow line i.e. in the preheater, the reactors
and tubing between the preheater and reactor, the tubing between reactors and tubing
between the second reactor and pipe at the outlet towards the condenser was made of
corrosion-resistant alloy UNS N10276. The sample holder and fasteners were made of
Inconel UNS N06625 and UNS S31603 materials which were used depending on the alloy
type of the sample in the testing batch. Washers between samples and fasteners are made
of ceramic alumina provided by Ortech. The hot temperature part of the flow-through loop
was highly insulated with ceramic material (SiO2/Al,03/MgO) and glass wool to minimize
heat loss. The preheater, reactors, and heating units were custom made at the University of
Iceland. The temperature of the reactors was regulated by a temperature controller and
elements from Rafhitun. Thermocouples used in the system were K-type connected to the
reactor pipes externally. Another set of thermocouples was connected to the reactor pipes
externally to the Labjack U6 series data logger. Stainless steel and nickel-based alloy
tubing, fittings and condenser were provided by SITEC. The piping at the outlet of the
second reactor was wrapped with HTS Amptek heating tape and power input was
controlled by an AC motor regulator. An analogue pressure meter was connected to the
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flow line after the condenser. The Digital pressure transducer, WIKA model S-20, was
connected to the Labjack U6 data logger to monitor the pressure in the flow-through loop
system. The back-pressure regulator (BPR) was designed and custom made by Prologo to
set and control fluid pressure in the system. The external pressure controller exerting on
the BPR was a SITEC 750 hand pump.

3.4.3 Flow Setting of Equipment

The flow of the two pumps was set to 0.15 ml/min or a total volumetric flow rate of 0.3
ml/min which equals 1.2 cm/sec superficial flow velocity of the fluid in the reactors which
were applied in all the tests. This flow rate is significantly lower than expected in in-situ
geothermal wells as previously outlined in the introduction chapter. This flow rate
corresponds to a reactor residence time of approximately 25 seconds in each reactor. The
fluid injection, from the pumps, into the test volume was not continuous but was done in
small discrete injection batches at a few seconds intervals. The pressure fluctuations
(recorded at high resolution with pressure transducer and datalogger) were though only
observed to be a few pascals during the injection batches and were therefore concluded to
simulate continuous injection fairly well.

3.4.4 Testing: Pre and Post Procedures

In all the testing, flushing of air inside the test volume was done first with water at RT for
24 hours and then flushed and stabilized with superheated steam at 350 °C and 10 barG for
3 hours to stabilize the pressure and temperature in the test volume before the simulated
geothermal fluid entered the test volume. After each test period, the test volume was
flushed with superheated steam at 350 °C and 10 barG to prevent condensation of the
corrosive species in the test fluid when the test equipment was cooled down to RT. Test
samples were removed immediately from the test volume when the test equipment had
dropped down to RT, samples were then dried and kept in a desiccator before the samples
were processed for mass loss analysis or microstructural analysis. Before each test run, the
test equipment was dismantled and the test pipes and reactor pipes were cleaned in strong
HCI acid solution (and alkaline and organic solvent cleaned if needed).

3.4.5 Test Runs

For each test run, the reactant solutions were prepared in two flasks with several day
reservoirs but each reactant flask was though only used for two days before new reactant
solutions were prepared. This was done to maintain a high concentration of Na,S and
NaHCOj; in the solutions. For each reactant solution prepared, titration and analysis of the
concentration of the reactants were conducted. Flow measurements and pH measurements
at the outlet were also conducted daily. Analysis of the sulphide and CO, concentrations in
the test fluid was also done daily at the inlet but less frequently at the outlet. At the outlet
where the fluid had been condensed and cooled, the gas and the liquid part of the test fluid
were separated (acid fluid). It was observed that the gas from the test volume did not come
regularly from the test volume but in a more irregular, discrete manner. As a result, the gas
concentration of H,S and CO, were highly irregular and therefore concluded to be
insignificant in concluding the average H,S and CO, concentration at the outlet. The
temperature of the preheater and reactors and pressure inside test volume were monitored
continuously via a datalogger.
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Due to the aggressive test environment (corrosive fluid, thermal expansion and contraction
of equipment materials) substantial maintenance work and replacement of accessories for
the test equipment needed to be done between test periods. The reactor tubes and pipings in
the high-temperature part of the test equipment needed regularly (approximately every
third test run) needed to be fixed and milled by a private owned professional maintenance
shop (Vélvik Ltd.) which took normally few weeks. This needed to be done to make the
equipment leak-proof and efficient for the tests. Pump parts and fittings were also replaced
regularly due to wear and degradation.

3.4.6 Limitation of Experimental Design

In this study, flow-through test equipment was established to simulate high-temperature
geothermal conditions. The test equipment and test conditions have though some
limitations that should be mentioned:

Small volume reactors — Due to the small volume of the test reactors/preheater and rapid
heating of the fluid, it cannot be neglected that some microdroplets (liquid) have been
transported between the preheater and the test reactors. It is well known in boiler systems
that liquid droplets can be carried over from the boilers [85]. This may have affected the
phase condition and equilibrium in the test volumes.

Preheater and reactor tube material not inert — The UNS N10276 reactor tubes and UNS
N06625 pipe material were not completely insusceptible to corrosion. Some corrosion
damage was observed at the inlet of the preheater. These corrosion products may have
been transported to the test volume where test samples were accommodated, affecting the
results and conclusion of the study.

3.5 Mass Loss Analysis

The measured corrosion rate (CR) of the material tested in mm/year was calculated via the
MLM and according to ASTM G1-90 [30]:

CR=-% (20)

Atp

where K is the corrosion rate constant equal to 8.76-10*, W is the mass loss in grams of the
tested material with a +0.00005 gram precision, A is the exposed surface area in cm? of a
tested sample, t is the exposure time in hours, and p is the material density in g/cm3. For
MLM analysis, the samples were cleaned to remove corrosion products according to
ASTM G1-90. It is to be noted here that there is no standard cleaning procedure available
for Ti-based alloys due to extreme adhering to the titanium oxide film. Therefore, the Ti-
based alloy in the experiment was only cleaned with ethanol in the ultrasonic bath after
testing.
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3.6 Microstructural Analysis

3.6.1 Etching for Grain Boundary Analysis

Following etching solutions were applied for grain boundary analysis in journal article 1.
For grain boundary analysis, 2% nital [86] was used for the etching of carbon steel
S235JRG2. Kroll's reagent [87] was used for the etching of alloy Ti-4Al-4Mo-2Sn.
Mixed acids [88] were used for etching the nickel-based alloys and the austenitic stainless
steels.

Figure 7 Etching of austenitic stainless steel UNS 31254 at two magnifications after test in superhot
fluid at 350 °C and 10 barG with H,S = 150 ppm and CO, = 250 ppm and pH = 3 upon condensation

3.6.2 Microstructure and Chemical Composition Analysis

For microstructural and chemical composition analysis scanning electron microscope
(SEM) and X-ray electron dispersive spectroscopy (XEDS) were used. The samples used
for the microstructural analysis were sectioned using a diamond wafering blade, then
mounted in thermosetting phenol-formaldehyde resin (i.e., bakelite) and cast under
pressure. The samples were ground to 1000 grit with SiC abrasive paper and polished with
3 pm and 1 um diamond paste slurry and 0.02-0.06 um particle size colloidal silica. The
samples were analysed using SEM and XEDS before and after the corrosion testing to
examine corrosion effects (corrosion damages), for grain boundary analyses and evaluation
of the corrosion film structure and composition. The SEM equipment used was a Zeiss
Supra 25. The XEDS instrument used was Oxford Instruments with Si(Li) X-ray detector
and INCA Energy 300 and with AzTec software.

3.6.3 Crystal Structure Analysis

X-ray diffraction (XRD) analysis was used for crystal structure analysis of the materials.
For the bulk materials tested an X Pert Pro MRD system from PANalytical with a Gobel
mirror on the incident side and parallel plate collimator on the diffracted side was used.
The data were collected in a standard 06-20 geometry and analysed with the HighScore
software. Samples were analysed by XRD before and after the corrosion testing.

For the crystal structure analysis of the powders of the geothermal brine scaling material
(amorphous and crystal) present on the samples in the second and third reactor a Bruker
AXS D8 Focus, X-Ray Diffractometer was used, with Ni-filtered Cu ka radiation at 1.54 A
wavelength at 40 mA and 40 kV with fixed 1° slit and Nal oscillation counter.
Validation/calibration of the Bruker D8 Focus X-ray diffractometer was performed using
NIST (SRM-1976) standard sample.
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4 Results

4.1 Summary of Results of Journal Articles

4.1.1 Journal Article 1 (JAl1)

A.l. Thorhallsson, A. Stefansson, D. Kovalov, S.N. Karlsdottir, Corrosion testing of
materials in the simulated superheated geothermal environment, Corros. Sci. 168 (2020)
108584. https://doi.org/10.1016/j.corsci.2020.108584.

A.l. Thorhallsson, A. Stefansson, D. Kovalov, S.N. Karlsdottir, Corrigendum to
“Corrosion testing of materials in a simulated superheated geothermal environment”
[Corros.  Sci. 168  (2020) 10], Corros. Sci. 174 (2020) 108807.
https://doi.org/10.1016/j.corsci.2020.108807.

Summary of results of journal article 1:

In this article, the aim was to investigate the corrosion behaviour of the materials in a
simulated HT geothermal environment where carbon steel and corrosion-resistant alloys
were tested in superheated steam containing H,S, CO, and HCI at 350 °C and 10 barG with
condensate of pH =3 at RT. As expected, the general corrosion rate was extremely low for
all the materials tested but carbon steel was the only material tested that was prone to
localized corrosion damage. In the article, it is concluded that HCI had a significant
contribution to the localized corrosion damage. The results and conclusions made in
journal article 1 contribute to the answer of RQ1 i.e. superheated steam of geothermal
origin results in localized corrosion damage in carbon steel.

4.1.2 Journal Article 2 (JA2)

A.l. Thorhallsson, I. Csaki, L.E. Geambazu, F. Magnus, S.N. Karlsdottir, Effect of alloying
ratios and Cu-addition on corrosion behaviour of CoCrFeNiMo high-entropy alloys in
superheated steam containing CO,, H,S and HCI, Corros. Sci. 178 (2021) 109083.
https://doi.org/10.1016/j.corsci.2020.109083.

Summary of results of journal article 2:

High-entropy alloys (HEAs) containing CoCrNiFeMo (4 alloys) and CoCrNiFeMoCu (2
alloys) with different molar ratios were tested in the same environment as in journal article
1. The CoCrNiFeMoCu alloys were prone to general corrosion and localized damage
which was accelerated by Cu-rich intermetallics. In this study, it was concluded that H,S
was the main corrosive factor for the CoCrNiFeMoCu alloys. The other CoCrNiFeMo
alloys were not prone to corrosion damage. These results contribute to the answer to RQ1.
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4.1.3 Journal Article 3 (JA3)

A.l. Thorhallsson, S.N. Karlsdottir, Corrosion Behaviour of Titanium Alloy and Carbon
Steel in a High-Temperature, Single and Mixed-Phase, Simulated Geothermal
Environment Containing H,S, CO, and HCI, Corros. Mater. Degrad. 2 (2021) 190-209.
https://doi.org/10.3390/cmd2020011.

Summary of results of journal article 3:

Testing of carbon steel and corrosion-resistant titanium alloy was conducted at three
separate testing reactors connected in series in an H,O testing fluid containing H,S, CO,
and HCI with condensate of pH = 3 at 10 barG. The first reactor heated the testing fluid
from RT to a boiling state (<184 °C for pure steam) and eventually to a superheated state at
350 °C. The second reactor maintained a superheated state at 350 °C but the temperature
was lowered down to 180 °C in the third reactor which resulted in condensation of the test
fluid. The carbon steel showed localized corrosion damages in all three test reactors but the
extent of corrosion was more severe when samples were exposed to the liquid state of the
test fluid (in the first and third reactor). The titanium alloy was not prone to corrosion in
the test environment. These results show that distinct corrosion behaviours can be expected
for materials susceptible to corrosion in different phase states of the geothermal fluid.
These results and conclusions contribute to the answer to RQ3.

4.1.4 Journal Article 4 (JA4)

A.l. Thorhallsson, A. Stefansson, S.N. Karlsdottir, Silica scaling and boiling effect on
corrosion behaviour of nickel-based alloys associated with superheated hydrothermal
fluids containing HCI, H,S and CO,; Geothermics 101 (2022) 102384.
https://doi.org/10.1016/j.geothermics.2022.102384

Summary of results of journal article 4:

Nickel-based alloys were tested in the same test environment as reported in journal articles
1 and 2 with the exception that the materials were coated with amorphous silica from
geothermal brine during the test to investigate if the amorphous silica coating contributed
to some localized corrosion damage in the materials. The amorphous silica-coated nickel-
based alloys were not prone to corrosion damage in the superheated geothermal fluid
indicating that the silica does not promote localized corrosion damage in corrosion-
resistant alloys in the test environment. These results and conclusions contribute to the
answer to RQ2.

4.2 Summary of results of conference papers

4.2.1 Conference Paper 1

Andri . Thorhallsson, S.N. Karlsdottir, A. Stefansson, Corrosion Testing of UNS N06625
in a Simulated High-Temperature Geothermal Environment, PROCEEDINGS in
CORROSION 2018 Conference and Expo, April 15-19, Phoenix, Arizona, USA, paper no.
11058
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Summary of results of a conference paper I:

A 3-week corrosion testing of UNS N06625 was conducted in superheated steam with H,S,
CO; and HCI at 350°C and 10 bars at the early stage of the development of test equipment
and setup. The result of the simulated experiment showed that some localized corrosion
and sulphide crystals occurred on some of the samples, indicating that the test conditions
were not homogeneous in the test volume. The result of this study led to further
improvement of test equipment.

4.2.2 Conference Paper II

Andri . Thorhallsson, S.N. Karlsdottir, A. Stefansson, Corrosion Testing of UNS S31603
in Simulated HT Geothermal Environment at Boiling, Superheated and Condensation
Conditions, PROCEEDINGS in CORROSION 2019 Conference and Expo, March 24-28,
2019, Nashville, Tennessee, USA, paper no. 13195.

Summary of results of conference paper Il:

Corrosion testing of austenitic stainless steel, UNS S31603 (AISI 316L), was conducted in
flow-through reactors during the first stages of lab setup development to obtain a
superheated steam environment with H,S/CO,/HCI at 350°C and 10 bars. As in
conference paper I, various corrosion forms and products were observed in the UNS
S$31603 samples tested indicating that the test setup and conditions were not homogeneous
in the test volume. The result of this study led to further improvement of test equipment to
make test conditions homogeneous and the fluid superheated when aimed.

4.2.3 Conference Paper III

Andri Isak Thorhallsson, loana Csaki, Sigrun Nanna Karlsdottir, Laura Elena Geambazu,
Co20CraoFexNixpMoy high entropy alloys behavior in superheated geothermal steam,
PROCEEDINGS IN WGC 2020+1, 2021.

Summary of results of conference paper Ill:

Equiatomic high entropy alloys (EHEA), Co20CraxFexNixpMoy and copper added
Co016.67Cr16.67F€16.67Ni16.67M016 67CU16.67 Were tested in superheated steam containing H,S,
CO; and HCI at 350°C and 10 bar gauge. The samples were prepared using the vacuum arc
melting (VAM) technique. The results showed that HEAs could be promising candidates
as a coating material for high-temperature geothermal applications but some corrosion was
observed in the Cu added HEA alloy. This study contributed partly to the results published
in JA2. The results in JA2 cover the whole results and conclusions outlined in conference
paper IlI.

4.2.4 Conference Paper IV

Andri 1. Thorhallsson, Sigrun Nanna Karlsdottir, William MacDonald, James S. Grauman,
Titanium Alloy Casing for High-Temperature Geothermal, PROCEEDINGS IN WGC
2020+1, 2021.
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Summary of results of conference paper 1V:

A new titanium alloy and carbon steel were tested in a temperature range of 180-350 °C in
three testing units connected in series; in the first reactor where the rapid heating and
boiling of the aqueous testing solution from RT to boiling and superheating of the fluid
occurred (~184 °C for pure water), in the second reactor where superheated conditions
at 350°C and in the third reactor where the temperature was set to 180°C or below the
saturation temperature of the fluid to provoke condensation in the test chamber. The
corrosion behaviour of carbon steel was used as a test fluid phase condition indicator in all
three test volumes. The new titanium alloy was not susceptible to corrosion in all three test
volumes and was hence concluded to have good corrosion resistance in liquid and gaseous
fluid conditions. The titanium alloy could hence be a promising future candidate material
in geothermal environments.

4.3 Answers to Research Questions - Study
Results

The objective of the PhD project was to investigate the corrosion behaviour of materials in
a simulated HTD geothermal environment to answer the three research questions (RQ1-
RQ3) addressed before in the dissertation:

RQ1: Does superheated fluid, where the bulk is H,O that contains H,S, CO;, and HCI,
promote localized corrosion damage in carbon steel or corrosion-resistant alloys tested
in this study?

Answer to question 1: Localized corrosion damage was observed in the carbon steel tested
in journal articles 1 & 3 and in the Cu added HEA in journal article 2. Localized
corrosion damage was not observed in other materials i.e. corrosion-resistant alloys
tested. In the carbon steel, prone to localized corrosion damage, the reaction of HCI with
the carbon steel to form CI rich pits under the sulphide sublayer and magnetite layer was
concluded to be the cause of the localized corrosion damage as outlined in JAl. The
corrosion behaviour of carbon steel in the test fluid in a liquid state showed distinct
corrosion behaviour than in the test fluid in a superheated state. The Cu added HEAs
were prone to general and localized corrosion damage due to the reaction of H,S from the
simulated geothermal fluid with Cu in the HEA tested. The corrosion rate was increased
by Cu-rich intermetallic phases observed in the higher Cu alloyed HEA reported in journal
article 2.
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RQ2: Does commonly observed scaling (i.e. amorphous silica) promote localized
corrosion damage on a material surface in superheated steam of geothermal
origin/nature?

Answer to question 2: No localized corrosion damage was observed in the silica covered
corrosion-resistant alloys tested in the simulated superheated geothermal environment. As
a result, silica does not promote localized corrosion damage in the simulated superheated
geothermal environment as outlined in journal article no. 4. Some corrosion products were
observed on the samples indicating corrosion damage occurring, likely associated with the
boiling regime in the test volume, but no evidence of localized corrosion damage or
corrosion damage induced by silica deposits could be observed.

RQ3: Is there a significant difference in material corrosion behaviour depending on the
phase properties of the solution, i.e. the fluid is superheated or in a liquid state

Answer to guestion 3: Yes, more corrosion rate and localized corrosion damage were
observed in carbon steel tested in a liquid state in comparison with testing in the gaseous
state of the simulated HT deep geothermal test fluid containing H,S, CO, and HCI with pH
= 3 at condensate as outlined in journal article no. 3. This result applies to carbon steel
that is susceptible to corrosion both in the liquid and gaseous state of the test fluid but
showed different corrosion behaviours for the different states of the test fluid.
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5 Discussion and Conclusions

In this study, corrosion tests were conducted in well-controlled conditions in laboratory
equipment to simulate high temperature (HT) geothermal environments. When the study
started, few such tests had been conducted before and the need for a similar test
environment in a laboratory was obvious. The results of this study have without doubt
increased our understanding of such corrosion behaviour of various materials in relevance
to high-temperature deep (HTD) geothermal environments and can provide input for the
decision making of appropriate material selection for HT deep geothermal systems.

This study shows that the corrosion rate, in superheated HTD geothermal fluid, is low for
carbon steel and corrosion-resistant alloys. The corrosion rate can though be significantly
accelerated for susceptible materials when the gaseous superheated fluid undergoes
condensation (partly or fully) or when the liquid geothermal fluid undergoes boiling from
liquid to gaseous state. The novelty of this study is the increased understanding of the
effect of HTD geothermal fluid containing H,S, CO, and HCI on the localized corrosion
behaviour of materials. Carbon steel was prone to corrosion in all the environments tested
containing H,S, CO, and HCI. The localized corrosion damage of carbon steel in the
superheated HTD geothermal environment is concluded to be driven by HCI as explained
in JAL. The synergy effect of H,S and CO, with the HCI may though not be neglected.
Dry, superheated HTD geothermal environments, not containing HCI or any condensates
in the geothermal fluid, could hence likely result in less corrosion damage for the carbon
steel and hence, could make the carbon steel a feasible equipment material in such
geothermal environments. From the previous in-situ studies of carbon steel and corrosion-
resistant alloys by Karlsdottir et al. [10], localized corrosion damage was observed in the
carbon steel but also in all the corrosion-resistant materials tested. In these tests, a very
long exposure period (113 days) was applied and the geothermal fluid contained H,S, CO,,
HCI but also HF and H,. Previous corrosion study results, in simulated HT geothermal
environments, by Jonsson [15] indicated that a few days or weeks test period would result
in some significant corrosion products in the materials tested. As a result, a 10-day test
period for most of our corrosion tests was selected. In our study, only H,S, CO, and HCI
were applied in the test fluid to reduce the complexity of the system and to investigate
further the effect of these chemicals on the corrosion behaviour of the materials.
Furthermore, HF was not an option as a chemical in the test fluid due to the volatility and
extreme toxic danger effects of the chemical [89,90]. From the results of this dissertation
and comparison with the previous in-situ test, it can be concluded that HF, H, and/or long
exposure periods are likely contributors to localized corrosion damage that was
experienced in the in-situ test.

High-entropy alloys (HEAS) are a relatively new type of alloys that have little or no
experience in application in the geothermal industry as a bulk or a coating material. The
HEAs could be an interesting choice as a corrosion-resistant coating material. In this
study, four CoCrNiFeMo alloys and two CoCrNiFeMoCu alloys were tested in a simulated
HT geothermal environment. The result of this study indicates that the CoCrNiFeMo
alloys could be applicable as a coating material in HTD geothermal environments as no
significant corrosion damage was observed in all the alloys. The Cu added
CoCrNiFeMoCu alloys however were prone to corrosion as the Cu rich phase was prone to
dissolution induced by the reaction of Cu with H,S.
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A correct selection of equipment/casing materials could aid in the prevention of corrosion
damage in HTD geothermal systems. From the perspective of the application of some
corrosion-resistant alloys in HTD geothermal environments, the most economical alloy
tested (for example stainless steel UNS S31254) in this study could be a feasible candidate
for future material selection in geothermal equipment/casing as the corrosion rate was
measured very low for all the corrosion-resistant alloys tested. The nickel-based alloys and
the new titanium alloy, Ti-0.4Ni-3.6Mo-0.75Zr, have good mechanical strength at HT and
should therefore be considered as a promising future application material in an HT
geothermal environments.

This study provides also a comprehensive analysis of the design criteria for experimental
setup for an HT flow-through system for future research in the field of simulating HT
geothermal environment for corrosion tests. In this study, the limitations of the test setup
and facility design are described in detail which will aid in the future development and
design of next-generation testing facilities in the area of high-temperature corrosion
laboratory testing. Which will add to the tools that can be used for the geothermal industry
and scientific community in the field of corrosion where limitations have existed in
experimental corrosion facilities and a gap of knowledge in experimental data from
corrosion testing of materials at temperatures above 200°C in H,O fluid with geothermal
gasses such as H,S, CO, and HCI.

In addition, the methodology in this study, to conclude on the test fluid phase condition
inside the test volume from a corrosion gradient results in low corrosion-resistant samples
located along the small test volume, is a practical approach when a small test volume
excludes the possibility to install low corrosion-resistant thermocouples inside the test
volume.

5.1 Contribution of Dissertation

The results reported in this dissertation will aid in the future selection of materials and
future design and engineering of geothermal systems to maximize the lifetime of
equipment and economics of deep geothermal energy utilization in a fluid containing H,S,
CO; and HCI. Carbon steel is concluded not to be a feasible material in HTD geothermal
environments containing HCI where it was concluded to be the key corrosive factor in
HTD geothermal environments containing H,S, CO, and HCI as outlined in journal articles
1 and 3. Copper containing HEA materials are also concluded to be not feasible materials
due to the corrosive effect of H,S on the Cu rich phases or Cu rich intermetallic phases as
outlined in journal article 2. This study also supports the conclusion that silica scaling is
not likely to promote localized corrosion damage in HTD geothermal environments as
outlined in journal article 4 and hence is likely to have some protective effect on the
material from the corrosive effect of the geothermal fluid.

The scientific contribution is a deeper understanding of corrosion mechanisms and the
effect and contribution of the common corrosive species (H,S, CO,, HCI) observed in
high-temperature or deep geothermal systems. This dissertation also contributes to the
further development of improved test equipment to simulate HT geothermal environments
for future corrosion studies.
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5.2 Validity of the Test Environment

In this study, one of the aims was to simulate in-field HTD geothermal conditions in a
laboratory test setup with a scientific approach. Due to some technical and time-consuming
challenges, some items should be mentioned that may have affected the validity of the
results.

Due to long preparation and post-test procedures and numbers of planned test batches,
only one test run was conducted for each test batch case (alloys in the test environment) i.e.
the same test was not repeated or done multiple times to verify if the results were
reproducible. The single tests conducted were done with precision and standard procedure.

The concentration of oxygen was not analysed in the test fluid due to technical limitations
of the test equipment. The test fluid was degassed (vacuum degasser) before injection into
the test volume. As the flow rate of the test fluid was extremely low, the degassing was
very effective but it should be noted that the prevention of ingress of dissolved oxygen
with the test fluid into the test volume cannot be completely guaranteed.

Application of deionised water before and after the test period might have possibly
affected the corrosion of carbon steel as it is known that H,O at a high temperature can
oxidize iron [91] but the test fluid had to be flushed with deionized H,O at the heating up
and cooling period, before and after the test period. Because of the relatively short time of
this procedure, it is not considered to have affected the overall conclusion of the study of
the corrosion behaviour of the carbon steel in the simulated deep geothermal environment.

Due to the function of the fluid pumps, the test fluid injection into the test volume was not
continuous but was done in batches in few seconds intervals to achieve the average flow
per minute. As a result, continuous steady-state conditions of the test fluid in the test
volume were not guaranteed due to these discrete test fluid injections. It shall though be
noted that the test pressure was observed stable during the test period (within a few Pa).
This stability was experienced because an extremely small liquid volume of the test fluid
was injected in every discrete injection and hence, no big pressure fluctuations in the test
loop were observed.

5.3 Future work

Recommendations for future work will be divided into two categories in this chapter;
firstly the improvement(s) that can be done in the test setup to simulate HTD geothermal
environments and secondly further corrosion studies that could improve understanding of
the effect of individual factors in HTD geothermal environments on the corrosion
behaviour of materials.

5.3.1 Improvement of Test Setup and Methodology

For the improvement of test equipment, the improved design should aim to ensure that
sufficient heat transfer from preheaters to the test fluid occurs during the flow-through
testing and prevent possible liquid microdroplets transportation between preheater and test
reactor(s). This could be done by increasing the length of the preheaters, installing pumps
with higher precision at lower volumetric flow rates or application of hot moisture traps
between preheaters and test reactors.
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Application of H,S and CO, gas instead of Na,S and NaHCO; reactants to prevent the
formation of NaCl salt deposits in the test reactor could also aid to have a more
representative simulated test fluid i.e. reflecting more in-situ conditions. This is though
only capable if no H,S leakproof or exposure is fulfilled.

Application of inert gas (N, argon) for flushing out atmospheric air before the test period
and flushing out superheated test fluid after the test period could exclude the oxidizing
effect of hot H,O during heat up and cooling of the test fluid.

5.3.2 Further Research Recommendations

To gain a better understanding of the effect of HT or HTD geothermal environments on the
corrosion behaviour of carbon steel and corrosion-resistant alloys following investigations
could be conducted:

e Testing at higher pressures in superheated or supercritical HTD geothermal
fluid. Pressure affects the conductivity of the geothermal fluid and hence can
affect the corrosion behaviour of the materials to incline towards "dry
corrosion” or “wet corrosion” behaviour.

e Testing in the same test environment, as tested in this dissertation, but only
include H,S, CO, or HCI separately in each test batch to investigate the
contribution of every single factor (excluding the possible synergistic effect
of chemical species) on the corrosion behaviour of materials.

e The corrosion reaction mechanism of HCI in carbon steel in a superheated
geothermal environment containing H,S, CO, and HCI should be investigated
further. From the results, it is not evident how the proposed reaction of
volatile iron chloride with H,O to form Fe3O4 and other corrosion products
proceeds.

e Testing with HF or H, to study the effect on localized corrosion damage
behaviour as a result of previous in-situ tests and the result of this dissertation
indicates that either species could be the root cause of localized corrosion
damage experienced in previous in-situ tests.

o Test in simulated HT or HTD geothermal environment in prolonged exposure
periods (>100 days) to investigate the effect of long term exposure.

e Testing at higher temperatures (400 — 600 °C) to investigate the effect of
higher temperatures on the corrosion behaviour would be interesting.
Corrosion phenomena such as decarburization or hydrogen damage could be
more profound at higher temperatures.

5.4 Conclusions

From this study the following conclusions and findings can be summarized:

o Localized corrosion damage can be experienced in materials when exposed to
a superheated fluid of geothermal origin. In our study, carbon steel and Cu
added HEA was prone to corrosion damage in a superheated fluid of
geothermal origin.
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e Carbon steel and Cu added HEA were prone to corrosion damage in dry
superheated high temperature simulated geothermal fluid but other corrosion-
resistant alloys were not susceptible to corrosion.

e The corrosion behaviour in a geothermal fluid in a dry or a liquid state is
distinct for materials prone to corrosion.

e Scaling deposits i.e. amorphous silica, do not promote localized corrosion
damage of the nickel-based alloys tested in this study.

This PhD project has contributed to increased understanding of corrosion behaviour of
materials in dry and liquid state geothermal fluid and can assist in the aid of proper
material selection for future HT geothermal power utilization. Also, a limited number of
test setups at temperatures above 200°C in a controlled, simulated HT geothermal
environment have been established before and as a result, this study provides valuable
results and methodology for future research and design of test equipment in this field.
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This paper reports the results of corrosion study for carbon steel, austenitic stainless steel, as well as titanium and
nickel-based alloys which were tested in a simulated superheated geothermal environment (SSGE) in flow-
through reactors to investigate the corrosion behaviour to aid in the future material selection for high tem-
perature deep geothermal application. The testing fluid was superheated steam (T = 350 °C and P = 10 bars
gauge) containing H,S, CO, and HCI with condensate of pH = 3. The corrosion rate for all samples was negli-
gible but carbon steel was prone to localized damage under a magnetite film with a sulphur rich sublayer.

1. Introduction

Geothermal fluids formed in the upper part of the Earth’s crust as-
sociated with active volcanism have been utilized for energy production
worldwide. Conventional exploitation of geothermal fluids from such
systems typically produces an average of ~3-5MW electric power per
well [1]. The reservoir fluid temperatures of such geothermal systems
are typically 230—350°C. However, geothermal fields where tem-
peratures exceed the critical temperature of water have also been re-
ported for several fields in Iceland, Kenya, Italy, USA, Japan and
Mexico [2]. Utilization of such fluids has been predicted to increase
power production per well of up to ~30—50MW [3]. Utilizing geo-
thermal energy from geothermal wells is important in the renewable
energy mixture and drilling deeper geothermal wells can, therefore,
potentially increase the power production from each well. At the be-
ginning of the 21st century, a scientific program called the Iceland Deep
Drilling Project was founded. The aim of the project was to drill
3.5-5km deep wells in three geothermal fields in Iceland and extract
450 —600 °C supercritical fluid to make the geothermal energy output
much higher and the operation per well more economical [3]. Super-
critical water is where temperatures and pressures are above the critical
point of 221.2 bars and 375.15 °C but the supercritical point of H,O
shifts when dissolved components are present in the fluid [4]. For pure
water, if enthalpy is higher than the critical enthalpy of 2086 J/g, the
steam exists in single phase supercritical condition. Experience from the
first deep drilled well of the IDDP, IDDP-1, revealed that the energy
output of deep geothermal wells can be an order of magnitude higher
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than from a regular high temperature well [5]. The temperature in the
IDDP-1 well in Iceland was 450 °C and 140 bars at the wellhead. Gas
samples from the steam in IDDP-1 were collected during the discharge
of the well and average concentrations recorded for some corrosive
species were H,S = 339mg/kg, CO, = 732mg/kg, H, = 10 mg/kg,
Cl = 93 mg/kg, F = 5mg/kg, NH3 = 0.14 mg/kg. Other chemical spe-
cies in the steam were Fe = 8.4 mg/kg, B = 1 mg/kg and the pH of the
condensed steam was 2.62 [6]. Due to the high temperature and high
pressure conditions met in the IDDP-1 well and future plans for drilling
more deep drilling wells, corrosion tests were conducted at the well-
head during the discharge of the IDDP-1 well to gain a better under-
standing of the corrosion behaviour of materials in high temperature
deep geothermal environment. Extensive corrosion testing was con-
ducted in-situ during the discharge of the IDDP-1 well [7-10]. From
these corrosion studies, corrosion coupon testing [7] conducted at the
wellhead is probably the most significant in-situ study made so far in
deep geothermal superheated systems and most relevant for this re-
search. In the in-situ corrosion coupon testing, several alloys (including
carbon steel, austenitic stainless steel, duplex steel, nickel-based and
titanium alloys) were tested in a pipe connected to the wellhead for a
total of 113 days at 350 —360 °C and 12— 13 bars pressure. Due to the
pressure drop used in the test pipe during testing, amorphous silica
supersaturated in the steam and formed heavy silica scaling on the test
samples [7]. All the samples in the in-situ coupon test had low corrosion
rates, well below 0.01 mm/year where low carbon steel $235JRG2 and
nickel-based alloy UNS N06625 had corrosion rates of 0.004 mm/year
and 0.001 mm/year respectively [7]. Even though corrosion rates were
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low in the in-situ testing, localized corrosion damage was found in all
the tested samples. Furthermore, the localized damage was observed
under the silica scale and questions arose whether the silica scaling was
catalysing corrosion in the samples tested. From the overall corrosion
coupon testing in the first deep geothermal well in Iceland, it was
concluded that silica scale covering the samples provided protection
against general corrosion but possibly promoted localized corrosion
under the silica deposits [7]. The corrosive species in the superheated
geothermal steam mentioned previously [6] included; CO,, H,S, HCI,
HF and Hs,. It has to be noted here that there were no conclusions on the
corrosion effect or contribution of each corrosive species to the loca-
lized corrosion of the alloys investigated after the in-situ testing.
Eventually, the IDDP-1 well was quenched and closed in 2012 due to
operational problems resulting from corrosion in valves [11].

Only a few studies have reported corrosion data in superheated
geothermal systems other than the corrosion testing conducted during
the discharge of the IDDP-1 well [7-10]. In 1980, corrosion testing was
done in well KG-12 in Krafla, Iceland at 7 bars gauge in a 220 °C su-
perheated geothermal fluid containing HCl. All of the alloys, including
carbon steel, stainless steel and nickel-based alloys were prone to lo-
calized damage except the austenitic stainless-steel UNS S31254 and
the nickel-based alloy UNS N06255. The corrosion rate for the carbon
steel was approximately 0.3 mm/year in the superheated steam [12]
which was an order of magnitude higher than the corrosion rate ob-
served in the in-site testing in IDDP-1 well mentioned above [7]. Due to
the high corrosion rate of carbon steel in KG-12 and small superheat of
the steam, condensation of the geothermal fluid in the testing pipe was
considered to have occurred during the testing in well KG-12. In 2010,
down-hole corrosion testing was done for alloys in an acidic, high
temperature geothermal well KJ-39 in Krafla Iceland. The temperature
was around 293 °C at the wellhead but around 350 °C at the bottom
with a pressure range from 13 bar to 20 bar. The pH of the condensate
sampled at the wellhead was measured as 4.1. The geothermal fluid
contained CO,, H,S, HCI, H, as well as CH4 and SO,. The results of the
corrosion testing showed pitting in the carbon steels, the stainless-steel
and the nickel-based alloys tested. The corrosion rate reported was very
high for the carbon steel and martensitic stainless steel but very low for
austenitic stainless steel and the nickel-based alloys or below 0.1 mm/
year. From the data gathered and experience in the operation of the KJ-
39 well, it was concluded that superheated geothermal fluid from the
bottom of well mixed with colder geothermal fluid flowing into the well
at lower depth resulting in severe corrosion of the well liner at 1600 m
depth [13]. This resulted in acidic conditions in the mixing zone which
produced low pH fluid to be in contact with the testing samples in the
sour well. The electrochemical study by Bogaerts et al. [14] on stainless
steels and nickel-based alloys in relevant environment (chloride rich
with some anions) but in aqueous solutions up to 300 °C and 120 bars
implies that pitting potential of all the alloys is at a minimum between
150—200 °C [14]. These results indicate a link between corrosion be-
haviour and temperature is not straightforward.

From the studies and diverse results mentioned above, it can be
concluded that corrosion behaviour of materials in high temperature,
superheated and supercritical geothermal environment has not yet been
fully understood. Testing material in-situ in superheated geothermal
fluid has not been possible since 2012 or when the first Iceland deep
drilling well was quenched and closed. Thus, there is lacking a platform
to study the corrosion behaviour of potential candidates of deep geo-
thermal wells, which is crucial for the design of such future wells.

The objective of this work was to study the corrosion behaviour of
materials in a simulated superheated geothermal environment at a
stable, controlled condition. A testing facility of flow-through reactors
was established with a purpose to simulate geothermal high tempera-
ture environment that can be encountered in deep geothermal wells. In
this paper, we report on the simulated testing done for carbon steel,
austenitic stainless-steels, nickel-based alloys and titanium alloy in se-
quential flow-through reactors containing superheated steam of 350 °C
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and at 10bar gauge containing CO,, H,S and HCl as the corrosive
species. The aim of the paper was to 1) establish laboratory testing
facility that can accommodate testing samples in a superheated steam
containing H,S, CO, and HCI from a laboratory-made solution and 2)
perform corrosion experiments to understand the corrosion behaviour
of carbon steel, austenitic stainless steel, nickel-based alloys and tita-
nium alloy in a controlled simulated superheated geothermal environ-
ment.

2. Experimental
2.1. Flow-through reactors testing facility and condition

One of the objectives of this study was to design flow-through re-
actors testing facility with controlled testing parameters to be able to
perform corrosion testing in superheated laboratory prepared fluid that
has similar properties as geothermal fluid from a field. Pre-testing trials
were done to adjust and optimize the testing conditions, including
change in design, flow, insulation and external heating, etc. In the first
steps of developing the testing equipment, low grade stainless-steel
samples were used for assessing the uniformity in the test conditions.
For the 1st generation of the test setup, the design of equipment and set
testing parameters resulted in inhomogeneous conditions in the re-
actors i.e. boiling and condensation of the fluid at inlet and outlet, re-
spectively, in the test volume [15]. Based on the unsatisfactory ex-
perimental conditions stated above, additional adjustments of the
laboratory equipment and parameters were done. Subsequent to these
adjustments, nickel-based alloy samples were tested in the next testing
batch, but some localized nickel sulphide deposits were observed on
part of the samples indicating non-uniform conditions in the reactor
[16]. The non-uniform conditions occurred probably due to cooling
effects at inlet and outlet to the reactors and due to transportation of
liquid solution due to flashing of liquid from preheater to the reactors
when pumps primed during the first pretesting. Further adjustments of
the equipment and tuning of process parameters led to homogeneous
corrosion behaviour and consistent corrosion rate between all the tested
samples within the two reactors indicating more uniform conditions in
the reactor volume. To confirm the superheated state of the testing
fluid, resistor temperature detector (RTD) with platinum detector was
connected between the preheater and the first reactor; between the two
reactors and at the outlet of the second reactor. In this paper, the results
for testing using the fully developed laboratory facility are reported.
Fig. 1 shows a photo of the corrosion testing equipment and Fig. 2
shows the corresponding flow diagram of the flow-through loop
equipment.

Two combinations of H,S and CO, concentrations were used in the
testing; a lower concentration of H,S = 30 ppm and CO, = 80 ppm, and
a higher concentration of H,S = 150 ppm and CO, = 250 ppm. Two
solutions were mixed to obtain the H,S and CO, gases for simulating a
geothermal steam environment in the tests. The setup and operation of
the testing facility can be outlined as follows: two reactant solutions
were pumped from two volumetric flasks using Chrom Tech series I
pumps. The solutions were degassed by Labhut degassers and then
mixed before entering the preheater. The tubing at the inlet of the flow-
through loop, from mixing to the inlet of the preheater is made of
stainless UNS S31603. The material in the flow-through loop in the hot
temperature part of the flow line i.e. in the preheater, the reactors and
tubing between the preheater and reactor, a tubing between reactors
and tubing between second reactor and pipe at outlet towards con-
denser was made of corrosion resistant alloy UNS N10276. The sample
holder and fasteners were made of Inconel UNS N06625 and UNS
$31603 materials of which were used depending on the alloy type of the
sample in the testing batch. Washers between samples and fasteners are
made of ceramic alumina provided by Ortech. The hot temperature part
of the flow-through loop was highly insulated with ceramic material
(Si0/Al,03/MgO) and glass wool to minimize heat loss. The preheater,
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Fig. 1. Corrosion testing equipment setup.

reactors, and heating units were custom made. The temperature of the
reactors was regulated by a temperature controller and elements from
Rafhitun. Thermocouples used in the system were connected to the
reactor pipes externally. Another set of thermocouples were connected
to the reactor pipes externally to the Labjack U6 series data logger. All
thermocouples connected to the heating units are K-type. Stainless steel
and nickel-based alloy tubing, fittings and condenser were provided by
SITEC. The piping at the outlet of the second reactor was wrapped with
HTS Amptek heating tape. Analog pressure meter was connected to the
flow line after the condenser. Digital pressure transducer, WIKA model
S-20, was connected to the Labjack U6 datalogger to monitor the
pressure in the flow-through loop system. The back pressure regulator
(BPR) was designed and custom made by Prologo to set and control
fluid pressure in the system. The external pressure controller exerting
on the BPR was a SITEC 750 hand pump.

The initial plan was to run a 21-day testing period for all the testing
batches at low and high concentration. At a higher concentration of H,S
and CO,, deposits accumulated at the condensing part of the experi-
ment that led to a slow build-up of pressure inside the system, after
approximately two weeks of testing. As a result, the testing period at
higher concentration was decided to be limited to 10 days. Testing
periods and main parameters for all the materials tested are shown in
Table 1.

Before each run of the test batches, the process volume was flushed
with deionized water at room temperature for 24 h to remove air in the
system. The system volume was then heated up to 350 °C at 10 bars

with pure steam to stabilize the system before the testing fluid was
injected into the flow-through loop. At the end of each testing batch
experiment, testing fluid was flushed with pure steam before the pre-
heater and reactor temperature was lowered to ambient temperature.
This procedure was done to prevent acidic condensation in the reactor
volume during shut down of experiment. The stability of pressure
within the system was = 0.5 bar and stability of preheater and reactors
was * 2°C.

2.2. Testing fluid

The testing fluid was a mixture of two aqueous solutions, whereas
the first solution contained HCl while the second solution contained
anhydrous Na,S and NaHCO;. Anhydrous Na,S and NaHCO; were
weighted in deionized water solution to get the target concentrations of
H,S and COs in the final corrosion testing solution. The chemical re-
actions between Na,S and HCI, and NaHCO3 and HCI when the reactant
solutions were mixed were as follows:

NayS + 2HCl = H,S + 2NaCl (€8]
NaHCO3; + HCl = CO, + H,0 + NaCl 2)

The sulphide [S271, hence the H,S, and CO, concentration in the
reactant solutions were verified and titrated after preparation of the
reactant solutions. To determine S2~ concentration in the Na,S/
NaHCOj5 reactant solution, 5 ml of acetone and 5 ml of 5M NaOH were
mixed into mixing flask. A 0.2ml of the Na,S/NaHCOj3 solution was
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Fig. 2. Corrosion testing flow diagram.
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Table 1
Materials tested and main parameters in test batches.
Test batch no. Material type Alloy Test period Inlet volumetric flow [ml/  Fluid gauge pressure  Fluid temperature [°C]  H,S [mg/ CO, [mg/
[Days] min] [bar] kgl kgl
1 Ni-based alloys UNS N06255 21 0.3 10 350 30 80
2" UNS N06845 16 0.3 10 350 30 80
3 UNS N06625 21 0.3 10 350 30 80
4 Carbon steel $235JRG2 10 0.3 10 350 150 250
5 Aust. St. steel ~ UNS S31254 10 0.3 10 350 150 250
6 UNS 31277 10 0.3 10 350 150 250
7 Ni-based alloys UNS N06625 10 0.3 10 350 150 250
8 UNS N06845 10 0.3 10 350 150 250
9 Ti-based alloy  Ti-4Al-4Mo-2Sn 10 0.3 10 350 150 250

@ Stopped at 16th day due to leakage at fitting.

added to the mixing flask with a precise and calibrated micropipette.
Afterwards, 40 ml of deionized water was poured into the Erlenmeyer
flask and then trace amount of dithizone crystals was added to the total
solution until turned pale yellow. The total solution in the Erlenmeyer
flask was then titrated with 0.001 M Hg-acetate solution until the
colour of the total solution changed to pale pink, indicating that all
sulphide ions were reacted with mercury ions. When mercury acetate is
used to titrate the sulphur ions, where mercury cations react with the
sulphur anions in the solution according to

Hg?* + $*7 - > HgS 3)

When all the sulphur anions $2~ have reacted in the solution, the
mercury cations start to react with dithizone (C;3H;5N4S) and the
colour of solution changes to pink [17]. To determine the concentration
of the CO, in the solution, the equilibrium of CO, with carbonic acid,
bicarbonate and carbonate was considered [18,19] according to equi-
librium in:

CO, + Hy0 = H,CO3 4)
H,CO3; = HCO3™ + H™ 5)
HCO;~ = CO3%~ + HY (6)

The carbonic acid is a weak acid, hence the left side of reaction (4) is
dominant at low pH (< 4.5). Furthermore, the dissolved CO, in the
solution is volatile at low pH with a tendency to degas from the solu-
tion. To determine the CO, concentration in the Na,S/NaHCOj3 reactant
solution, a known volume of the reactant solution was titrated with
Metrohm 765 Dosimat (with Metrohm 780 pH meter calibrated with
standardized pH = 4.00 and 7.00 solutions) until the solution pH was
8.3 with 0.1 M HCI solution. Subsequently, the solution was further
titrated with 0.1 M HCl until pH = 4.5. The solution was then degassed

Table 2
Number of moles of the chemical species and total volume of the reactant so-
lutions at low and high concentration of H,S and CO, in the mixed solution.

Parameter Simulated testing - low Simulated testing - high  Unit
concentration concentration

Reactant solution

no. 1
HCl 9.2 31 mmol
Total volume 1000 1000 ml
Reactant solution

no. 2
NayS 1.8 8.8 mmol
NaHCO3; 3.6 11.4 mmol
Total volume 1000 1000 ml

Table 3

Comparison between fluid properties in simulated testing vs. previous in-situ
testing in Iceland Deep Geothermal Well no. 1 [9].

Parameter Simulated testing - Simulated testing - In-situ Unit

low concentration high concentration testing

IDDP-1

pH 3.0 3.0 2.62
Temperature 350 350 350-360 °C
Fluid pressure 10 10 12-13 bar
Fluid velocity ~ 0.012 0.012 2-5 m/s
Testing period 217 10 113 Days
cl 35.5" 35.5" 93 mg/kg
Co, 80 250 732 mg/kg
H,S 30 150 339 mg/kg
H, - - 10 mg/kg
F - - 5 mg/kg

for at least 15 min with bubbling inert N, gas until CO, and H,S were
eliminated from the solution. The solution was set again to pH = 4.5
with the 0.1 M HCI. The solution was then back titrated with 0.1 M
NaOH solution until pH = 8.3. From the amount of HCl and NaOH used
in titration and back-titration and from the known concentration of H,S
in the solution, the CO, could be determined (Table 2).

During corrosion tests, the flow rate and pH of the fluid condensate
at the outlet were regularly measured as well as the titration of H,S and
CO,, of the fluid were done at the outlet. In order to conduct the titra-
tion of the outlet fluid, H,S and CO, gases were to be extracted with
0.1 M NaOH solution to avoid the escape of the gases from the fluid.
The waste fluid was eventually accumulated in a waste bin containing
the solution of NaOH with Zn-acetate to neutralize the H,S gas.

The chemical composition of the testing fluid for simulating high
temperature geothermal fluid with two different concentration of H,S
and CO,, is given in Table 3. A comparison of the physical and chemical
properties of the two testing fluids in the simulated testing to IDDP-1
fluid is also shown in Table 3. The testing in simulated geothermal
environment were done at two different concentrations of H,S and CO,

@ UNS N06226 tested in 16 days.
® From pH = 3.

in laboratory; low concentration (H,S = 30 mg/kg and CO, = 80 mg/
kg) and high concentration ((H,S = 150 mg/kg and CO, = 250 mg/kg).

2.3. Testing materials

The types of materials tested included carbon steel (S235JRG2), two
types of austenitic stainless-steels (UNS §31254 and S31277) and three
nickel-based alloys (UNS N06255, N06625 and N06845) and one tita-
nium alloy grade (Ti-4Al-4Mo-2Sn). Three flat coupon samples of each
material were tested in each testing batch. Two of the coupons had
dimensions 100 mm x 7 mm x 1 —2 mm for weight loss analysis and one
coupon for microstructural and chemical composition analysis of the
cross-section had a dimension of 100mmx7 mm x 1-2mm. The
thickness of the coupons for each material depended on their avail-
ability from the producers. The nickel-based alloys were the only ma-
terial tested in the low concentrations of H,S and CO,. Overview of the
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Chemical composition (main elements) of the alloys tested in the simulated corrosion testing.

Material UNS number Other designation Nominal composition [% wt]
C Si Mn Cr Ni Mo Cu Al Nb Ti W Sn Fe
Carbon steel N/A NS-EN S235JRG2 (ASTM A 284C) 0.04 0.02 0.20 0.04 0.02 0.00 0.040 0.04 0.00 0.00 bal.
Austenitic stainless steel $31254 0.02° 0.8" 1.0° 20.0 180 6.1 0.7 bal.
S31277 0.02* 0.5 3.0 23" 28" 8 1.5% bal.
Nickel-based alloy N06255 0.03* 1.0 1.0° 26" 52°% 9° 1.2% 3 bal.
N06845 0.05 0.5 05" 25" 50" 7° 4" 5° bal.
N06625 0.1* 0.5 05" 23% 58.0° 10° 0.4 415" 04° 5.0%
Titanium alloy N/A Ti-4Al-4Mo-2Sn 0.7¢ 5" 57 bal. 25" 0.2°
? Maximum value.
® Minimum value.
¢ Nb + Ta.
materials and their chemical composition is given in Table 4. 3. Results

2.4. Sample preparation and geometry

All the samples were ground to 600 grit with SiC abrasive paper
before corrosion testing. The samples were then cleaned in ethanol and
ultrasound bath and weighed and measured according to ASTM G1-90
before corrosion testing. The measured corrosion rate (CR) of the ma-
terial tested in mm/year was calculated via the weight loss method and
according to standard [20]:

R= KW
Astep (7)
Where K is the corrosion rate constant equal to 8.76:10* mm/year, W is
the mass loss in grams of the tested material with a = 0.00005 g pre-
cision, A is the exposed surface area in cm? of a tested sample, t is the
exposure time in hours, and p is the material density in g/cm?>.

2.5. Post exposure measurements and analysis

For weight loss analysis, the samples were cleaned to remove cor-
rosion products according to ASTM G1-90. It is to be noted here that
there is no standard cleaning procedure available for Ti-based alloys
due to extreme adhering titanium oxide film. Therefore, the Ti-based
alloy in the experiment was only cleaned by ethanol in the ultrasonic
bath after testing. For Scanning Electron Microscope (SEM), X-ray
Electron Dispersive Spectroscope (XEDS) and grain boundary analysis,
the samples applied for microstructural analysis were sectioned using a
diamond wafering blade, mounted in thermosetting phenol for-
maldehyde resin (i.e., bakelite) and cast under pressure. The samples
were ground to 1000 grit with SiC abrasive paper and polished with
3pum and 1pm diamond paste slurry and 0.02-0.06 pm particle size
colloidal silica. The samples were analysed using SEM and XEDS before
and after the corrosion testing. The SEM equipment used was a Zeiss
Supra 25. The XEDS instrument used is Oxford Instruments with Si(Li)
X-ray detector and INCA Energy 300 software. For grain boundary
analysis, 2% nital [21] was used for etching of carbon steel S235JRG2.
Kroll’s reagent [22] was used for etching of alloy Ti-4Al-4Mo-2Sn.
Mixed acids [23] were used for etching of the nickel-based alloys and
the austenitic stainless-steels. The grain boundary analysis was done
using Meiji Techno’s MT75300H optical microscope with Infinity
Analyze software. The corrosion rate was determined via the weight
loss method. The microstructure and corrosion forms of the samples
were analysed using SEM. The chemical analysis was done by XEDS.
The crystal structure of the materials was analysed in-situ by X-Ray
Diffractometer (XRD) before and after corrosion tests with XPert Pro
XRD meter from PANalytical with Data Collector software.

3.1. Weight loss analysis

The weight loss method was applied to determine the corrosion rate
of the tested samples. The corrosion rate for all the tested materials, at
low and high concentration of H,S and CO,, was low, as shown in
Fig. 3. The corrosion rates of nickel-based alloys tested in a low con-
centration of H,S = 30 mg/kg and CO, = 80 mg/kg were in the order
of 0.001 mm/year for all three nickel-based alloys tested. The corrosion
rate of the nickel-based alloys UNS N06625 and N06845 in the higher
concentration environment was comparable to the corrosion rate ob-
served for the nickel-based alloys in the lower concentration testing.
The corrosion rates of the austenitic stainless steels UNS $31254 and
§31277 were higher than for the nickel-based alloys. No weight loss
was measured for the titanium alloy Ti-4Al-4Mo-2Sn but negligible
weight gain was observed with a negative corrosion rate value of
-0.005 mm/year (presented as O mm/year in Fig. 3). The measured
corrosion rate of the carbon steel S235JRG2 was low, 0.042 mm/year,
but one to two orders of magnitude higher than the corrosion rate in
comparison with the corrosion resistant alloys.

3.2. Microstructural and chemical analysis

3.2.1. Low Concentration, H,S = 30 mg/kg and CO, = 80 mg/kg

Negligible corrosion film and no form of localized corrosion damage
were observed in the nickel-based alloys in the SEM and XEDS analysis
after tests at H,S = 30 mg/kg and CO, = 80 mg/kg shown in Fig. 4.
Titanium and niobium enriched nitrides were detected in blank and
exposed samples of UNS N06625. A small amount of sulphur was de-
tected at the surface on all the nickel-based alloys tested but were not
easily detected in cross-section analysis as can be seen from the XEDS
results in the table in Fig. 4.

3.2.2. Higher Concentration, H,S = 150 mg/kg and CO, = 250 mg/kg
SEM images of the cross-sectional analysis of the austenitic stain-
less-steels are shown in Fig. 5 and for the nickel-based alloys and the
titanium alloy in Figs. 6 and 7, respectively. Figs. 8 and 9 show SEM
images of the cross-sectional and surface analysis of the carbon steel.
Crystalline magnetite surface film formed on the surface of carbon steel
after the corrosion testing as shown in Fig. 9. The XEDS analysis of the
area shown in Fig. 10 indicates that this was likely magnetite crystals,
Fe30,, that have formed during the testing. The more corrosion re-
sistant alloys i.e. the austenitic stainless-steels, nickel-based alloys and
the titanium alloy were not susceptible to any localized corrosion da-
mages in the simulated geothermal environment. No indication of pit-
ting or cracking was observed in the austenitic stainless-steels, nickel-
based alloys or the titanium-based alloy. In general, only small traces of
sulphur were detected on the surface of the corrosion resistant alloys.
The low carbon steel, however, had approximately 10 um thick film
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Fig. 3. Corrosion rate in low (H,S = 30 mg/kg, CO, = 80 mg/kg) and high (H>S = 150 mg/kg, CO, = 250 mg/kg).

(a) UNS N06255

8.

Element
location N O Mg Al S Si Ti Cr Mn Fe Ni Nb Cu Mo W
1 - - - - - 04 - 245 08 193479 - 06 6.2 04
2 - 17 - - - 05 - 219 0.7 191500 - 0S5 55 0.2
3 - - - - - - - 229 - 164474 - 30 6.0 44
4 - 61 - - 03 - - 198 - 153447 - 2.7 52 59
5 - - - - - - 03224 - 3361735 - 88 -
6 - = - 1.7 - 16 03 195 - 38609 31 - 91 -
7 45 4.1 158 - = - 412 70 - 09 14998 - 19 -
8 - - - - - - 02223 - 34619 31 - 91 -

Fig. 4. SEM cross section images and XEDS analysis of testing materials in H,S = 30 mg/kg and CO, = 80 mg/kg (a) UNS N06255, (b) UNS N06845, (c) UNS N06625

and (d) Ti/Nb rich inclusions in UNS N06625.
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10 um || (b) UNS S31277
Element (%wt)
Location O Si S Cr Mn Fe Ni Cu Mo
1 - 06 - 203 0.7 542 17.8 0.5 6.0
2 6.2 17 02 185 04 49.1 17.0 06 6.3
3 - 04 - 220 13 411 264 10 7.8
4 11.3 0.8 0.1 184 1.1 34.8 243 0.5 8.7

Fig. 5. SEM cross section images and XEDS analysis of austenitic stainless steels (a) UNS §31254 and (b) UNS S$31277 in H,S = 150 mg/kg and CO, = 250 mg/kg.

rich in oxygen and iron indicating the presence of Fe;0,4, magnetite
layer on the surface. Between the thick outermost layer and the bulk
material, a thinner sulphur rich film was observed. Furthermore,
chloride rich pits were distributed under the magnetite and sulphur
layers as can be seen in Fig. 10. From the deepest pit observed it was
concluded that the maximum pit penetration rate was approximately
0.4 mm/year.

3.3. XRD analysis

X-Ray Diffraction (XRD) analysis was done for all the corroded and
blank samples to study morphology and formation of new crystalline
phases on the surface after the testing. No significant difference was
observed between XRD graphs for the nickel-based alloys in low con-
centration of H,S and CO,, as seen in Fig. 11. This was also the case for
the nickel-based alloys at the higher concentration of H,S and CO,, but
small magnetite peaks were detected in the austenitic stainless-steels as
seen in Fig. 12. The a-phase in the titanium alloy Ti-4Al-4Mo-2Sn was
analysed but in essence, no new crystalline phases were observed after
corrosion testing as seen in Fig. 13. For the carbon steel tested, how-
ever, magnetite crystals of Fe;O4 formed on the surface which is con-
sistent with the XEDS analysis. The XRD graphs of the un-tested and
corrosion tested carbon steel are given in Fig. 14. This result implies
that the hot steam is oxidizing the iron surface of the carbon steel ac-
cording to Egs. (1) and (2) in Cotton [32] and Evans [33], respectively
as described in the Discussion chapter.

(a) UNS N06845

10 pm

Ti-4Al-4Mo-2Sn

Element (%wt)

Location O Al Si S Ti_ Mo Sn
1 384 24 29 03 526 18 16
2 - 38 06 - 889 45 22

Fig. 7. SEM image of a cross section and XEDS analysis of titanium alloy Ti-4Al-
4Mo-2Sn in H,S = 150 mg/kg and CO, = 250 mg/kg.

3.4. Microetching

Microetching of all the tested samples was done to determine if
intergranular corrosion could be observed after the corrosion testing
and because of previous experience from in-site testing in IDDP-1 [7].
No grain boundary defects were however observed in the samples but
localized damage (pitting) was observed under the surface of the

(b) UNS N06625

Element (%wt)

Location O Al Si S Ti C Mn Fe Co Ni Cu Nb Mo W
1 157 - - 06 - 173 - 130 - 389 20 - 69 57
2 - - - - 230 - 167 - 473 30 - 59 41
3 - 02 03 - 02217 01 32 02 612 - 38 90 -
4 59 0.8 34 05 02 180 03 3.5 0.1 56.1 - - - -

Fig. 6. SEM cross section images and XEDS analysis of nickel-based alloys (a) UNS N06845 and (b) UNS N06625 in H,S = 150 mg/kg and CO, = 250 mg/kg.
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Element (%wt)

Location O Si S CI Mn Fe
1 265 7.8 05 1.8 0.2 63.2
2 234 06 0.5 10.0 0.1 65.4
3 - 02 - - 02 997
4 284 03 07 01 01 704

Fig. 8. SEM images and XEDS analysis of a cross section of carbon steel
S$235JRG2 in H,S = 150 mg/kg and CO, = 250 mg/kg.

magnetite film on the carbon steel S235JRG2 as previously mentioned
in Section 3.2. Microething of the cross section of some of the nickel-
based alloys after corrosion testing in low concentration of H,S and CO,
can be viewed in Fig. 15.

4. Discussion

Factors influencing corrosion behaviour in high temperature aqu-
eous solution and corrosion behaviour in superheated steam were ex-
plained by the difference in fluid properties which have a significant
effect on the corrosion behaviour. Kritzer [24] and Tjelta [25] conclude
that the most important property of H,O is the density when de-
termining the corrosion rate in superheated or supercritical water. The
polarity and solvent property of a superheated fluid are different from
the aqueous fluid. In superheated low-density steam, the relatively long
distance between the H,O molecules makes the steam non-polar and a
poor solvent for salts and as a result, ionic compounds such as HCl, will
not dissociate into ions. The ionic species are the driving force for the
conventional electrochemical corrosion in aqueous electrolyte. Kritzer
[24] concluded that the corrosion rate is insignificant when the density
of superheated steam is below 200 —300 kg/m® in superheated/super-
critical environment. Due to lack of polarity and hence electrochemical
pathways for the corrosion reactions for low density fluids, a slow ra-
dical chemical reaction is more favourable than electrochemical driven
reactions. Marroe [26] states that the most severe corrosion in

(a) S235JRG2 surf.
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supercritical water systems is when electrolyte density and concentra-
tion of ionic species are high. In the conducted corrosion testing, the
density of the superheated fluid was only about 4 kg/m? (calculated for
pure steam) which is well below the density limit [24] required for the
superheated steam to act more like a polar solvent. The density of pure
water at a variable temperature at 10 bar gauge can be viewed in
Fig. 16. Furthermore, it can be expected that slow radical reactions are
preferably occurring but not electrochemical reactions in the testing
environment. As a result, radical reactions at the surface of low carbon
steel S235JRG2 are likely to have occurred. The difference between the
corrosion behaviour of the carbon steel and the more corrosion resistant
alloys can be explained by the lack of adherent and sustainable passive
film on the low carbon steel S235JRG2. The S235JRG2 lacks chromium
and molybdenum to enhance the ability to maintain passive behaviour.
It is well known that chromium oxide (Cr,O3) film makes a protective
film on stainless-steels and nickel-based alloys containing chromium.
Molybdenum, which is also a major alloying element in all the corro-
sion resistant alloys has an ability to enhance the films that provide
protective property of nickel-based alloys in corrosive Cl™-H,S en-
vironment [28]. Tomio [28] demonstrated with membrane potential
measurements how molybdenum sulphide corrosion film is a cation
selective, but in the same paper, it was demonstrated that iron sulphide
corrosion film is an anion selective i.e. allowing for instance passage of
negative chloride ions through the iron sulphide film. The anion se-
lectivity of iron sulphide film can explain to some extent the reason for
chloride enrichment under the sulphide (iron sulphide) layer in
S235JRG2 but it should be noted that due to low density of the su-
perheated fluid in the testing, the chloride was from the HCI gas rather
than on anionic Cl~ form. However, transportation of liquid micro-
droplets, enriched with NaCl salt, from preheater to the testing volume
should also not be neglected as a possibility. Bornak [29] and Potter
[30] reported magnetite formation of iron in oxygen free water/steam
environment and addressed also porosity of magnetite film(s). Porous
magnetite films have been reported as well in supercritical CO, systems
at high temperatures and pressures [31]. Magnetite (Fe30,) is a well-
known corrosion product on iron. Carbon steel in a superheated en-
vironment has been reported with porous magnetite surface films that
might promote the under-film corrosion in supercritical CO, systems at
high temperatures [31]. Magnetite formation on iron surfaces in a
boiler system is also well known where it can evolve in water/steam
temperatures above 100 °C according to the following reaction [32],

3Fe() + 4H0( - > FesOuc) + 4Hag ®

where it is believed that Fe(OH), is an intermediate species in the Fe304
formation according to [33] with the following reaction

Element (%wt)

Location O Na Si S Cl Mn Fe

1 270 70 02 104 - 0.2 553
2 250 24 0.1 06 09 03 70.7

Fig. 9. SEM images and XEDS analysis on external surface of carbon steel S235JRG2 in H,S = 150 mg/kg and CO, = 250 mg/kg at (a) low magnification and (b) at

higher magnification.
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Fig. 10. SEM scanning image (left) of cross
section of carbon steel S235JRG2 of oxide
layer, sulphur layer and pits profile in the
carbon steel in H,S =150mg/kg and
CO, = 250 mg/kg. The elemental profile for
Fe, O, Cl and S from yellow frame from image
(left) can be seen in smaller images at right.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).

Fe K series

S-rich layer {

Cl K series ) S K series

Cl-rich pits

Bulk metal

Scanned area

3Fe(OH)z(s) - > FegOucs) + Hay + 2H2O¢y ©)] H,S = 150 mg/kg, CO, = 250 mg/kg ¥ NiCrFe, FCC
- Fe;0,o0r
Some oxide, magnetite like and sulphide corrosion products were 4 P Cr;F;O,
reported in carbon steel tested in IDDP-1 well [7,9]. Small magnetite + + +
formation according to XRD and SEM analysis in the stainless steels in A A 2
. . li h . idizi he i in th inl 1 A A A
this study implies that steam is oxidizing the iron in the stainless steels Z N06625
alloy but to smaller extend in comparison with the low carbon steel. 2 1 [\ =
Chromium oxide passive layer in the stainless-steel alloys could explain % NO06845
the low extend of magnetite formation from iron in the stainless-steel - - |,
alloys in comparison with the iron in the carbon steel. Corrosion effect A $31277
of hydrogen sulphide on iron in geothermal systems is quite well known - l N
and proposed mechanism of a reaction of H,S corrosion on Fe has been AA — $31254
proposed Banas [34] where the total reaction is 20 30 40 50 60 70 80 90 100
Fe + H,S - > FeS + H, (10) 26 (degree)
The proposed mechanism for acidic chloride attack and diffusion of Fig. 12. XRD analysis of corroded (red) and blank (blue) austenitic stainless
chlorides through porous magnetite film in boilers resulting in pitting in steels and nickel-based alloys samples in the higher concentration of H,S/CO»

testing. (For interpretation of the references to colour in this figure legend, the

an aqueous environment is also described in Strehblow [35] but limited
reader is referred to the web version of this article).

data about pitting behaviour of low carbon steel in superheated H,S-
CO,-HCl environment is available. Literature [36-42] discussing var-
ious reaction mechanism between sulphur or hydrogen sulphide

H,S =30 mg/kg, CO, = 80 mg/kg # NiCrFe, FCC

A +
L
* +
l ALY
N06625
_ .
e
‘3
o
= A AL
o R . N06845

N06255

20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 11. XRD analysis of corroded (red) and blank (blue) nickel-based samples in the low H,S/CO, concentration testing. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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H,S = 150 mg/kg, CO, = 250 mg/kg
4 * + + Ti, a-phase
= Unidentified
ks (B-ph.
z + + peaks (B-ph.)
2 -
7]
-
=
Ti-4Al-4Mo-2Sn
20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 13. XRD analysis of corroded (red) and blank (blue) titanium Ti-4Al-4Mo-
2Sn samples in the higher concentration of H,S/CO, testing. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).

vapours with iron shows that corrosion rate, corrosion film structure,
integrity and porosity is dependent on several factors including tem-
perature and the composition of the corrosive media. Gao et al. [36]
studied formation and propagation mechanism of iron sulphide film on
mild steel when the mild steel was tested without oxide film and with
preformed Fe;Oy( film in a high temperature H,S environment. The
corrosion film mechanism proposes that Fe304, forms as an inner layer
and FeS) forms as an outer layer. Furthermore, the layer growth me-
chanism in the study indicated that the outer iron sulphide film con-
verts directly from the inner magnetite film. In the carried out testing,
the surface of the carbon steel S235JRG2 had chloride enriched pits
under inner sulphide corrosion layer and outer magnetite corrosion
layer. This layer orientation indicates a different reaction mechanism
than experienced in an aqueous environment [36]. The occurrence of
inner sulphide layer, outer magnetite layer and chloride rich localized
damage under the films in S235JRG2 indicates different corrosion
mechanism of low carbon steel is occurring in H,S-CO»-HCl environ-
ment in comparison with H,S or H,S-CO, environment. The reaction
mechanism of S235JRG2 in our testing could have some similarities
with a reaction mechanism proposed by Schmid et al. [43] for stainless

Corrosion Science 168 (2020) 108584

steels in H,S-CO»-HCI at 680 °C. Schmid et al. proposed gaseous HCl
could penetrate oxides passive film in stainless steels and react with the
metallic substrate and form volatile FeCly, that could diffuse outwards
the corrosion film towards higher partial pressure of H,Og) where they
would react and produce HCI and iron oxide. The resulting corrosion
film would accommodate chloride enriched sites under iron oxide inner
layer and iron sulphide outer layer. In our testing, however, the sul-
phide layer was the inner layer and magnetite the outer layer. This film
layer orientation might be explained by the additional effect of gaseous
HCl when it penetrates through the porous/disrupted sulphide and
preformed magnetite film and reacts with the iron in the bulk metal or
with the inner preformed Fe3O4) layer and forms volatile FeCls(g) and
less volatile FeClys, intermediate corrosion product accumulating at the
bulk metal surface. From stoichiometry, the reactions at the bulk iron
surface and inner magnetite could be as follows:

3Fe() + 8HCl(y) - > FeCly) + 2FeCly) + 4Hoyg an

Fe304¢) + 8HCl(g) - > FeCly) + 2FeCls) + 4HzO( 12)

The volatile FeCls(g) corrosion product could then diffuse towards
the surface i.e. towards higher partial pressure of H;0;) where FeCly(,
reacts with HyOcg) and forms magnetite, FesOy(), other chloride and
hydrogen-based corrosion products at the external side of iron sulphide
layer. Our testing was conducted at 350 °C and from physical properties
of iron chlorides [44,45] it is likely that only FeClsg) but not FeClyg)
would act as a volatile corrosion product and diffuse outwards of cor-
rosion film towards higher partial pressures of HyO(,) and form outer
magnetite layer. The reaction mechanism of FeCls(g) and H,O(g) to form
Fe304s) is not straightforward and could be a field of future research.
We will therefore simplify our proposed mechanism for the reaction
mechanism and evolvement of the corrosion form of the carbon steel
S235JRG2 in superheated H,S-CO»-HCl environment as illustrated in
Fig. 17. In our testing of the carbon steel S235JRG2, some amount of
sodium (Na) in the chloride enriched pits were detected in the carbon
steel at 350 °C but Simonson et al. [46] have shown that NaCl is present
in both vapour and liquid state at 350 °C but potential transportation of
Nacl dissolved in microdroplets from boiling in preheater to the reactor
(s) should not be neglected. It is also quite well known that inclusions
can affect corrosion behaviour of metals and alloys as described by
Yang [47]. Inclusions could have served as a weak point or initialisation

H,S =150 mg/kg, CO, =250 mg/kg  gFe,0,,
A Magnetite
+ = Fe, BCC
+
L
> +
G A A
c
Q
- -
£
$235JRG2
- -
O 30 40 50 60 70 80 90 100
2© (degree)

Fig. 14. XRD analysis of corroded (red) and blank (blue) carbon steel S235JRG2 samples in the higher concentration of H,S/CO, testing. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 15. Etching of (a) UNS N06255, (b) UNS N06845 and (c) UNS N06625 after testing in HoS = 30 mg/kg and CO, = 80 mg/kg.
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Fig. 16. Density of pure H,O at 10 bar gauge vs. temperature (left) and density of H>O at 350 °C vs. gauge pressure (right) with adapted data from [27]. Saturation
point of pure water at 10 bar gauge is 184.1 °C and critical temperature of water is at 374 °C.

point for a disruption in the corrosion film, where penetration of HClg)
through the corrosion film could have occurred and induced the for-
mation of a localized chloride enriched pits in our testing. Oxygen and
sulphur rich corrosion products, pitting and localized damage were also
observed in carbon steel samples tested in-situ in IDDP-1 well [7,48].
Magnetite has a relatively high electrical conductivity and when mag-
netite is in contact with carbon steel, it has found to bridge galvanic
coupling between the magnetite and the carbon steel. As a result,
magnetite film has been reported to accelerate the corrosion rate of
carbon steel in a corrosive environment [49]. In our low conductivity
corrosive testing fluid, however, the corrosion damage was localized,
uniformly distributed at the surface of low carbon steel but more gen-
eral corrosion damage on the carbon steel would be expected if the
galvanic coupling between magnetite and the low carbon steel were
inducing corrosion. Corrosion rate experiments in various temperature
and pressure indicate that the general corrosion rate below a density of
200 kg/m® is very low due to the low ionic character of the fluid [50].
The measured corrosion rate in this study is also consistent with the
corrosion rate results observed in the field testing conducted in the
superheated fluid in the Iceland Deep Drilling Project no. 1 well [7] as
seen in Table 5.

5. Conclusions

In low density, superheated, simulated geothermal fluid containing
H,S, CO, and HCI at 350° and 10 bars gauge, the general corrosion rate
of carbon steel, austenitic stainless steel, nickel-based alloys and the
titanium alloy tested is low. No significant corrosion or morphology
changes were observed on the nickel-based alloys and titanium alloy.
These results imply that these alloys are more resistant to corrosion
than the carbon steel and the austenitic stainless steel in the simulated
high temperature geothermal environment. Minor morphology changes
were observed on the austenitic stainless steels after the testing. The
carbon steel, S235JRG2, was the only material tested that was prone to
some localized corrosion damage. Chloride rich pits, under the sulphide
inner film and magnetite outer film on the carbon steel, could be ex-
plained by a penetration of HClg through the corrosion film that reacts
with iron and magnetite, forming volatile FeClyy that diffuses

outwards of corrosion film towards higher partial pressures of HyO(g
where external magnetite layer is formed. No intergranular corrosion
was observed in all the materials. All materials tested, except the
carbon steel, could be applicable as a construction material in a su-
perheated geothermal environment. From another field testing in the
superheated geothermal environment containing H,S, CO,, HCl, HF, H,
and other species, the general corrosion rate was also measured very
low, but all the materials tested were however prone to localized cor-
rosion damage. In the current study, localized damage was though only
observed in the carbon steel in the simulated high temperature geo-
thermal testing. As the main difference between the reported geo-
thermal field testing and the simulated high temperature geothermal
testing is HF and Ho, silica deposition and longer exposure time, it can
be concluded that the main reason for localized corrosion damage ob-
served in previous field testing could be due to effect of these additional
factors.

Research on the interaction between corrosion and scaling in low
temperature geothermal environment has confirmed the protective role
of scaling for low grade alloys but limited literature is presently found
for this behaviour in superheated geothermal environment. The lower
corrosion rate reported in superheated geothermal field in comparison
with the testing results presented in the paper might also be due to the
protective effect of silica on covering the field samples. Currently, there
is an ongoing study by the authors to address this topic by using the
current laboratory setup, to study under deposit corrosion behaviour of
nickel-based alloys in superheated conditions covered with amorphous
silica scale from geothermal field fluid.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Fig. 17. Proposed mechanism of outer magnetite (Fe30,4) film formation, sulphide rich inner layer formation and chloride rich pit formation in carbon steel

(S235JRG2) in the simulated geothermal environment.

Table 5
Corrosion rate of few alloys in in-situ testing in Iceland Deep Geothermal Well
no.1 - IDDP-1 [5].

Material type Alloy Corrosion rate [mm/year]
Low carbon steel SJ235JRG2 0.004
Austenitic st. steel UNS S31254 0.001
Nickel based alloy UNS N06255 0.000
UNS N06625 0.001
Titanium alloy UNS R50400 [
UNS R52400 0.011

2 Weight gain detected.
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ARTICLE INFO ABSTRACT

Keywords:
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XRD

High-temperature corrosion )
test environment.

This article reports the morphology and corrosion study of CoCrNiFeMo and CoCrNiFeMoCu high-entropy alloys
(HEA) tested in a simulated superheated geothermal environment to evaluate whether the alloys are candidate
materials for a corrosive high-temperature geothermal environment. The HEA alloys with different alloying
ratios were tested in superheated steam at 350 °C and 10 bar gauge containing HCI, H,S, and CO, with acidic
condensate (pH = 3). The Cu containing CoCrNiFeMoCu alloys were prone to corrosion damage and corrosion
rate was accelerated by intermetallic Cu rich sites but the CoCrNiFeMo alloys were not prone to corrosion in the

1. Introduction

High-Entropy Alloys (HEAs) have been found to possess many
properties that are practical in an erosive and a corrosive geothermal
environment, including corrosion resistance and high hardness [1,2].
HEAs are a class of materials with five or more elements mixed in one
alloy in equimolar or near equimolar ratios yielding one or a few solid
solutions. The four main effects contributing to enhanced properties of
HEAs have been summarized by Zhang et al. [3] and are in essence;
high-entropy mixing, sluggish diffusion, lattice distortion, and cocktail
effect. Due to these various effects, HEAs can be designed to improve
mechanical and corrosion resistance properties which can be beneficial
in a demanding erosive-corrosive geothermal environment. In terms of
alloy composition of HEAs, elements such as Mo and Cu can change
morphology, segregation behaviour of elements and phase structure,
and thus alter mechanical properties and corrosion resistance of HEAs
[4,5].

Geothermal energy is generally utilized by drilling geothermal wells
which discharge geothermal fluid (steam/water, dissolved components
and other gases) from a geothermal reservoir in the earth’s crust or
mantle. The hot geothermal fluid is eventually used for electrical power

* Corresponding author.
E-mail address: ath196@hi.is (A.L. Thorhallsson).
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production and district heating as demonstrated in Fig. 1 which shows a
simplified geothermal energy production system. The geothermal fluid
can be corrosive when it comes in contact with process equipment made
of metallic alloys such as well casing, surface piping and equipment such
as turbines and separators. In Iceland, the temperature range down-hole
in a geothermal well is normally in the range of 230—350 °C and the
power production from each well is approximately 3—5 MW [6]. In
recent decades, interest has grown in drilling deeper geothermal wells to
discharge a higher enthalpy fluid from geothermal systems in Iceland.
The geothermal fluid from a deep well is expected to be supercritical or
superheated and the potential power production per deep geothermal
well has been estimated to be increased tenfold compared to a con-
ventional well [7,8]. Deep geothermal wells are an expensive invest-
ment and it is important that deep well materials endure the corrosive
high-temperature fluid which can limit the lifetime of the well to
reduce the economic aspect of producing geothermal energy. In the first
deep geothermal well (IDDP-1) drilled in Iceland in 2008, the
geothermal fluid at the wellhead was measured at 440—450 °C with
corrosive species such as CO3, HyS, HCl, HF, H; and other substances [9,
10]. In-situ corrosion testing for multiple alloys was conducted in a test
chamber connected to the IDDP-1 wellhead where the temperature was
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Fig. 1. Simplified geothermal well system.

350 °C and 12—13 bar gauge. The corrosion rate for all the alloys, low
alloy carbon steels, stainless steels, nickel-based alloys and titanium
alloys was very low (<<0.1 mm/year) but all the alloys suffered local-
ized damage such as cracking or pitting as reported by Karlsdottir et al.
[11]. Erosion-corrosion testing at the wellhead showed that the SiO;
containing fluid from IDDP-1 well was erosive at low (48 m/s) and
higher velocities (>98 m/s) [12]. These results imply that future se-
lection of materials in deep geothermal equipment must endure an
erosive and corrosive environment. Due to feasible properties of HEAs,
they should be considered as a promising candidate for material selec-
tion in a corrosive deep geothermal environment, either as a protective
coating or structural material.

In this paper, one alloy of CoCrFeNiMo in equimolar ratios, three
alloys of CoCrFeNiMo in near equimolar ratios and two alloys of CoCr-
FeNiMoCu (Cu added CoCrFeNiMo), produced via vacuum arc melting
(VAM) method, will be investigated. The available production methods
for HEAs are several but Yeh et al. [13] has shown that HEAs produced
via VAM method can have many appealing design properties over other
production methods. The equimolar VAM fabricated CoCrFeNiMo
high-entropy alloy has previously been tested by Csaki et al. [1] in
two-phase geothermal steam containing HyS and CO2 gases at 200 °C
where some sulphur and oxygen corrosion products were detected but
very low corrosion rate (<< 0.1 mm/year) was measured. The corrosive
geothermal fluid in the in-situ testing did not include HCI as one of the
corrosive species whereas it has been observed in deep superheated
geothermal fluids in Iceland [9,10]. The bulk CoCrFeNiMo high-entropy
alloy has also been tested electrochemically at 25 °C in 3.5 wt% NaCl
solution [2]. The measured corrosion rate for the CoCrFeNiMo alloy was
low (<<0.1 mm/year) in the electrochemical testing, demonstrating
good corrosion resistance of the CoCrFeNiMo alloy. From all the results
summarized in the paper discussed it was concluded that the CoCrFe-
NiMo high-entropy alloy could be a promising candidate for coating in a
harsh geothermal environment [2].

In this research, four different CoCrFeNiMo alloys and two additional
Cu added CoCrFeNiMoCu alloys are studied in a simulated geothermal
environment at 350 °C and 10 bar gauge where the fluid is superheated
steam containing HyS, CO2 and HCl. Copper (Cu) is an interesting
alloying element in terms of high-entropy alloy study. Nene et al. [14]
investigated Cu added high-entropy alloys that exhibited good corrosion
resistance and mechanical properties due to the formation of a y phase
detected in the microstructural analysis. Ren et al. [15] have reported
reduced passivation effect of Cu addition in HEA due to Cr-depleted
areas in the alloy. Hsu et al. [5] investigated the effect of Cu addition
on corrosion behaviour of a FeCoNiCry alloy in a 3.5 % wt. NaCl solution
where it was concluded that Cu reduced corrosion resistance and
induced localized corrosion damage due to Cu segregation in the
high-entropy alloy. The Cu segregation was concluded to be due to lack
of binding forces between Cu and other elements (Fe, Co, Ni, Cr).
Furthermore, it was concluded that Cu segregation formed galvanic
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coupling between Cu rich and Cu depleted sites. The same galvanic ef-
fect of Cu has been observed by Ren et al. [15] in CoCrFeNiCuy
high-entropy alloys in a 1 M HySO4 solution. The effect of the alloying
element Mo in CoCrFeNiTiMo alloys has also been investigated and has
been concluded to have a similar effect on corrosion resistance on HEAs
as on stainless steels i.e. increases pitting corrosion resistance as re-
ported by Chou et al. [16,17]. From previous research, it has been
demonstrated that equimolar CoCrFeNiMo high-entropy alloy has good
corrosion resistance in a geothermal environment at intermediate tem-
peratures (< 200 °C) [1]. No corrosion testing of HEAs has yet been
conducted in a high temperature, superheated deep geothermal envi-
ronment where HCI is also present in the corrosive medium. Previous
studies of corrosion behaviour of a range of alloys in simulated deep
geothermal environment have shown low uniform corrosion rates
(<0.01 mm/year) for all alloys tested except carbon steel (0.042
mm/year) and no indications of localized corrosion damage in the
corrosion-resistant alloys tested except in the carbon steel that was
prone to localized damage [18-20].

This research is a continuation of corrosion testing of materials in a
simulated superheated geothermal environment at 350 °C and 10 bar
gauge in a flow-through corrosion testing facility where the corrosive
fluid is steam containing HyS, CO2 and HCI [18]. The result presented in
this paper will reveal the morphology and corrosion behaviour of six
different CoCrFeNiMo high-entropy alloys; four alloys without and two
alloys with Cu addition in a simulated high-temperature geothermal
environment. The testing conditions are similar to conditions experi-
enced in deep geothermal systems excluding the erosive factors and
higher pressure. The aims of this work were to 1) study the corrosion
behaviour of CoCrNiFeMo and CoCrNiFeMoCu high-entropy alloys in
the simulated superheated geothermal environment and 2) study the
effect of different Mo:Cu ratios in CoCrFeNiMo based HEAs on
morphology and corrosion resistance in the simulated superheated
geothermal environment.

2. Experimental
2.1. Materials and processing

Four high-entropy alloys were prepared by mixing high purity metals
of Co, Cr, Cu, Fe, Ni and Mo via vacuum arc remelting (VAR) method in a
high-temperature furnace from a Material Research laboratory under a
high purity argon gas. Two other compositions of high-entropy alloys
were prepared in the same manner with the same elements but with a Cu
added as an alloying element. The high purity metals were melted
together at 3000 °C with an electrode, melting, solidified and remelted
five times for a homogeneous structure. The samples had dimensions of
50 mm length, 7 mm width and 2 mm thickness. Table 1 shows the
compositions of the prepared HEAs. The chemical composition for the
HEAs was selected in such way that the sample HEA1 was in an equia-
tomic ratio (of Co, Cr, Fe, Ni and Mo) but the sample alloys HEA2-HEA4
had different ratios where the Mo and Co contents were altered relative
to the other elements. In samples HEA5 and HEA6, Cu was added as an
alloying element where HEAS had an equiatomic ratio but HEA6 had
more Cu and less Mo in comparison with HEAS.

Table 1

Atomic ratios (at%) of elements in the HEA alloys tested.
Element HEA1 HEA2 HEA3 HEA4 HEAS5 HEA6

[at%)] [at%] [at%] [at%] [at%)] [at%]

Co 20 225 17.5 30 16.7 17.8
Cr 20 225 17.5 17.5 16.7 17.8
Cu - - - - 16.7 21.0
Fe 20 22.5 17.5 17.5 16.7 17.8
Ni 20 22.5 17.5 17.5 16.7 17.8
Mo 20 10 30 17.5 16.7 8.0
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2.2. Testing medium

The testing fluid was formulized such that the CO,, H,S and HCl were
the corrosive species in the steam as experienced in the actual
geothermal IDDP-1 well fluid [9,10]. Some other corrosive components
were excluded in the simulated testing fluid such as HF, Hy and CH4 and
erosive particles such as SiOg. The simulated deep geothermal fluid was
prepared with two reactant solutions. Reactant solution no.1 contained
diluted HCl(yq) solution but the reactant solution no.2 contained dis-
solved anhydrous NazS(aq) and NaHCO3(;q). The molar number of the
dissolved species in both aqueous reactant solutions can be seen in
Table 2. To determine the concentrations of S>~ (and hence H,S), and
CO> in the test solutions the reactant solutions were titrated with a
method commonly used for simulating geothermal fluids as described by
Thorhallsson et al. [18]. The two reactant solutions were mixed at
high-pressure before the inlet of a preheater to yield the testing solution
which had pH = 3 and concentration of CO2 = 250 ppm and HyS = 150
ppm. The chemical composition and physical properties of the testing
fluid and conditions can be seen in Table 3.

2.3. Corrosion testing facility

Six different HEA samples were tested for 10 days in two reactors
connected in series. The simulated geothermal testing fluid was made by
preparation and mixing of the two reactant solutions described previ-
ously. At the inlet of the testing facility, the two reactant solutions were
stored in flasks connected to Labhut degassers to remove volatiles and
dissolved gasses from the testing fluid. Two high-pressure ChromTech
pumps were connected between the degassers and the inlet of the pre-
heater. The reactant solutions were mixed under high pressure at a
mixing point before the inlet of the preheater where the simulated
geothermal fluid was superheated. After the preheating of the testing
fluid, it flowed through two reactors connected in series. Three HEA
testing samples were accommodated in each reactor unit, a total of 6
samples in both reactors. To exclude possible galvanic corrosion effects
from the reactor pipe wall, all the testing samples were electrically
insulated from reactor walls by installing alumina insulators between
the samples and the reactor pipes. The testing fluid was condensed and
cooled after the outlet of the second reactor in a water-cooled condenser.
An inline pressure transducer and gauge were connected to the testing
facility at the outlet of the second reactor to monitor the pressure during
the testing. A back-pressure regulator (BPR), where the process pressure
was set by a SITEC hand pump, was connected to the testing equipment
after the pressure transducer and pressure gauge. The temperature and
pressure were monitored with a Labjack data logging system.

2.4. Microstructural analysis

Microstructural analysis with a Scanning Electron Microscope (SEM)
equipped with Energy Dispersive X-ray Spectroscopy (XEDS) and Back-
Scattered Electron (BSE) detector of the external surfaces and prepared
cross-sections was done for all the samples before and after the corrosion
testing. The samples were prepared for the analysis by cross-sectioning
with a diamond wafering blade and then mounted in thermosetting
phenol formaldehyde resin (bakelite) and cast under pressure. The cross-

Table 2
Molar concentrations of HCI, Na,S and NaHCOj3 in the aqueous mixing solutions.

Parameter Value Unit

Reactant solution 1:

HCl 31 mmol
Total volume 1000 ml
Reactant solution 2:

Na,S 8.8 mmol
NaHCO3 11.4 mmol
Total volume 1000 ml
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Table 3
Physical condition, the chemical composition of testing fluid and duration of
testing.

Parameter Value Unit

pH 3+

Temperature 350 °C

Fluid pressure 10 bar gauge
Total inlet volumetric flow rate 0.3 ml/min
Testing period 10 days

CO, 250 ppm

H,S 150 ppm

HCl 36.5 ppm

" Measured at 20 °C.
** Unreacted HCl in the reactant solution.

sectioned samples were ground to 1000 grit with SiC abrasive paper and
polished further with 3 pm and 1 pm diamond paste slurry and even-
tually polished with 0.02—0.06 pm particle size colloidal silica. The SEM
equipment used was a Zeiss Supra 25. The XEDS instrument used was
from Oxford Instruments with a Si(Li) X-ray detector and AZtec
software.

2.5. Crystal structure analysis

X-ray diffraction (XRD) analysis was done with an X'Pert Pro MRD
system from PANalytical with a Gobel mirror on the incident side and
parallel plate collimator on the diffracted side. The data were collected
in a standard 0-20 geometry and analysed with the HighScore software.
Samples were analysed by XRD before and after the corrosion testing.

3. Results
3.1. Microstructural and chemical analysis

Microstructural analysis with SEM and chemical analysis with XEDS
was done for all the untested HEA samples on the surface and in cross-
section. In general, two apparent phases were observed in all the sam-
ples consisting of a dendrite (DR) and interdendrite (ID) microstructure;
Mo tends to be enriched in the dendrite phase while Ni-Fe is enriched in
the interdendrite phase, as illustrated in Figs. 2-5.

The excess element in a solid solution can be dissolved in a
compatible matrix element. Co and Ni could form a continuous solid
solution (Co aNi) but can also dissolve Fe in austenite. Stefanoiu et al.
[21] reported typical dendrite in a HEA containing Co, Cr, Fe and Ni and
acicular and cuboidal compounds in the interdendrite region. The
elemental segregation could be explained by the mixing enthalpies of
the components [22]. Mo is heavier and larger than the other compo-
nents and tends to migrate in the interdendrite space. After corrosion
testing, negligible corrosion was observed in samples HEA1- HEA4 but
the Cu added alloys HEA5 and HEA6 were prone to general corrosion
and some localized damage under the corrosion film. Oxide inclusions
were observed in all the HEA samples and Mo rich and Ni-Fe rich phases
were apparent in all the samples. A thin surface corrosion oxide layer on
HEA1 was apparent when compared to the untested HEA1 sample.
Corrosion products of oxygen (O) and sulphur (S) formed on sample
HEAL but negligible corrosion effects were observed in samples HEA2 —
HEA4, whereas oxide film products were dominant and only minor
sulphur corrosion products, were detected on the surface of HEA4, as
can be seen in Fig. 3.

On the other hand, sulphur (S) rich corrosion layer was observed in
the Cu containing alloys; HEAS and HEA6. Of all the HEA compositions
tested, the densest corrosion layer (sulphur-rich) was observed in sam-
ple HEAG6 indicating that the alloy was the most susceptible of the alloys
tested for general corrosion in the testing environment. The second
densest corrosion layer was observed in the other Cu added HEA sample
HEAS.



A.L Thorhallsson et al.

Corrosion Science 178 (2021) 109083

TEP——

Fig. 2. Untested samples of (i) HEA4 and (ii) HEA5. Mo rich phases (light) and Ni-Fe rich phases (dark) were observed in all six sample types but with

different morphology.
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a4 21% 12% 23% 15% 30% 4 18% 14% 27% 9% 34%

Fig. 3. Cross-section of tested samples of (i) HEA1, (ii) HEA2, (iii) HEA3 and (iv) HEA4.

From the SEM and XEDS analysis of HEA5 and HEA6 seen in Figs. 4
and 5 respectively, it can be observed that localized corrosion damage
was observed at the interface of the corrosion film and the bulk alloy. A
mixture of oxide and sulphide corrosion products was present in the
surface layer of HEA5. In HEA6, mainly copper sulphide corrosion
product was formed as an outer layer but with an inner layer which was
a mixture of oxide and sulphide as seen in Fig. 6. The sulphide was
identified as a CuyS phase with the XRD analysis described in the
following section. An insignificant concentration of the HEA elements;
Co, Cr, Ni, Fe and Mo were analysed in the outer layer of HEA6 but some
concentration of the elements was detected in the inner layer with ox-
ygen and sulphide. This result indicated that the porous inner layer
consists of mixed sulphides and mixed oxides, and mainly copper-based
corrosion products. The inner layer is thus referred to as a complex oxide
layer herein in figures and text. The two-layer behaviour was evident as

the outer layer was flaking off the inner layer. By analysing HEA6
further at higher magnification it can be observed that the apparent
deepest corrosion attack in HEA6 was occurring at the phase boundaries
of the Ni-Fe rich phase and the Mo rich phase as can be seen in Fig. 7.
This result might indicate that Cu or a Cu rich intermetallic was
accommodated preferably in the grain boundaries of Ni-Fe and Mo rich
phases, as the main corrosion product was copper sulphide.

To analyse the phase equilibrium, elemental distribution and inter-
metallic presence in the HEAs, elemental mapping was done in the SEM/
XEDS for all the HEAs tested as can be seen in Figs. 8, 9 and 10 .
Elemental mapping of the cross-section revealed two main phases pre-
sent in samples HEA1-HEAG, a Ni-Fe rich phase and Mo-phases. Some
unique characteristics were observed for some of the alloys. The
passivating oxide film on HEA1 was thicker than the oxide film in all the
other HEA samples. Cobalt was more concentrated in the Ni-Fe rich
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S and O rich layer

Localized corrosion
damage

location O s <3 Fe Co Ni Cu_ Mo
1 % 32% 2% 4% 5%  23%  24% 2%
2 2% 41% 1% 1% 6%  28% 1% 1%
3 19%  24% 2% 20% 7% 7%
4 2% 19%  20%  13% 3% 23%
s 25%  16% 2%  16%  13% 7%

Fig. 4. Cross-section of tested HEAS sample. The surface corrosion layer is rich
of S and O and some indications of localized damage at early stages at the bulk
alloy surface.

Cu/S rich layer
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1 5% 31% 2% 1% 1% 1% 60%
2 2% 3% 1% 1% 64%
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a 2% 19% 1% 5% 7% 5%  23% 9%
5 1% 24% 2% 2% 6% 5%
6 28%  18%  19%  10% 1%  25%

Fig. 5. Cross-section of tested HEA6 sample. The outer corrosion layer was rich
of S and Cu but the sublayer rich of both S and O. Localized damage occurs at
the sublayer in the bulk alloy where the Ni-Fe rich phase corrodes but the Mo
rich phase remains coherent with bulk.
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Fig. 6. BES image and XEDS analysis of tested HEAG6 at high magnification.

Fig. 7. BES image of tested HEA6. Corrosion attack is observed to be prefer-
ential at the Ni-Fe rich phase and Mo rich phase interface.
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phase than in the Mo rich phase in all the alloys. Most Mo segregation
was observed in HEA2 of HEA1-HEA4 but HEA2 had the lowest Mo
content of alloys HEA1-HEA4. This segregation phenomenon in HEA2
could also be explained by low solid solubility of large atomic-size Mo
(in comparison with the smaller atomic-sized Ni, Cr, Co and Fe in the
HEA lattice), a lattice distortion effect of Mo or some unexpected phase
dispersion due to the “cocktail effect” in HEAs. Last but not the least, Cu
is homogeneously distributed in HEA5 and HEA6 but some high con-
centration sites of Cu were observed in HEA6 indicating that the solid
solubility of Cu may be exceeded in the Ni-Fe or Mo rich phase lattices or
some Cu-rich intermetallic phases have formed in HEA6.

By doing elemental profile scanning through a segment in HEA5 and
HEA6 more obvious concentration difference between Cu can be
detected as seen in Fig. 11. The Cu concentration in HEA5 was homo-
geneous whereas concentrated Cu sites were observed in HEAG6.

The correlation between Cu and the elements Co, Cr, Fe, Ni and Mo
was also examined for HEA6 but the Cu concentration did not correlate
with any of the other elements in HEA6 indicating that the Cu concen-
trated sites were not involved in Ni-Fe or Mo rich phases. However, at
phase boundaries, where the concentration of Ni-Fe or Mo was altered
significantly, concentration gradients of Cu were observed as can be
seen in Figs. 12 and 13 . This observation suggests that the Cu concen-
trated intermetallic sites occur at the phase boundaries of Ni-Fe and Mo
rich phases.

3.2. XRD analysis

X-ray diffractometry analysis of the tested and untested samples
showed that some changes in crystal structure had occurred in the HEAs
after the testing. The extent of the changes indicated that HEA1-HEA4
were less susceptible to the corrosive environment than the Cu added
HEAS5 and HEA6 which is in agreement with the SEM/EDS analysis. A
reduction in the Ni-Fe phase peaks was observed in the tested samples
compared to the untested ones and a new peak appeared at 20 = 23° in
HEA1-HEAS3, as seen in Fig. 14. This peak could not be identified but
most likely corresponds to a crystalline oxide or sulphide compound
formed during the corrosion tests, which can aid in protecting the alloy
from further corrosion. No new diffraction peaks were seen for the tested
HEA4 (the highest Co content of alloys HEA1-HEA4) and the XRD
pattern was close to identical to the non-tested specimen. This shows
that there was a minimal formation of crystalline corrosion products on
HEA4. The high Mo content in HEA3 promotes the formation of a ¢
phase or (Mo,Cr) rich phase that was identified in the XRD graph in
Fig. 14 (iii), which was present both before and after the corrosion
testing.

The morphology changes in the Cu added alloys HEA5 and HEA6 are
evident from Fig. 15 and 16 respectively. The Fe-Ni phase peaks are
significantly reduced, and new peaks emerge, corresponding to hexag-
onal CuyS in alloy HEAS, and hexagonal and tetragonal CusS in alloy
HEAG6. This is consistent with the presence of a thick copper and
sulphide-rich layer analysed on the surface of the samples. The presence
of tetragonal CuzS on the corroded HEA6 sample might be due to
increased Cu content in HEA6 in comparison with HEAS. The extent of
the morphology changes was more exaggerated in HEA6 due to the
higher Cu content and increased corrosion effect as previously
mentioned in the description of the microstructural and chemical
analysis results.

4. Discussion

In general, the CoCrNiFeMo alloys, HEA1-HEA4, showed good
corrosion resistance in the testing environment. From the results of our
testing and assuming linear extrapolation of the corrosion film thickness
growth rate, it can be concluded that the general corrosion rate is low
(<0.1 mm/year) for alloys HEA1-HEA5 but up to 0.2 mm/year for
HEAG®, a significantly higher corrosion rate than for corrosion-resistant
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Fig. 8. Elemental mapping of the cross-section of the tested samples (i) HEA1, (ii) HEA2, (iii) HEA3 and (iv) HEA4. More oxide was observed on the surface of HEA1
in comparison with the other alloys.
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Fig. 9. Elemental mapping of the tested HEAS.

alloys tested in the same simulated superheated geothermal environ-
ment [18]. In terms of surface and morphology stability, the XRD pat-
terns for the CoCrNiFeMo alloys were different from un-tested samples
indicating the formation of crystalline corrosion products. Equimolar or
close equimolar ratios of CoCrFeNiMo alloys produced via arc melting
process have face-centred cubic (FCC) solid solutions according to the
XRD results which are compliant with results shown by Shun et al. [4].
In the study by Shun et al. it was also concluded that with increasing Mo
concentration in HEAs, a ¢ or (Mo,Cr) rich phase forms and is incor-
porated in the FCC solid solution of the CoCrFeNiMo alloy. Chou et al.
[16] reported that formation of o phase would reduce the Cr

concentration in other phases in a HEA. The Cr-depletion in other phases
was concluded to result in lower corrosion resistance in other phases as
it is well known that Cr increases corrosion resistance. Due to the high
Mo content in the HEA3 alloy, the alloy contained ¢ phases according to
the XRD pattern before and after testing. Increased Mo in CoCrNiFeMoy
alloys has been reported to stabilize and harden the FCC structure due to
increased formation of the ¢ phase [4]. However, studies of equimolar
CoCrNiFeMo film coated on a substrate with electro-spark deposition
(ESD) have shown that Mo stabilizes the formation of a body centred
cubic (BCC) structure in the equimolar CoCrNiFeMo alloy coated with
ESD [2]. In the same paper, the bulk material of as-cast equimolar
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Fig. 10. Elemental mapping of the tested HEA6. The more concentrated and denser sulphur outer layer and concentrated oxide sublayer were observed in the Cu
added HEA6 in comparison with the Cu added alloy HEAS.

" Hu

i 10k

cps
2o Cu profile PN
uuoo— Cu accumulation sites in bulk metal i \

x.

Fig. 11. Cu profile in a) HEA5 and b) HEA6. More segregation of Cu was observed in the higher Cu content HEA6 in comparison with HEA5.
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Fig. 12. Correlation between Cu concentrated sites in HEA6 and Ni-Fe and Mo concentration via elemental scanning along the yellow line (top). Cu concentration
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CoCrNiFeMo alloy is reported to have no ¢ phase present which agrees
with the results in our testing of the equimolar HEA1 alloy. The effect of
the corrosion tests on the surface morphology of alloys HEA1-HEA3 was
similar according to the XRD patterns obtained after the corrosion test.
In our tests, the crystal structure pattern of the alloy that was most
identical before and after testing was HEA4 which was the alloy with the
highest Co content of all the alloys tested but equimolar content of Cr,
Ni, Fe and Mo. Cobalt, a common alloying element gives an improve-
ment of mechanical properties rather than corrosion resistance proper-
ties. Furthermore, in some material production technologies, Co
enhances the mechanical properties of HEAs [23]. In HEAs however, Co
has been found to enhance the formation of FCC structure in alloys able
to form FCC, BCC or FCC + BCC structures at various atomic ratios [24].
With increasing FCC structure and reducing BCC structure, the hardness
of the HEA decreases. A lower hardness of HEAs with added Co may
limit their application in an environment where hardness of the material
and erosion-corrosion is required. However, an increase in Co concen-
tration in HEAs will reduce the concentration of other elements that may
increase the corrosion resistance properties such as Cr, Ni and Mo. A
study by Niu et al. [25] on electrochemical testing of CoCrNiFeMoy al-
loys in seawater where the ratio of Mo was varied has shown that adding
Mo increased the corrosion resistance. Furthermore, within the Mo ratio
interval x = [0-1], the CoCrNiFeMoy s alloy had the densest oxide layer
and the highest corrosion resistance of the alloys tested. In our testing
and observations, it was found that the CoCrNiFeMo alloys were not
susceptible to significant corrosion in our testing environment at

different alloying ratios. The corrosion rate in a low-density superheated
fluid has previously been concluded to be low [18-20,26,27] while
another testing has shown that alloys can be susceptible to localized
corrosion damage in a superheated fluid [11]. In the previous testing
with carbon steel and corrosion-resistant superalloys, only carbon steel
was found to be prone to localized damage in superheated steam con-
taining HCl, H,S and CO; according to Thorhallsson et.al [18] but other
in-situ testing reported by Karlsdottir et al. [11], with more complex
corrosive fluid containing among other species HCl, H,S, CO2, Hy and
HF, has shown localized corrosion damage in carbon steels and all the
corrosion-resistant superalloys tested.

The CoCrNiFeMoCu alloys (Cu added HEAs; HEAS and HEA6) were
found to be more susceptible to corrosion than the Cu free HEAs (HEA1-
HEA4). The Mo-rich phase segregation was apparent and was enhanced
in the Cu added HEA5 and HEA6 alloys that might be explained by
additional segregation effect of Cu as concluded by Hsu et al. [5].
Several papers have reported some segregation tendency or corrosion
susceptibility of Cu added HEAs. Copper rich interdendrite phases in Cu
added CoCrFeNi alloys have been reported to be prone to galvanic attack
by Cr rich dendrite sites according to Hsu et al. [5] and Lin et al. [28]
where also the ageing effect of CoCrFeNiCu HEA was demonstrated at
350 °C. In our testing, the corrosive fluid was a low-density fluid with
low electrical conductivity where electrochemical corrosion reactions
are expected negligible as discussed by Kritzer [26] and Thorhallson
et al. [18]. As a result, a galvanic attack between Cu and other more
noble phases was unlikely to occur in our testing conditions. Some
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Fig. 13. Magnification of 20.000x in HEA6. Cu concentrated sites (strong yellow) were always observed at the phase boundaries of Ni-Fe and Mo rich phases. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. XRD of tested (orange) and untested (blue) samples of (i) HEA1, (ii) HEA2, (iii) HEA3 and (iv) HEA4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

content enhances Cu segregation that can induce localized corrosion
susceptibility in Cu added HEAs as concluded by Hsu et al. [5] and Ren
et al. [15]. As a result, increased Cu segregation may be the cause for
increased Cu diffusion supply for the corrosive species to react with at or

ageing effect of the Cu added HEAs during our testing at 350 °C cannot
be excluded though. Increased Cu content from HEAS to HEA6 has the
effect that concentrated Cu rich intermetallic sites are forming in the
bulk metal of HEA6 which were not observed in HEAS. Increased Cu
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in the complex oxide surface and hence increased corrosion rate expe-
rienced in HEA6 in comparison with HEA5, which was in agreement
with the study by Smith et al. [29]. On the other hand, pure Cu has been
reported to be susceptible to corrosion in a dry mixed gas environment
containing HyS and H20 [30]. Tomio etal. [31] and Baba et al. [32] have
reported improved corrosion resistance of Cu added corrosion-resistant
alloys but no literature was found were Cu addition to HEAs improves
corrosion resistance except were y phases have been formed as described
by Nene et al. [14]. Demirkan et al. [30] conducted corrosion testing of
pure Cu in a mixed flowing gas at 40 °C. The gases included HjS, H20
and other gases. Their result showed rapid corrosion of Cu and forma-
tion of porous CuyS outer layer and a thin porous CuO inner layer
formed in the test. They concluded that Cu diffused from the bulk metal
through the porous Cuy0 layer and reacted with the HS at the Cuz0 and
Cu,S boundaries. This was explained as a result of the higher diffusion
coefficient of Cu in comparison with HyS through the corrosion film. No
conclusion was made on the reaction mechanism of CuyO formation.
Furthermore, the CuyS outer layer tended to flake off from the CuyO
inner layer in a study conducted by Demirkan et al. [30]. This is
consistent with our results; where a copper sulphide outer layer and a
complex oxide inner layer were formed on the Cu added HEAs. In
addition, the copper sulphide outer layer also tended to flake off the
complex oxide layer. The complex oxide film in the HEA6 is likely
established partially before the corrosion tests because of the passive
behaviour of the HEA alloy. The diffusion of Cu from the bulk HEA alloy,
from the Cu rich intermetallic sites and the bulk alloy likely occurs
during the corrosion test. The Cu diffuses through the complex oxide
layer and reacts with the HjS at the surface of the complex oxide layer.
However, the complex oxide layer is porous which makes the diffusion
of gaseous HaS through the complex oxide layer capable, permitting the
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reaction of HyS and Cu also inside the complex oxide layer. The low
adhesion or flaking phenomenon can be viewed in SEM and BES images
shown previously.

As a result, we conclude that the increased corrosion reactions
experienced in the HEA5 and HEA6 during the tests were mainly
attributed to the detrimental effects of the Cu in the HEAs. In our testing,
the main identified corrosion product of the Cu added HEAs was CusS
and complex oxide film between the CuyS outer layer and the HEA bulk
sample in HEA6. The reaction of gaseous HaS(g) and solid Cug) is ther-
modynamically feasible at 350 °C and 10 bar gauge. Hence, we conclude
that Cu in the CoCrNiFeMoCu is prone to dry gas corrosion with gaseous
H2S(g). The total reaction of Cu and H,S is following:

2Cus) + HaS(g) -> CuaS(s) + Hay (€D)]

The oxide layer is likely to have formed partially before the testing
due to passivating behaviour of the HEA samples and/or due to oxida-
tion by H,O reacting with the metallic elements in the HEA sample in the
testing as found in a previous study for other metal alloys in similiar
testing environment by Thorhallson et al. [18]. As the oxide film is thin
and at the surface of the bulk sample of HEA6 we conclude that the oxide
film formed first before HoS corrosion of Cu starts. The oxide film could
also destruct and form again during the corrosion process until the oxide
formation/destruction reaches equilibrium and as the CuyS film grows
and the complex oxide have grown to some thicknesses. From the above
discussion, we suggest that the mechanism for the corrosion of CoCr-
NiFeMoCu at high Cu concentration was as follows: oxide formation was
initially very fast and occurred before the sulphide scale was formed.
The gaseous H,S diffuses from the corrosive fluid (or through the porous
CuyS layer formed) towards the HEA alloy or towards the complex oxide
film. The HyS reacts with Cu which diffused rapidly through the oxide or
in some cases HpS might react directly with the Cu in the bulk alloy
where the complex oxide layer has defects or due to porosity. The
diffusion of Cu from the intermetallic sites through the oxide or direct
reaction with Cu in the intermetallic sites was faster than diffusion from
the bulk matrix. This increased Cu diffusion rate from intermetallic sites
explains higher corrosion rate of HEA6 in comparison with HEAS. The
corrosion of the base HEA provides Cu for the CuyS or copper sulphide
film growth from the junction of the porous complex oxide and the
copper sulphide layer as long as H,S diffusion through the outer copper
sulphide layer is not restrained. The proposed mechanism is summarized
in Fig. 17.

The concentration of the other HEA elements (Co, Cr, Ni, Fe and Mo)
in the Cu added HEAs within the copper sulphide outer corrosion layer is
low but is more present in the inner complex oxide layer. This may be
explained by the formation of CuyS externally on the complex surface
oxide and due to sluggish diffusion of the other elements. The sluggish
diffusion of elements within HEAs has been reported by Beke and
Erdelyi [33] showing slow diffusion in HEAs in comparison with FCC
structures on average. Due to slow diffusion within HEAs, it must be
assumed that diffusion of elements within the CoCrNiFeMo and CoCr-
NiFeMoCu alloys in our testing is extremely slow, except for Cu as
previously discussed. Negligible chloride-based corrosion products from
gaseous HCl was observed on all the HEA samples. In another testing
with corrosion-resistant alloys in superheated steam containing HCI, the
passive corrosion-resistant alloys tested were not prone to HCl attack
[18] but carbon steel was however prone to HCI attack. This result in-
dicates that the HEAs are passive in our testing environment for HCl
attack. The diffusion rate of HS through the porous complex oxide
could also be more rapid than HCI diffusion rate or HaS reaction rate
with copper could also be faster than the reaction rate of HCl with the
HEA elements.

5. Conclusions

The corrosion susceptibility of the CoCrNiFeMo alloys, HEA1-HEA4,
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was independent of different molar ratios for the alloys tested in our
corrosion testing environment. The thickness of the analysed oxide layer
differed for the four alloys and the surface crystal structure changed to
some extent for all the CoCrNiFeMo alloys tested. Literature review and
the results obtained indicate that the HEA2, where the alloy ratio of Mo
is close to x = 0.5, might be the most corrosion-resistant HEA of the
CoCrNiFeMo alloys tested (HEA1-HEA4). The corrosion rate of the Cu
added HEAs, CoCrNiFeMoCu, increases with increasing Cu concentra-
tion when exposed to the simulated superheated geothermal environ-
ment, where the main corrosion product is CuyS. The corrosion is
dominated by the reaction between HyS and Cu. The Cu rich interme-
tallic phases (at boundaries of Ni-Fe and Mo rich phases) in the Cu added
HEAs are the rate-determining factor for the corrosion rate in the tests,
due to availability and diffusion of Cu from Cu rich intermetallic phases.
In conclusion, the CoCrNiFeMo high-entropy alloys are corrosion resis-
tant in the testing environment and are a candidate for a corrosive
geothermal environment, but Cu added HEAs, CoCrNiFeMoCu are not a
feasible material in superheated steam containing H,S. To understand
the corrosion resistance of CoCrNiFeMo alloys in more complex super-
heated or supercritical geothermal fluid, in-situ testing in a fluid con-
taining HaS, CO», HCl and additionally HF, Hy and SiOs is of interest to
see if any localized corrosion damage will be observed as observed in
corrosion-resistant alloys in previous in-situ testing.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Abstract: The corrosion behaviour of a new titanium-based alloy, with nickel, molybdenum and
zirconium as the main alloying elements, was studied in a simulated geothermal environment at
various phase conditions of a corrosive fluid. Corrosion testing of carbon steel was also conducted
for comparison. Both materials were tested at an elevated temperature between 180 and 350 °C and
at a 10 bar gauge pressure in H,O containing HCI, H;S, and CO, gases with an acidic condensate of
pH = 3. The study found that the titanium alloy demonstrated good corrosion resistance in a single-
and multiphase geothermal environment. In the testing volume, where the boiling of testing fluid
occurred, the carbon steel was prone to localized damage of oxide, sulphide and chloride corrosion
products. In the superheated testing volume, a homogeneous oxide corrosion layer was observed on
the carbon steel. In the testing volume where condensation of the testing fluid occurred, a sulphide
layer with an oxide sublayer was formed on the carbon steel.

Keywords: titanium alloy; carbon steel; H,S; CO,; HCl; multiphase; corrosion; high-temperature;
geothermal

1. Introduction

The application of titanium and titanium-based alloys as a structural and process
equipment material in the geothermal industry has received growing attention in the
last few decades due to its excellent corrosion resistance, which exceeds that of the more
conventional steels and stainless steels [1]. Titanium alloy corrosion resistance is due to
the protectiveness of a passive TiO, surface film that forms in various corrosive environ-
ments [2-5]. The main limitation to titanium application in the geothermal industry is
considered to be its high cost and the de-rating of mechanical properties at high tem-
peratures [6]. Nogara and Zarrouk have summarized results from different corrosion
tests of various titanium alloys for geothermal energy application, but none of the tests
included titanium alloys with nickel, molybdenum and zirconium as the main alloying
elements. Schutz et al. [7] reported that nickel and molybdenum are thought to enhance
the corrosion resistance of the TiO, passive film and increase the mechanical strength of
the titanium alloy at high temperatures. Zirconium has been reported to enhance the
mechanical stability of 3-phase (body centred cubic (BCC)) titanium in a Nb- and Zr-based
alloy [8-10] and enhance the passivity and corrosion resistance [11] (up to 50 wt.% Zr) of
titanium alloys for biomedical applications. Increased corrosion resistance and mechanical
strength at high temperatures are required if a titanium alloy is to be used in a geothermal
environment. In this paper, the corrosion behaviour of a new titanium-based alloy (with
nickel, molybdenum and zirconium as the main alloying elements), will be studied in a
simulated geothermal environment at various phase conditions of the corrosive fluid from
180 to 350 °C at 10 bar gauge.
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In the geothermal power production industry, material in a down-hole geothermal
well and surface equipment can be subjected to critical corrosion damage, which increases
maintenance costs and limits the lifetime of the well, thus affecting power production
efficiency. The degree of corrosion damage depends on several factors, including the
corrosion resistance of the materials, and the chemical composition and phase state of the
geothermal fluid as summarized by Nogara and Zarrouk [12-14]. The corrosive geothermal
fluid consists mainly of H,O as steam with other corrosive species such as H,S and CO,
(aqueous, gas or mixed-phase state) depending on the chemical composition of the fluid,
the pressure and the temperature. The chemical composition and the phase state of the
corrosive geothermal fluid affect the corrosion rate and behaviour of the material exposed
to the corrosive geothermal fluid [15-18]. The phase state of the corrosive fluid affects its
ionic activity, which strongly depends on the density of the fluid at high-temperature or in
aqueous solutions [19,20]. As a result, for a fluid with a fixed chemical composition and
containing H,O with corrosive species, dissimilar corrosion rates and behaviours can be
expected for materials exposed to the fluid in a liquid state under high pressure (due to the
high ionic activity of an aqueous solution) and corrosion in superheated steam under low
pressure (due to the low ionic activity of the gas phase). Different corrosive behaviours can
also be expected in saturated-liquid and saturated-vapour conditions since, as discussed
by Liu et al., corrosion is more likely to occur in the saturated liquid state [21]. For liquid
solutions containing salts, boiling the liquid can leave concentrated salt residuals on the
surface that can induce under-deposit corrosion, as discussed by Yang et al., for Ni-based
alloys and stainless steels tested in supercritical water [22].

To simulate the corrosion behaviour of materials in different phase state scenarios (i.e.,
corrosive environments), in the geothermal energy production field, a corrosion testing
flow-through reactor setup was used in this study. Previous trials and tests were conducted
using a single corrosion testing reactor setup. The results indicated that condensation and
boiling occurred in a scheduled gas-phase fluid environment [23], affecting the corrosion
rate and corrosion forms in the testing samples in the single reactor. In a further attempt to
homogenize the testing conditions, three flow-through reactors were connected in series
where the first reactor was applied as a preheater. Several corrosion trials were conducted
in this new setup, but results still indicated inhomogeneous conditions in the testing
volume [24]. This was concluded from different corrosion behaviours in the samples
in different locations in the testing volume. Thorhallsson et al. reported that further
adjustments and modifications eventually led to homogeneous corrosion behaviour in the
second and third reactor since the first reactor was only used as a preheater [15].

The objective of this study was to map the phase state of the corrosive fluid in three
reactor-based testing volumes and investigate the corrosion behaviour of a titanium alloy
(Ti-0.4Ni-3.6Mo-0.75Zr) and carbon steel in a single and multiphase corrosive fluid during a
simulated geothermal testing environment. The corrosion testing was conducted in boiling,
superheated and condensation conditions, and the three-reactors were connected in series.
The first and the second reactors were set at 350 °C and the third reactor at 180 °C. All were
under 10 bar gauge pressure. The corrosive fluid used in the simulated high-temperature
geothermal environment was water containing HCI, H,S and CO, gasses with a pH of 3 at
room temperature.

2. Materials and Methods
2.1. Simulated Geothermal Test Fluid

The testing fluid was formed by the reaction of two aqueous reactant solutions in the
mixing point. One solution contained HCl,q) and the other contained anhydrous Na;S(,q)
and NaHCO;3(,q). The solution was prepared by titrating sulphide with mercury acetate
with a dithizone indicator and back titrating CO, according to Arnorsson [25]. When the
reactant solutions were mixed, hydrochloric acid reacted with the two species in the other
reactant solution to form H,S and CO, with NaCl and H,O as by-products. After mixing,
the concentration of H,S and CO, was 150 ppm and 250 ppm, respectively with a pH of
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3. The flow rate and pH were measured after the outlet of the third reactor (cold volume).
The H,S and CO; were collected regularly at the outlet and inlet to verify the chemical
composition of the fluid, which was eventually neutralized in an alkaline (NaOH) solution
containing zinc acetate. The concentration of the reactants in each solution can be seen in
Table 1.

Table 1. Concentration of the reactant species in the reactant solutions.

Parameter Value Unit

Reactant Solution 1

HCl 31 mmol
Total volume 1000 mL

Reactant Solution 2

NayS 8.8 mmol
NaHCO3 114 mmol
Total volume 1000 mL

2.2. Testing Facility and Conditions

The two reactant solutions in separate mixing flasks were connected by PVC tubes
to Labhut degassers and from there to Chromtech Series I high-pressure pumps, which
injected the two fluids at the mixing junction before the inlet of the testing volume where
the testing fluid was formed. The expected scenario of the testing fluid condition and phase
transition inside the testing volume was as follows: The testing fluid flowed into the first
reactor with a set temperature of 350 °C where the fluid was heated from room temperature
to the saturation point of the testing solution, where it is completely evaporated to vapour-
phase state. As the fluid was almost pure H,O, the expected saturation point was near
184 °C at 10 bar gauge [26]. The density of pure H,O vs. temperature at 10 bar gauge can
be seen in Figure 1 [27].

Density of H,0 [kg/m?] vs. temperature [°C] at Density of superheated H,0 [kg/m?] vs.
10 bar gauge temperature [°C] at 10 bar gauge
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Figure 1. Density of pure H,O at 10 bar gauge from (a) 0 to 350 °C and (b) at superheated conditions
(>184.1 °C).

In the rest of the testing volume in the first reactor, the solution was heated past
the saturation point to the superheated state. When the testing fluid entered the second
reactor at 350 °C, the fluid maintained the superheated condition. Piping without insula-
tion connected the second and third reactor allowing the testing fluid to lose heat to the
environment, cooling down to lower temperatures. The third reactor had a set temperature
of 180 °C, where condensation of the testing fluid was expected. The first and second
reactor were insulated externally with glass wool, and to ensure efficient heat loss from
the third reactor no external insulation was applied from the outlet of the second reactor
to the outlet of the third reactor. A water cooling jacket was connected to the outlet pipe
of the third reactor which condensed and cooled all the testing fluid. The heating tape
that had been applied in earlier setups to ensure superheated conditions at the outlet of
the third reactor was now excluded. After the condenser, the back-pressure regulator was
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connected to the test flow line. The cold and condensed testing fluid was then inserted into
a chemical waste bin where the toxic H,S was neutralized with alkaline zinc acetate. The
tubing between reactors and the tubing in the hot temperature volume in the testing facility
was made of UNS N10276 (American Special Metals, Pompano Beach, FL, USA), the same
material used in the reactor tubes. The sample holder and fasteners were made of Inconel
UNS N06625 (Velvik, Reykjavik, Iceland). Ceramic alumina (Ortech, Sacramento, CA, USA)
washers were inserted between the testing samples and the fasteners to prevent a galvanic
coupling effect. The hot-part assembly (heaters, reactors and insulation surrounding the
reactor pipes and heating elements) were custom made at the University of Iceland. Elec-
trical parts for the heater were provided by Rafhitun ehf (Hafnarfjordur, Iceland). The
temperature in the system was monitored with K-type thermocouples connected to a U6
datalogger (Labjack, Lakewood, CA, USA). The pressure in the test flow line was measured
at the outlet of the condenser with S-20 digital pressure transducer (WIKA, Klingenberg,
Germany) which was connected to the U6 datalogger. An analog pressure gauge meter
was also connected at the outlet of the condenser. The pressure in the testing volume was
regulated by a custom made back pressure regulator provided by Prologo (Kopavogur,
Iceland) and the pressure set value was controlled with a SITEC 750 hand pump (SITEC,
Maur, Switzerland). The testing facility design can be seen in Figure 2.
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Figure 2. Flow diagram of the three reactors, flow-through testing facility. Three samples were
accommodated in each reactor.

The physical and chemical composition of the testing fluid is summarized in Table 2:

Table 2. Physical conditions and chemical composition of testing fluid.

Parameter Value Unit
PH 3 -

Temperature—Reactor 1 350 °C
Temperature—Reactor 2 350 °C
Temperature—Reactor 3 180 °C
Fluid pressure 10 bar

Cl 35.5*% mg/kg

CO, 250 mg/kg

H,S 150 mg/kg

* Calculated at pH = 3.

A more detailed description of the testing facility and pre and post-testing procedures
is described by Thorhallsson et al. [15], the main differences in this study being the set
temperature and insulation of the third reactor as described earlier.
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2.3. Testing Materials and Testing Period

The materials tested in this study were carbon steel S235]RG2 (Salzgitter, Salzgitter,
Germany) and the titanium alloy (TIMET, Warrensville Heights, OH, USA); Ti-0.4Ni-
3.6Mo-0.75Zr or TIMETAL® 475 (Ti-475). A UNS number has not yet been assigned to
this alloy. The alloy was tested in the annealed condition. The carbon steel and titanium
alloy were tested in separate batches. In each material testing batch, three flat coupons
were accommodated in all the three reactors. In each one, two coupons had dimensions
100 mm x 7 mm x 1-2 mm and one shorter coupon was placed between the two longer
samples with a dimension of 50 mm x 7 mm X 1-2 mm. To summarize, in each testing
batch, 9 samples of each material were tested with the sample number designated according
to Figure 2: samples 1-3 were tested in reactor 1; samples 4-6 in reactor 2; and samples 7-9
in reactor 3. In light of the experience by Jonsson [23] where the carbon steel was prone to a
high corrosion rate, it was decided to test it for only 3 days in this study. The testing period
of the titanium alloy, summarized in Table 3, was 10 days. The chemical composition of the
carbon steel and titanium-based alloy is given in Table 4.

Table 3. The testing periods for the two testing materials.

Material Type Alloy Test Period (Days)
Carbon steel S235JRG2 3
Ti-based alloy Ti-0.4Ni-3.6Mo-0.75Zr 10

Table 4. Chemical composition of the testing materials.

Material UNS Other Nominal Composition (% wt)
Number Designation C S Man C Ni Mo Cu Al O Ti Zr Fe
NS-EN S235JRG2
Carbon steel N/A (ASTM A 284C) 0.04 0.02 0.2 0.04 0.02 - 0.04 0.04 - - - balance
Titanium-based Ti-0.4Ni-3.6Mo-
alloy N/A 0.757x - - - 044 343 - - 0.16 bal. 0.74 0.18

The titanium alloy has potential application in the field of geothermal power produc-
tion as a downhole, casing material. The geothermal application of titanium casing is well
known to be limited due to the low mechanical strength of titanium alloys at elevated tem-
peratures. However, the mechanical properties of the titanium alloy Ti-0.4Ni-3.6Mo-0.75Zr
fulfil the requirements for minimum casing strength for a corrosion-resistant alloy (CRA)
according to the API 5CRA standard [28] as seen in Table 5.

Table 5. Mechanical properties of Ti-0.4Ni-3.6Mo-0.75Zr.

Mechanical Properties * Annealed Heat-Treated Unit

Yield Strength (YS, 0.2%) 552 758 MPa

Ultimate Tensile Strength (UTS) 758 896 MPa
Ductility EL (%) 29 10 %
Ductility RA (%) 57 30 %

* Minimum values.

2.4. Sample Preparation and Weight Loss Analysis

All the samples were ground to 600 grit with SiC abrasive paper, cleaned in ethanol
with an ultrasound bath then weighed and measured. The measured corrosion rate (CR) of
the material tested in mm/year was calculated via the weight loss method and according
to the ASTM G1-90 standard [29]

K-W

R= i

@
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where K is the corrosion rate constant equal to 8.76-10* mm/year; W is the mass loss in
grams of the tested material with a precision of £0.00005 grams; A is the exposed surface
area in cm? of a tested sample; f is the exposure time in hours; and p is the material
density of the material in g/cm®. The density of the materials was 7.85 and 4.68 g/cm?
for carbon steel and the titanium alloy, respectively. The alloy was not cleaned due to the
unavailability of standard cleaning procedure for titanium alloys in ASTM G1-90.

2.5. Post Exposure Measurements and Analysis

Microstructural analysis was done on the sample surfaces and several cross-sections.
Samples 2, 3, 4, 6, and 7 were selected for surface analysis and then used in weight loss
analysis. Samples 1, 5, 8 and 9 were selected for cross-sectional analysis for the carbon-
steel samples. The same procedure was done for the titanium alloy except for sample
8, which was applied to the weight loss analysis but not the cross-sectional analysis. As
boiling of the testing fluid was expected in the first few centimetres in reactor 1 and
condensation was expected in the last few centimetres at the outlet of reactor 3, these
samples were selected for cross-sectional analysis under a Supra 25, Scanning Electron
Microscope (Zeiss, Oberkochen, Germany). For elemental analysis under X-ray Electron
Dispersive Spectroscopy (XEDS) from Oxford Instruments (Abingdon, UK), samples were
sectioned, ground and polished with colloidal silica to a final 0.02-0.06 um particle size.
Pre- and post-analysis of the samples were conducted. The XEDS instrument had a Si(Li)
X-ray detector and AZtec software (version 3.3). Surface and cross-sectional analysis of
samples were also analysed with Meiji Techno’s MT75300H optical microscope (Somerset,
UK) with Infinity Analyze software (version 6.5.7). The crystal structure of the materials
and corrosion products were analysed in situ by an X-ray Diffractometer before and after
corrosion tests with an XPert Pro XRD diffractometer (Malvern Panalytical, Malvern, UK)
with Data Collector software (version 1.3).

3. Results and Discussion
3.1. Visual Inspection, Microstructural and Chemical Analysis

The carbon-steel samples had turned from shiny metal to black in appearance after
the corrosion test as seen in Figure 3, but the titanium alloy samples showed only small
discolourization after the testing.

Figure 3. The carbon-steel samples in reactor 2 after the testing. All the carbon-steel samples in all
three reactors had turned from shiny metal appearance to black appearance after the corrosion test.

Further visual inspection of the carbon-steel samples after the corrosion testing in-
dicated that some corrosion had occurred on sample 1 at the inlet of the first reactor and
sample 9 at the outlet of the third reactor. This observation was evident from the bulk mass
removal effect and pitting on the surface; a lower corrosion effect was observed on the
samples between these two samples. This observation was strengthened under an optical
microscope where the thickness reduction was apparent in a cross-sectional view of the
first and last sample in comparison with other samples tested as can be seen in Figure 4.
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Figure 4. Optical microscope (5x magnification) of a carbon-steel sample cross-section (a) 1 cm from
the inlet end of sample 1, (b) 3 cm from the inlet end of sample 1 in the first reactor, (c) In the middle
of sample 5 in the second reactor and (d) one cm from the outlet end of sample 9 in the third reactor.

A surface analysis of all the carbon-steel samples showed that corrosion to some extent
had occurred on the first few centimetres of sample 1 and sample 9. The first 1 to 2 cm
of sample 1 had been prone to apparent corrosion, where part of the samples had been
corroded away during the test. The corrosion observed on sample 9 had more micropitting
texture rather than bulk mass removal. The samples in between had, to a large extent,
surface texture similar to the surface texture characterized by the presence of magnetite
(see Figure 5 and Table 6). This had been observed in other corrosion tests performed in the
same testing equipment (but with different setup) in a superheated environment done by
Thorhallsson et al. [15]. A broad range of corrosion forms was observed on the carbon-steel
sample in the first few centimetres of sample 1: some locations had negligible oxide film
observed on the surface; other locations had a dense oxide film present.

=~ Edge of sample

S ; Highly corroded area
— stops ~2 cm from inlet
1000 um = - end of sample

Figure 5. (a) Tested carbon-steel sample 1 only one cm from inlet end in the first reactor, (b) tested
carbon-steel sample 1 now three cm from inlet end in reactor 1, (c) tested carbon-steel sample 5 in
middle of the second reactor and (d) tested carbon-steel sample 9 at the outlet of the last reactor.
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Table 6. Elemental analysis from locations in Figure 5.

Element (wt.%)

Location
o Na Si S Cl Fe Ni
1 23.8 1.0 0.3 0.3 0.6 73.1 0.9
2 23.4 1.7 0.4 0.3 0.7 73.6
3 31.6 1.2 0.2 0.7 0.4 65.3 0.6

These findings might indicate that wet (aqueous) corrosion could have occurred at
the first few centimetres and at the last centimetre in the testing volume because of boiling
at the inlet and condensation at the outlet. Elemental analysis of carbon-steel samples
indicated that some corrosion products from the fasteners or the reactor pipes (nickel-based
alloy) had likely been transported to the surface of the corroded carbon-steel samples
because Ni and Mo were sometimes observed on the corroded samples as seen in Figure 5
and Table 7 (and in Figure 4 and Table 6). When the cross-section of the samples in the
three reactors was studied, some corrosion behaviour variability was observed: the first
few centimetres of sample 1 had an incident of corrosion damage both where carbon-
steel material residuals inside the corrosion film were observed on the sample (Figure 6
and Table 7), and another incident where the thicker corrosion product (oxide film) was
observed on the sample (Figure 7 and Table 8). The surface profile indicated in both cases
that severe corrosion damage had occurred.

Table 7. Elemental analysis from locations in Figure 6.

Element (wt.%)

Location
(o] Al Si S Ca Fe Mo
1 39.8 0.3 0.4 0.1 - 59.2 0.3
2 - 0.8 0.9 - - 98.3 -
3 21.2 0.3 0.6 0.3 04 77.2 -
4 31.0 - 0.6 0.5 0.6 67.3 -

Figure 6. Cross-section of tested carbon-steel sample 1 one cm from the inlet of the first reactor.
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Figure 7. Cross-section of tested carbon-steel sample 1 one cm from the inlet of the first reactor. A
continuous oxide layer was observed.

Table 8. Elemental analysis from locations in Figure 7.

Element (wt.% )

Location
Na Al Si S Cl Ca Fe
1 349 1.2 - 0.5 0.4 1.1 0.6 61.3
2 43.1 14 0.2 0.2 0.3 0.4 0.5 53.9
3 36.5 1.0 - 0.3 0.2 0.4 0.3 61.3
4 15.9 - 0.5 0.3 - - 0.3 83.1
5 - - - - - - - 100.0

Further into the testing volume or 3 cm from the inlet of the first reactor, the form of
the corrosion products changed to a more consistent or homogeneous texture, i.e., chloride
rich pits under oxide film were observed more consistently than in the first 1 to 2 cm of
sample 1 as can be seen in Figure 8.

Element (wt.%)

Location (o] Si S Cl Fe
1 34.2 65.8
2 21.4 0.2 0.3 3.2 75.0
3 21.4 0.2 0.3 3.2 75.0
4 28.7 0.2 0.8 70.3
5 100.0

Figure 8. Cross-section of tested carbon-steel sample 1, three cm from the inlet of the first reactor
with (a) localized chemical analysis and (b) elemental scanning.
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These findings might indicate that the transition from acidic aqueous solution to
vapour phase fluid occurred at the first few centimetres of sample 1. The corrosion of
carbon steel in an acidic H,S environment at low and high temperatures showed that the
carbon steel was prone to general and localized corrosion damage with an inner magnetite
(Fe30y4) layer and outer iron sulphide layer in the corrosion film as reported by Gao
et al. [30-32] in an aqueous environment. A study by Choi et al. showed that H,S can have
an inhibiting effect on the corrosion of carbon steel in an acidic CO,/H,S environment
at 25 °C [33], and Mursalov addressed the multifactor dependence and complexity of
corrosion of H,S in an acidic environment [34]. The lack of an observed sulphide layer
in our testing in the first few centimetres of carbon-steel sample 1 might have been due
to the very high acidity of the testing fluid, which dissolved the sulphide layer, or to the
high concentration of sodium chloride deposits on the corrosion samples that prevented
sulphide formation by forming a mass transfer barrier at the surface when the testing
fluid boiled in the first few centimetres of the first reactor. Furthermore, the kinetics of
iron sulphide layer formation is slow in comparison to those of magnetite formation as
concluded by Gao et al. [31]. In the sulphide layer formation process, magnetite layer
forms first and iron sulphide then forms gradually in an acidic H,S environment at 120 °C.
The lack of sulphide film in the first few centimetres of sample 1 could, therefore, have
been due to the synergistic effect of slow sulphide-formation kinetics, or to the effect of
an enriched concentration of corrosive species and salt deposits on the surface due to
boiling of the testing fluid in the first few centimetres of sample 1. The stability of iron
sulphide layers, summarized by Gao et al. [31], showed that the stability of the sulphides
was reduced significantly below pH = 4 and was dependent on the reduction potential of
the environment. In light of our testing results, low pH = 3 in our testing environment,
and the lack of an iron sulphide layer in the corrosion product film, it was likely that the
iron sulphide(s) corrosion products were not stable in the aqueous testing environment
in the first few centimetres in the first reactor. A low concentration of sodium chloride
was, however, detected in the corrosion products in the first few centimetres of sample
1. It likely occurred after the testing period because of the flushing of deionized water
through the testing volume after the testing period (to prevent acidic condensation at high
temperatures) and before the samples were removed from the reactor. The sodium chloride
deposited due to boiling likely dissolved in the flushing water after the testing period
and was flushed away with the deionized water through the testing volume at the end
of the experiment. The loss of material and the lack of corrosion film on the surface in
the first few centimetres of sample 1 indicated that the acidic aqueous solution at high
temperature caused the removal of the corrosion products at a rapid rate. The results also
indicate that, further into the first reactor, the fluid became less corrosive and the corrosion
behaviour trended towards a more localized corrosion attack, as observed in previous
study by Thorhallsson et al., for materials tested in superheated conditions [15]. The
corrosion behaviour observed for carbon-steel sample 5 in the second reactor resembled the
corrosion behaviour observed for sample 1 after the first few centimetres. The exception
was that less chloride was detected in the pits in sample 5 in the second reactor and in
sample 8 in middle of the third reactor, as seen in Figure 9, Table 9 and Figure 10 and
Table 10, respectively.
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Figure 9. Cross-section in the centre of the tested carbon-steel sample 5 in the middle of the second

reactor.

Table 9. Elemental analysis from locations in Figure 9.

Element (wt.%)

Location
o Si S Ca Fe
1 29.9 0.4 69.8
2 25.0 0.2 0.3 74.5
3 234 0.2 0.2 76.2

Figure 10. Cross-section in the centre of the tested carbon-steel sample 8 in the middle of the last

reactor (condenser).
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Table 10. Elemental analysis from locations in Figure 10.

Element (wt.%)

Location
o Ca Cl Fe Ni
1 184 0.2 - 81.4 -
2 25.4 - - 72.1 2.5
3 30.8 - 0.6 68.5 -
4 13.7 - 2.1 84.3 -

This might also have indicated that the less non-volatile NaCl by-products were
transported further into the testing volume. The corrosion products in the superheated
testing volume (second reactor) did have a small concentration of sulphide corrosion
products or a sulphide-rich layer which Thorhallsson et al. saw to a greater extent in the
previous test [15]. This difference in the extent of sulphide formation could have been
attributed to a shorter test period of the carbon steel, i.e., three days of testing in this
study compared to 10 days in the previous testing. This observed difference in corrosion
behaviour might indicate that the formation of the sulphide layer is a slow process in the
superheated fluid containing H,S.

The corrosion behaviour of the carbon steel started to change again in the last sample
in the third reactor where the set temperature was 180 °C. The corrosion in sample 9, three
centimetres from the outlet, had a corrosion film with multiple layers. In comparison
with samples 2-8, some sulphur was detected in the corrosion layers of sample 9, three
centimetres from the outlet as seen in Figure 11 and Table 11.

Figure 11. Cross-section 3 cm from the outlet end of tested carbon-steel sample 9 at the end of the
last reactor (condenser).

Table 11. Elemental analysis from locations in Figure 11.

Element (wt.%)

Location
o Si S Cl Ca Fe Mo Ni
1 23 0.7 - 0.5 0.5 73.6 19 -
2 23.3 0.8 0.6 0.5 0.9 72.8 - 1.1

3 22.6 0.3 0.2 0.2 0.2 76.4 - -
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The transition to multiple-layer corrosion film behaviour became more apparent in
the last centimetre of sample 9 in the third reactor. A sulphide-rich outer layer and an
oxygen-rich sublayer formed, which was in an agreement with other study results of H,S
corrosion of carbon steel in an aqueous environment at high temperatures [30,31] (See
Figure 12).
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Figure 12. Elemental scanning of cross-section 1 cm from the outlet end of tested carbon-steel sample

9 at the end of the last reactor (condenser).

The difference between the corrosion products observed on the carbon steel in the first
few centimetres of sample 1 in the first reactor (where the boiling of the testing fluid likely
occurred) and those of sample 9 in the last reactor (wWhere condensation of the testing fluid
occurred) could be due to different pH conditions and the concentration of the corrosive
species (HCI, H,S and CO,) in the testing fluid. The effect of the deposited NaCl by-product
in the boiling and NaCl enrichment in the testing fluid in the first few centimetres of the
first reactor was also another factor that likely affected the corrosion mechanism, which led
to different corrosion behaviour in the testing volume, where boiling and condensation
presumably occurred.

The same test setup was applied to testing the titanium-alloy samples. The appearance
of the cross-section of the titanium-alloy samples after testing indicated that no corrosion
damage was experienced as seen in Figure 13.

Microstructural and chemical analysis in the SEM with XEDS confirmed the optical
microscopy result: no corrosion damage was observed in any of the titanium-based samples
tested. Some sulphur deposits were analysed on the surface of the samples and some
corrosion products from the washers and the fastener/tubing in the testing equipment,
but no indication of localized corrosion damage or general corrosion was observed. A
denser oxide layer was observed in sample 5 in the superheated testing volume, indicating
that the kinetics of TiO, film growth on the surface could be a temperature-dependent
mechanism even though the titanium oxide growth rate was constant at high temperatures
as reported by Kumagai et al. [35]. Microstructural and elemental analysis of both surface
and the cross-section of the titanium alloy samples can be seen in Figure 14 (with Table 12),
Figure 15 (with Table 13), Figure 16 (with Table 14) and Figure 17. Titanium and titanium
alloys are known to perform well in various corrosive environments [36,37], which is
consistent with results observed in this study.
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Figure 13. Optical microscope images of the cross-section of the titanium alloy sample (5x magnifi-
cation); (a) 1 cm from the inlet end of sample 1, (b) 3 cm from the inlet end of sample 1 in the first
reactor, (c) In the middle of sample 5 in the second reactor and (d) 1 cm from the outlet end of sample
9 in the third reactor.

Figure 14. SEM images of the surface of; (a) the untested titanium-based alloy, (b) the tested titanium
alloy sample 1, 1 cm from the inlet end in the first reactor, (c) tested titanium alloy sample 1 3 cm from
the inlet end of the first reactor and (d) tested titanium alloy sample 9 at the end of the last reactor.

Table 12. Elemental analysis from locations in Figure 14.

Element (wt.%)

Location

o S Si Ti Cr Fe Ni Zr Mo
1 49 - 0.2 90.4 - - 0.4 0.6 35
2 12.9 - 0.3 82.6 - - 0.3 0.7 32
3 - - - 95.0 - - 0.3 0.6 4.0
4 15.7 - 34 76.7 - - 04 0.8 3.1
5 45 65.1 - 15.6 0.9 12.7 1.3 - -
6 - 36.3 - 23.8 1.3 31.3 2.3 - 5.0
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Figure 15. SEM and XEDS analysis of the cross-section of tested titanium alloy sample 1 at 1 cm from
the inlet end of the first reactor.

Table 13. Elemental analysis from locations in Figure 15.

Element (wt.%)

Location
Na Mg Al Si S K Ca Ti Cr Fe Ni Zr Mo
1 316 22 04 05 12 63 02 20 532 06 13 05 - -
2 - 11 - 02 04 411 - 03 219 - 349 - - -
3 74 - - - - 09 - 02 915 - - - - -
4 54 - - - - - - - 884 - - 06 08 49
5 48 - - - - - - - - - - 936 07 09

Figure 16. SEM image and XEDS analysis of a cross-section of the middle part of the tested titanium
alloy sample 5 in the middle of the second reactor (superheated fluid).
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Table 14. Elemental analysis from locations in Figure 16.

Element (wt.% )

Location
(0] Al Si Ca Ti Zr Fe Mo
1 34.8 0.4 0.6 0.4 59.2 0.7 - 3.8
2 34.6 0.5 0.6 0.5 60.5 - 0.5 3.0

Figure 17. SEM and XEDS analysis of the cross-section of tested titanium alloy sample 9 (a) middle
of sample 9 and (b) one cm from outlet end in the last reactor.

3.2. Weight Loss Analysis

Samples 2, 3, 4, 6, and 7 were used for weight-loss analysis for the tested carbon-
steel material. The weight loss, and hence the calculated corrosion rate in the samples
accommodated in the first and second reactors, had a corrosion rate of the same order
of magnitude as the carbon steel tested in a superheated environment in a study by
Thorhallsson et al. [15]. The first sample in the third reactor had a corrosion rate an order
of magnitude higher than all other weight loss samples in the first and second reactor as
can be seen in Figure 18. The increased corrosion rate of sample 7 in the third reactor might
indicate that condensation of the testing fluid started at the inlet of the 3rd reactor, resulting
in rapid electrochemical corrosion.

Carbon steel - Corrosion rate (mm/year)

0.5
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0.4
0.35
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2 3 4 6 7
Sample #
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Figure 18. Weight loss analysis of carbon-steel samples. Samples 2 and 3 were accommodated in the
1st reactor, samples 4 and 6 in the 2nd reactor and sample 7 in the 3rd reactor.

As described earlier, the titanium-alloy samples were only cleaned by ethanol in an
ultrasonic bath due to the extremely adherent titanium oxide film that formed. Samples
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2 and 3 in the first reactor, sample 4 and 6 in the second reactor and samples 7 and 8 in
the third reactor were used for weight-loss analysis. Only a negligible weight gain was
observed for all the titanium samples except for sample 8, which had a weight loss of
0.001 mm/year, which was insignificant. The weight gain of titanium alloys, however, was
well known due to the growth of the titanium dioxide film during exposure.

3.3. XRD Analysis

It was necessary to evaluate the XRD results of the untested and corrosion-tested
carbon steel in connection with the state of the fluid and with the SEM and XEDS results,
which showed that the liquid state or condensation of the testing fluid occurred at the
inlet of the first reactor (sample 1) and in all the volume of the third reactor (sample 9).
From the XRD pattern of the surface of sample 1, the crystalline phases detected were the
body-centred cubic (BCC) system with iron (Fe) and the cubic crystal system with iron
oxide in the form of magnetite (Fe304). The samples in the proposed superheated testing
volume, samples 2-5, had magnetite detected on the surface, but in sample 8 the transition
from magnetite as a surface covering to an exposed BCC—Fe bulk material likely occurred.
Sample 9 then had peaks of BCC—Fe crystal structure identified. From the Pourbaix diagram
of iron at high temperatures [38], it was concluded that magnetite is not stable or present in
an acidic (pH < 4) aqueous solution. Since the peaks for magnetite were not present in the
XRD pattern for samples 1 and 9, it further strengthened the conclusion that acidic, aqueous
conditions were present in the testing volume where sample 1 and sample 9 were located.
Weak magnetite scattering from sample 8 indicated that the extent of acidic condensation
(condensate) was likely less on sample 8 in comparison with sample 9. The XRD patterns
of the untested and tested carbon-steel samples are shown in Figure 19.
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Figure 19. XRD scatters from carbon-steel samples from bottom to top: (untested) Unexposed sample,
(1) tested sample at the inlet in the first reactor, (2) tested sample in the middle of the first reactor, (5)
tested sample in the middle of the second reactor, (8) tested sample in the middle of the third reactor
and (9) tested sample at the outlet of the third reactor.

From the microstructural, weight-loss and XRD analysis of the carbon steel, it was
concluded that the testing fluid was likely in a two-phase state at the first few centimetres
in the inlet of the first reactor and in a two-phase state or condensing condition in the third
reactor. The results indicated that the testing fluid was in a superheated state in the testing
volume between the two-phase volumes as illustrated in Figure 20.
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Figure 20. Boiling was thought to have occurred in the volume in the first few centimetres in the first
reactor and condensation of testing fluid was thought to have occurred in the third reactor.

The XRD results of the surface of the titanium alloy samples showed little difference
in crystal structure for the tested sample in comparison with the untested sample. Some
changes were observed for sample 1 (a zirconium oxide crystal structure), which was not
detected in other samples. Alumina oxide-BCC phase was detected on samples 2 and 5,
which was likely due to corroded alumina oxide washers’ being transported to the samples.
The XRD result for the tested titanium alloy samples was in good agreement with the
results from the SEM and XEDS analysis, i.e., an insignificant corrosion effect as illustrated
in Figure 21.

. . . A= i HeP,
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Figure 21. XRD scatters from the titanium alloy from bottom to top: (untested) Unexposed sample,
(1) tested sample at the inlet in the first reactor, (2) tested sample in the middle of the first reactor, (5)
tested sample in the middle of the second reactor, (8) tested sample in the middle of the third reactor
and (9) tested sample at the outlet of the third reactor.

4. Conclusions

Carbon steel and titanium-alloy were tested in a simulated, high-temperature geother-
mal environment. From the corrosion testing of the carbon steel, it was concluded that the
testing fluid was at boiling conditions (two-phase) at the first few centimetres of reactor
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1 where sample 1 was situated, at superheated (single-phase) conditions in the testing
volume accommodating samples 2-6 and at condensation (two-phase) conditions at sam-
ples 7-9. The low carbon steel, S235]RG2, was prone to general and localized corrosion
damage in the testing volume where boiling and condensation occurred, i.e., the two-phase
state of the testing fluid. Mixed corrosion products (oxides, sulphides and chlorides) were
observed in the sample at boiling locations. The oxide corrosion layer was dominant on
the samples in the superheated testing volume, and sulphides with an oxide sublayer were
observed on the samples in the testing volume where condensation occurred. A dissimilar
corrosion behaviour of carbon steel in the testing volume where boiling and condensation
occurred could have been attributed to the effect of sodium chloride brine deposits that
formed in the boiling process, or to different mass-removal transport phenomena due to
availability of aqueous testing fluid and the barrier effect of the sodium chloride brine.
The lack of sulphide layer formation on the oxide layer on the surface of the sample in the
superheated testing volume could have been due to the slow kinetics of sulphide formation.
The titanium alloy, Ti-0.4Ni-3.6Mo-0.75Zr (Ti-475) was not prone to corrosion where the
testing fluid was in a single superheated or two-phase testing volume. This alloy could
therefore be a promising candidate as a geothermal casing material in a high-temperature,
corrosive, geothermal environment where single- or double-phase conditions with high
brine and acidic concentrated conditions are expected.
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The effect of amorphous silica (AM-silica) surface deposits on the corrosion behaviour of two nickel-based alloys
associated with superheated hydrothermal fluid containing sour gases (HCl, HaS and CO3) was investigated
experimentally at 350 °C at 10 barG. The results demonstrate that the AM-silica scales do not promote localized
corrosion damage whereas some corrosion products were detected in non-scale samples due to fluid boiling from
sub- to superheated conditions. This study contributes to more understanding of the effect of amorphous silica
scaling and boiling on corrosion behaviour and the selection of materials for future application in superheated

1. Introduction

Silica precipitation and scaling is commonly observed and associated
with hydrothermal fluid utilization in geothermal power production.
High-temperature hydrothermal fluids (>200 °C) are characterized by
elevated dissolved silica concentrations, commonly between ~400 and
1000 ppm SiO3 (e.g., Hauksson et al., 2014 Meier et al., 2014;). The
concentration of aqueous silica is controlled by equilibrium with silicon
dioxide minerals (SiOg) like quartz, chalcedony or amorphous silica
(AM-silica), and their solubility decreases with decreasing temperature
(Hauksson et al., 2014, 2014 Meier et al., 2014;). Hydrothermal fluid
utilization typically involves fluid discharged from deep boreholes sunk
into the geothermal systems, followed by fluid flow at the surface
through processing equipment where the temperatures and pressures
are lowered to generate steam that is separated from the liquid brine.
Subsequently, the steam is used for electrical power production whereas
the brine is reinjected back into the geothermal system (Hammons, 2004
Michaelides, 2012;). Due to hydrothermal fluid temperature decrease
and generation of steam during the process, the brine generally becomes
supersaturated with respect to AM-silica resulting in a silica polymeri-
zation and scaling accumulation inside the geothermal equipment
(Gunnarsson and Arnorsson, 2005). The scales can lower the power
production efficiency (Gunnarsson and Arnorsson, 2005 Meier et al.,
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2014; Reyes et al., 2003;) and flow restrictions within the geothermal
power system. In terms of corrosion, the silica scales may act as a
corrosion barrier when deposited on the materials but may also result in
induced localized corrosion damage (Mundhenk et al., 2013). Other
under deposit corrosion phenomena have also been reported in that
perspective e.g. corrosion of carbon steel in COy concentrated solution
under silica deposit (Barker et al., 2014 Huang et al., 2013;).

Massive silica scaling deposits have also been observed associated
with superheated steam, for example, associated with material tests
performed at the IDDP-1 geothermal well (Krafla in Iceland), upon the
depressurization of the superheated steam from ~140 bar to <15 bars
and temperatures of 450 °C to 350 °C (Karlsdottir et al., 2015). In-situ
corrosion test at the IDDP-1 wellhead indicated localized, under depo-
sit corrosion damage in materials that might have been promoted by
massive silica scaling deposits (Karlsdottir et al., 2015). Further labo-
ratory corrosion tests have been conducted for selected materials in a
simulated superheated hydrothermal fluid containing H»S, CO2 and HCl
without the presence of surface deposits like AM-silica (Thorhallsson
et al., 2020a, 2020b). The results showed that only carbon steel was
prone to localized corrosion damage where corrosion-resistant alloys
such as nickel-based alloys were not corroded. As a result, it was
concluded that silica scaling and/or other chemical components in the
fluids like Hy and/or HF were likely factors contributing to the localized
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corrosion damage observed for the in-situ corrosion tests of the
nickel-based alloys observed at the IDDP-1 well (Karlsdottir et al.,
2015).

To study the contribution of the AM-silica scaling on the localized
corrosion behaviour of two nickel-based alloys (UNS N06255 and UNS
N06845) in a superheated geothermal environment, laboratory experi-
ments were conducted at 350 °C and 10 bar, using simulated super-
heated hydrothermal (H20) fluid containing H,S, CO5 and HCl. The test
environment was selected to resemble the conditions in the in-situ
corrosion test conducted at the IDDP-1 deep geothermal well in Krafla
Iceland (Karlsdottir et al., 2015). The two nickel-based alloys were
tested with AM-silica scaling prepared from geothermal brine scaling.
Moreover, the corrosion behaviour of a recently developed nickel-based
alloy UNS N06845, not coated with AM-silica scaling, was also tested in
the simulated superheated steam at the same temperature and pressure
conditions. These conditions can be expected in the geothermal energy
production from high temperature deep geothermal wells. The corrosion
behaviour of the various materials was investigated using Scanning
Electron Microscope (SEM), X-ray Electron Dispersive Spectroscopy
(XEDS) and X-ray diffraction (XRD).

2. Methods
2.1. Experimental setup

The corrosion tests were performed using a custom made flow-
through apparatus consisting of three reactors connected in series. A
detailed description of the setup and function of the corrosion testing
facility is described in (Thorhallsson et al., 2021, 2020a). The three
reactors were insulated with ceramics and glass wool. Each reactor
accommodated three flat coupon samples. The corrosion tests were
conducted at 350 °C and 10 bar pressure for 10 days and a constant flow
rate of ~0.3 ml/min. The duration of the tests was selected by the results
obtained with other pretests (Jonsson, 2015) made in similar equipment
at Uol and the flow rate of 0.3 ml/min was selected because it was the
lowest flow rate obtained with pumps with high accuracy. The low flow
rate of fluid was selected to make more time for heat transfer between
heaters and fluid (i.e. guarantee superhot condition of fluid was ob-
tained). The solutions were pumped through a degasser using two HPCL
pumps (Series I, Chromtech, Apple Valley, USA), mixed in-line before
injection into the reactors, flowed through the reactors, and were cooled
and depressurized at the end of the line using a cooling jacket and a
back-pressure regulator (BPR). The BPR was also used to regulate and

Reactor #2:
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maintain the pressure in the system. The temperature and pressure of the
experimental solutions were monitored during the experiments using
K-type thermocouples and pressure gauges (S-20 digital pressure
transducer, WIKA, Klingenberg, Germany). A schematic of the experi-
mental setup is shown in Fig. 1.

2.2. Materials

Two types of nickel-based alloys were tested in this study, UNS
N06845 and UNS N06255. The nominal chemical composition of the
two alloys can be seen in Table 1. The samples were tested with and
without AM-silica surface depositions or scales. Each reactor accom-
modated three flat coupon samples. Two samples with 100 mm length;
7 mm width; and1 mm thick and one sample with 50 mm length; 7 mm
width; and 1 mm thick were prepared. All the samples had 5 mm
diameter holes for fasteners, centred 5 mm from both flat ends. Three
samples of the nickel-based alloy UNS N06845 with no silica surface
scales were tested in the first reactor where boiling and heating of the
simulated hydrothermal fluid to superheated conditions occurred (see
Fig. 1 for the figuration of the samples in the reactors during the tests).
The other three UNS N06845 samples with silica surface scales were
tested in the third reactor where the simulated hydrothermal fluid was
superheated. Three samples of the other nickel-based alloy type, grade
UNS N06255, with silica scale were tested in the second reactor. In each
reactor, one sample was assigned for microstructural and chemical
analysis in the cross-section of the sample but the other two samples
were assigned for weight loss analysis for corrosion rate calculations.
The first sample at the inlet of the first reactor was used for micro-
structural and chemical analysis of the UNS N06845 samples but the
centre samples in the second and third reactor were used for micro-
structural and chemical analysis of the silica-coated UNS N06255 and
UNS N06845 respectively. Other samples in all the reactors were used
for weight loss analysis. The first sample in the first reactor was selected
for microstructural and chemical analysis due to the two-phase presence
in that particular section of the testing volume.

All the samples were ground to 600 grit with SiC abrasive paper
before the silica scales were deposited on the surface. As mentioned
previously, the samples accommodated in reactors two and three (see
Fig. 1) were coated with a geothermal silica scale by the precipitation of
AM-silica from 100 °C hot aqueous liquid brine, sourced from a silencer
at Svartsengi geothermal site in Iceland. The chemical composition of
the brine water, from five wells contributing to the fluid in the silencer,
is given in Table 2. The CO2 and H»S were analysed with titration, the
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Fig. 1. A schematic diagram of the experimental apparatus used for the corrosion testing.



A.L Thorhallsson et al.

Table 1
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Chemical composition of UNS N06255 and UNS N06845. All values are maximum values except iron (Fe).

Composition ranges [% wt]

C Si Mn Cr Ni Mo Cu w Fe
N06255 >0.03 >1 >1 23-26 47.0-52.0 6.0-9.0 >1.2 >3 bal.”
N06845 >0.05 >0.5 >0.5 20-25 44.0-50.0 5.0-7.0 2.0-4.0 2.0-5.0 bal.

@ Balanced value.

Table 2
Chemical analysis from the brine water in the five wells contributing to the fluid
in silencer.

Parameter Brine composition* Unit
pH 7.4

CO, 6.36 mg/kg
H,.S 0.18 mg/kg
NH3 0.73 mg/kg
B 7.99 mg/kg
Si0, 486.6 mg/kg
Na 7196 mg/kg
K 1057 mg/kg
Mg 0.44 mg/kg
Ca 1074 mg/kg
F 0.2 mg/kg
a 13,906 mg/kg
Br 42.9 mg/kg
S04 27.1 mg/kg
Al 0.14 mg/kg
As 0.07 mg/kg
Ba 2.04 mg/kg
cd <0.00005 mg/kg
Co 0.0001 mg/kg
Cr <0.0001 mg/kg
Cu <0.0005 mg/kg
Fe 0.024 mg/kg
Hg 0.00001 mg/kg
Li 3.27 mg/kg
Mn 0.17 mg/kg
Mo 0.05 mg/kg
Ni 0.004 mg/kg
Pb <0.0003 mg/kg
Sr 7.9 mg/kg
Zn 0.008 mg/kg
TDS** 24,798 mg/kg
H,0 bal.

*Average composition from wells SV-18, SV-19,SV-21, SV-25 and SV-26.
**Total Dissolved Solids.

anions analysed with ion chromatography (IC) and the cations with
Inductively coupled plasma - optical emission spectrometry (ICP-OES).
For the deposition of the silica scale, the samples were placed in a porous
polypropylene container (non-conductive) and submerged in a brine
pond at the outlet of the silencer. The AM-silica deposition time in the
hydrothermal brine was one month. Following, the samples with the
scales were dried, and the scale thickness was reduced down to 1 mm
with a gauge before testing. Other samples of the UNS N06255 and UNS
N06845 that were not intended for the corrosion testing were also
coated with geothermal scaling for comparative analysis i.e. to see if any
significant corrosion occurred in the samples after the scaling procedure.
The chemical composition of the scaling material was analysed by X-ray
Energy Dispersive Spectroscopy (XEDS).

2.3. Post-exposure measurements and analysis

The samples assigned for weight loss analysis were weighed and
measured according to ASTM G1-03 (ASTM G1-03(2017)el Standard
Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens,
2017) before the scaling procedure and the corrosion testing. After the
corrosion test, the weight loss samples were cleaned according to the
same standard. The same cleaning agent was applied to remove the silica

scaling from the samples in the second and third reactors. However, this
approach was not always found effective and hence, a concentrated
NaOH(aq) solution at 60 °C was also applied in an attempt to remove the
silica scaling from the samples.

The measured corrosion rate (CR) of the material tested in mm/year
was calculated via the weight loss method and according to the same
standard:

CR = KeW/Aetep Q)

where K is the corrosion rate constant equal to 8.76010% mm/year, Wis
the mass loss in grams of the tested material with a + 0.00005 gram
precision, A is the exposed surface area in cm? of the tested sample, t is
the exposure time in hours, and p is the material density in g/cm?®.

For microstructural analysis, Scanning Electron Microscope (SEM)
(Zeiss, Oberkochen, Germany) was applied. For the chemical analysis of
the samples, corrosion products and scaling products, X-ray Electron
Dispersive Spectroscopy (XEDS) (Abingdon, England) with Si(Li) X-ray
detector and AZtec software (version 3.3) was applied. SEM and XEDS
were also used to analyse untested samples for comparison. The samples
were cut with a diamond blade and mounted in phenol-formaldehyde
under elevated temperature and pressure. Mounted samples were then
ground to 1000 grit with SiC abrasive paper and polished down in a few
steps with 0.02 — 0.06 pm colloidal silica in the final polishing step. The
solid-state structure of the materials was analysed in-situ by X-Ray
Diffractometer (XRD) before and after corrosion tests with XPert Pro-
XRD metre (Malvern Panalytical, Malvern, UK) from PANalytical with
Data Collector software. The structural identification (amorphous and
crystal) of the geothermal scaling material present on the samples in the
second and third reactor was done in A Bruker AXS D8 Focus X-Ray
Diffractometer (Bruker, Bilerica, USA) was used, with Ni-filtered Cu ka
radiation at 1.54 A wavelength at 40 mA and 40 kV with fixed 1° slit and
Nal oscillation counter. Validation/calibration of the Bruker D8 Focus X-
ray diffractometer was performed using NIST (SRM-1976) standard
sample.

3. Results and discussion
3.1. XRD analysis

Powder X-ray diffraction was conducted on the finely ground scaling
material after the scaling deposition of the samples. Only amorphous
structures and crystalline NaCl were detected (Fig. 2). X-ray diffraction
(XRD) analysis was also conducted on part of the samples that were used
for microstructural and chemical analysis i.e. the first sample in the first
reactor but centre samples in the second and third reactor. In short, the
morphology of the surface was not significantly affected by the exposure
to the corrosive test environment. The X-ray scatter from the tested
samples were like the X-ray scatter from the untested samples, except for
one distinction seen for the uncoated, first sample of UNS N06845 (in
the first reactor, one cm away from the inlet) where one peak was
detected at 26 = 36° which was not seen for the untested sample. From
the microstructural analysis of the same sample (Section 3.2.1), it can be
seen that some crystal deposits were observed on the sample which was
likely the reason for the peak at 2© = 36° observed in the X-ray scatter
from the tested sample. XRD peaks from the untested and tested UNS
N06845 samples can be seen in Fig. 3a. The results of the XRD analysis of
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Fig. 3. (a) UNS N06845; (1) Untested UNS N06845, (2) tested UNS N06845 with no silica scaling one cm away from the inlet of the first reactor (sample #1), (3)
tested UNS N06845 with no silica scaling five cm away from the inlet of the first reactor (sample #1) and (4) tested UNS N06845 with silica scaling in middle of the
third reactor (sample #8). (b) UNS N06255; (5) untested UNS N06255 and (6) tested silica-coated UNS N06255 in the second reactor (sample #5).

tested silica-coated UNS N06255 in the second reactor showed also a
negligible effect of the corrosive testing environment on the surface
morphology of the alloy (Fig. 3b).

3.2. Microstructural and chemical analysis

3.2.1. UNS N06845 samples with no AM-silica scale

Three samples of UNS N06845 with no silica scale were tested in
reactor 1. Sample #1 was analysed with microstructural and chemical
compositional analysis at different locations on the sample; at the end of
the sample 1 cm away from the inlet and in the middle of the sample
which is approximately 5 cm and as well as 10 cm away from the reactor
inlet. The location of the microstructural analysis in sample #1 in the
reactor was chosen on the basis that it is located where boiling of the
testing fluid occurs as described previously (Thorhallsson and Karls-
dottir, 2021).

No evidence of general or localized corrosion damage was observed
in the microstructural analysis of the cross-sections of sample #1. No
corrosion film or corrosion pits or cracks were observed in the cross-
section of the sample 1 cm away from the inlet but some iron-rich ox-
ides and sulphide deposits were though detected at this location (Fig. 4
and Table 3). The deposits are likely mostly originated from corrosion
products from the reactor pipe and fittings (materials UNS N10276 and
UNS N06625 respectively) that was found to react and corrode in the
first few cm of the internal surface of the reactor pipe (and fittings). The
presence of copper-rich sulphides on the surface of sample #1 may
though indicate possible corrosion of the UNS N06845 in the harsh
boiling regime in the reactor which is an interesting topic for future
studies. In the cross-section in the middle of sample #1, there was also
no corrosion damage observed, i.e. general corrosion or localized
corrosion damage. Some aluminium was though detected on the surface

Fig. 4. Cross-section of sample #1, UNS N06845 without silica scaling, 1 cm
away from the inlet of the first reactor.

in the middle of sample #1, which was concluded to be originated from
the alumina washer used between the sample and fastener (Fig. 5 and
Table 4). Similar results were obtained in the cross-section at the end
(ca. 10 cm away from the inlet), i.e. negligible corrosion damage was
observed. However, on the external surface of sample #1, some corro-
sion indicators were observed that were not detected in the cross-
sectional analysis. At the inlet, discrete Cu-S rich corrosion products
were observed on the surface indicating that the UNS N06845 sample
likely corroded at the inlet and Cu-S rich corrosion products were
transported to the surface (Fig. 6a and Table 5). In the middle of the
sample, some surface deposits including S and O-rich were observed that
likely formed in the boiling regime (Fig. 6b and Table 5). Further away
from the inlet (ca. 10 cm away) no corrosion indicators were observed
but some deposits were though detected (Fig. 6¢ and Table 5).

Other corrosion studies have reported corrosion damage of
corrosion-resistant nickel-based alloys in testing volumes where the
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Table 3
Chemical composition from selected locations in Fig. 4.
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Element (Wt%)

Location o Na S Ca Cr Fe Ni Cu Mo w
1 10.9 44.3 7.9 35.3 1.7

2 8.7 45.8 8.0 36.4 1.2

3 10.7 0.7 29.4 1.3 12.7 22.8 22.4

4 1.3 23.3 16.3 44.1 3.1 6.7 5.1
5 23.8 16.2 45.5 3.2 6.3 5.0

Fig. 5. Cross-section of sample #1, UNS N06845, in the middle of the sample in
the first reactor (boiler).

phase transition of corrosive geothermal fluid occurred. Corrosion sus-
ceptibility was also reported for a UNS N06625 material used to scrub
acidic gases from geothermal superheated steam with geothermal
separator water at 10 barG and 180 °C. The N06625 scrubbing pipe
material was reported to have localized corrosion damage (Karlsdottir
etal., 2013) but the fluid contacting the UNS N06625 material in the wet
scrubbing chamber at 180 °C and 10 barG was considered to be in a
two-phase state (i.e., gas and liquid). The result of the wet scrubbing
testing indicated that UNS N06625 was prone to corrosion damage in a
two-phase geothermal fluid at 180 °C and 10 barG. In our study, Cu and
W alloying elements in the two nickel-based alloys tested are the most
significant difference from the alloy composition of UNS N06625. The W
element has been reported to enhance the pitting resistance of the alloys
and the increased Cu content in UNS N06845 has been reported to
enhance the general corrosion resistance of the alloy in sour environ-
ments (Sagara et al., 2018). In addition, the nickel-based alloy N06845
has shown good corrosion and pitting resistance in strong NH4Cl solu-
tions (Toba et al., 2012) but no corrosion studies have been reported for
the UNS N06845 in a mixed-phase state or boiling state of the
geothermal fluid at high temperatures. Corrosion tests of the alloy have
only been conducted and reported in a simulated superheated
geothermal environment by (Thorhallsson et al., 2020a, 2020b) where
no indication of corrosion damage was observed. Due to the boiling of
the fluid at the inlet of the first reactor, it can be concluded that the
salinity of the residual liquid is very high which will induce the sus-
ceptibility for corrosion in the volume where boiling occurred in the test.
Due to high pitting and transpassive potentials and high pitting resis-
tance equivalent (PRE) number, good localized corrosion resistance of
nickel-based alloys tested in a high salinity geothermal fluid in the North
German Basin has been reported (Klapper et al., 2012). In this study, an
indication of localized corrosion damage and Cu-S rich corrosion

Table 4
Chemical composition from locations in Fig. 5.

products were observed to some extent at the external surface in the
tested sample in the boiling regime at the inlet. These findings suggest
that Cu in the nickel-based alloy is reacting with HsS in the test fluid.
Previous studies of Cu-rich high-entropy alloys in the same testing fa-
cility in a superheated test fluid have reported poor corrosion resistance
where the main corrosion products observed were also Cu-S rich
corrosion products (Thorhallsson et al., 2021). This might indicate that
Cu added alloys or Cu rich phases in materials are in general, more
susceptible to corrosion in a corrosive environment containing H,S, than
similar, non-Cu containing corrosion-resistant alloys.

3.2.2. Silica coated UNS N06255 samples

Amorphous silica-coated UNS N06255 samples were tested in the
second reactor where the testing fluid had been concluded to be su-
perheated i.e. where the temperature is higher than saturation

-
100 pm:

"2

500 um

Fig. 6. The surface appearance of sample #1, UNS N06845 without silica
scaling, (a) one cm from the inlet, (b) five cm from the inlet, and (c) ten cm
from the inlet in the first reactor.

Element (wt%)

Location Al Si Ca Cr Fe Ni Cu Sr Mo w
1 1.5 22.6 16.0 47.8 3.7 2.8 5.6

2 0.4 0.8 0.4 23.2 15.7 45.1 3.2 6.2 5.1
3 23.2 16.3 46.9 3.4 5.4 4.9
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Table 5
Chemical composition from locations in Fig. 6.
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Element (wt%)

Location o Na Si S cl Mn Fe Ni Cu Mo w
1 5.4 25.8 . 5.0 50.4 12.6

2 22.7 1.2 0.7 17.0 0.9 13.4 0.5 11.3 26.7 1.2 3.3 1.1
3 55.3 7.8 13.2 X 13.2 5.1

4 22.0 0.8 0.8 0.2 11.2 1.6 41.7 12.2 0.8 5.5 3.2
5 25.6 2.2 4.5 2.1 X 1.4 43.7 7.4 0.5 5.6 2.3
6 16.7 0.5 21 16.6 0.8 23.6 29.8 1.6 4.8 3.7

temperature for pure HyO at 10 barG with Tgy = 184.1 °C (Richard M.
Felder and Ronald W. Rousseau, 2000). The centre sample #5 in the
second reactor, was cross-sectioned at two locations for microstructural
and chemical analysis. Visual inspection of the samples revealed that
they were only partially coated with silica scale and the scaling had
various forms (Fig. 7). As deionized water and superheated steam were
used to flush the testing volume before and after the corrosion testing,
some of the silica coating on the samples were potentially removed. It is
well known that surface roughness can affect the adhesion of materials
to the surface, for instance, the adhesion of silica film on glass substrate
was reported by Abchi et al. (Abchi et al., 2021). In our study, the low
adhesion of silica scale to the finely polished samples, with low surface
roughness, was a likely reason for the loose scaling behaviour. Some of
the AMs-silica scalings may also have been removed during the
cross-sectional cutting of the sample. The remaining AM-silica scaling
coated sites on the surface were analysed and no localized corrosion
damages were observed under the scales.

Unexpectedly, some Cr was observed in the scaling in the cross-
sectional site (Fig. 7b and Table 6) but Cr was not detected in the hy-
drothermal brine fluid during the scaling process. Furthermore, voids
likely due to entrapped gas or volatile species were also observed within

-
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Fig. 7. a) Silica coverage of the surface of UNS N06255 samples in the second
reactor, (a) part of the external surface on sample #4; and (b)-(c) cross-sections
of sample #5.

the silica scales as seen in Fig. 7c. This observation might indicate that
some corrosion products might have been carried over to the sample
from the first reactor pipe or fittings during the flushing process (or
during the corrosion testing) with some dissolved or loose silica trav-
elling in the flushing deionized water during the flushing process. Dur-
ing the cooling of the testing volume or the flushing period at end of the
testing period, some re-precipitation of the silica may also have occurred
on the sample. In another study with UNS N06255 tested in-situ in a
superheated geothermal fluid with HaS, CO2, HF, Hy, and long exposure
period resulting in the samples being covered with AM-silica scale
during the test, very low corrosion rate was measured but some localized
corrosion damage or pit was observed in nickel-based alloys (Karlsdottir
et al., 2015). In a recently published study, no localized corrosion
damage was detected in a UNS N06255 material tested in simulated
superheated geothermal fluid without silica scale and HF, Hy gasses
(Thorhallsson et al., 2020a, 2020b). In this study, neither HF nor Hy was
included in the test fluid and the testing period was only 10 days i.e.
short in comparison with the in-situ test. This might indicate that HF, Hy
or longer exposure periods could contribute to localized corrosion
damage of the nickel-based alloys in the geothermal environment.

3.2.3. Silica coated UNS N06845 samples

Most of the silica scale was also detached from the UNS N06845
samples in the third reactor during the test or flushing periods as seen in
Fig. 8. The amount of remaining silica scaling adhering on the UNS
N06845 samples after the corrosion testing was observed to a lesser
extent than on the UNS N06255 samples in the second reactor. This
might indicate that the adhesion of silica on the UNS N06845 samples is
lower than on the UNS N06255 samples. The different adhesion abilities
could be due to different surface properties in the two alloys or due to
different roughness profiles.

No general corrosion or localized damage was observed in the cross-
section of silica covered UNS N06845 after the corrosion testing in the
simulated superheated geothermal fluid which is in an agreement with
the results of the same uncoated (with AM-silica) alloy tested in the
superheated conditions in the same test environment by Thorhallsson
etal. (Thorhallsson et al., 2021, 2020a). As before, this indicates that the
AM-silica scaling doesn’t have a significant contribution to localized
corrosion damage in the material.

Few studies with UNS N06845 or similar nickel-based alloys in su-
perheated geothermal fluid have been published yet but some studies,
for other nickel-based alloys, in oil or HyS, CO5 or HCl environment have
though been published where the corrosion of the nickel-based alloy has
been addressed in some specific environments; corrosion testing of UNS
NO07718 in simulated oil drilling environments was concluded to be
susceptible for pitting corrosion at 150 °C and saline geothermal envi-
ronment (Klapper and Stevens, 2014). High-stress corrosion cracking
susceptibility of UNS N06625 in pure supercritical water has been re-
ported between 400 and 550 °C likely due to internal oxidation along
the grain boundaries (Teysseyre and Was, 2006).

As a general assumption for our study for both alloys, the AM-silica
scales formed in this test was likely to have different properties (adhe-
sion, porosity etc.) than the AM-silica scales experienced in the in-situ
testing in the superheated hydrothermal fluid reported by Karlsdottir
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Table 6
Chemical composition from locations in Fig. 7.
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Element (wt%)

Location o Na Si cl Ca Cr Fe Ni Mo
1 53.9 46.1

2 0.4 25.3 19.4 48.8 6.1
3 47.7 0.6 48.2 0.5 0.5 0.7 0.5 1.3

4 52.1 0.4 45.0 0.5 0.3 0.5 0.5 0.8

5 25.2 19.7 48.7 6.4

4

Silica deposits
1mm

Fig. 8. a) Silica scaling remained on only part of the surface of UNS N06845;
part of external surface of (a) sample #7 and (b) sample #8 and (c) cross-
section in sample #8.

et al. (2015). The reason for this difference in the AM-silica scale
structure might be due to that in the in-situ testing, the AM-silica was
precipitated when superheated hydrothermal steam was throttled from
120 barG and 450 °C down to 12-13 barG and 360 °C; i.e. silica
precipitated from the state change of high-density superheated fluid to
lower temperature, low-density superheated fluid. In our testing, how-
ever, the AM-silica precipitated from liquid separator water at 100 °C,
resulting in different precipitation behaviour. Silica scaling from
aqueous hydrothermal fluid was studied by Heuvel et al. (van den
Heuvel et al., 2018) where it was shown that the amorphous silica
scaling density and porosity depends on several factors, including fluid
flow and other chemical and physicochemical factors. Silica scaling in
geothermal systems are well known to have various protective and
adhering properties (Gunnarsson and Arnorsson, 2005 Mroczek et al.,
2017; Reyes et al., 2003; Rodgers et al., 2004;). As a result, the differ-
ence in the properties of the silica scale in our tests such as porosity,
density etc., compared to the silica scaling experienced in the in-situ
tests is acknowledged here. The potential different scaling properties
might hence affect the access or diffusion of a corrosive species to the
material or have some other synergistic effect with the test fluid and
might therefore affect the corrosion behaviour in the test environment.
This is an area for further studies but not within the scope of this study.

3.3. Weight loss analysis

Weight loss analysis was conducted on UNS N06845 samples #2 and
#3 that were not scaled with silica and tested in the first reactor. The
weight loss measured was insignificant after the testing and corrosion
rate was hence low or 0.0005 mm/year and 0.0008 mm/year for sam-
ples #2 and #3 respectively. The UNS N06255 samples #4 and #6 with
silica scaling from the second reactor and UNS N06845 samples #7 and
#9 with silica scaling from the third reactor were cleaned in the sug-
gested cleaning cycle from the standard ASTM G1-03 i.e. with an acidic
cleaning agent to estimate the weight loss due to the corrosion testing.

The cleaning cycle was used to remove the corrosion products from the
samples but also to remove the scaling material from the samples. It was
though found after a dozen of cleaning cycles with ASTM G1-03 etchant,
that it was an inefficient medium to remove the scaling from the samples
which had silica scaling. In a further attempt to remove the silica scaling
from the samples and to estimate the weight loss of the samples and
hence the corrosion rate, the samples with silica scaling were also
brushed with bristles which though resulted only in insignificant silica
removal. As no efficient cleaning agent for nickel-based alloys from
ASTM standard G1-03 could remove the scaling material from the
samples completely, the corrosion rate estimation with the weight loss
method was not the focus of this study. Due to this lack of silica scaling
removal with the acidic cleaning agent from ASTM G1-03, it was
decided with yet another attempt to remove the silica scaling material
with another cleaning agent; hot caustic soda i.e. saturated NaOH so-
lution at 60 °C. This additional cleaning procedure was in short not
successful and negligible silica scaling material was removed addition-
ally after a few cleaning cycles. From the overall cleaning procedure,
significant weight gain was always measured in all the samples tested
with silica scaling. Mechanical cleaning with harder bristles or other
surface cleaning material would involve to some extent, scratching of
the surface of the nickel-based alloys and hence, biasing the weight loss
results. More aggressive mechanical cleaning was therefore not
executed. Consequently, the corrosion rate for the samples with the
silica scaling in the 2nd and 3rd reactors could not be determined.

4. Conclusions

Based on the results in this study it is concluded that amorphous
silica scaling does not induce localized corrosion damage on the nickel-
based alloys UNS N06255 and UNS N06845 when tested in the simu-
lated superheated geothermal fluid at 350 °C and 10 barG. No localized
(or general) corrosion was observed in the AM-silica coated samples in
this study. The geothermal scaling that was prepared for the corrosion
testing is though likely to have some different properties than silica scale
precipitated from a high density, superheated geothermal fluid. The
recently developed nickel-based alloy, UNS N06845, was also tested
without AM-silica scaling at a boiling and superheated state of the
simulated geothermal fluid. The alloy was tested in highly corrosive
conditions where phase transition from liquid to vapour occurred and
was concluded to be prone to some corrosion, concluded from the Cu-S
rich compounds observed on the surface. No significant localized
corrosion damage was observed in the cross-sections analysed but some
surface deposits were observed on the external surface of the sample.
These results show that corrosion of the nickel-based alloys did not
occur in the superheated geothermal fluid but further studies are needed
regarding corrosion of the nickel-based alloys in a boiling, high-
temperature geothermal fluid containing HyS, CO2 and HCL.

Data availability
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