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Research and Development on Coatings and Paints for
Geothermal Environments: A Review

Francesco Fanicchia* and Sigrún Nanna Karlsdottir

Geothermal power plants are complex systems, where the interplay between
different metallic components transforms the enthalpy of hot brine in the
form of electricity or usable heated water. The naturally occurring variety in
brine chemistry, linked to the presence of specific key species, and its
thermo-physical properties, leads to the development of different power plant
configurations. Key species and power plant configuration in turn determine
the extent of damage experienced by each component in the power plant:
erosion, corrosion, and/or scaling, often acting combined. Paints and
coatings, compared to changing the component alloy, have represented a
preferred solution to mitigate these issues due to advantages in terms of
costs and repairability. This is reflected in the large number of publications on
research and development in this area within the past ≈50 years, with even
an increasing trend in the past 10–20 years, indicating the strong interest to
develop this clean and sustainable energy source. Therefore, in this work, the
first of its kind after 1980, an in-depth review of all published work on
research performed on paints and coatings for geothermal applications,
subdivided by the material system, is provided.

1. Introduction

It is estimated that the amount of heat within 10 km of the earth’s
surface contains 50 000 more energy than all oil and gas re-
sources worldwide.[1] Geothermal energy is the energy harnessed
from this heat and can be used directly for heating or transformed
into electricity. Due to its complete day- and year-round availabil-
ity, geothermal power production can play a fundamental role in
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the mitigation strategy for climate
change compared to other renewable
energy sources such as solar and wind
energy.[2] The potential for growth of
geothermal energy is immense. How-
ever, according to the International
Energy Agency (IEA), the technology
is currently not on track with the Net
Zero Emissions by 2050 Scenario, which
requires a 13% annual increase in its
power generation over the 2021–2030
period.[3] Clearly, the wide development
of geothermal energy is currently pre-
vented by some technological barriers
which led, up to now, to its economical
use only in a few regions with partic-
ularly favorable geological conditions,
such as volcanically active areas.[4]

Although the costs for geothermal elec-
tricity generation have decreased during
the years, in fact, the development of
geothermal energy is often hindered by
the high capital costs (i.e., exploration,
power plant and well construction,

injection system, and capital costs) and operation and mainte-
nance (O&M) costs (i.e., management labor, insurance, consum-
ables and equipment) connected to the development of a geother-
mal power plant.[4–7] An in-depth economic analysis performed
by Sanyal et al.,[5] on a range of 5 to 150 MW-sized geothermal
power plants, provided an estimatedminimum achievable power
cost of 3.4¢ kWh−1. According to the authors, this cost is most
sensitive (in decreasing order of sensitivity) to unit O&M costs,
unit capital costs, interest rate, and inflation rate. An independent
report by the U.S. Energy Information Administration (EIA)[8]

calculates, for a 50 MW binary cycle geothermal plant, total cap-
ital, and O&M costs at 2,521$ kW−1 and 128.54$ kW−1 year−1,
respectively. It is therefore clear that technological advances
leading to the reduction in both capital and O&M costs would
lower development barriers for the utilization of geothermal
energy.
Material degradation, due to corrosion, erosion, and scaling

phenomena, is one of the main contributors to the overall O&M
costs for a geothermal power plant.[9–12] These material degra-
dation phenomena are driven by the chemical, mechanical, and
thermodynamic properties of the geothermal fluid, which can
generate an extremely severe environment for the materials of
the power plant components. A major effect of the degrada-
tion phenomena is either a reduced energy generation efficiency
and/or a shorter component lifetime, leading in both cases to
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Figure 1. Breakdown of the 103 publications identified on coatings for geothermal applications per year (including peer-reviewed journal papers, con-
ference transactions and reports), showing an increasing trend to date.

the need for maintenance on the affected components.[13] Due
to the low cost and easy fabrication of carbon steel in the con-
struction of geothermal power plants, it is commonly used de-
spite its low resistance against corrosion. Due to this, mainte-
nance is often needed quite frequently since geothermal power
plants are expected to have long lifetime (>25–30 years). In the
most aggressive geothermal environments corrosion-/erosion-
resistant alloys such as stainless steel, titanium- and nickel-
based alloys thus must be used as materials to increase the
components’ lifetime.[9] However, the selection of such resis-
tant alloys has two major drawbacks: a) cost, translating into in-
creased capital cost and b) the strong affinity to scale formation
of the passive layer that forms on their surface after exposure to
geothermal fluid.[14]

Significant reductions in both capital and O&M costs can
instead be achieved by replacing some (or all) of the most
expensive component materials with more economical ones
coated with corrosion-, erosion, and scaling-resistant coatings.[15]

In this way, together with a reduction in material cost, im-
proved component lifetime and maintenance schedule can be
achieved. The renewed interest of the research community
about coatings for geothermal applications is confirmed by the
significant number of published studies. However, to the au-
thors’ knowledge, the only comprehensive review available to
date on coatings for geothermal applications is the work of
Reeber,[16] published in the year 1980, who identified the main
geothermal coating systems, both already used in production
or still in the research phase, investigated up to that year.
The value of the review is significant, especially considering
the limited availability of published literature on the subject
in those years. No other such review has been identified by
the authors.
Therefore, to fill this literature gap, the aim of this review is

to provide a comprehensive overview of the published work per-
formed on the topic of coatings for geothermal energy produc-
tion. An in-depth literature review on the subject has highlighted

a total of 103 accessible publications specifically focused on the
testing and analysis of coatings and paints for geothermal ap-
plications (including peer-reviewed journal papers, conference
transactions, and project reports) in a time span from 1975 to
December 2021. The breakdown of these publications per year is
presented in Figure 1.
Figure 1 clearly shows an increasing tendency in the years re-

ported. It is worth noting that the publications identified here
only include work aimed at developing coatings tested specif-
ically in geothermal conditions, either simulated or in field
tests. Although in fact coatings developed for other harsh envi-
ronments (e.g., hydrothermal power resources, biomass power
production, etc.) could also represent promising candidates to
mitigate degradation in geothermal systems, these have not
been included in this review. The lack of papers up to the
late 1990 s is observed since a significant amount of re-
search in this area was performed privately within industrial
research programs, with the consequence that novel develop-
ments would not be made publicly available. A deviation from
this trend is observed from the early 2000s, where the global
trend for geothermal energy development has triggered an in-
crease of public investment in technologies facilitating the de-
velopment of this renewable energy source. The present re-
view paper is broadly subdivided into two sections: a first
theoretical overview of the material degradation phenomena
linked to material interaction with geothermal fluid (Section 2)
and the actual review on coatings for geothermal applications
(Section 3).

2. Material Degradation in Geothermal Power
Plants

The selection of a coating system for a specific component in
the geothermal power plant depends on the degradation mech-
anism developed due to the interaction of the geothermal fluid
and the material of which the components of the geothermal
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Table 1. List of the main key species found in geothermal fluids which can cause corrosion, erosion, and scaling degradation mechanisms.

Species name Chemical
formula

Main effects in geothermal plants

Hydrogen ion H+ Determines the fluid pH level and thus corrosion potential.

Chloride iona) Cl− Accelerates corrosion (especially pitting or crevice in stainless steel).

Hydrogen Sulfide H2S Promotes corrosion in steels, particularly hydrogen damage.

Carbon Dioxide CO2 Accelerates corrosion in steels

Ammonia NH3 Accelerates corrosion (especially in mild steels and copper alloys).

Sulfate ion SO4
2− Generates very acidic fluids if in significant amount, thus highly corrosive.

Oxygen O2 Only present due to ingress of atmosphere and generally at low temperatures and pressures.Does not
originate in geothermal fluid. Increases corrosion if present.

Silica SiO2 Generates silica scales.

Calcium ion Ca++ Generates calcium carbonate scales (CaCO3).

Magnesium ion Mg++ Generates magnesium silicate (MgSiO3) scales.

Metal ions Fe++, Zn++, Cu+,
Pb++

Generates metal silicate and sulfide deposits, which are very hard.

a)
When dry steam containing HCl gas cools to its acid dew point, the solution becomes highly corrosive.

power plant are made of. The specific type and severity of the
degradation mechanism depend on two main factors: a) geother-
mal fluid chemistry, dictated by the geographical area and thus
specific geology of the geothermal reservoir, and b) power plant
configuration (cycle type), e.g., direct steam, flash, double-flash,
binary, etc., affecting variability in geothermal fluid flow and
chemistry within a specific power generation cycle.

2.1. Geothermal Fluid Chemistry and Classification

2.1.1. Geothermal Fluid Chemistry

The term geothermal fluids refer to the fluids in the geother-
mal reservoir independent of the state and composition of the
fluid (i.e. steam, liquid, gas). Depending on the reservoir tem-
perature, geothermal fluids can be composed of a liquid phase
with dissolved solids and gas or can be a mixture of liquid,
steam, and gas. The chemistry of the geothermal fluid is the
result of the equilibrium reached with the rocks/formation in
the reservoir. Geothermal fluids thus generally contain numer-
ous dissolved and/or free components such as minerals, salts,
and gases.[6,9–12,17–19] Corrosion, scaling, and erosion (often com-
bined), as later described, represent the three main degrada-
tion mechanisms in geothermal systems.[18] The occurrence of
corrosion and scaling is directly related to the presence of spe-
cific "key species" within the fluid, while erosion is connected
to the mechanical action of the geothermal fluid and hard parti-
cles in the fluid, traveling at high flow speed.[17,18] A list of the
most common key species that have been identified in geother-
mal fluids, together with their main effects, is summarized
in Table 1.
The presence of one ormore key species within the geothermal

fluid can vary greatly between geothermal fields. This reflects in
variability of degradation mechanisms encountered in service. It
is worth noting that, although not mentioned in the table, some
of the solid particulates present in the fluidmay also contribute to
erosive wear. As this type of damage mechanism highly depends

on the geometry of the component (e.g., pipe bends, elbows, etc.,)
and the geothermal fluid flow rate, it is related to the specific
power plant configuration rather than the fluid chemistry. For
this reason, erosion wear damage is not captured in Table 1 but
is discussed in the following sections of this work.
A summary of the species analyzed/used within the natu-

ral/simulated brines of 103 publications identified in this work
is presented in Figure 2.
It is worth noting that the table is roughly subdivided into two,

a first part (from As to Zn) listing ions and pure elements and
a second part related to compounds (from BaCl2 to Thiobacillus
Ferroxidans). This is due to the different ways species were re-
ported by different papers and on whether natural or simulated
brines were used. Pure or ionic species are generally listed in pa-
pers using natural brines (from their analysis) while compounds
are used when simulated brines were prepared. Oxidation states
for pure metallic elements are not listed in those cases where
multiple oxidation states were identified from different works.
From the figure, the species in Table 1 are among the ones ap-
pearing most frequently, thus confirming the great concern of
the scientific community over their negative effect on materials.
It is worth noting that care must be taken in analyzing the data
in the figure, and that the table in the Supplementary Informa-
tion, together with the referenced papers, must be consulted for
a statistically correct analysis. In fact, data in the figure only list
species specifically analyzed or introduced in the testing brines,
which might be misleading for some species. For instance, O2
would be naturally present in all brines performed in open ves-
sels, even though its presence is not often specified (e.g., in all
electrochemical tests using only NaCl in solution); therefore the
actual height of the O2 bars is expected to be substantially higher
than presented in the figure. Other effects are due to experimen-
tal reasons. For instance, NaCl is by far the most used species,
likely due to its widespread use as standard in electrochemical
corrosion measurement methods. H2S instead, although its neg-
ative influence on corrosionmechanisms is well known, does not
appear as often as expected, due to health and safety concerns
within research labs.
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Figure 2. Number of paints and coatings tested in brine where a specific species was present, as summarized from 103 publications identified in
this work. Only species appearing more than twice have been presented in the graph. A complete list of all the species can be found in the table in
Supplementary Information.

2.1.2. Classification Methods for Geothermal Environments

Generic Classification: No specific standard is available to cat-
egorize geothermal environments. A classification of generic cor-
rosive environments can however be found in standard EN ISO
12944-2 that deals with the definition of corrosive environments
for corrosion protection by means of paint systems. The stan-
dard defines two classes of corrosive environments: “atmospheric
corrosion,” “corrosion in water/soil,” and “special cases.” Atmo-
spheric corrosion is defined as corrosion with the earth’s atmo-
sphere (i.e., mixture of gases, aerosols, and particles surround-
ing a given object), at ambient temperature as the corrosive en-
vironment. In the standard, several categories of corrosivity are
proposed, from C1 (very low) to CX (extreme) depending on the
atmospheric humidity and chemistry. Corrosion in water and soil
instead considers structures partly immersed in water or buried
in soil where corrosion is therefore restricted to a small part of
the structure. Special cases include environments where specific
chemical species, high temperature, and mechanical stress act,
also combined, to define the overall corrosion mechanism. The
above classification could be broadly applied to geothermal power
plants. The most severe instances of degradation in geother-
mal power plants are found in components in contact with the
geothermal fluid (e.g., internal surface of pipelines, steam tur-
bine components, etc.). These can involve enclosed atmospheres
at elevated temperature, pressure, mechanical loads, and a vari-
ety of corrosive chemical species depending on the specific loca-
tion within the plant cycle and location of the geothermal region.
Atmospheric corrosion is instead relevant to the outside surface
of components not experiencing high temperature, but in contact
with the atmosphere. In this case, corrosion can be observed both
in components enclosed within a building structure or exposed

to the external atmosphere. Examples of components affected by
atmospheric corrosion include cooling towers, electricity trans-
mission lines, and transformers.[18]

Specific Geothermal Fluid Classification: Although not covered
by any standard, attempts to classify the chemistry of geothermal
fluids have been made by three main research studies.[6,10,20] In
the classification by Ellis et al.,[6] geothermal fluids are ranked
based on classes of a corrosivity index. The classification, based
on samples from 45 geothermal sites from El Salvador, Iceland,
Italy, Japan, Mexico, New Zealand, and the United States, as-
sumes that the concentration of key species (Total Key Species
(TKS), in ppm) defined as total chloride, sulfate, carbon dioxide
species, sulfide species, and ammonia species, in the fluid deter-
mines its corrosion potential. The classes identified by the study
are summarized in Table 2, where Corrosivity Class I leads to the
highest corrosion rates (CR) of carbon steel and CR decreases
with increasing number, except for Class VI where limited data
were available.[5]

Another classification was proposed by Sanada et al.,[20,21]

where chemical data from a range of deep and acidic geother-
mal wells was collated and organized with the scope of provid-
ing guidelines for corrosion control and materials selection. As
a result, five main types of geothermal fluid were identified: 1)
Near-neutral to alkaline pH fluid, 2) Acid sulfate (chloride) fluid,
3) acid chlorine (sulfate) fluid, 4) hypersaline fluids, and 5) su-
perheated steam with high HCl concentrations. More recently,
a comprehensive classification method has been proposed in
the work of Nogara et al.[10] Their proposed harmonized corro-
sivity classification aims at incorporating knowledge from pre-
vious classifications and more recent geothermal fluid analy-
ses to provide a more comprehensive classification framework
(Table 3).
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Table 2. Summary of geothermal resource corrosion classification as proposed by Ellis et al.[6]

Corrosivity Class Total Key Species (TKS) [ppm] Resource type
[liquid/vapor]

pH (un-flashed) pH (flashed) Plant inlet temperature [°C]

I >100 000 (mainly Cl−) Liquid 5–6 >6 >199

II 1000–10 000 Liquid <4.5 <4.5 120–177

III 10 000–20 000 Liquid 5–6 >6 149–191

IV 500–10 000 Liquid ≥5 >7 121–199

V <5000 Liquid >6.5 n/a 50–105

VI <5 wt.% (NCG) Vapour n/a n/a 160–180

It is worth noting that, compared to previous works, the clas-
sification in Table 3 now contains several sub-classes: II-A and
II-B for liquid-dominated acid fluids (acid sulfate (chloride) and
acid chloride (sulfate), respectively) and VI-A, B, and C for vapor-
dominated steams (without traces of HCl (VI-A), and with HCl
(VI-B and C)).
The above classifications suggest that degradation mecha-

nisms of materials in contact with the geothermal fluid can vary
based on the specific chemistry of the geothermal reservoir. In a
power plant however, the properties of the geothermal fluid ex-
iting the wellbore will show significant variation in process pa-
rameters such as temperature, pressure, and flow rate depend-
ing on the thermodynamic cycle used to produce power. This of
course effects the potential degradation mechanism, including
erosive wear mechanisms related to geothermal fluid flow and
specific components geometrical configuration. These variations
are characteristic of the specific power plant configuration.

2.2. Power Plant Configuration

The chemical and flow properties of the geothermal fluid as it is
drawn from the wellbore varies considerably within the geother-
mal energy production cycle. Consequently, the specific type
of damage mechanism varies according to the specific location

within the power generation cycle. Geothermal power plants can
be subdivided into three main groups[22,23]: “steam” (including
dry-steam, single-flash, and double-flash, Figure 3a–c), “binary”
(Figure 3d), and “hybrid cycles.” Steam cycles are generally em-
ployed for wells with higher enthalpies while binary cycles are
used for lower enthalpies wells, whereas hybrid systems repre-
sent a custom-built combination of the first two. In the steam cy-
cles, either direct steam from the reservoir (dry steam) or steam
from boiled geothermal fluid is expanded through a turbine, thus
generating electrical power. In binary cycles, instead, the thermal
energy from the geothermal fluid is employed to evaporate a sec-
ondary working fluid; it is this latter then, and not the geothermal
fluid that expands through the turbine to generate power.
The “dry steam” configuration is depicted in Figure 3a. This

configuration is mainly used in reservoirs where vapor (or dry
steam) represents the main phase.[24] The steam from the pro-
duction well (PW), transported via steam pipelines (SP), is then
used directly to drive the turbine/generator (T/G). Exhaust steam
from the turbine is then condensed by means of ad-hoc con-
densers (C) and cooling towers (CT). The excess of condensate,
usually available at the end of the cycle, is generally re-injected
into the reservoir at the injection wells (IW). The steam from
the productionwells generally carries particulates (e.g., minerals)
and moisture for which, between the wellhead valve (WV) and

Table 3. Harmonized geothermal corrosivity classification, as proposed by Nogara et al.[10]

Class Resource type
[Liquid (L)/Vapor

(V)]

Total Key Species
(TKS)
[ppm]

Chloride
fraction in TKS

[%]

pH (un-
flashed/flashed)

Volume of gas in steam
[%]

Plant inlet temperature
[ °C]

CaCO3
content
[ppm]

Ia) Liquid >100 000 99 <5/5–6 <2.5 199 –

II-Ab) Liquid 1000–60 000 15–99 >3/<5 Not established Not established –

II-Bc) Liquid 500–40 000 20–99 <3 Not established Not established –

IIId) Liquid 10 000–20 000 45–99 5–6/>6 Not established 149–191 –

IVe) Liquid 500–10 000 45–99 ≥5/>6 <2.5 121–199 –

V-Af) Liquid <5000 3–72 6.7–7.6/n.a. n.a. 49–96 207–1239

V-Bg) Liquid <5000 3–72 7.8–9.85/n.a. n.a. 120–205 <210

VI-Ah) Vapour <1 – n.a. <5 177–250 –

VI-Bi) Vapour – – – – – –

VI-Cj) Vapour – – – – – –
a)
Salton Sea (USA);

b)
acid sulfate (chloride) – 4 sites (Philippines), 5 sites (Japan), Miravalles (Costa Rica), Soultz-sous-Forets (France), Tatun (Taiwan);

c)
acid chlorine

(sulfate) – Pinatubo (Philippines), Alto Peak (Philippines), 3 sites (Japan), Miravalles (Costa Rica), Lahendong (Indonesia), Los Humeros H4 (Mexico);
d)
Cerro Prieto

(Mexico), East Mesa (USA);
e)
Ahuachapan (El Salvador), HTA (Iceland), Hatchobaru (Japan), Otake (Japan), Broadlands (New Zealand), Wairakei (New Zealand), Baca

(USA), Heber (USA), Brady (USA), Raft River (USA);
f)
Madison Aquifer (USA), Pagosa Spring (USA), Marlin (USA);

g)
15 sites (Iceland), Klamath Falls (USA);

h)
10 sites

(Italy), The Geysers (USA), Kamojang (Indonesia);
i)
(High NCG concentration) – Kizildere (Turkey);

j)
(HCL gas production) – Krafla-IDDP1 (Iceland), The Geysers (USA).

Adv. Mater. Technol. 2023, 8, 2202031 2202031 (5 of 54) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 3. Schematics of geothermal power plant configurations: a) dry steam, b) single-flash, c) double-flash, and d) binary. In the figure: BCV (ball check
valve), CP (condensate pump), CSV (control and stop valve), CW (cooling water), E (evaporator), FF (final filter), IW (injection wells), MR (moisture
remover), PH (preheater), R (recuperator), SE/C (steam ejector/condenser), SP (steam piping), T/G (turbine/generator), WP (water piping), C (con-
denser), CS (cyclone separator), CT (cooling tower), CWP (cooling water pump), F (flasher), IP (injection pump), M (make-up water), P (well pump),
PR (separator), PW (production wells), S (silencer), SH (superheater), SR (sand remover), TV (throttle valve), WV (wellhead valve). Reproduced with
permission.[23] Copyright 2011, Geo-Heat Digital Library, Oregon Institute of Technology Library. Klamath Falls, Oregon.

the turbine, several particulate removal systems are placed (e.g.,
separators, (PR)) together with moisture removal systems (MR).
Moreover, due to the common presence of non-condensable
gases (NCG) within the steam, steam ejectors with pre-and after-
condenser systems (SE/C) are generally used. The "single-flash"
configuration is depicted in Figure 3b. This represents the most
common type of geothermal power plant as most reservoirs are
liquid-dominated.[24] In this case, the steamnecessary to drive the
turbine/generator is separated from the liquid geothermal fluid
by a rapid evaporation (i.e., flash). This latter operation is per-
formed by the cyclone separator (CS). The separated brine from
the cyclone separator is generally re-injected within the reservoir,
carried via a water piping system, (WP). Ball check valve (BCV)
and moisture removal systems are placed after the cyclone sepa-
rator to insure against any possible slug entering the steam line.
The after-turbine system in this type of plant essentially mirrors
the one for the dry-steamone. The "double-flash" configuration is
depicted in Figure 3c. The cycle is fundamentally like the single-
flash plant, with the exception that the brine obtained from the
cyclone separator is not directly re-injected back into the reservoir
but withstands further flashing within a second flasher (F). The
low-pressure steam ejected from the secondary brine is then fed
either into a separate low-pressure turbine or to a separate stage
of the main turbine. The re-usage of the primary brine generally
allows for 20–25% more power to be generated as compared to
single-flash plants.[24]

Within “binary” configurations (Figure 3d), the geothermal
fluid is not directly employed to rotate the turbine, but its thermal
energy is transferred instead, via a heat exchanger, to a secondary
working fluid. The working fluid can be a mixture of hydrocar-
bons (e.g., isopentane and isobutene) or water and ammonia.
The geothermal fluid is generally maintained in the liquid state
throughout the cycle, maintained below its flash level by down-
hole pumps (P) to raise its pressure. The working fluid steam
required to rotate the turbine is generated at the evaporator (E)
as opposed to the cyclone separator typical of flash plants. A pre-
heater (PH) is also present prior to the evaporator to provide the
working fluid with additional thermal energy, possibly still avail-
able from the geothermal fluid. The preheater-evaporator ensem-
ble is generally referred to as a heat exchanger. Finally, hybrid
systems (not depicted in Figure 3), are composed of combina-
tions of the above-described four basic systems. In fact, a hybrid
plant is designed to achieve an optimized efficiency to suit the
specific set of working conditions experienced by the plant site
(in terms of pressure, temperature, NCGs, dissolved solids, pH,
scaling. and corrosion potential). Examples of this type of plant
are dry-steam/binary,[25] single-flash/binary,[25] single-/double-
flash,[26,27] and hybrid fossil-geothermal systems.[28] Additionally,
geothermal combined heat and power (GCHP) plants exists (e.g.,
additions to single and double flash) which include additionally
heat exchangers to the systems to heat up cold water with the
geothermal fluid (liquid) from the separators. The heated water
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Figure 4. The schematic diagram of the double-flash power plant config-
uration from Figure 3c[23] adapted with areas of significant geothermal
fluid properties variation highlighted with numbers. These properties are
reported, for a class III fluid (according to the classification in Table 3), in
Table 4. Reproduced with permission.[23] Copyright 2011, Geo-Heat Digi-
tal Library, Oregon Institute of Technology Library. Klamath Falls, Oregon.

can then be used e.g., in district heating systems to make more
efficient use of the geothermal resource and improving the eco-
nomics of the system. Further description of these complex sys-
tems is beyond the scope of this review and will thus not be fur-
ther described.
Irrespective of the configuration, the above analysis demon-

strates that the geothermal fluid originally drawn off the produc-
tion well is subject to variations in both chemistry and thermody-
namic properties during the energy production cycle. To quantify
this variation, we refer to a detailed analysis performed as part
of the Horizon 2020 collaborative project Geo-Coat.[29] Figure 4
from the work shows a schematic diagram of a generic double-
flash power plant configuration of Figure 3c where different areas
have been numbered.
These areas represent regions where significant changes in the

properties of the geothermal fluid are measured. This configura-
tion was selected in this review as single- and double-flash con-
figurations which give the highest share distribution in terms
of installed capacity.[30] Considering the Hellisheiði geothermal
power plant in Iceland, which has a class III geothermal fluid
(from Table 3) at the plant inlet, a variation in the geothermal

fluid properties corresponding to the numbered areas in Figure 4,
is given in Table 4, together with the corresponding degradation
mechanisms and affected components.
In Table 4, the term Corrosion (C) includes all possible forms

of corrosion observed in geothermal energy production (uniform
corrosion, stress corrosion cracking, etc.) which will be described
in detail in Chapter 2.3.Moreover, Erosion-Corrosion (EC) is here
considered to include all the mechanisms from pure erosion to
corrosion accelerated by erosive damage. The analysis in the table
clearly highlights the effect of the variation in geothermal fluid
properties in the degradation mechanisms. For instance, it is
known that scaling (S) and Erosion-Corrosion (EC) are damage
mechanisms typical of steam turbine components. This corre-
sponds in the transition from area 3 to 7 in Figure 4 and Table 4.
An analysis of the geothermal fluid in these two areas shows that
a decrease in all thermodynamic properties occurs in the tran-
sition. Consequently, condensation of the inlet steam will occur,
leading to the formation of liquid droplets acting as an erosive
medium. Moreover, since the solubility of silica (SiO2) is pro-
portional to the fluid temperature, a decrease in fluid tempera-
ture leads to the precipitation of silica and the growth of silica
scales in the region. Further analysis of the degradation mech-
anisms and the relationship to the properties of the geothermal
fluid is required before an informed decision is made on appro-
priate coating material selection for different components used
in geothermal power production.

2.3. Degradation Mechanisms

Depending on the power plant configuration, the class of
geothermal fluid, and its interaction with the component ma-
terials, several degradation mechanisms can be experienced.
The most common ones identified to date, have been summa-
rized in Table 5 and subdivided between corrosion and mineral
precipitation;[31,9,10] however, a different classification could have
been used instead.
It is worth noting that, although the classes of degrada-

tion have been clearly separated in the table, they normally act
combined in-service conditions, such as the combined effect of
scaling and erosion-corrosion in turbine components, i.e., due to

Table 4. Geothermal fluid properties for the Hellisheiði geothermal power plant, assumed in the generic double-flash power plant configuration in
Figure 4.

Area State (liquid, steam,
2-phase)

Pressure
[high/low]

Temperature
[°C]

pH Bulk velocity
[high/low]

NCG concentration
[high/low]

Degradation
mechanisma)

Equipment
affectedb)

1 Liquid/2-phase high 160–200 5–8 High High S, EC, C P, SC, V

2 2-Phase high 160–200 5–8 High High EC, S PS, VS, HX

3 Steam high 155–200 n/a n/a High C, EC, S PS, T

4 Liquid n/a 100–155 5–6 Low Low EC, C PS

5 Steam low 100–130 >6 n/a Low C PS, V

6 Liquid low 100–130 >6 n/a Low S, C P, PS,

7 Steam/2-phase low 30–130 <6 Low High C PS

8 Liquid/2-phase low 30–60 <6 Low High S SN

9 Steam low 30–60 n/a Low High n/k PS
a)
Degradation mechanisms – Corrosion(C); Scaling (S), Erosion-Corrosion (EC);

b)
Equipment affected – Pump (P), Surface casing (SC), Valves (V), Pipelines (PS), vessel

(VS) Heat exchanger tube (HX), Turbine (T), spray nozzles (SN).
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Table 5. Common degradation mechanisms experienced in geothermal systems.[[9,10,31]

Type Description Sub-types Affected materials (Metals,
Inorganic, Organic)a)

Affected components

Corrosion

General Uniform thinning of the whole
exposed surface

Uniform corrosion Metals Casing, fluid transportation
pipe

Galvanic corrosion Metals Air conditioning unit coil,
production well casing, weld
area

Microbiologically induced
corrosionc)

Metals, Inorganic Cooling tower, condenser

Polymer degradation Polymers Bearings, protective coatings

Localized Rapid penetration/dissolution
of metal at specific sites

Pitting corrosion Metals Heat exchanger, bellow
absorber, reinjection well

Crevice corrosion Metals Heat exchanger

Mechanically assisted Attack enhanced by mechanical
load

Erosion-corrosionb) Metals, Inorganic, Organic Pipe bend, turbine

Corrosion Fatigue Metals Pipe, turbine

Environmentally
induced cracking

Corrosion-induced cracking Stress Corrosion Cracking Metals Drill string, casing, turbine,
steam transportation pipe,
heat exchangers

Hydrogen Embrittlement
(Hydrogen Induced Cracking
(HIC), Sulfide Stress Corrosion
Cracking (SSC))

Metals Steam transportation pipe,
well liner, control board,
mist/droplet eliminator

Metallurgically
influenced

Preferential attack of specific
phases or grain boundaries
due to elemental segregation

Intergranular corrosion Metals Casing, fluid transportation
pipe

Dealloying Metals Solder

Mineral precipitation

Scaling Precipitation of dissolved
minerals

Silica (SiO2) All materials Production/reinjection well,
steam/water pipe, separator,
turbine

Silicates (Fe, Mg)

Carbonate (CaCO3)

Metal Sulfides (mainly Zn and Fe)
a)
In this context, inorganic systems relate to concrete used in geothermal cooling towers and organic systems to polymeric coatings;

b)
Includes any degradation mechanism

between pure erosion and erosion-enhanced corrosion. Thus, also non-metallic systems are included under this category in cases of pure erosion degradation type;
c)
Microbial

corrosion has been here considered under the uniform corrosion type, however, forms of localized microbial corrosion are also possible.

the precipitation of silica and formation of water droplets in the
lower pressure side of the turbine.
Although a clear distinction has been made among the above

degradationmechanisms, these are often found acting combined
in-service. This is revealed by the results in Figure 5, a sum-
mary of a recent survey performed as part of the Horizon 2020
project Geo-Coat on 12 power plant operators from different geo-
logical regions worldwide.[32] The survey was part of a compre-
hensive failure mode and effect analysis (FMEA), and the re-
sult presents a list of the critical components, principal degrada-
tion mechanisms, and the effect on the component operational
behavior.
In the following, a description of the degradationmechanisms

in Table 5 is provided.

2.3.1. Corrosion

Metal corrosion is a naturally occurring phenomenon where the
material deteriorates due to a chemical or electrochemical re-
action with its environment.[33] Irrespective of the type of cor-

rosion (i.e., uniform, localized, etc.), a metal that is corrod-
ing is characterized by both anodic and cathodic sites, where

Figure 5. Probability (%) of occurrence of corrosion, erosion, and scaling
mechanisms in the main four systems of a geothermal power plant, ob-
tained as a summary of the table in ref. [32], where critical components,
principal damage mechanisms and their effects compiled from FMEA
analysis from 12 different geothermal power plants were analyzed.
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oxidation (i.e., loss of electrons) and reduction (i.e., gain of elec-
trons) reactions take place respectively.[34] It is the nature of the
anodic and cathodic sites, together with the additional presence
of environmental factors (e.g., load) that defines the type of cor-
rosion as listed in Table 5. Irrespective of the corrosion type, be-
cause ofmetal oxidation, all reactions produce corrosion products
at the anodic sites, such as oxides, hydroxides, carbonates, etc. It
is important to differentiate between corrosion products and the
films that form due to a drop in solubility of mineral species dis-
solved in the aqueous medium. The latter process is referred to
as scaling within the geothermal community. These products can
be porous and loosely adhered to the surface, dense and tightly
and adhered to the surface, soluble or insoluble in the electrolyte
(i.e., the geothermal fluid). Therefore, depending on the nature
of the corrosion product, corrosion can be classified as either ac-
tive (soluble corrosion products) or passive (insoluble corrosion
products).[9]

General Corrosion: General corrosion is active when the
geothermal fluid has access to the entire metal surface. The
resulting mechanism is a uniform loss of metal, which can
be therefore quantified in mm per year. This form of cor-
rosion is preferred to localized types (e.g., pitting) as it is
predictable and thus acceptable for design through corrosion
allowances.[35]

The uniform corrosion sub-type is defined as general corro-
sion where the metal degrading is not in contact with other met-
als of different corrosion potential or the corrosion mechanism
itself is not enhanced by microbial activity.[36] If these latter phe-
nomena are active, general corrosion is then defined as either
galvanic corrosion ormicrobiologically induced corrosion respec-
tively. Galvanic corrosion occurs when two dissimilar metals are
in contact in aqueous environment.[34,37] Due to the difference
in corrosion potential between the metals, a potential difference
is generated which creates a current between the components.
Due to oxygen diffusion generally being the rate-determining
factor in aqueous corrosion, large ratios of cathode area to an-
ode area will generally correspond to galvanic attack of higher
intensity.
“Microbiologically induced corrosion” is defined as mate-

rial deterioration affected by the presence and/or activity of
microorganisms.[38] The bacteria provide this corrosive action by
two main means: a) their adsorption onto the material surface
with formation of biofilms accelerating electrochemical reactions
and b) formation of acidic species such as sulfuric and nitric
acid. Although this category of corrosion has here been consid-
ered under the general type of corrosion, localized attack (e.g.,
pitting) has also been detected in geothermal systems. This type
of corrosion is common in geothermal condensers and cooling
towers.[39]

“Polymer degradation,” unlike other forms of corrosion
described here, describes the change in properties of poly-
mer systems under the influence of environmental factors.
In geothermal systems, this mechanism has been observed
in the form of hydrothermal oxidation in fluoroelastomer
bearings[40,41] and protective paints.[42,14] Degradation is in
this case due to the attack of oxygen to the primary poly-
mer chain structure, with consequent formation of compo-
nents of lower molecular weight, acting as sites for cracks
initiation/propagation.

Localized Corrosion: Unlike general corrosion, localized cor-
rosion can be described as the degradation of a small portion
of the material at a significantly higher rate than the rest of the
surface.[34] Due to its localized nature, this form of corrosion is
difficult to detect and is therefore less desirable than uniform cor-
rosion. Two sub-types of this category have been proposed: pitting
and crevice corrosion.
“Pitting” corrosion is associated with the breakdown of a pas-

sive film that forms on the metal surface. Alloys such as stain-
less steels, Ni-alloys, and titanium are therefore more suscepti-
ble to this type of corrosion.[43] The specific pit nucleation site
is determined by a combination of factors: a) discontinuities in
the passive film (e.g., at screw dislocations, slip planes, etc.), b)
material-specificmetallurgical defects (e.g., grain boundaries, in-
termetallics, etc.), and c) external factors, such as localized settle-
ment of deposits. This type of localized corrosion is enhanced by
the presence of aggressive ions such as Cl− or SO4

− and low pH
environments. The driving force for “crevice” corrosion is instead
differential aeration, i.e., where some form or restricted access to
oxygen occurs.[34,44,45] Due to this restricted access, small differ-
ences in potential are generated, resulting in high concentrations
of anions. Forms of restricted areas can be generated, in geother-
mal environments, by scale deposits, mill scales, or crevices un-
der bolts or rivet heads.
Mechanically Assisted Corrosion: Mechanically assisted corro-

sion can be defined as corrosion processes accelerated by the
action of mechanical load. If the mechanical load is of erosive
nature, the phenomenon is termed erosion-corrosion, while cor-
rosion fatigue is used when a cyclic stress is operational. In
passivating systems, mechanically assisted corrosion processes
are thought to cause rupture of the protective passive film, thus
accelerating corrosion. In erosion-corrosion, the corrosion phe-
nomenon is accelerated by the relative motion between corrosive
media and metallic surface.[46] The corrosive media can be either
a fluid (often carrying suspended solid particles and/or bubbles),
steam, or a combination of the two. This relative motion accel-
erates the corrosion mechanisms by continuously removing pas-
sive film or corrosion products, thus exposing fresh surface to
the corrosive medium. Hence, the rate of erosion-corrosion is ac-
celerated in areas of increased flow velocity. In geothermal sys-
tems, these are commonly encountered in pipe elbows, valves,
turbine blades, nozzles, and other structural features that alter
the fluid flow direction and velocity. Corrosion fatigue is en-
hanced by the combined action of alternating stresses and cor-
rosive environment.[47,48] This type of mechanism is prevalent in
passivatingmetals, as stresses can facilitate the formation of pits,
which act in turn as stress raisers and sites of fatigue crack initi-
ation. It should be noted that since this class of corrosion is char-
acterized by crack propagation, could also be classified under the
environmentally induced cracking class. Corrosion fatigue gen-
erally leads to brittle fracture through the growth of transgranu-
lar cracks. In geothermal systems, sources of cyclic stress have
been identified in steam turbine vibrations, and periodic expan-
sion/contraction of pipelines due to varying temperature of the
carried steam or fluid.
Environmentally Induced Cracking: Environmentally induced

cracking is defined as cracking induced by the action of specific
corrosive species, in the presence of stress. Sub-types of this cor-
rosion category have been defined to differentiate based on the
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corrosive species involved in the crack initiation and their interac-
tion with the specific componentmaterial: stress corrosion crack-
ing, hydrogen cracking, and environmental stress cracking. The
three mechanisms all rely on the preferential initiation of cracks
on areas of lower energy within the component (e.g., corrosion
products, brittle phases, etc.). The difference between corrosion
sub-types is then defined by the specific formation mechanism
of these lower energy areas. “Stress corrosion cracking” occurs
because of stress being applied while a material is in a corrosive
environment.[49,50] The load can be either applied or residual, but
it must have a surface tensile component. The specific corrosion
process leading to crack initiation is highly material specific. For
instance, stainless steels have shown cracking in the presence of
chlorides, while copper alloys are susceptible to traces of ammo-
nia in geothermal environments. It is the combination of stress,
component material and its interaction with chemical species in
the corrosive environment that determine the extent of this type
of corrosion mechanism. Although hydrogen cracking could be
thought as a sub-ensemble of stress corrosion cracking, the dif-
ference between the two mechanisms is that while the former
relies on cathodic polarization (inducing hydrogen production),
the latter relies on anodic dissolution (for at least a part of the
propagation process).[34] It should be noted, however, that often a
clear distinction between the two types is difficult to perform. It is
worth noting that, although not specified in Table 5, stress corro-
sion cracking is referred to as "environmental cracking" when oc-
curring on polymers. "Hydrogen cracking" instead occurs when
hydrogen ions (H+), either generated by manufacturing opera-
tions or as a by-product of corrosion reactions, diffuse into the
metal lattice structure.[51,52] Hydrogen ions can eventually recom-
bine to form molecular hydrogen (H2), many times larger in vol-
ume than ions causing local areas of high stress and possibly
cracking. In the presence of tensile stress, these cracks can prop-
agate and eventually lead to brittle failure. Hydrogen cracking
can be accelerated by the presence of hydrogen sulfide (H2S) or
arsenic compounds. These substances can delay the formation
of molecular hydrogen and thus increase the residence time of
atomic hydrogen on the metal surface. When this occurs in H2S
wet environment then it is generally termed Sulfide Stress Crack-
ing (SSC). As above, it should be noted that it is not always pos-
sible to distinguish between hydrogen cracking and stress corro-
sion cracking as the crack initiation mechanism is often difficult
to unequivocally determine.
Metallurgically Influenced Corrosion: Metallurgically Influ-

enced corrosion includes degradation mechanisms driven by lo-
cal elemental segregation in thematerial. In “intergranular corro-
sion,” the grain boundary region of the material is corroded pref-
erentially due to the presence, in these regions, of phases with
lower corrosion potential.[53] These less-noble phases allow the
formation of galvanic couples with the main grain phase, thus
driving localized accelerated corrosion. The high rate of corro-
sion is further enhanced by the high area ratio between phases
at the grain boundaries and matrix. “Dealloying” is instead ob-
served in alloys forming solid solutions when one or more of the
elements are preferentially corroded.[10] This occurs when some
of the elements in the alloy are less noble than others. This form
of corrosion has been observed in low-temperature geothermal
components: brass de-zinsification, cast iron graphitization, and
de-plumbification (lead removal) from lead-tin solder.

2.3.2. Mineral Precipitation (Scaling)

Mineral precipitation occurs in geothermal environments due to
changes in geothermal fluid thermodynamic properties (temper-
ature and pressure) and pH during the energy production cy-
cle. The term scaling is used to define this mechanism, although
this latter denomination is also used in corrosion engineering to
define to the formation of corrosion products. In the review pa-
per, however, scaling is only considered in the context of mineral
precipitation. Minerals in the reservoir rocks are in fact in equi-
librium with the geothermal fluid in the reservoir until a mod-
ification in the abovementioned properties generates a chemi-
cal unbalance. Scaling is highly undesirable in geothermal sys-
tems as it leads to constriction of geothermal brine flow, with
subsequent decrease in production efficiency and need for equip-
ment cleanupmaintenance. To date, themost encountered forms
of scales in geothermal environments are silica (SiO2), silicates
(Fe-, Mg-based), carbonates (CaCO3), and sulfides.

[9]

Silica scales are common in all geothermal systems, especially
in high-temperature reservoirs.[54] The driving force for silica
scale formation is the dependency of its solubility with temper-
ature. Silica scale is formed in two main scenarios: (a) at an in-
crease in silica concentration within the fluid and (b) at a drop
in fluid temperature. The former case often occurs at flashing of
the fluid, which increases the concentration of silica within the
remaining fluid portion. As a result of the increased silica con-
centration, its solubility decreases and an increase in tempera-
ture is therefore required to avoid precipitation. It is important
therefore, to avoid the formation of silica, to maintain the fluid
temperature above a certain threshold and to control the amount
of steam produced. This latter generally corresponds to a maxi-
mum of 25% of the fluid.[9]

Fe silicate scales forms if there is a significant concentration
of Fe within the geothermal fluid.[55] Fe can be generated, for
instance, as by-products of corrosion reactions of plant metallic
components.[7] These forms of scale are generally found together
with sulfide scales in saline geothermal fluids and do not form at
pressure higher than 16–18 bar. For this reason, their formation
can be avoided by maintaining the wellhead pressure above this
limit. Mg silicate scales form when geothermal fluid and fresh
water are mixed. The solubility of these scales has been observed
to decrease at higher temperature and pH.
Calcium carbonate represents most of the carbonate types

encountered in geothermal plants and, together with silica
scales, accounts for most of the scale species in geothermal
applications.[17,9,56] This form of scaling is common in wells with
reservoir temperatures of 140–240 °C and is primarily found at
the locationwhere the fluid starts to boil. Boiling causes stripping
of the CO2 species and an increase in pH, which favors CaCO3
deposition. The solubility of CaCO3 is observed to be inversely
proportional to the fluid temperature for which, at temperatures
>260 °C its deposition does not generally represent a problem.
Sulfide scales, i.e., PbS, ZnS, CuS, FeS, etc., are gener-

ated by the reaction of metals with H2S. These are generally
formed at high temperatures but are also found in low-/medium-
temperature wells.[57] ZnS scale, for instance, is more common
in higher temperature wells 250 °C and is a very hard compound.
Sulfide scales often form at high temperatures but are also found
inwells with low/medium temperature resources, formwhen the

Adv. Mater. Technol. 2023, 8, 2202031 2202031 (10 of 54) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

temperature decreases due to super-saturation of the sulfidemin-
erals in the fluid. Sulfide scales are known to cause plugging of
two-phase flow pipelines carrying brine from production wells
e.g., in wells in the Reykjanes geothermal area (Iceland).[58]

3. Review of Paint and Coating Systems

3.1. Adopted Terminology

Standard terminology related to coatingand paint systems can be
found in standards EN ISO 12944 Parts 1 to 8 (general for both
coating and paint systems, EN ISO 14713 Parts 1 and 2 (specific
for zinc coatings not applied by thermal spray, and EN ISO 2063
Parts 1 and 2 (specific for thermal spray of Zn/Al alloys. In these
standards, the definition of coat, paint, protective paint system
and protective coating system is provided.Coat defines a continu-
ous layer ofmetalmaterial or a continuous film of paint, resulting
from a single application; paint refers to pigmented coating ma-
terial which, when applied to a substrate, forms an opaque dried
film having protective, decorative or specific technical properties;
protective coating system is the sum total of the coats of metal ma-
terials and/or paints or related products which are to be applied
or which have been applied to a substrate to provide corrosion
protection and protective paint system is the sum total of the coats
of paints or related products which are to be applied or which
have been applied to a substrate to provide corrosion protection.
Therefore, coat is the generic term used to define a continuous
film from a single application, irrespective of the type (e.g., metal-
lic, organic, etc.), while paint is a coat specifically made of pig-
mented material. The final systems used for protection of the
components of a geothermal system can be either be made of
a single coat, however they are more often composed of multi-
ple overlapped layers. This is summarized by the terms protective
coating system, where metallic coating is present (also in combi-
nation with paints), and protective paint system, in reference to
overlapped paints. It is worth mentioning, however, that paints
and coatings are often offered under brand names for which an
unequivocal classification under the above classes is often non-
trivial.[59] Nevertheless, some features characteristic to protective
coating and paint systems can be identified.
Due to the significant diversity in type of materials identified

from the background literature review of this work, it was iden-
tified that the above nomenclature could not be easily employed.
Instead, to allow an efficient classification, it was decided to em-
ploy a simplified terminology:

• Paint – Single- or multi-layer made of a polymermaterial,

• Coating – Single- or multi-layer made of metals, ceramics or
their combination.

The classification is not meant to be of absolute validity and a
different terminology could have been equally effective. In some
instances, in fact, an overlapping in categories was identified. For
instance, in cases where amulti-layer was identified composed of
combined paint and coating materials, the whole system is given
the category of the upper layer in contact with the environment
(e.g., an organic sealant applied onto a thermally sprayed coat-
ing is considered a paint). In cases where a phase is dispersed
within a matrix of a different category, the overall system is given
the category of the matrix (e.g., electroless plated Ni-P with dis-
persed PTFE is considered a coating). With regards to nomencla-
ture for each paint and coating system, the following methodol-
ogy was employed. Traditional names[60] have been adopted, in
most cases, for the paint systems as we believe this would make
the review more accessible to a wider community. The only ex-
ception are the self-assembled monolayers, where the name of
the spatial configuration of the molecule is adopted, rather than
the name of the specific polymers composing them. For coatings,
the name of the principal element is used for alloys, while sys-
tematic and common names are used for all other categories: ce-
ramic fused basalt, cermet, high-entropy alloys, oxides, polymer
concrete.

3.2. Identified Paint and Coating Systems

In this section, the result of the literature review is reported
for the 23 paint and coating systems, by listing the identified
materials in alphabetical order. The review only includes sys-
tems specifically intended for geothermal application and thus
excludes other systems that, although potentially performingwell
in geothermal environments, were tested for other purposes (e.g.,
oil & gas, hydrothermal, etc.). The protective coating and paint
systems identified in this work are summarized in Table 6. In to-
tal, 23 and 20 categories were identified for paint and coatings
respectively.
Hereafter, a summary of the above systems is presented. A

comprehensive list of all the identified systems, including layer
properties, application methods, substrate type, testing condi-
tions, etc., can be found in the table in the Supplementary Infor-
mation. It is worth noting that the table present a summarized
overview of al of the systems: if multiple systems of the same
category, and deposited by the same technique, are assessed in
a specific work, only one row would be presented in the table
for that specific category. Additionally, some systems in the table
could not be easily assigned to a specific category due to being

Table 6. Protective coating and paint systems identified in this review, listed in alphabetical order.

Class Systems identified

Paints Acrylic, Alkyd, Coal Tar and Bitumen, Epoxy, Fluoropolymer, Phenol, Polyamide, Polyaromatic, Polybenzimidazole, Polybutadiene,
Polyetheretherketone, Polyethersulfone, Polyimide, Polyphenylenesulfide, Polysiloxane, Polysiloxane Organometallic Polymers,

Polyurethane, Polyvinilalcohol, Self-Assembled Monolayers, Thiol, ST-TMPa), Vinyl Esther

Coatings Aluminum, Antimony, Arsenic, Boron Phosphide, Bulk Metallic Glass, Calcium Carbonate, Ceramic Fused Basalt, Cermet, Chromium,
Cobalt, Copper, Gold, High-Entropy Alloys, Iron, Nickel, Oxides (Al, Si, Ti, Y, Zr), Polymer concrete, Titanium, Tungsten, Tantalum, Zinc

a)
Trimethilpropane trimethacrylate cross-linked Styrene/Methyl Methacrylate Copolymer.
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a commercial product or only being given a generic name in
the paper (e.g., “polymer”); these systems have been marked as
“not disclosed”. A summary from the table of the number of pa-
pers identified for each paint and coating system is presented in
Figure 6a,b respectively.
As in many papers more than one class of coating system was

studied, to avoid repetition, a mode in-depth description of that
work is only presented in the first class of coating where that pa-
per appears; only a briefer summary for that paper is then pre-
sented in other coating classes.

3.2.1. Paints

Acrylic: The effect of acrylic and epoxy paint systems onto
the corrosion of carbon steel for pipeline applications was stud-
ied by Batis et al.,[61] by testing in simulated geothermal fluid
from the Sousaki field (Greece). Among the paint systems tested,
water-based acrylic paints were employed as both primers, un-
dercoat, and finish layers, while a two-component epoxy system
was also tested as finish layer for a total thickness in the range
60–80 μm. Acrylic systems included different types of pigment
such as tannin, chromate, iron oxide, micaceous iron oxide and
titania. In the study, corrosion performance was evaluated by
means of electrochemical measurements (i.e., half-cell poten-
tial and potentiodynamic polarization) and weight loss analysis
over a period of 450–160 days and temperatures between 20 and
60 °C. Results demonstrated that a superior protection is pro-
vided by the systems with epoxy as finish coat compared to all
the other acrylic systems tested. The good performance of these
coatings was further confirmed by a better rusting degree and
blistering size/density factor after potentiodynamic polarization
experiments. Differences in performance between paint systems
AC/E (Acrylic primer containing Chromate pigment) and WT/E
(Water-based Tannin-containing primer) (the former was gener-
ally tested to perform better than the latter) was attributed by the
authors to the superior corrosion inhibition characteristic of the
former. The authors however specify that the results obtained
might differ from those obtained from field tests because the
velocity of the real fluid, not present in simulated tests, would
have a detrimental effect on the overall corrosion performance.
At the same time however, the low concentration of oxygen in
real pipeline networks would contribute to a lower corrosion rate
if compared to the aerated conditions experienced in simulated
tests.
A thermally sprayed ethylene methacrylic acid copolymer

(EMAA) protective paint system was also tested by Allan et al.,[62]

for corrosion protection of mild steel in biochemical process-
ing of chemical residues. In the work, the EMAA, ceramic-filled
epoxy (applied by brushing) and ethylene tetrafluoroethylene
(ETFE) paints (also applied by thermal spray methods), were
tested in both hypersaline geothermal brine and medium con-
taining Sulfur oxidizing bacteria (Thiobacillus ferroxidans). The
mechanical strength of the systems was also assessed by means
of peel strength test in both the unexposed and exposed states.
Post-exposure results demonstrated that corrosion products form
at the substrate/paint interface for both EMAA and ETFE sys-
tems suggesting their inadequacy in the environments tested.
The formation of corrosion products is linked, according to the

authors, to the permeation of water and oxygen favored by the
hydrophilic carboxylic acid groups in EMAA. The detrimental
effect of water-sensitive groups in stability to geothermal envi-
ronments has been also reported elsewhere.[63] Conversely, the
brushable ceramic-filled epoxy paint system showed no visible
signs of deterioration with only a limited amount of corrosion
products formed (Figure 7).
A hydrothermally self-advancing hybrid paint, prepared by

blending styrene acrylic latex (SAL, matrix) and calcium alumi-
nate cement (CAC, filler containing aluminum and calcium ox-
ide) was also tested by Sugama for corrosion mitigation of car-
bon steel in contact with CO2-laden 250 °C geothermal brine.[64]

The paints were prepared at different SAL/CAC ratios, to thick-
nesses ranging from 0.9 to 1.2mm and exposed for up to 21 days.
AC electrochemical impedance spectroscopy (EIS) and DC polar-
ization testing were used to evaluate the coating performance in
the simulated geothermal brine. The paints were analyzed after
the tests for phase and microstructural changes. Results demon-
strated that the paint system successfully reduced the uptake of
corrosive electrolytes, thus inhibiting the corrosion of the steel
substrate. This was related, according to the authors, to the con-
tinuous growth of crystalline calcite and bohemite phases, to-
gether with Ca-CCG-SAL, i.e., Ca-complexed carboxylate groups.
The growth led to the densification of the originally porous
coating microstructure, already after only 7 days of exposure
(Figure 7).
The performance of a commercial acrylic paint, together

with other proprietary paints such as epoxy, silicone, zinc-
modified and CVD coatings, were evaluated by Belas-Dacillo
et al.[65] for corrosion mitigation in acidic geothermal brine.
The paints/coatings were deposited onto different substrates,
R46 carbon steel, Type 316 stainless steel (UNS 31600) and
K55 carbon steel (UNS C70250), which were also assessed as
bare specimens for corrosion performance. Corrosion perfor-
mance was evaluated by electrochemical methods in a geother-
mal brine sampled from a well in the Greater Tongonan Geother-
mal Field (GTGF, Leyte, Philippines), with ameasured pH= 3.78
at 22.4 °C and a significant concentration of Cl− and Na+

ions. Tests were conducted at three different conditions of tem-
perature/pressure/exposure time: (a) room temperature, atmo-
spheric pressure for 30 days, (b) 70 °C, atmospheric pressure for
7 days and (c) 250 °C, 3.97 MPa pressure for 4 h. Microstruc-
tural and phase changes were examined after the exposure tests.
Results revealed that all coatings demonstrated corrosion protec-
tion performance in the tested environment at room temperature
and pressure. At high temperatures, in fact, a 20 to 50% decrease
in protection efficiency was measured, together with appearance
of visible coating defects, such as wrinkles and pinholes. At these
higher temperatures, only one of the CVD coatings performed
adequately, although even in this case, deposition of silica, inor-
ganic salts and oxide scales was measured which could hinder its
utilization.
Alkyd and Polyaniline (PANi): The addition of PANi and

silicon dioxide (SiO2) into an alkyd binder as a paint system
for corrosion protection of carbon steel was studied by Aristia
et al.[66] Four different systems were tested: carbon steel (CS),
alkyd binder only (Binder), Binder + SiO2 (Si15) and Binder +
SiO2 + PANi (PS). The binder used was an alkyd commercial
marine coating containing CaCO3. The systems were exposed
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Figure 6. Number of papers, identified in this work, reporting the testing of a) paint and b) coating systems for mitigation of damage in geothermal
components. Summarized from the table in the Supplementary Information.
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Figure 7. SEMmicrographs of fractured surfaces for styrene acrylic latex(SAL)/calcium aluminate cement(CAC) at 30/70 ratio in (left) non-exposed and
(right) exposed to 21 days simulated geothermal conditions. Pores originally identified on the as-deposited specimen (left) were observed to be filled
with boehmite and calcite phases during the exposure (right). Reproduced with permission.[64] Copyright 2006, Brookhaven National Laboratory.

in artificial geothermal water simulating the conditions found in
Sibayak (Indonesia), at 150 °C and 1MPa for 7 days. Results were
evaluated by visual assessment, in-depth microstructural charac-
terization techniques and electrochemical test after exposure to
quantify the corrosion behavior. A visual assessment of the spec-
imens after exposure is reported in Figure 8.
The photographs show that carbon steel (Figure 8a) suf-

fered from pitting (likely due to Cl− ions present in solution).
Dark spots were also observed in the binder-only paint system
(Figure 8b), suggesting that degradation of this system has taken
place. Some dark spots were also observed, focused on the edges
of the specimen, are also observed in the Si15 system (binder
+ SiO2, Figure 8c), even though the system seems overall bet-
ter than the binder-only one. Finally, the best performances were
obtained with the PS paint system (binder + SiO2 + PANi,
Figure 8d) with no dark spots observed. Additional thickness loss
measurement after the exposure tests showed 23 and 7% average
losses for S115 and binder-only paint systems respectively, which
confirmed the beneficial effect of SiO2 in enhancing mechanical
properties. Furthermore, electrochemicalmeasurements showed
a more positive free corrosion potential for the paint systems
compared to bare CS both at room temperature and 150 °C en-
vironment. However, the authors also specify that the significant
improvement in corrosion protection obtained by the paint sys-
tems compared to bare carbon steel tested at room temperature
is reduced at higher temperature (150 °C).
A similar experimental procedure (i.e., materials, exposure pa-

rameters, chemistry, and analysis) was employed by the same au-
thor one year later[67] however with a different PANi synthesis
chemistry. In fact, one of the disadvantages of using polyaniline
is that some polyaniline types synthesized by inorganic acid, e.g.,
phosphoric acid, sulfuric acid, or hydrochloric acid, exhibit prop-
erties of particles which are not easily processable, due to the stiff-
ness in its polymeric backbone. The authors therefore decided to
chemically synthesize PANi by using two different dopants, i.e.,
phosphoric acid and dodecylbenzenesulfonic acid (only phospho-
ric acid was used in ref. [66]). Visual assessment of the specimens
after exposure tests revealed that specimens PS1 and PS1 per-

formed better than both Pani-1 and−2 andBinder only, which the
authors ascribe to an improvement in thermal degradation given
by the SiO2 phase. Further electrochemical tests performed on
paint systems PS1 and PS2 are reported in Figure 9. The results
from the first two hours of experiment (Figure 9a) show a lower
OCP for carbon steel (i.e. ≈720 mV) compared to PS1 and PS2,
which show no significant difference between them. After an in-
crease in exposure time (Figure 9b), the carbon steel specimen
shows an initial spike in potential, likely due to the formation of
iron oxide or salt layer on the surface. Both paint systems also
show an initial increase in OCP, followed by a plateau, higher
for PS1 compared to PS2. Although this could suggest better cor-
rosion resistance of the paint PS1 compared to PS2, a visual as-
sessment of the coupons’ surface reveals extensive degradation
for both systems. The authors therefore conclude that the mod-
ification in PANi synthesis chemistry did not significantly affect
the corrosion performance of the overall paint systems.
An electrochemically deposited PANi paint system was also

tested by the same group the same year.[68] Cyclic voltammetry
in a 200 ml electrolyte consisting of 0.1 M oxalic acid and 0.05 M
aniline was employed, onto carbon steel, for the electrochemical
deposition and the same testing conditions employed in previous
works[66,67] were also used to assess the system performance. The
authors report a stable and adherent coating after deposition, of
a green coloration corresponding to the synthesis of PANi in the
emeraldine state. Results from electrochemical corrosion tests re-
veal a better performance of PANi-coated carbon steel compared
to bare carbon steel at room temperature. Moreover, a higher
impedance of PANi-coated carbon steel coupons compared to
bare carbon steel was also measured at 150 °C, thus again sug-
gesting an improvement in corrosion protection provided by the
new paint system.
More recently,[69] the same group presented results from the

exposure of four different coatings: an alkyd + CaCO3 paint, a
SiO2-modified alkyd paint, a PANi-modified alkyd paint and a
PANi/SiO2-modified alkyd paint. The coatings were applied onto
carbon steel and tested by exposure and electrochemical tests in a
deaerated geothermal brine simulating the one found in Sibayak,
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Figure 8. Overview (left), stereo picture (center), and light microscope images (right) of specimens exposed at 150 °C and 1 MPa for 7 days
of a) carbon steel, b) binder, c) Si15, and d) PS. Reproduced with permission.[66] Copyright 2018, Association for Materials Protection and
Performance.

Indonesia. Exposure tests were performed for 7, 28 and 168 days
at 150 °C and 1 MPa pressure, while electrochemical tests were
run both at 25 and 150 °C at both ambient and 1 MPa pressure.
Mass loss, visual and chemical characterization of the specimens’
surface after exposure were used to characterize the results. Re-
sults showed that the addition of individual pigments (i.e., only
SiO2 or PANi) to the alkyd binder was not sufficient to protect car-
bon steel, even after a short exposure time. However, a successful
protection of carbon steel was observed for the PANi/SiO2 mod-
ified paint, as confirmed after the 6 months exposure at 150 °C.
Coal Tar and Bitumen: Coal tar is a viscous material formed

by hydrocarbons and free carbon, obtained from coal as a byprod-
uct of coke production. Coal tar enamel has a long history of use
in corrosion protection of geothermal steel and cement struc-
tures in contact with water.[70,71] Recent scientific literature on
the use of this class of materials for geothermal applications is,
to the author knowledge, not available.

Bitumen (or asphalt) is another viscousmaterial formed by hy-
drocarbons and obtained from petroleum. An interesting recent
utilization of this material in paint form can be found in the re-
cent paper by Cadelano et al.[72] The group compared the thermal
resistance of six pipes made of different materials: HDPE plas-
tic, carbon steel, stainless-steel type 304 (UNS S30400), stainless-
steel type 316 (UNS S31600), carbon steel S235JRH, carbon stee
S235JRH with bitumen paint and carbon steel S235JRH with
alkyd-based primer paint resembling ground heat exchangers
for shallow geothermal systems. Results revealed that commonly
usedHDPE pipes have the lowest thermal conductivity among all
systems tested, while the lowest was measured for the stainless
steels, followed by the carbon steel-coated specimens. Although
the coated tubes result therefore promising for the intended ap-
plication, the authors suggest that a selection between stainless-
and coated carbon steel components must be performed accord-
ing to costs and characteristics of the subsoil.
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Figure 9. Open Circuit Potential (OCP) of carbon steel, PS1, and PS2 paint systems in artificial geothermal water and oxygen free environment at 150 °C
and 1 MPa for 132 hours. Reproduced with permission.[67] Copyright 2019, Association for Materials Protection and Performance.

Epoxy: A comprehensive study on several protective paint
systems, including one epoxy, has been originally reported by
Lorensen et al.[63] in 1975. The study was part of an effort to de-
velop protective coating systems for pipes, nozzles, turbine, and
condenser components resistant to hot, pressurized geothermal
brine for what the authors called “Total Flow” energy production
process.[73] In the work, among other tests, the weight loss of 30
selected commercial paint systems was measured during expo-
sure to synthetic hypersaline (24 wt.% NaCl) geothermal brine at
300 °C for 72 h. An epoxy/carbon fiber composite system is also
present among the tested systems. However, it demonstrated a
significant−43%weight loss after 72 h exposure, with a predicted
−100% weight loss if a full epoxy system was assumed. This sys-
tem was therefore not deemed suitable for the environment tar-
geted in the work (Figure 10).
One fused powdered epoxy and several commercial phenolic

epoxies were also tested, together with other non-metallic mate-
rials, by Jacobson et al.[74] Exposure tests were conducted for 58
days in the harsh environment of the Magnamax 1 Salton Sea
brine. Among the tested epoxy systems, mixed results were ob-
tained, with the best performance given by the Tuboscope TK-2
and TK-7 phenolic epoxies.
A custom-made epoxy paint system was also tested by Bai

et al.[75] for corrosion and wear mitigation of well pump shafts in
the Tianjin geothermal area. The paint was applied with 5 coats
to a final thickness of 150–200 μm over Grade 35 carbon steel
shafts and tested in an experimental loop connected to a geother-
mal well for 18 months. Qualitative visual assessments of the
shafts post exposure revealed adequate protection provided by the
coating system, although in-depth chemical analysis was not pro-
vided.
Epoxy was later tested by Batis et al.,[61] as finish coat in protec-

tive paint systems employing acrylic primers as primer and ap-
plied onto low carbon steel substrates. These paint systems were
found to provide better corrosion protection than other paint
systems with acrylic systems as finish coat. This superior per-
formance was also demonstrated by lower weight loss and cor-

rosion current densities measured during potentiodynamic po-
larization, coupled with visual examination for degree of rusting
(ASTM D610) and blistering (ASTM D714). In fact, the degree
of rusting for the epoxy finish coat systems was assessed to be
very low (ranking number >8 even for long immersion times)
and the blistering present but with small density compared to
the other systems tested, even at higher testing temperatures.[61]

Two systems with epoxy finish coat were tested, having the same
type of two-component epoxy finish coat but differing in the
type of primer: AC/E (two-component acrylic primer containing
chromate pigment) and WT/E (water based acrylic primer with

Figure 10. Epoxy fiberglass pipe after 72 h exposure to a synthetic hyper-
saline brine (24 wt.% NaCl) at 300 °C, showing clear presence of scale
on the internal diameter. Reproduced with permission.[63] Copyright 1975,
Lawrence Livermore National Laboratory.
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dispersed tannin). The authors report that for the higher testing
temperatures, the blister size in the AC/E system was smaller
than in WT/E, result that was ascribed to the higher hydrophilic-
ity of the water-based primer in this latter (as the finish coat was
the same in the two systems). The protective performance of the
two epoxy systems was attributed to different reactions. For the
WT/E system (water-based primer containing tannin), the follow-
ing reaction is thought to take place at primer application:

[
A2Fe−

]
+ [−O−] +

[
−FeA2

]
→ A2Fe −O − FeA2 (1)

With A being the tannin anion. The reaction is confirmed by
the blue appearance of the primer layer after its application. It is
then postulated that a protective Fe3O4 layer is produced at con-
tact of the A2Fe-O-FeA2 complex in the presence of oxygen. In the
AC/E system instead, it is thought that the chromate ions leach
out from the pigment to provide corrosion inhibition through the
formation of Fe(OH)2 · 2CrOOH on the steel surface.[76]

A later study by the same author,[77] focused only on the best
performing epoxy paint systems from the previous work (AC/E
and WT/E in ref. [61], renamed PC and RC respectively in ref.
[77]), assessed the effect of sandblasting onto the corrosion pro-
tection performance of the protective paint systems. In the study,
three surface preparation methods were employed prior to paint
deposition: immersion in strong HCl solution containing corro-
sion inhibitor (ID), acetone degreasing (DA) and sandblasting
followed by acetone degreasing (SB). The protective paint sys-
tems were deposited to a final thickness of 58 ± 3 μm. Earlier
mass loss measurements results demonstrated that the acetone
degreasing (DA) and sandblasting (SB) preparation methods led
to the lowest and highest corrosion rate among the surface prepa-
ration methods tested respectively. The negative effect of surface
roughness (provided by the sandblasting method) on the corro-
sion performance was also observed by immersion tests in low
enthalpy geothermal fluid, although all the systems treated with
protective paint system were deemed superior to the uncoated
substrate. Moreover, in agreement with their previous study, the
authors also reported a better performance for the paint system
with chromate pigment-containing primer (PC) compared to the
one with tannin-containing water-based primer (RC).

A ceramic-filled epoxy paint system for corrosion protection
in a biochemical process to treat geothermal residues was tested
by Allan et al.[62] The system was tested, together with ethy-
lene methacrylic acid (EMAA) and ethylene tetrafluoroethylene
(ETFE), in both hypersaline geothermal brine and medium con-
taining Sulfur oxidizing bacteria Thiobacillus ferroxidans by par-
tial immersion exposure. The two-component brushable epoxy
was applied onto grit blasted mild steel substrates to a final thick-
ness of 1072± 180 μmaccording to the authors. Among the paint
systems tested, the ceramic-filled epoxy performed the best, with
no visible signs of deterioration other than surface staining. Cor-
rosion in the underlying substrate was evaluated bymechanically
removing the epoxy paint system at the end of the test. Slight cor-
rosion was then observed in the upper half of the liquid zone
for the panels exposed to Thiobacillus ferroxidans, with no cor-
rosion observed in the lower half of the liquid zone nor in the
vapor zone. A similar behavior was observed in the specimens
exposed to hypersaline brine with only slight corrosion observed
in the liquid zone. The epoxy protective paint system was there-
fore deemed suitable for the application of interest and further
tests under field conditions were recommended by the authors
for future work.
The adverse effect of bacteria and microscopic fungi on mi-

crobially influenced corrosion of concrete is well known (see
for instance[78,79]). Among the bacteria, sulfur oxidising bacte-
ria (SOB, such as Thiobacillus ferroxidans) act to produce sulfuric
acid (H2SO4) by oxidising hydrogen sulfide (H2S) in the pres-
ence of oxygen (Figure 11a). The bacteria can form a wet bio
film on the surface of the concrete structure, therefore gener-
ating an area of high localized concentration of sulfuric acid.
The sulfuric acid causes sulfate attack on the concrete lead-
ing to the formation of hydrated compounds such as gypsum
(CaSO4·H2O) and ettringite (3CaO·Al2O3·3CaSO4·32H2O) among
others (Figure 11b). The larger volume of these compounds
compared to the parent material eventually leads to cracking
and disintegration.
Improvement of resistance of concrete in cooling towers from

MIC induced by Thiobacillus ferroxidans sulfur oxidizing bacteria,
by means of paints and coatings, has also been later investigated
by Berndt et al.[80,81] In the study, several commercial epoxies

Figure 11. Microbiologically Induced Corrosion (MIC) of concrete due to sulfur oxidising bacteria (SOD) is due to the formation of a) sulfuric acid
(H2SO4) from hydrogen sulfide (H2S) and oxygen (O2) in the atmosphere and b) sulfuric acid attack with formation of hydrated gypsum and ettringite
compounds, causing substrate cracking and disintegration.

Adv. Mater. Technol. 2023, 8, 2202031 2202031 (17 of 54) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 12. Appearance of a) Amercoat 351, b) Amercoat 385, c) Sikagard 62 after 60-day exposure to T. ferrooxidans. All the epoxy coatings show good
condition, except for Amercoat 351 where blisters were observed (white arrows). Reproduced with permission.[80] Copyright 2011, Elsevier.

were tested alongside modified mortars and tested in both lab-
based immersion tests (60 days in Atlas cell arrangement ASTM
C 868) and field tests in a cooling tower basin for a geothermal
plant in Indonesia. The surface of the epoxy-coated coupons af-
ter 60 days lab immersion test was free of biofilm (Figure 12).
The formation of brown stains in the vapor zone was observed
in all cases and attributed to the formation of iron salts. All coat-
ings showed good post-exposure condition, except for Amercoat
351, where small blisters (1–2 mm in diameter, indicated by ar-
rows in Figure 12a) and discoloration of the immersed zone were
observed. Although a slight discoloration was also observed in
paint systems Amercoat 385 and Sikagard 62, these paints were
considered satisfactory post-exposure. A different outcome was
recorded from the field tests, with excellent durability demon-
strated by all paints except Sikagard 62, due to an excessive devia-
tion from themanufacturer’s recommended thickness according
to the authors.
Interestingly, none of the paints exposed in the work showed

a significant reduction in bond strength. The Sikagard 62 af-
ter field test represented the only exception. In this case, the
reduction in mechanical properties was attributed to the exces-
sive thickness (compared to the manufacturer’s recommended

thickness) which was addressed as the cause for the formation
of blisters during the test.[80,81] The recorded bond strengths,
generally higher than 3 MPa, are considered acceptable for coat-
ings/mortars on concrete.
Several commercial organic-inorganic epoxy paint systems

have also been tested by Knudsen et al.[82] with the aim of finding
systems that could withstand temperatures of 225 °C or higher in
a simulatedwellbore environment. In the study, preliminary tests
performed by the group on commercial epoxies Green Mountain
DEG, Cotronics 868, Cotronics 863 and Cotronics 4525 in air and
argon atmospheres showed significant degradation. For this rea-
son, the paints were not selected for further tests. A new paint
system was then tested, Cotronics 4538, whose mechanical prop-
erties can be tuned by varying the mixing ratio of resin to hard-
ener. The paints were then tested in three different atmospheres
containing argon, a mixture of hydrogen (5%) + argon and water
(100 ppm)+ argon for 500, 240 and 280 h respectively. According
to the authors, the best results were obtained with the combina-
tion prepared from 5 g of resin and 15 g of hardener (sample
4538S-300) where no cracks was observed throughout the tests.
Conversely, sample 4538S-80 (5 g resin and 4 g hardener) was
deemed too brittle for the application.
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More recently, numerous research studies have investigated
utilizing epoxy-based paints to limit scaling. For instance, a com-
posite epoxy-silicone paint with embeddedNi, Cu andAl powders
were tested by Wang et al.[83] to limit CaCO3 scaling in geother-
mal pipelines. The composite paint system was tested by immer-
sion in simulated geothermal water at 50 °C for 72 h and 168
h, alongside epoxy-silicone paint only (i.e. no embedded Ni, Cu
and Al) and 304 stainless steel. The simulated geothermal wa-
ter contained supersaturated Ca2+ and HCO3

− ions, whose re-
actions leads to the nucleation of CaCO3 both in bulk solution
and on the component’s surface. According to the authors, the
formation of Ni2+, Cu2+ and Al3+ ions, and their release in bulk
solution would slow down the nucleation and crystal growth rate
of CaCO3. An analysis of the tested surfaces after testing indeed
revealed a reduced amount of CaCO3 of needle-like shape on the
surface of the composite paint compared to both stainless steel
and pure epoxy-silicone. According to the authors, Ni2+, Cu2+ and
Al3+ ions combine with CO3

2− to form complex carbonates such
as [Ni(CO3)2]

2−, which can work as nucleation sites for CaCO3 in
the bulk solution as opposed to the component’s surface. This
was further demonstrated by monitoring the variation in Ca2+

concentration with time in the simulated geothermal water for
the 72 h exposure tests on bare stainless steel and composite
paint system.
A comprehensive analysis in the fundamental mechanisms of

CaCO3 scaling is also addressed by Boersma et al.[84] by testing
several paint and coating systems applied over steel substrates.
The authors demonstrate that the scaling is the result of the con-
tributions of three surface properties: surface energy, roughness,
and bulk modulus. These parameters were embedded into a sin-
gle equation for the scale pull-off force (F):

F ∼ K
𝛾13 + 𝛾23 ⋅ r2 − 𝛾12r1

(2)

where K = E/(3 × (1-𝜈2)) is the bulk modulus, obtained from
elastic modulus E and Poisson’s ratio 𝜈, 𝛾 is surface tension, r2
is the increase in surface area due to roughness, r1 is the area
of contact between the crystals and the surface and the digit in-
dexes 1,2 and 3 for the surface tensions refer to scale, substrate,
and water respectively. The authors derived this equation by test-
ing the several paint systems alongside un-coated steel surfaces
of different roughness and a glass fiber reinforced epoxy sub-
strate. Results show a clear demarcation value at approximately
6 GPa/(mN/m) above which the scale formation is considerably
enhanced. The best results were obtained for the coatings of low
surface energy (i.e. Fluoroacrylate, Fluorolink F10 and Smart-
Coat) deposited over the GFR epoxy substrate. The Araldite epoxy
systems were found to perform the worst among the paint sys-
tems tested, due to their higher surface energy compared to other
systems tested.
Results of the application of a polymeric paint system (not

specified of what nature) for the scaling protection of Or-
ganic Rankine Cycles (ORC) heat exchangers was presented by
Scheiber et al.[85] In the study, although specifics on the type of
coating material are not given, results from its application in the
period from 2008 to 2012 to an ORC unit of the Soultz-sous-
Forêts EGS power plant are provided. Although the paint system
showed great potential in terms of scaling reduction directly after

the first application, first signs of paint blistering and spallation
were observed in 2012. Chemical analysis of delaminated paint
fragments showed different chemistries on the side in contact
with the geothermal fluid andwith the underlying steel substrate.
On the former surface, strontium rich barite (Ba1- xSrxSO4),
galena (PbS) andminor fractions ofmixed sulfides ((Fe,Sb,As)Sx)
were detected, while a mixture of iron oxides, hydroxides and/or
carbonates were found, indicating that corrosion of the under-
lying substrate is taking place. The authors therefore concluded
that paint systems have potential for scaling and corrosion pro-
tection, but their chemistry must be specifically optimized to
the service environment. For this reason, the work reports on
a set of new thermosetting and thermoplastic paint systems in-
tended to be exposed at geothermal fluid at 160 °C and 20 bar for
6months, including an epoxymixedwith PTFE.However, results
from these tests are not reported in the paper.
Commercial paint systems, including epoxy/sol-gel coatings,

were also tested by Losada et al.[86] and Freire et al.[87] for scal-
ing and corrosion protection in heat exchanger applications. In
the study, fluoropolymer-based, phenolic-based, and composite
epoxy/sol-gel paint systems were applied onto carbon and stain-
less steel and tested into a synthetic brine resembling the com-
position found at the Balmatt power plant (Belgium). Tests were
run for 570 h at 130 °C and 40 bar pressure and the performance
was evaluated by visually assessing adhesion, rusting, and blis-
tering, together with electrochemical impedance spectroscopy
(EIS) to measure the corrosion protection. Although the com-
mercial name of the exact paint systems employed is not dis-
closed in the work, the authors describe that the tested epoxy
paint systems EP1 is a multilayer where the first layer is a Zn-
rich two-component epoxy primer, the second an amine cured
two-component epoxy with pigments including iron mica, the
third layer is an amine cured two-component epoxy with pig-
ments (not specified) and the fourth layer is a low surface energy
hybrid organic-inorganic sol-gel coating (this latter described in
ref. [88]). The system EP2 is the same as EP1 with the differ-
ence that the primer layer 1 is missing. A low surface tension
(<30 mN/m) was measured on all the tested coatings in the as-
deposited condition. The results demonstrate that the paint sys-
tems EP1 (epoxy/sol-gel) on carbon steel and F2 (fluoropolymer
based)/EP2 (epoxy/sol-gel) on stainless steel effectively protect
the system against corrosion, while maintaining a low surface
tension. Additional calculations performed by the authors show
that the best performing paint systems have a low impact on the
overall thermal conductivity of the heat exchanger system.
Two commercial epoxy paints deposited onto carbon steel sub-

strates were also tested, together with other proprietary paints
and CVD coatings, for corrosion mitigation in acidic geothermal
brine by Belas-Dacillo et al.[65] The study reported acceptable cor-
rosionmitigation performances at room temperature for all coat-
ings tested (including the epoxy paints). The corrosion perfor-
mance was however observed to decrease at the higher exposure
temperatures and pressure, with only one of the CVD coatings
showing satisfactory performance among the tested systems.
Fluoropolymers: Teflon TFE (Polytetrafluoroethylene, PTFE)

and PFA (Perfluoroalkoxy) systems showed the best performance
among all the paint systems tested by Lorensen et al,.[63] In
fact, together with the lowest weight change recorded after
72 h exposure test in 300 °C synthetic brine, the fluoropolymer
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Figure 13. Teflon PFA (left) and Ployphenylquinoxaline (right) nozzle exits after field tests showing considerable difference in amount of mineral scal-
ing. The Teflon PFA paint system demonstrated the least scaling and highest resistance to erosive wear among the tested systems by Lorensen et al.
Reproduced with permission.[63] Copyright 1975, Lawrence Livermore National Laboratory.

systems also demonstrated a limited scaling tendency and high
erosion resistance in field tests compared to the other paint sys-
tems tested (Figure 13).
The ability of the tested paint systems to withstand the aggres-

sive environments was connected to the polymer chemistry. Hy-
drolyzable bonds were proven prone to degradation, as demon-
strated by the poor performance of polyimide, polyamide, carbo-
rane and aromatic polyester paint systems. This also applies to
some of the epoxy systems, where some of the crosslinking phe-
nomena are reversible at high temperature in aqueous environ-
ments. In contrast, a high degree of aromaticity and the presence
of hydrophobicmolecules led to superior chemical resistance and
reduced mineral nucleation (i.e. scaling) for PBI, H-resins, PPQ,
phenolic and fluoropolymers tested.[63]

Several fluoropolymers were tested, among other non-metallic
systems, by Jacobson et al.,[74] by exposure for 58 days in the
Magnamax-1 Salton Sea brine. Among the tested systems, only
the Teflon PFA and a generic Fluoropolymer were considered
satisfactory, with reduced amount if silica scaling also observed.
However, as noted by the authors, the system was also found dif-
ficult to bond to large carbon steel vessels with nozzles.
A chlorosulfonate polyethylene paint was also tested, along-

side a custom-made epoxy paint, by Bai et al.[75] for corrosion
and wear mitigation of well pump shafts in the Tianjin geother-
mal area. The paint was applied with 5 coats to a final thickness
of 150–200 μm over Grade 35 carbon steel shafts and tested in an
experimental loop connected to a geothermal well for 18months.
Qualitative assessments post exposure showed a remarkable cor-
rosion resistance improvement in the coated shafts compared to
the uncoated ones.
Thermally sprayed ethylene tetrafluoroethylene (ETFE) paint

systemswere also tested, alongside ceramic-filled epoxy and ethy-
lene methacrylic acid (EMAA), for corrosion protection of mild
steel in synthetic hypersaline brine and Thiobacillus ferroxidans
bacteria by Allan et al.[62] The test results after exposure (both
in brine and Thiobacillus ferroxidans) of the ETFE paint system
shows the formation of blisters and formation of corrosion prod-
ucts at the substrate/paint interface. The coating was therefore

deemed of insufficient long-term durability at the conditions
tested.
Several Viton fluoropolymer paint systems were also tested,

alongside others, by Bratt et al.,[89] for protection of geothermal
steam turbine blade roots suffering from stress corrosion crack-
ing (SCC). The targeted paint systems were selected with the tar-
get of withstanding a 350°F temperature, low pH ≈2 (represent-
ing early condensate regime) and moisture containing sulfides,
chlorides, ammonia, and boron. These target properties were se-
lected to mimic the conditions found in plants at the western
side of The Geysers Geothermal Steam Field. A few details the
tested systems are provided, with generic denominations “Poly-
mer”, abbreviations “DMCE” and “PSE” and N/A proposed, with
no further specifications provided on the chemistry of these sys-
tems apart from measured thermo-mechanical properties. The
paint systemswere tested against penetrability performance, flex-
ibility performance, and strength/durability and exposure perfor-
mance via test apparatuses specifically designed for the scope.
Results from the different tests highlighted the following scenar-
ios: a) the Viton paint systems performed best in penetrability
among the tested systems (possibly due to their higher viscosity
compared to the other systems), b) the Viton system #1 and the
“Polymer” system #7 performed best in flexibility both pre- and
post-exposure, c) both “Polymer” and “PSE” paint systems per-
formed best in strength test. Therefore, the mixed nature of the
results emphasized that none of the tested paint systems would
be suitable for the environment under analysis in this work.
An interesting study on the corrosion protec-

tion and hydrothermal oxidation properties of the
Poly(tetrafluoroethylene)/(hexafluoropropylene) paint sys-
tem exposed for 20 days in 200 °C synthetic brine (20 000 ppm
CO2 and 13 wt.% NaCl) deposited onto carbon steel was later
proposed by Sugama et al.[90] The paint system was applied
onto 1010 carbon steel panels by dipping and curing for 24 h at
room temperature, thanks to the presence of an organic silicon
oligomer catalyst. The average thickness of the film so deposited
was 0.185 mm. Electrochemical corrosion techniques were
employed to evaluate the degradation, with phase changes and
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Figure 14. Mechanism of hydrothermal oxidation of the polyfluorocarbon,
possibly leading to the formation of fluorocarboxylic acid fragments.

surface energy properties monitored before and after the tests.
The results demonstrate that indeed the coating underwent
hydrothermal oxidation, involving substitution of fluorine atoms
with oxygen atoms and scission of backbone carbon-carbon
linkages and eventually formation of fluorocarboxylic acid
(Figure 14).
The presence of these oxidation-induced fragmented deriva-

tives is also held responsible for the measured uptake of water by
the coating, together with decrease in contact angle and transfor-
mation from semi-crystalline polyfluorocarbon into amorphous
fluorocarboxylic acid derivatives. However, no corrosion prod-
ucts, nor layer delamination was observed after exposure, indi-
cating that the coating successfully acted as a barrier at the test
conditions employed. Similar results were also obtained by the
same authors on commercial fluoroelastomer bearings exposed
in synthetic brine at 150 °C for 120 days.[40]

Several fluoropolymer-based paint systems were also tested by
Scheiber et al.,[85] applied as multilayers over pipes for corro-
sion and scaling protection, and tested in the high temperature
skid designed for the Soultz-sous-Forêts geothermal power plant.
The tested paint systems were a combination of perfluoroalkoxy
(PFA), fluorinated ethylene propylene (FEP), polytetrafluoroethy-
lene (PTFE), and polyetheretherketone (PEEK) and the coated
pipes were damaged by scratching before the test. Unfortunately,
no publication could be found detailing the results of these tests.
Encouraging results from the use of Fluoroacrylate and Fluo-

rolink F10 fluoropolymers used to reduce scaling were obtained
by Boersma et al.[84] The paint systems were tested in a solution
containing CaCO3 at room temperature for 1 h and the scaling
tendency was measured by specular light reflection and adhe-
sive tape removal. Results demonstrated that the lowest amount
of scale was formed on the two fluoropolymers paints and the
SmartCoat (SiO2 based), due to their low surface energy com-
pared to the other paint systems tested. Results demonstrate that
a lower surface energy, 𝛾 total = 5.3, 8.9, and 14.1 mN m−1 for
SmartCoat, Fluoroacrylate, and Fluorolink F10, respectively, has
the effect of reducing the amount and adhesion strength of scale
deposited onto the substrate.
Two fluoropolymer-based paints were also tested together

with phenolic and epoxy/sol–gel systems by Losada et al. and
Freire et al.[86,87] The paint systems were applied on both carbon
(P265G) and stainless steel (316L) with the aim of reducing corro-
sion and scaling in heat exchanger tubes and were tested for 570
h at 130 °C and 40 bar in synthetic brine resembling the chem-
istry of the Balmatt power plant. The EP1 epoxy/sol–gel system
on carbon steel and F2 fluoropolymer and EP2 epoxy sol-gel sys-
tems on stainless steel were found to effectively protect against
corrosion, together with possessing a low surface energy (ideal
for scaling reduction). Additionally, for the best-performing paint

systems F2, EP1, and EP2, the thermal transfer resistance was
calculated. The measured thermal resistance is similar or lower
than the brine-side fouling factor (i.e., the thermal resistance in-
troduced by a fouling layer) of the heat exchangers used in the
Balmatt power plant (i.e. Rf = 0.0004 m2 K W−1). These results
suggested that these coatings could be a viable option for corro-
sion and scaling reduction in heat exchangers applications.
PTFE fluoropolymers were also used as filler phase (i.e., pig-

ment) within a matrix of polymers of different chemistry. For
instance, Gawlik et al.,[91,92] tested a PTFE-blended polyphenyle-
nesulfide (PPS) system with a zinc phosphate (ZnPh) under-
coat/primer over steel for heat exchanger corrosion, erosion, and
fouling protection.
A commercial fluoride compound tetra deca-flouro hexane

paint (TDFH, Chemguard, Sigma–Aldrich) was also prepared
by Covelo et al.[93] by sol–gel synthesis and spin-coating deposi-
tion to enhance hydrophobicity and corrosion protection to alu-
minum heat exchangers. Different paint samples were prepared
by varying the proportions of the TDFH compound incorporated
during sol-gel synthesis (10%, 20%, and 30%). The paints were
tested alongside perfluoro ethyl trioxi sylane {CF3(CF2)5(CH2)2-
Si(OCH2CH3)3} (PTES) paint deposited by dip technique and
3-glycyloxypropyltrimethoxysilane (GPTMS) paint, deposited by
spin-coating. The aluminum substrates were prepared by electro-
chemical etching prior to paint application. The performance of
the systems was evaluated by microstructural characterization,
surface energy, and thermal conductivity measurements after
electrochemical impedance spectroscopy in simulated geother-
mal fluid (3580 ppmNa and 6693 ppm Cl) for 1000 h. Water con-
tact anglemeasurements showed that hydrophobic surfaces were
obtained by both TDFH (20% and 30%) and PTES paints. The au-
thors also reported an enhanced thermal conductivity compared
to bare aluminum substrate (although this was onlymeasured on
the PTES paint, the thickest among the paints produced). Finally,
EIS measurements demonstrate a good corrosion resistance for
both TDFH (20%) and PTES paint systems, which however ap-
pears to decrease after ≈720 h exposure time.
An interesting recent development by Zhang et al.,[94] has seen

the introduction of graphene oxide (GO) into a commercial Xy-
lan G5844 fluoropolymer paint to develop advanced coating so-
lutions for drilling components. The paper only presents the
initial microstructural and mechanical characterization of these
paints and other coating, including WCCoCr and CrC-NiCr cer-
mets, self-fluxing NiCrFeSiB, a nanocrystalline/amorphous coat-
ing and a HEA CoCrFeMo0.85Ni coating. Reported analysis in-
volved metallographic examination, hardness sliding wear tests.
The PTFE-based paints were prepared by mixing different load-
ing levels of GO from 0.5 to 5 wt.% and applied onto carbon
steel substrates. Interestingly, the group observed the forma-
tion of cracks at the higher loading levels (i.e., 2.5 and 5 wt.%)
and a significant reduction in friction coefficient from 0.55 to
0.13 compared to carbon steel, as measured by sliding wear test
(Figure 15).
The same PTFE-based paints developed by Zhang et al. were

also exposed to simulated geothermal conditions by Straume
et al.[95] In the study, aHigh-PressureHigh Temperature (HPHT)
autoclave was employed to test the graphene oxide (GO)-PTFE
based paints with loading levels of 0, 0.5 and 2.5 wt.% GO de-
posited onto carbon steel substrates. The tests were performed
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Figure 15. SEM micrographs of the surface of Xylan-based coatings a) pure Zylan, b) Xylan+0.5 wt.%Graphene Oxide(GO), c) Xylan+1 wt.%GO,
d) Xylan+2.5 wt.%GO, e) Xylan+5 wt.%GO. Reproduced with permission.[94] Copyright 2021, International Geothermal Association.

in a CO2- and H2S-containing brine, at 250 °C, 50bar for 7 days.
Apart fromweight loss, microstructural characterization was per-
formed, post-exposure, to characterize the specimens. The au-
thors report the lowest and highest weight gain for the specimens
containing 0.5 and 2.5 wt.% GO respectively, which was linked to
the formation of FeS scale. Then authors therefore conclude that
a maximum optimum loading level exists for these paints.
Phenol: Phenolic-based paint systems were tested by

Lorensen et al.,[63] together with 28 other systems, and exposed
to 24 wt.% NaCl synthetic brine at 300 °C. The phenol-based
systems tested, polyphenylquinoxaline/carbon fiber and phe-
nolic/fiberglass composites (60% and 70% estimated carbon
fiber and fiberglass loading respectively), were amongst the
paint systems showing less than 10 wt.% change after the test
(0 and −3 wt.% respectively). One of the two paint systems, the
polyphenylquinoxaline/carbon fiber composite, was therefore
selected and exposed to geothermal brine from the well in a
nozzle configuration from 110 to 130 hours, followed by visual
inspection. Unfortunately, a significant amount of scaling was
observed after the test compared to the other fluoropolymers
tested in the study (see Figure 13).
A commercial baked-on phenolic was also tested, as exposed

for 58 days in the Magnamax-1 Salton Sea geothermal brine, by
Jacobson et al.,[74] together with other non-metallic paint systems.
Unfortunately, the system was observed to be chipped after the
test. However according to the authors this system, together with
the vinyl ester paints, is considered promising if applied as thick
paint (i.e. t > 1.5 mm).
Resole-type phenolic paint systems (i.e. systems made with a

formaldehyde to phenol ratio greater than one) were later tested
by Sugama et al.[96] The paint system, applied onto AISI 1008
carbon steel to a total thickness of140–150 μm, was exposed

for up to 15 days in synthetic brine (pH = 1.6, 1 wt.% H2SO4,
13 wt.% NaCl) at temperatures ranging from 150 °C and 200 °C
and pressures between 0.5 and 1.6 MPa. The oxidative mecha-
nisms (or hydrothermal oxidation) occurring in the paint system
was then characterized bymeans of standardmicrostructural and
phase change analysis techniques, while and EIS was employed
to quantify corrosion phenomena. Changes in the chemical state
of the paint surface, obtained by XPS analysis, led the authors
to the conclusion that hydrothermal degradation of resole-type
phenolic paint systems indeed occurs with the transition methy-
lene → benzlhydrol → benzophenone → salicylic acid. Accord-
ing to the authors, the breakage of C-C-C linkages in the polymer
structure increases the paint susceptibility to moisture. This was
confirmed by contact angle measurements (a 29.5% decrease in
contact angle from the initial 88.5° was measured for the sys-
tem exposed to 200 °C), TGA (3.7% weight loss for the system
exposed to 200 °C attributed to water evaporation), EIS (decline
in pore resistance measured for the system exposed to 200 °C)
and SEM-EDS (revealing coating crack due to stresses generated
by formation of iron oxides at the paint/substrate interface). Iron
oxides were found at the paint/substrate interface for the systems
tested at both 175 °C and 200 °C, leading in some cases to paint
delamination and blistering. For this reason, the authors suggest
a 150 °C as upper limit of useful temperature for these systems.
A phenolic-based paint system was also tested, together with

two fluoropolymer-based paints and epoxy/sol-gel systems by
Losada et al.[86] The paint systems were applied on both carbon
(P265G) and stainless steel (316L) for corrosion and scaling mit-
igation in heat exchanger tubes and tested for 570 h at 130 °C
and 40 bar in synthetic brine. The phenolic-based paint system
showed great adhesion and limited presence of defects (i.e. blis-
ters and rusting), however, its surface energy was measured to
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rise from 30 to 44 mN/m after exposure, indicating the possi-
bility of a reduction in scaling mitigation capability. Moreover,
from electrochemical corrosion tests, the paint systemwas found
to allow electrolyte permeation through the paint system, which
would make it inadequate for corrosion mitigation applications.
Nevertheless, no corrosion products at the paint/substrate inter-
face were found. The coating was therefore not deemed promis-
ing for the specific application, and only the EP1 (epoxy-based)
and F1, F2 (fluoropolymer-based) paint systems were considered
suitable.
More recently, interesting results have been obtained by Es-

partero et al.„[97] by testing a polybenzoxazine (PBZ) and rubber-
modified (PBZ-R)/montmorillonite (MMT) nanoclay composite
paint system in acidic geothermal brine (pH = 3). Polybenzox-
azines are polymers formed as condensation products between
a phenol, formaldehyde and amine and have been used due to
their excellent properties such as near-zero shrinkage upon poly-
merization, low surface free energy, low water absorption, good
thermal stability and good mechanical properties.[98–100] More-
over, in the work, MMT was added, at various loading levels (i.e.
0, 1, 3, 5 and 7 wt.%), with the aim of improving the thermos-
mechanical and corrosive medium permeation resistance prop-
erties compared to the PBZ-only paint system. Although techni-
cally polybenzoxazines do not fall under the phenols class, they
have been included under this category within this review.
The paint system was applied onto carbon steel and tested for

phase changes, mechanical properties, microstructural modifica-
tions, and corrosion performance after 1 and 7 days immersion
in simulated geothermal brine. Results demonstrated that an im-
provement in thermal stability and mechanical properties (but
not adhesion strength) was obtained by incorporation of MMT in
the PBZmatrix compared to the PBZ-only paint system. Interest-
ingly, also the corrosion performance is improved by the addition
of MMT, as extrapolated by 1 and 7 days electrochemical corro-
sion tests. Results showed a higher 7 days corrosion rate for the
PBZ-R-7%MMTpaint system (i.e. 0.007mm year−1) compared to
the PBZ-R-5%MMT system (i.e. 0.005 mm year−1), thus suggest-
ing the existence of an optimum amount of MMT loading. The
promising performance of the PBZ-R-5%MMT paint system was
confirmed by SEM analysis, showing no signs of corrosion dam-
age after the 7 days immersion test (Figure 16).
Two commercial phenolic paint systems, Si 14 E and Here-

site formulation 4403 were also tested by Gawlik et al, in both
field and laboratory accelerated tests for cost reduction, corro-
sion and scaling mitigation in heat exchanger application.[91,92]

The systems were applied, on carbon steel tubes, by using a “fill
and drain” technique repeated 6 to 8 times, followed by post cur-
ing at 200 °C. Field tests were performed at the Hoch power
plant (Salton Sea geothermal area), exposed to hypersaline brine
for a minimum of 45 days at temperatures up to 110 °C. The
laboratory-based accelerated tests were performed in low pH, hy-
persaline brine (1 wt.% H2SO4, 13 wt.% NaCl, and 86 wt.% wa-
ter) at 200 °C for 40 days. The performance of the paint systems
was evaluated by hydroblasting tests, calculation of fouling coeffi-
cient and chemical analysis through pyrolysis mass spectroscopy.
Results showed that no degradation occurred when the phenolic
paint systems were exposed to field tests, but a noticeable change
in composition was observed after exposure to accelerated con-
ditions. These chemical changes were linked to elimination of

the phenolic hydroxyl group. Moreover, the scale formed on the
component after field test could be removed even at the lower
water pressures with no apparent degradation of the underlying
paint surface. The results led then authors to conclude that the
coatings could represent a viable solution for cost-effective heat
exchangers in contact with hypersaline brine.
A phenolic-based commercial paint was also reported by

Losada et al. and Freire et al.[86,87] for scaling and corrosion pro-
tection in heat exchanger applications. The paints were applied
onto carbon and stainless steel and tested into a synthetic brine
resembling the composition found at the Balmatt power plant
(Belgium). Results demonstrated acceptable performance for this
system.
Polyamide: The only reference to the use of a polyamide

paint system in geothermal applications was found in the work
of Lorensen et al.[63] The system, a DuPont-KS Polyamide, was
tested alongside several other paints in 24 wt.% NaCl synthetic
brine at 300 °C for 72 h, showing 100% weight loss after the test.
Further field tests were conducted by applying the paint onto a
nozzle and exposing it for 110 to 130 hrs. Results showed partial
flow blockage due to growth of scale products and areas of severe
erosion.
Polyaromatics: Since many polycyclic aromatic hydrocarbon

(PAH) have been tested carcinogenic, mutagenic and/or toxic for
reproduction, their use has been widely limited. The only study
found that uses PAH as paint systems for geothermal application
is the one fromLorensen et al. in 1975,[63] for application in steam
turbines. Four PAH paints and one polyaromatic polyester paint
were tested in the study. Among the PAHs, three of them were
applied with different dispersed pigments Al2O3 (40 wt.%) and
graphite (50 wt.%). Exposure tests in 300 °C synthetic brine for
72 hours showed that the pure PAH and the PAH with graphite
pigment performed best among all the PAH systems tested (both
0 wt.% weight loss). It is worth nothing however, that a good per-
formance was also recorded for the other PAHs paint systems
tested, except for the polyaromatic polyester, for which a signif-
icant 69 wt.% weight loss was measured. Due to the good per-
formance recorded, two PAH systems were further exposed to
250 °C synthetic brine, again showing adequate performance.
The conclusion was drawn that a high degree of aromaticity, com-
bined with water-insensitive linkages, confer stability to the paint
system in the tested environment.
Polybenzimidazole (PBI): Some polybenzimidazole (PBI)

systems were already tested in 1975 by Lorensen et al.[63] Their
performance, evaluated after 72 h exposure to 300 °C synthetic
brine, was evaluated satisfactory as these materials showed a less
than 10 wt.% weight loss after the test. The good performance
of the systems was attributed to the high degree of aromaticity
and absence of hydrolyzable linkages. One of the systems was
further tested for 202 h at both 250 °C and 300 °C with results
comparable to what obtained at 72 h in 300 °C artificial brine,
demonstrating good resistance in the tested medium. However,
the material was not selected for further field tests.
A more recent application by Sugama[101] aimed at evaluat-

ing the thermal stability of PBI paint system deposited onto car-
bon steel after exposure to brine at 300 °C. Factors evaluated in-
cluded thermal degradation, the degree of surface’s energy and
hydrothermal oxidation, the changes in chemical compositions
and states for the coatings’ surfaces before and after exposure
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Figure 16. SEMmicrographs before and after exposure tests of polybenzoxazine (PBZ) and rubber-modified (PBZ-R)/montmorillonite (MMT) nanoclay
composites: a) bare carbon steel, b) PBZ-R, c) PBZ-R-5MMT before immersion in geothermal brine, d) bare steel immersed in 0.5 m NaCl, e) bare steel,
f) PBZ-R, g) PBZ-R-5MMT immersed in geothermal brine for 7 days, and optical images of PBZ-R-5MMT, h) before immersion, i) after immersion in
simulated geothermal brine for 7 days. The smooth surface appearance of the sample PBZ-R-5MMT in panel (i) shows no clear signs of corrosion or
damage. Reproduced with permission.[97] Copyright 2019, Association for Materials Protection and Performance.

and the ionic conductivity of corrosive electrolyte species through
the exposed layer. Results demonstrated that exposure to 300 °C
brine led to hydrolysis of the = N = C and ≡C-N = bonds in the
structure of the PBI’s imidazole rings, with consequent forma-
tion of hydrolyzate derivatives biphenyl tetra-amine and benzodi-
carboxylic acid. The formation caused a decline in the polymer
thermal stability and an increase in wetting. This increase in wet-
ting eventually led to the uptake of corrosive electrolyte during
exposure, with the result that the paint system was completely
delaminated from the carbon steel substrate after 14 days. The
paint systemwas therefore considered inadequate for application
in the environment tested.
Polybutadiene: The only reference to polybutadiene paint sys-

tems being tested in geothermal environment was found in the
work of Lorensen et al. in 1975.[63] Four different commercially
available polybutadiene types (Dienite, manufactured by Fire-
stone) were tested, with and without the addition of chopped
glass filler. The polymers were tested first in 300 °C synthetic

brine for 72 h and the weight loss measured. Interestingly, all the
tested polybutadiene systems measured a weight loss lower than
10 wt.% after the test, which suggested promising performance.
Two of the Dienite systems were therefore further tested by expo-
sure to 250 °C and 300 °C for 202 h together with a few other se-
lected polyaromatic and PBI organic systems to test the potential
suitability to low-temperature geothermal brine. Results showed
a low weight loss (up to 2.3%) for the two systems, which the au-
thors considered promising due to the inexpensive nature of the
polybutadiene materials.
Polyetheretherketone (PEEK): The only reference to the use of

a PEEK paint system for geothermal application was found in
the work of Scheiber et al.[85] In the study, a PEEK/PFA mul-
tilayer paint system was developed and applied as over pipes
for corrosion and scaling protection and tested in the high tem-
perature skid designed for the Soultz-sous-Forêts geothermal
power plant. The system was tested together with others, includ-
ing combinations of perfluoroalkoxy (PFA), fluorinated ethylene
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propylene (FEP) and polytetrafluoroethylene (PTFE). Unfortu-
nately, no publication could be found detailing the results of these
tests.
Polyethersulfone (PES): The only reference to the use of

polyethersulfone (PES) was found in the work of Sugama[102] for
corrosion and scaling mitigation in joint areas of carbon steel
pipelines and heat exchanger units. In the work, the PES paint
systems were produced by using N-methyl pyrrolidone (NMP) as
precursor at several PES/NMP weight ratios: 5/95, 10/90, 15/85
and 20/80, thus obtaining layers of ≈25, 48, ≈74, and ≈100 μm
thickness respectively. The systems were evaluated by means of
electrochemical impedance spectroscopy (EIS, in aerated 0.5 m
NaCl solution at 25 °C) for corrosion mitigation, water contact
angle measurement for wetting behavior, and X-ray photoelec-
tron spectroscopy (XPS) for surface modifications. These anal-
yses were performed before and after 15 days exposure tests in
autoclave with a CO2-laden hypersaline synthetic brine (0.5 wt.%
NaHCO3, 13wt%NaCl) at 200, 250 and 300 °C. Initial EIS tests on
the PES/NMP systems of different weight ratios revealed that the
highest resistance to corrosion was provided by the 15/85 system.
This was related to the higher viscosity of the other formulations,
which hindered a uniform substrate surface coverage and led to
local paint delamination. Further exposure tests were therefore
performed only on the 15/85 PES/NMP system. Post-exposure
analysis showed a marked decline in the contact angle of 17.7,
39.4 and 53.5% at 200, 250 and 300 °C respectively compared
to the unexposed paint system, thus suggesting that hydrother-
mal oxidation had taken place. This was confirmed by XPS anal-
ysis of the paint surface, which highlighted the possible path-
way of hydrothermal degradation. According to the author, hy-
drothermal oxidation of the polymer took place during exposure,
with the worst effects observed at the highest temperature tested,
i.e. 300 °C: breakage of PES ether bonds, sulfone → benzosul-
furic acid transformation and bond rupture in the phenyl rings
(Figure 17). The adverse effect of this transformation was con-
firmed by EIS tests performed on the paint systems after expo-
sure. The authors concluded that the PES system could only pro-
tect the substrate up to 200 °C temperature.
Polyimide: Six commercial polyimides systems were among

several paint systems tested by Lorensen et al.,[63] in 250 and
300 °C geothermal brine. The weight loss results after 72 h ex-
posure show that all the tested polyimide systems suffered sig-
nificant degradation (≈100 wt.% weight loss for five out of six
systems). The results were surprising as the authors expected a
better performance from these systems. Additional details on the
tests performed, revealed that most polyimide systems failed af-

ter only 21 h exposure. The authors concluded that the poor per-
formance was due to the presence of hydrolyzable bonds within
the polyimide molecular structure.
An interesting application of polyimide was identified by Rein-

sch et al.,[103] for coated fibers used in wellbore applications for
high temperature geothermal areas. In the study, silica fibers
were coated with four different commercial polyimides and two
metals, aluminum, and gold. The performance of the paints and
coatings was evaluated by exposing the fibers to different temper-
ature cycles simulating the conditions of a wellbore cable. Tem-
peratures in the range 90–385 °C, 269–400 °C and 269–700 °C for
polyimides, aluminum and gold coated fibers respectively were
selected for the tests, which were performed under both air and
argon atmospheres. Attenuation was then calculated after the ex-
posure tests via optical time-domain reflectometry. Results from
the tests revealed that an application of polyimide-coated fibers
might be possible at temperatures ≈350 °C for extended periods
of time.
Polyphenylenesulfide (PPS): A commercial polyphenylenesul-

fide (PPS) material was already tested by Lorensen et al. in
1975,[63] combined with 40% glass fiber. According to the au-
thors, the system was observed to “break into small pieces” dur-
ing the exposure test in 300 °C brine for 72 h, which however
was not necessarily linked to degradation. No further tests were
reported for this system.
Although results from the tests were not presented in the

paper, a commercial PPS Ryton paint was also tested by
Borenstein,[104] together with other 21 coating and paint systems
for corrosion mitigation of steam turbine blades in The Geysers
(California, USA) geothermal area. The coatings/paint systems,
applied onto ASTM A276, Type 403 stainless steel and ASTM
A470 Class 8 steel, were tested in both simulated and field tests.
Two types of simulated tests were performed, salt spray and ero-
sion. A modified salt spray test was performed utilising con-
densate from real geothermal steam, while particles removed
as sediment from the condensate were employed in the erosion
test. Field tests were instead performed by fitting coupons to the
raincatcher section of the turbine shell as well as by coating di-
aphragm nozzles. Unfortunately results from the tests were not
presented in the paper.
Better performance was reported in a later study by Conrad

et al.,[105] testing a PPS paint system commercialized as Ryton
and a 40% graphite fiber/PPS composite in hypersaline brine
from Magmamax No 1 geothermal well (Salton Sea Geothermal
Resource Area). The paint system was applied on 316L stain-
less steel by first applying a ≈200 μm primer layer (CorroTherm

Figure 17. As suggested by Sugama,[102] hydrothermal oxidation of polyethersulfone (PES) exposed to artificial brine at temperatures >250 °C leads to
the formation of hydroxyl and carbonyl groups, with consequent enhancement of moisture susceptibility. Reproduced with permission.[102] Copyright
2005, Brookhaven National Laboratory.
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CT-33) and then spraying several layers of PPS to achieve a
final thickness of ≈500 μm. Both the PPS paint system and
graphite/PPS composite were exposed in field tests for 15 to 45
days to several medium compositions including wellhead brine
and 1st–2nd separators output steam and brine. The variety of the
exposure environments resulted in a temperature range between
180 and 215 °C, a pH between 5.3 and 6.9 and a Cl− concen-
tration between 0.17 to 12.9%. Post-exposure visual assessment
revealed that the PPS paint systemwithstood the exposure condi-
tions satisfactorily in all environments, with good adhesion and
only occasional blistering and edge chipping. Cracking and gen-
eral degradation was instead observed in the graphite fiber/PPS
composite in all process environments. According to the authors,
this was linked to the exposure to temperatures above the maxi-
mum recommended for the system, 150 °C.
SiC/PTFE Fillers: Several PPS-based paint systems were later

evaluated by Gawlik et al. in three subsequent studies employing
similar exposure and analysis techniques.[91,92,106] The aimwas to
develop cost-effective heat exchanger tubes by replacing titanium
alloys with carbon steel covered with corrosion- and scaling-
resistant paint for the Hoch power plant (Salton Sea geothermal
area). To this aim, analytical techniques were used to evaluate the
chemical changes on the paint surface after laboratory exposure
tests. The growth of scale, and its influence on the scaling coef-
ficient (Rf, km

2/W) was instead employed to evaluate the results
of field tests on tube heat exchangers.[92] For all three studies,
laboratory-based exposure tests were performed in low pH, 1wt%
H2SO4, 13wt%NaCl hypersaline brine at 200 °C, while field tests
were run in an ad-hoc designed skid to test several heat exchang-
ers in parallel. The earlier study[106] aimed at evaluating the ef-
fect of a zinc phosphate (ZP) primer layer before application of
PPS and the addition of SiC into the PPS matrix. The result of
the laboratory exposure clearly demonstrated that the absence
of a ZP primer led to PPS blistering already after 3 days of ex-
posure, with complete delamination occurring after 14 days. A
good resistance to oxidation for the ZP/PPS system was further
confirmed by XPS analysis after the test. The beneficial effects
and importance of successful preparation of a ZP primer layer
on the durability of the ZP/PPS systemwas previously confirmed
by Sugama et al.[107] and Gawlik et al.[108] The field tests then fo-
cused on comparing ZP/PPS and ZP/PPS/SiC systems (18 wt.%
SiC). Results from these tests showed that, although the addition
of SiC has no effect on the scaling rate, it has a large effect on the
thermal conductivity, with the overall heat transfer coefficient of
the ZP/PPS/SiC system being 55% higher than ZP/PPS. The ad-
dition of PTFE to the ZP/PPS and ZP/PPS/SiC system was then
evaluated by the same group using similar testing and analysis
techniques.[91,92] The analysis of the specimens after field expo-
sure tests revealed that the scale formed on surface of the paint
systems (measured thickness between 1.8 and 2.3 mm) could be
easily removed by hydroblasting for all the PPS systems, with-
out damage to the liner. This result suggested a weak interfacial
adhesion for the scale/paint system, which was later confirmed
by shear bond strengthmeasurements. The lowest bond strength
wasmeasured in the ZP/PPS/PTFE system, which was attributed
to the low surface energy of PTFE. The evolution of the scaling
coefficient with exposure time was then evaluated.
Due to the nature of the skid testing apparatus, each tube

was exposed to geothermal brinewith different chemical-physical

properties, thus making a result comparison challenging. The
systems exposed to the hottest brines, i.e., PPS/PTFE (A1) and
PPS/PTFE/SiC (A2) showed significant scaling compared to
other systems, which required mechanical scale removal after
≈800 h of exposure. However, the authors report that the scale
could be easily removed by hydroblasting at the lowest pressure
used (41 MPa).
The improved resistance of the added PTFE phase was an-

alyzed in depth by Sugama et al.[109] by chemical analysis of
scale/paint interface for SP/PPS and ZP/PPS/PTFE systems af-
ter exposure to 110 °C hypersaline geothermal brine for 45 days.
According to the authors, the observed hydrothermal oxidation of
un-blended PPS is linked to its preferential reaction with FeCl2
present in the geothermal brine. The reaction leads to the trans-
formation of sulfide into polychloroaryl compounds and FeSO4.
Due to the water-soluble nature of this latter, the scale formed
can be easily removed from the PPS surface, as experimentally
proven. When PTFE was added to the PPS matrix, the PTFE was
observed to mainly segregate at the paint surface, thereby creat-
ing a layer almost inert to scale formation.
The anti-oxidative properties of the PTFE were also confirmed

by another study from the same author[110] by exposure of the
paint systems in silica-rich brine. In the work, uncoated AISI
1008 carbon steel, ZP/PPS, and ZP/PPS/PTFE paints were tested
for 7 days at 200 °C in hypersaline, silica-rich brine (2 wt.%
Na2SiO3·5H2O, 14 wt.% NaCl). Microstructural analysis and sur-
face energy measurements were performed on the systems. The
results demonstrated that the formation of a surface oxide layer,
Fe2O3 for carbon steel and sulfur oxide derivatives for unblended
PPS, facilitates the initiation of silica scale deposits. In contrast,
due to the low susceptibility to oxidation of the PTFE blended
paint system, the surface successfully inhibited silica deposition
as well as retained its hydrophobic characteristics. Therefore, the
addition of SiC and PTFE to PPS was proven to enhance the
thermal conductivity and scaling resistance of the paint systems
respectively. However, heat exchangers, the components most
targeted for application of these PPS-based systems, also suffer
from abrasive wear mechanisms, both due to the passage of hard
mineral particles naturally present within the geothermal brine
and due to high-pressure hydroblasting. Thus, several studies at-
tempted to incorporate hard mineral inorganic pigments within
the PPS matrix and their effect on abrasive wear resistance.
Hydraulic Inorganic Fillers: Sugama et al.,[111] tested two PPS-

based paint systems, among which one was a ZP/PPS with added
hydraulic aluminum oxide-rich calcium aluminate (ACA) filler.
The rationale is that when the paint system is damaged, the Cl−

and SO4
2− anions contained in the brine react with the Ca2+

ions liberated from the ACA, therefore forming CaCl2 and CaSO4
products, which are water-soluble and thus leave behind Ca-
depleted ACA. This latter is then transformed into crystalline bo-
hemite (𝛾-AlOOH) phase, a very hard, tough, strong ceramic.[112]

The ZP/PPS/ACA paint system was applied onto AISI 1008
carbon steel tubes and exposed to the Mammoth geothermal
power plant brine for eleven months at 160 °C. The coating
was tested alongside another carbon steel tube coated with a
ZN/PPS/SIC-PPS/PTFE multilayer paint system and uncoated
stainless steel AISI AL-6XN for reference. Results demonstrated
that the ZP/PPS/ACA system suffered from increased surface ox-
idation compared to theZP/PPS/ACA,which led to the formation
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Figure 18. Backscattering SEM image and EDX spectra for the cross-sectional area of 15wt% boehmite-filled PPS paint system after exposure for 15 days
in 300 °C brine. Porosity is generated within the paint layer in contact with the exposure medium, which was linked to an excessive amount of bohemite
phase. Reproduced with permission.[113] Copyright 2004, SAGE Publications Inc.

of scale product in the former. However, the oxidation did not
seem to be linked to hydrothermal oxidation, as both melting en-
ergy and crystallization energymeasured by DSCweremeasured
as being comparable before and after exposure. The authors con-
cluded that PTFE is more effective in inhibiting scale formation
than ACA.
Further studies from the same group[113,114] aimed at remov-

ing the step of ACA-to-bohemite transformation by incorporat-
ing nanoscale bohemite phase directly in the as-deposited paint
system. The study focused on characterizing the resistance to
erosion wear, thermal properties, and analysis of surface phases
and morphology after exposure to CO2-rich geothermal brine at
300 °C for 15 days. Results demonstrated a 6-fold improvement
in resistance to erosion wear by adding 15 wt.% bohemite phase
compared to pure PPS paint. Concerns however were raised
by chemical analysis of the 15 wt.% bohemite/PPS paint sys-
tem (Figure 18). The exposure caused in fact significant weight
gain, possibly caused by the development of porosity within the
paint and solution permeation. The authors therefore suggested
the use of a maximum 5 wt.% bohemite phase. Further chemi-
cal structure modifications analysis suggested that although hy-
drothermal oxidation with sulfide to sulfite transformation could
have occurred after the exposure to 300 °C, this however did not
seem to have diminished the corrosion protection characteris-
tics of ZP/PPS/bohemite paints when the boehmite loading was
≤5 wt.%.
Hydraulic inorganic grains of calcium aluminate (CA) fillers

for PPS were employed by Sugama et al.,[115] to assess the self-
repairing ability of the paint system. The authors suggested that
the expanding CA crystals, due to contact with the hot geother-
mal brine, would densely fill cracks, thus reconstituting the dam-
aged coatings. ZP/PPS/CA was therefore created, at different CA
loading levels: 0, 2, 5, and 10 wt.%. The paints were prepared
by forming, mechanically, cracks ≈5 μm wide and 8 to 17 μm
deep prior to the exposure tests. The specimens were exposed for

up to 20 days in simulated geothermal brine (200 °C, CO2-laden
brine, 13 wt.% NaCl). The corrosion performance of paint sys-
tems pre- and post-exposure was determined by EIS and the spec-
imens were analyzed, post-exposure, for microstructural modifi-
cations. Results demonstrated that, already after 24 h exposure,
the cracks resulted filled with ≈7 μm block-like crystals rich in
Al oxide (Figure 19). The nature of the crystals was identified as
being the bohemite phase. Their growth was demonstrated to oc-
cur already after only 2 h exposure by the authors, together with
calcite phase, which is however transformed into water-soluble
calcium bicarbonate, therefore leaching out from the grooves.
The pore resistancemeasured on the self-repaired paints showed
an increase of two orders of magnitude compared to the system
without filler only after 24 h exposure, with the highest valuemea-
sured with the 5 wt.% CA paint.
Montmorillonite (MMT) clay fillers were also tested later by

Sugama,[116,117] dispersed in a PPSmatrix, with three main aims:
melting point increase, crystallization energy increase, and hy-
drothermal oxidation mitigation. The group aimed, in fact, at en-
hancing the protecting properties of the PPS system in environ-
ments containing 300 °C brine, thus a considerably higher tem-
perature than what the group tested previously. MMT consists
of one alumina octahedral sheet sandwiched between two silica
tetrahedral sheets. The space between these sheets (≈1.1 nm)
contains ions such as Na+, K+, Li+, or Ca+, which can easily
exchange with long-chained organic alkyl amine cations. This
leads to system expansion, which favors the exfoliation of silicate
platelets and co-intercalation of further polymer (i.e., the PPS).
In this work, the author used octadecylamine (ODA) as intercalat-
ing agent. The≈150 μmZP/PPS/MMT intercalated paint system,
applied onto carbon steel, was tested for 20 days in simulated
geothermal brine (300 °C, CO2-laden brine, 13 wt.% NaCl). Elec-
trochemical techniques were employed to quantify corrosion,
with phase changes and microstructural modifications assessed
pre- and post-exposure. The system demonstrated enhanced
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Figure 19. SEM images coupled with EDX spectra for cleaved PPS coatings with 5 wt.% CA fillers before (top) and after (bottom) exposure for 24 h to
CO2-laden brine at 200 °C, clearly indicating that crack filling with block-like crystals has occurred. Reproduced with permission.[115] Copyright 2003,
Elsevier.

corrosion protection of the underlying steel for the whole 20 days
experiment compared to a PPS-only paint. This was linked to
three main factors: 1) an increase in melting temperature by al-
most 40 °C, 2) enhanced crystallization energy, driven by a good
MMT/PPS interfacial bond, and 3) hydrothermal oxidation miti-
gation.
Carbon Fiber Fillers: Carbon fibers were also employed as a

PPS filler, to enhance the thermal conductivity and mechanical
properties of the paint system. As reported in two studies by
Sugama et al.,[118,119] carbon fibers were tested to solve two main
issues encountered with the use of SiC as a filler: susceptibility to
hydrothermal oxidation and poor mechanical properties. In the
study, ZP/PPS/carbon fibers paint systems were produced with
polyacrylonitrile (PAN) precursor-derived carbon fibers of ≈7.4
μm diameter and ≈3 mm length, added to PPS at 0.0, 0.2, 0.5,
1.0 and 1.5 wt.% of the total mass of PPS and deposited onto
AISI 1008 carbon steel material. The paint systems were exposed
for 14 days in simulated geothermal brine (200 °C, 20 000 ppm
CO2, 13 wt.% NaCl) via EIS. Microstructural and phase changes,
combined with thermal conductivity measurements were then
employed to evaluate the results. Corrosion performance results
showed an improvement compared to pure PPS up to 0.5 wt.%
carbon fiber content, after which, an excessive porosity would
develop in the film, promoting solution permeation. A ≈60%
increase in thermal conductivity was also measured with the

addition of 0.5 wt.% carbon fiber, together with 2.4, 2.6, and 1.5
times increase in tensile strength, tensile modulus, and elonga-
tion respectively compared to pure PPS. The improvement inme-
chanical properties was linked to a strong mechanical interlock-
ing between the fibers, due to their porous surface, and the PPS
matrix.
The same paint system was later tested by the same group[120]

for protection of vaporizer and preheater heat exchangers at the
Puna Geothermal Venture power plant. Carbon steel tubes and
flat coupons were therefore coated and tested for four weeks in
contact with 200 °C geothermal fluid within a test skid manu-
factured ad-hoc for the project. Different substrate preparation
methods were employed prior to the PPS composite deposition
for the tubes and flat coupons: zinc phosphate (ZP) layer appli-
cation and galvanization respectively. Microstructural and phase
changes were evaluated before and after the tests. The results
demonstrated that the substrate preparation methodology has a
significant impact on the exposure performance, since paint de-
lamination was observed in the case of the galvanized tubes, but
not in the flat coupons with a ZP layer. Because of delamination,
the heat transfer performance of the coated tubes was measured
to drop by 70% during the test, compared to 43–44% decline in
the uncoated carbon steel tube.
More recently, Yang et al.,[121] tested a PPS/PTFE/MWCNT

(multi-walled carbon nanotube) composite paint system onto
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Figure 20. Water contact angle measured for PPS, PPS/PTFE and PPS/PTFE/MWCNT paint systems at different MWCNT loading levels. Reproduced
with permission.[121] Copyright 2016, Wiley-VCH GmbH.

brass substrates, produced by melt compounding process using
polyethylene glycol (PEG) surfactant as structure-directing tem-
plate. Different load fractions of MWCNT were tested, from 0
to 5 wt.% and the microstructure, composition, and mechan-
ical properties of the resulting paint systems were then ana-
lyzed. The results show that by adding MWCNT to the PPS
and PPS/PTFE systems, a super-hydrophobic surface is gener-
ated (Figure 20). The water contact angle was in fact measured
to increase to a maximum of 171° (for 5 wt.% MWCNT) from
80° and 103° for pure PPS and PPS/PTFE respectively, although
only a 2° improvement was measured between the 3 and 5 wt.%
PPS/PTFE/MWCNT systems.
Furthermore, the electrical resistance was measured to de-

crease with increasing MWCNT fraction, from 3 × 1016 Ωcm
for PPS/PTFE to ≈3 × 103 Ωcm for PPS/PTFE/MWCNT with
3–10 wt.% MWCNT load. Interestingly, no further decrease in
electrical resistance was measured by increasing the MWCNT
load above the 3 wt.% level, which was ascribed to a tendency
to increase aggregation between the MWCNTs at the highest
concentrations tested. MWCNT aggregation at the highest loads
was also considered detrimental to the system’s mechanical
properties.
Antioxidant Fillers: Antioxidants were also tested as filler ma-

terials for PPS by Sugama et al.,[42] to retard the degree of hy-
drothermal oxidation in the polymer. According to the authors
in fact, oxidation of the PPS polymer occurs by breakage of the
S-C bond in the PPS chain, generation of sulfide sulfur rad-
ical and its oxidation. Antioxidants would donate a hydrogen

atom as radical scavenger to tie up with the sulfide sulfur rad-
icals, effectively inhibiting the oxidation of the sulfide sulfur
radical. In the work, three antioxidant: tetrakis [methylene-3,5,-
di-t-butyl-4-hydroxyhydrocinnamate]methane (TMBHM), 4,4′-
Bis(𝛼,𝛼-dimethylbenzl)diphenylamine (BDDA) and tris-2,4-di-
tertiary-butylphenyl.phosphite (TTBH) were dispersed at 3 wt.%
load into a PPS slurry and deposited onto a ZP-coated AISI 1008
carbon steel substrate material. The as-deposited paint systems,
of 75–100 μm thickness, were exposed for up to 20 days in simu-
lated geothermal brine (pH 1.6, 1 wt.% H2SO4, 13 wt.% NaCl, at
200 °C under a hydrothermal pressure of 1.6MPa. Corrosion per-
formance was quantified by EIS, and phase changes and surface
energy properties were analyzed during the tests. Results demon-
strated that TMBHM, among all the antioxidants tested, is the
most effective in retarding hydrothermal oxidation of the PPS.
In fact, contact angle measurements on the ZP/PPS/TMBHM
system showed only a 1.3% drop in water contact angle during
the 20 days exposure compared to the 17% drop of pure ZP/PPS.
Moreover, although decreasing in all cases tested, the pore resis-
tance Rp measured in the ZP/PPS/TMBHM system had a final
value of 4.0 × 106 Ωcm2, one order of magnitude higher than the
pure ZP/PPS.
Polysiloxane and Polysiloxane Organometallic Polymers:

Polyaminopropylsiloxane (PAPS) polymers for scaling and
corrosion mitigation in finned tubes of air-cooled condensers
using geothermal fluid spray for heat transfer augmentation
were first evaluated by Sugama et al. in 1994.[122] The paint
system, applied to a ≈10 μm thickness, was synthesized by
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Figure 21. Organometallic polymer-coated (left) and uncoated (right) alu-
minum fin after 30 days salt spray test in 3.5 wt.% NaCl and 35 °C. No cor-
rosion products developed on the coated component. Reproduced with
permission.[122] Copyright 2002, Geothermal Rising.

a heat-catalyzed condensation reaction using aminopropylsi-
lanetrial (APST) as a network-forming monomer, water and
HCl as the acid mineral catalyst. The system was applied onto
aluminum fins and tested in 5 wt.% NaCl salt spray testing
for 30 days at 35 °C. The specimens were visually examined
post-exposure for presence of corrosion products and mineral
scales (Figure 21).
The results showed no sign of corrosion products on the coated

fin (Figure 21 left) compared to the uncoated one (Figure 21
right), thus suggesting promising performance for the tested
paint system. It was later reported[123] that the useful lifetime of
bare aluminum exposed in a 15 wt.% NaCl fog at 35 °C was con-
siderably extended from only 40 h to more than 1400 h by PAPS
deposition. However, a lower effectiveness was insteadmeasured
on bare steel, with the lifetime being only extended from 10 h to
216 h.
After these encouraging results, other polysiloxane

organometallic polymers were later tested.[84,117,123-125] In the
study by Sugama et al.,[123] a Ce(OH)3-dispersed poly-acetamide-
acetoxyl methyl-propylsiloxane (PAAMPA) was first created
through three spontaneous reactions of condensation, amida-
tion and acetoxylation at 150 °C between the Ce acetate dopant
an aminopropylsilane triol (APST). The PAAMPA composite
was then heat treated, leading to the transformation of Ce(OH)3
into Ce2O3. Post heat treatments temperatures were tested
from 150 °C to 250 °C, providing paint systems with different
chemical and mechanical features. Corrosion performance of
the films was evaluated by salt spray resistance (5 wt.% NaCl at
35 °C), with microstructural, phase, and surface energy changes
measured throughout the tests. Results demonstrated that when
the 150 °Cmade PAAMPA composite was heat treated at 200 °C,
the transformation of Ce(OH)3 into Ce2O3 took place. This
however was combined with undesirable oxidation reactions
of the Si-joined propyl groups when the heat treatment tem-
perature was raised at 250 °C. Consequently, the film-forming
performance was also affected, with the paints created at 150
and 200 °C showing no defects, while a high defects density
was observed in the system heat treated at 250 °C. The system
prepared at 200 °C then showed the best corrosion protection
performance among the tested paints due to three main reasons:
a more densified barrier layer, lower susceptibility to moisture,

and formation of interfacial Ce2O3 passive film. The positive
effect of the 200 °C-baked paint system was validated by salt
spray resistance, where the useful lifetime of aluminum and
steel substrates was prolonged from 40 h to 1800 and 800 h
respectively.
The same PAAMPS/Ce oxide paint systems prepared in ref.

[123] at 200 °C post-deposition heat treatment, were field-tested
by Sugama et al.,[124] for protection of aluminum fin and carbon
steel for air-cooled condensers applications. Uncoated, undoped
PAPS and PAAMPS/Ce oxide coated substrates, with paints sys-
tems deposited at thicknesses from 3.5 to 10 μm, were tested
in an ad-hoc manufactured testing equipment allowing 24,500
wet-dry 15 min exposure cycles for a total testing time of 8.5
months. The test was performed at the Mammoth Lakes bi-
nary plant. The exposed specimens were analyzed both by visual
inspection and in depth-microstructural characterization tech-
niques. Results showed that the uncoated substrates underwent
severe corrosion, with complete disintegration of the aluminum
fins and spallation of iron oxide-based scales on the carbon steel
(Figure 22). The coated coupons performed considerably better,
even though corrosion products were found.
The authors later found that an increase in paint thickness

from 3.5 to 10 μm increases the overall protection. However, two
issues were identified: a) poor paint coverage at the sharp alu-
minum edged, leading to corrosion initiation in these regions,
and b) the need to develop more effective corrosion protection
nanoparticle materials. On this latter point, the authors suggest
the use of samarium oxide/PAAMPS-coated fins.
Three polysiloxanes: polydimethylsiloxane (PDMS, Sylgard

184), tetraethyl orthosilicate (TEOS), and a SmartCoat were also
tested for scaling mitigation purposes in the work of Boersma
et al.[84] In the study, the paint systems were applied over steel
substrates prepared with different surface roughness and tested
in environments rich in CaCO3. The results demonstrated that
the scaling rate depends on three parameters: surface energy,
roughness, and bulk modulus. Among all the tested systems,
the SmartCoat system performed best, likely due to its extremely
low surface energy, while the TEOS and PDMS presented a
performance in between that of the SmartCoat and the worst-
performing paint system Araldite.
The corrosion resistance ability of a ferroferric oxide (Fe3O4)-

polysiloxane-based composite paint systemswas also tested byXu
et al.[125] in application to carbon steel pipelines for geothermal
energy production. In the study, five paints obtained from precur-
sor solutions with different molar ratio of Methyltriethoxysilane
(MTES) and Glycidoxypropylthrimethoxysilane (GPTMS) were
manufactured: Fe3O4-PGPTMS, Fe3O4-PMTES, Fe3O4-PMG-2:1,
Fe3O4-PMG-1:1, and Fe3O4-PMG-1:2. The paint systems, de-
posited onto carbon steel, were tested by electrochemical tech-
niques in 3.5 wt.% NaCl and simulated geothermal water for
corrosion performance, while monitoring phase and microstruc-
tural changes.
Among the tested systems, the Fe3O4-PMG-2:1 exhibited

the best corrosion performance in both 3.5 wt.%NaCl (see
Figure 23) and simulated geothermal water. Superior perfor-
mancewas linked by the authors to the absence of defects, such as
cracks, debonding, and scratches within the paint, as observed by
SEM analysis. For the same reason, the authors concluded that
thicker paints, probably as this would decrease defects density,

Adv. Mater. Technol. 2023, 8, 2202031 2202031 (30 of 54) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 22. Uncoated, undoped PAPS and Ce oxide/PAAMPS-coated carbon steel coupons (top) and aluminum fins (bottom) after the 24 500-cycle test,
showing significant improvements in corrosion performance for the latter. Reproduced with permission.[124] Copyright 2006, Geothermal Rising.

provide better corrosion protection. All the paints tested showed
good thermal resistance and a <8% weight loss under 300 °C,
with values as small as 3.40% and 3.80% for the PMTES and
PMG-2:1 respectively. The authors also noted, however, that none
of the paints tested presented long-term corrosion resistance.
Two paint systems, perfluoro ethyl trioxisylane

{CF3(CF2)5(CH2)2-Si(OCH2CH3)3} (PTES) deposited by dip
technique and 3-glycyloxypropyltrimethoxysilane (GPTMS),
deposited by spin-coating were tested by Covelo et al.[93] for
hydrophobicity and corrosion resistance improvement for

Figure 23. Potentiodynamic polarization curves of different ferric oxide
polysiloxane-based composite coatings in 3.5 wt.% NaCl solution. The
best performance was demonstrated by specimen Fe3O4-PMG-2:1. Repro-
duced with permission.[125] Copyright 2017, Elsevier.

aluminum heat exchangers. The paints were tested alongside
a commercial fluoride compound tetra deca-flouro hexane
paint (TDFH, Chemguard, Sigma-Aldrich) paint deposited by
spin-coating. The performance of the systems was evaluated by
SEM, water contact angle measurement, thermal conductivity,
and electrochemical impedance spectroscopy in simulated
geothermal fluid (3580 ppm Na and 6693 ppm Cl) for 1000 h.
Results demonstrated that the thicker PTES paint could improve
hydrophobicity of the aluminum substrate, while retaining good
corrosion resistance. This latter, however, was measured to
decrease after ≈720 h of exposure time for all the paint systems.
Only one application of a carborane-siloxane polymer, com-

mercialized as Dexsil-201 was also reported to be tested by
Lorensen et al.[63] as part of their comprehensive material assess-
ment campaign. This class of polymers was developed with the
aim of enhancing the thermal and chemical resistance proper-
ties of conventional polymers by the introduction of, in this case
of the work of Lorensen, a C2B10H12 carborane. Unfortunately,
the paint showed a >10% weight loss after exposure for 72 h in a
300 °C synthetic brine and therefore was not further investigated.
One silicone-based paint was also tested, alongside other

paints and CVD coatings, by Belas-Dacillo et al.[65] for corrosion
mitigation of carbon steel in acidic geothermal brine. The results
from exposures, performed at different temperatures and pres-
sures, showed a satisfactory corrosion protection performance
for all coatings when tested at ambient conditions but not atmore
extreme conditions. In this latter case, only one of the CVD coat-
ings was assessed as suitable for the environment.
Polyurethane: The only application of polyurethane paints

was mentioned in the review paper by Reeber[16] in reference
to tests performed at the Brookhaven National Laboratory. The
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Figure 24. Graphical description of proposed electrochemically induced silicate dissolution cleaning mechanism provided by the carbon nan-
otubes(CNT)/polyvinylalcohol(PVA) paint for the membrane distillation (MD) process. Reproduced with permission.[126] Copyright 2017, American
Chemical Society.

Tuboscope TK-33 polyurethane paint and a polymorphic resin
were both tested for 30 days in a 25 wt.% NaCl geothermal brine
at 238 °C. Both systems, however, performed poorly, with the
polyurethane paint showing discoloration and flaking off the sub-
strate.
Purethane, a commercial polyurethane paint, was also tested

by Borenstein[104] among 21 other coating and paint systems for
corrosion protection of turbine blades in The Geysers area (Cali-
fornia USA). Although results from tests are not presented, tests
performed involved modified salt spray an erosion tests and field
tests within the turbine itself.
Polyvinylalcohol (PVA): Carbon nanotubes (CNT), cross-

linked with hydrophilic poly(vinyl alcohol) (PVA), were applied
onto an hydrophobic polypropylene (PP) membrane with the
aim of enhancing the membrane distillation (MD) process of
spent geothermal brines, thus recovering desalinated water. The
rationale behind the application was that by applying an electri-
cal potential to the CNT/PVA layer, water hydrolysis, and there-
fore hydroxide ions formation, would be facilitated. This in turn
would locally increase the solution pH, increasing the silica dis-
solution rate (Figure 24).
The relative potential of the novel membrane was evaluated

by electrochemical measurement in a geothermal brine contain-
ing up to six times the concentration of salts than what natu-
rally found in brine from a geothermal region in Nevada, USA.
Electrical conductivity, water flux measurements, surface energy,
andmicrostructural characterization weremeasured on the spec-
imens. Results demonstrated that, compared to an un-coated PP
membrane, the novel system increases the water flux signifi-
cantly, while at the same time allowing efficient removal of the sil-
icate gel layer nucleated on the surface. The process was demon-
strated for three cycles, and only residuals of barium and calcium

sulfate were observed, these, latter considered being pH insensi-
tive. This good performance was coupled to a significant system
stability, with elimination of CNT release and therefore enhanced
environmental safety. The scaling inhibition properties of PVA,
together with other antiscalant systems, was also proven in the
work of Topcu et al.,[127] although not in paint form.
Self-Assembled Monolayers (SAM): The possibility to improve

dropwise condensation in geothermal steam condensation pro-
cesses using SAMwas evaluated by Vemuri et al.[128] In the study,
ultra-thin hydrophobic films obtained from stearic acid (SAM-
1) and n-octadecyl mercaptan (SAM-2) solutions were deposited
onto copper condenser tubes. Their performance, in terms of
heat flux and condensation heat transfer coefficient were then
measured, by means of a custom-made apparatus, for up to
3600 hrs. Variations in surface energy during the tests were also
recorded by means of contact angle measurement.
Remarkable results were obtained with the system SAM-2,

with an enhancement in heat transfer coefficient up to 3 and 1.6
times after 100 and 3600 h of operation respectively. Although a
high initial contact angle of 155°was also measured on the SAM-
1 system, this was observed to drop to 61.1° during the tests,
which was linked to its weak adhesion to the substrate surface
(Figure 25). The authors therefore conclude that the bonding of
the SAM layer to the condenser surface is essential to its perfor-
mance.
Thiols: Although thiols are commonly employed as harden-

ers for two-pack epoxy resins, applications where these have
been produced in the homopolymer form have been pro-
posed for geothermal applications. The anti-scaling properties of
an organometallic polymer, 2-(dioctylamino)−1,3,5-triazine-4,6-
dithiol, deposited onto steam turbine rotor and tested in service
environment, were assessed by Shimizu et al.[129] Details of the
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Figure 25. Surface photograph of condensation onto a self-assembled monolayer paint-coated tube (SAM-2) after 100 h (left) and 3600 h test (right),
demonstrating an increase in drop size with exposure time. Reproduced with permission.[128] Copyright 2006, Geothermal Rising.

polymerization process, employed to deposit the paint, are re-
ported in a previous study,[130] where the formation of disulfide
polymer is proposed. The coating was deposited by electrochemi-
cal polymerization in Na2CO3 aqueous solution by preparing the
rotor substrate (UNS S41000 stainless steel) surface by grit blast-
ing prior to deposition. According to the authors, a final coating
thickness of 0.3 μm was obtained, and the presence of coating
was evaluated bywater contact anglemeasurements (i.e. decrease
in contact angle corresponding to a decrease in surface energy).
The authors propose that, following voltage application, the neg-
atively charged portion of monomer thiolate anion (forming as
an intermediate step during the polymerization reaction) directs
toward the cathode, in an electric bilayer fashion (Figure 26).
Both coated and un-coated rotors were tested at the same time

for one year in service conditions. Only qualitative results were
presented by visually comparing the amount of scale formed
on the components after testing. The results showed a reduced
amount of scale on the coated rotor compared to the un-coated
one.
Trimethylpropane Trimethacrylate Cross-Linked Styrene/Methyl

Methacrylate Copolymer (ST-TMP): The first reference to
the use of a trimethylolpropane trimethacrylate cross-linked
styrene/methyl methacrylate (ST-TMP) copolymer is found in
the work of Fontana et al.,[131] for application as heat exchang-
ers tube material. In the study, silicon carbide (SiC) aggregate
phase was added to the polymer matrix, composed of 60 wt.%
ST and 40 wt.% TMP and formed in tube shape. The tubes were
found to provide excellent thermal conductivity at temperatures
up to 150 °C, with an overall heat transfer coefficient only 9% less
than more expensive stainless steels commonly used in geother-
mal power plants. A later study on the same material used as
liner for carbon steel heat exchangers however, demonstrated
that the polymer surface suffers from hot brine-induced oxida-
tion through the formation of a carboxylate group.[132] The for-
mation of this group eventually led to the reaction with Ba+ ions
present in the geothermal brine and degradation of the cross-
linked matrix structure.
To minimize polymer oxidation and reduce scaling, the same

group later tested the addition of 1,4-phenylene diamine (PDA)
as an antioxidant to the ST-TMP/SiC system.[91,92,106] Moreover,
to improve the adherence of the paint system to the substrate, a

zinc phosphate inorganic coating was applied on the steel sub-
strate before the paint system. The performance of the systems
was compared to bare steel substrates and other paint systems
including PPS/PTFE and phenolic materials. The paint systems
were applied as liners to carbon steel tubes and tested both in
accelerated laboratory conditions (low pH, 1wt% H2SO4, 13wt%
NaCl hypersaline brine at 200 °C for up to 40 days) and field
tests at the Hoch power plant in the Salton Sea geothermal area
for 45 days. Results from initial field tests showed that the ad-
dition of PDA to the ST-TMP/SiC system reduced the rate of
scaling from 15 to 19% compared to only ST-TMP/SiC.[106] Later
results however, demonstrated that the scale formed presented
a very strong adherence to the PDA/ST-TMP/SiC paint system
(8.20 MPa bond strength) compared to other systems tested (e.g.
1.59MPa measured for the PPS/PTFE system).[91] The authors
concluded therefore that the PDA antioxidant is inefficient in pro-
viding a chemically inert polymer surface. A similar result was
obtained by Sugama et al.,[109] by testing the PDA/ST-TMP/SiC
paint system in a brine of lower temperature (110 °C). The PDA
was again proven unsuccessful in preventing the formation of
strongly adhered scale.
Vinyl Ester: The only reference to the use of vinyl ester-type

paint systems was found in the work of Jacobson et al.,[74] where
the performance of six different such systems was assessed after
exposure for 58 days to the Magnamax-1 Salton Sea brine. Al-
though an in-depth post-exposure analysis is not provided, the
authors describe that the vinyl ester paints Derakane 411 and 470
appeared warped and brittle, while no visible attack was observed
on the 4000-series systems.

3.2.2. Coatings

Aluminum: The first reference to the use of a pure aluminum
coating was identified in the work of Borenstein[104] on corro-
sion mitigation of steam turbine blades in The Geysers geother-
mal area (California, USA). In the reference, only the overview
of the future work was presented, where commercial Ion Vapour
Deposited (IVD) aluminum, together with other 21 coating and
paint systems, was planned to be deposited onto stainless steels
and tested both in simulated tests: salt spray and erosion tests
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Figure 26. Monomer thiolate ions could arrange in an electric bilayer fash-
ion after voltage application.

and field tests with coupons placed inside the steam turbine. No
results from the tests were described in the reference.
Another interesting application of aluminum coating was pre-

sented in the work of Reinsch et al.,[103] for the protection of
Raman-based distributed temperature sensing (DTS) silica fibers
operating in hot geothermal wells in Iceland. Aluminum-coated
fibers were tested alongside gold and polyimide-coated fibers at
different heating/cooling cycles ranging from 65 to 700 °C and
either in air and/or argon atmosphere. The performance was
evaluated by microstructural analysis and measuring the atten-
uation. Results revealed an elevated attenuation for the metal-
coated fibers (both aluminum and gold) below 200 °C that led
the authors to select the polyimide-coated fibers for further tests.
Antimony/Arsenic: Arsenic and Antimony thin films

(≈0.5 μm thick), deposited by ion beam sputtering on car-
bon steel, were used by Lichti et al.,[133] to simulate corrosion

Figure 27. SEM micrograph of a corrosion pit formed under antimony-
coated carbon steel coupon after exposure to aerated pH 5.4 solution. Re-
produced with permission.[133] Copyright 2015, International Geothermal
Association.

mechanisms occurring in heavy metal scales naturally form-
ing in geothermal power plants in New Zealand. Both coated
coupons and bulk materials were tested in the study, by using
exposure tests and electrochemical methods and varying tem-
perature, pH, and aeration level (i.e., aerated, and non-aerated).
For the coated coupons, exposure tests were performed for
4 days in a solution containing 1000 ppm of chloride ions at
20 °C. The corrosion performance was evaluated by varying
pH, between 3 and 4.5, and aeration levels on both scratched
and unscratched coupons. Apart from evaluation of corrosion
potentials and current densities, microstructural evaluation was
also performed after the exposure tests. Results revealed the
main corrosion mechanism as being chloride-induced pitting
corrosion under the coating layer (Figure 27), accelerated by
aerated conditions and initiated by defects in the coating. In
every case, corrosion under the coating layers was always greater
than both on uncoated steel and on scratched coatings.
To account for more realistic environmental conditions, the

same coating materials were later deposited again by the same
authors[134] and exposed for 5 days to higher temperature (i.e.,
120 °C), pressure (i.e., 1.4 barg) and in an atmosphere contain-
ing H2S and CO2 gases (although de-aerated). Compared to the
previous study by the same authors, thicker coatings (1–2 μm),
deposited on both carbon (UNS G10050) and duplex stainless
steel (UNS S32205) were produced. Specimens after exposure
were analyzed by means of microstructural examination, both
on the surface and ion cross-section. Results revealed a similar
magnitude of corrosion of the carbon steel substrate for both ar-
senic and antimony coatings. For these carbon steel substrates,
the preferential corrosion mechanism was evaluated as still of lo-
calized pitting corrosion type, while no corrosion damage was ob-
served on the stainless-steel coupons, likely due to extensive coat-
ing delamination rather thanmaterial-specific performance. Due
to possible contamination occurring from exposing together dif-
ferent substrate and coating materials, the authors conclude that
new tests should follow where one material at a time is tested.
Boron Phosphide: Boron phosphide films deposited by

plasma-enhanced chemical vapor deposition (PECVD) were
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Figure 28. Surface photographs of (left) BP-coating and (right) 304 L stainless steel after potentiodynamic polarization test in 5.7 m NaCl solution at
25 °C. Pitting is observed on the un-coated stainless-steel substrate. Reproduced with permission.[135] Copyright 2014, Elsevier.

studied by Ogwu et al.[135] for corrosion protection of 304L
stainless steel against hypersaline geothermal brine. Differ-
ent coatings, deposited to a 7.1 to 9.7 μm thickness by vary-
ing deposition conditions, were analyzed for surface energy,
corrosion resistance (via electrochemical methods), and mor-
phology/microstructure. The electrochemical tests were carried
out in 5.7 m NaCl aqueous solution at 25 °C. Results revealed
a correlation between surface energy and corrosion rate for the
tested materials, which allowed the authors to identify a spe-
cific set of deposition conditions providing the optimal corrosion
resistance. All of the deposited coatings performed better than
the un-coated stainless-steel substrate, this latter showing typical
stainless steel passive layer formation and breakdown (i.e. pit-
ting) behavior in Cl− environment (Figure 28).
Bulk Metallic Glass: Although not many details are pro-

vided, the application of a nanocrystalline/amorphous coating
for geothermal drilling tools, deposited by thermal spray, was
reported by Zhang et al.[94] The coating was deposited together
with other systems, including WCCoCr and CrC-NiCr cermets,
self-fluxing NiCrFeSiB coating, HEA coating, a graphene oxide-
PTFE paint, and electroless plated coatings. Only values of as-
deposited coating porosities are reported: 3.6% for the nanocrys-
talline/amorphous coating, compared to 0.9%, 1.1%, 2.4%, and
1.6% for WCCoCr, CrC-NiCr, self-fluxing NiCrFeSiB, and HEA
coating. Microhardness values in the range 558–1218HV0.3 were
also reported for these coatings, although these were not linked
to specific coatings.
CalciumCarbonate: An interesting approach to producing su-

perhydrophobic layers for corrosion and scaling protection of 304
stainless steel (UNS S30400) was employed by Wang et al.[136]

In their work, a continuous cactus-like CaCO3 coating with hi-
erarchical nano- and micro-sized featured was prepared by self-
assembly method inspired by scaling in geothermal water. The
deposition approach involved pre-nucleation treatment, followed
by immersion in simulated geothermal water at 50 °C for 48 h
and a final surface modification with sodium stearate to impart
the superhydrophobic character. Results from contact anglemea-
surements reported a water contact angle of 158.9° and a sliding
angle of 2°. Further microstructural examination revealed that
the temperature of the geothermal water had a significant effect

on the morphologies of the CaCO3 crystals, but no quantification
on actual corrosion or scaling protection was reported.
Ceramic Fused Basalt: The only reference to the testing of a

ceramic fused basalt is found in the work of Jacobson,[74] where
an Abresist coating with a thickness of ≈51 mm was exposed for
58 days in the Magnamax 1 geothermal well in the Salton Sea
geothermal region. Cracking was however observed after the test.
Cermets: The first reference to the use of cermet coatings

was identified in the work of Borenstein,[104] where three dif-
ferent electrospark deposited (ESD) systems: WC+TiC+TaC+Ni,
WC+TiC+TaC+Co and Cr3C2+Ni were evaluated for corro-
sion mitigation in steam turbine blades operating in The Gey-
sers geothermal area (California, USA). The coatings, deposited
onto three different steel alloys, were tested both in simu-
lated conditions: modified salt spray test and erosion test,
and field tests. Unfortunately, results from the tests were
not presented.
One thermally sprayed cermet material, WC-Co-Ni (METCO

5803), was evaluated by King et al.[137] as a replacement for
high-temperature/high-pressure o-ring elastomer seals in deep
geothermal applications. The coating system was evaluated
alongside other alloys, including Shape Memory Alloys (SMA),
deposited by High Velocity Oxygen Fuel (HVOF), Twin Wire Arc
Spray, and Flame Spray Fusion processes. Several compositions
and post-deposition processes were tested, including sealing the
coatings and with a liquid sealer and fusing with an oxy-acetylene
torch to reduce coating porosity. The coatings were applied onto
both ID and OD tool joints made of AISI 304L stainless steel and
tested in two steps: a pressurized water test (354 bar for 4 h to 10
days) and a pressurized/high-temperature silicon oil test (345 bar,
225° for 1000 h). A list of the seven coatings that passed both
tests was reported by the authors, together with their deposition
parameters and thickness characteristics. TheWC-Co-Ni cermet,
deposited by HVOF with a Ni/Al bondcoat and sealed with Dia-
mant liquid sealer, was among the coatings that passed the pres-
sure/temperature test. According to the test results, the HVOF
technique was the one providing the best results. However, as the
authors point out, the oxide and porosity content should be care-
fully tuned to avoid negative effects in the coating’s mechanical
properties.
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Figure 29. Cross-sectional SEM micrograph of HVOF WC-Co-Cr cermet coating deposited onto carbon steel, showing vertical cracks and voids at the
interface after in-situ exposure test at theHellisheiði geothermal power plant. Reproduced with permission.[141] Copyright 2017, Association forMaterials
Protection and Performance.

Cermets composed of NiCr/NiCoCr with added 5 wt.%Y2O3-
X%ZrO2 (Yttria Stabilised Zirconia) with X being either 3 or
5 wt.% were tested by Buzaianu et al.[138] for corrosion mitiga-
tion of geothermal steam turbine blades and rotor. The coatings
were deposited by Atmospheric Plasma Spray (APS) onto 6%Cr-
4%Ni and 1%CrMoNiV steel substrates for blade and rotor mate-
rial respectively. The coatings were tested for corrosion resistance
during exposure to a simulated geothermal environment (1.8%
NaCl, 600 ppm CO2, 50 ppm Na2SO4, and pH 7–8). Different
temperature regimes were evaluated in the exposure tests: ther-
mal cycling at 65 °C for 100 cycles of 1 h duration and isothermal
heating at 400, 500, and 600 °C for 48 h. The performance post
exposure was then evaluated by SEM-EDX analysis and micro-
hardness test across the coating and substrate thickness. The re-
sults indicated the development of corrosion and thermal cycling-
related cracks, which would hinder the application of the coating
in the developed form.
Later, the same author[139] tested two WC-CoCr cermets, one

deposited via HVOF (86WC10Co4Cr, METCO Andry 5843),
and one by ESD (5WC9Co5Cr1Ni) for corrosion mitigation of
geothermal steam turbine blade components. The coatings, de-
posited onto AISI 304 stainless steel, were tested for hot corro-
sion in contact with 10 wt.%NaCl-90 wt.%Na2SO4 salt during 10
heating-cooling cycles at 655 °C peak temperature and air cool-
ing, with weight gain measured after exposure. Metallographic
examination via standard analysis techniques and tribological
characterization was also performed to evaluate surface rough-
ness, friction coefficient, and wear rate in the as-deposited coat-
ings. Results demonstrated that, although superior mechanical
properties were measured in both cermet coatings compared to
AISI 304 steel, the presence of defects in the coatings also led to
their poor hot corrosion resistance.

Ti-based cermets, deposited by chemical and physical vapour
deposition techniques were also evaluated for corrosion-
erosion mitigation in geothermal environments. In a study by
Sugama[140] titanium carbonitride Ti(CN) coating, 4 to 12 μm
thick, was deposited by CVD for corrosion mitigation of AISI
1010 mild steel. Exposure tests were performed in acid-brine
steam (1 wt.% H2SO4, 13 wt.% NaCl, 86 wt.% H2O) at 200°

under 1.45 MPa pressure for up to 28 days. Corrosion perfor-
mance was evaluated by means of weight change measurements
and surface characterization techniques. Results showed that
although a general reduction in corrosion rate compared to
the bare steel was observed by weight gain measurement, the
coating was also susceptible to oxidation. In fact, dissolution of
the coating was observed and linked to subsequent oxidation
(TiO2)→chlorination (TiCl4)→dissolution reactions. Moreover,
defects and pores discovered in the coatings were linked to
the permeation of electrolyte through the coating, with de-
velopment of Fe-corrosion products at the substrate/coating
interface.
HVOF WC-Co-Cr coatings, deposited onto carbon steel for

erosion-corrosion protection of geothermal steam turbine com-
ponents in the Hellisheiði geothermal power plant (Reykjavik,
Iceland), were tested by Ragnasdottir et al.[141] Large cracks were
observed in the WC-Co-Cr coatings after in situ exposure test
(Figure 29), however likely generated during the specimen prepa-
ration phase according to the authors.
More recently in the work of Houdkova et al.,[142] two types

of cermets deposited by HVOF, WC-CoCr, and Cr3C2-NiCr, were
tested for corrosion protection of carbon steel for geothermal
steam turbine applications, alongside other Ni- and Fe-based al-
loys, also deposited by HVOF as well as TWAS methods. The
coatings were exposed in autoclave for 105 days in a simulated
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Figure 30. Surface SEM micrographs of the HVOF-deposited cermet coatings, tested against sliding wear behavior by Boakye et al.: a) WC-Co-Cr,
b) Cr3C2-NiCr, and c) CA3 – Ni-Cr-Fe-Si-B-C. Reproduced with permission.[144] Copyright 2021, International Geothermal Association.

geothermal brine rich in chloride ions and CO2, of pH 3.5–
4, 250 °C temperature, and 12 bar pressure. Additional perfor-
mance tests involved abrasive wear resistance and solid particle
erosion resistance, together with standard microstructural exam-
ination and hardness tests. Results revealed that, in terms of wear
and erosion resistance, the HVOF cermet coatings performed
better, as expected than the other alloys. One of the cermet coat-
ings, the HVOF Cr3C2-NiCr, also performed best among all coat-
ings in corrosion resistance, with little evidence of developed cor-
rosion products. Other coatings instead showed indication of cor-
rosion degradation, on the coating surface and/or at the interface
between coating and substrate in the form of crevice and pitting
corrosion. According to the authors, the good corrosion perfor-
mance of theHVOFCr3C2-NiCr coating is linked to its low poros-
ity compared to the other coatings.
More recently, HVOF-deposited cermets were tested, as part

of the same European research program for corrosion and ero-
sion mitigation, by Fanicchia et al.,[143] and Boakye et al.[144]

Among other systems (i.e. HEAs, electroless plated Ni, etc.)
three commercial coatings were tested, a WC-Co-Cr, a Cr3C2-
NiCr, and a Ni-Cr-Fe-Si-B-C, deposited onto both carbon and
stainless-steel substrates. In ref. [143], results are presented af-
ter corrosion and erosion wear tests. Pure corrosion tests were
carried out with linear polarization resistance in 3.5 wt.% NaCl
at 25 °C and pH 4 for 168 h, while erosion wear tests were
performed with 220 mesh white alumina at 90° impact angle.
Results from the corrosion tests show an overall poor perfor-
mance of all the cermet coatings (corrosion rate >1 mm year−1)
compared to some of the other high-entropy-alloy and except

for Cr3C2-NiCr, where a 0.1340 mm year−1 rate was mea-
sured. Conversely, the erosion wear performance was the low-
est among all the systems tested in the project, with WC-Co-
Cr performing best among all three cermets. In ref. [144], the
sliding wear behavior of the same three cermet coatings was
evaluated, together with bulk 304L and 630SS for comparison
(Figure 30).
A WC ball of 6 mm diameter and 5 N applied load were used

in the tests. Results showed a lower coefficient of friction of the
cermet coatings compared to the bulk materials, with minimum
surface damage and no penetration into the substrate material.
Chromium: The first reference to the use of chromium-based

coatings can be found in the work of Borenstein[104] on corro-
sion mitigation of steam turbine blades in The Geysers geother-
mal area (California, USA). In the work, four different commer-
cial chromium-containing coatings: one SermeTel, two Serma-
Tel, and one high-velocity oxygen fuel sprayed Cr3C2 coatings,
were deposited onto various steels and tested both in simulated
conditions and field tests. Modified salt spray and erosion wear
tests were employed, together with field tests involving speci-
mens placed within a steam turbine. Results from the tests were
not reported unfortunately.
Although not successful, Cr-plating was tested by Wiesner

et al.,[145] alongside anodizing and electroless Ni-plating to miti-
gate erosion-corrosion of aluminum alloy AA7075-T6 steam tur-
bine blades operating in the Salton Sea geothermal region. Pre-
liminary deposition trials on wedges showed several challenges
for this deposition technique, including likelihood of uneven cov-
erage, poor adhesion, and accumulation of Cr on sharp edges and
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corners. Cr-plating was therefore excluded as potential technique
for the application.
Cobalt: To our knowledge, only one Co-based alloy, Ultimet

UNS R31233 was tested for geothermal applications by Moore
et al.,[146] together with other three Ni-based alloys (Inconel Alloy
625-UNS N06625, Hastelloy C276-UNS N10276, and AMS4777).
The coatings, applied onto carbon steel, were evaluated for scal-
ing and corrosion mitigation of pipelines in the Salton Sea
geothermal region. The Ultimet-coated specimens were the only
ones left on the custom-made test rig after the 1200 h wellhead
exposure tests. A thick silicate scale was observed on the surface
after the tests and metallographic analysis revealed coating spal-
lation, likely due to stresses developed by the growth of corrosion
products between coating and substrate. The authors therefore
decided not to further employ the Ultimet alloy for further tests,
in favor of Inconel Alloy 625.
Copper: Cu-plated carbon steel and bulk Cu materials, to-

gether with other plated coatings (Ni, Ni-P, Ni-W-P, and Zn)
and surfaces (PVC, carbon steel, and Type 316 stainless steel),
were part of a comprehensive investigation into scaling mitiga-
tion from calcium carbonate undertaken by Hashimoto et al.[147]

The Cu surfaces showed large-scale adhesion (of calcite phase)
values compared to Zn-, Ni-, Ni-P, and Ni-W-P-plated steel.
Gold: Gold-coated silica fibers were tested, alongside

aluminum- and polyimide-coated ones, as a Raman-based
distributed temperature sensing (DTS) system for hot geother-
mal wells in Iceland.[103] The gold-coated fibers were tested
by heat treating them from 269 to 700 °C in four cycles and
their performance was evaluated by measuring attenuation and
microstructural evaluation after the test. Lower maximum heat
treatment temperatures were used to test the other fibers. Results
revealed a significant attenuation for both metal-coated fibers
(gold and aluminum), which was linked to the micro-bending
and different coefficient of metal expansion between silica and
the metals.
With the same aim of developing temperature-resistant fibers

for DTS systems, Jacobsen et al.,[148] used a thinner gold coat-
ing, 3–5 μm, compared to 15–25 μm typical of commercially avail-
able metal-coated fibers. Multiple heat treatment cycles from 25
to 500 °C showed consistent temperature sensing and a goodme-
chanical integrity maintained throughout the test.
High Entropy Alloys (HEA): An AlCrFeNiMnHEA,manufac-

tured by vacuum arc remelting as a preliminary step to appli-
cation in coating form, was tested by Csaki et al.,[149] for corro-
sion in geothermal steam from the Reykjanes geothermal power
plant (Iceland). Exposure was performed with steam at 200 °C
and 1.65 MPa for 30 days, with corrosion performance evaluated
by means of weight loss and SEM-EDX analysis. An average cor-
rosion rate of ≈3 mm year−1 was measured after the exposure
test, with the specimens’ surface revealing a corrosion layer con-
taining sulfur and oxygen. According to the authors, corrosion
degradation in the alloy was driven by preferential dissolution of
one of the two phases present in the alloymicrostructure, defined
of a spinodal nature. The alloy was therefore considered not suit-
able for the tested environment.
The same corrosion testing methodology, together with addi-

tional adhesion and tribological analyses performed on the coat-
ing in the as-deposited condition, was later used by the same
authors[150] for a CoCrFeNiMo HEA, deposited in coating form

by HVOF. In this case however, a much better corrosion per-
formance was measured: 0.0001 mm year−1 corrosion rate. The
good corrosion resistance of this alloywas attributed to the forma-
tion of a sulfur-free passive film. The alloy was therefore consid-
ered suitable for application in the environment asmanufactured
in coating form. Results from the mechanical tests also revealed
satisfactory performance, with good adhesion, 12% increase in
wear performance and 50% decrease in friction coefficient com-
pared to the carbon steel plate.
The same group[151] therefore later prepared coatings of the

same alloy composition, CoCrFeNiMo, by means of ESD deposi-
tion from an electrode produced by vacuum arc melting (VAM).
Apart from standard microstructural and phase analysis (SEM-
EDX and XRD) and mechanical analysis (Vickers hardness), cor-
rosion behavior was investigated by means of linear polariza-
tion resistance (LPR) for 6 h and potentiodynamic polarization
in 3.5 wt.% NaCl solution. The as-deposited coating showed an
inhomogeneous distribution of elements, with a microstructure
mainly composed of FCC phase and fractions of BCC and poten-
tially 𝜎. Performance results demonstrated a low corrosion rate
of 0.0072mm year−1 and a high hardness (593HV), together with
good coating adhesion and density.
Six different compositional variations of the same alloy, with

different amounts of elements Mo and Cu, were later investi-
gated by Thorhallsson et al.,[152] as corrosion-resistant materi-
als for geothermal casings exposed to superheated geothermal
steam. The alloys were exposed in a flow-through testing facil-
ity used for to simulating the geothermal steam from the first
flowing well in the Iceland Deep Drilling Project (IDDP1, Krafla
region, Iceland), containing 250 ppm CO2, 150 ppm H2S, and
36.5 ppm HCl (pH 3) at 350 °C, 10 bar pressure, 0.3 mL min−1

flow rate for 240 h (10 days). Specimens after exposure were eval-
uated by metallographic examination and phase characterization
methods to evaluate the nature of the surface deposits. Results
from the tests revealed a variety of possible oxide chemistries
on the surface of the four “non-Cu” containing HEAs, with the
10at%Mo (HEA2) alloy possibly identified as the most corrosion-
resistant among them. Analysis of the Cu-containing HEAs re-
vealed, in all cases, the presence of Cu2S as main corrosion prod-
uct. According to the authors, the Cu necessary for the formation
of the Cu2S layer would be provided by Cu intermetallics and
combining with H2S on the surface of the specimen (Figure 31).
The authors suggested further exposure tests including HF, H2,
and SiO2 species to resemble more closely the chemistry of the
IDDP1 geothermal steam.
The same alloy composition, although with a reduced amount

of Mo element, CoCrFeMo0.85Ni, was produced in powder form,
both by means of mechanical alloying and gas atomization and
deposited by HVOF over carbon steel by Fanicchia et al.[153] for
corrosion and erosion mitigation. Coatings were characterized
for microstructure and phase composition and their corrosion
performance was evaluated by means of linear polarization resis-
tance in 3.5 wt.% NaCl at constant pH 4, 25 °C for 7 days. Results
showed that the powder manufacturing technique has an impact
on the corrosion performance of the coatings, with the mechan-
ically alloyed powders providing coating of worse corrosion per-
formance than the gas atomized powders. This was attributed to
galvanic effects due to the nonhomogeneous phase distribution
found in the coating obtained frommechanically alloyed powder.
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Figure 31. Cu2S formation mechanism proposed by Thorhallsson et al.,
for Cu-containing HEAs after exposure to hot geothermal brine resem-
bling the IDDP1 chemistry (Krafla region, Iceland). Reproduced with
permission.[152] Copyright 2021, Elsevier.

The performance of the same CoCrFeMo0.85Ni alloy, together
with another Al0.5CoCrFeNi alloy, both deposited by laser metal
deposition, were later analyzed by Brownlie et al.,[154] and
Thorhallsson et al.,[155] by means of laboratory and in-situ tests
respectively. The two alloys were formulated to be composed,
largely, of an FCC microstructure, as well as secondary phases
to improve their mechanical properties. In the work of Brownlie
et al.,[154] the two alloys, deposited onto stainless steel 304L (UNS
S30403, CoCrFeMo0.85Ni) and stainless-steel Type 316 (UNS
S31600, Al0.5CoCrFeNi) were analyzed for their erosion-corrosion
performance against wrought carbon steel P265GH (EN10028)
and stainless-steel Type 304 (UNS S30403). Erosion-corrosion
testing was performed by using a custom-made submerged im-
pingement jet test rig, using a slurry of angular silica sand in
a 3.5wt.%NaCl solution of pH = 4 at a 90° impingement angle.
Pure corrosion performance was also evaluated by using cathodic
protection with quiescent and flowing (non-slurry) solution. Ad-
ditional analyses included microhardness and microstructural
examination by means of SEM and XRD. Results demonstrated
that, in slurry conditions, all materials showed comparable pure
corrosion and erosion-corrosion rates, likely the result of a de-
passivation/re-passivationmechanism. Corrosion-enhanced ero-
sion appeared to represent the most prevalent attack in all alloys.
For the two HEAs, the damage mechanism appeared to involve
sliding abrasion in the outer regions (i.e., low-angle impinge-

ment), as well as plastic deformation andmicro-cracking at high-
angle impingement.
In the work by Thorhallsson et al.,[155] the same two HEAs,

deposited by laser metal deposition onto carbon steel S235JR
(EN 1.0038) and the two stainless-steel Types 316L (UNS S31603)
and 304L (UNS S30403), were tested by in-situ exposure at
the Hellisheiði geothermal power plant (Reykjavik, Iceland).
Custom-made rigs were manufactured for tests, which were per-
formed in three different environments: wellhead test at 194 °C,
14 bar pressure for 90 days, erosion test at 198 °C, 15 bar pres-
sure for 60 days, and aerated test at 90 °C, 1 bar pressure for
90 days. All tests were performed in custom-made test rigs.
Post exposuremicrostructural characterizationwas performed by
standard techniques. Results suggested that cracks, observed in
the CoCrFeMo0.85Ni coating deposited onto carbon steel and as-
sumed being present in the as-deposited state, locally enhanced
erosion damage (Figure 32).
The same cracks were not present in the same coating de-

posited onto stainless-steel, which suggested the need for future
improvements in the CoCrFeMo0.85Ni alloy composition for use
onto carbon steel.Moreover, results for the Al0.5CoCrFeNi coating
revealed a greater susceptibility to corrosion and erosion dam-
age compared to the CoCrFeMo0.85Ni alloy. For this alloy, both
uniform and localized corrosion damage was observed, with an
oxygen-rich layer measured after the aerated tests and >100 μm-
deep erosion pits observed after the erosion test.
Three HEA coating compositions: CoCrFeMoxNi,

CoxCrFeMoNi, and AlxCoCrFeNi, deposited by laser cladding,
high-velocity oxygen fuel spray, and electrospark deposition
onto both carbon and stainless steel, were also assessed by
Fanicchia et al.,[143] for corrosion and erosion wear resistance
and compared to other cermets and electroless plated coatings
and bulk alloys. For corrosion, linear polarization resistance
was performed in 3.5 wt.% NaCl at 25 °C and pH 4 for 168 h,
while erosion wear tests were performed with 220 mesh white
alumina at 90° impact angle. Results showed that both the
HEA material and technique have a significant influence on the
final coating performance, both in corrosion and erosion wear.
The best corrosion results were obtained with the laser-cladded
CoCrFeMoxNi HEA, which was comparable to the performance
of even the best-performing bulk alloys. It is worth noting that all
the electrospark- and HVOF-deposited HEAs showed corrosion
rates >1 mm year−1. Two alloys, CoCrFeMoxNi and AlxCoCrFeNi
also performed satisfactorily in erosion wear, with performances
comparable, or even better than some of the cermet coatings.
Iron: The first reference to the use of an iron-based alloy coat-

ing (FeCrAl, Kanthal) was identified in the work of Borenstein[104]

for corrosion mitigation of steam turbine blades in The Geysers
geothermal area (California, USA). In the work, the alloy was
electrospark deposited onto different steel substrates and tested
in a modified salt spray test, erosion wear test, and field tests. No
results were presented.
Explosive-cladded coatings of austenitic stainless steel

254SMO (UNS S31254) and Hastelloy C276 (UNS N10276),
prepared both in the as-deposited and heat-treated conditions,
were tested by Ragnasdottir et al.[156] for corrosion mitigation
of carbon steel. Metallographic examination was performed on
the specimens after in-situ exposure testing for 10 weeks in
the Krafla geothermal region. Cracks were identified in both

Adv. Mater. Technol. 2023, 8, 2202031 2202031 (39 of 54) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 32. The laser metal deposited CoCrFeMo0.85Ni coating onto carbon steel revealed manufacturing cracks, which were considered responsible
for a locally enhanced erosion damage after erosion in-situ exposure at the Hellisheiði geothermal power plant. Reproduced under the term of CC-BY
license.[155] Copyright 2021, The Authors, published by MDPI.

coatings in the heat-treated form, although in higher density
within the steel coating. Moreover, galvanic corrosion in exposed
substrate/coating regions were identified in both coating sys-
tems, with the worst effect being recorded in this case on the
Hastelloy specimen.
A series of stainless-steel weld overlays and plates, together

with another Ni-based alloy, were evaluated by Amend et al.,[157]

as repair solution for carbon steel in the Kawerau geothermal
power plant (NewZealand). The focus of the studywas tomitigate
the harsh corrosive-erosive conditions experienced in acid-dosing
areas of the power plant. To this aim, both circular weld beads and
U-bend specimens of several weld overlays including 22%Cr and
other grades of duplex stainless steel, Type 304L stainless steel,
and carbon steel for comparison, were exposed for 5 months in a
pH-modified brine and two-phase flow environments upstream
and downstream of the acid injection location. The performance
was evaluated by visual examination, weight loss, and measure-
ment of pit depth. Results showed a significantly thinner scale
and no pitting on any of the stainless-steel samples compared to
carbon steel, therefore triggering a re-design of some of the af-
fected power plant components to include stainless steel.
More recently, a study by Medvedoski et al.,[158,159] investigated

iron boride coatings deposited by pack CVD technology, for cor-
rosionmitigation of carbon steel in downhole tubing equipment.
In the work, coated specimens of 155–220 μm thickness and con-
trol carbon and stainless steel coupons, were exposed to six dif-
ferent environments: a) 1.5% NaCl, 1.5% CaCl, 0.3%H2S, 12.6%
hydrocarbons, 17.7% CO, 69.4% CO2 at 280 °C, 28 MPa, for 168
h, b) 15% HCl at 100 °C for 168 h, c) 70% H2SO4 at 100 °C for
168 h, d) mixture of alkali and earth-alkali chloride salts at 370–
416 °C for 672 h, e) partial immersion into salt mixes solution
(to obtain steam), heated to 370 °C for 168 h, and f) salt mixes
solution under boiling conditions at 110 °C for 4 to 7 h. Speci-
mens after exposure were analyzed by visual examination, weight
loss, and microstructural examination. Results revealed no signs
of corrosion-induced damage such as thickness reduction, crack-
ing, delamination, or scale growth. The encouraging results, ac-
cording to the authors, were linked to the inertness of the iron
boride layer, given by its high crystalline lattice energy and con-
solidated, well-adhered microstructure.
Three Fe-based alloys, Cr18.09Ni17.9C4.62Al2.06V2Si0.25Fe55.05,

Cr13Fe87, and Cr24Al8Y0.5Fe67.5, were also deposited by TWAS and
HVOF for corrosion mitigation of carbon steel in steam turbines

by Houdkova et al.[142] The coatings, deposited to thicknesses in
the range 369–537 μm, were subjected to 105 days exposure in a
simulated geothermal brine containing Cl− ions and CO2, of pH-
3.5–4, 250 °C, and 12 bar.Mechanical performance tests were also
performed, together with standard microstructural examination.
Results showed a limited oxidation and spallation evidence for
all coatings, except the Cr13Fe87, which suffered the most corro-
sion damage, both at the coating/substrate interface and on the
coating surface itself (Figure 33).
The best result, among all the tested coatings, was obtained

with the Cr18.09Ni17.9C4.62Al2.06V2Si0.25Fe55.05 TWAS coating, pos-
sibly linked to its high Ni and Cr content.
Nickel: Seven Ni-containing commercial alloy coatings, de-

posited onto various grades of steel, were evaluated already by
Borenstein[104] for corrosion mitigation of steam turbine blades
in The Geysers geothermal area (California, USA). Three elec-
troless plated alloys, one plasma-sprayed Ni-Al alloy, two electro-
plated systems, and one nickel aluminide diffusion coating were
manufactured in the study, among a total of 22 coating and paint
systems. Both simulated and field tests were performed, asmodi-
fied salt spray, erosionwear, and field tests in a real steam turbine.
Unfortunately, however, results from the tests were not reported.
Electroless Ni-1 wt.% Cu-plated coatings were tested by Wies-

ner et al.,[145] on aluminum alloy AA7075-T6 substrates as
erosion-resistant coatings for steam turbine blades in the Salton
Sea geothermal region. The coating was tested alongside an-
odized and Cr electroplated coatings and was proven to perform
best among the different coating solutions tested. The electroless
Ni-plated coating was applied both on wedges at lab scale, as well
as on a large (1.1 m diameter) mock-up turbine component to
test the scalability of the deposition technology. The wedges were
proven to withstand water droplets impinging at 457 m s−1 for
3 h, providing the minimum hardness of the coating was in the
range 525–545 DPH100 g. Tests on plating of the mock-up turbine
component showed poor adhesion, measured by bend test and
vibratory marking pen, demonstrating the importance of depo-
sition parameters optimization in the transition from lab-scale
to production-scale processing. Nevertheless, the group success-
fully plated the whole component with a 0.075 mm coating layer.
Several electroplated Ni-based coatings were applied by Sal-

vago et al.,[160] onto AISI 4137-H steel for sulfide stress corro-
sion cracking (SSC)mitigation of drill tool joints in the Larderello
geothermal area (Italy). Different coating compositions: Ni, Ni-S,
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Figure 33. Cross-sectional SEM micrograph of a,b) TWAS-deposited Cr13Fe87 and c,d) HVOF-deposited Ce2C3-NiCr (cermet) coatings after 3 months
exposure to simulated geothermal fluid. Corrosion damage is observed, particularly with the Fe-based alloy. Reproduced with permission.[142] Copyright
2021, Tanger Ltd.

Ni-P (chemical), Ni-P (electrolytic), and Zn-Ni were tested both
by electrochemical and stress corrosion test methods in the pres-
ence of coating damages. For the electrochemical method, three
solutions were used: a) 5% NaCl, 0.5% CH3COOH at room tem-
perature, b) 5% NaCl, 0.5% CH3COOH at room temperature
with H2S bubbling, and c) a mixture simulating the geothermal
fluid composition at Larderello, maintained at 80 °C and atmo-
spheric pressure. For stress corrosion, tests were carried out both
in laboratory and in a geothermal well. Laboratory tests were car-
ried out in continuously circulating, simulated geothermal fluid
(the same employed for the electrochemical tests) and in two op-
erating conditions: d) 80 °C, 0.1 MPa pressure and e) 200 °C,
6 MPa pressure. Tests in the well were instead performed by ex-
posing the specimens at a depth of 2000 m in the well Casaglia
2 (Ferrara, Italy) for 1000 h. Results showed that, in general, all
coatings provided an improvement in SSC behavior compared to
uncoated steel, due to galvanic coupling effects between steel and
corrosion products. The authors note however that protection can
only be provided when the corrosion product ismade up of nickel
sulfide (NiS) as demonstrated by the poor performance, in some
of the tested conditions of the Zn-Ni coating, where ZnS was ob-
served to form.
The same group, in a later study[161] addressed the advantages

and dizadvantages of electroless Ni-based coatings, i.e., Ni and
Ni-P, for corrosion protection of high-strength steels in geother-
mal environments (for drill pipes) and aluminum brasses (for
power plant condensers) in river waters. In the work, some ex-
amples are presented in an attempt to highlight the benefits of
the coatings deposited at different process parameters levels (e.g.

pH) and exposed to three different environments ((a) i.e. 3.5%
NaCl de-aerated solution at pH 4.5 and 25 °C, b) 0.4 mm NaCl,
0.2 mm Na2SO4, 2 mm (NH4)2SO4, 11.5 mm H3BO3, 26.5 mm
NaOH, 8.6 mm NH4OH, pH 6.5, and 80 °C and c) 0.1 m Na2SO4,
0.5 mm CuSO4, 5 mmNaCl, pH 3, and 25 °C). The results, gener-
ally demonstrating beneficial corrosion protection properties of
the coatings in all environments, also highlighted the necessity
to always test the corrosion behavior of the coating applied on the
substrate, as opposed to testing the behavior of coating and sub-
strate separately. Moreover, the authors also note the necessity of
developing accelerated types of corrosion performance tests and
the importance of including defects in the coatings for testing.
Plated Ni, Ni-P, and Ni-W-P-coated carbon steel sheets, to-

gether with other plated coatings Cu, Zn, and bare metallic and
non-metallic surfaces PVC, carbon steel, Type 316 stainless steel,
and Cu, were later tested by Hashimoto et al.[147] for calcium
carbonate scaling mitigation in geothermal power plants com-
ponents (i.e., cooling tower and heat exchanger). Scaling tests
were performed by immersing the specimens, washed, and de-
greased with acetone, in a solution containing dissolvedNaHCO3
and CaCl2·2H2O at a 25 °C for 10 min, followed by an increase
to 90 °C for ≈2 h. After the test, specimens were then air dried
and the surface products analyzed. Results revealed a signifi-
cant effect of metallic ions (Fe2+, Cu2+, Zn2+, Ni2+, and PO4

3−)
on the amount of scale adhered onto the surface with all coated
specimens (expect the Cu-coated one), showing reduced scaling
compared to the bare surfaces. The Ni-plated specimens resulted
particularly successful with Ni-P and Ni-W-P showing the least
amount of scale amongst all tested coupons. The specific nature
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Figure 34. Sem micrograph of electroless plated Ni-P-PTFE layer as re-
ported by Fanicchia et al. Reproduced with permission.[143] Copyright
2021, International Geothermal Association.

of the metallic ion was also observed to determine the specific
polymorph of calcium carbonate deposited onto the surface, with
primary phase being calcite (on PVC, carbon steel, Type 316 stain-
less steel, Cu and Cu-coated steel) and aragonite (on Zn, Ni, Ni-P,
and Ni-W-P coated carbon steel).
The beneficial effect of electroless Ni and Ni-P coatings (i.e.

Ni-5 wt.% P, Ni-8 wt.% P, Ni-12 wt.% P, and Ni-14 wt.% P) on
calcium carbonate scaling mitigation was later further proven by
the same group.[162]

Electroless plated Ni-P/Ni-P-PTFE coatings deposited onto car-
bon steel for corrosion and scaling protection in geothermal heat
exchangers were also evaluated by Fanicchia et al.,[143] (Figure 34).
In the published work, the project consortium evaluated the cor-
rosion performance of the coating systems, together with other
coatings including high-entropy alloys and cermets, in simulated
geothermal environment by means of electrochemical test in
3.5 wt.% NaCl, 25 °C, and constant pH 4. Results demonstrated
an excellent performance of the Ni-P/Ni-P-PTFE coatings, with
the lowest corrosion rate measured among all the coatings and
comparable to the 254SMO bulk alloy. This promising perfor-
mance was not matched in exposure tests in real environments,
as later published by the same group.
The microstructural, mechanical, and tribological proper-

ties of duplex Ni-P/Ni-P-PTFE electroless plated coatings, de-
posited onto carbon steel, was more recently evaluated by Boakye
et al.[163] In the study, the effect of a variation in PTFE content
in the coating (i.e., corresponding to concentrations of 5 g L−1,
10 g L−1, 15 g L−1 in solution) was evaluated against microstruc-
tural changes, hardness and sliding wear performance and sur-
face energy variations, also in comparison to a reference 304L
stainless steel alloy (UNS S30403). Results demonstrated an im-
proved performance of all the coatings, irrespective of PTFE con-
tent, compared to the reference 304L. In particular, the coating
with 10 g L−1 PTFE was found to perform best for low friction
and wear applications at low contact load, while the coating with
15 g L−1 PTFE had good wear resistance performance but lim-
ited lubrication performance under dry contact sliding. This lat-
ter reduced lubrication performance was linked by the authors to
a non-uniform dispersion of PTFE particles in the coating, sug-

gesting the existence of a maximum PTFE concentration for en-
hanced performance.
Ni-P/Ni-P-PTFE electroless plated coatings, with low (≈4wt.%)

and high (>11wt.%) P content, were studied by Davidsdottir
et al.[164] for corrosion protection of carbon steel exposed to
geothermal brine at the Hellisheiði geothermal power plant. Two
different 3-months exposure tests were conducted: an in-situ ex-
posure in wellhead HE-23 (15017 ppm CO2, 1363.4 ppm H2S,
62.1 ppm Cl−, 58.44 ppmSO4

2−, 194 °C, 12.6 bar) and expo-
sure in aerated fluid connected to separator water (acidic pH,
90 °C, 1 bar, 492 L kg−1 air). Both flat-coated coupons and U-
bend samples (to evaluate stress corrosion cracking behavior)
were tested, the latter only exposed in the in situ wellhead test.
Specimens were analyzed after exposure by metallographic ex-
amination, both on the surface and in cross-section. Results re-
vealed pinholes and galvanic corrosion at the coating/substrate
interface in specimens exposed to the aerated conditions. For
the wellhead exposure, the formation of NiS on the surface of
the specimens was instead the main feature observed, possibly
generated by the interaction of H2S in the brine and Ni from
the coating. Cracks were identified in most specimens, gener-
ated according to the authors by hydrogen absorption and en-
trapment close to the PTFE particles. Functionalization of the
PTFE particles to improve adhesion with the coating Ni-P ma-
trix is therefore suggested by the authors as further improvement
methodology.
A variety of thermally sprayed Ni alloys: Inconel (Ni 328),

Ni-Al, Bondarc Wire-75B (95% Ni-5%Al), Nickel Wire-06T (99%
Nickel), and Colmonoy 69 SC (70%Ni-17%Cr) were tested by
King et al.,[137] alongside other thermally sprayed coatings, as
metal-to-metal sealing systems for replacement of elastomer
seals in deep geothermal applications. The coatings were applied
onto internal and external diameters of AISI 304L tool joints to
thicknesses varying between 0.254 and 1.52 mm and tested first
by a pressurized water test (354 bar for 4 h to 10 days) and then
by a pressurized/high-temperature silicon oil test (345 bar, 225°

for 1000 h). Successful specimens were defined as those which
did not leak (water/oil) by the end of the tests. Seven coatings
successfully passed both tests, including all the Ni-based alloys,
except for the Bondarc Wire-75B. However, as noted by the au-
thors, no consistent results could be obtained thus suggesting
the need to improve the control on spray parameters.
Thermally sprayed (arc spray) Ni-based alloy coatings were also

tested by Moore et al.,[146] for scaling and corrosion mitigation
of carbon steel pipelines used in the Salton Sea geothermal re-
gion. The coatings were seen as potentially able to replace ex-
pensive cement-lined and Ni-alloy piping currently employed to
process the hypersaline, high-temperature brine found in the re-
gion. Carbon steel coupons were coated by means of four differ-
ent alloys: a Co-based alloy (Ultimet, UNS R31233), and three
Ni-based alloys (Inconel Alloy 625-UNS N06625, Hastelloy C276-
UNS N10276, and AMS4777) to a thickness to approximately
380 μm. The coupons were mounted onto an ad-hoc manufac-
tured holder and exposed in situ within a wellhead for 1200 h.
Geothermal brine conditions were pH 5.5, temperature ≈250 °C,
pressure ≈25.5 bar, and a flow of ≈3 m s−1. Surprisingly the au-
thors report that at the end of the test, only the Ultimet coupons
were left on the sample holder, with the other specimens be-
ing lost likely due to a vibration of the wellhead piping. The
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Figure 35. SEM micrograph of Ultimet-coated (Co-based alloy) carbon
steel coupons after exposure for 1200 h within a wellhead in the Salton Sea
geothermal area. Scale and corrosion products are observed at the inter-
face between coating and substrate because of brine permeation through
defects in the coating. Reproduced with permission.[146] Copyright 2002,
Geothermal Rising.

remaining Ultimet coupons visually showed a thick adhered sil-
icate scale on the surface of the coupons (Figure 35).
Furthermetallographic analysis revealed spallation of the coat-

ing due to brine permeation through defects in the coating, which
caused the growth of corrosion products at the substrate/coating
interface. After the first test, a second 5000 field test was also run
by using a carbon steel pipeline internally coated with Inconel
Alloy 625. However, results from this exposure test were not pre-
sented in the paper.
A NiCrMo alloy, applied onto carbon steel both by weld overlay

and HVOF methods was also tested, among other stainless-steel
solutions by Amend et al.[157] The aim of the work was to identify
material solutions to very corrosive-erosive brine in acid-dosing
carbon steel components. To this aim, both circular weld beads
andU-bend specimens of several weld overlaymaterials, were ex-
posed for 5 months in a pH-modified brine and two-phase flow
environments upstream and downstream of the acid injection lo-
cation. Visual inspection, weight loss, and pit depth analysis were
used to evaluate the specimens’ performance. Results showed
no significant difference between the performance of specimens
welded with NiCrMo and stainless steel, therefore suggesting no
significant galvanic effect with the materials studied.
Berndt et al.,[165] also tested HVOF-sprayed Inconel Alloy

625 (UNS N06625) coatings, deposited onto carbon steel sub-
strates to two final thicknesses 330 and 560 μm, for corrosion
mitigation in a hypersaline synthetic brine of pH = 4.15 and
ambient pressure and temperature. The coatings were tested
alongside wrought and clad Incoloy Alloy 825 (UNSN08825) and
Hastelloy C276 (UNS N10276) specimens. The different manu-
facturing methods were employed to evaluate the potential effect
that defects, and surface preparation have on the corrosion per-
formance. The cyclic potentiodynamic polarization method was
employed to test the different systems. Analysis of the polariza-
tion curves showed a general absence of distinct features such
as primary passivation, pitting, and repassivation potential and

therefore only corrosion potential corrosion current density and
the general form of the curves could be compared. Nevertheless,
results showed that wrought Inconel 625 performed best among
the alloys tested, while passivity is only observed in both wrought
and clad Hastelloy C276 specimens. Moreover, the corrosion be-
haviour of the HVOF coatings (Inconel Alloy 625) appeared to
differ from the one of the wrought and clad specimens, with a
more active potential and lower current density measured in the
former.
Several Ni-based coatings were also tested by Ragnarsdot-

tir et al.,[141] as deposited onto carbon steel for mitigation of
erosion-corrosion damage in geothermal steam turbines of the
Hellisheiði geothermal power plant (Reykjavik, Iceland). Results
showed that, among the Ni-based coatings tested, the HVOF
NiCrBSiFeC was the best performing, with the least number of
cracks identified. This coating also resulted the best among the
remaining coatings tested in the work.
Coatings of Hastelloy C276 (UNSN10276) and 264SMO (UNS

S31254), deposited by explosive cladding, were also employed by
Ragnarsdottir et al.,[156] for corrosionmitigation of carbon steel in
geothermal steam from the Krafla geothermal region (Iceland).
In the work, both flat (for corrosion only) and U-bend coupons
(for Stress Corrosion Cracking, SCC) were exposed, in situ, to
CO2 and H2S-rich geothermal steam directly within one of the
wellheads for 10 weeks. Measured steam properties at the test
location were a 190 °C temperature, 14 bar pressure, pH 8.57,
and an 18.42 kg s−1 flow rate. Both visual inspection andmetallo-
graphic examination were performed after the tests to character-
ize the results. Results showed that heat treatment post-coating
operation has a significant effect on performance as cracks were
observed only in the heat-treated specimens. Heat treatment
seemed however beneficial in mitigating cracking and pitting at
the substrate/coating interface, which triggered the authors to
suggest future improvement in the heat treatment parameters.
Furthermore, no cracking typical to SCC degradation was ob-
served in any of the specimens and scales mainly composed of
elements S and Cl were detected on the exposed surfaces. Ac-
cording to the authors, the Hastelloy C276 coating showed the
best performance among the ones tested.
In another study by Csaki et al.,[166] a NiCrBSi (Ni ≈82 wt.%)

HVOF thermally sprayed coating was tested for erosion-
corrosion protection of carbon steel through in-situ exposure
at the Hellisheiði geothermal power plant (Reykjavik, Iceland).
In the work, coated coupons and un-coated carbon steel speci-
mens were exposed for 30 days to steam at 210° temperature,
18 bar pressure, and 31 m s−1 velocity in an ad-hoc testing ap-
paratus built to simulate conditions of the fluid entering the
steam turbine in the power plant. Analysis included microstruc-
tural analysis, adhesion, cohesion and wear resistance for the as-
deposited coating, and microstructural analysis after exposure.
Results demonstrated that, although the adhesion and wear re-
sistance of the as-deposited coating were superior to those of the
carbon steel material, its exposure led to coating delamination,
vertical cracking in the coating and formation of corrosion prod-
ucts at the substrate/coating interface. The authors therefore sug-
gest the possibility to include a bondcoat between substrate and
coating in future studies.
More recently, in the study ofHoudkova et al.,[142] twoNi-based

alloys, both of the Cr20Ni80 type, were deposited by Twin wire arc
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spray (TWAS) and HVOF over carbon steel for corrosion mitiga-
tion of steam turbine components.[142] The coatings were tested
in simulated geothermal brine containing Cl− ions and CO2 for
105 days, followed by standard microstructural and visual exami-
nation and further mechanical tests. Among the tested coatings,
the two Ni alloy specimens performed satisfactorily, with no in-
dicative signs of corrosion damage, although the alloys were not
listed as the best-performing ones.
Oxides (Al, Si, Ti, Y, Zr): Although not successful, a hard an-

odized layer of aluminum alloy AA7075-T6was tested against wa-
ter droplet erosion for mitigation of geothermal steam turbines
used in the Salton Sea area (USA) by Wiesner et al.[145] The coat-
ing was tested alongside Cr electroplating and electroless Ni plat-
ing, deposited onto substrates with a wedge geometry. Although
details of the anodizing procedure are not reported by the au-
thors, the measured 0.05 mm hard-anodized layer was observed
to fail in 10 to 15 min the water droplet impingement test. The
failure was also linked to coating spallation at the sharp tip of
the wedge-shaped substrate. The coating was therefore discarded
from the options in the work.
A comprehensive testing campaign was then reported by

Ragnarsdottir et al,[141] who analyzed the erosion-corrosion be-
haviour of plasma sprayed Al2O3/TiO2 coatings, together with
Ni-based alloy, Ti, and WC-Co-Cr coatings deposited onto carbon
steel substrates. The coatings were tested in a custom-made rig
manufactured to simulate the erosion-corrosion environment ex-
perienced by the steam turbine components. The rig was con-
nected directly to one of the wellheads at the Hellisheiði power
plant and two test exposure durations were performed (on rep-
etitions of each coating) to evaluate the repeatability of the test:
38 and 31 days. The measured steam properties were 210° tem-
perature, 18 bar pressure, 31 m s−1 velocity, and pH 8.24, with
a significant concentration of NCGs CO2 and H2S. Visual in-
spection, surface profilometry, and microstructural examination
were employed to analyze the specimens after exposure. Re-
sults showed that, among the Ni-based alloys, only one specimen
(HVOF NiCrBSiFeC) showed satisfactory results, while cracks
were observed in all other Ni-based coatings. For the Al2O3/TiO2
coating, although no cracks or delamination was observed, a sig-
nificant erosion rate was measured, with coating completely ab-
sent in some areas (Figure 36).
Large cracks were observed on the Ti- and WC-Co-Cr-coated

specimens, however these were likely generated during spec-
imen preparation for analysis according to the authors. The
erosion-corrosion behavior of these later coatings however re-
sulted generally satisfactory according to the authors.
Coatings of Al2O3, deposited by sol–gel method to a thickness

of 8.4 ± 0.3 μm (with a three-layer application), were evaluated
by Aristia et al.[167] for corrosion protection of martensitic steel
(X20Cr13, UNS S42000). In the work, the corrosion resistance
of the coatings was evaluated by exposure to simulated geother-
mal water resembling the North German Basin (166 g L−1 Cl−,
0.05 g L−1 SO4

2−, 56.5 g L−1 Ca2+, 0.5 g L−1 Mg2+, 3.1 g L−1 K+,
38.7 g L−1 Na+, 0.2 g L−1 NH4

+, and 1.55 g L−1 Sr2+) at 150 °C,
1 MPa for 168 h and EIS at 150 °C for 24 h. Microstructural ex-
amination, both on the exposed surface and in cross-section, was
employed to characterize the specimens after exposure. Results
from the exposure tests revalued that already after 1 h the Al2O3
was transformed into AlOOH, which resulted stable until up to

Figure 36. Cross-sectional SEM micrograph of Al2O3/TiO2 coating after
38 days in-situ exposure at the Hellisheiði power plant (Iceland), showing
no cracks nor delamination, but significant erosion wear. Reproduced with
permission.[141] Copyright 2017, Association for Materials Protection and
Performance.

3 months of exposure. The absence of Fe and Cr elements on the
surface of the specimens after three months confirmed the pro-
tective nature of the coating, especially when compared to a cor-
roded uncoated steel sample. The protective nature of the coat-
ing was also confirmed by the high absolute impedance values
measured in the EIS test. Further tests to evaluate the mechan-
ical performance, adhesion, and other corrosive properties were
however suggested by the authors before the use of the coatings
in geothermal applications.
The performance of SiO2 coating systems, deposited via liquid

phase deposition, was tested by Chen et al.[168] with the aim of de-
veloping a fouling- and corrosion-mitigation solution for copper
components. In the study, after an initial study on deposition pa-
rameters optimization, where the coating roughness, thickness,
morphology, and chemical composition were assessed by stan-
dard characterization techniques, fouling and corrosion experi-
ments were performed. Fouling experiments were conducted in
saturated CaCO3 solution, while real geothermal water from the
well No. 2 at the Tianjin University was employed for the corro-
sion tests. In both cases, tests were run at different temperatures
from 40 to 90 °C and for up to 360 h, followed by microstruc-
tural characterization and surface roughness and energy analysis.
Results indicated significantly improved fouling performance of
the coating system compared to the bare copper substrates (see
Figure 37 left). However, although the new system was able to in-
hibit corrosion after a short exposure time, a decrease in coating
mechanical performance led to a corresponding decrease in cor-
rosion mitigation after long-term exposure (see Figure 37 right).
SiO2 coatings, deposited by liquid phase deposition method

to thicknesses of hundreds of nm for fouling and corrosion
mitigation of copper, were also tested by Ning et al.[169] In the
work, the effect of varying deposition parameters onto the thick-
ness, roughness, surface free energy, surface morphology and
composition of the coatings was tested. Moreover, fouling and
corrosion performance was measured by exposure to saturated
CaCO3 solution and geothermal water at No. 2 geothermal well
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Figure 37. The performance of bare and SiO2 coated copper substrates, at different coating thicknesses, was assessed against (left) fouling and (right)
corrosion performance by Chen et al. Results showed improved fouling performance but corrosion mitigation only at short exposure times, due to
worsening of the coating mechanical properties. Reproduced with permission.[168] Copyright 2021, American Chemical Society.

in Tianjin University (90 °C temperature, 1993.2 ppm SO4
2−,

815.4 ppm Cl−, 776.0 ppm Na+, 621.2 ppm Ca2+, 375.3 ppm
HCO3

−, 57.8 ppm Mg2+, 39.0 ppm K+, 24.5 ppm SiO2) respec-
tively. In this latter case, specimens were removed after different
exposure times and tested by electrochemical impedance spec-
troscopy experiments. Results indicated reduction in scaling by
the application of the SiO2 coating compared to the bare Cu sub-
strate. Moreover, corrosion inhibition was clearly observed after
a short immersion time, even though this decreased after longer
exposure times due to coating delamination. The authors con-
clude that the systems can represent a valid alternative to organic
coatings in geothermal applications.
Another interesting application of SiO2 coatings obtained from

geothermal waste can be found in the work of Silviana et al.[170]

In the study, SiO2 coatings were prepared by sol-gel method and
applied by spraying onto glass substrate, targeting a maximiza-
tion in contact angle. The effect of a variation in manufactur-
ing parameters, determined by a design of experiment statisti-
cal approach, was correlated to changes in surface morphology,
phases, and microstructural features. Results demonstrated hy-
drophobicity of the coated surfaces, with a maximum contact an-
gle value of 130.9˚ obtained by using 2% sodium silicate and 2%
methyltrimethoxysilane (MTMS) concentrations.
TiO2, SiO2, and SiO2-FPS (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyltri-isopropoxysilane, C19H25F17O3Si), de-
posited by sol-gel and liquid phase deposition (LPD) methods
onto AISI 304 stainless steel, were tested by Song et al.[171] for
scaling and corrosion mitigation in heat exchangers in contact
with hot-dry-rock (HDR) geothermal water. A custom-made ex-
perimental equipment utilizing two types of simulated geother-
mal fluid from the Yingshen area (Daqing of China), one rich
in calcium carbonate for scaling experiments and one resem-
bling the real water (which is rich in HCO3 and Cl

−/Na+ ions),
were employed for the experiments. The temperature of the fluid
was maintained at 150 °C at the inlet of the heat exchanger
during the exposure experiments, which were run for up to 21
days. The coatings were analyzed for surface morphology, rough-
ness, static contact angle and surface free energy, scaling perfor-
mance, and corrosion performance. This latter was performed
by using electrochemical methods potentiodynamic polarization

and electrochemical impedance spectroscopy methods. Results
demonstrated that in the scaling-specific fluid, a 48% reduction
of fouling was obtained by using LPD TiO2 and sol-gel TiO2 coat-
ings compared to bare 304 alloy. Moreover, in the simulated real
geothermal fluid, the sol-gel SiO2 and SiO2-FPS coatings were
proven to reduce fouling by over 30% compared to the bare sub-
strate. Electrochemical tests performed on the same coatings fur-
ther demonstrated a reduction in corrosion rate in the order of
60% compared to the Type 304 stainless-steel substrate, which
was considered promising for real application by the authors. The
authors however suggested that further work would be needed in
increasing exposure times and performing the tests in geother-
mal fluids of different chemistries.
TiO2 and TiO2-FPS (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyltri-isopropoxysilane, C19H25F17O3Si),
deposited by liquid phase deposition and sol–gel methods re-
spectively onto AISI 304 stainless steel, were also tested by Lv
et al.[172] for scaling and corrosion mitigation in pipeline and
heat exchanger applications (Figure 38). In the study, the surface
free energy, surface morphology and chemistry and corrosion
performance (measured by electrochemical methods) were
assessed while exposing the samples to simulated geothermal
water and crude oil at different ratios (Voil:Vwater = 0:1, 1:15, 1:25,
1:35, 1:45, and 1:55). The 80 °C water chemistry was selected
to simulate the one from the Huabei oilfield geothermal water
(China) and the tests were run for 720 h.
Results from tests in geothermal water (Voil:Vwater = 0:1)

demonstrated that the TiO2-FPS coating provided superior scal-
ing and corrosion protection compared to TiO2 and bare stain-
less steel, mainly due to its superior hydrophobic properties.
Tests in geothermal water containing oil indicated that when
Voil:Vwater = 0:25, the lowest fouling rate is again measured in
the TiO2-FPS system. These tests also demonstrated that oil and
minerals contained in the water phase both contribute to the scal-
ing behaviour. The authors specified how further tests would be
needed to separate the contribution of water and oil scaling and
fundamental mechanisms of oil adhesion.
A Y2O3–based system, deposited by sol–gel method onto In-

conel 625 alloy substrate, was manufactured by Sugama[173] for
oxidation and corrosion mitigation. The coating was deposited
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Figure 38. Surface photographs of the un-coated 304 stainless steel coupons and coated coupons before and after immersion for 720 h in simulated
geothermal water at 80 °C. Reproduced with permission.[172] Copyright 2018, Springer.

by sol-gel method from yttrium acetate tetrahydrate as precursor
powder and tested for oxidation resistance by weight gain mea-
surement after exposure to atmospheric oxygen at 900 °C for up
to 8 days and corrosion resistance by potentiodynamic polariza-
tion in 0.5 m NaCl solution at 25 °C. The 0.5 to 1.5 μm thick
coatings were later analyzed for surface morphology and phase
composition pre- and post-exposure tests to evaluate the evolu-
tion of the coating chemistry. Results from the oxidation tests
revealed that at temperatures >700 °C, yttrium carbonate origi-
nally present in the coating, is transformed into Y2O3, while at the
same time, the Inconel 625 substrate oxidation led to the growth
of Cr2O3. The interaction between Y2O3 and Cr2O3 eventually
yielded chromium yttrium oxide YCrO3, which was observed to
promote densification in the coating. This optimal coating den-
sity, together with the strong affinity of Y2O3 with oxygen, was
therefore linked to the observed superior corrosion resistance of
the coated system compared to bare Inconel 625.
A composite ZrO2–TiO2 coating, deposited by LPD onto AISI

304 stainless steel was tested for corrosion protection by Cai
et al.[174] In the study, coating morphology and phase character-
ization was performed before and after corrosion performance
tests evaluated by electrochemical methods in simulated geother-
mal water resembling the composition characteristic of central

China (NaCl rich). The tests were run for up to 720 h and the
water was maintained at 50 °C during the experiments. Results
demonstrated that the as-deposited pants consist of nanoparti-
cles of a 20–30 nm size range, which vary from amorphous to a
crystalline state with increasing sintering temperature from 500
to 800 °C. Electrochemical experiments also demonstrated a su-
perior corrosion performance of the coatings compared to the
bare stainless steel, although an increase in corrosion rate is ob-
served at prolonged exposure time (>360 h). This performance
degradation is associated with a combined pitting and scaling
mechanism, which the authors claim to promote each other
(Figure 39).
Polymer Concrete: Polymer concrete (PC) is a type of concrete

in which part, or all the cement binder is replaced with polymers.
In geothermal applications, PCs have been employed in coating
form as corrosion protection liner with thicknesses in the range
6–13 mm, for components such as pipelines, vessels, and heat
exchangers.
The promising performance of PC mortars coatings were al-

ready mentioned in the review by Reeber.[16] The author refers
to several recent and ongoing tests on novel PC compositions
developed at the Brookhaven National Laboratory. A PC mor-
tar applied to carbon steel material and tested in autoclaves for

Figure 39. Schematic representation of corrosion and scaling mechanisms proposed by Cai et al. involving composite ZrO2-TiO2 coatings deposited
onto AISI 304 stainless steel and exposed to NaCl-rich simulated geothermal water at 20 °C. a) The tortuous path of O2 and Cl

− through the protected
coating at the initial stage and b) coating damage and scale formation processes after prolonged immersion time. Reproduced with permission.[174]

Copyright 2016, American Chemical Society.
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Figure 40. Surface photograph of a) Sikagard 75 EpoCem mortar and b) latex-modified mortar after exposure to Thibacillus. ferrooxidans showing very
slight etching in immersed zone. Reproduced with permission.[80] Copyright 2011, Elsevier.

2 years at 238 °C in a geothermal brine containing 28% of dis-
solved salts wasmeasured to retainmore than 80% of its strength
and impermeability to water after the test. Several tests were
then also reported of PC mortars containing monomers such
as styrene, acrylonitrile, and trimethylopropane trimethacrylate
(TMPTMA) with a 9:1 sand:Portland cement mixture. Moreover,
PC coatings were applied to several steel pipes to thicknesses
of ≈9.5 to 19 mm and installed in four geothermal regions in
the USA: China Lake (California), East Mesa (California), Raft
River (Idaho), and Niland (California). Visual examination after
extended period of exposure (>1 year) shows in all cases lim-
ited scale build-up and no apparent development of corrosion
damage. The same was reported true for a PC using a high-
temperature resistant monomer, exposed both in simulated and
field tests to a 220° brine containing 28% of dissolved salts.
More details on these tests can be found in the earlier reports
by Kukacka et al.[175,176]

Later work from the same group, in collaboration with the
IdahoNational Engineering Laboratory, evaluated the application
of the same class of PCs onto counterflow heat exchangers.[177]

Field tests in aggressive geothermal brine had to be terminated
after only 30 h due to plugging of the tubes. An examination of
the tubes revealed that the plugging was caused by non-uniform
application of the PC coating. Further tests were then resumed
later by the same group after devising a method for uniform ap-
plication of the PC coating to a thickness of ≈0.8 mm. The expo-
sure test was then run for 75 days, by comparing the PC-coated
heat exchanger tubes with a control AL-6XN (UNS N08367).[178]

Results identified comparable heat transfer and pressure drop
performance for the PC-coated and control tubes, suggesting a
similar fouling rate. However, further analysis[179] of the same
tubes revealed instead a significantly thicker (≈8.5% more) and
more strongly adhered (>6 times) scale layer in the PC-coated
tubes compared to the control AL-6XN ones. The authors there-
fore suggested the use, in future tests, of a novel PC formulation
to reduce the adhesion strength between scale and PC.[180]

More recently, other PC mortar chemistries were evaluated
by Berndt,[80,81] to improve resistance of concrete to microbi-
ologically influenced corrosion induced by Thiobacillus ferrox-

idans sulfur oxidizing bacteria in geothermal cooling tower
basins. Three PC mortars were evaluated: an epoxy-modified ce-
mentitious mortar (Sikagard 75 EpoCem, Sika) a custom-made
latex-modified mortar and a commercial calcium aluminate ce-
ment mortar designed for use in sewers (SewperCoat, Lafarge)
(Figure 40).
The PCs were tested alongside other three epoxy coatings.

Only for the custom latex-modifiedmortar, a bondcoat composed
of a slurry mix of cement and latex was applied on the concrete
surface prior to PC application. The coatings were exposed both
in a lab environment (40° for 60 days) and field tests within a cool-
ing tower of a geothermal power plant in Indonesia (38°, pH 7.8–
8.0, <40 ppm CaCO3, for 8 months). Results showed improved
resistance compared to the control concrete for all three PCs, with
the SewperCoat calcium aluminate cementmortar being virtually
unaffected after both lab and field tests. The good performance
was attributed to the stability of the alumina hydrate phase form-
ing in low pH conditions, and to the inhibiting effect on acid
formation provided by Al3+ ions. Additionally, none of the epoxy
paints or PC mortars subjected to lab exposure showed a statisti-
cally significant reduction of bond strength, which is promising
for long-term protection capability.
Later, a polymer-modified foaming cement, with added corro-

sion inhibitor, was developed and tested By Sugama et al.,[181]

for corrosion protection of carbon steel casings in Enhanced
Geothermal Systems (EGS). The cement consisted of Secar #80,
Class F fly ash, and sodium silicate treated with cocamido-
propyl dimethylamine oxide-based compound as a foaming agent
and modified with acrylic polymer emulsion as corrosion in-
hibitor. These modifications were performed with the aim of
producing a low-density (<1.3 g cm−3), corrosion-, and thermal-
shock-resistant cement. Performance tests involved exposure to
a hydrothermal temperature of 200 °C for 24 h, followed by
electrochemical corrosion tests at 25 °C in a 1.0 m NaCl so-
lution. The density, compressive strength and toughness, and
microstructural examination were performed on the specimens
prior, and post hydrothermal exposure. Results showed that the
performance of the coating depended on the concentration of
the foaming agent and acrylic polymer in the initial cement
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Figure 41. Surface photographs of a) TiB2-Ni3B nanocomposite coating and b) uncoated stainless-steel type 304 specimens after 1 month in situ
exposure to geothermal fluid at the Geothermal Unit Los Humeros (Mexico); no clear corrosion products are visible on the coated coupon as opposed
to the steel substrate. Reproduced with permission.[183] Copyright 2021, Institute of Physics.

mix. The authors report an optimum concentration of 1 wt.%
foaming agent and 2 wt.% acrylic polymer providing a density
<1.3 g cm−3, a compressive strength >3.44 MPa, and a corrosion
rate <1.78 mm year−1. The improved performances were linked
to reduced permeation of electrolyte, inhibition of cathodic reac-
tions on the carbon steel surface, improved adherence of the ce-
ment to the substrate and extended coverage of the coating over
the carbon steel substrate.
Titanium: Two TiN alloys, one deposited by PVD and

one by CVD, were already tested for corrosion mitigation of
steam turbine blades in The Geysers area (California, USA) by
Borenstein.[104] In the work, the coatings, deposited over three
different steel grades were tested in a modified salt spray test, an
erosion wear test, and a field test. No results were reported.
Titanium coatings deposited by electric arc spray onto carbon

steel substrates with a NiAl bondcoat, were among the coatings
tested by Ragnarsdottir et al.[141] for erosion-corrosion mitiga-
tion in geothermal steam turbines. In-situ exposure tests in a
custom-built rig at the Hellisheidi (Reykjavik, Iceland) geother-
mal power plant revealed a generally good erosion resistance of
the Ti coatings. However, large cracks were observed in the coat-
ings, although according to the authors, these developed during
the specimen preparation for microstructural examination.
Pure Ti coatings deposited onto both carbon and stainless steel

(UNS S17400), were also examined by Haralsdottir et al.[182] for
erosion-corrosion mitigation of steam turbine components. The
coatings were deposited by electric arc spray, with a bondcoat
layer of NiAl and tested for 2 months in situ via a custom-built
rig connected to one of the wellheads of the Hellisheiði geother-
mal power plant (Reykjavik, Iceland). Wrought carbon steel and
stainless-steel specimens were also tested alongside the coated
coupons. After the tests, visual inspection of the coupons’ ex-
posed surface was performed by polarized light microscopy and
optical profilometry, while metallographic examination was per-
formed bymeans of SEM-EDX. Results revealed different scaling
levels on the two coated specimens, although this was likely due

to asymmetries in the geothermal steam flow within the testing
rig. However, no thickness reduction was measured in any of the
coatings, a promising indicator of good erosion-corrosion perfor-
mance. Analysis of the coating cross-section revealed a porous
microstructure typical of thermally sprayed coatings infiltrated
with silica scale products down to the bondcoat layer, indicating
permeation of the geothermal steam. Oxygen and Nitrogen ele-
ments were also measured in the coating, suggesting the forma-
tion of Ti-oxide and Ti-nitrate compounds, possibly during the
coating process.
More recently TiB2-Ni3B nanocomposite coatings were de-

posited byDCmagnetron sputtering PVDmethod onto stainless-
steel type 304 (UNS S30400) for corrosion-erosion protection of
geothermal steam turbine components.[183] The target material
for the PVD deposition was prepared by mechanical alloying fol-
lowed by hot pressing. In the work, corrosion rate was quantified
by linear polarization resistance method by using an electrolyte
containing 0.28 m and 0.01 m of NaCl and Na2SO4 respectively,
at 25 and 80 °C for 24 h. Additional characterization involved mi-
crostructural and phase examination, surface morphology, hard-
ness, and wear testing. Results revealed very low corrosion rates
of 0.0008 and 0.001mmyear−1 at 25 and 80 °C respectively, which
stayed constant throughout the testing time with no apparent
coating degradation (Figure 41).
Moreover, a hardness of 537.4HV was measured on the coat-

ing, lower than typical hardness values for only TiB2 (≈1000 HV)
due to the presence of the Ni3B phase but higher than the
uncoated steel substrate (256HV). A similar trend as observed
in wear resistance, with a wear coefficient for the coating of
2.552 × 10−10 m2 N−1, compared to 1 × 10−14 m2 N−1 for a ni-
tride hard coating and 3.47 × 10−3 m2 N−1 for the uncoated steel
substrate.
Tungsten and Tantalum: An innovative approach to WSi

and TaSi alloy coating design was proposed by Tryggvason
et al.[184] In the study, a combinatorial DC magnetron sputtering
PVD method was used to deposit graded compositions of WSi
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(4–60at.% W) and TaSi (12–80at.% Ta) coatings over both single
crystal silicon Si(100) and stainless-steel type 304 (UNS S30400).
The amorphous/crystalline nature of the as-deposited coatings
was evaluated, together with microstructural examination and
compositional analyses. Graded coatings deposited onto steel
substrates were exposed for 30 days to geothermal steam in the
Reykjanes geothermal power plant (6600 ppm CO2, 220 ppm
H2S, 66 ppm N2, 1.9 ppm H2, 0.9 ppm CH4, 200 °C, 17 bar) and
their corrosion performance evaluated by microstructural exam-
ination of the exposed surface. Results revealed the amorphous
nature of the coatings, which was retained in a wide composi-
tional range up to approximately 500 and 800 °C annealing tem-
perature forWSi and TaSi respectively. Results from the exposure
tests revealed very poor performance for theWSi coating, with no
remanence of the amorphous metallic phase. Conversely, TaSi
coatings remained largely unaffected by the exposure, therefore
showing great potential for application in geothermal environ-
ment.
Zinc: Zn, Zn-alloy, or Zn3(PO4)2 (zinc phosphate) coatings

are often used in paint systems as an intermediate layer as a
primer pigment (see for instance[106] or[111]). To the authors’
knowledge, the only studies looking into the utilization of zinc
phosphate coatings for direct mitigation of geothermal water can
be found in works of Xu et al.[185] and Sun et al.[186]

In the work of Xu et al.[185] corrosion mitigation of carbon
steel by using modified zinc phosphate coatings, using hydrox-
ylamine sulfate (HAS) as main accelerator, with and without sol-
gel SiO2 topcoat, is evaluated in hot-dry-rock geothermal water.
Specimens were analyzed by microstructural examination and
phase analysis (in the as-deposited condition) and electrochem-
ical methods for corrosion analysis (i.e., potentiodynamic polar-
ization and electrochemical impedance spectroscopy) in temper-
atures up to 150°. Different electrolytes were employed for the
electrochemical and immersion experiments, from 3.5wt.%NaCl
solution to simulated hot-dry-rock geothermal water containing
different amounts of total dissolved solids (TDS) up to a maxi-
mumof 11,300. Results demonstrated a significant improvement
in corrosion resistance for the new coatings compared to both
traditional zinc phosphate coatings (using harmful chemicals as
reagents) and ultrasonically assisted industrial coatings. The ben-
eficial effect was also observed to improve after application of
the sol-gel SiO2 topcoat. Effectively, the authors could conclude
that the newly developed coatings could provide an effective cor-
rosion protection in geothermal water at 150° for 336 h, albeit
also suggesting some further improvements in the toxicity of the
phosphating solution and reducing small cracks identified in the
SiO2-sealed coatings. Similar positive results were obtained in an
earlier work on deposition parameters optimization for ultrason-
ically assisted zinc phosphate coatings (although with no sol-gel
SiO2 topcoat) by the same group.[186,187]

Plated Zn was also tested, applied onto carbon steel, for cal-
cium carbonate scaling mitigation together with other plated sys-
tems (Ni, Ni-P, Ni-W-P, and Cu) and bare metallic and non-
metallic surfaces (PVC, carbon steel, Type 316 stainless steel, and
Cu) by Hashimoto et al.[147] Results from the scaling tests re-
vealed that the Zn-coated specimen could provide advantages in
terms of scale mitigation compared to any of the tested bare sur-
faces, although the best performance was measured in the Ni-P
and Ni-W-P plated coupons.

4. Conclusions

In this review paper, a comprehensive list of 103 works per-
formed on paints and coatings for geothermal applications is re-
ported, with studies identified in the period 1975–2021. Due to
the chemical/architectural complexity of identified systems, the
subdivision between paints and coatings was made, where the
former refers to polymeric materials and the latter to metals, ce-
ramics, or their combination (i.e., cermets). The study was sub-
divided into three sections, an introductory chapter describing
types of power plants, brine chemistries, and degradationmecha-
nisms and two review chapters analyzing researchwork on paints
and coatings respectively.
The research highlighted the following main findings:

• The specific degradation mechanism observed on a compo-
nent of a geothermal power plant is a combination of corro-
sion, erosion, and scaling phenomena. This is dictated by three
main factors: plant configuration, geothermal brine chemistry,
and component. This is because the chemical and thermo-
mechanical properties of a brine entering the plant are mod-
ified at each component, depending on the configuration of
the plant. As summarized in Figure 5, erosion and scaling are
prevalent in steam production, due to elevated steam flows
and extreme variations in temperature and phase (condensa-
tion). In steam transmission, where a steady state of steam
is transported without significant fluctuation in temperature,
scaling phenomena aremainly replaced by corrosion phenom-
ena. Scaling becomes again an issue then in reinjection, due
to fluctuations in temperature and the sole degradation mech-
anism in cooling, due to the low temperature and flows of the
brine in this last stage.

• Paints and coatings have very different chemical-physical and
microstructural properties, whichmakes them suitable for dif-
ferent degradation mechanisms (and therefore components).
Paints are dense layers with limited mechanical properties on
their own, but that can be improved by the addition of hard
phases. They find application in temperatures up to a maxi-
mum of 300 °C due to both their intrinsic low melting point
(compared to coatings) and strong hydrothermal oxidation
degradation, which increases with temperature. Thus, paints
are mainly employed and have the most potential in applica-
tions where corrosion (at low temperature) and scaling are of
concern, such as heat exchangers, pipelines, and condensers.
On the other hand, coatings can withstand higher mechani-
cal and thermal (have been tested up to 500 °C) loads than
paints, but suffer from corrosion degradation, including gal-
vanic effects if different phases are present. Moreover poros-
ity, often present depending on the deposition method, causes
brine permeation, leading to corrosion in the substrate. Poros-
ity and other defects, such as microcracks, must be therefore
reduced. They are therefore mostly studied to prevent erosion
and corrosion degradation at higher temperatures such as the
steam turbine, wellhead components, and downhole tools.

This review paper is intended to give a good overview and in-
sight into the work that has been done in developing and testing
coatings for the application in geothermal environment. The per-
formance of paints and coatings researched and tested in real or
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simulated geothermal environment in the last 50 years varies as
much as they are many, but the results and effort have given us
valuable knowledge and input for further development and re-
search. It has also led in some cases to the real application of
paints and coatings in geothermal power plants. There is a clear
need for further development and research of coating systems
for different geothermal energy systems with increased demand
in the world for renewable energy. Further utilization of geother-
mal energy has opened new areas of exploration such as deep
geothermal systems with harsher conditions, requiring the de-
velopment of new materials and methods. Also, there is a large
potential for direct utilization of geothermal energy for district
heating for lower temperatures geothermal areas, which will also
require corrosion and scaling prevention methods. Paints and
coatings will therefore play a significant role in the production
of clean geothermal energy and our sustainable future.
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