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Abstract

The increasing global demand for renewable energy has resulted in the increased
exploration of geothermal energy resources, which presents corrosion and wear challenges.
The objective of the PhD project is to investigate the friction, wear and corrosion behavior
of available and novel coatings designed to add wear and corrosion resistance to steels
currently used in geothermal applications. The coatings include tungsten carbide (WC)
cermet-, nickel alloy based-, amorphous iron based-, graphene oxide based-, electroless
nickel-phosphorus duplex-, and high entropy alloy (HEA) based- coatings. The results
demonstrated that the coatings’ hardness influenced abrasion and wear resistance, but the
surface roughness complicated friction and sliding behavior. Further autoclave testing
revealed that, the wear-resistant coatings acted as a physical barrier in the test solution,
preventing steel corrosion. However, deviations were dependent on the coating
microstructure, physical properties, and the chemistry of the test environment, promoting
localized corrosion effects. In the 120 °C water test, all the coatings were protective by
resisting substrate corrosion. After liquid/vapor phase exposure in the challenging
environment (i.e., 250 °C with H,S/CO,), the coatings were subjected to either internal
attack, surface deposits or substrate corrosion. This work revealed good corrosion
resistance of the wear resistant HVOF developed HEA in all test environments and thus
encouraging industrial exploitation of the coating in CO,/H,S-containing fluid commonly
encountered in geothermal fields. The findings established systems that produce suitable
corrosion- and wear- resistant coatings for targeted applications that can be incorporated
into early project phases in geothermal energy exploration.



Utdrattur

Aukin eftirspurn & heimsvisu eftir endurnyjanlegri orku hefur leitt til aukinnar nytingu &
jarovarmaaudlindum, sem hefur i fér med sér askoranir um taeringu og slit efna sem notud
eru i nytingu jardvarmans. Markmid doktorsverkefnisins er ad rannsaka nuning, slit og
teeringarhegdun faanlegra og nyrra hGdunarefna sem eru hénnud til ad beta slit og
teeringarpol stals sem nd er notad i nytingu jardhita. HGdunarefnin sem voru rannsékud eru
wolframkarbid (WC) keramik samsetningar, nikkelmelmi, myndlaust jarn-melmi,
fjdllidusamsetningur med grafin-oxid, nikkel-fosfor samsetningar og ha dreidu
malmblondur (e. High Entropy Alloys (HEA)). Nidurstddurnar syndu fram & ad harka
hadunarefnanna hafdi mikil ahrif 4 ndning og slitpol, en hryfi yfirbordsins flaekti ndning og
renni-hegdun. Frekari tilraunir i hahita og prysti kdti (e. autoclave) leiddi i 1jos ad slithbolnu
hadunarefnin virkudu sem hindrun gegn teeringu i tilraunaumhverfinu og komu i veg fyrir
teeringu & undirliggjandi stali. Hins vegar voru fravik had oérbyggingu hadunarefnanna,
edliseiginleikum og efnafraedi tilrauna umhverfisins, sem studladi ad stadbundnum
teeringarahrifum. I tilraunum vid 120 °C i vatni vid 50 bar voru 61l hadunarefnin verndandi
med pvi ad verja undirliggjandi stalido gegn teeringu. En i tilraunum i vokva-/gufufasa i
heerri hita og auknu terandi umhverfi (250 °C med CO,/H,S gasi) urdu meiri hluti
hadunarefnanna fyrir annadhvort teringarskemmdum i innri 16gum, yfirbordsatfellingum
eda teeringu & undirliggjandi stali. bessi rannsokn leiddi einnig i 1jés gott teringarpol
nylegra préads slitpolins HEA hudunarefnis i 6llum tilraunar umhverfum rannsoknarinnar
og sem hvetur til mdogulegrar nytingar & huadunarefninu i CO,/H,S-innihaldandi
jarohitaumverfi. Nidurstdéournar gefa gédan grunn sem hagt er ad byggja & til préunar og
framleidslu i framtidinni & videigandi teringar- og slitbolnum hddunarefnum fyrir notkun i
jarohitaumhverfi vid nytingu jardhita.
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1 Introduction

Geothermal energy is obtained by harnessing energy stored in geothermal reservoirs using
simple or advanced technologies [1], which offsets the need for fossil fuel combustion with
massive efforts to reduce carbon footprint. Boreholes or wells are drilled to discharge
naturally heated groundwater surrounding the geothermal reservoirs or by forced
convection, primarily for space heating and power generation. The production wells are
drilled into the hot reservoir rocks up to 5 km depth to extract medium temperature (100
°C - 180 °C), high temperature (>180 °C) [2,3], or perhaps superheated (>350 °C) [4] fluid
for electricity generation. Interestingly, globally geothermal energy production is steadily
gaining acceptance, with an estimated 80% reduction in CO, emissions for an equal
amount of energy supplied by a coal-fired power plant [5].

Most industrial components have a limited lifetime. The main processes involved in the
breakdown of geothermal equipment are corrosion, scaling and wear [6,7]. Scaling or
fouling precipitates solid particles from the supersaturated test solution as opposed to
corrosion, which results in the formation of solid products from the reaction of the metal
with the fluid [6]. Frictional heating in moving parts caused by unsteady operations such as
structural vibration, scuffing, micro-ploughing, sliding, or skidding causes surface wear
and tear (mechanical damage). Although each degradation mechanism have a considerable
impact on productivity, their combined impact is equally significant and is common in
such complex service environment [7]. These challenges exist throughout the geothermal
power generation process, including the downhole, transmission, main-stream operation,
and reinjection systems. Here, the temperature of the fluid must not be underestimated.
Drilling equipment; consisting of drill pipes and BHA (bottom-hole assembly)
components, valves, seals, turbine, shafts, rotor bearings, and blades are examples of
specific problem areas [7,8]. Maintenance, repair, part-replacement, downtime, and safety
have enormous and widespread economic consequences [7], as a result, methods for
increasing the lifetime of the material used in the components are critical.

Environmentally friendly technologies, such as surface protective coatings for process
equipment, are currently being researched [9,10]. Coatings have recently received a lot of
research attention due to their diverse applications and benefits in extending equipment
life. It is possible to increase and extend service life by designing a cost-efficient
composite with a multi-structured surface made of an active-cheap base metal and a noble-
expensive material. Improving the surface properties, e.g., lubricity, wetting, wear
resistance and corrosion resistance increases efficiency, reliability, and sustainability of
geothermal systems [10].

In this dissertation, the tribological properties and corrosion behavior of available and
newly developed coatings were studied in the laboratory in simulated geothermal
environments. The coatings are designed to add high performance to the substrate material.
Different coating techniques (HVOF, LMD/LC, ESD, ESD, and ENP) are used to deposit
coating materials on metallic substrates that are representatives of geothermal plant
components. The selected substrates have application areas in downhole drilling and
mainstream geothermal plant equipment. The main goal includes testing conventional and



novel coating systems, selecting application-dependent loads at reasonable sliding speeds
during the tribological test, and simulating appropriate geothermal fluid density/chemistry
during the autoclave corrosion test. The majority of the tribological experiments, the
friction and wear tests were conducted at ambient dry sliding conditions. The corrosion
studies were at high temperatures (HT) of 120 °C and 250 °C at pressure set to 50 bar for
both liquid and/or vapor conditions.

The contribution of the dissertation is to provide an understanding of the tribological
behavior of the coatings in sliding contact and their corrosion behavior under conditions
expected in single-phase (liquid) and two-phase (liquid/steam) geothermal systems with or
without Cllions or H,S/CO, gases present as corrosion species. The proposed research if
will afford the opportunity of aptly incorporating the outcome (potential candidate / best
coating) in the early project stages of geothermal drilling and plant construction. Three key
factors for a coating to be successful in increasing the lifetime of the component are: first,
physical barrier protection will prevent metal dissolution (corrosion), second, the
hydrophobic coatings will minimize solid deposition, and finally, the hardness property of
manufactured coatings, will prevent abrasion and wear at contacting surfaces.

1.1 Related Works

The purpose of coatings is generally to provide a base material with a form of protection
from its environment. There are numerous elements or alloys that can be used for coatings
depending on the industrial demand, i.e., functionalized surface, high hardness, wear,
corrosion, erosion, oxidation, and fouling resistance. In this regard, selection of materials
must meet desired performance at each estimated condition that could contribute to coating
damage. In this chapter, a retrospective review of coating materials relevant to this
research for possible use when metallization or deposition on steels is conducted.

1.1.1 Materials used for the fabrication of coatings

Electroless Nickel — Phosphorus — Ni-P

The primary reasons for employing electroless plating are thickness control, coating
uniformity, and deposit tolerances of a few micrometers for complex geometries that can
be achieved in depositing the Ni-P based PTFE (Polytetrafluoroethylene) coating. The
incorporation of PTFE particles into the Ni-P matrix can benefit from the high mechanical
properties of the Ni-P alloy and the chemical inertness of PTFE. Another study discovered
a good alternative based on the heat treatment of the coatings through an enhanced
microstructure of either crystalline, amorphous, or a blend of the two systems. The altered
microstructure of the deposit as a result of heat treatment, improved hardness, wear,
corrosion and fatigue resistance [11]. In industrial use where conventional lubricants would
be harmful to components, it has been reported that the properties of Ni-P/PTFE coatings
gave higher dry lubricity, good wear resistance, and high corrosion resistance at room
temperature [11,12]. The coatings are reported to have good substrate adherence but Ni-P
coated steel in high temperature gas environment had localized sulfide ion degradation at
the coating/substrate interface in contrast to uniform coating deterioration [13,14]. The
synergistic effects of CI'/CO,/H,S corrosive species and the hot steam that are present in
the geothermal well environment have not received much attention, despite the



advancements in this field. In a recent study, Chong Sun et al. highlighted the importance
of examining the synergistic corrosive effect of CO,, H,S, and CI" on Ni-P coatings and
reported detrimental effects of corrosion at the coating-substrate interface [13] that may be
the primary drawbacks of using conventional Ni-P coatings in geothermal environments.

GO-PTFE (graphene oxide-Polytetrafluoroethylene)

The inclusion of additives is a well-accepted method of improving the mechanical strength
of a soft coating [10,15]. Graphite, polyetheretherketone (PEEK), polytetrafluoroethylene
(PTFE), and polyethylene oxide (PEO) are examples of relatively low shear strength
lubricants [9,15]. It has recently been demonstrated that various carbon-based fillers, like
ultrafine diamond particles [16] and graphene platelets [17], can reduce the wear rate of
PTFE in environmentally friendly solid lubricants containing innovative carbon-based
compounds. In addition to graphene, graphene oxide (GO) has attracted a lot of interest for
use in a variety of mechanical and electrical applications. GO has previously been
investigated as a barrier and self-lubricating material for tribological and corrosion
applications [18-21] but there is limited information regarding PTFE/GO composites for
high temperature geothermal applications. In studies published by Huang et al. [18] and
Nemati et al. [19] GO was added to PTFE coating in varying percentages. The wear rate
was reduced from 5.6 x10°® to 1.9 x 10" mm*/Nm and the coefficient of friction (COF) was
reduced from 0.16 to 0.045 after 15 vol% added GO [19]. According to a recent study, the
friction coefficient and wear rate were reduced by more than two orders of magnitude and
approximately 60%, respectively, when 1wt.% GO and PTFE were included in polyimide
or epoxy [18] base material. However, in bulk form, the composite was restricted in
stiffness and strength, suggesting that a steel substrate may improve structural use.

Ceramic/Metal mixtures — CERMETS

Cermets are recognized cladding materials, appreciated in the industrial sector for their
hardness rather than their corrosion resistance. The hardness and tribological properties of
thermal spray HVOF-based hard metal coatings including carbides, such as WC-CoCr,
WC-(CrC)-Ni, and (CrC)-Ni/Cr, make them suitable for use in preventing wear on
machine parts. CrsC,-based coatings may function at temperatures up to 800 °C and are
frequently employed in high temperature applications where wear and oxidation resistance
is needed [22], while WC-based coatings are typically used below 500 °C [23]. According
to reports, using a metallic binder made of Ni, Cr and/or Mo increases corrosion resistance
allowing for passivation [24], which reduces the reported corrosion of the coating matrix
and segregation of carbide particles in harsh conditions. However, such abrasion resistant
coatings [25-27] subjected to geothermal steam with corrosive gases from a deep
production well showed blowholes, cracks or delaminations and corrosion rates lower than
0.006 mm/year [27]. Despite this information on the corrosion behavior of HVOF-based
hard metal coatings in controlled laboratory high temperature (HT) and high pressure (HP)
simulated geothermal environment is lacking. From the above findings simulating HTHP
steam to establish corrosion behavior of these coatings for the hot geothermal application
is needed.

High entropy alloys — HEA

Metals and metal alloys have long been used for structural applications. A large variety of
HEAs have also been developed that exhibit precipitation hardenability, lightweight, anti-



oxidation, anti-wear, corrosion resistance and other properties that could broaden their
applicability in many industrial sectors. The enhanced and synergistic properties of such
alloys are described to be generated by the high entropy effect, severe lattice distortion
effect, and cocktail (mixture) effect [28]. Recently, there have been rapid developments in
Co, Cr, Fe, Ni, and Mo HEA coatings for geothermal applications [29-33] amongst others.
A fabricated equimolar CoCrFeNiMo bulk material possessed high hardness (593 HV)
[29] but a lower wear resistance when compared to CoCrFeNiMoggs coatings [34].
Another study discovered that a CoCrFeNiMo alloy exhibited a corrosion rate of less than
0.1 mm/yr at ambient temperature in a saline environment [29]. When tested
electrochemically at 25 °C in 3.5 wt.% NaCl solution, Fanicchia et al. detected localized
corrosion damage of the CoCrFeNiMog g5 coating [33]. At 200 °C, the CoCrFeNiMo alloy
showed low corrosion rates when evaluated in-situ with two-phase geothermal steam
comprising corrosive H,S and CO, gases [32]. Similarly, after testing in a simulated
superheated geothermal steam environment containing HCI at 350 °C, microscopic
inspection of the equimolar CoCrNiFeMo alloy revealed minimal corrosion damage [30].

It is possible to conclude from these findings that the wear and corrosion behavior of
coating materials designed for various HT geothermal conditions needs further study.

1.2 Motivation of study

The aim of the project is to study the tribological and corrosion properties of the developed
coatings by testing in laboratory simulated environments and identify the most potential
candidate for different geothermal power plant equipment. Though other research using
coating technologies have been deployed successfully in corrosion control for various
industries, this approach incorporates investigations on tribological effects on properties of
the various coatings developed for geothermal environments. Wear resistant coatings have
only been utilized sporadically in the geothermal industry to extend the lifespan of
components where wear, erosion, and corrosion are present because there is a general
absence of data and information about their performance and suitability in medium and
high temperature geothermal environments. Due to the knowledge gaps that exist, this
research is necessary to close them for both scientific reasons and for the global
geothermal sector.

Furthermore, if properly evaluated and implemented, renewable (green) tribology has the
potential to significantly increase the efficiency of geothermal systems by decreasing wear
and friction in tribological processes to conserve energy, renewable energy resources, and
safeguard the environment. tribology [35] [36]. As operators become increasingly intent on
applying coatings on components, this work also focuses on the efficacy of wear resistant
coatings on the corrosion protection. For this purpose, specific objectives are set.

1.Assess the effect of microstructure on the tribological properties and corrosion
behavior.

2.Determining the tribological properties of the developed coatings with unidirectional
sliding test

3.Simulate geothermal drilling and powerplant environment for laboratory test.

4. Test the corrosion behavior of developed coating in simulated geothermal drilling
and power plant environment.



1.3 Research Questions and Structure of
Dissertation

From the related works and retrospective study in literature, the following questions were
defined in this project and answered based on the findings of the PhD research. The
research questions (RQs) are set as follows:

RQ1: How does the microstructure of the coatings affect the friction and wear
properties of the developed coatings?

RQ2: Do the wear resistant coatings resist corrosion in the simulated high
temperature geothermal fluid (H,O or H,O -based with H,S/CO, gaseous species)?
RQ3: How does temperature and phase density of the simulated geothermal fluid
(i.e., liquid/vapor with H,S/CO,) influence the corrosion effect on the tested
coatings?

Each of the published papers contributes significantly to the overall project topic while
addressing different aspects of the RQs. Figure 1 shows how the individual journal papers
(JP) address the different RQs.

To answer the research questions (RQ), the materials were analyzed visually and
microscopically to determine the surface conditions, and microstructure of as-received
coatings before testing. The structure of the coatings was then examined after tribological
laboratory conditions to determine the material's critical response to the selected test
parameters (e.g., load, speed), thereby addressing RQL. In RQ2 and RQ3, only coatings
with the best outcomes from the friction and wear test are subjected to pressurized
autoclave corrosion test under established simulated HT fluid conditions with/without CO,
and H,S gases. However, RQ3 focuses on aligning results to key performance
indicators/indices (KPIs), which can have measurable or non-numerical values. Non-
numerical KPIs indicate the failure or success of the coatings from the corrosion test,
which is sometimes described with yes -Y or no -N from assessable terms (i.e., quantity,
quality, frequency). This ensures that the extent of damage can be measured or evaluated
with regards to standards or state-of-the-art (SoA) materials. Therefore, the KPIs are
specific, understandable, observable, relevant to an application and achievable within the
time frame. Results indicators (see Figure 2) for evaluating the overall functionality of
each coating in a single or combined testing environment are the performance of the tested
coating materials matched to the KPIs presented in Table 1. These KPIs are identified
before material testing.



Research Questions (RQ) Link to Journal Papers (JP)

The Effect of Polytetrafluoroethylene (PTFE) Particles

IRQ1: How does the microstructure of the on Microstructural and Tribological Properties of
lcoatings affect the friction and wear properties Electroless Ni-P+PTFE Duplex Coatings Developed
lof the developed coatings? \ @ for Geothermal Applications

\

Microstructural properties and Wear resistance of Fe-
Cr-Co-Ni-Mo based High Entropy Alloy Coatings
@ Deposited with Different Coating Techniques
2

IRQ2: Do the wear resistant coatings resist \
corrosion in the simulated high temperature \

geothermal fluid (H,O or H,O -based

containing with H,S/CO, gascous species)? Corrosion Behaviour of HVOF developed Mo-based

High Entropy Alloy coating and selected Hard
coatings for High Temperature Geothermal
Applications

RQ3: How does temperature or and phase

density of the corrosive simulated
geothermal fluid (i.e., liquid/vapor with
H,S/CO,) influence the corrosion effect on
the tested coatings?

Wear-reducing Nickel-Phosphorus and Graphene
Oxide-based Composite Coatings: Microstructure and
Corrosion behavior in High Temperature Geothermal
Environment

Figure 1. Research questions and links to journal papers (JP) in the project.
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Figure 2. Key performance index linked to laboratory testing, performance assessment and indicators
in the project.

Table 1. Definitions of the key performance index (KPI).

Material testing Material o KPI name Units
characterization
Corrosion Current density Alcm?®
analysis Corrosion rate mm/yr
Testing of Hardness HV or HK
materials in the Tribological Contact angle Degree
simylated analysis Mean roughness pum
environment Friction coefficient -
Wear rate mm*/Nm
Pre-/Post-wear Porosity %




and corrosion Cracks Y/N

performance for  Permeability Y/N
exposure testin  Delamination Y/N
the laboratory Corrosion products Y/IN
Localized damage YIN
Substrate corrosion YIN

* - dimensionless

There are seven chapters in the dissertation. The first chapter is an introduction to the
topic. The second chapter provides the theoretical background, explaining wear-related and
common corrosion mechanisms of metals in geothermal environments. The third chapter
describes the experimental design and procedures required to obtain the results. The fourth
chapter presents the results and links them to previously published papers. The final
chapters (five to seven) include discussion of the main findings, the conclusions, and
suggestions for future research, followed by references.

1.4 List of publications

The following journal papers and manuscripts (JP) were written as part of this PhD
research project and offer a framework for this manuscript/thesis.

JP1: G. Oppong Boakye, A.M. Ormsdéttir, B.G. Gunnarsson, S. Irukuvarghula, R. Khan,
S.N. Karlsdottir, ‘The effect of polytetrafluoroethylene (PTFE) particles on microstructural
and tribological properties of electroless Ni-P+PTFE duplex coatings developed for
geothermal applications’, Coatings. 11 (2021) 670.
https://doi.org/10.3390/coatings11060670

JP2: G. Oppong Boakye, L.E. Geambazu, A.M. Ormsdottir, B.G. Gunnarsson, |. Csaki, F.
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(01/08/2022) to Corrosion Science.
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4216512
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Other disseminations (oral lectures, virtual presentations, posters, bi-annual reports, etc.)
emerged from the project. The results contributed to tunning of test equipment, design of



experiment and down-selection of coatings in relation to chemistry and deposition
techniques, which were published in the conference proceeding (CP).

Poster 1: G. Oppong Boakye, D. Kovalov, A.I. Thorhallsson, S. Irukuvarghula, R. Khan,
S.N. Karlsdéttir, ‘Microstructural Characterization and Tribological Properties of
Electroless Nickel PTFE Coatings for Geothermal Applications’. The Ni-P duplex coatings
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tribological behavior of the coatings. Presented at the VIRTUAL EUROCORR 2020 —
European Corrosion Congress, September 07-11, Submission ID: 271811.
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Type 630) and three carbide coatings (WC-CoCr, CrsC,—NiCr, NiCrFeSiBC alloy) wear
evaluated for their friction and wear behavior. PROCEEDINGS in WORLD
GEOTHERMAL CONGRESS (WGC) 2020+1, April 26 — May 2, 2021, Reykjavik,
Iceland, Paper no. 27094

Lecture/Presentation 2: G. Oppong Boakye, B.A. Rodriguez, E.O. Straume, S.N.
Karlsdéttir, “The impact of corrosion on sliding wear performance of Graphene Oxide
Modified Polymer Coatings for Drilling Applications’. Samples were subjected to step
corrosion and sliding wear modes in dry and 3.5wt% NacCl solution. This work reported the
microstructural, tribological and tribocorrosion properties for polymer (PPS-PTFE) coating
as a function of the GO content. Presented at the VIRTUAL EUROCORR 2021 —
European Corrosion Congress, September 20-24, 2021, Budapest, Hungary, Submission
ID: 337450

Lecture/Presentation 3: G. Oppong Boakye, B.A. Rodriguez, S.N. Karlsdéttir, ‘Graphene
oxide-based anti-wear materials for drilling tools. The research proposed new bit tooth
material to be integrated into drilling hammer technology increasing penetration rate
(ROP) and service life. The work identified the best processing route for GO-enhanced
WC-CoCr tailored for high wear and abrasion performance. Presented at the VIRTUAL
ICDCM 2021 — 31st International Conference on Diamond and Carbon Materials
September 06-09, Submission ID. 349.

Lecture/Presentation 4 -CPI1l: G. Oppong Boakye, E.O. Straume, B.A. Rodriguez, D.
Kovalov, S.N. Karlsdottir, Microstructural Characterization, Corrosion and Wear
Properties of Graphene Oxide Modified Polymer Coatings for Geothermal Drilling
Applications’. This study introduced the concept of added GO (Owt% - 5wt%) into
polymeric coatings. The paper discussed not only the features and tribological behavior of
the coatings (i.e., 0, 1.0, 2.5 wt.% GO) but also the electrochemical corrosion behavior
(OCP and tafel plots). PROCEEDINGS in CORROSION 2021, April 19-30, Conference
and Expo June 14-18, 2020, Houston, Texas, USA, Paper Number: NACE-2021-16474.

Lecture/Presentation 5 -CPI11: G. Oppong Boakye, A.M. Ormsdottir, B.G. Gunnarsson,
A. Tabecki, F. Zhang, S.N. Karlsdottir, ‘Development of High Velocity Oxygen Fuel
(HVOF) corrosion resistant coatings; A comparison between novel high entropy alloy
(HEA) and conventional cermets for geothermal application’. Autoclave and
electrochemical (OCP and Polarization) techniques were applied to evaluate the corrosion




of WC-CoCr, CrsC,—NiCr, HEA coatings. The report includes SEM analyses on pre- and
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of Electroless Ni-P+PTFE Hydrophobic Coating Developed for Geothermal Environment’.
This paper detailed the main features and testing of the duplex coatings of high phosphorus
bond coat and PTFE— low/high phosphorus topcoat. The experiments include dry sliding,
80 C water sliding, tribocorrosion (OCP with/without sliding), tafel and autoclave test.
PROCEEDINGS in European Corrosion Congress — EUROCORR 2022, August 28-01,
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2 Background and challenges

In this study, cost-effective wear and corrosion resistant materials are investigated for
geothermal application. This chapter reviews the common failure modes, causes, and
effects on materials used in geothermal environments. Well drilling and casing expenses
comprise 30-70 % of a geothermal project's overall cost [37,38], which can increase due to
deeper drilling lengths, longer trip times, harsher environmental conditions (such as higher
temperatures and pressures), and less information (such as drilling blind) [39]. The cost of
operation and maintenance (O&M) is another issue with this development. According to a
cost sensitivity study, O&M costs for a geothermal plant may be higher than capital costs
or investment costs for a longer service [38] usually estimated over 30 years. Therefore, if
wear and corrosion resistant coatings could increase the rate of penetration (ROP),
minimize the need for tripping when drilling, and limit O&M costs associated with running
the power plant would result in significant cost savings.

2.1 Conventional geothermal well and power
plant

Conventional wells for power production are predominantly liquid-dominated, drilled to 2-
3 km depth and discharged with fluid (liquid or steam) of medium enthalpy (T>100 °C), or
high enthalpy (T>150 °C or 200 °C [40]) [2,3]. The high temperature liquid-dominated
fields are flashed systems under pre-exploitation conditions [41]. A brine with a pH near to
neutral and a ClI level of 1000-10,000 mg/kg [3] that may also contain NCGs, primarily
CO; and HS, is the most typical form of water or fluid encountered at production well
depth [3,42]. The fluid may exist at the surface as a liquid, a vapor, or a combination of the
two depending on the characteristics of the reservoir; although, the terms "steam,” "gas,"
and "vapor" are all used in the geothermal literature. Non-condensable gas (NCG)
concentrations in the steam from major geothermal fields range from 2.5 - 47 g/kg of steam
[3]. Such fluid chemistry is believed to have formed at deeper depths, flowing meteoric
water and absorbing magmatic volatiles (e.g., HCI, CO,, SO,, and H,S) [3,43]. Power
generation with geothermal resources requires multiple components to generate power. A
schematic of a two-phase flow system from a downhole to a midstream geothermal
powerplant is illustrated in Figure 1. Hot fluid from the well is separated (15-20%) [3,43],
and the steam portion drives a turbine attached to a generator to produce electricity. The
condensed steam and the remaining wastewater are usually discharged back into
reinjection wells.

Drilling is therefore site-specific, where drilling equipment is upgraded according to the
challenging conditions observed in the geothermal formations: hard formations, corrosive
environments, high temperatures and high pressures (HTHP). The BHA normally consists
of the drill bit, a downhole motor, drill collars, measurement while drilling (MWD) /
logging while drilling (LWD) equipment, and stabilizers. Heavyweight drill collars
(HWDC) are components situated over the drill bit that generate force on the drill bit,
allowing it to break the rock formation. A rotary/percussive drill typically strikes the rock
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50 times per second while rotating at 75-200 rpm, with hydraulic impact pressure of
around 170-200 bar and feed pressure of about 90-100 bar [44]. The well trajectory is
maintained by rotating the string 60% of the time to drill straight while sliding (rotation is
locked) 45% of the time to build up angle in the rock breaking mechanism illustrated in
(Figure 1).

Bottom Hole Assembly
(BHA) drilling tools

Drill pipes, collars, o X
stabilizers etc. Reinjection

Production well

well

Cement

Geothermal reservoir ~ abrasive rock formation and aggressive hot fluid

Figure 3. Work principle of impact rotary drill and simplified representation of a “liquid-dominated”
geothermal reservoir and power generation system.

For a simplified high temperature power plant, units such as BHA drill components, well
casings, pumps, valves, separators/heat exchangers, turbines, and condensers are needed
from the exploration, operation, and maintenance (O&M) to reinjection stages. Therefore,
numerous components within the geothermal system require protection from the
environment created during the harnessing of geothermal energy. The possibility of
material degradation caused by the chemistry of geothermal hot fluid in direct contact with
components during production must be emphasized [42,45]. Not to mention the drilling-
related degradation mechanisms, such as hard formations and high temperatures, as well as
deterioration from sliding/rotating of BHA parts and process equipment [46]. If the
excessive wear, erosion, and corrosion of the key components are not addressed, it results
in service failure.

2.2 Wear in drilling tools and operation
equipment

Failures due to corrosion, erosion and wear have been discovered in components used for
drilling and down-hole (such as stabilizers, casing, and drill strings) and/or surface
equipment (e.g., wellhead, turbine, and its auxiliary unit). Geothermal drilling occurs in
tougher rock aggregates, as do the operating conditions for materials used to make
downhole drilling tools reducing their mechanical properties [46]. The unfavorable
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geological conditions as well as the repeated impact of breaking the rock generate severe
bit bouncing and strong vibration. Realistic failure modes include tooth loss, fracture,
wear, and microcracks in addition to drilling pipe fatigue from bending force due to
buckling load [37]. BHA tools used in geothermal drilling must withstand compressive
force from repetitive impact and rotation, as well as abrasive and erosive wear from rock
cracking, cuttings, and other debris, resulting in a shorter tool lifetime. Tripping is the
process of manually drawing the drill string out of the wellbore to replace worn or
damaged tools and then running it back in [47]. The most serious damage is insert wear,
fracture, failure of the striking/anvil face, shank failure and drill body/matrix failures that
occur when compressive stress on the joint surfaces between the insert and the abrasive
particle exceeds the breaking strength of the abrasive particle. During the drilling process,
increased temperature exaggerates the tool wear. Wear is unavoidable in real-world
situations where objects/surfaces are in contact and moving relative to one another.
Rotating, sliding and vibrational effects on components are found in entire regions of the
geothermal power generation plant; i.e. in geothermal well casings, transmission, and
reinjection systems which affect the wear of metals considerably [7,47]. The main damage
were documented in a technical report by Geo-Coat and Ge-Drill project (summarized in
Table B.1 in Appendix B) [47] from a survey on 12 power plants around the world, which
produced a similar result to the analysis by Feili [7]. Failure Mode and Effects Analysis
(FMEA) technique identified common mechanical failures as overheating, stress fractures,
thread breakage, and excessive wear due to erosion, abrasion, adhesion/galling,
contact/rubbing and corrosion. The research showed that the combined effect of these
failures often occurs and depends on the operational parameters and the geothermal brine
chemistry.

The primary source of wear is the friction incited by the surface finish and mechanical
properties of the process equipment. However, for a sliding couple, the two phenomena
may be recursive since high friction promotes wear, and wear advancement influences
friction due to contact zone alteration during the wear process [48]. The friction of contact
surfaces occurs during unsteady operations such as structural vibration, scuffing, and
sliding. The interactions at the rubbing interface during operation are prone to surface
damage in certain areas, displayed as sliding, pitting, or fretting wear, which frequently
reduces component life. This is owing to high axial, reciprocating, and rotating motions,
cyclic thermal stresses, and mechanical loads of operation in the geothermal power plants.
Some typical surface damage were rubbing wear of labyrinth seals, abrasive wear of
valves, pump shaft, impellers, and wear of turbine rotor due to vibration and imbalances.
Valve, seal, turbine shafts, rotor bearings, and blades are examples of specific problem
areas. Furthermore, the harsh quality of geothermal steam, including its high temperature
and chemical composition, can cause degradation of materials after extended use
compromising the structural integrity of the component. For example, steam turbines run at
supersonic speeds (1800-3600 rpm) to generate electrical current at a specified frequency
[8,49]. This increases mechanical stress, leading to the production of micro pits, cracks, or
wear and tear on the component or near metal-assembly surfaces [49].

2.3 Corrosion in geothermal fluid

The corrosion phenomenon generally refers to the degradation of metals or metal alloys
caused by the surrounding environment [42]. One of the primary challenges that are
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addressed for metal performance is the degradation mechanism in a specific environment.
The corrosion forms experienced by a metal depend on the conditions in the environment,
chemical composition, and corrosion resistant properties of the metal. The different forms
of corrosion experienced, and the main species present in the geothermal environment are
reviewed in this section and summarized in Tables presented in Appendix B. The corrosion
process is driven by anodic dissolution of the metal (Equations 1 and 2) and cathodic
reactions through the environment (Equations 3 - 5).

M — M™ +ne (1)

In geothermal energy exploration, the drill and process equipment are generally
constructed with ferrous materials such as different carbon steel grades, low alloy, and
highly alloyed steels that are susceptible to corrosion (see Table B.2 and B.3 in Appendix
B) in the HT corrosive environment [37,42,46]. The relevant reactions are dissolution of
iron (Fe) (see Equation 2) and cathodic reactions such as oxygen reduction (Equation 3),
water reduction (Equation 4), or hydrogen evolution (Equation 5; which often occur in
acidic conditions) [50]. It is worth noting oxygen reduction may not be present in deep
wells or most of the process equipment but other areas of the power plant such as the
condensing units.

Fe — Fe?" + 2¢ )
0, + 2H20 + 4e” — 40H 3
2H,0 + 4" — 20H + H, (4)
2H" + 2" — H, (5)

The geophysical and geochemical properties of geothermal fluid vary greatly depending on
the location of the geothermal field. A geothermal fluid [43] has water as its bulk phase,
but the main corrosion species are from dissolved hydrogen sulfide (H,S) and carbon
dioxide (CO,) gases, and chloride ions (CI") from the brine environment. HCI can be
present in the fluid whereas other corrosive agents include ammonium (NH,), methane gas
(CH,), nitrogen gas (N), sulfate ions (SO4%), and dissolved hydrogen gas (H). The
evolution of hydrogen is expected in HT geothermal wells with NCGs (i.e, H,S, CO,) [51]
which lowers the fluid pH (increased acidity). This suggests a combination of H,S, and
CO, can aggravate corrosion when the gaseous species of both gases are present in an
environment.

Hydrogen sulfide reacts with water according to the following reactions.

HaS@g + H20p < HaSey) (6)
H2S(aq) o H'ag + HS@) ()
Similarly, CO; reacts with water producing carbonic acids and bi-carbonate products:
COyg + H20py < HoCOs(qg) 8)

HoCOseqy < H +HCOs @y < Hag+COs™ g 9)
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2.4 Formation of oxide-and sulfide-based
corrosion products

When a metal corrodes, the chemical reaction between dissolved ionic compounds from
the metal and the environment leads to the formation of irreversible bonds which are
identical to the original state of the metal (i.e., its mineral or natural state). The products
from the corrosion are often either uniformly precipitated forming a protective layer on the
surface or soluble causing further reactions on the surface or at/close to the reaction sites.
The corrosion products can be identified d in terms of the structure by microscopic
techniques and X-ray diffraction (XRD) analysis. The type of product depends on the
surroundings environment exposed to the metal. Steels are mostly referred to in this study
as Fe, shows three soluble species and two dry forms of corrosion products in an aqueous
environment from the Pourbaix H,O/H2/O; system at 25 °C [50]. The so-called Schikorr
reaction describes the transformation process of the three corrosion products: iron (1)
hydroxide (Fe(OH),), magnetite (Fe304) and hematite (Fe,O3) [52]. The first product state
to discuss is Fe(OH), which exists in both oxygen-deficient and rich environments from Fe
reaction in water systems. This slow reaction process leads to the formation of Fe;O, in
oxygen-deprived environments (anaerobic conditions) which could be protective for the
underlying steel. Here, the oxide is Fe-rich containing both Fe* and Fe** ions and
composed of mixed Fe,O3 and FeO.

2Fe(s) +2H,0() — Fe(OH), + 2H ) + 267 (10)
3Fe®* aq) + 4H20() — FezOus) + 8H (o) + 26 (11)
3Fe(OH)2(S) — 2Fe304(5) + Hz(g) + 2H20(|) (12)

Hematite (Fe,Os3) also called rust, is formed from oxidized magnetite in an oxygen-rich
environment according to the following reactions:

2Fe®* 4q) + 3H20() — FeyO3) + 6H (o) + 26 (13)
2F63+(aq) + 3H20(|) — Fe203(s) + 6H+(aq) + 2¢’ (14)
3FE3O4(S) + H20(|) — 3F6203(s) + 2H+(aq) + 2¢ (15)

In a CO, environment, the dissolution of the metal for instance Fe in Equation 2 produces
the corrosion sediment siderite/iron carbonate (FeCO3) as follows:

F92+(aq) + C032_(aq) — FeC03(s) (16)

The presence of H,S is very aggressive which generates several cations (Equation 7)
promoting other catalytic processes. The cathodic reaction forms iron sulfides. However,
atomic hydrogen diffuses into the steel lattice causing embrittlement, whereas the sulfide
present in the material exacerbates the problem by slowing the formation of molecular
hydrogen, and therefore amplifying the negative effect.

Fe®"(ag) + H2S(ag) — FeSm(s) + 2H g 17)
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Furthermore, depending on the physical state, CO, and H,S gas both dissolve in water
(from Equations 6 and 8). As a result, in a mixed CO; and H,S-containing environment,
further oxidation of Fe** to Fe®*" can occur through cathodic processes involving the
formation and consumption of the various intermediate products (from Equations 7 and 9)
[51]. The corrosion behavior becomes dependent on the corrosion product that forms on
the surface, even if conditions for FeCO3 and FeS formation are not met. According to
reports, a first amorphous Fe,Sy layer develops on the surface, which subsequently
transforms into mackinawite (Fe1+xS) and becomes the main corrosion product.
Mackinawite eventually acts as a precursor for the corrosion scale that forms under H,S
conditions, including troilite (FeS), pyrrhotite (Fe1S), and pyrite (FeS;) [53].

2.4.1 Corrosion types found in geothermal systems

The uniform dissolution of the metal equally throughout the entire metal surface leads to
thinning of the exposed surface. This is also called uniform corrosion which is quantified
as mm/yr. Previously, it was mentioned that FeCOj3; (Equation 16) and FeSy, (Equation 17)
corrosion products can form on carbon steel exposed to H,S and CO; [51]. If the corrosion
product/film is uniform on the surface the metal is protected, if not there is a possibility of
establishing anodic and cathodic regions (i.e., galvanic cell) in the unprotected surface
accelerating corrosion. It has been reported the corrosion rates increase with increased
acidity from the dissolution of the H,S and CO, gases in water and in some cases the
presence of chlorides which breaks stable protective corrosion films [42].

The most severe corrosion forms occur after the galvanic cell is established when the
passive layer breaks causing pitting or cracking of materials. Underneath the unprotective
corrosion product, accelerated local attack occurs in small areas forming filled-up cavities
which penetrate or grow into the material until leakage is observed by forming a macro-pit
or hole. Pitting and crevice corrosion occurs in metals or alloys that passivate; however,
the latter can be present in non-passive materials. Crevice corrosion, for instance, can
happen to metals in geothermal conditions because of deposits, mill scale, and mechanical
fissures. Contrary to most other forms of corrosion, it is dependent on geometry. Stagnant
environments promote pitting and crevice corrosion and the susceptibility of the materials
is influenced by pH, chloride content and temperature [42,54,55].

Another form of localized corrosion damage is manifested as cracking. These catastrophic
failures are environmentally induced cracking (EIC) caused by the simultaneous presence
of applied tensile stress or internal stresses in the material and a corrosive environment
[42]. The EIC is a broad term that represents the involvement of the environment in the
cracking process and includes stress corrosion cracking, sulfide stress corrosion cracking,
hydrogen blistering, hydrogen embrittlement and hydrogen induced cracking. The
corrosion phenomenon predicts or determines the type of corrosion or defined term, which
are mostly caused by corrosion fatigue, stresses and high-temperature hydrogen/ sulfur
attack of stainless and duplex steels [56-59]. Dissolved H,S can be aggressive and incite
carbon and low alloy steels attack, forming sulfide corrosion products while releasing
hydrogen. The effect of absorption/diffusion of atomic hydrogen from the cathodic
reactions into the steel lattice induces hydrogen damage. The hydrogen uptake
(recombining atomic H* to H, gas) contributes both in cracking of the materials and
hydrogen embrittlement [58]. The microstructure of the stressed material must be
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susceptible to these type of cracking, according to the results of a wealth of study
undertaken and reported on diverse corrosion conditions.

Additionally, fluid flow and the presence of foreign materials during flow can induce or
aggravate corrosive effects. Erosion-corrosion is associated with high-velocity fluids
carrying solid particles that damage or destroy the surface coating of a material, which
would otherwise serve as the material's protective film [42,60]. Fluid turbulence commonly
occurs along pipe bends, nozzles, and turbine blades, which causes the material's surface to
become more undercut. Cavitation corrosion is one form of corrosion connected to fluid
flow, in which gas bubbles from the moving fluid implode the surface, is the supply of
aggressive phases to the active or film/deposit-buried surface by fluid flow-induced
corrosion [42]. Furthermore, water droplets transported in the steam phase can cause
erosive corrosive effects on steels.

Corrosion-resistant alloys (CRAs) play a crucial role in harsh geothermal brine/ gas
environments [46,61,62]. A list of commonly used CRAs in geothermal application and
additional information is presented in Appendix B. CRAs consist of metals such as
chromium, cobalt, nickel, titanium, or molybdenum. When combined with other metals,
they can increase corrosion resistance and generate alloys that provide reliable corrosion
protection, reducing the need for costly maintenance and repair. The stability of the surface
protective corrosion layer has been demonstrated to improve by the passive alloying
elements, with nickel and nickel alloys often recommended for high-temperature
environment [42,63].

Recent articles have expanded the definition of elemental alloying to include
compositionally complex alloys (CCAs), which show promise for use in a range of
industrial applications. Contrary to conventional alloys, which typically contain one or two
base elements, CCAs contain a large number of principal elements, and there are
considerably more potential high-entropy alloy (HEA) compositions than there are for
conventional alloys [28]. In materials science and engineering, HEAs in the form of bulk
or coatings are currently a focus of extensive scientific attention. HEAs are defined as
"those formed of five major elements mixed in equimolar or near-equimolar ratios" in one
of the earliest publications [64]. A critical review of recent studies aimed at addressing
fundamental issues related to phase formation in HEAs established that HEAs are
promising candidates for new applications, warranting further research due to their
significant structural and functional potential as well as design techniques [65].
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3 Materials and Methods

3.1 Test materials

Specialized coatings were developed to improve resistance to geothermal wear, corrosion,
erosion, and scaling, to increase the service life of drilling tools or plant components. The
research focused on coatings from air spray, electroless nickel plating (ENP), high-velocity
oxygen fuel (HVOF), electro-spark deposition (ESD), and laser cladding (LC)/ laser metal
deposition (LMD) techniques. An extensive test program was outlined for adaptive DoE
(design of experiment) to determine the optimum coating materials, coating process and
parameters. Among the various process parameters varied for coating fabrication within
the Geo-Coat and Geo-Drill projects for the testing in this project were:

o Powder chemistry, metallurgy, and feed rate

e voltage, pulse rate, current intensity, laser power, capacitance, spraying distance and
gas feed rate

o temperature, speed, duration, and post-treatment

o feasibility of incorporating second phase nanoparticles, surfactant concentrations,
agitation.

Tables 2 and 3 present the coating nomenclature within this research project. Tables 2, 3
and 4 list the various received materials, powder compositions chosen, manufacturing
processes, and other descriptive terms used in the project. Substrates used in the project
were fabricated to fit the test equipment (see Table 2) and often used as reference material
to evaluate the performance and determine the candidacy of the newly developed materials
for use in geothermal applications.
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Table 2. Summary of main coating materials tested in JP1 -JP4 and the sample geometry.

Coating type Deposition technique ~ Composition Test ID Geometry -autoclave test
WC-CoCr WC

Cermet Laser cladding (LC)/ CrC-NiCr CrC

laser metal deposition \WC-CrC-Ni WC-CrCNi

_ | (LMD
Amorphous/nano- | (LMD) FeCCrBMoSiW Amor
crystalline iy
igh-velocity oxygen -

High entropy alloy | fuel (HVOF) COCTAENLU, HEAq s/ HEAz7 _
(HEA) CoCrFeNiMo HEA/HEA,

Electro-spark -
Self-fluxing deposition (ESD) NiCrFeBSi Flux Geometry - tribology test
GO modified Air spray PPS-PTFE owt.% GO
PPS/PTFE PPS-PTFE/GO 0.5wt.% GO

Electroless nickel-  high p¥/low P+PTFE  hp/LPptfe
Duplex Electroless | phosphorus plating g PP
Ni-P+PTFE (ENP) high P¥high P>+PTFE  hp/HPptfe

#Phosphorus (P) = Ni-P undercoat

®Phosphorus (P) = Ni-P topcoat

Table 3. Summary of main coating materials tested in the project.

WC10C04C r

owt% GO

Polymer 0.5wt% GO

coatl'n'gs: GO 1wi% GO

modified S

PPS/PTFE 2.5wt% GO HVOE
Swt% GO coatings

Cr3C,-NiCr

WC-Cr3C2-Ni

ENP coatings -

FLUX (Nicr17FE4B3,.5C1$i4)

Duplex

AMOR

(FeC3Cr25B5M020M n5Si2W10)

HP-HP-PTFE_ht® 300°C

HP-HP-PTFE_ht” 250°C

HP-HP-PTFE_as_plated

HP-LP-PTFE_ht® 300°C

HP-LP-PTFE_ht” 250°C

HP-LP-PTFE_as plated

HEA (CoCrFeNiMo)

ENP coatings -

HEAg g5 (COCrFeNiMOO‘gs)

Single layer

HEA, 3 (CoCrFeNiMo 3)

(PTFE: 5-10g/1)

HP-PTFE_as plated

MP-PTFE® as plated

LP-PTFE_as plated

#High Phosphorus (HP);
®High Phosphorus (MP);

Low Phosphorus (LP);

Low Phosphorus (LP);

“Medium Phosphorus (MP)

Heat treated (ht) -300 °C, 2 hours
Heat treated (ht) -250 °C, 4 hours

Table 4. Summary of powder composition for tested high entropy alloy coatings (HEACS) in the

project.

Coatin Nominal composition

type ’ IDn* TestID Element Co Cr ll:)e Ni Mo
1 HEA,® at% 20.0 20.0 20.0 20.0 20.0
2 HEA,; at% 19.2 19.2 19.2 19.2 26.6

CoCrFeNi- 3 HEA;g at% 20.6 20.6 20.6 20.6 17.6

Mox 1  HEA® Wt% 18.3 16.2 17.4 18.3 29.9
2 HEA; 3 wit% 16.7 13.2 15.8 15.7 38.6
3 HEA g5 wit% 19.2 16.9 18.2 19.1 26.6

®HEA represented in atomic ratio
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Down-selection was required for the best-performing coating materials to satisfy the
project's objectives (Table 1) for the many coatings evaluated (Tables 2, 3) in the project.
The materials were down-selected through systematic and fine-tuned laboratory testing.
The testing included dry sliding, 80 °C water sliding and selected corrosion tests. The
results of pin-on-disk (PoD) tests were employed as the first stage in down-selection (JP1
and JP2), and these coatings were subsequently evaluated in the autoclave for evaluating
the corrosion behavior and resistance at elevated temperature in simulated geothermal
environment. (JP3 and JP4). The chemical composition of the coatings is reported in

Tables 4 to 8.

Table 5. Chemical composition of the surface (topcoat) of the Ni-P + PTFE duplex coatings reported in
JP1.

Surface Ni P C F
analysis

Ni-P+PTFE  wt.% at. % wt.% at% wt.% at. % wt.% at. %
ENP1* 81.8 54.9 53 6.7 9.8 32.0 3.1 6.4
ENP2 76.7 46.6 3.2 3.7 10.9 325 9.2 17.2
ENP3 72.3 38.8 3.0 3.0 17.8 46.7 6.9 11.5

*ENP1 — ENP3 shows an increasing amount of added PTFE

Table 6. Surface chemical composition of HEA coatings from the different deposition techniques

reported in JP2

Test ID Elemental concentration (wt.%6)

Co Cr Fe Ni Mo o]
HVOF-HEA_Mo,; 15.8 11.2 13.2 9.7 32.7 17.4
ESD-HEA_Moy, 8.4 18.4 25.4 9.5 19.8 18.0
LC-HEA Moy 13.1 20.2 17.2 20.5 10.5 15.6
HVOF-HEA_Moy 13.0 17.2 15.3 18.7 24.0 11.8
ESD-HEA_Moy, 10.2 11.7 23.0 5.0 9.0 37.0
LC-HEA_ Moy 23.3 9.8 29.1 7.4 9.8 19.5
Table 7. Chemical composition of the HVOF-deposited coatings in JP3

. Elemental composition (wt.%6)

TestID  Powder composition 4 O T CE i ¢ W Cr O
wC WC14Co4Cr 16 9.5 92 751 38 08
crC 75CrsC,-25NiCr 0.5 231 112 - 617 3.6
WC-CrCNi_WC-20Cr;C,-7Ni - - - - 80 - 684 221 15
Flux CryaFesSisBsNipa 37 43 35 651 89 - 142 0.3
Amor Cr3C,M0o20W;10MnsBsSi Febal - 1.8 10 02 135 511 6.8 5.9 188 0.9
HEAogs CoCrFeNi-Moggs 6.1 216 180 172 17.7 07 151 36
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Table 8. Chemical composition of the surfaces of the different composite coatings tested in the
JP4

Material Test ID Nominal composition (wt.%)
F C Si S P Ni 0

PPS-PTFE PTFE 111 570 53 172 - - 9.4
PPS-PTFE +
0.5Wt.%GO PPS-PTFE/GO 124 574 29 203 - - 6.2

hp/LPptfe 3.4 7.6 - - 2.9 86.1 -
ENP/PTFE

hp/HPptfe 6.9 105 - - 10.3 724 -

Table 9. Chemical composition of the low alloy substrate steel type: 817M40 in JP3

Element C Cr Ni Mo Mn Si B O

(Wt%) 0.4 1.2 1.4 0.2 0.3 0.6 001  0.03

(a): The pin-on-disk tribometer showing a mounted test ~ (b): The autoclave with the lid opened shows
sample. 8 mounted test samples.

Figure 4. Mounted 40 mm diameter coated sample for wear test (left) and 50x25x3 mm coated samples
with PTFE separators mounted for corrosion test (right).

3.2 Test Equipment and test conditions

3.2.1Pin-on-Disk (PoD) Equipment
The Anton Paar® TRB? tribometer (Figure 4a) was used to conduct pin-on-disk (PoD)

tribological studies on coatings and state-of-the-art (SoA) substrates. The configuration
and measurements conformed to the ASTM G99 standard [66]. The pin or ball was
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positioned in a stationary holder in the tribometer setup, and the sample stage rotated
around the disk's center. The pin holder was mounted with the test load (F,). As seen in
Figure 5, the study involved a ball pressed against a coated or uncoated metallic surface
during unidirectional sliding to generate friction ().

Load

S Fn
Ball Wear N
\

\
Weartrack

\
Sample surface N\
—— \

W
Vice clamps

Figure 5. Schematic of friction and wear test using a Pin-on-disk tribometer

3.2.2Test conditions for tribological performance

The tests were performed using the equipment shown in Figure 5. The stage in the
tribometer configuration rotated around the disc's axis while the ball was fixed in a fixed
holder. The sliding tests were carried out in a dry, ambient laboratory environment with
loads ranging from 2 N to 30 N. Chromium steel (100Cr6) and a hard tungsten (WC) ball
with a 6 mm diameter served as the rubbing counterparts. The roughness parameter (Ra)
was obtained from the surfaces using a Taylor Hobson Ametek stylus profilometer. The
microhardness of the coatings was determined by the Vickers and Knoop method
considering the thickness of the coatings using a Buehler (VH1202 Wilson®) tester. Test
forces of approximately 50 gf or 100gf were used for indentation in the cross-section of the
coatings recording hardness values in HKy s and HV; scale. All tests were repeated and
the averages with corresponding standard deviations (SD) were reported. Three Parallel
tests were taken from the PoD experiments at the same loads for repeatability. The radius
of the wear track was adjusted between 5 mm and 20 mm for each sample during the
testing due to the disk size and with the relevant linear velocity variations dependent on the
total distance covered. The test period and motor speed were held constant at 3600 seconds
and 200 revolutions per minute, respectively. As a result, all experiments at varying
velocities produced the same number of cycles.

Table 10. Parameters used in wear testing of in JP1 and JP2.

Temperature  Sliding  Counter Load Sliding  Sliding speed  Sliding Cycles

;(;:;?al time Ball radius distance

[°C] [min] [6mm] [N] [mm] [cm/s] [m] [
JP2 RT* 60 wC 5 5-11 10.47-20.3 377-830 12000
JP1 30/60 100Cr6 2-10 7-19 14.7-39.8 528-1433 12000

*Testing at ambient/room temperature (RT)
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Table 11. Parameters used in wear testing of in JP4.

Temperature tS_Ildmg Counter Load Radius  Sliding speed S.I'dmg Cycles
ime distance
[°C] [min] Ball [N] [mm] [cm/s] [m] [-1
JP4  RT 60 100Cr6 5/10 7 10.47 528 12000

3.2.3 Autoclave Equipment

The experiments were conducted in the University of Iceland's HPHT laboratory, which
can conduct high-temperature and high-pressure (HTHP) studies with geothermal fluids.
Gas detection and warning systems are placed in the laboratory to assure the safety of H,S
and CO; gas research. The equipment in this laboratory is a 3-liter autoclave (Figure 6a)
manufactured of C276 Hastelloy and rated for temperatures up to 500 °C and pressures up
to 300 bar, with a magnetic stirrer built into the lid. The custom-made sample holder is
fixed to the reactor lid, and the test samples installed between the vertical sample holder
supports illustrated in Figure 4(b) during the experiment. A lifting mechanism controls the
lid, which is lowered and sealed to the autoclave vessel (reaction chamber) by nine bolts
and covered with an insulation jacket during tests. Heating components around the
autoclave vessel control the temperature, and the autoclave cover is insulated during
experiments. In the vessel, the temperature is detected using a Pt100 temperature sensor,
and pressure measured using a Keller pressure transmitter. The gas components are fed
from the gas filling panel (Figure 6a, right side of the image), with the filling rate
determined by Brooks mass flow controllers to the autoclave through inlet lines in the
bottom (Figure 6b). After each test, the autoclave is depressurized through gas draining
line at the top whiles the test solution is drained from the bottom. Figure 6(b) depicts the
flow of components through the autoclave equipment.
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Figure 6. Simplified (a) process flow diagram of the test setup and (b) the autoclave equipment for the
HTHP test

3.2.4Fluid calculation and preparation for corrosion
performance

The experiments were performed in two different environments and three different test
conditions in Table 11, (A) normal drilling conditions, and (B, C) gas leakage of high
temperature corrosive geothermal fluid into the well. The findings were reported in JP3
and JP4.

The water in Iceland has a pH of about 9 at ambient temperature because it flows over
basaltic rocks, which are more basic with lower SiO, concentration and higher MgO and
CaO content [67]. Water in continental Europe, on the other hand, runs through more
developed rocks with higher SiO, content. As a result, the pH of the ground water is close
to neutral, and it is frequently treated with chlorine to reduce undesired biological activity.
The cooling fluid used in geothermal drilling is often water-based with a high pH (9) to
minimize corrosion [68] and sometimes with supplemental polymers to enable easier
transport of cuttings due to lower viscosity. Icelandic tap water is most frequently utilized
as a drilling fluid due to its high pH level. Thus, it was agreed based on suggestions from
the drilling experts involved in the research that Icelandic tap water should be used to
simulate a geothermal drilling fluid for the typical drilling conditions in the corrosion
testing. The composition of the tap water is presented in Table 12. In simulating the HTHP
conditions of HT geothermal well with H,S and CO, ingress, the autoclave can be
pressurized from the bottom with Ny, H,S, and CO; through the gas inlet lines. As shown
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in the example of the pressure and temperature plot given in Figure 7, the closed volume
autoclave was pressurized to lower pressures at room temperature and attained the
experimental pressure while heating to experimental temperature. The Peng-Robinson
chemical models in Phreeqc® software were used in calculating the physiochemical
parameters and solution chemistry for autoclave corrosion experiments in Table 12. In HT
geothermal locations, particularly in Iceland, the chosen test parameters (120 °C/250 °C at
50 bar) are typical (see Appendix B). These HT geothermal wells frequently have bottom
hole fluid temperatures between 250 and 280 °C and well head temperatures up to 200 °C.
The ideal wellhead pressures for the HT geothermal wells are typically in the 40-70 bar
range. An additional set of calculations presented in Tables 13 and 14 show the results of
the vapor and water phase compositions at experimental pressure and temperature for
conditions B and C.

——Pressure [bar] / —Temperature [°C]

250 [ ; : : R

200 o

150 |t

100 [
|

{mm_m, ,* = — \

5 6 7 8 9

%
Time (days)
Figure 7. Example of pressure and temperature plot from a 7 day test at 50 bar and 250 °C.

Table 12. Summary of test conditions for HTHP corrosion experiments.

Testtype T (°C) P (bar) Phases Time pH*  Fluid Chemistry
A 120 Water 14 days 9 N, and tap water

DI water with added NacCl,
B 250 50 Vapor - Water 7 days 7 NaOH, H,S, CO,, and N,

C Vapor — Water 7 days 9 N, and tap water
*pH at ambient/room temperature (RT)

Table 13. The composition of elements dissolved in the tap water from ICP-OES (Inductively coupled
plasma - optical emission spectrometry) analysis.

Content Si Na Ca Mg K Fe Al B S

ppm* 13.296  11.048 4920 0.886 0.3185 0.0005 0.01825 0.0105 2.517

*Concentrations in ppm (parts per million by weight)
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Table 14. Physiochemical parameters and solution chemistry for autoclave corrosion experiments in
JP3 and JP4.

gas conditions in two-phase
geothermal fluid at HT

(14 days test) (7 days test)

DI water with 10 mmol NaOH

Test parameters  Drilling condition in HT well

tap water and 5 mmol NaCl
Pressure 50 bar 50 bar
Temp 25°C 120 °C 25°C 250 °C
Gas PP* (atm) PP (atm) PP* (atm) PP (atm)
CO; - - 4.5 3.8
H,S - - 1 0.2
H,O - - - 41.6
Ny ca. 35 ca. 50 5 7
Solution - - 2 kg 2 kg
CO; - - 2199 ppm 1698 ppm
H.S - - 417 ppm 514 ppm
pH 8.9 7.2* 5.7 6.8*

* - Partial pressure of gas component before it reacted with the solution and predicted pH
values.

Table 15. Principle chemical components dissolved in the water phase at 250°C and 50 bar used in JP3
and JP4.

CO2 HCO3_ st HS N, Na+ CI
[mg/kg]l  [mg/kg]  [mg/kg]  [mg/kg]l  [mgrkg]  [mg/kg]  [mglkg]
1981 393 472 99 292 350 181

Table 16. Chemical composition of vapor phase at 250°C and 50 bar used in JP3 and JP4.

HZO COz HZS Nz
[mol%] [mol%] [mol%] [mol%]
79.8 8.5 0.3 114

3.3 Experimental procedure

3.3.1Tribological: friction and wear testing

The tribological wear tests of the as-sprayed coatings were carried out at room temperature
using a tribometer (TRB® Anton Paar® Graz, Austria). The setup, procedures and
measurements were all done per the ASTM G99 standard [66]. At applied loads ranging
from 2 N to 30 N, the ball was pressed against a 30 mm or 50 mm coated disc in a
unidirectional dry sliding test. Based on the Archard elastic model [69] (i.e., Ho/H value
should be high)* and the known properties of WC (tungsten carbide) coatings on bearings,
seals and turbine blades [70], WC balls were considered as a counter body to the sprayed
harder coatings in the laboratory accelerated-wear test to produce an appreciable and
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reliable wear assessment. The test time and motor speed were held constant at 3600
seconds and 200 revolutions per minute, respectively (linear speed: 10.47 cm/s). The
speeds selected for this study are similar to bottom-hole percussive drilling activity
(rotating at 75-200 rpm) [44] but slower than the actual rotational speeds of process
equipment such as steam turbines. For instance, geothermal turbines (with targeted units
such as bearings, valve stem, shaft, rotor, and blades). Here, we model startup and
shutdown scenarios in power industries with periodic slower-speed runs (100-600 rpm for
an hour) to allow for troubleshooting before reaching typical operational speeds [71].
Moreover, steam turbines work smoothly at input pressures ranging from 400 to 4000 kPa
and vibration levels under 2.54 mm/s [72] when there is no shaft/rotor imbalance. On the
contrary, for low load but high wear applications such as coatings in pins, valve seats,
sleeves, sliding cases, heat exchanger units etc., the proposed coatings were tested with a
lower hardness 6 mm chromium steel (100Cr6) ball. The steel ball is described as having a
hardness of 60-66 HRC and a density of 7.83 g/cm® by the manufacturer. The WC ball has
manufacturing specifications of 6 mm in diameter, 14.95 g/cm? in density, and 1640 HV in
hardness.

The friction coefficient (CoF) was continuously observed while sliding with the applied
load (Fn). Version 8.1.5 of the Instrument X® software from Anton Paar® was used to
process the tribometer's data. The average values of regions and entire stable stages of the
acquired tangential friction (Ft) curve were calculated using the dimensionless COF (p)
Equation 18. The standard deviation (SD) was used to determine how much fluctuation
occurred throughout the acquisition of F; process. The SD values obtained primarily
explain the degree of fluctuation of COF (1) and geometric contact changes during the test
that could reflect the contact interface properties.

Hsample = Ft/Fn (-) 18

The wear rate, Wsample [mm3/Nm], was evaluated according to Equation 19 by measuring
the volume of the removed material, V (mm?®), and using the applied load, F, (N), and the
distance covered during testing, L (m). Three parallel tests were run for each coating and
SoA materials and the average findings were presented.

Wsample = V/F, L (mmS/Nm) 19

3.3.2 Autoclave corrosion testing

The test coupon's shape is designed to be mounted onto the sample holder with 6 mm
diameter PTFE insulators to decrease the gap size (um) while minimizing crevice effects
and galvanic in corrosion testing (Figures 8a). The test samples are sandwiched between
the vertical sample holder supports shown in Figure 8a and the custom sample holder
mounted inside the vessel's lid. The vessel is then filled with the reaction/test solution and
the lid is sealed. The coatings were exposed for 14 days at 120 °C in tap water pressured to
50 bar with N, simulating standard geothermal well drilling conditions. The second
experiment subjected coatings to HTHP corrosion testing for 7 days in a simulated
geothermal fluid at 250 °C in liquid/vapor phase conditions compressed to 50 bar with
corrosive gases N, and CO,/H,S. The autoclave, which held 2 liters of liquid, is purged
with N,, H,S, and CO, through the bottom gas inlet pipes. The gas filling panel collects the
gas components, and the rate of filling is controlled by Brooks mass flow controls. During
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the autoclave test, the top row (A) of the sample holder is in the vapor phase, above the
waterline (B), and the bottom row (C), which is in the liquid phase, is completely
submerged in water (Figure 8b). In the simulated liquid and vapor phase test conditions, a
preliminary 7-day HTHP corrosion test was successfully carried out at 250 °C and 50 bar
to establish positions A, B, and C (in Figure 8b) for each sample. Four parallel samples and
two sets of test procedures were created to simulate geothermal drilling and aggressive
conditions. After each experiment, the autoclave is depressurized using a gas draining line
on the top. The drained gas is trapped in plastic containers holding a 13.5 pH water-based
solution comprising dissolved zinc acetate and NaOH. The H,S gas from the autoclave
reacts with the zinc acetate to form solid ZnS, which separates from the solution and settles
in a container (Figure 6a).
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Figure 8. cross-section of the reaction chamber (a) showing the sample holder and PTFE separators
and (b) the 3/4 liters-filled reaction vessel with sample positions for A - vapor phase, B —
interface/waterline, and C - liquid phase.

3.4 Coatings and Fluid Characterization

3.4.1 Pre-exposure analysis

The received coatings were representative of the materials intended for exploitation on the
geothermal industrial component. Therefore, all testing was conducted on the as-received
conditions since the surface finish was taken into consideration in the preparation stages.
Following solvent cleaning with either ethanol or acetone, the surface conditions and
microstructure were investigated before wear and corrosion testing. The analytical
technique was dependent on the physical (e.g., thickness) and chemical properties (e.g.,
composition) of the coating.

3.4.2 Microstructure and chemical composition analysis

Microstructural and elemental composition analysis was carried out with a Zeiss Supra
25® scanning electron microscope (SEM) fitted with an Energy Dispersive X-ray
Spectroscopy Detector (EDX/EDS). The Oxford® EDS instrument had a Si(Li) X-ray
detector and INCA Energy® 300 expanded with AzTec® software. The materials analyzed
with SEM and EDS equipment were performed on the surface and in the microstructure
before and after testing to examine wear and corrosion (damage) as well as wear debris and
corrosion products present. The hardness of the microstructure was obtained from surfaces
and in the cross-section of the samples using either Vickers (HV) or Knoop (HK) method
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depending on the thickness of the coatings. The latter has a diamond indenter forming a
square indent suitable for relatively thicker and harder alloy compositions. The depth of
indentation at an applied load on the material gives the value of hardness for the sample.
The samples for microstructural and compositional analysis were sectioned using diamond
wafering blades and mounted in thermosetting phenol-formaldehyde resin (i.e., bakelite),
and cast under pressure. The equipment used for hardness investigation was Buehlers®
VH1202 Wilson micro-hardness tester.

3.4.3 Crystal structure analysis

Structures, phases, crystal orientations, and other structural parameters such as average
grain size, crystallinity, and defects were evaluated using the X-ray diffraction (XRD)
technique. The test samples were studied using Empyrean, Panalytical® Malvern-UK
XRD instrument with Cu Ko radiation (A = 1.54056 A), 45 kV, 40 mA. The data were
collected in the standard 6 - 20 range and the patterns were analyzed with HighScore®
software. The tested samples were also analyzed with the XRD equipment to evaluate the
corrosion products present after the exposure period. Carbon nanomaterials in the form of
graphene oxide (GO), is a material of interest in this project. The structural analysis of GO
was not well-suited to the SEM/EDS or XRD techniques and therefore differentiated from
the coating matrix using Raman spectroscopy which is sensitive to symmetric covalent
bonds with little or no natural dipole moment. The data acquisition was in the range of 10
min using 785 nm / 532 nm laser power. The equipment used for the characterization of
the samples was a Horiba Scientific® LabRAM HR Evolution — Raman Spectrometer
equipment.

3.4.4 Surface roughness and volume loss analysis

The Kruss® Drop Shape Analysis system was used to calculate contact angles using the
sessile drop method. The DSA 100® equipment determined a surface’s wettability by
water to predict hydrophobic properties before testing. Roughness measurements were
conducted with a Taylor Hobson® Ametek stylus profilometer to determine the topological
surface parameters. Ra is the arithmetic mean deviation which was frequently the
roughness parameter of interest. A non-contact optical profilometer generated 2D and 3D
topographic profiles to investigate the unworn and worn morphological surface features.
Following the wear test, the optical profilometer was used to extract cross-sectional
profiles and photographs from the worn areas. Final averages were used to quantify the
wear volume and wear rate from the retrieved profiles, which came from at least three
representative sites on the wear tracks. The instrument used was Solarius® equipment
expanded with the Mountains® software.

3.4.5Inductively coupled plasma-optical emission spectrometry
(ICP-OES)

This method of analysis uses a spectrometer and plasma to identify the elements present in
liquid (mostly water-dissolved) samples. The test solutions were quantified before and
after the corrosion experiment. The sample is dissolved, atomized, and ionized in the ICP-
OES, which also generates plasma and emits electromagnetic radiation. A concentration is
computed using calibration after the light intensity at each wavelength is measured. The
equipment used in this work is a Thermo Scientific® iCAP 7400 Duo MFC with a
CETAC® ASX-560 autosampler.
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3.5 Limitation

The main limitations of this study are related to the materials and experimental conditions
used to assess the wear and corrosion behavior of the developed coatings. Numerous
components in the geothermal energy production process require protection from the
discharged hot fluid, but a limited number of representative areas and coating compositions
studied in this work. The type of protection varies according to the geophysical
characteristics and geochemical fluid properties, which differ depending on location. This
means that the coatings were subjected to low loads and speeds during the tribological test
rather than high-speed cycles like those found in turbines or drilling. This is not the case in
low-load or low-speed applications such as valves and other casings. As a result, the
selected conditions were designed to obtain measurable values to determine critical
performance parameters.

Likewise in simulating the test environment, the operating conditions vary greatly, and
acquiring information for a wide range of geothermal systems is challenging. The test
pressures are low for drilling environments but may be high on other surface equipment
while the temperature and aggressive gases compared to 2-3 km conventional wells are
typical of volcanic areas and therefore not globally representative. However, the tested
aqueous solution's physical and chemical characteristics are determined by averaging the
chemical compositions of geothermal fluids reported in publications, which contain data
from numerous sample locations in wells with high temperatures. However, the
temperatures fall within the specified medium to high enthalpy ranges needed for power
production while CO,/H,S are encountered frequently in drilled gas wells. The pH of the
fluid is not monitored during the HT autoclave corrosion test. However, geochemical
modeling was carried out in the early stages of fluid calculation inculcating the effect of
pH on the chemical composition at increasing temperature test. No corrosion rate
estimation was carried out, however no proposed testing standards are developed for
coatings since the thickness of each coated sample varies even for the same deposition
technique. Key performance indicators were used in this study to evaluate the corrosion
behavior of the coatings after exposure.

31






4 Results
4.1 Summary of results of Journal papers

4.1.1Journal paper 1 (JP1)

G. Oppong Boakye, A.M. Ormsddttir, B.G. Gunnarsson, S. Irukuvarghula, R. Khan, S.N.
Karlsddttir, The effect of polytetrafluoroethylene (PTFE) particles on microstructural and
tribological properties of electroless Ni-P+PTFE duplex coatings developed for geothermal
applications, Coatings. 11 (2021) 670. https://doi.org/10.3390/coatings11060670. This
paper contributes to answering RQ1.

Summary of results journal paper 1:

Ni-P thin adhesive layer and Ni-P+PTFE top functional layer form a functionalized duplex
structure of the coating. The objective of this study was to test the mechanical and
tribological properties of the developed Ni-P-PTFE duplex coatings with varying P, PTFE
content and different loads (N). The addition of P reduces the crystallinity of the coating as
well as the possibility of internal stresses being introduced due to microstructural changes
observed in the XRD analysis. When PTFE is uniformly dispersed in the matrix, dry
sliding tests of medium P (moderate stress state); Ni-P+PTFE coating demonstrated
excellent friction and wear behavior. Worn or damaged coatings showed the presence of
spalls, increased Fe content and oxides. The results showed maximum wear protection of
the substrates at the lowest load; however, increasing load and sliding cycles increased the
wear rates, and 79% increased lubrication was recorded for the duplex coating with 10g/L
PTFE.

4.1.2 Journal paper 2 (JP2)

G. Oppong Boakye, L.E. Geambazu, A.M. Ormsdottir, B.G. Gunnarsson, |. Csaki, F.
Fanicchia, D. Kovalov, S.N. Karlsdottir, Microstructural Properties and Wear Resistance
of Fe-Cr-Co-Ni-Mo-Based High Entropy Alloy Coatings Deposited with Different Coating
Techniques, Appl. Sci. 12 (2022) 3156. This paper contributes to answering RQL1.

Summary of results journal paper 2:

HEAs containing two compositions of Co, Cr, Fe, Ni, Mo with different molar ratios were
deposited by three deposition techniques (i.e., HVOF, LC, ESD) and tested with the same
loads and sliding speeds. The LC and HVOF techniques were the most efficient in
depositing the coatings compared to the ESD method. The ESD is a manual deposition
method that uses an electrode feedstock therefore, adhesion of the coatings to the substrate
was poor. In addition, high amount of porosity and cracks was observed in the coating. The
HVOF method produced a lamella structured coating and highly oxygenated along the
splat boundaries. The LC produced coatings which mechanically adhered to the substrate.
These coatings were rougher, thicker, and denser (over 1 mm) compared to HVOF and
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ESD techniques. However, the wear rates were lower for the HVOF coatings compared to
LC- and ESD- produced coatings. The Co19Cri7Fe19NizgMoy7 coating had better friction
and wear resistance results than CoygCragFesgNigMoa. The variation in microstructure and
hardness of each coating was explained by the difference in Mo content in the coatings
which contributed to improved resistance to deformation through the formation of BCC, ¢
and presumably the L phases.

4.1.3 Journal paper 3 (JP3)

G. Oppong Boakye, E.O. Straume, B.G. Gunnarsson, D. Kovalov, S.N. Karlsdottir,
Corrosion Behavior of HVOF developed Mo-based High Entropy Alloy coating and
selected Hard coatings for High Temperature Geothermal Applications. Submitted
(01/08/2022) to Corrosion Science. This paper contributes to answering RQ2 and RQ3.

Summary of results journal paper 3:

The objective of this work focuses on testing the corrosion resistance of a CoCrFeNiMog gs
high entropy alloy (HEA) and five hard coatings fabricated by the HVOF technique. The
coatings were immersed in a simulated alkaline geothermal drilling environment at 50 bar
pressure and either 120 °C water or 250 °C with H,S/CO,. The coatings showed good
general corrosion resistance in water at 120 °C. The 250 °C H,S/CO, experiment
maintained both liquid and vapor (saturated steam) phases. The hard coatings experienced
localized damage due to temperature and H,S/CO, effects where the extent of corrosion
was severe during vapor phase exposure. A noticeable result was subsurface pitting of the
amorphous coating exposed to liquid phase, but after the vapor phase test, oxidation and
sulfidation of phases were found filling the pores and splat boundaries. The HVOF
developed CoCrFeNiMog g5 outperformed selected hard coatings showing more structural
integrity and no localized corrosion damage.

4.1.4Journal paper 4 (JP4)

G. Oppong Boakye, E.O. Straume, D. Kovalov, S.N. Karlsdottir,

Wear-reducing nickel-phosphorus and graphene oxide-based composite coatings:
Microstructure and corrosion behavior in high temperature geothermal environment.
Corrosion science 209 (2022), 110809. This paper contributes to answering RQ1 to RQ3.

Summary of results journal paper 4:

The fairly thin electroless Ni-P-PTFE duplex and air-sprayed polymer-based coatings were
tested in the same test environment as reported in JP3 to investigate their corrosion
behavior. The polymer-based coating was modified with graphene oxide (GO) and the
electroless Ni-P was heat-treated at 300 °C for 2 hours after deposition to improve its
microstructural properties and performance. The results showed that the added
nanoparticles improved wetting and friction properties as well as wear resistance of the
coatings. The heat treatment of high P, Ni-P+PTFE coating increased the hardness
attributed to the formation of NisP structures, thereby improving wear resistance of the
coating. In general, GO-modified coating performed better in the 120 °C test compared to
the reference material. The Ni-P/PTFE duplex with the lowest P content was suitable in
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oxidizing (i.e., H,O) environment at 120 °C. This is because a crystalline Ni-O corrosion
scale was observed as a protective layer after corrosion. The high P was more promising
for CO./H,S environment, where a thick, adherent Ni-S surface scale was observed in
microscopic images. All the coatings were unprotective and prone to substrate corrosion at
250 °C in H,S/CO; environment.

4.2 Summary of results of conference papers

4.2.1 Conference paper I (CPI)

G. Oppong Boakye, D. Kovalov, A.I. Thérhallsson, S.N. Karlsdoéttir, V. Motoiu, Friction
and Wear Behaviour of Surface Coatings for Geothermal Applications, PROCEEDINGS
in WORLD GEOTHERMAL CONGRESS 2020+1, April 26-May 22021, Reykjavik,
Iceland, Paper no. 27069

Summary of results conference paper 1:

A pin-on-disk test was performed on substrates that are representatives of geothermal plant
components and HVOF cermet-coated steels. This study aims to investigate the
tribological properties of coatings deposited on steel substrates. The cermets had a lower
coefficient of friction and wear volume compared to the bulk 304 and 630 stainless steel
substrates. Microscopic examinations of the wear tracks identified abrasive wear
mechanisms and showed thin material removal in the coating. The results led to a better
selection of test parameters, for instance load, speed, and sliding cycles.

4.2.2 Conference paper II (CPII)

G. Oppong Boakye, E.O. Straume, B.A. Rodriguez, D. Kovalov, S.N. Karlsdéttir,
Microstructural Characterization, Corrosion and Wear Properties of Graphene Oxide
Modified Polymer Coatings for Geothermal Drilling Applications, PROCEEDINGS in
CORROSION 2020 June 14-18, 2020, Conference and Expo, Houston, Texas, USA.

Summary of results conference paper 2:

An electrochemical test in a 3.5wt% NaCl solution and a pin-on-disc sliding test was
performed to determine the corrosion and wear resistance of the polymer coatings. In this
work, the polyphenylene sulfide-polytetrafluoroethylene (PPS-PTFE) matrix was modified
with graphene oxide (PPS-PTFE/GO) to improve the mechanical properties, corrosion, and
wear resistance, to provide coatings for drilling components for HT geothermal well
environment. The results show that low GO content positively impacted the morphology,
WCA, lubricity, corrosion, and wear resistance of the composite coating. The 1wt% GO
polymer coating is the most promising; based on the reduction of corrosion current density
and 72% reduction in friction compared to carbon steel. The results led to the improvement
in coating preparation, chemistry, and ranking of the GO-modified composites. Here, a
new formulation with 0.5wt% GO was included in the design and testing matrix and
contributed partly to the results presented in conference lecture 2 and JP4.
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4.2.3 Conference paper III (CPIII)

G. Oppong Boakye, A.M. Ormsdottir, B.G. Gunnarsson, A. Tabecki, F. Zhang, S.N.
Karlsdéttir, Development of High Velocity Oxygen Fuel Corrosion Resistant Coatings; A
Comparison between Novel High Entropy Alloy and Conventional Cermet Coatings for
Geothermal Applications, PROCEEDINGS in CORROSION 2022 Conference and Expo,
March 6-10, 2022, San Antonio, Texas, USA.

Summary of results conference paper Ill:

Autoclave corrosion testing of CoCrFeNiMogss - HEA and Cermet coatings was
conducted for 14 days, fully immersed in a simulated alkaline geothermal drilling
environment at 120 °C and 50 bar. After surface SEM/EDS examination, good corrosion
resistance was observed which affords the use of these coatings in the said environment. In
addition, an electrochemical-accelerated corrosion test in a 3.5 wt.% NaCl was carried out
at ambient temperature to investigate the behavior of the coatings in the presence of CI’
ions. The CoCrFeNiMoggs outperformed Cr,Cs-NiCr and WC-Co10Cry4 coatings showing
more positive corrosion potential (Ecor) measured and the lowest corrosion current density
(icorr) in the presence of chlorides. The surface oxide film was observed with high Mo and
Cr content. The results of this study led to further improvement in test conditions by
including HT autoclave test with corrosive species (i.e., 250 °C with H,S/CO; in
liquid/vapor phase).

4.2.4 Conference paper IV (CPIV)

G. Oppong Boakye, E.O. Straume, A.M. Ormsdottir, B.G. Gunnarsson, S. Irukuvarghula,
R. Khan, S.N. Karlsdottir, Corrosion and Wear properties of Electroless Ni-P+PTFE
Hydrophobic Coating Developed for Geothermal Environment, PROCEEDINGS in
European Corrosion Congress — EUROCORR 2022, August 28-Sept. 01, 2022, Berlin,
Germany.

Summary of results conference paper 1V:

The corrosion and wear resistance of as-plated and heat-treated ENP/PTFE duplex coatings
were tested using an autoclave, electrochemical methods, dry sliding, and HT-wet sliding
tests. The results show that the duplex coating on metallic materials provided good
performance under both dry and HT-wet conditions. The heat-treated low P containing -
duplex had high wear resistance at room temperature, at 80 °C, in saline fluid compared to
low alloy steel. The duplex showed no localized damage but experience uniform
dissolution of Ni to form a corrosion layer in the alkaline H,O environment at 120 °C in
the autoclave. In the polarization test, no significant difference was observed in the
measured corrosion potential (Ecorr), however, the high P coatings showed larger passive
region and passive current density (ipass). This study contributed significantly to the results
published in JP4. The results in JP4 included an additional duplex composition and HT
autoclave test with corrosive species (i.e., 250 °C with H,S/CO; in the liquid/vapor phase).
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4.3 Answers to research questions - Study
results

The main goals of the PhD study were to investigate the tribological (friction, wear) and
corrosion behavior of coatings under simulated test conditions for geothermal applications.
Three questions were set as the primary points of attention to address the research topic.

RQ1: how does the microstructure of the coatings affect the friction and wear properties
of the developed coatings?

Answer to RQ1:

The observed effect of fabrication method, coating morphology, thickness and phase
structures on friction and wear is attributed to differences in the microstructure. These
effects significantly influenced the mechanical and tribological behaviors. The results of
the friction and wear tests showed that the carbon-based materials (PTFE, GO and
Cermets) compared to the alloys can significantly lower the friction coefficient but not
necessarily the overall wear rates. BCC metals are typically more brittle in the alloys. The
primary cause is that they have larger dislocation lattice friction stresses than FCC metals.
As a result, BCC lattices exhibit less dislocation mobility, which results in less plasticity as
compared to FCC metals. The results in HEA showed that the formation of intermetallic
compounds can significantly lower the coating's friction coefficient and wear rate when
transition elements are added in molar ratio.

A steady friction and wear behavior was observed for the Cermets, 0.5wt% GO-based
coating, and ENP/PTFE (10g/L) duplex from the dry sliding test conditions. The mildly
scratched surfaces typically of abrasive wear mechanism from SEM analysis signified low
material loss influencing high stability during the evolution of friction coefficient. The
stable friction and wear characteristics observed are outlined in JP1 for ENP coatings
attributed to the structure of the added PTFE nanoparticles which contributed to shear
reduction from carbon film formed on the surfaces during sliding. In the alloyed materials,
for instance the HEASs, the running-in was severe and the steady-state was harder to
achieve during the evolution of friction coefficient. The large average roughness (Ra) of
the coatings contributed to a high volume of material removed attributed to pronounced
elastic shakedown from the and/or the gradual accumulation of debris. This observation is
important for selecting the coatings for practical applications. Deposition by the three
different techniques (HVOF, LC, and ESD) did not significantly change this phenomenon
because of the powder metallurgy process and high average roughness values (Ra)
compared to the other hard coatings. However, the wear rate estimated from measurable
material loss showed high wear resistance for the HVOF-developed HEA alloys -
CoCrFeNiMoy which were sensitive to hardness, mixed internal structure and the
dislocation impedance by grain boundaries identified and described in JP2. The HVOF-
sprayed CoCrFeNiMog g5 showed the best wear resistance among the HEACs.
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RQ2: Do the wear resistant coatings resist corrosion in the simulated high temperature
geothermal fluid (H,O or H,0 -based with H,S/CO, gaseous species)?

Answer to RQ2:

Yes, the wear resistant coatings are resistant to corrosion in H,O at 120 °C, however, the
cermet coatings were prone to microcracks.

No, the corrosion behavior in hot geothermal fluid (250 °C) with H,S/CO; gaseous species
is distinct for each wear resistant coating material.

The PPS-PTFE/GO, heat treated ENP/PTFE duplexes, CoCrFeNiMoggs, and ‘hard’
coatings showed the best wear resistance after the tribological testing. Oxygen-based and
sulfur-based corrosion products described in JP3 and JP4 were present on the surface of the
coatings in all the test environments occurring from coating/fluid reactions. The autoclave
testing in the simulated standard drilling geothermal water (i.e., 120 °C water) showed
good results for all the coatings except the high phosphorus-containing - ENP/PTFE
duplex. However, in the higher temperature fluid (i.e., 250 °C) containing CO,/H,S gases,
the coatings were prone to general and localized corrosion damage from reaction with
corrosive anion species and aqueous gases. For instance, the added GO nanosheets
demonstrated low wetting ability preventing surface contamination while suppressing
corrosion effects in the polymer matrix at 120 °C outlined in JP3. Additionally, the duplex
of high phosphorus content showed poor corrosion resistance in the oxidizing (H.0)
environment at 120 °C. On the other hand, a protective corrosion layer formed on the
coatings from the H,S reaction with N in the 250 °C test with CO, and H,S gases. The
results for the conventional hard coatings had high corrosion resistance in the 120°C water
test with no corrosive gases. However, the coatings' corrosion resistance decreased, and
this significantly depended on the composition, microstructure, interfacial defects, and
fluid chemistry when CO; and H,S gases were introduced (at 250 °C). The HVOF- sprayed
CoCrFeNiMog g5 showed the highest corrosion resistance. Although, internal oxidation was
observed in the coatings usually within phases and along grain boundaries, the research
established and discussed the presence of the oxides from the HVOF method in JP2 and
JP3. In summary, no localized damage was observed in both 120 °C and 250 °C test with
CO; and H,S gases.

RQ3: How does temperature and phase density of the simulated geothermal fluid (i.e.,
liquid/vapor with H,S/CO,) influence the corrosion effect on the tested coatings?

Answer to RQ3:

Yes, the temperature and phase density of the corrosive fluid (liquid/vapor) influenced the
corrosion behavior in the test environments as reported in JP3 and JP4. Temperature and
phase density of the geothermal fluid accelerated the corrosion behavior and promoted
localized corrosion of the wear resistant coatings in this study.

The temperature effect was clearly seen in the polymer-based coatings where

morphological changes were observed with pore formation and SiO, deposition after
testing at 250° C in the higher temperature test. Microcracking was also observed in the
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cermets from inherent microstructural and temperature effects. Although the 120° C water
test showed little to no corrosion in the liquid phase, significant cracking was found in the
coatings described in JP3 after reporting in CPIII. All of the tested coatings experienced an
increase in corrosion when exposed to saturated steam (vapor phase) that contained CO,/
H,S gases. The distinct corrosion behavior with CO, and H,S species in the liquid and
vapor phase was easily discernible by the reaction products, as revealed in Fe-based
amorphous and Ni-based coatings as described in JP3. The FeCrMoWMnBCSi was prone
to subsurface pitting in the liquid phase through the dissolution of Fe, however, the
localized damage observed after vapor phase exposure was oxidation/sulfidation of the
passive metals in pits, intersplats, and around nano amorphous phases. On the surfaces of
the two Ni-based coating systems (self-fluxing -NiCrBSiFe and ENP/PTFE duplex), a
thick and adherent NiS corrosion scale was seen after the liquid phase test, but a porous,
thin scale was observed after exposure to the vapor phase.

Based on the findings in this work, it can be concluded that the fairly thin GO modified
polymer and ENP/PTFE duplex coatings experience substantial localized damage in the
coating layers, as well as substrate corrosion due to galvanic effects. The hard coatings
were susceptible to both general and localized corrosion damage but the HEA alloys —
CoCrFeNiMog g5 showed the best corrosion performance in all test environments.
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5 Discussion

The corrosion and wear studies of coatings were conducted in test conditions and
simulated laboratory environments in this PhD project. Corrosion studies in sour or
H,S/CO, environments have been studied on materials, but a comprehensive tribological
and corrosion studies targeted for the physical and chemical properties of hot fluids from
geothermal fields are uncommon, thus the accelerated laboratory test on such materials is
needed. The findings from this study have improved knowledge on the wear and corrosion
behavior of already available and new coating compositions in relevance to geothermal
environments and can be aptly incorporated into the different decision-making and project
stages of geothermal energy development.

According to the studies, the wear resistance of the coatings in dry sliding of the customary
or already available coatings from older publications was established. The developed
duplex or GO-modified polymer coatings also provided good wear resistance and a drastic
reduction in friction. The PTFE and GO nanoparticles in the coatings promoted a
functionalized surface of the steel increasing stability during friction evolution and steady
wear behaviors. Similarly, from the corrosion results, the large surface area of the particles
served as obstructions to the electrolyte penetrating the coating matrix preventing
corrosion of the substrate. However, coatings and underlying substrate were rather
susceptible to localized damage at a higher temperature with H,S/CO, gases from galvanic
effects outlined in JP4.

In the wear-resistant cermets, the localized corrosion in the H,S/CO, environment is
concluded to be driven by microcracking of the hard and brittle coatings during exposure.
Notwithstanding, the test solution with no added gases also caused microcracking in the
coating layers suggesting temperature contribution to the coating damage. Less damage
was observed for CrC-NiCr compared to WC-based coatings (i.e., WC-CoCr and WC-
CrC-Ni) due to oxidation of the WC matrix. Segregation in Cr and Ni was found to be the
prevalent damaging phenomenon in the CrC-NiCr coating. These results match those from
earlier studies [73,74], but in this study, we also observed sulfidation of the Co binder and
oxidation of the W in the WC matrix following exposure to vapor or the saturated steam
phase. Therefore, the combination of both microcracking from temperature effects and
localized corrosion of W in WC-CrC-Ni showed it was more prone to localized corrosion
where corrosion of the underlying substrate was reported. Contrary to the wear results, a
reverse behavior was observed where resistance was attributed to film forming abilities of
the WC matrix during sliding. Thus, the best wear resistance was observed in the harder
WC-CoCr and WC-CrC-Ni coatings compared to CrC-NiCr.

Comparatively, the Ni-based self-fluxing alloy (NiCrFeBSi) coatings were susceptible to
general corrosion. No localized damage was observed in the coatings or at the
coating/substrate interface. The synergistic effects of H,S and CO, caused the dissolution
of Ni at the highest test temperature producing a bilayer corrosion product mainly of Ni,
and Fe, Cr in the alloy. A distinction between the protective bilayer was seen in the
thickness and uniformity from cross-section analysis which was dependent on the fluid
properties. The densest and most stable form of the bilayer was observed after liquid phase
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exposure. Despite this, a clean surface was seen on the amorphous Fe-based alloy coatings.
The negligible amount of corrosion products suggested little-to-no general corrosion
behavior. This was established from cross section analysis where localized corrosion
damage were seen subsurface. The coatings experienced peeling and spalling of coating
layers near-surface and below the surface, corrosion around splat boundaries and
substantial pitting in the matrix. The subsurface porosity was apparent in the liquid phase
exposure whereas, void enrichment (pores filling) was observed in the cross section in the
vapor phase test. In JP3, it was concluded that the pitting mechanism aroused from the
dissolution and diffusion of Fe near original porosities in the matrix was supported by the
inward influx of vacancies explained by the Kirkendall effect [75].

The HEA coatings are relatively new and have not been actively adopted for industrial
applications yet. In this study, two HEA coatings (i.e., CoCrFeNiMog gs and CoCrFeNiMo)
were developed by three deposition techniques investigated for potential application in the
geothermal environment. The results indicated deposition techniques produced coatings of
hard nanophases and a mixed internal microstructure. These structures translated to
unsteady friction but a better wear performance except the ESD -HEA coatings where
coating/coating and coating/substrate adhesion issues were encountered (JP2). Further
autoclave corrosion testing of the best wear resistant HVOF-developed HEA indicated
CoCrFeNiMoggs could be applicable as a coating material on components used in both
liquid and steam/vapor conditions withstanding temperatures up to 250 °C. This is because
CoCrFeNiMog g5 coating was not prone to localized corrosion damage, however, there is a
possibility of forming a thin oxide/sulfide scale from general corrosion mechanisms from
the studies with and without H,S/CO, gases. The HVOF spray and impact process
produced multi-phase or grain boundaries that enhanced wear resistance in JP2 but
identified as a potential site for internal oxidation in JP3. The research conclusively found
no internal deterioration in either the 120 °C or 250 °C simulated geothermal
environments. Moreover, the LC-HEAs that demonstrated acceptable resistance (10°) may
be evaluated further in comparable corrosion conditions for possible use in applications
with higher corrosion or lower wear demands. A continuously layered structure (i.e.,
without clearly defined grain boundaries) was found in the microstructural analysis of LC-
HEA produced by the laser cladding method of deposition in JP2. The findings showed a
continuous or uniform layered structure (no obvious grain boundaries) from deposition
with the laser cladding method in JP2. Therefore, the LC-HEA which showed acceptable
wear could be further evaluated in similar corrosion environments for potential use in
higher-corrosion or lower-wear demanding applications. The HEAs could be a feasible
candidate for future wear and/or corrosion resistant materials in geothermal drilling and
equipment operation environments where high wear is encountered.

The overall goal of the research, which was guided by four (4) working principles and
three (3) sub questions, was to identify wear and corrosion resistant materials for use in
various geothermal drill tools and plant equipment. The following is a summary of the
main findings for the corrosion testing of Ni-P, PTFE/GO, CERMETS, and HEA coatings,
which the down-selected coatings from tribological tests (high wear resistance). The study
identifies the most promising candidate and potential application for different geothermal
power plant equipment in Appendix B -Table list.
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* For the high temperature (250 °C) corrosion test in the simulated geothermal
environment in the Autoclave with H,S and CO,:

The HVOF sprayed HEA -CoCrFeNiMoggs outperformed the other
evaluated coatings regarding the corrosion resistance showing no evidence
of corrosion damage (corrosion cracks, pits, crevices) and no visible
corrosion penetration through the coating.

The performance of the CERMETS was poor; cracks and the penetration of
corrosion species into the coatings was observed, indicated by sulphur and
oxide corrosion products that were detected in the cross-section of the
coatings.

The ENP (Low P/ High P) and PTFE/GO coatings both showed poor
corrosion resistance, i.e., cracks and corrosion penetration into the coating
were observed. The corrosion penetration was throughout the thickness of
both coatings. The higher phosphorus duplex, hp/HPptfe had slightly less
penetration, adherent protective scale and thus would be preferred for in
applications.

* For the lower temperature (120 °C) corrosion test in the simulated geothermal
environment in the Autoclave with no gases:

The HEA -CoCrFeNiMoggs coating demonstrated the highest corrosion
resistance to the test conditions over the other tested coatings. No cracks or
corrosion penetration in the coating were found.

Contrary to the high temperature corrosion test, the developed CERMETS,
PTFE/GO and the ENP (Low P/ High P) coatings were successful in
hindering corrosion of the substrate, thus performing better than for the
250°C test. However, corrosion penetration into the substrate materials were
found in the microstructural analysis to more extent for WC - type cermet
and hp/HPptfe coatings, likely due to the effects of considerably micro-
cracks and micro-porosity, respectively. The corrosion effects were only
pronounced for the WC-CrCNi, regarding the depth of corrosion
penetration. Thus, the hp/LPptfe is recommended over hp/HPptfe.
Moreover, PTFE/GO, WC-CoCr, CrC-NiCr, FLUX, and AMOR
coatings showed better corrosion resistance in this environment.
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6 Conclusions

The right selection of corrosion resistant metallic materials has been the focus of numerous
prior articles on the topic, but the results presented in this dissertation provide information
on the efficacy of friction and wear-resistant coatings in HT corrosive geothermal
environments. Coatings are one method for protecting less corrosion resistant but
mechanically suitable materials because the use of highly alloyed or nonmetallic materials
is always mechanically or economically impractical. Commercial abrasion resistant
coatings were compared to the newly developed/ modified coatings during corrosion
studies to develop a benchmark on performance in the selected environments up to 250 °C.
This dissertation emphasized a thorough examination of four types of coating materials:
Ni-P, GO-PTFE, CERMETS, and HEA, with four specific objectives that led to three
research questions. The four journal papers show how the coatings studied contribute to
increased equipment durability in geothermal applications. The findings summarized in
response to the three main research questions point to newly developed HEA-coatings as
an alternative resistant alloy with improved corrosion and wear resistance suitable for parts
in geothermal applications. The HEA (CoCrFeNiMoggs) material metalized with the
HVOF method demonstrated a protective barrier effect on the steel substrate in both wear
and corrosion testing conditions. The better compatibility can only be inferred from the
findings of the dry sliding wear resistance because tribological studies on HEA-coatings
are lacking compared to the selected commercial coatings. High temperature and
synergistic tribological tests such as tribocorrosion analyses is the next step to expand on
current knowledge and state. However, a deeper understanding of wear and corrosion
mechanisms and the effect of gases (H,S/CO;) was established in this dissertation which
can influence future design, selection, and engineering of corrosion and wear resistant
materials for geothermal systems, thereby maximizing the operational life of components.

This dissertation makes a contribution by evaluating numerous coating systems on low
alloyed and stainless steels for friction and wear resistance in corrosive environments up to
250 °C relevant to geothermal conditions. A deeper understanding of mechanisms was
developed, establishing the foundation for future geothermal powerplant design.
Furthermore, it increases the knowledge in the field of corrosion behavior of conventional
and novel coating materials at high temperatures and pressure in geothermal environment
where there is lacking publication and knowledge, which is increasingly important in
promoting the utilization of geothermal energy most efficiently.
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7 Future work

Future study is proposed by recommending more experiments that could be performed to
acquire 1) quantitative measurements and 2) obtain a better understanding of the effect of
temperature and fluid chemistry on the tribological properties and corrosion behavior of
steel coatings. The microstructure and chemical composition as-deposited and tested
samples as well as corrosion films on the coatings can be evaluated with other high-end
techniques such as TEM, EPMA (equipped with EDS and WDS), and XPS. Friction and
wear testing at temperatures higher than ambient conditions would be an interesting area
for further study and hence provide information on wear in the ‘wet corrosive’
environment. Based on the findings of this thesis it would be interesting to perform tests in
similar fluid density and chemistry as tested in this dissertation, but with higher CI" species
as well as evaluating individual effects of each gas phase (i.e., H,S, CO;) on the corrosion
behavior of the coatings. Furthermore, quantitative laboratory methods (such as
electrochemical impedance spectroscopy, tafel polarization and/or linear polarization
resistance) could be used to evaluate the anti-corrosion performance of protective coatings.
Also, the potential to perform electrochemical test in the HTHP autoclave would be of
value for further studies. Such electrochemical processes offer parameters that can be used
to calculate corrosion rates, usually at ambient temperature, and to define the corrosion
process, such as the start of pitting corrosion, the breakdown of protective layer, or the
precipitation of corrosion products. Finally, a synergistic evaluation of corrosion and wear
(tribocorrosion) properties of specific coatings, such as the novel high entropy alloy
coatings, is required to bridge knowledge gaps between tribological and electrochemical
behavior in the presence of a corrosive media. The interaction between mechanical and
chemical factors governing tribocorrosion can be evaluated through a comparative analysis
of triboelectrochemical (such as corrosion potential, galvanic cells, potentiostatic, and
potentiodynamic) techniques and interpretation methods with an emphasis on sliding and
fretting situations. These techniques will provide better insight on how wear can affect the
kinetics of corrosion reactions of the coatings.
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Abstract: The selection of electroless nickel-phosphorus plating (ENP) has been inclined towards their
properties and advantages with complex geometry applications. These properties include coating
uniformity, low surface roughness, low wettability, high hardness, lubricity, and corrosion- and wear-
resistance. Materials used in geothermal environments are exposed to harsh conditions such as high
loads, temperature, and corrosive fluids, causing corrosion, scaling, erosion and wear of components.
To improve the corrosion- and wear-resistance and anti-scaling properties of materials for geothermal
environment, a ENP duplex coating with PTFE nanoparticles was developed and deposited on mild
steel within the H2020 EU Geo-Coat project. ENP thin adhesive layer and ENP+PTFE top functional
layer form the duplex structure of the coating. The objective of this study was to test the mechanical
and tribological properties of the developed ENP-PTFE coatings with varying PTFE content. The
microstructural, mechanical and tribological properties of the as-deposited coating with increasing
PTFE content in the top functional layer in the order: ENP1, ENP2 and ENP3 were evaluated. The
results showed maximum wear protection of the substrates at the lowest load; however, increasing
load and sliding cycles increased the wear rates, and 79% increased lubrication was recorded for
the ENP2 duplex coating. The wear performance of ENP3 greatly improved with a wear resistance
of 8.3 x 10* m/mm? compared to 6.9 x 10* m/mm?3 for ENP2 and 2.1 x 10* m/mm? for ENP1.
The results are applicable in developing low friction, hydrophobic or wear-resistive surfaces for
geothermal application.

Keywords: composite coating; electroless-nickel plating; friction; geothermal; geo-coat; wear

1. Introduction

Electroless nickel plating (ENP) is a conventional deposition method that involves a
chemical reduction of Ni?* from an aqueous solution onto metallic substrates. Placing a
coating of a nickel-phosphorus alloy (Ni-P) on a surface is the commonest form of ENP
plating. The low-to-high phosphorous material, which typically ranges from 3 to 14 wt% [1],
has a significant effect on the deposited electroless nickel-phosphorous layer properties.
ENP offers a broad application spectrum via its inherent high coating uniformity, good
adhesion, low roughness, high hardness, and corrosion- and wear-resistant properties.
Furthermore, it is possible to enhance the mechanical and tribological properties by adding
particles as reinforcements to optimize their industrial efficiency [1-4].

The concept of reinforcement is to adjust the wide-range performance of the ENP
coatings to achieve specific desired properties. In literature, the common co-deposition pro-
cesses with either or both soft and hard particles developed over time include: SiO,, Al,O3,
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Zr0O,, TiO,, Mo, MoS,, PTFE, Diamond, CNT, SiC, CNT-5iC, Si3gNy, WC, ZnO, B,C, BN,
TiN [3,5-12]. The target application areas include microelectromechanical systems (MEMS),
textile, foundry tools, automotive, aerospace, membrane reactors, and heat exchanger
units [3]. In tribology, the addition of hard particles creates a hard and wear-resistant
composite coating, whereas soft, solid lubricants result in a film with self-lubricating and
excellent anti-stick properties [5].

Fluoropolymers (CFx) such as PTFE have low-temperature curability, hydrophobic
properties, chemical inertness and thermal stability of up to 350 °C, and are often used for
oil and gas coating applications [13,14]. The feasibility of incorporating the PTFE second-
phase particles within the ENP matrix at relatively low temperatures and low curing time
produces a synergistic advantage of the different properties of the Ni-P alloy and PTFE
polymer. The surface energy range of 22 to 28 mN/m can be achieved through the Ni metal
properties with the low surface energy of PTFE [15]. The material becomes hydrophobic
(as low surface energy limits wettability), offering minimal microbial and anti-scaling
properties, decreasing the likelihood of scaling [14] and corrosion [16]. Since PTFE has
cryogenic properties and a relatively high melting point compared to the other polymers,
ENP+PTFE composite coatings were applied and used in heating and cooling systems
up to 290 °C [3]. Besides improved thermal conductivity [17], it also has a lower friction
and energy wear rate [16,18], therefore, it could be used in areas of wear from high speeds
but low contact loads or in the presence of abrasive materials such as silica scales. This
indicates the composite coating could potentially provide protection in boilers, separators,
condensers, and safety and pumping systems in geothermal plants.

Few studies have reported a negative impact on film quality because of the dynamic
relationship between surface and mass transport during the plating processes for the
ENP+PTFE compared to ENP [19]. Several researchers studying ENP technology with
particle inclusion found that the ability to achieve (1) uniform particle dispersion (herein
PTFE) and (2) good composite adhesion to the substrate is crucial for the coating durability,
corrosion and wear performance [20-23]. Therefore, for this study, a duplex coating was
fabricated considering the reviewed merits and demerits of the plating process and prop-
erties of ENP deposits. An ENP undercoat is deposited to boost coating adhesion onto a
steel substrate. PTFE is embedded into the top functional layer of the same composition
ENP to form a composite coating of ENP+PTFE. This study aims to improve adhesion to
mild steel and assess the tribological properties as a function of different PTFE content in
the top coating layer to establish potential application in geothermal power generation
systems. For instance, seals, valves, and impellers are subject to friction and wear in the
steam production, transmission, and reinjection systems, resulting in leaks due to poor
sealing and diameter reduction from material loss. Meanwhile, in addition to avoiding
delamination during high-temperature operations, the top functional layer of the duplex
coating on a heat exchanger unit will mitigate challenges with drag, pressure drop, heat
transfer, and abrasive wear from entrapped particles/periodic mechanical washing.

The focus of this research is to characterize the ENP duplex coatings with varying
amounts of PTFE, and test the mechanical and tribological properties in an effort to de-
velop ENP coatings where the duplex (top + undercoat) provides good protection against
wear. The functionalized topcoat is expected to influence surface properties by improving
friction and wear-resistance. The critical performance of the coating was evaluated against
the resultant microstructural, wettability, and mechanical and tribological properties for
coatings with different PTFE material content to optimize the required PTFE concentration
in the duplex coatings.

2. Materials and Methods
2.1. Sample Surface Preparation

Mild steel discs (50 mm diameter) were degreased in hot alkaline solution (~50 °C) for
15 min followed by rinsing in de-ionized (DI) water. They were then etched in hot (~50 °C)
H,S04 solution to remove the surface oxide layer. Once the oxide layer was removed and
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acid traces were removed by dipping into de-ionized water, the specimens were quickly
transferred into an ENP bath.

2.2. Bath Preparation and Electroless Ni-P+PTFE Composite Coating

All chemicals were of analytical grade and purchased from Sigma Aldrich and Fisher
Scientific. PTFE particles, due to their hydrophobic nature, cannot be dispersed homoge-
neously in water. PTFE particles and F-C4 cationic surfactant portions were mixed in DI
water by mechanical stirring for 2-3 h. After that, the solution was subjected to ultrasonic
treatment for 3 h. This step de-agglomerated the PTFE particles and produced a homoge-
neous aqueous dispersion. This was verified using the dynamic light scattering approach
to measure their particle size distribution (PSD) (instrument: Malvern ZetaSizer Nano-S,
Waltham, MA, USA). The average size of PTFE particles was about 307 nm, yielding a
unimodal distribution. Furthermore, efforts were made to minimize defects by optimizing
the amount of surfactant (0.1-0.5 g/L) to create aqueous dispersion of PTFE. All ENP
were performed in a fume hood. A nickel ion source (NiSO4 x 6H,O (g/L)), reducing
agent (NaH,PO, x HyO (g/L)), complexing agent (C¢HsNazOy; x 2H,0 (g/L)), accelerator
(NH4CH;3COO (g/L)), stabilizer (CH4NS (ppm)), and pH regulator (NH4OH/CH3;COOH
(%)) was employed to streamline the operating conditions of the ENP bath. The amount
of chemicals used in the bath was determined by the amount of phosphorus targeted in
the Ni-P layer. Since the objective was to produce duplex coatings (i.e., Ni-P undercoat fol-
lowed by Ni-P+PTFE top coat), the etched specimens were first transferred into Ni-P bath
for producing undercoat. After 15 min, the samples were removed and quickly transferred
into another Ni-P bath that contained dispersion of PTFE particles within the solution. The
samples were immersed in the bath for 60 min after which they were removed and thor-
oughly cleaned using DI water and dried using a hot air gun. Both undercoat and topcoat
depositions were performed at 85-90 °C, with pH being maintained around 5.5. Three
types of ENP duplex coated samples were prepared to contain low, medium, and high
PTFE content and referred to herein as ENP1, ENP2 and ENP3. The undercoat contained
no PTFE while the Ni-P deposits contained medium P content in all cases. Tables 1 and 2
summarize the PTFE content used in the preparation of the coatings and the concentrations
of major chemicals used in the plating process.

Table 1. A Summary of The Plating Characteristics Used in ENP Duplex Layer Development.

Undercoat Ni-P * Topcoat Ni-P+PTFE *
Plating Method Sample ID
P Content (wt%) P (wt%) PTEFE (g/L)
Bath 1 medium Medium 5 ENP1
Bath 2 Medium Medium 10 ENP2
Bath 3 Medium Medium 15 ENP3

* The amount of PTFE and P content (i.e., 6-8 wt%) used in the fabrication of the duplex coating.

Table 2. Key Chemicals and Their Quantity (per liter) Used for Preparing ENP Baths.

Chemical Range
Nickel sulphate (NiSO4 x 6H,0) 0.1-0.11 M
Sodium hypophosphite (NaH,PO, x H,O) 0.19-0.28 M
Sodium citrate (C¢HsNazO; x 2H,0) 0.035 M

Acetic acid/ammonium hydroxide (NH4OH/CH3COOH) pH~5.5-6.2
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2.3. Testing and Characterisation of Coatings

The microstructure, surface morphology and coating thickness were conducted by
scanning electron microscopy (FE-SEM, Zeiss Supra 25° Oberkochen, Germany). The SEM
was equipped with an energy dispersive X-ray spectrometer (EDS, Oxford Instruments®,
Oxford, UK) used for the elemental and compositional analysis of the selected regions of the
coatings. The X-ray diffraction (XRD) was performed in an X-Pert Pro with Cu K« Radiation
(A =1.5406 A). The Kruss Drop Shape Analysis system (DSA 100® Hamburg, Germany) was
used to calculate contact angles using the sessile drop method. This equipment determines
a surface’s wettability by water to predict hydrophobic properties or fouling potential. The
contact angle was calculated using the DSA software from 10 different locations. Roughness
measurements were carried out with a Taylor Hobson Ametek stylus profilometer to
determine the topological surface parameters such as Ra. The steps and measurements
were in line with the standard DIN/ISO 4287. Profilometry images of the surfaces after
the test were obtained using an optical profiler (Solarius® SD-V100-3219, San Jose, CA,
USA). The hardness of the coatings was obtained from 12 different locations along the
cross-section with Vickers micro-hardness tester (VH1202 Wilson®, Esslingen, Germany)
using 0.05 kg-f load for 15 s. The friction and wear setup, procedure and measurements
followed the ASTM G99 standard [24]. The tribological sliding test was done with a ball-
on-disc configuration using pin-on-disk tribometer (Anton Paar® TRB?, Graz, Austria).
The stationary counterpart was a chromium steel (100Cr6) ball of 6 mm diameter. The
applied load was in the range of 2 to 10 N and the test duration was for 1 h. During the
tests, the radius of the wear track was varied between 5 mm and 20 mm for each sample,
with the corresponding linear velocity (cm/s) variations depending on the total number of
tests and distance (m) covered. The coefficient of friction was determined by monitoring
the evolution of the tangential force at dry sliding contact and dividing it by the applied
load. The specific wear rate, Weample (mm?3/Nm), was evaluated according to Equation (1)
by measuring the volume of the removed material, V (mm?), and using the applied load,
Fn (N), and the distance covered during testing, L (m):

Wsample = V/F, xL [mm3/Nm] (1)

The mild steel substrate and the 304 L stainless steels were also tested and analyzed for
comparison according to the previously explained procedure. The study uses 304 L SS as the
reference material because it is one of the most widely used materials in plant construction,
especially for heat exchangers. The objective is to show that 304 L can be replaced by ENP
coated mild steel to save money and extend service life in geothermal applications.

3. Results
3.1. Morphology and Structure of the Duplex Coatings

Figure 1 shows the surface morphology and cross-sectional micrographs of the dif-
ferent ENP+PTFE duplex coatings. The coatings were observed with globular particles,
similar to the conventional morphology for ENP coatings [17]. The distribution of F, indica-
tive of PTFE (C,F;), was homogeneous on the outer surfaces and entrapped in the interior
and between grains in the coatings. From Figure 1a, a finer multiple grain structure was
obtained for high Ni-to-low PTFE content coatings at a microscopic level. With increasing
PTEE, the grains enlarged, yielding a less rugged morphology but visible nano-holes/pores
in the top surface seen in Figure 2b,c. This morphology is explained by the decreasing
Ni and P concentration (Table 3) and growth kinetics with PTFE addition to the coating.
This is evident in Figure 1b,c, where the nano-pores are visible, introduced due to PTFE
incorporation and the hydrogen gas evolution and escape during coating processes.
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Figure 1. SEM micrographs showing morphology (a—c) and cross-sectional microstructure (d—f) of
the deposited ENP1, ENP2 and ENP3 duplex coatings.

(b)

Figure 2. SEM micrographs showing surface morphology and the corresponding elemental maps of (a) ENP1, (b) ENP2
and (c) ENP3.

Table 3. The Elemental Composition of the Surface Maps in Figure 2 of the Ni-P with Embedded

PTFE Duplex Coating.
Surface Analysis Ni P c F
Ni-P+PTFE wit% at% wt% at% wt% at% wt% at%
ENP1 81.8 549 5.3 6.7 9.8 32.0 3.1 6.4
ENP2 76.7 46.6 32 3.7 10.9 325 9.2 17.2
ENP3 72.3 38.8 3.0 3.0 17.8 46.7 6.9 115

The cross-section micrographs in Figure 1d,e,f reveal the microstructure of the duplex
coatings. All the coatings appear dense, continuous and with no obvious pores, but the
Ni-P+PTFE layer had dark spots indicative of the nano-PTFE reinforcing phase. The ENP3
had non-uniform dispersion of the PTFE (areas free of dark spots in Figure 1f) in the layers
nearer to the substrate. This indicates that depositing 15 g/L of PTFE did not increase
PTFE incorporation in the matrix concurrently during plating. Moreover, Table 3 reports a
lower wt% F for the ENP3 from the elemental maps of the surfaces of the different coatings
given in Figure 2. According to the electroplating theory [25,26], the decrease in F could be
clarified by an insufficient cationic surfactant (g/L) to promote the dispersion of the PTFE
particles. On the other hand, using PTFE > 10 g/L (ENP3) resulted in a supersaturated
plating solution, which accumulated PTFE in areas near the substrate and suppressed the
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effective diffusion of PTFE particles to the interface, hence the free spots in the matrix. All
the coatings had a thickness of approximately 5 & 1 um for Ni-P undercoat and 20 & 5 um
for Ni-P+PTEFE topcoat. A good adhesion was observed between the coating-substrate and
the coating-coating interface due to the Ni-P interlayer. No defects or damages were visible
at the interfaces.

3.2. Phase Composition of the Coatings

In Figure 3a, the XRD graph shows the phase composition of the ENP+PTFE duplex
coatings in the as-plated condition whereas Figure 3b shows the XRD patterns of medium
P electroless Ni-P undercoat deposits (i.e., without any PTFE particle dispersion) with
low P and high P to complement the results in order to understand the microstructural
changes occurring in the layers of the duplex. The results are consistent with the SEM
and EDS analyses, where the peaks identified to represent the same elements as detected
in the coating. The microstructure of as-plated ENP coatings has similarly been reported
by Fayyad et al. [27] as crystalline for low Ni-P (1-5 wt%) and amorphous for high Ni-P
(10-12 wt%). The peaks of the duplex coatings in Figure 3a showed crystalline structures
and amorphous structures to a certain extent, as well as peaks from the substrate (Fe).
In the ENP1 duplex coating, the Ni peak at 44.5° was comparatively highly amorphous.
However, the crystalline structure in ENP2 and ENP3 revealed additional amorphous Ni
structures. The amorphous Ni was limited to coatings with PTFE > 10 g/L, with the peak
broadening observed for the reflections around 52° and 76°.

Further examination of Table 3 shows that the elemental surface analysis of the
ENP1, ENP2 and ENP3 topcoat contained approximately 5.3, 3.2 and 3.0 wt% phosphorus,
respectively. Thus, in the pattern, the medium P content in both the undercoat and topcoat
(with PTFE in the Ni-P matrix) accounted for the mixed amorphous-crystalline structures
of ENP2 and ENP3 duplex coatings. The refined grains confirmed from the calculated
crystallite size from Scherrer’s equation [23] caused broader peak diffraction in ENP1,
indicative of an amorphous Ni-P coating. The crystallite size of the Ni-P increased with
increased PTFE dispersion of the order 43.6 nm, 58.2 nm, 69.8 nm for ENP1, ENP2 and
ENP3, respectively. The crystallization peak of PTFE was observed at a diffraction angle of
18. The PTFE peak was prominent in both ENP2 and ENP3. Although there is no chemical
interaction of the PTFE with the Ni-P alloy since the nanoparticles are only embedded
in the matrix, the plating conditions influenced crystallization. This is evident in the
Ni ((111) — FCC) peak at 44.5° in ENP2 and ENP3, which turned microcrystalline with
the increased PTFE content used in the fabrication. Therefore, the microstructure of the
ENP1 is amorphous, whereas that of the ENP1 and ENP2 coating tends to be a mixed
crystalline-amorphous structure (see Figure 3).
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Figure 3. X-ray diffraction patterns of the deposited electroless (a) Ni-P matrix (i.e., MP) with embedded PTFE from the top
surface (b) Ni-P undercoat (i.e., MP) of the ENP duplex coatings compared to LP and HP, along with the simulated patterns

of nickel and the substrate. LP is low phosphorus, MP is medium phosphorus, and HP is high phosphorus.
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3.3. Surface Roughness and Water Contact Angle (WCA) Analysis of the Coatings

The surface structures, morphology and topography of the coatings greatly influence
the roughness and wettability of coatings. Figure 4 compares the water contact angle
(WCA) and arithmetic average surface roughness parameter (Ra) of the different coatings.
The WCA for ENP1, ENP2, ENP3 are 94.1° & 0.89, 102.6° & 0.70, and 93.9° £ 2.49, and
the Ra values are 1.24 £ 0.11 pm, 1.72 £ 0.08 um, and 2.16 & 0.21 pum, respectively. The
Ra of the ENP+PTFE duplex coatings increased with higher PTFE content and large grain
size. ENP3 recorded the highest Ra and highest surface energy (wettability), while ENP2
demonstrated the least wettability at 102.6° with water. Therefore, it could be said that the
Ra was not only influenced by pre-treatment of the surface but also the globular grain size
with PTFE particle addition. In contrast, the effective distribution of the nanoparticles in
the matrix was significant for the hydrophobicity of the coatings.
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Figure 4. The water contact angle (WCA) and arithmetic average surface roughness parameter (Ra)
of the deposited electroless ENP duplex coatings.

3.4. Microhardness Analysis of the Coatings

Generally, friction and wear have been attributed and influenced by properties such
as surface roughness, stiffness, and hardness of two materials in relative motion. The
microhardness of the coatings was determined since microstructural changes were observed
in the XRD analysis with PTFE addition. Figure 5 shows the obtained hardness of the
coatings after 12 indentations, with increased hardness measured for the ENP+PTFE
coatings compared to the mild steel substrate measured as 163.1 &+ 0.2 HV. The mean
microhardness was 300.7 + 37, 301.8 + 27 and 480.8 & 51.8 HV. The hardness of the
coatings increased with increasing PTFE content, contrary to other literature [25,27], which
defined PTFE as a softer polymer.

Further examination of the EDS findings (in Table 1) reveals that ENP1 represented
the least amount of F (3.1 wt%) but had a hardness value comparable to ENP2 (9.2 wt% F).
This suggests the variation in hardness of the duplex coating was dependent on PTFE
dispersion in the Ni-P matrix. Accordingly, the microhardness of as-plated ENP coating is
reported between 500 and 550 HV for Ni-P alloy with no PTFE fillers [25,28,29]. Similar to
the non-uniformly distributed PTFE coating (i.e., ENP3 in this work), the coating with free
spots in the Ni-P matrix (due to PTFE particle agglomeration) yielded the highest hardness
value (i.e., 400-550 HV) with a broad standard deviation. This explains the disparity in
increasing hardness between this work and other literature.
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Figure 5. The effect of PTFE content on microhardness of the deposited ENP+PTFE: ENP1, ENP2
and ENP3 duplex coatings.

3.5. Tribological Properties

For optimizing the individual tribological performances, a dry wear test was carried
out with coefficient of friction (CoF) and wear rate as the performances” index. Figure 6
shows friction evolution with sliding time for the different duplex coatings against a 100Cr6
steel ball under the different loads. The shape of the curves exhibits some stages, which
depicts the overall friction-time behavior. The stages are associated with running-in (i.e.,
the onset of the sliding period before steady-state) and stick-slips (see Figure 6a), which
observed a series of steps in the steady region in the curves. The higher the load, the shorter
the running-in time. Higher shear motion and multiple occurrences of friction spikes in the
plots at such loads (as seen in Figure 6b—0.5 h test) indicate stick-slip behavior dependent
on the physical or chemical nature of the surface [30], which was most visible in ENP1
and ENP3.

Meanwhile, the CoF of the ENP2 coatings was smooth, low and steady. This behavior
suggests a well-lubricated tribosystem maintaining a balance in each test condition of the
average kinetic friction, wear rates, lubrication debris concentration, and surface roughness.
The friction-related transitions for the other coatings, on the other hand, were discontinuous
and triggered by test parameters, PTFE nanoparticles” lubrication effect, Ni-P undercoat
interfacial processes, and substrate stresses. For instance, the PTFE nanoparticles and Ni-P
matrix’s friction contribution are apparent in the 2 N-1 h curves (Figure 6¢), showing two
regions with continuous increase in friction coefficient of the coatings after the onset of
sliding even for the ENP2. This is because the softer PTFE is removed first where a film
formation in the contact controls lubrication. The corresponding mean values of CoF at the
2 N-1 h test were 0.37, 0.47 and 0.58 for ENP1, ENP2 and ENP3, respectively. In comparison,
the friction value for Ni-P alloy with no fillers was reported to be 0.68 [23]. In ENP1, the
interfacial Ni-P (undercoat) with moderate friction effect was visible after the film loss
(i.e., the transfer seen in the 5N curve in Figure 6b). However, in the 10 N-1 h test, higher
friction evolved when the substrate was locally reached (with the pull-outs seen in Figure
6a). In this study, ENP2 produced a decreased friction coefficient of 79% at the highest load
and sliding cycles corresponding to the value 0.17 compared to 0.81 for the 304 L reference
material. This suggests that the ENP2 duplex coatings can potentially be a candidate as
coating material to reduce wear in components used in geothermal power plants.



Coatings 2021, 11, 670

90f 16

0.5 h_6000 cycles 1 h_12000 cycles

08
*pull-out

ENP+PTFE, 10N

081 ENP+PTFE, 10N

ENP3 ENP1

04 08 Fstick

(a) o ENP3

anp
0.2 02 ENP2
c 0 200 400 600 800 1000 1200 1400 1600 1800 0 500 1000 1500 2000 2500 3000 3500
Q
*6' (1] 0.8
= ENP+PTFE, 5N ENP+PTFE, 5N ENP3
Y= 06 ENP3 0.8
[
(=] *transfer film ENP1
£ e () - -
ENP2

QD o2 0.2
o
E 00 0.0
T 0 200 400 600 800 1000 1200 1400 1600 1800 [ 560 1000 1500 2000 2500 3000 3500
Q
(&)

ENP+PTFE, 2N

ENP+PTFE, 2N

ENP3

(c) o

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 6. The evolution of coefficient of friction as a function of time at various loads and sliding
cycles of the ENP+PTFE: ENP1, ENP2 and ENP3 duplex coatings.

Figure 7 presents the average coefficient of friction values of the different coatings
under the various test loads. Although ENP1 contained lower PTFE content, better friction
performance was recorded compared to ENP3, suggesting film formation in the tribo-
contacts for ENP1. The film acts as a transfer, so-called tribolayer, formed from the mixed
fluorine and oxygen debris (from initial wear of the coating) that cushions the surface at
increasing load and repetitive cycles. The film loss can confirm this at the 10 N-1 h test,
where ENP3 outperformed ENP1. From the friction curves, the film loss in the ENP1 contact
resulted in surface galling and pull-outs down to the sub-surface while a steady-state was
finally reached for the ENP3 coating.
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Figure 7. Influence of PTFE content on the average CoF values of the deposited electroless ENP+PTFE:
ENP1, ENP2 and ENP3 duplex coatings at different loads.

Comparing the wear results obtained under the different loads, the wear coefficient of
the duplex coatings was of the same order of magnitude (i.e., 1075). The obtained material
loss and specific wear rates after testing are plotted in Figure 8a,b, respectively. The wear
volume was normalized with the different test loads and sliding distance; thus, the highest
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value was observed at 2N load. No measurable material removal was observed for ENP2
and ENP3 at the lowest loads, signifying maximum wear protection by the coating. This
suggested that the microstructure, preferably to the hardness of the ENP3 coating, had a
major impact on the friction and wear properties. Furthermore, this hypothesis is confirmed
by the sparing values between the wear-resistance (see Figure 9), considering the similar
hardness of the ENP1 and ENP2 coatings. The highest volume loss was recorded for
increasing load and sliding time as expected. The surfaces of the ENP1 coatings had the
highest material removal and wear rates.

ENP3 had the lowest wear volume and wear rates at higher sliding cycles and loads,
in contrast to the friction results. Under the test loads, the wear performance of the finer-
grained ENP1 coating was approximately 4-5 times that of the reference steel, 14-30 times
for ENP2, and 15-27 times for ENP3. The incorporation of PTFE in the Ni-P+PTFE com-
posite coating has been reported to produce similar results in other studies [12,15,20] but
reports of lower wear rates exhibited larger sub-surface scuffing (i.e., the substrate of single
layer deposit) [31]. Comparatively, the wear rate of a single layer deposit reported by
Rahmati and Mahboobi [15] with similar PTFE composition as the duplex analyzed in this
paper was reduced to 43% and 66% for ENP2 (10 g/L) and ENP3 (15 g/L), respectively.
The authors attributed increased wear rate of the single layer ENP3 (15 g/L) to adhesive
failure at the substrate and cohesive failure within the ENP+PTFE composite. As a result,
the Ni-P interlayer could have been significant for the observed wear performance of the
ENP3 duplex coating, which was influenced by the improved adhesion and between the
substrate and composite coating, as well as the inherent increase in thickness associated
with double layer deposition.

Figure 9 compares the wear-resistance (1/wear rate) [32] as a function of hardness of
the ENP+PTFE duplex coatings compared to reference 304 L stainless steel at the highest test
load of 10N. The wear-resistance is independent of the load; thus, the worn volumes with
the sliding conditions were used. The developed coatings had outstanding performance
compared to the 304 L SS. The best performance was observed for the electroless-nickel
coating ENP3 with increasing grain size and improved Ni-P coating structures. Therefore,
for wear-resistive properties, the preferable concentration of the PTFE reinforcement must
be greater than 5 g/L in the electroless plating solution with efficient dispersion.

6.0x10°

Figure 8. Volume loss from worn tracks (a) and wear rates (b) of the deposited electroless ENP+PTFE: ENP1, ENP2 and
ENP3 duplex coatings at the different loads.
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Figure 9. Wear-resistance versus hardness of the ENP duplex coatings and 304 L SS reference material
at 10N load after 12,000 cycles.

4. Discussion
Lubrication and Wear Mechanism

Overall, the mechanism was supported by the running-in evolution of friction co-
efficient that produced increased wear in the contact, forming a mixed oxide-PTFE film
from the wear debris. After few cycles of lower friction (=0.15-0.6), progressive increment
occurs with damage or total removal of the transfer film. Figure 10 shows schematics of the
proposed hypothesis on the effects of the fabrication process, with introduction of compres-
sive stresses from the deposition parameters of Ni and microstructural alteration with the
increase in PTFE content on increased wear-resistance duplex coatings. The schematics in
Figure 11 explain our hypothesis on the transition of wear occurring for the coatings during
the tests. The wear behavior can be explained partially by the film behavior and the contact
conditions at the ball interface. The friction remained stable for higher amounts of PTFE
(ENP2 and ENP3) and showed no significant reduction, whereas for low amounts (ENP1),
friction rapidly increased. However, the SEM micrographs and profilometry images from
Figures 11-13 show variation in surface appearance (surface irregularities) as a function of
PTEE. This suggests that the film formation and duration on the surfaces did not follow the
same behavior. The transfer film is smooth and continuous; thus, these conditions reduce
the time to achieve stability seen in the ENP2 duplex coatings. Therefore, irrespective of
the coating composition and microstructure, the transfer film complicates material loss
within the tribo-contact arising from surface irregularities. Thus, after surface analysis, an
intermediate state of wear could be described under mild to higher loading and sliding
conditions, explaining the higher friction values at such loads.

adherent NiP

PTI Functionalized
v NiP+PTFE
. topcoat |
\;‘Medium NiP. undercoatl
(b) Reduced internal
Mild steel substrate stresses Resistant to:

« adhesive wear
« severe abrasion
« surface fatigue

R R LAY S
\_,Wr\/\_/\,

Mild steel substrate

Figure 10. Schematics of (a) the structure of the proposed duplex coating and (b) the effect of the
plating process and optimized PTFE content on improved properties of the coatings for effective
wear control.
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(a)

Sliding
direction (SD)

Steel substrate

In a continuous sequence from Figure 11a,b, if PTFE particles removed from the bulk
did not attach to the steel counter body but were lost from the system, a clean surface
is observed, and wear is minimal. However, in Figure 11c, the counter face experiences
abrasive-adhesive wear, producing mixed metal oxide material when the debris is en-
trapped/picked up, increasing friction and wear. For instance, the deposited layer in ENP3
in Figure 13c (5 N-1 h test) gave rise to wear regions in the profilometry image in Figure 12f
with a deeper wear depth of 6.51 um compared to 2.44 um for the ENP2 coating. The least
worn surfaces had a shallow depth of wear and relatively smooth average roughness with
the contrast shown in Figure 11. ENP1 showed the highest material loss from the surface,
while the lowest rate was found in ENP3. The microstructure and hardness of the ENP3
coating had a major impact on the friction and wear properties. This is because, despite the
non-uniform dispersion of the PTFE in the matrix, the hardness of the Ni-P matrix confers
high abrasion resistance to the coatings.

(b) .

b
steel steel e

o / R e

Figure 11. The transition in wear is proposed to have occurred by (a) high loss rate as the film formed with high friction
(Figure 6: running-in friction of ENP1, ENP2 and ENP3), (b) much lower loss rate after the film formed where the tribo-
system remained steady (i.e., constant friction and wear conditions; Figure 13b,e: ENP2 and Figure 13f: ENP3), and (c) higher
loss rate from the film due to fragments (Figure 13a: ENP1) or total film loss due to cyclic sliding (Figure 13d: ENP1) and

material gain on the hard coating from abrasive-adhesive wear of the steel counter body (Figure 13c: ENP3).

ENP-1 ENP 2 ENP 3

Figure 12. 3D optical profilometry images of the worn tracks on the developed ENP+PTFE: ENP1,
ENP2 and ENP3 duplex coatings at various loads and sliding cycles.
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The SEM results of ENP2 and ENP3 show fine scratches and third body effects (picked-
up oxide layer) visible on all the coating surfaces. To provide valuable wear information,
Figure 13 was beneficial in determining the two-failure mechanisms present:

(1) the smoothing by plastic deformation from gradual abrasion of the Ni-P+PTFE top
layer and
(2) the fatigue wear of only ENP1 due to high internal stresses via spalling [31].

The amorphous and multiple fine grains of the ENP1 coatings explain the already
strained state of the Ni-P+PTFE duplex coating. Whereas the lower P content, microcrys-
talline Ni peak in the XRD and coarsened grains from entrapment of the PTFE particles
may have been a source of compressive stress reducing the stresses in the ENP2 and ENP3
duplex, resulting in an improved microstructure (depicted in Figure 11). Furthermore, with
the intrinsic stresses in ENP1, the expectations of a soft and ductile FCC matrix and the
deformation mechanism of the amorphous structure (i.e., with no grain boundaries), the
pull-outs and spalling in Figure 14 can easily be explained.

Moreover, increased addition of PTFE in ENP2 and ENP3 with the effect of low
phosphorus produced a robust friction film hindering tip penetration since low phosphorus
coatings have been reported with good frictional properties [33]. Thus, the absence of
cracks, spalls, and debris in the ENP2 and ENP3 micrographs (Figure 13b,c,e,f). Further
observation of the damages in ENP1 by SEM displayed significant delamination in the
mid-regions and smooth/adhesive traces at the edge (Figure 14a,b). This is because of
the high contact pressure in the center of the counterbody (steel ball), which falls to zero
at the end. At lower cycles (0.5 h), the surface analysis showed picked-up oxide layers
that cracked and spalled off (Figure 14a) due to its brittleness (hence it acted as the fatigue
crack nucleation sites during sliding), producing the craters on the worn surface. With
such delamination in central regions, the surfaces stick, whereas, around the annular areas,
slip occurred, contributing to the mixed stick-slip condition for the ENP1 coating. On the
other hand, in the friction curves of ENP3, the stick-slip phenomenon was related to thicker
oxide patches with high-stress concentrations during sliding.

ENP-1 ENP 2

Figure 13. SEM surface micrographs of the worn tracks from 5 N and 10 N test loads on the
ENP+PTFE: ENP1, ENP2 and ENP3 duplex coatings at 12,000 sliding cycles.

Figure 15 compares the surface chemistry of ENP1 and ENP3 coatings at the 10 N-1 h
testing conditions. The SEM/EDS area spectrum 1, 2, 3, corresponds to less worn, highly
worn and unworn areas of the test surface, respectively. The result shows a decrease in
Ni in the wear tracks at locations 1 and 2 with increasing Fe (56.6 wt%) and O (7.7 wt%)
content in the mid-track of ENP1 (scanned area 2). This is attributed to substrate wear and
oxidation of the wear debris in the atmosphere. In ENP3, mild wear features were visible,
showing only areas 1 and 3 in Figure 15b. Moreover, the concentration of F decreased by 9%
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WD = 84mm

EHT = 2000 kY
00 pm

compared to the initial composition of ENP3 before the wear test, suggesting a significant
contribution of P and C,F, to the enhanced tribological performance. The rim or edges of
ENPI1 (i.e., area 1) demonstrated similar wear features where minor wear occurred. The
high Ni to low Fe content was complemented with higher C, F and P weight fractions
at such spots. Comparatively to the center, wear was enhanced by the Ni-P topcoat and
undercoat running against the steel ball apparent in the decreased (82.3 wt%) Ni- (5.4 wt%)
P content in area 3 to (27.9 wt%) Ni- (0.84 wt%) P in area 2 of Figure 15a.

Signel A= SEZ

WO = 84 mm

Dite 113 Aug 2018
Mag= 20X

EHT = 2000 kv
100 pm
TC_ENPPTFE!- 0B 8F

[TC_EWPPTFES. DT 6

@) (b)

Figure 14. SEM morphology of worn zones of the developed ENP1 duplex coating at 10N load for duration of: (a) 6000 cycles-
0.5 h and (b) 12,000 cycles-1 h.

Ni K series P K series  Fe K series Ni K series I K series  re K senes

Elemental composition (w‘t.%)

Elemental composition (wt.%)

Area Ni P F C Fe o] Area Ni P F C Fe [o]
1 81.0 4.4 2.0 8.0 21 2.6 1 84.8 2.8 3.1 9.0 0.2
2 27.9 0.84 0.8 5.7 56.6 7.7 2
3 823 54 30 9.0 04 3 774 33 A1 122
Map 71.1 3.4 1.8 7.4 10.8 55 Map 80.7 3.0 4.5 10.6 0.2 1.0
(@) (b)

Figure 15. SEM morphology of wear surfaces and EDS maps of the worn zones of the developed ENP+PTFE: (a) ENP1 and
(b) ENP3 duplex coatings at 10 N load for a duration of 1 h-12,000 cycles.

5. Conclusions
Duplex electroless nickel-phosphorus composite (ENP thin adhesive layer and
ENP+PTFE top functional layer) coatings were developed from the dispersion of PTFE
nanoparticles in different ENP baths. All the developed coatings outperformed the ref-
erence 304 L SS material with good wear-resistance at the applied load based on the
following conclusions:
1.  SEM/EDS and XRD analyses demonstrated the presence of PTFE particles. Significant
changes in the coatings” morphology and microstructure were observed to improve
grain size, hydrophobicity, arithmetic average surface roughness, and hardness with
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PTFE addition. In the ENP solution, the ideal amount for PTFE homogenization was
10 g/L in this work.

2. Inthe tribological testing, the PTFE was responsible for the lubricating properties of
the coatings. Independent of the coating composition and structure, PTFE positively
influenced the formation of a robust transfer film eliminating stick-slip, high volume
loss and adhesion in the tribo-contact. However, this property is a function of PTFE
dispersion. In comparison to the reference 304 L SS, the ENP2 found a steady friction
value of 0.17 with a 79% increase in lubricity at the highest test load and cycles.

3. The sporadic hardness values measured in the ENP3 coating confirmed the clustering
effect of PTFE particles and affected steady-state friction-wear conditions. The cycles
to steady-state friction occurred at the highest load and sliding cycles.

4. The worn zones of the coatings displayed smooth surfaces from fine abrasion or
scratching, however, at higher loads and sliding cycles, ENP1 coating failed by galling
and fatigue wear.

5. Finally, the coating with dispersed PTFE reduced surface energy by more than 100%
compared to the substrate. Thus, the combination of low friction and low hydropho-
bicity suggests that the duplex coatings present good candidacy for drag, scaling
and corrosion mitigation in heating and cooling units (e.g., heat exchangers) used in
geothermal power plants. Furthermore, ENP2 (10 g/L PTFE) is optimum for both
low friction and wear applications at low contact load, while ENP3 (15 g/L PTFE)
has desirable wear resistances but compromised lubrication under dry contact sliding
(due to non-uniform dispersion and agglomeration of PTFE in the matrix).
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Abstract: Materials can be subjected to severe wear and corrosion due to high temperature, high
pressure and mechanical loads when used in components for the production of geothermal power.
In an effort to increase the lifetime of these components and thus decrease cost due to maintenance
High-Entropy Alloy Coatings (HEACs) were developed with different coating techniques for anti-
wear properties. The microstructure, mechanical and tribological properties of CoCrFeNiMox (at%
x = 20, 27) HEACs deposited by three different technologies—high-velocity oxygen fuel (HVOF),
laser cladding (LC) and electro-spark deposition (ESD)—are presented in this study. The relationship
between surface morphology and microstructural properties of the as-deposited coatings and their
friction and wear behavior is assessed to evaluate their candidacy as coatings for the geothermal
environment. The wear rates were lower for the HVOF coatings compared to LC and ESD-produced
coatings. Similarly, a higher hardness (445 + 51 HV) was observed for the HVOF HEACs. The mixed
FCC, BCC structure and the extent of o + p nano precipitates are considered responsible for the
increased hardness and improved tribological performance of the HEACs. The findings from the
study are valuable for the development of wear-resistant HEAC for geothermal energy industry
applications where high wear is encountered.

Keywords: spark deposition; cladding; thermal spraying; high-entropy alloy; dry sliding wear

1. Introduction

In past developments, wear resistance has been linked to the intrinsic hardness directly
related to a raw material property (e.g., diamond, cubic boron nitride). Subsequently,
extrinsic hard coatings from a combination of elements, phases, structures, gradient layer
and multilayers have been evolved through the implementation of binary, ternary and
quaternary alloying [1]. Mainly nitrides, carbides, carbon-based oxide and the borides of a
single base element or metal are the materials used in coating technologies.

New possibilities have arisen recently for developing multi-principal element coatings
based on bulk materials known as high entropy alloys (HEAs) and compositional complex
alloys (CCAs) [2-6] which have shown to achieve high hardness by at least quinary-based
alloys. Recently, differences have been made between high-entropy single-phase alloys and
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compositionally complex multi-phase alloys (CCAs), both of which meet the defined re-
quirements for high-entropy alloys containing at least 5% to 35% of the near-or-equiatomic
elemental concentration blends. Several classes of CCAs have been proposed over the years
including CCAs with a large number of components in equal or near-equal proportions
dependent on their alloying method, the constituent species, the manufacturing process
and the micro-and-phase structures that arise [2-6]. The synthesis of these CCAs has the
propensity to form definite solid solution matrices, whereas nano-sized dispersed particles
or intermetallic compounds have also been shown to improve mechanical properties. How-
ever, such intermediate phases reported in the literature [5-8] had structures of intermetallic
compounds such as B2, L12, sigma and laves phases, in some cases leading to performance
issues [6,9] such as the decrease in corrosion resistance in corrosive environments [9].

Currently reported HEAs and CCAs include those based on 3D transition metals
and those based on refractory elements (Co, Cr, Cu, Fe, Mn, Ni, Ti, W, Zr, Nb, Ta and
V) [5]. Due to the extreme melting temperature (>1000 °C) of these elements and consol-
idation capabilities, research and development have introduced a relatively short list of
HEA /CCA thin films or coating layers on substrates while extensive research has been
dedicated and reported on developing bulk HEAs and CCAs. The majority of related
research focused on mechanical properties, deformation and strengthening mechanisms
derived from crystallized phases, grain refinement, lattice distortion, precipitation and
solution hardening [8,10-13]. A review of high entropy bulk alloy, HEA films and HEA
coatings (HEACs) [14-17] revealed that the fabrication is identical to conventional coat-
ing techniques. The authors emphasized this growing field via deposition techniques
such as vapor deposition (e.g., vacuum arc, sputtering), laser-based methods (e.g., laser
cladding (LC)), cold/plasma/thermal spraying (e.g., high-velocity oxygen fuel (HVOF))
and electro-spark deposition (ESD). The functionality of the produced coatings depends
on the microstructure, adhesion, thickness, ductility, hardness, oxide levels and stress
state developed from the fabrication techniques mentioned above. Thus, microstructural,
chemical compositional, mechanical and tribological analyses of novel HEACs from dif-
ferent fabrication processes are important for exploring their potential usage in intended
engineering and structural applications, for example, as durable and cost-effective solutions
for components in geothermal power production, where corrosion, erosion and wear are
experienced due to mechanical loads and the corrosive nature of geothermal fluid [18].

A widely researched equiatomic HEA alloy is the single-phase-Co9CryoFezgNizMnyg
alloy with excellent fracture toughness and ductility but low yield strength [10] reported
by Cantor and his team [11]. Meanwhile, several related variants of the Cantor alloy
compositions have been developed, including non-equimolar and multi-phase derivatives.
Research by Miao et al. [12] in optimizing such alloys” mechanical properties found that
the plasticity was attributed to the inherent FCC slip system of all the series of CoCrFeNi
quaternary, CrCoNi ternary and other binary sub-unit alloys. Per such explorations and
the simplest design of HEAs, the highly soluble-ductile CoCrFeNi alloy is retained as
a quaternary stem (QS) [19-21] and further exploited for their mechanical/tribological
properties (influenced by a balance in strength and ductility). An atomic size ratio (ASR)
study of the QS + X alloys by Tsai et al. [19] concluded that X is replaceable or added
on by similar-sized elements. As such, group 3B to 4B elements have contributed to the
secondary-phase strengthening of HEAs and hence coating performance [13-19].

Xiao et al. [21] studied the tribological properties of plasma-sprayed CoCrFeNi al-
loy against WC-Co ball in dry sliding conditions. The as-sprayed and annealed HEAC
demonstrated good wear resistance, which doubled with optimized process parameters.
Similarly, Cui et al. [22] added fractions of Al to the cantor alloy and evaluated the wear
resistance against 4Cr5MoSiV die steels. The HEAC with Al fraction at 0.75 demonstrated
the existence of two dual phases (FCC+BCC), yielding the least worn volume at room
temperature. Lin et al. [23] also reported improved properties, i.e., increasing hardness
for as-cast and aged Al0.5CoCrFeNi due to the FCC to BCC matrix transition formation of
segregated Al-Ni phases. Lin and other researchers [7,24] deduced Al as a BCC former. The
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BCC structures’ appearance with increased elemental concentration and associated lattice
distortion confirmed the hypothesis. Zhang et al. [25] affirmed an excellent compromise
between strength and ductility for the Ti-Al, rich + QS alloy, contrary to the non-ductile
failure captured for the alloy with no AL. Wu et al. [26] reported a low wear coefficient
with increasing Al-rich phases in AlyCu + QS in a Cu segregated microstructure. In a
study to control the segregation, Ni et al. [15] fixed at% Cu and at% Al in Al,Cuyx + QS
deposited laser clad on aluminum alloy. This rendered the alloy a micro-hardness of
750 HV, eight times that of the substrate. Therefore, aside from segregation, the match-
ing counter surface undergoes severe wear if softer, detrimental to practical applications.
Zhang et al. [16] investigated the addition of Si instead of Cu to the AlyCux + QS alloy
deposited by laser cladding. The deposit avoided abrasive wear, although a decrease in
hardness was observed to 630.4 HV with Si segregation, while surface oxidation promoted
strong wear resistance.

Other researchers have pursued the effect of Mo on the microstructure of the QS. Due
to the QS’s known properties, other authors achieved self-lubricating and wear resistive
coatings in the presence of Mo, MoS; and graphite powders for tribological applications.
Zhang et al. [20] spark plasma sprayed (SPSed) a well dispersed, densified, anti-wear and
self-lubricating composite from room temperature to 800 °C of a QS matrix. The wear
resistance increased because the composite’s yield strength almost doubled by adding the
nickel-coated-MoS, and graphite. CoCrFeNiMo bulk material fabricated by Cui et al. [27]
showed a reduction in friction coefficient from 0.61 to 0.15 by treating with ion sulfurization
with a similar trend for the wear coefficient. Liu et al. [6] found hard intermetallic phase pre-
cipitation and subsequent strengthening with no observed embrittlement by the secondary
phases, even with the minor addition of Mo (at x = 0 to 0.3). However, Deng et al. [28] spark
plasma sintered (SPS) QS + Mog, and Mu et al. [29] arc plasma sprayed (APS) QS + Mo
coatings and both reported worn surfaces dominated with combined abrasive and adhesive
wear under dry sliding wear conditions. Shun et al. [14] further increased the Mo frac-
tion to 0.85, which showed the hard phases formed improved the mechanical properties.
Fanicchia et al. [30] found that the QS + Moy g5 coating deposited with HVOF with FCC
and BCC mixed phases had good corrosion resistance in electrochemical tests at room
temperature. Improved wear resistance is critical for extending the life of materials used in-
dustrial plant components, such as in geothermal power plants, which must withstand high
mechanical loads and corrosiveness of such aggressive environments. The development
and testing of HEACs with high hardness, wear, corrosion and erosion resistance could be
a solution for industrial application. While there is a clear potential for Mo addition to the
QS, information on tribological properties is scarce particularly for HEAC coatings; thus,
further evaluation of the microstructure and tribological properties of QS-based HEAC
coatings in connection to possible fabrication techniques is needed.

The present work investigates starting compositions of two QS + Mo powders, i.e.,
CoCrFeNiMoy (at% x = 20, 27), each deposited by three different coating
technologies—Ilaser cladding (LC), high-velocity oxygen fuel (HVOF) and electro-spark
deposition (ESD)—selected for application potential in the geothermal energy industry with
prospects in improving service life of shafts, rotors and oscillating and sliding parts. The
resulting morphology, microstructure is investigated with scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD), and tribo-
logical properties with hardness and wear sliding tests. Compared to previous research,
the tribological properties of QS + Moy are rarely reported, so further study is necessary
to enhance their applicability beyond the research level. This work, therefore, allows the
assessment of surface conditions and tribological properties of these alloys correlated to
the microstructural characteristics obtained for each deposition technique.
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2. Materials and Methods
2.1. Materials and Coating Processes

High purity, raw powders of Fe, Cr, Co, Ni and Mo were processed in a planetary
ball mono-mill (Pulverisette 62 Fritch, Idar-Oberstein, Germany). Stainless steel vial and
balls were used to avoid contamination in a 10:1 ball to powder weight ratio under Ar-
gon atmosphere. A wet milling process was selected, with 2% N-Heptane as the process
control agent (PCA), increasing the alloying ratio and decreasing the powder’s adherent
tendency to the balls and vial. From the overall batch of powder produced, —56 + 20 pum,
—35+ 10 pm and —150 + 63 pm size distributions for the HVOF, ESD and LC process,
respectively, were obtained by using mechanical alloying and composition of the materials
employed in the work is reported in Table 1. The powders used for the ESD technique
were consolidated by pressing and sintering in a step-by-step approach to achieve the best
consolidation degree. Electrodes were then machined from the bulk material obtained from
the pressing and sintering (P&S) of powders. Electro-spark deposition (ESD) equipment
was used (SparkDepo® Model 300 Shizuoka, Japan) for the ESD depositions by employ-
ing a miniature applicator using the process parameters shown in Table 2. The HVOF
deposition was conducted at the process parameters in Table 3 by using the (Tafa Model
5220 HP/HVOEF®, Praxair Surface Technologies, Indianapolis, IN, USA) gun equipment. A
5.3 kW disc laser system (Trudisk 8002 Trumpf®, Ditzingen, Germany) equipped with a
TruControl 1000 controller and Trumpf BEO D70 processing optics with motor collimation
was used to prepare the LC coatings. The process parameters used for the depositions are
summarized in Table 4. The parameters were optimized in the design phase of the research
project to minimize defects such as pores and micro-cracks in the coatings which were then
tested in this study. The 304 stainless steel (SS) substrates were cut into 30 mm disc with
5 mm thickness and prepared by grit finishing to a 60 size and degreasing with acetone
before deposition.

Table 1. Summary table of the powder composition, properties and techniques used for the different
deposition techniques.

Coating Type Nominal Powder Composition (at.%) Experimental ID
C019Cr17F619Ni18M027 19.0% CO, 17.0% Cl‘, 19.0% Fe, 18.0% Ni, 27.0% Mo HEA_M027
COngrzoFezoNingOZO 20.0% CO, 20.0% Cl‘, 20.0% Fe, 20.0% Ni, 20.0% Mo HEA_M020

Powder Powder size distribution Coating process Experimental
processing [nm] 1D 1D
HVOF-HEA_M
20-56 HVOF O 7
. . HVOF-HEA_Moy
Mechanical alloying (MA) LC-HEA Mo
. — 27
63-125 LC LC-HEA_Moy
MA + Pressing and sintering 16-45 ESD ESD-HEA_Moy;

ESD-HEA_Moy

Table 2. Electro-spark deposition (ESD) process parameters employed to deposit high entropy

alloy powders.
Capacitance Voltage (V) Frequency (Hz) Atmosphere
20 uF 100 150 Argon

Table 3. High-velocity oxygen fuel (HVOF) process parameters employed to deposit the high entropy
alloys powders.

Process Oxygen Kerosene Nitrogen Standoff Number of
Parameter Flow Flow Flow Distance Passes
(slpm) (slpm) (slpm) (mm) )

Value 834 0.33 12.27 360 20
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Table 4. Laser Cladding (LC) process parameters employed to deposit the high entropy alloys powders.

Sample Laser Power Laser Speed Overlap Rate P:)“é(:)ZZEISk Nli‘:;:;;')f Cl?]l:i:is:;s Shli;(l;xrzirc)ias
arameter
W) (mm/s) (%) (%) ) (L/min) (L/min)
HEA_Mo27 550 10 33 9.3 1 4 6
HEA_Mo20 400 10 33 9.3 1 4 6

2.2. Surface Morphology and Microstructural Analysis

Microstructural and chemical analysis was carried out with a field emission-scanning
electron microscope (FE-SEM, Zeiss Supra 25® Oberkochen, Germany), fitted with an En-
ergy Dispersive X-ray Spectroscopy Detector (EDX, Oxford Instruments®, Oxford, UK). The
X-ray Diffraction (XRD) measured the phase composition on a diffractometer (Empyrean,
Panalytical® Malvern, UK) with Cu Ko radiation (A = 1.54056 A), 45 kV, 40 mA in the
26 range of 20-100 degree. A non-contact optical profilometer (NC-OP) (Solarius® Cali-
fornia, USA) coupled with the Mountains® software-generated 2D and 3D topographic
profiles to investigate the average roughness Ra and other morphological surface features
of the HEACs.

2.3. Hardness Test

The hardness of the HEACs was obtained from seven different locations in the cross-
section with Vickers micro-hardness tester (VH1202 Wilson®, Esslingen, Germany) using
0.1 kg-f load.

2.4. Tribological: Friction and Wear Testing

The tribological wear tests of the as-sprayed coatings were conducted at ambient
temperature with a ball-on-disc configuration using a tribometer (TRB?, Anton Paar®
Graz, Austria). The set-up, procedures [31] and measurements followed the ASTM G99
standard [32]. The test involved unidirectional dry sliding of the ball pressed against the
30 mm coated disc at an applied load of 5 N. Based on the Archard elastic model [33] (i.e.,
Hy/H value should be high; Hj is the hardness of the abradant, and H is the hardness of the
test sample) and the known properties of WC (tungsten carbide) coatings on bearings, seals
and turbine blades [34], WC balls were considered as a counter body to the sprayed coatings
to produce an appreciable and reliable wear assessment in the laboratory accelerated-
wear test. WC ball with 6 mm diameter and higher hardness of 1640 HV was used as
a rubbing counterpart. The test duration and motor speed were kept constant at 3600 s
and 200 rpm (linear speed: 10.47 cm/s), respectively. In practice, the steam turbines,
e.g., geothermal turbines (with targeted units such as bearings, valve stem, shaft, rotor
and blades) rotates at 1800-3600 rpm, which is clearly faster than the speeds selected for
this work. Here, we simulate startup and shutdown conditions where frequently slower
speed runs (100-600 rpm for 1 h) to troubleshoot before normal operational speeds are
reached [35]. Furthermore, with no shaft/rotor imbalance, steam turbines run smoothly at
inlet pressures ranging from 400 to 4000 kPa and vibration levels less than 2.54 mm/s [36].

The coefficient of friction (CoF) was monitored during rubbing without interruption.
The data from the tribometer was processed with Anton Paar® Instrument X software
version 8.1.5. The COF (i) Equation (1) was used to calculate the dimensionless averages
values of the stepwise and entire stable stages of the curve and the standard deviation (SD)
was used to assess the degree of fluctuation during the tangential friction (F;) acquisition
process. The SD values obtained primarily explain the degree of fluctuation of COF (u) and
geometric contact changes during the test that could reflect the contact interface properties.

Hsample = Ft/F”l[f} 1)
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The wear rate, Weample (mm®/Nm), was evaluated according to Equation (2) by mea-
suring the volume of the removed material, v (mm3), and using the applied load, F;; (N),
and the distance covered during testing, L (m). After the wear test, cross-sectional pro-
files and images were extracted from the worn areas with optical profilometer (NC-OP)
(Solarius® California, San Jose, CA, USA). The extracted profiles were from at least three
representative locations on the wear tracks and final averages were used to determine the
wear volume and calculate the wear rate (Wsample). Each sample was subjected to three
parallel tests, with the results reported as averages.

Wsample = v/F;-L [1’1'11’1’13 /Nm] 2)

3. Results and Discussion
3.1. Surface Morphology, Microstructure and Chemical Composition

The microstructural images and chemical composition of the coatings resulting from
the various deposition techniques are presented in Figures 1-6. Figures 1, 3 and 5 show
the top surface while Figures 2, 4 and 6 reveal cross section microstructural SEM images
and corresponding EDX surface maps of the as-deposited HEACs. The micrographs of
the as-sprayed coatings revealed a clear distinction in surface morphology for coatings
deposited by different technologies. The surface morphology of the coatings consists of
fully melted, semi-melted and un-melted particles. Surface defects observed were generally
either or both pores and /or micro-cracks and are typical of such deposits. Dissimilarities
between the same deposition technique for the different types of coating (i.e., HEA_Moy;
and HEA_Moy) can be difficult to discern only by SEM/EDX analysis of the top surface;
thus an XRD analysis was additionally performed as discussed in Section 3.2. From the
high content of oxygen detected on all the surfaces, as can be seen from the EDX surface
maps in Figures 1, 3 and 5, it can be concluded that particles underwent oxidation during
the deposition for all deposition processes. While this is not surprising for the HVOF
and ESD coatings deposited in air, the finding also applies to the LC coating where argon
was used as shielding gas. The high content of oxygen found with the chemically stable
elements (i.e., Ni, Cr, Mo, Fe) can be due to the active formation of surface protective films
in contact with the atmosphere.

Apart from oxygen, the result from SEM/EDX reveals that all the precursor elements
in the HEA powders (reported in Table 1) were present. However, the composition of
the HEACs showed inconsistencies with the nominal (theoretical) powder composition,
suggesting the activation of effects during the deposition process [37]. These phenomena
can be linked to chemical-physical properties of the substrate and materials to be deposited
and deposition technique-specific thermodynamic effects (such as convective motion and
substrate/coating interdiffusion in laser metal deposition, etc.). The relevant substrate
and coating material properties that are relevant in the final composition of the coating
include melting temperatures, solubility, volatility and mixing enthalpy. Due to the me-
chanical alloying process of the powder production used for the HVOF and LC deposition
techniques, fractions of single elements are likely to be still present in the powder prior to
deposition for this alloy composition [27]. The melting points of Fe, Co, Ni, Cr and Mo
elements at ambient pressure are 1538, 1495, 1455, 1907 and 2623 °C, respectively. For the
coatings from the LC and ESD processes, less amount of the highest melting point element
(Mo) was observed in the elemental maps of the surfaces compared to the powder starting
composition. This could be because of the non-homogenous distribution of Mo and/or
substrate melting and dilution, which both affect the composition in the melt pool [18,27].
Furthermore, each element was of 5% to 35% atomic concentration, which falls within the
rigorous HEA definitions and satisfies the overall goal of exploring the central regions of
complex phase space.



Appl. Sci. 2022, 12, 3156

7 of 29

i < G0y, #8158~ 12
;WNN?AF;QJ%
g S oAl Sl T o
o ;Mo"‘ﬁ 32.74F]
(a) (b)

Figure 1. Top surface morphologies, elemental concentration and surface maps of the as-sprayed
(a) HVOF-HEA _Moy7, and (b) HVOF-HEA_Moy coatings.

3.1.1. Morphological and Microstructural Characterization of HVOF HEACs

The HVOF process produced features characteristic of thermally sprayed coatings (see
Figures 1 and 2), such as splats (full-melted particles) and semi-molten particles, which
were also seen in other articles [29,30]. The mixed powder grain size and thermal process
ensured good adherence and spread of molten lamellar deposits to achieve cohesive splats
within the coating bulk. Thus, no line cracks were present in the coatings’ cross-section
(Figure 2a—f). The observed porosity, a common feature in such coating systems, is due to
the overlap between unmelted and melted particles during splats overlap.

Figure 2a—-d show the cross-section micrographs with line scans by SEM/EDX for
the HVOF coating compositions. The results indicated a lamellar structure, all elements
present and a higher oxygen content compared to the top surface across the thickness.
The HVOF-coating process ensured good adherence maintaining coating thickness of
418.7 £ 20 pum and 313.8 £ 24 um for HEA_Mo,; and HEA_Moy, respectively. Both had
a good mechanical interlayer interface but with some Al,O3 grit retention from surface
preparation of sample before spraying. Distinctive variation in phase distribution was
observed along the cross-section of the HVOF HEACs. The cross-sections of both HVOF
HEAC:s in Figure 2b,d had similar features; the only difference is that a brighter phase
(Mo rich) is more visible and involves a greater amount for the HEA_Mo,, compared
to dark gray phases in the HEA_Moy;. The coating has three variations in the splats
with different compositions resulting from the impingement and high oxidation related
to the coating process. The EDX mapping (see Figure 2e,f) showed the two soft grey
regions in the microscopic images (see BSE Figure 2b,d) to be of either Co-Mo/Fe-Mo
or FeCoNi matrix with traces of Mo and Cr for the HEA_Moy;. A darker grey region
visible in the microscopic images exhibited higher Cr content, while a bright grey region
is rich in Mo. The line profiles show that the average composition across the thickness
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contains higher Mo and O than the other elements for both the HVOF HEACs, but an
increase in Cr was observed for the HVOF-HEA_Moy (see Tables in Figure 2 and EDX
maps in Figure 2e,f for the comparison). In correlation to backscattered images shown
in Figure 2¢,d, the Cr-splats were rich in O. The high melting and boiling points (i.e.,
2623 °C and 4639 °C, respectively) can potentially explain the Mo content. During the
HVOF process, in-flight particle temperature is estimated as 3000-3300 °C, significantly
lower than the boiling point and approximately close to pure Mo melting temperature.
Moreover, Mo volatility is the lowest in the CoCrFeNiMox molten alloy due to its higher
molecular weight. Fanicchia et al. [30] identified similar bright Mo-rich phases uniformly
distributed in MA-QS + Moy g5 coating and the appearance of oxides related to the HVOF
spray process.
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Figure 2. SEM (a,c) and BSE micrographs (b,d) of the cross-sections of the as-sprayed HVOEF-
HEA_Mogy7 (a,b,e) and HVOF-HEA_ Moy coatings (c,d,f) and the corresponding EDX line scans (a,c)
and maps (e f).
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Figure 3. Top surface morphologies, elemental concentration and surface maps of the as-sprayed

(a) ESD-HEA_Moyy, (b) ESD-HEA_Moy coatings.
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Figure 4. SEM and BSE micrographs of the cross-section and EDX line scans, revealing of the

as-sprayed (a,b) ESD-HEA_Moyy and (c,d) ESD-HEA_Moy coatings.
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Figure 5. Top surface morphologies, elemental concentration and combined EDX surface map of the
as-sprayed (a) LC-HEA_Mo,7 and (b) LC-HEA_Moy coatings.

3.1.2. Morphological and Microstructural Characterization of ESD HEACs

Figures 3 and 4 show the top surface and cross-sectional views of the ESD-HEACs
as analyzed via SEM/EDX. The top surfaces of the coatings show more micro-cracks and
pores compared to the coatings prepared by the HVOF and LC techniques. However,
the SEM images and the corresponding EDX maps in Figure 3a,b revealed a uniform,
smooth and continuous coating. The top morphology appeared bubbly on a 1 mm scale
but expanded into pinholes and soft bulges overlapping with craters, as seen in Figure 3a,b.
These craters are likely formed from the shrinkage of the hot liquid pool thrusting around
semi-melted or unmelted droplets from the solidifying molten pool. The surface maps
show a relatively homogeneous elemental distribution of Co, Cr, Fe, Ni, Mo and O in
the HEACs. However, the EDX mapped surface of the HEA_Moy; reveals an area with
increased Fe concentration in the craters and higher Co content in the droplets compared
to the HEA_Moy (see Figure 3a,b).

Cross-section micrographs in Figure 4 show the microstructure of the ESD HEACs.
The two-phase microstructure was characterized by a single-phase dark grey matrix and
a significant amount of spherical droplet particles, as shown in Figure 4. The dark grey
matrix was highly oxygenated with no secondary phases present. A pulsed-arc welding
process is used to build multi-pass ESD HEA layers on the substrate from individual splats
of the material from the electrode. A single spot deposit using this technique has a typical

‘splash appearance’ [38]; therefore, droplet particles were likely trapped if uneven heating

and electric field oscillations occurs during the manual application. The obvious difference
between the coatings HEA_Moyy compared to HEA_Mo,7 (SEM micrographs of Figure 4d
over Figure 4b) is the increased thickness and consolidated microstructure without the large
globules indicating spraying of fine molten droplets along the discharge arc during argon
shielding deposition. A homogeneously dense and adherent two-phase microstructure
with no pores was reported by Karlsdottir et al. [39] for the same deposition technique as for
the HEA_Moyg (QS + Mo) coating. However, the HEA electrode was prepared by vacuum
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arc melting with multiple passes (3—4) in that study and thus thicker and more uniform
coating was obtained. The ESD process produced a coating thickness of 23.5 & 5 um and
28.8 £ 6 um for HEA_Moy; and HEA_Moy, respectively, which the approximated value is
comparable to already reported single deposit thickness [38]. The droplet particles appear
light grey in SEM/EDX analysis and are rich in Mo, although traces of Cr and O are also
found. The maps and line profiles from Figure 4a,c confirmed a considerable amount of
Cr, Fe and Mo in the HEACs. The Fe and Cr content increased from substrate melting and
mixing in the liquid pool, which explained the craters” high Fe content from the surface
analysis (see Figure 3). The ESD process has been reported to promote Cr segregation
in FeCrMo type alloys with CrxOy formation [39]. There is also evidence of this in this
work, as clearly shown in the composition profile scans in Figure 4a,c, showing depletion
of Fe and Cr indicated by lower wt% in the un-melted regions. The entrapped powder
particles contributed to coating layer-to-layer (L/L) fusion and defects in substrate-coating
interfacial (S/C). As seen in Figure 4b, spherical voids in the coating could also be generated
by entrapped gas during deposition.
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Figure 6. SEM and BSE micrographs of the cross-sections, and EDX line scans, point and area analysis
of the as-sprayed (a,b) LC-HEA_Moy; and (¢,d) LC-HEA_Moyg coatings.

Furthermore, branched cracks originated from the bridging of the voids during so-
lidification. Residual thermal effects and stresses most likely propagated other cracks,
either parallel or perpendicular to the surface. The L/L stresses created within the coating
during L/L fusion promoted the formation of cracks, which propagated vertically (see
Figure 4b). Additionally, delamination cracks also formed in a direction parallel to the
surface (see Figure 4b,d). Hence, delamination resulted in a weak metallurgical interlayer
at the S/C interface.
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3.1.3. Morphological and Microstructural Characterization of the LC HEACs

The top surface morphology showed spherical granules and loose particles lightly
bonded to large lumps of semi-melted structures. The mixed coarse powder distribution
and rapid solidification of the LC process may have led to uneven heating of the particles
promoting an uneven surface where the particles were partially melted or maintained their
shape. However, finer granules were observed on the HEA_Moy coatings compared to
HA_Moyy (see Figure 5) due to high melting capabilities needed with the increase in Mo.
Thus, the alloy elements are not homogeneously spread on the surfaces, as seen from the
EDX surface maps in Figure 5a,b.

Figure 6 shows the microstructures of the cross-sectional area of the LC HEACs. The
LC technique is known to develop thicker coatings, where the measured thickness was
1200 £ 0.1 pm and 1300 £+ 0.1 pm for HEA_Moy; and HEA_Moy, respectively. The
L/L build in the micrograph was homogeneous, dense and compact with no entrapped
particles, only nano-scale pores (seen in Figure 6b,d) likely caused by the residual shielding
gas. Compared to the HVOF and ESD coatings, the dense and homogenous structure is
due to the higher temperatures reached by the process, leading to the development of a
melting pool. At high magnification, the LC process was seen to have generated a dense
cross-section and substantial substrate interdiffusion zone. The effect of volume fraction
between the different molten phases resulted in the final morphology of a two-phase
microstructure produced by spinodal decomposition, which was previously reported for
the same alloy [40]. The compositional profiles in Figure 6a,c show the S/C metallic bond
is enhanced with substrate melting and dilution, indicated with the increasing wt.% of Fe,
%Cr and %N at the interface verified by the EDX line scan results, which then decreased
across the coating thickness. Moreover, in Figure 6b,d, light grey phases are obvious in
both alloys. The features and preferred orientation of the segregated phases were different
in the matrices. The darkest phase (see Spectrum 3 in Figure 6d) was (Fe, Cr)-rich, while
the brightest phase (see Spectrum 2 in Figure 6d) was Mo-rich. The solidification rate and
temperature gradient during the multiple pass process in laser cladding can influence the
crystal formation, transformation and final microstructure across the coating thickness due
to the dependence of the ratio of both phenomena on crystal growth along a plane or the
fastest direction of heat dissipation [41,42].

3.2. X-ray Diffraction (XRD) Analysis

Figure 7 shows XRD patterns of CoCrFeNiMox coatings fabricated from the MA
powders. It shows three major phases: A mixture of FCC and BCC, as well as a residual Mo
phase linked to the Mo element present in both alloys. The valence electron concentration
(VEC) is a parameter that predicts FCC and BCC phase content present in a structure.
The VEC number of the equiatomic CoCrFeNiMo alloy suggests that FCC phases should
form in more significant quantities than BCC [43], the diffraction patterns reported here
support this hypothesis, see Figure 7. The VEC of the CoCrFeNiMox decreases by 1.4%
by increasing at% x from 20 to 27. Thus, HEA_Moyy; has a lower calculated VEC, 7.69,
compared to HEA_Moy which has a VEC of 7.8, which would suggest more dominance
of the FCC and less BCC for the HEA_Moyy. The XRD patterns support that, particularly
for the LC-HEA_Moy coating as shown in Figure 7b where the FCC peaks are sharper
and more pronounced than the BCC. Additionally, ¢ phase was detected in the HEA_Moy;
patterns. The established o phase of a tetragonal structure was Fe-Cr or Cr-Mo rich and
Ni deficient [37,38,43], while the Mo compound-based phase was a Fe-Mo or Co-Mo rich
phases of a rhombohedral structure (presumably an p phase) with Ni traces as reported
in [39,43,44]. The Fe-Mo phase was present in the ESD and LC developed coating explained
by high Fe content in the microstructure from SEM/EDX results whereas Co-Mo phase
was found in the HVOF HEACs. Research on the CoCrFeNiMox alloy revealed the same
crystal structures for these two intermetallics and that the o phase + p phase could co-
exist [6,16] or undergo a transformation in the same matrix [44—46]. Thus, this confirms
some segregation, as indicated as an example with: (1) The Co-Mo and Cr-Mo soft grey
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phases predicted in Figure 2b,d; (2) the Fe-rich FCC matrix depleted in Mo (see EDX results
of LC-HEA_Moy in table in Figure 6d), while the bright region is a Mo rich -Ni phase,
according to Figure 6d. The droplet phases in the ESD-HEA_Mo,7 in Figure 4 show a
similar trend in composition related to the BCC structures. The element distribution is
in line with the literature [29,37,41-44] and has been attributed to sluggish Mo diffusion,
which tends to be divided into dendritic and interdendritic regions during solidification.
While research on Mo-containing HEA systems (cast or coated) is limited, our results are
comparable to those of other studies with HEA alloys where similar VEC values are prone
to the formation of ¢ intermetallic phase and FCC + BCC structures [13].

.
0

« Mo-compound « Mo-compound

O FCC (Ni, Fe, Cr) ® o FCC (Ni, Fe, Cr)

© BCC (CoCrFeNiMox) o BCC (CoCrFeNiMo)
*oxides, oG * oxides

Intensity (counts)

* 2 -
& ol -
60 70 8 90 100
2 Theta (°)
(b)

Figure 7. XRD scan of the as-sprayed (a) HEA_Moy; and (b) HEA_Moy coatings with the different
deposition techniques.

All the coatings show the appearance of oxide phases generated during all the deposi-
tion processes; this is in line with what has been reported for HEA coatings produced with
thermal spray processes due to the oxygenated atmosphere. The oxides identified in the
diffraction pattern were composed of the following elements: Ni, Cr, Mo and Fe. This is
consistent with the microstructure analysis of CoCrFeNiMox coatings developed by [30] by
LC and [39] by ESD deposition who reported the formation of both FCC and BCC phases in
the structure. Both researchers related the FCC structures to a binary constituent of Fe, Ni
and Co while BCC to Mo compounds. Liu et al. [6] attributed the strength of CoCrFeNiMox
bulk material to the formation of BCC phase and hard o + p intermetallic structures.

3.3. Micro-Hardness of the HEACs

The averages of micro-hardness results taken are reported from the cross-section
of the coatings. The substrate’s hardness was improved from 164 HV; to an average of
444.5HV; for the HEA_Mo,7 and 304.2 HVy; for the HEA_Mog coatings produced by the
HVOF technique. The HVOF coatings were recorded with the highest hardness among the
ones tested in this work, likely due to the additional hard phases such as the Cr,O3 phases
shown in Figure 2¢,d. In addition, grain boundaries are visible around splats from the
HVOF technique, which may increase the resistance to the deformation mechanism during
indentation. The LC-HEACs had the thickest coatings and defect-free interface, suggesting
a good metallurgical bond. The LC-HEA_Mo,; samples had a hardness value of 276 HV ;.
However, a lower value was obtained for LC-HEA_Moyg at 209.3 HVj;. Thus, using
the LC instead of HVOF technique, the hardness of HEA_Mo,; decreased by 38%, while
HEA_Moy by 31%. This is the same trend as for the HVOE, i.e., HEA_Moy; outperformed
the HEA_Moy in the hardness testing. This can likely be attributed to localized hardening
due to the microstructural strengthening of each precipitated phase, the o phase that
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was only detected in the XRD analysis for the HEA_Moy; and not for the HEA_Maoy.
Additionally, based on the backscattered images in Figure 6b,d, the solution matrix is
undoubtedly made up of Fe, Cr and Ni elements. Further examination of the XRD results
in Figure 7 reveals a higher intensity of the prevalent double-diffraction peaks from 42° to
45° in HEA_Moyy than in HEA_Moyg, implying that the mass fractions of Fe, Cr and Ni in
phase formation also affect the hardness. The Fe, Cr, Ni fractions are 51.3 wt%, 15.8 wt%,
11.9 wt% for HEA_Mo,; and 49.4 wt%, 15.3 wt%, 16.6 wt% for HEA_Moy, respectively.
Because wt% of Fe accounts for roughly half of the mass fraction, it can be assumed that the
hardness was influenced by Fe compositional variations in the microstructure. Moreover,
Zhang et al. [16] found the formation of martensitic structures (i.e., FCC Fe to BCC Fe
compounds) in lower regions via 304 stainless steel substrate dilution as a contributing
factor to the overall hardness of LC produced coatings [8].

Thus, by comparing the microstructures explains the higher hardness of the HEA_Moy;
over HEA_ Moy alloy since: (1) BCC and tetragonal phases were dominant for HEA_Moyy,
which promoted hardness; and (2) the decrease in hardness in HEA_Moy was confirmed
as the tetragonal-o phase disappeared or transformed into a rhombohedral-phase struc-
ture shown in the patterns (compare Figure 7a,b), as observed and supported by relevant
literature [31,34]. The formation of the Cr, Mo-based -0 phase in the matrix improves the
alloy hardness as has been also reported by Shun et al. for age hardened CoCrFeNiMoy g5
high-entropy alloy [45], as lattice distortion associated with Mo increase is noticeable in the
solid solution strengthening for the CoCrFeNiMoy.

The thinnest coatings were produced by the ESD technique, measured with 23.5 4 4.6 um
and 28.8 & 5.0 um for HEA_Moy7 and HEA_Moy, respectively. For these coatings, Vickers
micro-hardness could not be determined in the cross-section due to their thin nature.

3.4. Surface Roughness of the HEA Coatings (HEACs)

A critical factor in defining tribological properties is the surface interaction of two mov-
ing parts. In practice, the arithmetic average roughness, Ra, or its root mean square, Rq, are
the engineering parameters that determine the load-bearing capacity of surfaces. The results
from the surface roughness analysis for the HEACs showed a similar increasing trend in
roughness for both compositions of the as-sprayed HEACs in the order: ESD < HVOF < LC
as reported in Table 6. This low roughness could be related: The lower the process speed,
the smaller the precursor particle size and post treatment (pressing and sintering of the
MA powder) to consolidate the electrode for the ESD process. The surface features of
HEA_Mo,; and HEA_Moy, had similar features defined by each coating process’ inherent
characteristics; thus, in this case, only information on HEA_Moyy is presented. The Ra for
both coating types was evaluated and compared in Table 6.

Figure 8 is a pictorial display of 3D topographic images of the surfaces from the LC,
ESD and HVOF deposition techniques. The images show rough bulges on all the surfaces.
The surface roughness parameters with the initial S were investigated with other height
distribution parameters such as skewness (Ssk) and kurtosis (Sku). The obtained average
and root mean square surface roughness (Sa, Sq) values of the HVOF and ESD coating were
approximately half that of the LC coatings. The correlation between Ssk and Sku converged
for height distribution near-symmetry in all the coatings except the HVOE.

The as-sprayed LC and HVOF HEACs had low valleys and sharp peaks (from the
rule of thumb: Sku > 3). However, the HVOF surfaces were characterized with the highest
and sharpest peak ratio (Figure 8a), where the value of Ssk was unity. The ESD developed
coatings were somewhat sensitive to low valley formation to symmetric broader peaks (hills
in Figure 8), where Ssk was negative. The LC HEACs depicted a similar distribution, but the
features of a more compact and spiky surface asperities (peaks) were seen. The plateau-like
microdomain structures showed close symmetry in peak sharpness and height distribution
(Sku =~ 3, Ssk =~ 0, see Figure 8c). This localized macro to nano-scale structures on LC
HEAC s contributed to the large statistical roughness parameters in line with the coarse
granular morphology seen from the top surface SEM micrographs in Figure 5a,b. Thus,
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5a=14.8 um, 5sk=1.0
5g=19.6 pm, Sku=6.4 Ra=8.2 pm

though all the coatings contained similar precursor elemental content, the highest Sa was
recorded for the LC coating deposition process, which is consistent with the microstructural
SEM analysis of the coating surfaces.
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Sa arithmetic average height Rsk=0;Rku=3
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Ssk skewness of height distribution Fsk=0;Rku<3

Sku kurtosis of height distribution More valleys ; few sharp peaks and low valleys

Figure 8. Three-dimensional topographic images and selected surface parameter of the as-sprayed
(a) HVOF-HEA_Mo27 (b) ESD-HEA_Mo027 and (c) LC-HEA_Mo027 coatings.

3.5. Sliding Friction Coefficient and Wear Behavior

The representative coefficient of friction (CoF) curves of each as-sprayed HEAC with
its deposition process as a function of time under the dry sliding is shown in Figure 9a—c.
Figure 9d compares the CoF traces for all the HEACs and 304 SS substrate. Two time-
dependent regimes characterized the fluctuations. From Tables 5 and 6, the average values
in these regions and that of the entire curves were compared with the value of stainless
steel of 304 SS (0.80). On contact between the tribo-pairs under the applied load, an initial
force is needed to alter the morphology of the contact zone for a continuous motion. The
initial sliding period corresponded to breaking-in or running-in with the highest CoF value
(Kpk) shown on the friction curves. The running-in is related to the surface structures or
morphology of the coating and the 304SS. The running-in was severe for all the HEACs
and the steady-state was harder to achieve in the HEA_Moy; than HEA_Mog( coatings
before coating run-through (yi.). Figure 9a,b show a very short running-in stage for both
the HVOF and ESD techniques with the least Ra values (i.e., 8.2 and 5.4) but recorded the
highest p, values (see Table 5). This may be attributed to a higher nominal/apparent
contact area since, at the initial contact pressure, the area to load ratio is low during sliding
(i.e., there is a low volume of material/asperity peaks above). However, this effect did not
guarantee a high overall mean CoF value, implying an opposite general trend in which
frictional response was controlled by the wear behavior of the coatings. Figure 9a—c shows
these transitions (ppy, He, Hs) according to the friction behavior indicated lines (and arrows,
only for Moyy due to clarity).
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Figure 9. Evolution of coefficient of friction (CoF) versus sliding time after 12,000 wear cycles under
dry test condition for the as-sprayed (a) HVOF, (b) ESD, (c) LC -HEA coatings and (d) 304L SS and
HEACs with the different deposition techniques.
Table 5. Averaged transition stages in the friction traces of HEA_Mo,7 coatings from the different
deposition techniques assigned as: Break-in peak value—y; coating run-through—pi; sub-stresses
from substrate—y1s.
i Mmean (CoFmean) Wear Rate
Coating ID Hpk He Hs 12,000 Cycles (mm3/Nm)
HVOF-HEA_Moy; 0.82 0.71 £ 0.05 0.70 £ 0.17 0.69 £ 0.04 1.34 x 1072
ESD-HEA_Moyy 0.92 0.80 £ 0.02 0.70 £ 0.02 0.76 £+ 0.06 224 x 1074
LC-HEA_Moy; 0.71 0.59 £+ 0.03 0.63 + 0.03 0.56 & 0.99 441 x 1074

Table 6. Summary table of the surface characterization results obtained for each HEAC deposited

with the different coating techniques and results from the hardness and dry sliding wear test.

Av. Roughness Vickers C{Jatmg CoF Wear Depth Wear Rate

E . Hardness Thickness

xperimental ID
Ra) (HV) (um) ©) (um) (mm?®/Nm)
30455~ 0.12 + 0.04 189 + 24 - 0.80 + 0.1 204266 256 x 104
Reference steel

HVOF-HEA_Moy; 82+03 445 £+ 51 418.7 £ 43 0.68 + 0.12 9.50-13.9 1.34 x 1072
ESD-HEA_Moyy 54+03 ot 235+5 0.79 £ 0.03 22.4-39.4 224 x 1074
LC-HEA_Moy; 16.1 £ 0.6 276 + 19 1200 £ 0.1 0.56 £ 0.20 29.1-59.0 441 x 10~*
HVOF-HEA_Moyg 8.6+04 414 + 83 313.8 £24 0.81 £ 0.09 12.0-21.6 7.17 x 1075
ESD-HEA_ Moy 55+04 Lt 288 +6 0.81 £+ 0.08 25.8-44.1 3.16 x 1074
LC-HEA_Moyg 172+ 04 209 +7 1300 £ 0.1 0.83 £0.15 39.5-111 679 x 1074

1 The ESD_Moy; and ESD_Moyg coatings were too thin for indents of HVy ; scale.
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The HEACs with the lowest mean CoFs values (between 0.5-0.8) were the HEA_Mo»7
with LC, HVOF and ESD deposition techniques which were similar or slightly smoother
than HEA_Moy (Figure 9). While the roughness effect was difficult to clarify, the influence
was reflected in the surface conformance indicated by fluctuations of the CoF curves. For
instance, the LC-HEA_Moy; with the highest fluctuations (SD = 0.2, indicating the least
friction stability) had a low and comparable average roughness parameter (Ra = 16.1) to
LC-HEA_Moy (Ra = 17.2) but experienced the largest CoF reduction of about 30% when
compared to the 304SS substrate. Moreover, although high Ra influenced maximum contact
of the sliding pair, which was critical for developing real contact zones and lowering
CoF [47], other mechanical processes were unavoidable in the unlubricated contact (such
as plastic deformation depicted in very large deviation in CoF with sliding time to achieve
the steady-state conditions). This is illustrated in the pronounced elastic shakedown or
the gradual accumulation of plastic strains in the LC-HEA_Moy7, HVOF-HEA_Moy7 and
ESD-HEA_Moyy friction curves (see Figure 9a—c) in the initial stages, which persisted until
the steady state or coating wear-through (u).

In the present study, all the HEACs showed a general decrease in the steady-state
friction coefficient compared to the 304 SS bulk material (Figure 9d). The mean CoF values
(Mmean) are reported in both Tables 5 and 6. The largest CoF reduction of the LC-HEA_Moyy,
HVOF-HEA_Moy;, ESD- HEA_Moy; coatings compared to 304 SS was about 30%, 14%
and 5%, respectively, whilst a 1% to 3% rise was observed for the HEA_Moy coatings. It
should be noted that these HEA coatings investigated in this work have heterogeneity in
surface morphology, microstructure, phases and oxides (before the sliding test) as discussed
in earlier sections. Therefore, the transitions and progressive evolution of friction were
mainly attributed not only to the microstructure but alterations in the surface condition
with repetitive sliding (i.e., wear debris, adhesive shear, films and local roughening of the
subsurface). For instance, the sharp friction rises (0.7-0.9) in the curves of HEA_Moyy, then
the monotonic decrease in the curves until coating wear-through (u.) around the 40th min or
changes due to sub-surface stresses (115) (see Figure 9). Under the same loading conditions,
the CoF of the lower hardness HEA_Moj coatings increased rapidly after the running-
in and continued to the steady-state. At maximum contact, when the pressures exceed
the elastic limit of the HEACs, large tangential forces, strong adhesion, extensive plastic
deformation and/or material loss occur. While such transitions are gradual and difficult
to assign definite values, the recorded averages are given in Table 5 for the HEA_Moy;
coatings which showed the best lubrication and wear-performance. As can be seen in
Table 5, the i decreased by 13% for HVOF-HEA_Mog7, ESD-HEA_Moy7 and 17% for LC-
HEA_Moyy coatings before a steady state coating run through (u) was achieved. Likewise,
other transition (i to pus) showed a further decrease in the CoF values at about 1%, 13%
and 7% for HVOEF, ESD and LC obtained with slight variance except in the HVOF technique
(SD =0.17).

The wear rate estimated from measurable material loss or wear volume was calculated
with Equation (2) as previously described to evaluate the wear resistance of each HEAC
for the corresponding deposition technique. Figure 9 has the 3D surface maps of the worn
surfaces of the coatings observed by an optical profilometer where profiles were extracted
as shown in Figure 10. The results of the wear depth and wear rates are given in Table 6.

Surfaces with higher material removal showed large and broad wear tracks with a
deeper depth of wear track at maximum contact between the WC ball and the coatings.
It was found that the LC HEACs had the roughest and deepest profile (see Figure 10).
Since the coatings were over 1 mm thickness, the average width and maximum depth were
about 938 pm and 110 um (Figure 10b), which was observed in the HEA_ Moy coatings.
Among the HEA_Moy coatings, track width and a complete coating depth wear-through
approximately 864 pm and 44 um, respectively, was observed for the thin ESD-HEA_Moyg
coating (initial average thickness of 28.8 um). The least depth was observed for the HVOEF-
HEA_Moyg coatings at about 20 um corresponding to 5% decrease in the original thickness
of the coating. Similarly, the wear rate from this removed volume corresponded to 72%
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improvement in wear resistance compared to 304 SS. The estimated average track width
was rather wider (1.32 mm), which complements the excessive WC ball wear diameter
(1.71 mm see Figure 11a). In Figure 11b, the local roughening of the WC ball can be
seen that occurred due to repeated wear of the LC-HEA_Moyg with a consistently lower
micro-hardness (209 &= 7 HV) throughout the cross-section.

Displacement (um)

Displacement (um)

— HVOFHEA_Mo27 — HVOFHEA_M020
— ESDHEA Mo27 — ESDHEA_M020
-80 - — LCHEA Mo27 -80 1 —— LCHEA_M020

00 05 10 15 20 25 30 00 05 10 15 20 25 30
Width (mm) Width (mm)
(@) (b)

Figure 10. The topography profiles of the HEA coatings with the different deposition techniques
after 12,000 wear cycles under dry test condition (a) HEA_Mo,7 and (b) HEA_Moy.

In accordance with the CoF results, the HEA_Moy; coatings exhibited the highest
wear resistance, since higher CoF and wear rate values were measured for the HEA_Moyg
coating. It was found that both for HEA_Moyy and HEA_Moy, the wear reduction from
using HVOF over LC deposition techniques were 81% and 35%, respectively, and that the
~420 um thick HVOF-HEA g5 decreased wear rate by 95% compared to the 304SS.

wear transfer layer

(b)

Figure 11. Optical micrographs of worn scars morphology of WC ball sliding against (a) HVOEF-
HEA_Moy and (b) LC-HEA_Moy coatings after 12,000 wear cycles under dry test condition.

A similar room-temperature dry sliding frictional behaviour was reported for dual-
phase and equimolar HEA alloys: CoCrFeNiMnAl, (x =0, 0.25, 0.5, 0.75) [19], CoCrFeMnNi
and CoCrFeNiAly (x = 0.3, 0.6, 1) [48]. The study reported the highest fluctuations and
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CoF value for the equimolar CoCrFeNiAl alloy at 0.73. Though the CoF values obtained
in the present study differ from values of AlICoCrFeNi, similar high CoF values have
also been reported for CoCrFeNiMn [21] and CoCrFeNiMo [26]. Xiao has shown that
the plasma sprayed coating’s cohesive strength and hardness were adversely affected by
the MnyO3. Concurrently, oxides of both Mn,O3 and Cr,O3 formed a protective layer
that enhanced wear resistance [21]. Thus, the debris oxidation-related HEA materials
compared to 304 SS under dry wear conditions significantly influence the wear process.
Wear rates for the different deposition methods decreased in the following order: LC, ESD
and HVOF coatings, from highest to lowest. This was the case for both coating types:
The HEA_Moy; and the HEA_Moyy. However, wear depth results obtained from cross-
section profiles, on the other hand, showed complete coating wear through in ESD coatings.
Meanwhile, in the LC HEACs, the largest penetration depth was less than 10% of the
nominal coating thickness. Thus, it is worth mentioning that the depth of wear was not
visible in cross-section SEM images of both the LC and HVOF sprayed coatings after the
dry sliding test. It was observed that the wear rate of the HVOF coatings was of the order of
1 x 107 mm3/Nm, indicating shear resistance from sliding ranges to a magnitude higher
than ESD and LC (1 x 10~* mm?/Nm). The results show that the wear resistance of the
CoCrFeNiMoy alloys were sensitive to the resulting microstructure (FCC, BCC, o + p)
after deposition, which can be linked to the hardness and deformation resistance of the
alloys [46] discussed in the next section.

3.6. Worn Scar Morphology and Wear Mechanism

The surface SEM micrographs from the wear tracks are shown in Figures 12 and 13,
where wear characteristics for the two coating systems and three different deposition
techniques can be seen. The red arrows indicate discontinuous regions in the tracks that
were either minimally abraded (with oxide debris) or had no wear-forming abrasion pits.
The white arrows point out the areas that experienced continuous smearing or scratching
from the repetitive sliding of the coatings. The arbitrary track features on the coating
surfaces were promoted by the high surface irregularities (Sa) and large thickness in LC
HEAC. From the wear trace morphology in Figure 12(al,a2), obvious oxide film was
observed (indicated with white arrows) on the HVOF HEAC:s in the direction of sliding
at room temperature, with HEA_Moy( having the best film continuity. In comparison to
the coatings prepared by the LC and ESD techniques, the micrographs revealed severe
plastic deformation, glazed (adhesive) layer and oxide debris for the LC and ESD samples,
as shown in Figure 12(b1-c2). Moreover, localized damage close to the contact area and a
transfer film was observed on the counter body (see WC ball in Figure 11b).

In Figure 13, the localized microscopic surface damages were revealed in higher
magnification SEM micrographs. Based on images in Figure 13(al,a2), it can be inferred
that the primary mechanism of the HVOF HEACs was mild abrasive to oxidative wear.
While lower Ssk values tend to minimize friction [47], no correlation is observed here. This
is because, while the steady state CoF does not change with surface roughness, the plowing
and adhesion components of friction do [49]. The results from surface topography showed
the HVOF technique were found to produce coatings of the many high peak-to-low valley
ratio (Ssk~unity), significantly influencing a non-conforming contact between the polished
WC ball and the as-sprayed coatings reducing real contact areas. Thus, during the wear
process, high peaks (asperities) wore off and the valleys filled up with the debris from the
plastic deformation of the previous peaks. The truncated peaks then bore the load through
oxidation of the exposed plateau and the debris (oxide layer) generated during smearing or
scratching. It should be noted that both types of HVOF HEACs have FCC and BCC phases
where the differences were from the additional tetragonal -, rhombohedral -p and extrinsic
oxide compositions. EDX map of the micrographs of the oxide layer in Figure 13(al,a2) and
the elemental composition are presented in Figure 14. It has been reported by many studies
that the oxidized debris has a crucial role as a protective interlayer preventing metal to
metal contact [28]. Therefore, the wear resistance of the HVOF HEACs can be attributed to
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the microstructures in contact under severe plastic deformation and the tribo-layer formed
on the surface during sliding. The chemical composition of Figure 13(al,a2) was determined
using EDX analysis. The results show the oxide layers of both HEACs rich in O and Mo
and similar concentrations of Co, Cr, Fe, Ni from the EDX table in Figure 14. It is evident
that the wear mechanism at the early stage of sliding is typical abrasion (dominant) and
the steady-state sliding is characterized by continuous plastic deformation and oxidation
of the produce debris flakes to form a tribo-layer separating the contact pairs.
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Figure 12. SEM micrographs of morphology of the wear tracks of the (al) HVOF-HEA_Moyy,
(b1) ESD-HEA Moy, (c1) LC-HEA_Mo,7 and (a2) HVOF-HEA Moy, (b2) ESD-HEA_Moyy, (¢2) LC-
HEA_Moyy—CoCrFeNiMo coatings with the different coating techniques after 12,000 wear cycles
under dry test condition.
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Figure 13. SEM micrographs of morphology of the wear scars and debris of the (al) HVOF-
HEA_Moyy, (b1) ESD-HEA_Moy;, (c1) LC-HEA_Moy; and (a2) HVOF-HEA_Moy, (b2) ESD-
HEA_Moy, (c2) LC-HEA_Moy coatings with the different deposition techniques after 12,000 wear
cycles under dry test condition.
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Figure 14. EDX mapping results (a) of the layer formed on the (al) HVOF-HEA_Mo,7 and (a2) HVOEF-
HEA_Moy as-sprayed coatings after 12,000 wear cycles under dry test condition.

This phenomenon was evident in the friction curve of HVOF-HEA_Moy7, where a
hump in the friction trace (see Figure 9a) indicates the debris accumulation within the
coatings during the coating wear-through (u). In addition, the FCC+BCC matrix which
permitted extensive plastic deformation additional identified secondary o and u structures
reinforced the HEA_Moy; coating [6,13]. Moreover, the work hardening effect on the
surface increase the shear strength of the HVOF produced hard HEA_Moy; coatings,
reducing yield and tangential forces (~lower CoF values) while increasing brittleness
when the contact pressure exceeded the strain limit. This means that while the harder
surface partially covered with oxide layers can reduce wear, the wear phenomenon can
also intensify associated with the abrasive action of the debris. While MoOx particles
are lamellar flaking in shape, MoOg3, which is easily produced from decomposition of the
Mo-based coatings during sliding, lacks intrinsic shear properties (unlike amorphous C
and MoS,) [20,27] because of its sharp edge crystalline structure. The SEM/EDX image
in Figure 14(al)) shows the lamellar debris generated from wear of the surface which
undergoes micro-cracking either parallel or at an angle to the surface to sustain the repetitive
sliding stress. As the crack appears in the plastically deformed surface oxide layers, the
flaky debris generated, if not refined to build up the lamellar layer, acts as an abrasive,
causing (three-body) wear. Because the VEC number suggested a more dominant BCC
phase, the cracking on the HEA_Moy; (Figure 14(al)) coating is reasonable; nonetheless,
prior research revealed that the o and p strengthening phases that existed in the matrix
were hard but also brittle [6]. Thus, if the FCC matrix sustains the rather high deformation
by extreme work hardening, micro-cracking is suppressed as seen in the HVOF-HEA_Moy.
Furthermore, the grain and inter-splats boundaries (with local compositional variation) in
the near-surface layer minimize the propagation of plastic deformation under the abrasive
wear to prevent subsurface fracture. Thus, the friction curves fluctuate and the CoF value
increases significantly (Figure 9a), which was typically observed in the HEA_Mogy.

The energy dissipation in the contact and low wear rates of the HVOF HEACs were
compensated by material loss from the WC counter ball by abrasion (see Figure 11a), where
a glazed layer reduces the continuous wear of the ball. The oxidized worn surfaces and
debris were composed of high contents of Mo and Cr, as well as traces of Ni, Co and Fe
observed as constituents of the BCC phase (with load-bearing properties) [24,28] from the
XRD results. These phases have been linked to the wear resistance of HEA alloys [50].
Moreover, Zhao found AlysCrCoFeNj, less frictitious and more wear resistive compared to
equiatomic AlCrCoFeNi; however, the surfaces had severe abrasive peeling explained by
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the FCC+BCC dual-phased matrix reported [50]. The BCC phases were reported harder
compared to the highly plastic FCC phases. Due to the high wear resistance, removing softer
FCC phases produces a higher CoF, while removing the same amount of hard BCC and o
phases require more energy, explaining the lower CoF. From the EDX result of the tribo-
oxide layer, the oxygen content reached 31.6% for HEA_Moy7 and doubled for HEA_Moyg
coatings after the dry sliding signifying a large number of atmospheric oxidation processes
and mechanical mixing. In conclusion, groove or scratch marks constituted the wear
features, a sub-mechanism of abrasion, but wear resistance was dependent on the formation
and growth of tribo-oxide layer within the contact and their strain rate response during
plastic deformation. Therefore, the HVOF HEAC surface having a dense and adherent
oxide film resulted in the lowest wear.

The LC HEACs and ESD HEACs (Figures 12(b1—c2) and 13(b1-c2)) experienced higher
wear rates compared to the HVOF HEACs. The surfaces were severely grooved in the
direction of sliding along with wear debris either flaky or fragmented. Accordingly, severe
run-in occurred for both HEA_Moy; and HEA_Moyy ESD coatings within the shortest
time compared to HVOF and LC coatings by rapid truncation of the asperities It can be
inferred that the coatings from both techniques experienced abrasive wear. Large strain
rates have been associated with material removed from the sides of the grooves (ridges)
during microploughing and microcutting [30]. Moreover, microcracking, chipping and
delamination (shown in Figure 13(b1-c2)) cause wear volumes greater than the grooving or
scratching in the coatings. The SEM images in the LC-HEA_Moy; coating (Figure 13(c1))
showed rather fine striations on the powdery debris remnants from previously worn
asperities and pull-outs from local spalls. Thus, ploughing and cutting of micro-asperities
during the friction test are primarily responsible for the extent of wear in LC-HEA_Moy;.
From the surface wear morphology, the debris was generated and most pits that appeared
were by abrasive wear rather than spalls. The debris (tribolayer) is mostly oxidized at the
maximum contact pressures, but is metallic at intermediate loads. This occurs when the
debris is non-adherent or lost within the contact. The transition from oxidative to severe
adhesive wear (metallic) causes a rapid increase in wear rate seen in LC-HEA_Moy and
ESD HEACs.

After testing, the EDX analysis results in the grooves (marked at points 1, 3, 5 and
7) on worn areas of both coating compositions given in Table 7 revealed almost no oxide
formed and higher wt% Fe (possibly from the steel substrate). The mass fraction of Fe in
the region for ESD and LC are 69.1 wt%, 43.5 wt% (HEA_Moy7) and 68.3 wt%, 50.3 wt%
(HEA_Mojy)) demonstrating the severe wear conditions for the ESD technique and typically
for the HEA_Moyy. However, in LC HEAs, the increase in mass fractions in the worn depth
compared to nominal composition were 55.4%, 19.6%, 76.4% (HEA_Mo,7) and 12.7%, 6.2%,
11.5% (HEA_Moy) for Co, Ni, Mo. This shows little-to-no contribution of the substrate to
the wear rate. In Figure 13(b1,b2) (ESD HEACs) and Figure 13(c1,c2) (LC HEACsS) it can be
seen that the oxidized wear debris was constantly consumed and regenerated. If consumed,
the particles are fragmented, forming a multilayer or clump shaped as a result of continuous
oxidation after peeling (see Figure 13(b1-c1)). From the EDX results, the elemental debris
composition (points 2, 4 and 6) shows the high wt% of Fe, O. For instance, confirming the
complete coating wear-through, Fe and O increased over 60% in the ESD-HEA_Moy; but a
12.5% reduction in wear rate was observed compared to the 304 SS. In the ESD-HEA_Moy
coating, the oxygen content in the debris increased by 51.9%, where the easiest oxide to
form under this system is Fe;Os3.
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Table 7. Chemical composition of the HEA_Moyy and HEA_ Mo,y coatings deposited with the
different coating techniques from EDX analysis after the dry sliding wear test. The EDX point and
area spectra 1-10 are marked in the SEM images in Figure 13.

Elemental Concentration (wt%)

Location o Cr Fe Co Ni Mo
point 1 0.4 17.8 69.1 0.4 104 1.9
point 2 119 155 61.1 0.4 9.1 20
point 3 0.8 17.7 68.3 0.4 10.9 1.9
point 4 235 13.9 52.7 0.4 8.0 15
point 5 1.4 14.6 435 8.1 146 17.8
point 6 134 139 311 8.6 149 18.1
point 7 17 15.8 50.3 6.3 176 8.3

area 8 29.2 60.4 5.9 1.1 1.6 1.8
point 9 28.6 13.0 353 40 135 56
point 10 22,0 70.7 44 12 0.8 0.9

Points 1-7 compare grooves and the wear debris. Points 8-10 compares the slip regions.

Besides the grooves/scratches, oxides could be seen on the mid-junctions and edges
(red arrows) of the worn surfaces of the HEACs, as can be seen in Figure 12(b2—c2). Thus,
the initial wear process of the ESD coatings was due to abrasion wear within the contact
zone followed by oxidative wear. Here, abrasive pits with oxidized debris were observed
for abrasive resistant coating (i.e., LC-HEA_Mojy7 in the bottom image in Figure 13(c1)).
Furthermore, the continuous grooving process co-occurred with delamination related to
near-surface damage during the repeated sliding cycles. In lower wear-resistant coatings,
the lamellar oxides are hoarded to the surface forming adhesive junctions. The hoarded
lamellar mixed oxide film in the ESD HEACs reduced friction and wear by acting as slip
regions, contrary to the flake debris in LC HEACs. The discontinuous smooth glazed
layer suggested that adhesive and oxidative wear occurred confirmed in EDX results of
points 9 and 10 in Table 7, while in the other regions, the debris sloughed, aggravating
the abrasive wear as in the bottom image in Figure 13(c2). Additional debris formed was
propelled by localized spallation and delamination (forming micropits, craters) devel-
oped from repeated plastic deformations apparent as fractured ridges or adhesive traces
(Figure 13(b1—c2)). Firstly, this is the result of the cutting-type mechanism attributed to the
ductile microstructure which causes materials to deformation plastically in the direction of
sliding. Secondly, in both ESD and LC techniques, the coating and the substrate were well
combined, with no visible grain boundaries in the microstructure of the coating that was
metallurgically bonded due to the dilution effect of Fe (from the substrate). Furthermore,
the coating possessed a mixed FCC (Fe-Cr-Ni) and Mo-based BCC phase with intermetallic
compounds or secondary phases. This effectively allows spalling during the dry-sliding
wear process which originates from deformation of the hard particles [6,8,22]. Lastly, the
coatings exhibited the lowest hardness and thus lowest strength, which can resist plastic
deformation and delamination. However, extensive plastic deformation was compromised
by the mid-junction adherent-oxidized debris layers (see Figure 12(b2—c2)).

Besides, studies indicate a proportionality of debris volume to load and sliding dis-
tance with further research employed by Archard [33] to characterize sliding wear volume
(w) depicted in Equation (3) where hardness (H) of the contacting surface approximated
with the workdone by friction forces (i.e., Load (F;) * sliding distance (L)).

Vsample =K-F; * L/H [mmS/Nm} (3)

The value of dimensionless K is constant in a stable wear situation, experimentally
related to surface quality, chemical affinity, etc. A thorough wear test under constant
conditions, on the other hand, indicated that the wear rate is variable where Archard [33]
defined K factor as ‘mild’ wear (10-8) > K > “severe’ wear (1072).
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At higher magnification images in Figure 13(c1,c2), the HEA_Moy; had sufficient
wear performance, owing to the long-term lubrication of the phases in the oxides layer
that formed and lack of surface adhesion. Figure 11b shows an optical micrograph of
LC-HEA_Moy coating heavily glazed with debris due to material transfer. In the EDX
results, of the 50 pm images of Figure 13(c1,c2) given in Table 7, the loose wear debris
in abrasive pits (area spectrum 8) are mainly Cr, O content reaching 60.4 wt%, 29.2 wt%,
respectively.

Similarly, in the EDX results of the hoarded oxides (i.e., adhesive-oxidized debris
layer), the lamellar oxide layer underneath had wt% Cr and wt% O as 70.7 and 22.0 (point
10) compared to the top layer 13.0 and 28.6 (see point 9). The Fe content in the top layer
reached 35.3%, with O at 28.6%. Thus, the contact pressures were supported by both
oxide films. Therefore, under these composition systems and the selected test conditions,
the main atmospheric oxides that could form are MoO, MoCrO (see SEM/EDX of HVOF
HEACSs), NiO, Cr,0O3 and Fe;O3. From EDX maps, all the oxides appeared denser except
Fe,O3, which was obviously loose and peeled easily in the contact and functioned as third
body abrasive.

Meanwhile, to confirm the wear behavior from the cross-section results from the optical
profilometer, SEM/EDX analysis was performed on the grooved regions in Figure 13. The
EDX results of two HEACs deposited by ESD and LC technique is presented in Table 8 to
support the high magnification images generated in Figure 13(b1-c2). It was found that
the surfaces (grooved/excessively abraded regions) are predominantly composed of Fe, Cr
and Ni with little-to-no O (reaching the maximum value of 6.07 wt% in ESD-HEA_Moy).
This confirms complete coating wear-through for the ESD HEACs. In the LC and HVOF
technique, the worn regions from the abrasion zone were observed with higher weight
concentrations of Co, Ni and Mo. The increase in mass fractions on the surfaces with these
elements from the EDX data, like HVOF HEACs, confirm that such highest constituent
phase in enhancing wear performance are primarily found in the oxidized intermetallic
phases reported with good mechanical properties and wear resistance by XRD [6].

Table 8. Chemical composition of the HEA_Moy deposited with ESD and LC techniques from EDX
analysis after the dry sliding wear test. The EDX map spectrum from worn regions with parallel
grooves in the SEM images in Figure 13.

s o,
Experimental ID Elemental Concentration (wt%)

(o] Cr Fe Co Ni Mo
ESD-HEA_Mo,; 3.65 17.12 66.29 0.54 10.3 211
LC-HEA_Moy; 3.49 15.08 42.63 7.46 14.23 17.11
ESD-HEA_Moy, 6.07 16.73 64.4 0.99 9.83 1.96
LC-HEA_Moy, 1.7 15.81 50.3 6.31 17.63 8.25

Figure 15 shows the schematic of the proposed wear mechanisms based on the surface
characterization of the HEA coating compositions by the different deposition techniques.
The identified wear behavior was an abrasion-mixed mechanism with plastic deformation
to an extent for all the tested coatings. However, depending on the coatings” inherent
surface, mechanical and microstructural properties, the wear mechanism transitioned into
oxidative (i.e., in the HVOF HEACsSs) and adhesive wear (i.e., in the ESD HEACs and
LC HEAGCS:), affecting the debris generation and surface damage. In summary, owing to
the good mechanical properties and compatibility with the substrates, the microstructure
and phases formed by the HVOF and LC techniques provided sufficient hardness, which
increased the resistance to excessive plastic deformation under the dry sliding test. Based
on the results of the experiments conducted in this study, it seems evident that adjusting the
spray parameters is needed to achieve a thicker and dense coating for the ESD technique
to improve the microstructure and minimize defects. An excellent mechanical and wear
performance was observed for the HVOF sprayed coatings as a dense tribo-oxidation
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layer was formed from the generated debris from the dominant abrasive wear mechanism
preventing near-and sub-surface damages, schematically shown in Figure 15b. On the
other hand, the oxidation of the wear debris associated with the two HEA coatings changes
in morphology and composition in the overall sliding period causing transitions in the
friction and wear modes. The HEA_Mo,;’s tribological properties are excellent evident by
the hardness and wear resistance. This affords the possibility to employ HEA_Moy; on
components that are subject to wear and erosion-corrosion in challenging environment as
in geothermal power plants and well components such as valves, turbine rotors and shaft.

High wear}f WC counter ball

Asperities
N\

Steel substrate Steel substrate

Contact between the two
tribo-pairs under the applied
load
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Steel substrate
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Figure 15. A schematic of the wear evolution proposed for the produced HEACsS: (a) abrasive wear
mode with plastic deformation and debris generation at the onset of sliding and (b) third body
influence with subsequent decrease in the wear. Wear transition from mode (a) to (b) due to oxidation
and repetitive sliding.

4. Conclusions

In summary, the study investigated the microstructural, mechanical and tribological
properties of Co19Cry7Fe19NijgMoy7 and CoyoCragFexgNipgMoyy deposited by HVOF, ESD
and LC techniques. As expected, the coatings’ topography, microstructure, hardness,
friction and wear properties were depended on the coating composition and deposition
technique. The main following conclusions from the study are:

e  The results indicate that the HVOF and LC were more efficient deposition techniques
than ESD in the powder melting of all elements, producing a relatively even surface
and cross-section microstructure for both HEA compositions (Co19Cry7Fe;gNijgMoyy
and CoyCryoFez0NipgMogg). The surface morphology correlated with the topographic
features. Accordingly, the surface roughness was very large in all cases, representing a
potential concern during running-in for practical applications.

e The results showed that Co;9Cri7Fe19NijgMoy7; had better mechanical and tribo-
logical performance than COzocrzoFEZONizoMOZO. The C019C1‘17F619Ni18M027 had
lower roughness, coefficient of friction and wear rates compared to the equiatomic
Coo0CryoFeyoNixgMoyg HEA coating.
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e  Three major phases: A mixture of FCC and BCC and a residual BCC phase linked to
the Mo element were detected in both HEAC compositions, and additionally two inter-
metallics (0 phase and Mo-rich phase concluded as p phase). In Co19Crq7Fe19NijgMoyy,
amixture of o and p phase precipitation occurred, while the 1 phase was only observed
in C020Cr20FezoNizoM020.

e  The variation in microstructure and hardness of each coating was explained by the
difference in Mo content in the coatings, which contributed to improved resistance to
deformation through the formation of BCC, o and presumably the p phases.

e The coatings wore out by a mixed-abrasive and oxidative wear mechanism for the
HVOF HEACs. For ESD HEACs and LC HEACSs, delamination occurred in areas
where abrasive wear was severe and transitioned into adhesive wear, but the adhesive
oxidative layers compromised excessive surface damage.

e Despite Coy9Cry7Fe;9NijgMoy7 coating producing better results than CoyyCragFexoNixgMozg
from this study, more research on the coating properties would be beneficial before
usage in a geothermal environment, such as corrosion resistance, due to the complex
microstructure produced from mechanical alloying and the powder deposition, which
plays a crucial role in the performance of the alloys.
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Abstract

The corrosion behaviour of High Entropy Alloy (HEA) and wear-resistant cermets, self-fluxing Ni alloy,
Fe-based amorphous alloy coatings were investigated in simulated high temperature geothermal
environments with/without H,S and CO, gases for geothermal applications. Phase density of the corrosive
fluid (liquid/vapor) influenced the corrosion behaviour in the test environments. The NiCrSiBFe self-
fluxing coating formed a continuous corrosion surface film while the FeCrMoWMnBCSi amorphous
coating was prone to localized corrosion in the liquid phase. The cermet coatings had pores and cracks that
led to localized penetration. The CoCrFeNiMooes HEA showed the highest corrosion resistance in all test
environments.

Keywords: CO,/HS; High temperature; HEA; Wear resistant coatings; Geo-Drill
1. Introduction

In the utilization of geothermal energy, corrosion, erosion, and wear challenges are met due to the corrosive
and often abrasive nature of geothermal fluids often with suspended solids. The extent of corrosion in
geothermal operational systems can be categorized based on material-dependent and solution-dependent
factors. Alloy composition, surface condition and heat treatments are all factors that can influence the
susceptibility of materials to corrosion [1]. The solution-dependent factors include physical properties
(pressure, temperature, pH) and chemical properties (electrochemical potential, corrosive ions, and gases
such as CO; and H.S) in the hot fluid systems [1,2].

Most geothermal fields are utilized to be flashed systems under pre-exploitation conditions of two-phase
flow from medium (100 °C — 180 °C), high enthalpy (>180 °C) [3,4] or superheated (>350 °C) [5] systems
with drilled wells down to 5 km depth [3-5]. When a fluid boils at such depth, CO, and H,S gases escape
into the vapor/steam phase and travel toward the surface. Moreover, CO, and H,S could both dissolve in
the fluid, thus, producing several cathodic reactions by hydration and dissociation (Equations 1 to 4)
forming sulfides, bicarbonate, carbonate, and hydrogen (H*) ions the in agqueous media.

HaS + H20p) < H2Sag) 1)
H2Sq) - H' +HS @y <« Hag) + Se) (2
COq() + H:0p) < H2CO0s(aq) ©)]
H2COs(aq) < H'+HCOs@ <  H +COsw ()

Iron sulfides are known to form when commonly used ferrous steels react (Fes) — Fe?*(ag) in H2S-
containing environments (Equation 5) [2]. However, it is important to note that the corrosion process



consists of a series of anodic and cathodic reactions. Subsequent oxidation of Fe?* to Fe3* (Equations 6 and
7) can occur with cathodic reactions involving the generation and consumption of the various intermediate
products. Nonetheless, alloy materials used in such systems can form a protective surface film that can slow
down corrosion rates (CRs) when exposed to the high temperature geothermal fluid (liquid/steam) [2].

Fe + H,S — FeS + H, ®)
2 Fe — 2 Fe** — 2 Fe®*— Fe;03 + 3 H,0 (6)
Fe,Os3 + 2H,S + CO; — FeS; + FeCO3 + 2H,0 ()]

These corrosion effects, along with drilling-related cyclic loads and abrasive formation significantly impact
the performance and reliability of the materials used during geothermal exploitation. Carbon and low alloy
steels (Cr-Mo) [6,7] are commonly used for geothermal drilling equipment. These steels are not corrosion
resistant and can fail due to fatigue and corrosion fatigue during exposure to the geothermal environment,
whereas high-strength corrosion resistant alloys (CRAs) have demonstrated the risk of SSCC (sulphide
stress corrosion cracking) and HIC (hydrogen induced cracking) [7,8]. This raises the question of whether
hard-wear resistant coatings could be used for this environment.

Previous studies of various alloys in hot geothermal brine showed acceptable uniform CRs but detrimental
localized attacks [9-11]. The authors showed that at higher temperatures, Ni-based alloys are preferable to
duplex and austenitic steels [9] but were not considered suitable when tested in artificial geothermal fluids
above 200°C [10]. Robust coatings are widely utilized in the other energy industries to protect metallic
components from these impacts. Turbine blades, rotors, shafts, drill stabilizers, fasteners, and valves have
long been protected against high stresses, wear, and corrosion by high-strength corrosion-resistant
composite coatings (such as cermets) [12]. However, currently available products and methods may not be
suitable for the high temperature and pressures encountered in the geothermal environment. Moreover,
coating engineering has primarily focused on solutions for corrosion of surface equipment, with little
attention paid to downhole corrosion. Because down-hole conditions in geothermal wells are more extreme
in terms of temperature and pressure, thus, selecting appropriate materials for equipment used over the
short-term drilling or long-term casing of a well is technologically and economically demanding.
Furthermore, the balance of the power plant is dependent on the successful steam separation of the high-
density fluid [3] from down-the-hole to the production systems. Steam transmission lines convey the vapor
phase (>200 °C-flashed steam) to operate the generator turbine for electric power. As a result, a
comprehensive analysis of corrosion behaviour of existing and/or new coatings on a low-cost substrate in
both liquid and steam phases is important in the evaluation of wear and corrosion resistant coatings for
geothermal drilling and well components. Furthermore, a successful outcome from the selected coating
materials may offer prospective use to surface equipment exposed to corrosive geothermal steam hosting
non condensable gases (NCGs).

Thermal spray procedures typically high-velocity oxygen fuel (HVOF) is often a preferred option to
produce high-quality coatings on plant equipment [13-15]. Tungsten and chromium carbides (WC/CrC)
ceramic materials well known for their high hardness have been employed with metal matrices including
cobalt (Co), nickel (Ni), and chromium (Cr) for high wear components. The WC-CoCr and CrC-NiCr
coatings are customary to application temperatures up to 500 °C and 800 °C, respectively [14]. Co is
reported to contribute to hardness properties, and in terms of corrosion, the Ni and/or Cr-rich matrix allows
for passivation, which reduces the reported corrosion of the matrix and carbide particles in harsh conditions
[16]. In an exposure test in steam from a deep production well at 150 °C and 0.5MPa, a CR of 0.007 mm/yr
was measured for a CrsC,-NiCr coating [12]. The author reported that corrosion on the base metal was seen
due to coating cracking [12], suggesting alternate or combined degradation mechanisms.



Meanwhile, passive alloys have been shown to improve the stability of surface oxidized protective layers,
with Ni usually recommended for high-temperature service. The compromise between wear and corrosion
has been the subject of several studies, with most of the work focusing on the hard-passive alloy (Cr, Mo,
and Ni) coatings [17]. Studies on coatings of passive alloys at various higher temperature environments
ranging from 200 °C to 730 °C showed high-temperature corrosion resistance compared to carbon steels
and CRAs [18-21]. Corrosion test of Ni-based (NiCrBSiFe) coating showed good corrosion resistance at
725 °C in a boiler environment [19] but a similar coating was reported to have cracked and delaminated
when exposed to geothermal steam at 210 °C [21]. Another research demonstrated that the addition of
minor amounts of Co, silicon (Si), aluminium (Al), and iron (Fe) to passive elements forming composites
coatings improved the high-temperature corrosion performance [20]. The investigated microstructure and
properties of a FeSi-WC composite mixed with NiCr showed the coatings retain their Fe-based amorphous
features after spraying and demonstrated good abrasion and corrosion resistance [20].

Another promising candidate coating material group that has drawn attention over conventional alloys
recently is high entropy alloys (HEAs). Recent studies have reported that HEA alloys with Co, Ni, Mo, and
Cr composition have shown promising results for the development of corrosion and wear resistant coatings
for the geothermal environment [22—26]. Low CR was reported for an equiatomic CoCrFeNiMo alloy tested
in-situ in two-phase geothermal steam containing corrosive H.S and CO; gases at 200 °C [25]. Similarly,
microscopic analysis of an equiatomic CoCrNiFeMo alloy showed no corrosion damage after testing in a
simulated superheated geothermal steam environment containing HCI at 350 °C [23]. In another research,
electrochemical testing revealed that a CoCrFeNiMo alloy had a CR of less than 0.1 mm/yr at room
temperature in a brine environment [22]. The results also showed the CoCrFeNiMo bulk material had high
hardness (593 HV) [22] and higher wear resistance compared to CoCrFeNiMogss when produced as
coatings [27]. However, Fanicchia et al. reported localized corrosion damage of CoCrFeNiMoogs coating,
when tested electrochemically at 25 °C in 3.5 wt.% NaCl solution [26]. Based on these studies, it can be
concluded that the corrosion behaviour of HEA coating materials in different high temperature geothermal
environments is still not fully understood necessitating further research.

The goal of this study is to evaluate the corrosion behaviour of HVOF-developed coatings; WC-CoCr, CrC-
NiCr, WC-CrCNi, NiCrFeBSi, FeCrMoWMnBCSi and CoCrFeNiMoogs tested in simulated geothermal
drilling environment. A high temperature and high pressure (HTHP) autoclave laboratory was used with a
controlled selection of testing parameters to mimic the conditions found in the field. This study expands on
previously reported work on wear-resistant coatings in dry sliding contact [27,28] and other selected anti-
abrasion coatings available commercially. The HVOF composite and metallic coatings were tested in liquid
phase or vapor phase conditions to evaluate the corrosion resistance for the possible application as wear
and corrosion resistant coatings for components in geothermal environments. The performance of the
HVOF coatings was studied with chemical and microstructural analysis to determine how the integrity of
the coatings was affected by the liquid and vapor phase corrosion conditions. The study is expected to
provide new insights into the application of such coatings in environments relevant to the geothermal
industry.

2. Materials and Experimental method
2.1. Test conditions

The HTHP autoclave system used for the tests can create conditions to simulate geothermal fluids with
physical and geochemical properties such as temperature, pressure, and geochemical composition in a
single phase (liquid) or two-phase (liquid-vapor) condition at a selected pressure of 50 bar and temperatures



of 120 °C and 250 °C. Corrosion tests were carried out to simulate three conditions: (i) in drilling fluid (i.e.,
circulation ceases but high temperature corrosive geothermal fluid leaks into the well (i.e., liquid/vapor
phase test) as shown in Table 1.

In geothermal drilling, the cooling fluid used is usually water-based or alkaline to avoid corrosion [29],
sometimes achieved with added viscous polymers which also allow easier transport of cuttings. Based on
the stated, Icelandic tap water of pH 9 was used to simulate geothermal drilling fluid at 120 °C in the
corrosion tests. After the solution had been filled and samples installed, the autoclave lid was lowered to
seal the autoclave vessel with 250 Nm torque. In the autoclave, the temperature was raised by 25 °C/h and
stabilized at 120 °C for 14 days by pressurizing to 50 bar. The rotation speed of the stirrer was set to 60
geothermal fluid. The 3 L reaction chamber was half-filled with deionized water containing dissolved 0.60
g of NaOH and 0.44 g of NaCl for testing in the liquid and vapor phase at 250 °C. For this test, lower pH
was desired to represent geothermal fluid with the ingress of gasses thus pH in the range of 5-7 was desired
thus dissolved NaOH and NaCl were added to the deionized water according to the geochemical modelling
to obtain the desired conditions in the autoclave during testing. For safety reasons, the autoclave is
pressurized to 50 bar with nitrogen (N) at 25 °C for a day to check for gas leakage. After successful
completion of the test, the pressure was reduced to 0 bar before filling with the H,S, and CO, gases. The
autoclave vessel was filled with 1.07 g of H2S, 11.05 g of CO,, and 7.04 g of N2. The H,S, CO,, and N;
gases used in the experiment were all of 99.5% purity. The filling was controlled and measured by Brooks
mass flow controllers, and the values were recorded by the data logging program. After each experiment,
the autoclave was cooled at a rate of 25 °C/h. The autoclave was then flushed with N2 and depressurized to
trap HaS gases, if present, in an 11g Zinc acetate in a 0.5 L water solution. This ensured that all remaining
sulfur dissolved in the water was precipitated as ZnS. A set of modelling was performed to predict the
changes in pH from RT to 120 °C and 250 °C, these values are given in Table 1. The composition of the
vapor and liquid phases at the experimental pressure and temperature for the conditions at 250 °C with the
corrosive gases were calculated by using the Peng-Robinson chemical model in Phreeqc® and are given in
Table 2 and Table 3.

Table 1: Test conditions for autoclave corrosion experiments and calculated pH at either 120 °C or 250 °C
and 50 bar by using the Peng-Robinson chemical model in Phreeqc®.

Test Solution  Solution

Test Temperature  Pressure Test environment . Test time
condition pH pH
type T(°C) (bar) fluid composition phases @25°C @T(°C) (hours)
i 120 50 Tap water and N liquid 8.9 7.2 336
i NaCl, NaOH, H,S liquid
_— 250 50 ' e 57 6.8 168
iii COz and N Vapor

Table 2: Chemical components of the water-based solution (mg/kg) at 250 °C and 50 bar calculated by
using the Peng-Robinson chemical model in Phreeqc®.

CO2 HCOs H.S HS N2 Na* Crl




(mg/kg) 1981 393 472 99 292 350 181

Table 3: Chemical composition of vapor phase (mol%) calculated by Peng-Robinson calculation using a
chemical model in Phreeqc®.

H,0 CO; H.S N,
(mol%) 79.8 8.5 03 114

2.2. Experimental setup for autoclave—corrosion testing

The test facility and experimental setup are displayed in Figures 1(a) to 1(c). The autoclave corrosion setup
is illustrated in Figure 1a. The reactor is filled with the fluid and pressured with N, H2S, and CO; via the
gas inlet lines from the bottom of the reaction (autoclave) chamber (Figures 1(a) and 1(b)). The gas
components were fed through a gas filling panel (Figure 1(c)), with the filling rate regulated by Brooks
mass flow controllers. The custom-made sample holder was installed in the lid, and during the experiment,
the test samples were installed between the vertical sample holder supports (Figure 1(b)). The geometry of
the test sample (50 mm x 25 mm x 3 mm) was designed to fit onto a threaded metallic sample holder with
6 mm diameter Polytetrafluoroethylene (PTFE) insulators to avoid galvanic corrosion (Figure 1d). In Figure
1d, PTFE separators were fit between each adjacent test sample to prevent the easy transfer of corrosion
deposits. The use of PTFE separators may create a micro-gap; however, the discussion of the results
explores the possibility of crevice corrosion at the PTFE/coating interface. A preliminary 7-day corrosion
test was successfully carried out at 250 °C and 50 bar gauge to establish and demonstrate the interface and
the positions A and B (seen in Figure 1(b)) for testing the sample sets in the simulated liquid and vapor
phase test conditions. Followed by the experiments designed to simulate geothermal drilling and aggressive
corrosion conditions which are reported in the result section. A 14-day (336 hours) exposure of the coatings
simulated geothermal well drilling conditions at 120 °C, in tap water (no corrosive gases) pressurized to 50
bar with Ny: test (i) in Table 1. A 7-day (168 hours) corrosion test was performed at 250 °C in liquid/vapor
phase conditions with CO, and H,S corrosive gases pressurized to 50 bar with N2 to mimic HTHP
geothermal environment exposure of the coatings: tests (ii) and (iii) in Table 1.
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Figure 1. The HTHP autoclave and setup used for the corrosion testing; (a) the flow-through process to the
autoclave reaction chamber (b) image of the sample holder with sample positions; vapor phase — A, and the
liquid phase — B and (c) cross section of sample holder showing the PTFE separators. The yellow arrow in
(c) shows the insulation of the sealed autoclave to eliminate heat loss.

2.3. Materials

The targeted application areas (components) considered for the coating materials evaluated in this study
generally have a smooth surface finish, complex geometry, and close tolerances, such as geothermal drill
pipes, stabilizers, turbine rotors, blades, shafts, valve systems, and housings. HVOF coating technology has
shown to produce relatively smooth coatings, even without post-treatment, that improve lubricity and
sliding wear resistance [28]. Based on this, five coating compositions that are available and known
commercially were chosen for the HVOF-spray technique. The sprayed materials include: three cermets
(WC10C04Cr, 75CrsC2-25NiCr, WC-20C3rC2-7Ni), a self-fluxing Ni-based (CrisFesSisBsNiva) and an Fe-
based amorphous/nanocrystalline (CrsC2Mo20W10MnsBsSizFena) powders. Additionally, a novel High
Entropy Alloy (CoCrFeNi-Mooegs) coating composition was selected to assess the corrosion resistance,
particularly for the CO2/H2S conditions. TWI limited Cambridge — UK provided samples coated with the
six different types of the HVOF coatings, which were deposited on a through-hardened low alloy steel type
817M40. Table 4 reports the chemical composition of the steel. The samples were tested for the 2 different



simulated environments and 3 conditions in the autoclave (i.e., 120 °C water, 250 °C liquid and 250 °C
vapor phase tests), including the reference alloy steel substrate.

Table 4: Chemical composition of the 817M40 low alloy steel material.

Element C Cr Ni Mo Mn Si B (0]
Content (wt.%) 0.4 1.2 1.4 0.2 0.3 0.6 0.01 0.03

2.4. Characterization of coatings

Microstructural analysis was conducted with field emission scanning electron microscopy (FE-SEM, Zeiss
Supra 25®). The SEM was equipped with an energy dispersive X-ray spectrometer (EDS, Oxford
Instruments®) used for the elemental and compositional analysis of the coatings reported in weight percent
(wt.%). The SEM equipment also estimated the thickness of the coatings. Using a Taylor Hobson Ametek®
stylus profilometer, ten measurements were taken to determine the average surface roughness parameter
(Ra). The coating’s porosity assessed from microstructural images of polished cross-section surfaces was
captured using optical microscopy. Averaged porosity was measured using ImageJ® software using area
fraction analysis and thresholding at least twenty micrographs. The microhardness of the HVOF sprayed
coatings was determined by the Vickers hardness test. Indentation loads of approximately 300 gf recorded
hardness values in the cross-section of the coatings using the Buehler VH1202 Wilson® hardness tester.
The resulted averaged values and standard deviations for all coating properties are shown in Table 6. X-ray
diffraction (XRD) was conducted in an X-Pert Pro Empyrean from PANalytical® with CuKa radiation (A
= 1.5406 A). The data was collected after sample alignment at 45 kV, 40 mA in the 20 range of 5-100
degrees depending on the coating type and analysed with High Score software. Crystal structure analysis
of corrosion products was carried out with XRD while localized corrosion damages on the samples were
analysed further in SEM/EDS by cross-sectioning, mounting, and casting the samples in a conducting
polymer (Bakelite) at elevated temperature under pressure. SEM/EDS analysis was performed in selected
regions of the coatings before and after the autoclave corrosion testing.

3. Results

3.1. Pre-exposure analysis and coating properties

The microstructure of coatings deposited from the HVOF process is shown in Figure 2. All the HVOF
coatings in the study had no bond defects such as delamination, and a smooth surface finish. The
microstructure of the coatings inherently showed a dense laminar microstructure (i.e., layered with splat
boundaries). Horizontal microcracks are observed at the edges and corners of the coated samples. A few
cracks were detected on the coating top surfaces and some pores, in the Flux and Amor cross-section of the
coatings. The microstructural analysis shows WC, Flux and Amor have homogeneously mixed phases
(Figures 2(a), 2(d), 2(e)); however, Cr/Mo seems to segregate at splat boundaries in the CrC, WC-CrCNi,
Amor and HEA coatings (Figures 2(b), 2(c), 2(e) and 2(f)) which was verified by EDS analysis. The CrC
is comprised of a metallic binder -NiCr region (bright areas) with carbide CsrC, phases (dark areas) shown
in Figure 2(b). A similar microstructural heterogeneity in the layered structure is seen in the HEA coating.
Aside from the well-alloyed zones, minor bright and dark portions in the splats were observed as Mo-rich
and Cr -rich regions, respectively (see Figure 2(f)). Oxides were observed in all coatings where the highest
content was detected in the HEA (3.6 wt.%) as can be seen in the results from the EDS analysis given in



Table 5. Table 5 presents the chemical composition analysis of six as-sprayed HVOF coatings analysed in
the cross-section with SEM/EDS. Table 6 reports the results from the surface characterization and coating
properties after deposition, where the cermet coatings showed the highest hardness (HV) and least surface
averaged roughness (Ra). The difference in hardness is likely influenced by the alloy composition, metallic
binders (Co, Ni, and Cr) and percentage of porosity in the coating. Higher hardness was obtained with
harder ceramic phases and/or metallic binder. Among the non-cermet, the HEA was measured with the
lowest porosity (<2%) but the lowest hardness; this may be attributed to the reported heterogenous mixed-
phase solid solution and intermetallic phases [30]. Although, the porosity results demonstrate that the
deposited coatings were generally dense, retaining 99.0 to 96.0 % of the precursor (powder) which can be
attributed to the good flowability of the powders and a high deposition efficiency of the HVOF process.
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Figure 2. SEM cross-section images showing the microstructure of the untested HVOF coatings; (a) WC,
(b) CrC, (c) WC-CrCNi, (d) Flux, () Amor and (f) HEA.

Table 5: Chemical composition of the HVOF-deposited coatings analysed with EDS analysis.

Material Test ID Nominal composition (wt.%)

O C W Cr Ni Fe Mo Co Al Mn Si
WC-CoCr wcC 08 9.2 75.1 338 - - - 95 16 - -
CrC-NiCr CrC 36 112 - 61.7 231 - - - 05 - -
WC-CrC-Ni WC-CrCNi 1.5 - 684 221 8.0 - - - - - -
NiCrFeBSi Flux 0.3 89 - 142 651 35 - - - - 37
FeCrMoWMnBCSi  Amor 09 6.8 5.9 18.8 - 51.1 135 - - 18 10
CoCrFeNiMog.gs HEA 36 07 - 151 177 172 216 180 6.1 - -

Table 6: Average values of the coating properties of the HVOF-deposited coatings.

Coatings Roughness Porosity [31] Thickness Hardness
[Ra(pm)] (%) (m) (HVos)




wC 3.7+0.2 1.9+0.4 0.40+0.02 1199.5+163

CrC 3.8+0.1 1.1+0.1 0.25+0.01 868.7+49
WC-CrCNi 5.3£1.0 1.6+0.3 0.21+0.03 1069.8+49
Flux 6.2+0.5 2.4+0.3 0.25+0.02 800.0+74
Amor 6.3+0.5 3.6+0.7 0.31+0.02 747.2+68
HEA 5.0£0.2 1.6+0.3 0.27+0.02 586.7+55

3.2. Post-exposure analysis: Microstructure and chemical composition analysis
3.2.1. Simulated drilling condition at 120 °C

Microstructural and chemical compositional analyses were performed using SEM/EDS analysis of the
samples after 14 days of corrosion testing in the simulated drilling condition at 120 °C. Negligible corrosion
was observed in all the tested samples after exposure to the 120 °C in tap water with no corrosive gases.
The surface SEM images of the HVOF coatings did not show extensive corrosion products, i.e., the surfaces
were not covered with thick corrosion film or scale. A small number of particles were observed on the
surfaces and identified as oxides of Mo, Cr, Ni and Al but were not easily detected in the further cross-
sectional analysis (see Figure 3). The results showed porosities typically in the Amor and Flux, but no
indication of delamination or localized damage at the coating/substrate interface (Figures 3(a) — 3(f)). From
the porosity assessment of the coatings (1 — 4 %), the voids may not be interconnected, therefore, minimum
permeation of the electrolyte or ingress of corrosive species occurred during the 14 days of water testing.
All the coatings were corrosion resistant under the 120 °C simulated drilling operation.
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Figure 3. SEM cross-section images of (a) WC, (b) CrC, (c) WC-CrCNi
HVOF developed coatings — after 120 °C water corrosion test.

Regarding the uncoated low alloy steel exposed to 120 °C water, SEM/EDS analysis reveals a Fe, O-rich
film and minor traces of Cr formed with surface pits after the test. EDS line mapping of the surface showed



an O deficiency in the pits (Figure 4(a)) suggesting the alloy experienced general corrosion and is
susceptible to pitting corrosion in the HTHP tap water environment. This point seems critical where coating
coverage is limited or peels off at the edges. Figure 4b shows localized corrosion of the low alloy steel in
the cross-section found at corners and edges of the substrate coated with hard and brittle WC-CrCNi
(HV~1100) coating. The image shows an under-deposit film (66.3%Fe-20.2%0) filling the corrosion pit,
see area 2 in Fig. 4(b) analysed with EDS.
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Figure 4. SEM/EDS of corrosion layer (a) with line mapping on the surface of the low alloy steel substrate
and (b) in the cross-section showing localized damage of substrate steel at uncoated regions of the WC-
CrNi coating after 120 °C water corrosion test. The blue arrows point out a decrease in O at pits in (a).

3.2.2. HTHP liquid/vapor phase test with CO./H,S at 250 °C

After one week of testing with CO2/H.S at 250 °C, microstructural and chemical composition analyses of
the surface (Figures 5(a), 5(b), 5(c)) and cross-section (Figures 5(d), 5(e)) of the low alloy sample revealed
the presence of corrosion products. This could be due to alloy constituent dissolution, apparent in the
elemental iron (Fe), molybdenum (Mo), and chromium (Cr) on the surface. The surface shows different
crystals from the corrosion reactions, primarily S and Fe-rich. The cross-section image in Figure 5(a) shows
no corrosion products or film and minimum corrosion effects on the low alloy sample after liquid phase
exposure. However, Figures 5(b) and 5(c) depict SEM micrographs of the surface revealing the deposited
material, demonstrating easy spall off the Fe, S- rich corrosion products. In Figure 5(c), three distinctive
corrosion products are identified (locations a, b, ¢) with obvious dissimilarities in the chemistry where
contributions of Mo (locations a, b) and Cr, O (location c) are reported in the SEM/EDS mapping.
Comparable to the vapor phase exposure (Figures 5(d), 5(¢)), two different morphologies were observed in
Figure 5(e), in which the difference in chemistry from the SEM/EDS results was due to the presence of
carbon (C) and traces of Ni, O. The result of cross-sections analysis showed material loss but had no
evidence of localized corrosion damage. Nevertheless, the initiation of localized corrosion is possible to
have occurred as shown in Figures 5(a) and 5(d), pointed out by the red arrows in the magnified images.



Location o S Fe Cr Mo Ni | . Elemental composition wt.%
1 0.0 30.1 61.7 3.4 2.4 1.3 C [s) S Fe Cr | Mo | Ni
2 6.0 30.6 57.8 2.5 16 0.9 1 11.0 1.1 33.2 53.9 0.1 0.0 0.6
3 0.0 39.2 59.0 0.0 0.6 0.9 2 13.0 | 03 | 335 | 523 0.1 00 | 06
4 71 315 57.7 10 15 0.8 3 86 1.1 32.1 56.7 06 | 00 | 05
5 0.18 15.4 80.9 0.9 1.9 0.6 4 9.0 05 | 333 | 56.0 0.1 04 | 06

Figure 5. SEM surface images of low alloy steel tested in — (a, b, c) liquid phase and (d, €) vapor phase, in
the 250 °C, CO2/H,S corrosion test.

The surfaces of the coated samples were examined by the SEM/EDS for all the coatings from both liquid
and vapor exposure to study the surface morphology and elemental distribution after the 7-day test with
CO./H:S at 250 °C. Figure 6 shows an overview of the surface morphologies of the coatings after testing
in the liquid phase and vapor phase. After exposure to the simulated liquid phase geothermal environment
at 250 °C with CO./H,S, a minor amount of corrosion products was found on the surfaces of all coatings
except for the Flux which had extensive corrosion products formed (Figure 6). The corrosion products
observed indicate the surface reaction of the coatings to the corrosive environment. A comparison to the
microstructure of the untested coatings revealed that there is a visible change in the morphology of the
coatings after testing and more pronounced effects from the vapor phase test for some samples due to the
presence of the non-condensable gases (the H»S and CO) in the vapor phase. In addition, crevices, edges,
and corners (seen in Figure 6(g)) showed larger-sized corrosion products compared to the other exposed



areas. This shows the potential for crevice corrosion. The observed crevice attack is related to the presence
of sub-millimetric interstices (gaps, craters, deposits) altering the environmental conditions on the coating
surface or at the coating/PTFE-separator interface. Sulphur, carbon, and oxygen-based rich crystals
precipitated on the surface due to reaction with the base elements employed in the coating synthesis. The
red arrows in the micro-graphs in Figure 6 point out visible products that formed on the coating surface.
The formation of corrosion products on the surfaces may imply that the coatings prevent the substrate from
dissolution; nonetheless, it is evident that the coatings were ineffective in protecting their matrices from
H.S and CO; corrosion at 250 °C. The distribution of elements and the chemical compositional analysis in
the SEM with EDS analyser for both surface and the cross section is presented in the following sections.

Liquid phase -250°C | Vapor phase -250 °C Liquid phase -250 °C | Vapor phase -250 °C
M(a)

Corner- In Vapq’r 250 °C

quid 250 °C Crevice- In Liquid 250 °C
SRR . =1

Edge- In Li

WC-CrCNi 1 : ik
soopm § S : 4 % S| 500 um

Figure 6. SEM analysis of surface — (a) to (f) corrosion products and (g) edge, corner, and crevice from the
liquid and vapor phase exposure. The red arrows point out visible products that formed on the coating surface.




Figure 7 shows SEM images of the cross-sections of the coatings tested in the liquid phase. No delamination
or major defects at the interface of the coatings are observed as can be seen in Figures 7 (a) to (f) of the
samples in the liquid phase. At higher magnifications, surface cracks and micropores were detected in the
SEM analyses. The Amor coating had larger unfilled pores in the cross section with no obvious corrosion
film (Figure 7(e)). It is to be noted here that Amor had the highest initial porosities (3.6%) before testing.
This may suggest the original pores are not interconnected for ingress the electrolyte into the coating layers
confirming the unfilled pores. On the other hand, the pores were many and of random shape and size such
that the micropores in the original coating might have become bigger owing to corrosion. However, it is
hard to distinguish between the pores from the original coating and corrosion-induced pores. At higher
magnification in SEM/EDS results, Mo, Cr and Fe deficiency was found around the large-sized voids in
the Amor coating possibly evoked by corrosion reactions in the liquid phase.
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Figure 7. SEM cross-section images showing the coating, coating/substrate interface and substrate of (a)
WC, (b) CrC, (c) WC-CrCNi, (d) Flux, (¢) Amor and (f) HEA — in the liquid phase; 250 °C, CO,/H,S test.

The corrosion surface layers on both the Flux and HEA (shown in Figures 7(d) and 7(f)) were characterized
by SEM and EDS analysis at higher magnification, see Figure 8. In Figure 8(a), the SEM image shows
mixed-size cube crystals on the Flux surface identified as metal sulphides (19.6 % S) according to the EDS
analysis given in the table in Fig. 8(a). A bi-layered corrosion film was identified in the cross-section, each
approximately 20 um thick. EDS elemental mapping showed the outer surface layer is Ni- S rich and the
inner layer is rich in Fe, Cr- oxide-based products as shown in Figure 8(b). Figure 8(c) depicts the EDS
map of the HEA surface, which showed the presence of S and O indicating the existence of some reaction
products. A thin corrosion scale was detected at the rounded edge of the HEA coating. The thin layer was
composed of Mo, O, and C- based products as indicated in the EDS analysis in areas 1, 2, and 3 shown in
Figure 8(d). The corrosion layer seen in the cross-section was rather flaky and non-adherent. A drastic drop
in Mo in the oxide scale was observed with an increase in C in area 3. With the insignificant concentration
of the HEA elements; Co, Cr, Ni, Fe, and low S content (~4%) in all three areas (1-3), the oxide film



suggests possible surface oxidation of Mo and Mo oxides in the environment. The SEM analysis of other
areas of the HEA coating was comparable to the higher magnification SEM image in Figure 8(d) (i.e.,
excluding the apparent surface layer), where the coating microstructure was free of pores or cracks and
there were no noticeable corrosion pathways.
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Figure 8. SEM Surface and SEM/EDS cross-section images of (a, b) Flux and (c, d) HEA — tested in liquid
phase; 250 °C, CO»/H.S corrosion test.

A detailed SEM/EDS analysis was also carried out on the samples exposed to the vapor phase environment
to verify morphological and compositional changes in the coatings. The surface and the cross-sectional
analysis of the WC coating are shown in the images in Figure 9. As can be seen, elemental analysis of WC
showed the presence of sulfur and oxygen-based products on the surface and in the matrix of the coating.
No localized damage was found at the coating/substrate interface; however, the matrix structure was more
porous and had micro internal cracks after the vapor phase exposure. The surface of WC revealed two
different shapes and sizes of the corrosion products: W, O- rich larger particles and smaller particles of Co
and S, as seen in Figure 9(b). This suggests the dissolution of the Co metal in the binder (CoCr) and ultimate
oxidation of the ceramic (WC) hard phases in vapor phase conditions.
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Figure 9. SEM/EDS mapping of WC; (a) cross-section and (b) surface tested in the vapor phase; 250 °C
CO2/H,S corrosion test. The white arrows point out surface cracks and corrosion products.

SEM/EDS elemental mapping of the cross-sections of the CrC, WC-CrCNi, Flux, and HEA coatings
revealed the presence and distribution of the main phases, as seen in Figure 10. For these coatings except
the Flux, minor corrosion products in the form of small particles/flakes were found on the surfaces except
in the crevices of the samples. Apart from oxidation, segregation in Ni-rich and Cr-rich phases were
discovered in the cracked regions of the CrC matrix (Figure 10(a)). This shows that the dis-bonding of the
hard ceramic (CrsC;) and metal binder (Ni) phases at 250 °C increases microcracking effect. The cracked
matrix had sulphides filling cavities at the detached zones. After the vapor phase exposure, WC-CrCNi,
Amor, and HEA displayed a more homogeneous elemental distribution (Figures 10(b) to 10(e)). While no
corrosion layer was seen on the top surface of WC-CrCNi or at the rounded edges, S and O were
accumulated in the matrix pores and cracks and at the coating/substrate interface (Figure 10(b)). This
demonstrates full permeability across the thickness of the coating, yet, with little substrate reaction. After
vapor phase exposure, the elemental analysis of the Flux surface showed the presence of similar Ni-S rich
crystals earlier discussed in the liquid phase test results. However, the thickness of the bi-layered film (Ni-
S and Fe, Cr, O- based products) decreased, as can be seen from the cross-section analysis (Figure 10(d)).
The outer and inner layers were approximately 11 um and 5 um depicting a 75% and 45% decrease in
thickness value compared to the liquid phase corrosion scale. Like WC and CrC, no localized damages
were seen at the coating/substrate interface in both the Amor and the HEA as shown in Figures 10(c) and
10(e). The results clearly reveal amorphous phase spot enrichment in the Amor matrix (Figure 10(c)) after
the vapor phase exposure. In the HEA, some surface reaction of Mo with S is observed in the elemental
map in Figure 10(e). The O present is likely to be from the initial oxidation of elements during the HVOF
spray process. This is supported by an EDS investigation performed 50 um below the top surface, which
revealed that the phases in the HEA after corrosion are within 95% with no elemental sulphur present (see
Figure 10(e)). Sine Mo and S spectra overlap in the EDS, further analysis of the tested coating surfaces was
done with XRD technique.
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Figure 10. SEM cross-section images showing (a) CrC, (b) WC-CrCNi, (c) Amor, (d) Flux and (e) HEA —
tested in the vapor phase, 250 °C, CO./HS corrosion test. The white arrows point out corrosion damage.



Figure 11 compares the Fe-based Amorphous coating after vapor and liquid phase corrosion. As can be
seen in Figures 11(a) and 11(b), the surface of Amor is attacked during corrosion indicated by pitting,
spalling, and peeling of the coating layers. Meanwhile, discrete Fe, S- rich corrosion products were
identified only after the vapor phase exposure (see Figure 11(b)). An obvious depletion in Fe is observed
in the top layer indicated by a 14% and 25% decrease in initial wt.% Fe (from both top surface EDS spectra
1) for the vapor phase and liquid phase corrosion, respectively. However, the results of the cross section
showed signs of electrolyte penetration via the porosities present, around non-melted particles, and through
splat boundaries. Light grey (S-based) and dark grey (O-based) phases were present in the layered structures
of the coating (i.e., between splat boundaries), around clusters of unmelted amorphous particles (island-
like), in and around voids/vacancies (see Figures 11(a) and 11(b)). The varying composition is probed in
regions, but no obvious compositional patterns were observed. The EDS analysis in Fig. 11 shows three
different compositions with varied concentrations of O, S, and reduced metallic content (mainly Fe, Cr, and
Mo) with a relatively high C content (locations 1 to 4 shown in SEM images in Fig. 11(a) and (b))
suggesting reaction with the gases present (CO2/H,S) in the environment. The internal oxidation and
sulfidation are likely the reason for the fewer pores (localized coating damage) in the vapor compared to
liquid phase corrosion.
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Figure 11. SEM cross-section images showing Amor coating from the 250 °C, CO,/H.S corrosion tests;
in (a) the liquid phase and (b) the vapor phase, and the EDS analysis of areas marked with numbers in the
micrographs.

3.3. X-Ray Diffraction (XRD) analysis

Due to the difficulty that can arise in distinguishing between the compositions of oxide and sulphide
corrosion products because overlapping can occur for the Mo(La) and S(Ka) spectra within the energy
resolution of EDS systems, further analysis of the tested coating surfaces was done with XRD analysis.
XRD was performed on all corroded samples from the liquid and vapor phase tests to analyse the
composition and formation of new phases on the surface (see Figure 12). Compositional changes were



detected between corrosion products from the liquid and vapor phase exposure, which is consistent with
the EDS analysis. The main corrosion products of WC were CosSs while additional WO, phases were
observed after vapor phase exposure (Figure 12(a)). In the XRD results of the coatings with Ni, Cr and
Cr3C; particles (i.e., CrC and WC-CrCNi), the corrosion products were dominantly from oxidation and
sulfidation of Cr and Ni (Figures 12(b), 12(c)). For the Flux, Ni, S-based products (NisSz, NisSs, FENi2Sa)
were detected. However, the less dense NigSg and FeNi2S, products occurring from reaction with elemental
S and cations of H,S were not detected after the vapor phase corrosion. For both the Amor, HEA and low
alloy steel materials, the principal corrosion product was FeS. Meanwhile, a crystalline peak appeared at
20 =26° in the Amor and between 35° - 40° in the HEA diffractions which were identified by the oxidation
of Mo (MoOz and MoOs in Figures 12(e), 12(f)) after the vapor phase testing. However, Cr sulfidation was
not seen with the XRD analysis of the coatings, although the SEM/EDS results identified surface corrosion
products with elemental Cr and S. This may be explained by the stability of the iron, nickel, chromium, and
molybdenum corrosion products at 250 °C in the CO2/H;S environment. Furthermore, Mo is non-
homogeneously distributed in most of the original coating composition or segregated at splat boundaries
and pores, thus, such corrosion-concentrated sites experience high Mo and potentially compete with the
passive Cr metal. In the H2S containing test conditions, FeS, NiS, NisSz, M0,Ss, and Co3Ss / FeNi-Co3Ss
are the stable corrosion products from the XRD data. However, oxides of W, Cr, Ni and Ni-Cr also did
form either as particulates or under corrosion products.
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Figure 12. XRD results of tested (a) WC, (b) CrC, (c) WC-CrCNi, (d) Flux (e) Amor, and (f) HEA
coatings and (g) substrate in liquid and vapor phase at 250 °C in CO»/H.S corrosion test. The top

diffractogram is from vapor phase corrosion and the bottom from liquid phase corrosion tests.

4.0. Discussion
4.1. Effect of 120 °C water corrosion.

The corrosion mechanism in the high temperature liquid and vapor environments varied depending on the
microstructure, chemistry of the coating and the test condition. Kritzer [29] concluded that high solubility
and dissociation of attacking species enhance ionic processes, which accelerate corrosion. Both the
solubility and dissociation processes are influenced by the density or ionic product (Kw) of high temperature
water. At high densities, water functions as a polar solvent, causing ions to dissociate. However, the
corrosion behaviour of all the coatings tested in the 120 °C water in the autoclave indicated no extensive
surface reaction products after the testing. Therefore, the coatings protected the substrates from corrosion,
acting as a barrier and preventing the substrate dissolution (Fe —Fe?*) from electrolyte ingress. Moreover,
the cathodic reaction in the alkaline solution at 120 °C is predominantly the water reduction (H,O— OH" +
H,) which ionizes more forming hydrogen ions (H*) through dissociation of Hy, potentially lowering the
pH. Here, since the reacting chamber serves as a closed system with no other corrosive species, the decrease
in pH value depends solely on the water reactions. Thus, the predicted pH drops to 7.2 from geochemical
modelling as reported in Table 1.

In addition, dissociation of the tap water may occur (i.e., if possible) in the N pressurized system.
Regardless, the reduction or dissociation of the water-based electrolyte at cathodic sites causes both OH-
and H* ionic species) to dominate the adsorption, yielding little-to-no corrosion of the coatings (i.e., at 120
°C, pH + pOH =7 or [H*][OH] =1.0 x 107 =Ky,). Extrapolating the generic understanding of CR (i.e.,
depth/time or material loss/time) [32], it could be inferred that low CRs within or below the acceptable limit
(0.1 mm/yr) occurred in the 120 °C test environment, since no true penetration (um) of the electrolyte or
dissolution of the coatings are observed in SEM/EDS surface and cross-section results after 336 hrs of the
water exposure (liquid phase test).

4.2. Effect of 250 °C liquid/vapor corrosion with CO; and H2S

Compared to the 120 °C test, an increase in pH was predicted (from 5.7 to 6.8) for the 250 °C tests. HCOs’
and COs? (from Equations 3, 4, and Table 2) in the liquid phase create a buffer resulting in a higher pH,



weakening the effect of the carbonic acid (H.COs). This implies the partial pressure of CO, was greater
than that of H.S since H,S has insignificant effect on the solution pH. Furthermore, H,O makes up more
than 80 vol% of total vapor phases (i.e., with HzS, CO2 and N2 in Table 3), and steam pressure is higher at
250 °C (41.6 atm) than at 120 °C (ca 2 atm.) and therefore some water molecules contribute to the pH shift
in the respective direction. However, due to the endothermic nature of such a self-ionization reaction
(H20— OH" + H), the equilibrium shifts towards the right side with increasing temperature. CRs in water
generally increase with temperature; thus, at the same pressure when liquid temperature increases to 250
°C, the solvency of ionic species increases compared to values above ambient and 120 °C conditions. Tjelta
[33] and Thorhallsson [5] reported that the ionic species are the driving force for corrosion in aqueous/steam
environments but in pressurized simulated geothermal conditions above 300 °C. Therefore, in this work,
the vapor (80% H-0) and liquid (water-based) phase at 250 °C and 50 bar are under subcritical conditions
of polar-like solvent behaviour; thus, the corrosion reactions can be concluded to be electrochemically
driven [29]. Thus, pronounced morphological changes in the coatings tested in the 250 °C environments
compared to the 120 °C (with no gases) are visible in the SEM and EDS analysis. Meanwhile, higher
temperature also decreases the solubility of CO, which escapes above the solution into the vapor phase,
thus oxidizing the nature of the vapor phase environment. Additionally, a large sulphur atom is more easily
polarized than hydrogen or carbon, thus, hydrogen sulphide can interact more strongly with water via a
dipole-induced dipole interaction than H.COs [34]. As a result, the H>S hydration process is faster,
providing an additional cathodic reaction from HS", and S cations (see Equation 2) for the electrochemical
dissolution occurring at the surfaces thus, accelerating the corrosion process.

In the mixed CO/H,S-driven environment with low H.S the formation of the carbonate scale (e.g., FeCQOs)
is affected by the sulphides (e.g., FeS, Equations 6 to 7). In the corroded surfaces of reference substrate
alloy (low alloyed carbon steel) at 250 °C, and according to EDS analysis, sulphur products and carbonates
were deposited in both liquid and vapor phase corrosive environments, respectively. Therefore, the
difference between the corrosion behaviour of the liquid phase and vapor phase conditions can be explained
by the chemistry of passive film that forms on the tested samples. This is confirmed in the tested samples’
surface analysis in Figures 4 and 5. Furthermore, the stated oxygen-based products deposited on the tested
steel per SEM/EDS analysis are consistent with such carbonate reacting species (see Figure 5), confirming
the preferential oxidation in the vapor phase and the formation of FeCO3 from SEM/EDS analysis. Contrary
to the literature, the oxide scales are removed/spalled off from the surfaces more easily than sulphides. This
could explain why contrary to the EDS data, the only corrosion product found in the XRD results was pure
mackinawite (FeS). But mackinawite likely transformed in other surface sites to pyrrhotite (Fe1.xS) of the
analysed steel samples (Figure 12(g)). Systematic studies of passive film formation as a function of Cr
concentration indicate that alloys containing 10% Cr generate non-protective scales primarily composed of
ferric oxide. Above this concentration (minimum growth at 20wt%), the oxide scale is dominated by more
protective Cr-rich oxides [19]. The deficiency of chromium and molybdenum reduces the ability to form a
protective Cr- oxide layer and maintain passive behaviour and instead forms less protective chromium
sulphides.

4.3 Corrosion resistance of the HVOF-deposited coatings

Thermal spray coatings are prone to micro voids and microcracks due to the inter-splat boundaries which
are the region for corrosion to start due to the presence of porosities that progresses next to resulting cracks
that form (schematically depicted in Figures 13(a) to 13(c)). For the coatings tested in the CO./H,S



corrosive environment, the surfaces generally showed negligible corrosion deposited products after the
liquid phase corrosion test. However, opposite effects were found in the vapor phase test of some coatings,
but it should be emphasized that the low density of the ‘wet steam/vapor phase' relative to the liquid phase
most likely influences the reaction rate. Debenedetti [35] demonstrated that the local density of wet steam
decreases at higher temperatures and pressures which can be seen in a drop in polarity and catalytic
properties of the fluid. However, the author also stated, that in the vapor phase, pressure and solubility can
have a significant impact on reaction kinetics substantially influenced by high partial pressure and solubility
of gases, resulting in no restrictions in mass transfer (i.e., high particle mobility and reaction rate) [34].
Although the influence of hardness and percent original porosity in HVOF sprayed coatings on corrosion
cannot be established, it is found that the distribution of phases and chemical elements (causing
oxidation/sulfidation) encouraged localized effects within each coating. A summary of the main findings
evaluated from the corrosion testing is presented in Table 7. In table 7, the internal damages reported were
analysed at the highest magnification in SEM. The oxide products observed in low magnification surface
images of 120 °C liquid corrosion were mainly due to high contamination by Al,Os. At 250 °C, sulphide
products predominated, with vapor phase corrosion of the cermets showing the most surface corrosion
reactions.

4.3.1. WC-CoCr, CrC-NiCr, and WC-CrCNi

In the analyzed liquid and vapor conditions at 250 °C CO2/H.S environments, the majority of surface
products were limited to 4 — 40 um of the coating thickness for all tested samples, although WC-CrCNi at
the corners reached total penetration >100 um, according to the cross-section SEM/EDS data. But it should
be mentioned that the damage in WC-CrCNi was at the original coated area with defects (i.e., edges) and
the negligible effect was found on the underlying substrate. The uniform reaction of the coating surfaces
was evaluated as 10% - 20% less of the total averaged coating thicknesses after testing. CrC had negligible
corrosion, but localized cracking occurred primarily at either the CrsC»/WC interface or the CrsC,/Ni binder
phase explaining the inferior corrosion resistance. CrC and WC coatings had better corrosion resistance
compared to the WC-CrCNi coating after exposure to the CO/HS environment. The coatings' resistance
to cracking and substrate corrosion was seen to increase in the following order: WC-CrCNi, WC, and CrC
after both liquid and vapor phase exposure. Natural cracking of the hard (1000 — 1200 HV) yet brittle
coatings seem to have occurred overtime for the 250 °C tests, and the exposed areas and porosities start
corrosion and then rapidly accelerate due to the localized processes, particularly at inter-splat overlaps and
at peeled edges as described and stated in the result section. This showed that the possibility of corrosion
of the underlying substrate is due to binder separation and/or cracking in the WC/W,C and CrsC; phases.
Both are significant in the high-density liquid phase (i.e., 120 °C and 250 °C). In the vapor phase,
precipitation of CosSs, and WO is visible, which can induce coating disintegration under long-term
exposures. Thakare [36] and Cho [37], discussed the formation of tungsten oxides by selective corrosion of
W or W-C phases in strong alkaline and acidic environment, respectively. The authors stated the 4% added
Cr positively influenced dissolution however, decarburization of WC in oxygen-dominated aerated solution
or the transpassive region caused weak matrix adhesion. This is unfortunate since the W or W-,C phases are
reported to improve the friction and wear properties of these coatings [20]. For the WC-CrCNi coating
localized corrosion of the low alloy steel substrate, was observed in all three test conditions: water, liquid
phase, and vapor phase exposure through the crack-induced effects. Therefore, it can be stated that for the
250 °C with CO,/H,S conditions, corrosion of cermets is dependent on the sulfidation of the metal binder



whereas Cr has a major effect on the binder dissolution process [36], but the WC matrix is also vulnerable
to cracking and oxidation (where CO; acts an oxidizing agent). Moreover, a continuous corrosion protective
layer did not form where Ni and Cr both exist in the coating likely due to the strong affinities in the CO,
and H2S mixed environment. Cho [29] reported similar corrosion damages and coating failure trends for
the similar coatings (i.e., WC-CrCNi, WC-CoCr, CrC-NiCr) tested in 5 wt.% H>SOa4. The XRD results
showed mainly Ni/Cr oxidation and Ni sulfidation forming NiS and Cr-O/NiCr,0s on the surfaces
suppressing the continuous dissolution of other metallic phases. The corrosion mechanism and damage of
the cermets coatings in the CO,/H.S high temperature environment are depicted schematically in Figure
13(a).
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Figure 1313. Schematic description of the proposed corrosion processes resulting in the alteration of the
HVOF sprayed coatings (a) WC-CrNi, (b) Flux, (c) Amor, and (d) HEA during the reaction with mixed
CO:/H:S electrolyte in the 250 °C autoclave corrosion testing.

4.3.2. Ni-based self-fluxing NiCrFeBSi coating

Based on the results from the SEM/EDS and XRD analysis of the Flux coating, the double-layered surface
film that formed in a CO»/H2S high temperature environment is schematically drawn in Figure 13(b). The
Flux coating with 63.4 wt.% Ni and 13.8 wt.% Cr reacts during the exposure to the liquid and vapor phase
with the corrosive species, where the Ni with high-temperature properties transfers to the surface reacting
with H,S and its ionic species. The formation of the NiS surface layer seen from XRD results blocks the
subsequent formation of Ni oxides; thus, the migration length of oxides and hydroxides increases, and
further corrosion proceed through splat boundaries, cracks, point defects and vacancies (see Figure 13(b)).
The inhibition property of the NiS dense film influences the formation of the second corrosion layer. Lower
density sulphides (such as NisS) are likely to have a detrimental effect on the protectiveness, which
drives the inherent corrosion of the inner matrix by the reaction of Fe and Cr to the oxides of
COz/hydroxides of H20 that migrates into the coating. This is supported by the difference in the double



film thickness after the liquid and the vapor phase corrosion at 250°C. As previously stated, continued
corrosion resulted in the accumulation of products, producing a semi-impermeable surface layer that
protects the underlying splats according to microscopic observation, typically in the highly porous cross-
section morphology found in the 120 °C to 250 °C liquid phase corrosion. The stability and protectiveness
of the NiS corrosion scale play a key role in the corrosion resistance of the alloyed coating. However, Paul
and Harvey reported that NiCrBSiFe amorphous material showed negligible Ni scale or corrosion products
at a temperature above 500 °C in molten salt and gas (O, N, H;O, HCI) mixtures indicating a
thermodynamically unfavourable environment for forming a fluxing protective layer [19]. Thus, free
NiZ*metal ions were the main corrosion products from Ni dissolution in the Ni-based coating in their study
which could be inferred for our vapor phase analysis. At temperatures at or near 250 °C, the concentration
of S and HS" in liquid phase corrosion is higher at the coating/solution interface where Ni?*and Ni®** co-
exists forming the dense corrosion product as NiS, NisS;, or possibly NisSs/FeNi.S. according to the XRD
results. The increase in NixSy content is beneficial to the formation of the adherent and connected corrosion
scale, which reduces mass transfer between at coating/solution interface retarding the corrosion mechanism.
A Ni-base alloy with added Cr content was reported to have higher sulfidation protection temperatures
(above 635 °C) than unalloyed Ni by the preferential formation of NiS [38]. On the other hand, Chou et al.
[38] discovered Cr as a beneficial alloying element for passive sulphide layer protection of metals in an
aqueous solution of H2SO4 in an ambient environment. Thus, it is concluded in the present study that the
inner Fe, Cr-based corrosion product generated from CO, oxidation promotes good adhesive capability and
thermodynamic stability of the Ni and S compounds formed in the alkaline environment.

4.3.3. Fe-based amorphous- FeCrMoWMnBCSi coating

The surface analysis of the Amor indicated relatively good corrosion resistance in the 120°C liquid test, but
increased porosity was identified in the cross-section analysis (see Figure 11 (a)) which affected the
corrosion behaviour at the higher temperature test, at 250 °C. Amor exhibited far less surface reactivity to
S than to O, this is particularly accurate for liquid phase corrosion (see Figure 6d). According to the
SEM/EDS data, the oxygen to sulphur (O:S) ratio was 12.1:0.6% for the liquid phase, 6.3:1.1% for the
vapor phase, and 8.3:0.0% for the 120°C water test, respectively. The subsurface porosity was apparent in
the liquid phase test whereas, void enrichment (pores filling) was observed in the cross section in the vapor
phase test (depicted schematically in Figure 11(b)). Zhang [39] reported pitting corrosion of Fe-based
amorphous coatings. It was discovered that atomic diffusion, crystallite precipitation, and Cr depletion
caused by oxidation during the spraying process in areas along unmelted particles at metallurgical bond
interfaces lead to the onset of pitting. The pitting mechanism is consistent with our findings from Figure 7,
which also explains the S and O enrichment around clustered amorphous phases in the vapor phase
corrosion. The results indicate that the corrosion initiated from the pores and Mo-rich intersplats. Selective
oxidation/sulfidation of passive elements and dissolution of the Fe being more anodic were observed in the
Fe-based amorphous matrix. Based on the Kirkendall effect [40], the balance in the selective outward
diffusion/oxidation is the inward flux of vacancies. This is apparent by the FeS, MoO; surface corrosion
product identified in the XRD analysis for the Amor. Furthermore, the original coating is porous and brittle,
thus, after the dissolution of the Fe, the matrix falls out leaving more porosities. Based on the XRD results,
presumably, the products form on the surface from the corrosion reaction according to:

Mo + 2H,0 — MoO; + 2H; and Fe +H,S — FeS + H» 9)



As the reaction progresses, the unsteady corrosion film in the alkaline electrolyte likely dissolved explaining
the increased porosity of the coating in a higher temperature environment (250 °C). Although the study
cannot prove this conclusively, since the growth and/or dissolution of the film is a complex phenomenon,
the hypothesis is supported by the 4um layer observed on the surface after the vapor phase test and local
surface pits from the liquid phase corrosion. Moreover, the high C seen in the EDS analysis can possibly
be explained by a release of C and CO from the coating from CO; gas reactions at sufficient pressures [41].
At the pits, deficiency in Mo/Cr is seen from further oxidation precluding the S corrosion process (depicted
schematically in Figure 13(c)). The corrosion attack in the Amor coating occurs at the surface and internal
pores and progresses through the growth of pits seen in the cross-section images and schematically
illustrated in Figure 13(c). The corrosion path was observed as spalled splats and vertical cracks but
increased CO and CO; concentration significantly increased sensitivity or worsen pitting. The effect of
corrosion on the microstructure and morphology is improved after the vapor phase exposure compared to
the liquid phase corrosion. In the vapor phase, the pores and corrosion pits are filled with corrosion products
possibly from Mo reaction to CO and CO; gases through ingress of the reactive species at defects. Internal
oxidation or sulfidation is observed at splat boundaries, around clusters of amorphous particles (island-like)
and in porosities. Most likely as MoO since it was detected in the XRD analysis, thus the corrosion products
fill the pores reducing the porosity and slowing down material loss in the vapor phase exposure. Bogaerts
[10] compared passivity data for non-Mo and Mo-bearing materials, and stated that it was clear that Mo
had a considerable inhibitory effect for pitting in 200 °C test conditions. In summary, with the similar Amor
composition and exposure duration, the occurrence of subsurface void formation is highly dependent on
the ionic species present in the liquid and vapor phase test. It can be concluded that Amor coatings are
likely to fail due to peeling off the matrix and spalling the layers of the coating.

4.3.4. High entropy alloy- CoCrFeNiMog s coating

The surface reaction of the HEA coating with sulphur species formed Mo.S; and FeNiCo3S4 during both
liquid and vapor phase exposure. No localized corrosion damages could be seen in the morphology of the
HEA or at the coating/substrate interface. From SEM/EDS results, internal oxides of Cr, Fe and Mo were
detected in the HEA coating, displayed schematically in Figure 13(d), however, this is likely to have
occurred during the HVOF deposition [26, 27]. The oxide was identified as MoOs; from the XRD data. The
phases present in the same HEA alloy coating composition have been reported as a mixture of FCC and
BCC structures obtained through rapid cooling [27]. The authors showed residual BCC was linked to the
Mo o/p phases component. The p phases, with BCC forming binary — FeMo, CoMo, have been reported to
form for similar HEA composition, which also improved wear resistance of the coatings and the ¢ phase
associated with FeCr and CoCr alloys [21]. The heterogeneous structure possibly explains the internal Mo
nano-phase oxidation and surface sulfidation of the FCC (FeNiCo) matrix seen from SEM/EDS analysis
identified in the XRD results. However, according to the results of the current study, the HEA was not
susceptible to localized corrosion in the simulated geothermal drilling and H,S and CO; -containing
environment at different temperatures and phase conditions. A study of laser-clad-CoCrFeNiMoo gs coatings
exposed to an on-site H,S/CO, - chloride-containing geothermal fluid showed acceptable corrosion
performance however, the research highlighted that wide manufacturing cracks enhance fluid-induced
erosion effect in the vicinity of the cracks [16]. Another test has previously concluded that the CoCrFeNi-
Moy coating showed localized corrosion damage in an aqueous acidic environment [26], and yet had great
resistance in superheated CO./HS fluid [25]. The author [26] explained the inhomogeneous nature of the
coating, with splats of phase composition likely to cause preferential dissolution of more anodic Fe-rich



regions during exposure, degrading the coating structure and forming preferred routes for ingress of
corrosive medium. However, a different study reported that the CR of a CoCrFeNiMo HEA bulk material
measured from the electrochemical parameters obtained in the corrosion test in the NaCl at room
temperature was exceptionally low (0.0072 mm/year) attributed to the passivation of the alloy [14]. In the
120°C water-based corrosion test, a surface MoOs layer was observed at the corners and edges which was
not uniform and seemed to crack but despite that, overall, the coating showed good corrosion resistance
with minimal ingress of corrosion species. A similar flaky product was observed with negligible corrosion
reported for HEA samples with different Mo ratios (10 - 30 at%) after a corrosion test in a simulated
superheated geothermal environment [23]. Although a passive film was not reported as the corrosion
protection mechanism in this study, the possible formation of this layer in a more aggressive environment
is possible, since clearly a Mo-O rich film was seen at the coating edge in the liquid phase corrosion. These
results encourage testing in various corrosive phase media of different simulated or in-situ geothermal
environments. The corrosion behaviour in both the liquid and vapor phase test from this work indicates
good corrosion resistance of the HVOF-HEA in the simulated near neutral to alkaline geothermal
environment from 120 °C and 250 °C test and thus is encouraging for industrial exploitation in the CO2/H,S-
containing geothermal environment commonly encountered in geothermal fields.

Table 7: Summary of the corrosion effects of the tested coatings and the main corrosion products detected.

Corrosion product (surface) 120 °C drilling Degradation
application 250 °C COz / HzS application
Material 120 °C 250 °C CO2/H=S
Internal and/or other
Water Liquid Vapor water Liquid Vapor damages
10 %O, Co- .
WC-CoCr  127%0, 4.6 %0, S WO , Not cracking, few pores,
(WC) Al CrS 4 Good Fair recommended oxidation, crevice
, (locally) corrosion
CrCeNiCr 17\5 /gi?, 59 %0, Il\TOijS/OA?I, Good Fair Fair zzacrlglr;gt;(ilhisrivice
(&) T Ni, Cr, S Y gregation,
Al corrosion
_CrC-Nji 16.3 %0, king, . i
WC-CrC-Ni 8.3%0, 6.5 %0, 6 3 %0, Not Not Not crac 1r'1g pores, crevice
(WC- K Ni, Cr, S, corrosion, substrate
X Ni, Al C Cr,S recommended recommended recommended .
CrCNi) Al corrosion
1.2%0, 0.9%0, Al,
40um Ni- 20um Ni-S few pores, Ni depletion,
NiCrFeBSi 7.4%0, Sand Cr, (uniform) Cood Not Fair Cr oxidation, double
(Flux*) Al, Si Fe-O and Cr, Fe - recommended layer scale, crevice
uniform O layer corrosion
layer
pitting, selective Fe
ij:é?;w 98%0,  121%0,  6.3%0, Fe, Good Not Fair dissolution, Splat-Mo, Cr
Mo, Al Fe, S, Mo, S, Mo, Al, recommended depletion, Mo-pore
(Amor) .
enrichment
I\C/IoCrFeNl— 14.8%0, 8.8 %0, 9.2%0, Mo, ood oo ood SIO cracks or V.151ble
0085 Mo, Al Mo, S, Al 00 00 00 amages, crevice

(HEA)

corrosion




5.0 Conclusion

The corrosion behaviour of six wear resistant coatings in high density liquid phase and vapor/steam phase
conditions were successfully investigated in an HTHP autoclave. Corrosion damages and microstructural
changes due to corrosion were assessed with SEM/EDS and XRD analysis. In summary, all the tested
coatings performed better compared to the tested reference materials in the lower temperature (120°C) test
with no corrosive gases. In the more challenging environment (i.e., 250°C CO»/H,S) the corrosion
resistance of the coatings was dependent on their composition, microstructure, and interfacial defects. Their
performances are summarized as follows:

e The cermets corroded mainly by binder dissolution and cracking. This was evident in the WC-
based coatings where extensive damage by the dissolution of the binder via the inherent porosities
and microcracks in the interior of the coating was discovered. These damages became highly
profound in WC-CrCNi compared to WC-CoCr (WC) since they form primarily at the CrsC2/WC
interface, CrsC,/Ni binder phase, or by decarburization of W/W,C phases and subsequent oxidation
of W explaining the inferior corrosion resistance. For the WC-CoCr coating, Co sulfurizes while
W oxidizes in the steam phase at 250 °C with CO./H,S. The CrsC2-NiCr (CrC) showed good
general corrosion resistance but was prone to microcracking and internal segregation between the
hard CrsC; phase and metallic binder.

¢ In the Flux -NiCrBSiFe, a double corrosion layer retarded the corrosion mechanism, which likely
acts as a barrier by retarding the corrosion reactions. Subsurface damage was found in coating
layers of the Amor -FeCrMoWMnBCSi through dissolution and oxidation of metallic constituents.
It was not prone to pitting or any form of local damage when exposed to the liquid phase
environment. It is not possible to conclude overall with a tentative performance ranking in the
CO2/H,S environment, however systematic evaluation of the coatings shows that the integrity of
all the coatings except CoCrFeNiMoo.es (HEA) was compromised at the elevated temperatures. The
HEA shows the best performance in the test conditions in terms of corrosion resistance.
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Polymer coating modified with graphene oxide (GO) and duplex electroless Nickel-Phosphorus (Ni-P) with
polytetrafluoroethylene (PTFE) coating were investigated for their corrosion behavior in simulated high-
temperature geothermal environments with/without HyS and CO, gases for geothermal applications. The
polymer coating with added GO nanosheets demonstrated low wetting ability and suppressed corrosion effects of
the substrate at 120 °C. The Ni-P/PTFE duplex coating with the lowest P content was suitable in an Hy0 liquid

environment at 120 °C while high P was more promising in the two-phase CO2/H2S environment. Nevertheless,
all the coatings were unprotective and allowed substrate corrosion at 250 °C in the HpS/CO2 environment.

1. Introduction

Exploiting geothermal fields and abandoned gas wells are becoming
more necessary due to the increased demand for sustainable energy.
Friction, abrasion, and corrosion of metal components are issues that
affect production and drilling in geothermal formations. Wear resistant
materials are desirable during geothermal well drilling because the
bottom hole assembly (drill pipes, drill collars, stabilizers, hammer/drill
bits) is constantly exposed to and in contact with hard rocks and cuttings
transported to the surface. The geothermal well environment commonly
has a neutral to alkaline pH (pH 7-10) geothermal fluid but with cor-
rosive HyS, and/or CO2 gases [1,2]. Therefore, surface changes from
wear and tear, even in highly alloyed materials are likely to cause pre-
mature failure owing to accelerated and localized effects of corrosion,
erosion, and fouling in the high temperature gaseous environment
[1-4]. According to a retrospective study, electroless Ni-P and air/airless
sprayed high-performance polymer materials have been employed in the
oil and gas industries due to their excellent friction, abrasion, corrosion,
and non-wetting properties [5]. Aside from enabling long-term exposure
due to higher corrosion resistance, the benefit of such deposition pro-
cesses in real-world applications is the uniformity and micrometer de-
posit tolerances for intricate geometries obtained with these techniques
[5,6].

Zeng [4] reported the presence of acid fluid in high temperature

* Corresponding author.

water-drawn wells resulting in CO2/HjS corrosion of steel tubing in an
oilfield. The authors stated that pitting and corrosion cracking on the
failed tubing occurred at 5086 m owing to high-density fluid or
gas-bearing fluid in the bottom. In a liquid-dominated high temperature
geothermal well, containing HCl, CO2, and HjS, rapid corrosion and
hydrogen embrittlement of a downhole steel casing liner occurred at
1600 m during discharge which demonstrates the corrosive conditions
that can be met during well drilling and production [7]. Furthermore,
due to the presence of abrasive solid particles/scales and highly corro-
sive gases in most geothermal fluids, corrosion and erosion resistance
are required for both downhole and midstream equipment [8,9]. Thus,
wear and corrosion resistant coatings on surfaces of inexpensive steel
have the potential of achieving a compromise between corrosion pre-
vention and high associated material costs for applications in
geothermal well drilling, completion, production, distribution, and
powerplant equipment.

Sugama et al. reported fair corrosion performance of high-
performance Polyphenylene sulfide (PPS) as a heat exchanger (HX)
liner material and on a wellhead component [10-12] exposed to
geothermal hot brine at 200 °C and 250 °C [12]. This is because organic
coatings are more or less permeable to corrosive agents. When interca-
lated within MMT (montmorillonite) nanocomposites it led to exfolia-
tion, however, PPS/14 wt% MMT coating applied on primed carbon
steel and tested at 300 °C in simulated brine showed maximum

E-mail addresses: gob13@hi.is (G. Oppong Boakye), erlend@hi.is (E.O. Straume), dankov@hi.is (D. Kovalov), snk@hi.is (S.N. Karlsdottir).

https://doi.org/10.1016/j.corsci.2022.110809

Received 20 August 2022; Received in revised form 17 October 2022; Accepted 1 November 2022

Available online 4 November 2022

0010-938X/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:gob13@hi.is
mailto:erlend@hi.is
mailto:dankov@hi.is
mailto:snk@hi.is
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2022.110809
https://doi.org/10.1016/j.corsci.2022.110809
https://doi.org/10.1016/j.corsci.2022.110809
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2022.110809&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Oppong Boakye et al.

protection of the substrate and no change in coating morphology [13].
Polytetrafluoroethylene (PTFE) has high self-lubricity and is widely used
as a lubricant additive in organic coatings [14]. In the HX unit, PTFE
added to PPS coating reduced the hydrothermal oxidation reducing
scaling with an 80% cost benefit over titanium and steel tubes [10,15].
Furthermore, Nemati et al. [16] discovered the synergistic impacts of
graphene nanoplatelets and polytetrafluoroethylene can significantly
increase the tribological properties of composite coatings. Graphene
oxide (GO), a carbon allotrope, has sparked widespread interest because
of its outstanding properties, which include a large specific surface area,
exceptional mechanical strength, low chemical reactivity, and high
thermal conductivity [17]. Attempts have been carried out to improve
the corrosion protection properties using graphene or GO nanosheets.
Although graphene films were effective at blocking corrosive particles
and were not easily damaged by corrosive media, the metal corroded
significantly around wrinkles, cracks, and flaws in the graphene films
[17,18].

Meanwhile, the microstructure, mechanical, and corrosion proper-
ties of monolayered versus multilayered electroless Ni/low P coatings
revealed well-defined interfaces in the multilayered coating, which
improved corrosion resistance in NaCl-containing solution by prevent-
ing crack propagation and corrosion advancement [19,20]. The P con-
tent (i.e., either low or high P) in the electroless Ni plating (ENP)
process, eliminating the possibility of combining different P content in
the same structure, and the inclusion of nanofillers influenced the
properties of the Ni-P layers [19]. Another study by Li et al. demon-
strated the time-dependent corrosion behavior of Ni-P coatings in
saturated HyS/Cl™ reporting that Ni-P corroded relatively mildly but
under long exposure, the corrosive medium penetrated the coat-
ing/substrate interface from inherent defects. Despite the progress in
this field, little attention has been paid to the synergistic effects of
Cl'/CO2/H5S and hot environments that can be encountered in the
geothermal well environment. After 18 months of immersion in
CO2-HyS, a case study of a slotted liner coated with Ni-P revealed uni-
form corrosion of the coating but near-substrate local damage from
sulfide ions at the coating/substrate [21]. Furthermore, Sun [21] and
Sui [22] demonstrated that corrosive ions reached the substrate during
Ni-P corrosion in CI'/CO3/H»S environment. Other works that have been
done include electrodeposition of Ni-P and PTFE nanocomposite coat-
ings [23] which report good corrosion and wear resistance [24,25].
These newly developed Ni-P/PTFE coatings were reported to have better
corrosion properties than Ni-P in 3.5 wt% NaCl [24]. In these studies,
the performance was associated with crystalline or amorphous nature
and hard NisP phase precipitation in the matrix was established with
annealing. The potential drawback of utilizing Ni-P coatings in
geothermal conditions is the possibility of localized corrosion effects at
the coating/substrate interface. Therefore, it is expected that adding
PTFE to Ni-P layers in high P multilayered coating, after annealing
should improve both wear resistance and corrosion in Cl'/CO2/H3S
environment. Furthermore, considering the damages demonstrated by
Sun et al. [21], attempting to develop and tailor the properties of the
coatings can provide anti-corrosion solutions for Ni-P coating. Due to the
synergy between geothermal and oil and gas (O&G) well drilling and
construction, coatings developed for geothermal applications could also
potentially be used for wider applications.

This study expands on previous work on wear-resistant PPS/PTFE-
GO [26] and duplex NiP/PTFE [27] coatings from dry sliding contact as
tribological studies for geothermal conditions are rarely published. This
involves modifying the coatings to develop a top surface functional layer
to improve wetting, corrosion, and wear resistance. For the ENP process,
additionally, a high P undercoat is deposited forming a duplex to
improve adhesion. The coatings that exhibited good friction and wear
resistance were selected for testing the corrosion resistance at elevated
temperature in an autoclave corrosion test for investigating the potential
application in geothermal environments. The autoclave setup in this
work replicates two different geothermal application environments: a)
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geothermal drilling conditions by simulating water-based drilling fluid
at 120 °C and b) two-phase geothermal fluid with CO3/H,S gases at
250 °C. The study provides useful insight to determine the coatings’
suitability for applications on components for geothermal energy pro-
duction that need to have a good surface finish, complex geometry, and
tight tolerance.

2. Experimental procedures
2.1. Fluid composition and test conditions

Drilling fluids or muds perform a variety of functions, including
cooling/lubricating the bit and, perhaps most importantly, maintaining
wellbore stability. In Iceland, the drilling fluid is usually tap water due
to its high pH which satisfies the requirement of the use of alkaline fluids
that prevents corrosion while drilling [28]. The water has a pH of 9 at
room temperature because it flows through basaltic rocks, which are
rather basic with contents of SiO3, MgO, and CaO [29]. The corrosion
experiments were conducted under two different simulated environ-
ments at (i) 120 °C in tap water and (ii) 250 °C with corrosive gases, as
shown in Table 1.

The liquid and vapor phase compositions at experimental pressure
and temperature for condition 250 °C with corrosive gases were calcu-
lated in Phreeqc using the Peng-Robinson chemical model and are
shown in Table 2. Table 1 shows the results of an extra set of modeling to
identify the changes in pH with temperature over each test duration.

2.2. Experimental setup for autoclave—corrosion testing

The test coupon’s shape was designed to be mounted onto the sample
holder with 6 mm diameter PTFE insulators to avoid galvanic effects in
corrosion testing. The test samples were installed between the vertical
sample holder supports illustrated in Fig. 1(a) and the custom-made
sample holder was also installed in the lid. The autoclave was filled
with electrolytes and purged with Ny, HyS, and CO5 through the gas inlet
lines from the bottom (Fig. 1b) to maintain the temperature and gas
conditions. The gas components are fed through the gas filling panel,
with Brooks mass flow controls controlling the filling rate. A detailed
analysis of the autoclave setup and procedure has been previously re-
ported [31]. The top row (A) of the sample holder was anticipated to be
in the vapor phase during the autoclave test, above the waterline, and
the bottom row (C) was in the liquid phase and completely submerged in
water. In the simulated liquid and vapor phase test conditions, a pre-
liminary 7-day HTHP corrosion test was successfully carried out at

Table 1
Physiochemical parameters and solution chemistry for autoclave corrosion
experiments.

Test parameters  Drilling condition in HT Gas conditions in two-phase
well geothermal fluid at HT

(14 days test) (7 days test)

tap water DI water with 10 mmol NaOH and
5 mmol NaCl

Pressure 50 barg 50 barg
Temp 25°C 120°C 25°C 250 °C
Gas PP* (atm) PP (atm) PP* (atm) PP (atm)
Co, - - 45 3.8
H.S - - 1 0.2
H,0 - - - 41.6
No ca. 35 ca. 50 5 7
Solution 2kg 2 kg 1.5kg 1.5kg
CO, - - 2199 ppm 1698 ppm
H,S - - 417 ppm 514 ppm
pH 8.9 7.2% 5.7 6.8 *

*- Partial pressure of gas component before it reacted with the solution and
predicted pH values.
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Table 2
Chemical components dissolved in the water-based and vapor phase at 250 °C
and 50 bar.

H,0 CO, H.S N, HS Na® CI  HCO*
liquid phase - 1981 472 292 929 350 181 393
(mg/kg)
vapor phase  79.8 8.5 0.3 11.4 - - - -
(mol%)

250 °C and 50 bar to establish positions A, B, and C (in Fig. 1a) for each
sample. Four parallel samples and two sets of test procedures were
created to simulate geothermal drilling and aggressive conditions. The
coatings were exposed for 14 days at 120 °C in tap water pressured to 50
bar with Ny, simulating standard geothermal well drilling conditions.
The second experiment subjected coatings to HTHP corrosion testing for
7 days in a simulated geothermal fluid at 250 °C in liquid/vapor phase
conditions compressed to 50 bar with corrosive gases Ny and CO2/HjS.
After each experiment, the autoclave is depressurized, and residual H,S
gas is trapped in zinc acetate and NaOH solution to form solid ZnS
(Fig. 1¢).

2.3. Materials

The design of the experiment involved an autoclave corrosion test for
the developed coatings with the best performance from a sliding wear
test performed to select the most wear resistant coatings (Table 3). The
coatings received were deposited on a through-hardened, 34CrMoNi6
(817M40) low alloy steel. Two coating systems were chosen; air sprayed
PPS/PTFE polymer modified Graphene Oxide (GO) coating (PPS-PTFE/
GO), and two types of Electroless Nickel-Phosphorus plated PTFE added
duplex coatings (ENP/PTFE).

The modified polymer coating is composed of 0.5 wt% GO added to
the PPS-PTFE blend. The ENP/PTFE duplex is comprised of a top func-
tional layer (Ni-P/PTFE) plated on a Ni-P adhesion underlayer. The
functional top layer is composed of a homogeneous distribution of PTFE
in (i) Ni -low P matrix (hp/LPptfe duplex) and (ii) Ni ~high P matrix
(hp/HPptfe duplex), where the adhesion underlayer is referred to as hp.
The chemistry of the bath was designed to improve both corrosion and
wear resistance. The preparation chemistry and chemical composition of
the four materials selected for the corrosion tests in this study is

To
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Reaction
_chamber, To Vent
:
o
| g
sl =
o i i °
© ' ° Reaction -
: | [ ; chamber_|
N
L = N\Sample
holder
o

\Stirrer® |

(a) (b)

direction

Corrosion Science 209 (2022) 110809

presented in Tables 3 and 4. The ENP/PTFE duplex coatings were further
heat-treated at 300 °C for 2 h since such post-treatment was reported to
increase lubricity and sliding wear resistance of the coatings [27].

2.4. Characterization of coatings

Different characterization methods were employed in determining
the structural, physical, and chemical features of the coatings. X-ray
diffraction (XRD) was carried out in an X-Pert Pro Empyrean from
PANalytical® with CuKa radiation (A = 1.5406 A). The data was
collected after sample alignment at 45 kV, 40 mA in the 20 range of
10-90 degrees depending on the coating type and analyzed with High-
Score software. Raman spectroscopy, which is very sensitive to

Table 3
A nomenclature from the preparation chemistry of the composite coatings tested
in the autoclave.

Coating Undercoat Topcoat Test ID

polymer N/A PPS-PTFE blend PPS-PTFE
N/A PPS-PTFE blend / 0.5 g/L GO PPS-PTFE/GO

ENP/PTFE 10-13 wt% P 3-5wt% P/ 10 g/L PTFE hp/LPptfe
10-13wit% P 10-13 wt% P / 10 g/L PTFE  hp/HPptfe

*The hp (high P) represents the Ni-P undercoat. LP (low P) and HP (high P)
represent Ni-P in the topcoat.

Table 4
Chemical composition of the surfaces of the different composite coatings tested
in the autoclave.

Material Test ID Nominal composition (wt%)
F C Si S P Ni o
unmodified/ PPS- 11.1 57.0 5.3 17.2 - - 9.4
modified PTFE
polymer PPS- 12.4 57.4 2.9 20.3 - - 6.2
PTFE/
GO
ENP/PTFE hp/ 3.4 7.6 - - 2.9 86.1 -
LPptfe
hp/ 6.9 10.5 - - 10.3 72.4 -
HPptfe

;
=

Insdlation

(c)

Fig. 1. The experimental design for the HTHP corrosion testing. (a) cross-section of the reaction chamber showing the sample holder with sample positions for A -
vapor phase, B - interface, and C - liquid phase (a) flow diagram and (c) the autoclave reactor and H,S and CO, gas system.
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symmetric covalent bonds with little or no natural dipole moment,
proved a good fit for the structural investigation of GO. A 785 nm line of
Ar-ion laser with 5 mW of power and a spot size around 1 um at the focal
point was used to record 5 spectra accumulations on a Horiba Scienti-
fic® LabRAM HR Evolution - Raman Spectrometer. Microstructural
analysis was conducted with field emission scanning electron micro-
scopy (FE-SEM, Zeiss Supra 25®). The SEM equipment was also used to
investigate the thickness of the coatings. Using a Taylor Hobson Ametek
stylus profilometer, 10 measurements were taken to determine average
surface roughness parameters (Ra). The static contact angles were
measured in the DataPhysiscs OCA instrument with a 2 pL drop of water
at 20 different locations to evaluate the water contact angle (WCA) of
the coatings with PTFE. The microhardness of the coatings was deter-
mined using the Vickers method for the polymer coatings and the Knoop
method considering the small thickness of the coatings. Indentation test
forces of approximately 50 gf were performed in the cross-section of the
coatings recording the hardness values. The friction and wear resistance
of the developed coatings were assessed using the parameters from
Table 5. All coating properties are reported in average values with
standard deviations. The SEM was equipped with an energy dispersive
X-ray spectrometer (EDS) used for the elemental and compositional
analysis of the coatings.

3. Results
3.1. Microstructural characterization and wear properties

Fig. 2(a)-(c) show SEM micrographs of the microstructures of the
GO, unmodified polymer, and GO modified polymer coatings. The
coating was sprayed on ST37 carbon steel, which is a material
commonly used in the construction of geothermal systems. This is why
carbon steel was chosen as the substrate, as well as for easy corrosion
assessment of the nonconductive PPS-PTFE coating from solution
permeability as demonstrated in earlier corrosion studies [26], i.e. the
possible localized corrosion damage to the substrate. Similar
morphology was seen in the unmodified and modified polymer coatings
but with the addition of 0.5 wt% GO, the surfaces appeared more
compact. The structures were engulfed in a porous-S rich matrix
(inherent to the PPS) with small particles rich in silicon (Si) and oxygen
(0) in both coatings as shown in Fig. 2(b)-(d). The flake-like and
sheet-like structures were found in the micrographs which are attributed
to the semi-crystalline PTFE and GO respectively. Fluorine (F) and O
were used as identifiers to estimate the presence and composition of the
PTFE (CF4) and GO nanoparticles. In the higher magnification images,
the GO was identified as thin sheets bridging and wrapped around
structures (Fig. 2(c), (d)) in the polymer matrix due to their high surface
area to volume ratio.

Fig. 3(a)-(c) show the surface morphology and the microstructure of
the as-received ENP/PTFE duplex coatings. The coatings were observed
with globular particles which are similar to the conventional
morphology reported for ENP coatings. Compared to the as-plated state
of the coatings, the globules diminished in size and had a finer structure
after heat treatment shown in Fig. 3(a) and (c). Nanopores (smaller than
100 um) were observed on the surfaces of the hp/LPptfe (Fig. 3(c)). The
pores were introduced during PTFE incorporation and the hydrogen gas
evolution and escape during the plating processes. However, the cross-
section appeared dense with no obvious porosity. An indication of a
good mechanical bond was also observed between the hp undercoat/
substrate and the hp undercoat/HPptfe enhanced top layer. There are no

Table 5
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obvious cracks and pores in the Ni-P adhesion interface. The thickness of
the duplexes was approximately 11 + 0.75 and 20 + 0.89 um (Table 6).
The undercoat (Ni-P adhesion layer (hp)) had an average thickness of
5-7 um. From the EDS chemical compositional analysis, it can be seen
that the coatings are predominantly Ni and in the coatings with the
composition of high phosphorus as both undercoat (hp) and topcoat
(HP), high weight fractions of phosphorus are observed in Table 3.
However, the PTFE concentration decreases as indicated with the wt%
of Fin Table 3. The PTFE particles appear as dark spots in the top layer of
the cross-sectional SEM image seen in Fig. 3(b) and from the EDS line
graph in Fig. 3(d). The EDS line graph of hp/LPptfe in Fig. 3(d),
distinctively shows the change in chemical composition from the top
functional layer and the hp undercoat to the steel substrate.

The PTFE particle was confirmed in XRD patterns given in Fig. 4(a)-
(c). To understand the physical and chemical interaction occurring in
the coating layers, an XRD analysis was performed to identify micro-
structural changes. The results from the XRD patterns of ENP coatings
were consistent with the SEM and EDS analyses, where the peaks rep-
resented the same elements as detected. The XRD patterns of the PPS-
PTFE/GO and ENP/PTFE duplexes are reported compared to the as-
plated conditions of the coatings. As can be observed in the XRD pat-
terns, the results are consistent with the EDS analysis of the composite
coatings. The diffraction peak of PTFE was diffracted at 18° in all cases.
The highest intensity peaks in the duplex coatings were consistent with
Ni (111) FCC phase at 44.5°, while the lowest peaks were consistent with
BCC Ni. According to the XRD examination, as-plated hp/LPptfe was
crystalline, but as-plated hp/HPptfe was amorphous (Fig. 4(a), (b)).
Additional NisP phases were found in hp/HPptfe and showed nano-
crystalline to some extent after subsequent heat treatment of both
duplex coatings for 2 h at 300 °C. The high hardness of this coating is
attributed to the amorphous Ni-P matrix and crystalline NisP phase that
developed from the annealing of the high P content coating [16]. In
summary, the microstructure of the hp/LPptfe is crystalline, whereas
that of the hp/HPptfe and PPS-PTFE/GO tend to have a mixed
crystalline-amorphous structure. The PPS peak at 20 = 20.6° (Fig. 4c) is
dominant in the PPS-PTFE polymer coating. The PPS and PTFE peaks
appeared broader but transitioned to a more crystalline state with the
addition of GO nanosheets. In the XRD pattern, a distinct diffraction
peaks of GO nanofiller were not seen, although expected at 26 = 10.5° as
reported in the literature. This may be due to the low detection limit for
the small concentration of the added GO. However, the peaks interca-
lated between 26 = 10-20° of the PPS-PTFE/GO composite demonstrate
the contribution of GO to structural alteration which influences the
coating properties. From XRD results, the presence of SiO, particles was
observed in both modified and unmodified investigated polymer coat-
ings. Raman spectroscopy was used to further analyze the polymer
coatings to ascertain the presence of the GO nanosheets due to the
sensitivity of this technique to carbon-based materials. The coatings
showed two quintessential peaks: D (disordered) and G (graphite) in the
region of 1310 cm™! and 1582 cm™! respectively (Fig. 4(d)). Schwan
etal. [30] assert that the G peak is not always composed of graphite, but
also comprises sp2 C=C stretch vibrations (in PTFE), which is also true
for all aromatic rings (in the PPS) that exhibit a peak at 1588 cm~ L. This
could explain the position of the G peak in the neat PPS-PTFE (Fig. 4d)
and the crystalline peak found around 26° (Fig. 4c) corresponding to
structures aligned in the (002) or (004) planes. The main D peak of sp3—
carbon bonding in graphene oxide at 1310 cm ™! matched the spectra for
PPS-PTFE/GO which showed higher intensity (Ip/Ig) confirming the
structural defect associated with changing graphite to graphene oxide.

Parameters used in wear testing of the PPS-PTFE/GO and ENP/PTFE-deposited coatings.

Temperature Sliding time Counter Load Radius Sliding speed Sliding distance Number of cycles
[°C] [min] Ball [N] [mm] [cm/s] [m] [-]
22.5 60 100Cr6 10 7 10.47 377 8572
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Fig. 2. SEM micrographs of (a) Graphene oxide (GO) (b) PPS-PTFE (c, d) PPS-PTFE/GO - before corrosion testing.

Moreover, the relative intensity for D and G bands was indistinct indi-
cating covalent bonding between GO nanosheets and the PPS-PTFE
without significant destruction of the carbon lattice even after oxida-
tion by the hummer’s method [31]. The neat PPS-PTFE material showed
other bands having a broader distribution of vibrational energy. This is
not due to the PPS crystal lamellae but most likely because of the
presence of the amorphous phase. Also, the bands disappeared with
added GO content compared to the polymer spectra.

Table 6 reports the results from the surface characterization and
coating properties of both the air sprayed and electroless plated coat-
ings. The added functional nanoparticles (PTFE, GO) increased the WCA
(Water Contact Angle) of the steel substrate (80° + 0.2) creating a hy-
drophobic surface. The PPS-PTFE/GO had the lowest hardness value
compared to the ENP/PTFE duplex coatings since the coating is over
99 wt% soft polymers. In the ENP/PTFE duplexes, an increase in wt% P
increased the amorphous phase content in hp/HPptfe and crystalline
NisP phase resulting in higher hardness and WCA values. The roughness
was generally low 0.2-2 um. For the PPS-PTFE/GO the Ra was slightly
higher with the addition of GO nanoparticles since the coating became
grainy. Additionally, higher angles were found for the as-plated coat-
ings; the average WCA value and the corresponding standard deviation
for hp/LPptfe and hp/HPptfe are 116.4° + 2.9 and 108.1° + 1.4. This
indicates that the heat treatment tends to decrease the non-wetting

properties of the coatings when in contact with water. It can be
concluded the results show the coatings demonstrate high hydrophobic
properties with WCA above 90°. Thus, the microstructure and the
morphology give hydrophobic behavior. The highest hardness was
measured for the higher P-containing duplex (i.e., hp/HPptfe) which is
consistent with our previous findings [16]. It was asserted that the in-
ternal structure was responsible for the hardness; the amorphous nature
of the material exhibits atoms in a short-range ordered lattice, making
bond dislocation during indentation difficult. In this case, after heat
treatment, the NigP crystalline phases additionally disable movement in
neighboring atoms preventing the complete breaking of the bond
structure.

The CoF (Coefficient of Friction) results correlated with the wear
resistance, where the lowest values were measured for the coatings with
graphene oxide (PPS-PTFE/GO) showing an 81% reduction compared to
the substrate. In the duplex, ENP/PTFE, the low friction coefficient
values were consistent with the wear rates after testing. Therefore, the
application of the coatings to the steel substrate and further modifica-
tion with nanoparticles and/or heat treatment improved the dry sliding
properties of the coating. The abrasive wear mechanism was identified
by grooving and cutting, and the prioritized coatings performed better
than the low alloy steel substrate (i.e., wear rate ~3.8 x 107°) indicated
in Table 6, a 74%, 91%, and 97% improvement in wear resistance after
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Fig. 3. SEM surface and cross-section micrographs of heat treated (a, b) hp/HPptfe, (c, d) hp/LPptfe — before corrosion testing.

Table 6

Average values of the coating properties of the different coatings tested in the autoclave.
Coatings Thickness Roughness WCA Hardness CoF Wear rate

(um) (um) ©) HK/HV* ©) (mm®/Nm)

PPS-PTFE 20.1 +4.7 1.6 £0.1 123+ 1.8 159+ 1.5 0.18 £+ 0.04 1.4 x 1074
PPS-PTFE/GO 46.5 +9.4 2.0 +0.02 122 +£0.8 1414+ 0.9 0.15 £+ 0.02 9.8 x107°
hp/LPptfe 20.0 £0.9 0.5+0.13 100 +9.1 393.8 +70.4 0.24 + 0.05 1.2x107°
hp/HPptfe 10.9+0.8 0.2 +0.03 103.4 £3.8 474.1 +87.8 0.66 = 0.03 33x10°

* Hardness reported as HKg o5 scale in the ENPs and HV o; scale in the polymer coatings.

the plating process. The best performance was seen in heat-treated hp/
HPptfe, hp/LPPptfe, and PPS-PTFE/GO reported in Table 6. After heat
treatment of the hp/HPptfe, the resulting worn surface sliding against
the 100Cr6 steel was drastically reduced which is attributed to the
increased hardness of these coatings explained by the appearance of the
hard NisP phases and the improved adhesion of the films.

3.2. Corrosion test results in simulated drilling condition at 120 °C

Microstructural and chemical compositional analyses were per-
formed using SEM/EDS equipment after 14 days of corrosion testing.
Like the surface, cross-sectional SEM images of the PPS-PTFE/GO, tested
in the aqueous environment at 120 °C, showed negligible corrosion as
seen in Fig. 5(a), (b). In the PPS-PTFE/GO, no localized corrosion
damages were observed at the coating/substrate interface as seen in
Fig. 5(b). But small pores were detected on the surface, rich in Al and O

(Fig. 5(b) - area spectrum 3), likely a residue from the Al;O3 particles
used in the surface preparation of the carbon steel substrate before the
coating spray process. This indicates good protection for the substrate
with these coatings tested in a 120 °C alkaline environment since a good
adhesion of the coatings to the substrate was still observed after the test.
On the contrary, the coating with no added GO (unmodified PPS-PTFE)
observed a considerable amount of deposits rich in Ni, Fe, and O on the
coatings surface identified in the EDS analysis as seen in area spectrum 1
in Fig. 5(c) after the 120 °C water test. The Ni-based rich product can
possibly be explained by the reaction of the coating layers to traces of Ni
available from the Hastelloy autoclave chamber (Fig. 5¢). Fe-S deposit
on the coating was from the reaction of the substrate through perme-
ation of electrolyte through interconnected pores in the coatings. This is
visible in the cross-section image in Fig. 5(d), where substrate oxidation
of the steel (area spectrum 3) occurred, showing a remnant (~30 um) of
the chemically inert PPS-PTFE coating layer. At the interface, Fe-O-rich
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Fig. 4. XRD patterns of (a) hp/LPptfe, (b) hp/HPptfe (c) PPS-PTFE/GO, and (d) Raman analysis of PPS-PTFE and PPS-PTFE/GO.

products filled cavities in the substrate, likewise in the inner portions of
the coating.

Negligible corrosion products were observed in all the tested coat-
ings in the 120 °C tap water with no corrosive gases, but the ENP/PTFE
coatings were prone to general corrosion. The surfaces of the duplexes
were both uniformly covered with a glossy dark deposit and corrosion
spots were identified by visual assessment. Porosities were identified in
both the surface and cross-section SEM images, mainly in the top func-
tional layer (see Fig. 6(a)-(d)). A thin Ni-O rich surface layer was present
on both hp/LPptfe and hp/HPptfe coatings (Fig. 6(a), (c)) with damage
under the corrosion film of hp/HPptfe (Fig. 6(b), (d)). This was attrib-
uted to the uniform dissolution of Ni in the functional topcoat. The PTFE
seems to influence corrosion by blocking porosities from the
morphology of the thin sheets in the topcoat (point A in Fig. 6b). When
compared to hp/LPptfe, the Ni-O surface corrosion layer in hp/HPptfe
(Fig. 6(c) in point B) had a 61%increase in O. Furthermore, in the cross-
section of hp/HPptfe, there is clear delamination within the top func-
tional layer (see Fig. 6d), but no apparent separation at the coating/
substrate interface. At higher magnifications, the accumulation of pores
created a visible corrosion path in the Ni-P matrix. The results indicate
that the corrosion mechanism of the high phosphorus hp/HPptfe is
associated with Ni dissolution forming Ni-O as indicated from the SEM/
EDS map in Fig. 6(d).

3.3. Corrosion test results at high temperature; 250 °C with CO2/H3S
gases

Figs. 7 and Fig. 8 show surface morphology and compare cross-
sectional images of the GO modified and unmodified polymer coat-
ings. The cross-section images show that the coating/substrate interface
deteriorated with Fe-S products detected at the interface during the
exposure period in all test conditions. On the other hand, the combined
SEM/EDS results of the surface of the PPS-PTFE/GO coatings exposed to
both liquid and vapor phases (Fig. 7(a)-(c)) showed little or no presence
of corrosion products. From the SEM analysis of the PPS-PTFE/GO tested
at 250 °C, changes in the surface morphology of the coating after testing
(compared to 120 °C and non-tested sample in Fig. 7a) were visible with
more blisters and pores but with no extensive changes in the surface
chemistry indicating the effect of high temperature on the stability of the
coating. The surfaces were found to be rather prone to pore formation
and SiO2 deposition (that readily falls off) suggesting a loss in hydro-
phobic properties during the vapor phase exposure (see Fig. 7a) [32].
This formation of micropores resulted from local blisters which were
visible in both test conditions (Fig. 8(a) and (b)). At the higher magni-
fication, Fe-S rich (25.7 wt%Fe - 54.6 wt%S) corrosion product was seen
in the widest hole from the vapor phase corrosion (Fig. 8b) but that of
the liquid phase test (Fig. 8a) was free of products. This suggests that
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Fig. 5. SEM/EDS micrographs of (a, b) PPS-PTFE/GO and (c, b) unmodified PPS-PTFE — after 120 °C water corrosion test.

although there is a bridging effect from the added GO sheets and PTFE
particles, there might be more porous regions within the coating for the
GO added coating that promoted permeation of the electrolyte or
gaseous species. Zhou reported the impermeable barrier role from GO
nanosheets but observed few corrosion products at scratched spots in the
composite [33].

Fluorine was found to be reactive in defected regions, such as near or
in holes of the PPS/PTFE matrix. Corrosion products were found at the
interface of the coating and the underlying substrate. SEM/EDS line
analysis was used to examine the composition of the damages seen at the
coating interface. The results show the formation of corrosion products
at the coating/substrate interface in both the liquid and the vapor phase
test. Fig. 8(c) shows a bright Fe, S rich product deposited on a dark dense
Fe, O -rich layer at the coating/substrate interface. The thickness of the
coatings did not change (~58 um) since the substrate underwent a
dissolution (anodic) process. Apart from morphological changes, no
delamination was seen at the interface in the SEM analysis. In conclu-
sion, the unmodified PPS-PTFE exhibits inferior corrosion inhibition
according to the cross-section morphology, as seen by a more obvious
deterioration of the substrate (see Fig. 7(c)). The coatings appear to be
degraded by vapor phase exposure (Fig. 8a) due to inherent micro-
defects and the impacts of the close upper limit of 250 °C where the
thin liquid layer presumed present in the saturated steam phase reacted
with the added gases CO2/HsS.

The SEM assessment showed serious corrosion damage on the surface
of the ENP/PTFE duplexes coatings presented in Fig. 9 after testing in an
HaS and CO; environment at 250 °C. The SEM images revealed a surface
scale (A) formation as well as different granular (B, C, I), particulate (E),
flaked (F, G), and needle-like (H), corrosion products (Fig. 9(a)-(e)).
EDS point analysis was used to determine the chemistry of corrosion
products A to G, and a map analysis was used for H. EDS analysis showed

no Fe was found in the investigated dense nickel and sulfur-rich scale in
areas 1 and point A (see Fig. 9(a), (d), (e)). However, from continuous
corrosion, the thickness of the scale reduced drastically, or completely
delaminated in other regions. The delaminated regions provided infor-
mation on the corrosion mechanism under the surface scales. The
morphology of the remnant loose scale is granular with varying con-
centrations of the major elements: C, Ni, S, and Fe. The particulate and
needle-like products indicated the inclusion of O. The needle-like oxides
formed on the coating surface after testing in the vapor phase (Fig. 9(a),
(c)). The delaminated flakes (point F) were Fe-S-Ni rich. EDS analysis of
hp/LPptfe surfaces (points B, C in Fig. 9b), showed mixed corrosion
products with all elements in the coating including Fe, O, and mainly S
in such delaminated regions. The SEM results show the coatings form
blisters on the surface and underneath such blisters localized corrosion
occurred leading to cracking and final flakes-off of the coating from the
surface forming craters from the delamination process. The under-
deposit corrosion likely builds up stresses causing the Ni-S corrosion
layer to be non-adherent. As such, the stresses cause the Ni-S rich layer
to blister with the subsequent cracking, flaking, and delamination (Fig. 9
(a), and point D in Fig. 10(d)). Blisters were found in defected areas,
corners, and next to the M6 hole on the corrosion coupon where there
was limited coverage during the electroless plating process.

Additional elemental mapping after the vapor phase test seen in
Fig. 9(a) is reported in Fig. 9(e). The resulting map shows the difference
in composition, where spectra 2 and 3 revealed high wt% F similar to
point G (i.e., 35-50%), indicating clustering of PTFE nanoparticles after
the dissolution of the Ni metal in the Ni-P matrix. From the EDS mapping
of the delaminated region, a mixture of oxide of phosphorus and sulfide
of nickel is seen from SEM/EDS. It can be stated that the nickel sulfide
layer is present as an outer scale on the functional LPptfe topcoat and
corrosion of the functional layer results in a porous mixed oxide-sulfide
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Fig. 6. SEM/EDS surface and cross-section images of (a, b) hp/LPptfe and (c, d) hp/HPptfe duplex coatings — after 120 °C water corrosion test.

product. Whereas from Fig. 9(c) and points A and D, in Fig. 9(d), the Ni-S
rich scale seems to replenish but with increased Fe contamination in the
outer scale of hp/HPptfe.

3.4. Evaluation of corrosion protection mechanism

The design of the experiment in the autoclave test simulates
geothermal waters of relatively high temperatures (120 °C and 250 °C)
with/ without CO, and H,S corrosive gases. Fig. 10(a)—(f) compare the
cross-section images of the corroded ENP/PTFE duplex coatings after
120 °C and 250 °C tests in the autoclave. The chemical analysis of the
external surfaces revealed a Ni reactivity of the coatings with oxygen
and sulfur-based aggressive species in the specified environments
(Figs. 6 and 9). As a result, after 120 °C and 250 °C corrosion testing, the
corrosion layer discovered was Ni-O and Ni-S rich layer, respectively.
After 120 °C, no cracks or delamination were seen at the coating/sub-
strate interface in the cross-section. However, porosities in the func-
tional top layer allowed oxidizing corrosive species to permeate and
deteriorate the coating top layer, as seen in Fig. 10(a) and (c). The results
show the existence of the sulfide film on both hp/HPptfe and the hp/
LPptfe samples after the 250 °C CO5/H,S corrosion test. Consistent with
the results from surface SEM/EDS analyses of hp/LPptfe (Fig. 9(a), (b)),
a mixed inner sulfide and oxide layer forms preferentially underneath
the outer sulfide corrosion scale whereas a Fe-O rich layer forms at the
coating/substrate interface in the cross section after 250 °C corrosion
test with CO2/H,S (see Fig. 10(b), (c)). The hp/LPptfe duplex coatings
were completely delaminated due to significant cracking with the
coating layers after exposure to the CO2/HS environment.

The cross-section images in Fig. 10(e)—(f) show a more stable, dense,
and adherent sulfide layer forming on the hp/HPptfe in both the liquid
and the vapor phase conditions and observed to be protective to some
extent. This corrosion layer that adheres to the functional topcoat-
HPptfe layer is thicker compared to the liquid phase corrosion. Fig. 10
(e) shows cracks parallel to the substrate in the NiP adhesion layer close
to the substrate whereas the top layer was mainly porous, but when
exposed to the vapor phase (Fig. 10f) the cracks grow continuously to
the NiP+PTFE functional layer. This type of crack is most likely caused
by mechanical stresses caused by the growth of corrosion products at the
interface. The thin Fe-oxide layer was also present at the coating/sub-
strate interface in both the liquid and vapor phase test (Fig. 10(e), (f).
This suggests the corrosion direction occurred via migration of species
from the top functional layer to the substrate which is created from the
growth of crack paths traveling through the coating/substrate interface
to the top layer of the duplex. However, in the aqueous/liquid phase of
corrosion the interconnected pores influence the ingress of corrosion
species through the functional layer (i.e., NiP+PTFE) into the coating
(Fig. 10(a), (b, (d), (). These pores are present in the original coating
due to PTFE agglomeration inciting vacancies and the evolution and
entrapment of hydrogen gas (Hy) during the plating process.

The cracks presented a travel path for the sulfidizing and oxidizing
corrosion species to the Ni-P adhesion layer and from the coating/sub-
strate interface to the functional top layer in both ENP/PTFE duplexes.
Further EDS elemental line analysis was carried out in the cross section
of the samples from the liquid phase test (Fig. 11) to elucidate the
contribution of the elements to corrosion in the duplex coating. The SEM
images in Fig. 11(a) and (b) confirm the formation of the outer Ni-S
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Fig. 7. SEM/EDS image and line mapping of PPS-PTFE/GO in (a) liquid phase (b, ¢) vapor phase after 250 °C CO,/H,S corrosion test. The red arrow shows the

corrosion path and the white arrow’s reaction products.

corrosion scale and an inner layer in both the hp/HPptfe and hp/LPptfe
coatings. Fig. 11(a) reveals filled-porosities in the functional layer and
filled-cracks in the Ni-P adhesion layer from the undetached hp/HPptfe
with fairly uniform chemical composition across the duplex (~8-28 ym
in thickness). At the coating/substrate interface, the line map shows
significant accumulation in O and a steep slope with an increase in Fe, O,
and a decrease in Ni, P content. In the significantly cracked hp/LPptfe,
the EDS analysis showed a sporadic pattern for the reactivity of the el-
ements present in the duplex and a subsequent increase in O, S, and Fe
content.

The chemical analysis of the hp/LPptfe in Fig. 11 (b) shows that in
the line map (from 8 um) the content of the substrate and at the interface
shows a decrease in Fe but a subsequent increase in O. The hp/LPptfe
contained up to 24% O compared to 5% in hp/HPptfe. After 8 um, the
adhesion layer shows high P wt% and O wt%. The thick non-adherent
corrosion product layer (~10 ym) was composed mainly of Ni and S,
which suggests that the increased affinity of S blocked successive re-
actions of other corrosive anions and species (OH, CO%‘, H50) at the
surface. Based on the corrosion path, it is likely that an increase in
oxidizing ions reaching to the Ni-P undercoat (high %P) occurred
resulting in the formation of phosphorus-based oxides. This inner film
(Fe-0) can retard to some extent corrosive species of CO2 or HoO dis-
solving the substrate as indicated by the results seen in Fig. 11(a) and
(b). However, the passive Fe-O layer further degrades locally due to Ni-P
reaction to the O - based species and ingress of S - based species near the
interface causing extensive localized damage. This is evident in Fig. 11
(b), which depicts cracks and the greatest accumulation of corrosion

10

products of O in opposing directions to S (see blue arrows) established
from the hp/LPptfe corrosion path. This demonstrates O - based corro-
sive species from the fluid chemistry have an obvious deterioration ef-
fect on the protectiveness of the phosphorus coatings, as also seen in the
localized corrosion of hp/HPptfe (see Fig. 10d) at a relatively lower
temperature (120 °C).

Further analysis in the cross-section of the hp/LPptfe and hp/HPptfe
immersed in the aqueous phase revealed the different damages in the
duplex coatings. Partial and complete delamination that occurs in the
coating is shown in the SEM images in Fig. 12. In the 250 °C test with
COy/H3S, the coatings tend to blister, crack, flake, and delaminate from
the surface according to the SEM analysis (Fig. 9). Debonding occurs at
the Ni-S outer scale/coating and the coating/ Fe-O inner scale interfaces
(Fig. 12(a) and (b)). Fig. 12(c) and (d) show distinctly oxygen-based
corrosion products on the substrate and between the delaminated Ni-S
outer scale and the duplex coating. A complete cracking of the duplex
coating is reported in Fig. 12(d). The EDS analysis in cross-section was
consistent with the discussed chemical composition of corrosion prod-
ucts. The detected elements on the top surface and interface were Ni-S
and Fe-O rich layers, respectively see Fig. 12(e), and (f). The complete
delamination observed allowed CO2/H,S corrosive species to reach the
substrate material and a galvanic effect. This shows localized corrosion
of the substrate since the Ni-P adhesion layer is more noble contributing
to the subsequent passivation of the steel. Nevertheless, it is to be noted
here that such local oxidation may destabilize the coating integrity
(Fig. 12(d) and (f)) discussed in the next section. The extent of corrosion
is demonstrated by the breakdown of the inner film and the increased



G. Oppong Boakye et al.

X
&
<
w
(%)

Corrosion Science 209 (2022) 110809

Wt%

All Elements

Fig. 8. SEM/EDS image and line mapping of PPS-PTFE/GO in (a, ¢) vapor phase (b) liquid phase after 250 °C CO5/H,S corrosion test. The red arrows show the region

of Fe-based corrosion layers at the coating/ substrate interface.

concentration in sulfidizing and oxidizing ions’ reaching the coating and
the reaction to P and residual Ni. The localized damage to the substrate
is demonstrated in the low phosphorus duplex (hp/LPptfe) causing
barrier loss from electrochemical galvanic attack (see Fig. 12f). In this
case, the metal acts as an anode and the surrounding film as a cathode,
resulting in pitting and the diffusion of iron ions (Fe2+) up the cracks/
corrosion path. A Fe, C-oxide based product with traces of Fe-S corrosion
products filled the shallow corrosion pits from corrosion of the substrate.

3.5. Corrosion product characterization

Fig. 13 shows the results from the XRD analysis of untested and
tested samples after the 120 °C water test and the 250 °C liquid/vapor
phase test with CO2/H,S. All the corroded hp/LPptfe coatings from the
120 °C water test after 14 days had the highest intensity Ni [FCC] peak
(26 = 45°), indicating no significant changes to the microstructure. This
is apparent by comparing the XRD results before and after the test in
Fig. 13. However, NiO was identified for the 120 °C samples compared
to Fe forming part of the Ni-S structure after exposure in the 250 °C
liquid/vapor phase. The XRD pattern of hp/HPptfe showed changes due
to the formation of corrosion products. A low-density Ni (NisP2) and NiO
phase were also present in the XRD pattern. However, the dominant
NisP phase was still present in the hp/HPptfe coating after corrosion in
120 °C water. In the 250 °C liquid and vapor phase tests, the patterns
showed obvious change compared to the untested samples. The main

corrosion product identified after the test was nickel sulfide (NiS)
indicating that H,S dominated in the dissolution of Ni in the duplex
coatings. The vapor/steam phase corrosion scale was NigSa, which is
usually regarded to have a negative impact on film protectiveness at
high concentrations [22]. Although phosphorus and oxygen were
discovered in the duplex after corrosion, the diffraction peaks of the
associated products were not visible in the XRD spectra, since Ni-S was
thick thus it is not clear if the P-O layer could be detected. In the
delaminated region from the vapor phase test, the formation of hematite
(Fe2O3 in area ‘b’) from the reaction of Fe and water and subsequent
dehydration of iron hydroxide (FeOOH). However, hematite is the most
stable layer at ambient temperatures compared to magnetite (Fe3O4) in
the air is thought to have the higher redox potential to convert to more
oxidized hematite phases [34,35]. In a hydrothermal environment, Li
[36] demonstrated that oxidation of hematite occurred between 120 °C
and 180 °C, above this temperature, slow kinetics occurred due to the
growth of hematite on the surface of the magnetite impeding the
oxidation of magnetite. Therefore, in Fe*/Fe3* rich and O deficient
environment, magnetite scale (Fe3O4) and hematite that formed were
reported to be conductive unlike hematite due to the transformation of
weakly magnetic hematite [35,37]. As a result, electric contact between
the steel substrate and the partially magnetic Fe based-oxide deposits is
possible. This explains why the coating/substrate interface is completely
delaminated at the Fe, O-rich layer due to the strong adhesion between
the passive layer and the steel (Fig. 12b, d). The Fe based-oxide deposit
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product under Ni-S scale in (a) is shown in (e).

has a higher corrosion potential [35], and the steel’s corrosion resistance
may have increased as their potentials may have shifted in the cathodic
direction retarding pitting or under-deposit corrosion in the oxygen
starved region. Furthermore, as shown in Fig. 12(a) and (b), a similar
mechanism is observed due to a conductivity of the NiS scale [37]
because no debris is observed at the scale/coating interface. However,
the role of build-up stresses triggering delamination via growth and
volume expansion of the corrosion product cannot be disregarded, as
shown in Fig. 12(c).

4. Discussion

In the case of uncoated steel ingress and reaction of corrosive species
occurs at the exposed surfaces. Therefore, the coatings protected the
substrates from corrosion by retarding oxidation reactions. This is
explained by the slowed kinetics and rate-determining steps in the
reduction of the reactive corrosive species (cathodic reaction) to

consume the ions produced from the anodic dissolution. Moreover, OH
ion discharge at the anode produces water and a lower volume of
reactive oxygen gas (i.e., halved O, see Eq. (2)). With highly reactive
metals, possible oxidation of the matrix or substrate occurs from reac-
tion with the available O,. However, at 120 °C, water ionizes more,
forming hydrogen ions (i.e., the dissociation of Hy in Eq. (3)), potentially
lowering the pH. Here, since the reacting chamber serves as a closed
system with no other corrosive species, the change in pH value is
dependent on the water reactions. Regardless the electrolyte was an
alkaline water-based solution, the water ionizes at 120 °C, causing both
hydroxide (OH) and hydrogen (H") ions to dominate the adsorption
creating a balance. The pH value was predicted to shift from 9 to 7.2
according to a geochemical model of the system simulated by using

Phreeqc software.
2H20(]) + 287—>H2(g) +2 OH(:‘q) (€))]

2 OH(qy= 1/205(g) + H2Oqy + 2 €~ 2)
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Fig. 11. Cross-section SEM/EDS line mapping of (a) hp/HPptfe and (b) hp/LPptfe after 250 °C, liquid phase with CO,/HS test. The black arrows in the line profiles

point to changes in elemental chemistry in the film.

Hye—>2H" +2e” 3)

A comparison of unmodified PPS-PTFE tested in the same environ-
ment was done to further understand the corrosion mechanism of the
PPS-PTFE/GO. According to the results, the unmodified PTFE polymer
coating showed limited corrosion resistance (as shown in Fig. 10b)

13

compared to the coating with 0.5 wt% GO nanosheets (Fig. 10c). The
coatings are described to be porous from SEM results, therefore the
available oxygen and hydroxyl ions traveled to the underlying substrate.
In unmodified PTFE, corrosion products accumulated in the inner layer
of the coating and at the substrate interface. This implies the rapid steel
dissolution was compensated with hydroxyl and active ions build-up at
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Fig. 12. SEM/EDS cross-section images of hp/HPptfe (a) to (e) and, hp/LPptfe (f) after liquid phase 250 °C, CO2/H,S corrosion test. The white arrows indicate Fe
-oxide corrosion product.
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Fig. 13. XRD analysis of corrosion products on the ENP/PTFE duplex coatings after 120 °C water test and 250 °C with CO,/H,S corrosion test.

cathodic regions for corrosion to proceed. At the interface, the ferrous

substrate oxidizes and Fe?* are released with a cathodic re-

and Fe**

action consuming the produced ions forming the products (in Eq. (4)).

2 Fe — 2 Fe*™ — 2Fe*" + 3H,0 — Fe,03 + 6H"

[C)]

The PTFE flakes and GO nanosheets embedded in the PPS matrix,
enhance barrier protection by hampering the diffusion path for the

corrosive solution/species shown in Fig. 10(c). In addition, GO bridges
gaps in the matrix due to high surface area (see Figs. 2 and 7), which

14

increases the tortuosity of the diffusion paths of the corrosive medium.
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Both PTFE and GO contribute to high Ra and WCA, thus initial surface
wetting in early corrosion stages is lowered. Furthermore, in the basic
environment, nucleophilic attack of GO nanosheets (by reacting with
OH’) has been reported to leave coatings negatively charged [18]
depicted in Fig. 14, reducing the reach of corrosive anions to the coat-
ing/substrate interface. The effect of the induced negative charge on
corrosion potential is uncertain, however, the surface is said to be
cathodically protected, explaining the inherent reaction of S in the un-
modified PPS-PTFE to the Hastelloy-Ni over PPS-PTFE/GO (see Fig. 3).

In the ENP/PTFE duplexes, the same tortoise process (in Fig. 10b)
was observed during the ingress of the corrosive media through the
functional top layer. Also, the Ni- P adhesion layer was semi-permeable
and further limited the migration of corrosive species from the func-
tional top layer to the substrate. However, with inherent micro-defects
in the topcoat, strong adsorption of oxidizing species into the coating
led to the preferential dissolution of Ni formation of Ni-O enriching the
coating in P, C, and F. No P-containing oxide products are found on the
coating surface from the XRD results. It is hypothesized that the indi-
cation of local damage to the HPptfe functional layer is accompanied by
further oxidation of P and its products (Egs. (5) and (6)) from the SEM/
EDS elemental maps and line analysis (Fig. 6). According to related
studies on corrosion of Ni-P corrosion, hypophosphite (H2PO3) formed
from water inhibits the anodic dissolution of Ni, but the P-based oxides
are unstable and soluble after further oxidation into phosphite and
phosphate losing their protectiveness [21,38,39].

P + HyO — (HPOy) + 2H,0 — H' + H3PO;3 + 2¢ )

o © ° ® 5
(a Fonosive media/no gases o ©

(e]

Nucleophilicattack by H20 in the alkaline medium

o) 0 °
(b‘ corrosive Omedia /no gaseso
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H,PO5 + 2H,0 — H3PO, + 3H' + 4¢” 6)

Sun et al. explained that oxidizing alkaline environments favor the
hydration of Ni to form Ni(OH)y/NiO through the hydroxoligand
mechanism (Eq. (7)) in Ni-P coatings [21]. Accordingly, when the
functional layer is exposed to the 120 °C water environment, the
dissolution of Ni leads to the fast consumption of H" where the uniform
corrosion mechanism progresses.

Ni + H,O — Ni(OH),qs + H,O — Ni(OH), + H* - NiO + H,0 %)

The oxide film significantly impedes the transfer of Ni cations from
the matrix to the aqueous phase, protecting the metal because any
dissolution must occur through this film to satisfy the uniform dissolu-
tion kinetics of the passivating oxide shown in Eq. (7). However, because
Ni(OH); is less protective than NiO, a relatively high concentration of Ni
(OH); in the Ni(OH)2/NiO layer is reported to reduce the film’s pro-
tectiveness [39] which could explain the higher corrosion kinetics in
hp/HPptfe (Fig. 10d).

The CO,/H,S gasses used in the 250 °C test conditions influence the
anodic dissolution by changing the solution chemistry. This is quite
evident from the results indicated by the clear changes observed on the
surface features as well as localized corrosion damage in the cross-
section of the coatings in the liquid/vapor test conditions at 250 °C.
When the reactor is heated, steam is formed while CO, and H5S are also
forced into the vapor phase. Similar to geothermal waters the principal
impact is the hydration of CO3 to produce weak carbonic acid (HyCO3)

o © ° o o 0
(C) corrosive media /no gases
0] ° (Y
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Anode: Fe — Fe?" +2¢”
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Fig. 14. Schematic of the proposed corrosion mechanism after (a, b, ¢) 120 °C water and (d, e) 250 °C with CO/H,S illustrated for the:(a) substrate, (b, d) PPS-PTFE,

and (c, e) PPS-PTFE/GO in liquid/vapor phase exposure.
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and further reduction of bicarbonate species (CO%) which contributed to
corrosion in the basic environment. The reaction in the CO5/H>S, 250 °C
test environment at cathodic sites is proposed to proceed with Eqs (8)—
(11). Therefore, the cathodic reactions following the dissolution of
metallic components (M < M™) are relatively complicated processes
dominated by the contribution of anionic (HCO3, HS') reduction of M.
Meanwhile, the predicted increase in pH (from 5.7 to 6.8 at 250 °C)
implies the dissociations of both CO, and H,S are inhibited to some
extent. Although H™ content from H, (2 H™ + 2¢" = Hj) cannot be
neglected, it can be inferred that (from Eqs. (6)-(8) and the pH value)
the content of H' ions could increase but is lower than the sum of the
content in CO2/H,S in the mixed environment resulting from synergist
corrosion effects.

HaS(g) + Ha00y=HaSwg) ®
HySqgH" + HSg) 9
COx(g) + H200)=H2CO03a9) 10)
HoCOs3q<H ' + HCOgqo2H' + CORyg, an

It can be concluded that, besides the cathodic reaction (in Eq. (3)),
the catalytic process concurrently influenced by the reduction of H,CO3
and HjS (Egs. (9)-(11)) could affect the corrosion of the coatings (PPS-
PTFE/GO and ENP/PTFE duplexes) in the CO2/HyS environment as
schematically drawn in Figs. 14(d), (e) and 16(i), (ii). During the uni-
form/local dissolution, further dissociation (HCO3 and HS") was relevant
for the product/scale formation in both the liquid and vapor phase
corrosion process. It was observed that spontaneous corrosion is initi-
ated at micro-defects (pores and vacancies) next to the surface of the
coatings. This facilitates the penetration of electrolyte and corrosive
species to the coating/substrate interface, promoting substrate
corrosion.

The synergistic corrosion effect of CO2/H2S on the PPS-PTFE and
ENP/PTFE composite coatings is mainly dominated by HzS based on the
film characteristics from SEM/EDS analysis. In both coating systems, the
localized corrosion at the coating/substrate interface shows simulta-
neously controlled dissolution of the steel by COy and HjS cohesively
forming Fe(OH),/Fe,03, FeCO3, and FeS. Uniform dissolution was pre-
sent only in the metal-based composite (i.e., ENP/PTFE). A relevant
study done at temperatures up to 300 °C observed no polymerization of
PPS but solution-induced o-form and heat/pressure-induced p-form
crystal changes identified in the crystalline sensitive features from
Raman and infrared spectroscopy [40]. SEM results of PPS-PTFE/GO
showed the formation of holes at 250 °C formed from flared
micro-blisters possibly from a direct reaction of the coating in contact
with the aqueous/acidic gas (H2S) and/or the high-temperature effect.
In this study, an increase in permeability is evident in the precipitated
surface corrosion products in such auxiliary defects. Since there was no
complete delamination observed in the PPS-PTFE/GO composite, this
suggests the corrosion process was driven by a non-galvanic cell. The
results indicate that corrosion has occurred in the less noble substrate
forming the FeS corrosion product where the anions could reach the
coating/substrate interface. The corrosion then progresses extensively
beneath the coating. But minor Fe and O-based corrosion products were
possibly also present under the coatings from surface pre-treatment
processes before the exposure test. Typically, the reaction was electro-
chemically assisted at 250 °C, where the Fe reacted with HyS gases
which formed FeS on the Fe;O3 layer with fairly homogenous distribu-
tion curbing pitting attack. Sugama et al. reported outstanding corrosion
resistance of a ZnPh (zinc phosphate) primed and PPS-PTFE composite
lined heat exchanger at 200 °C brine [11]. However, found both blis-
tering and delamination in post-test analyses, even at that 80% reduc-
tion in capital cost were calculated in comparison to a stainless
steel-based heat exchanger. In this research, the individual effect of
incorporating SiO2-PTFE on the properties of polymer coatings with or
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without GO is unclear. Nevertheless, the results demonstrate that adding
0.5 wt% GO sheets to the matrix did not only increase the barrier effect
to corrosive species in the coatings but the higher WCA of the coatings
lowered the molecular surface interactions of the coatings in the cor-
rosive environment. If the inherent defects in the modified GO com-
posite could be further reduced, this could improve adherence,
compatibility and decrease permeation which will improve the corro-
sion protection.

In the ENP/PTFE duplex, the initial reaction of HyS is through the
functional topcoat with subsequent formation of the NiS and conse-
quently Hy. The Hj release can likely incite crack formation and prop-
agation through the Ni-P adhesion layer to the substrate. Here, CO, and
H,0 being the highest components in both the liquid and vapor phase
respectively, acts as a mild oxidizing agent which leads to a complex
corrosion path forced by S and/or O corrosive species. The oxidation and
sulfidation of Ni are likely determined by the partial pressures of O and S
[41] at 250 °C. In the H5S and S species-controlled corrosion, the process
was driven by the rate of dissolution of Ni-P and the maximum solubility
of HyS. Concurrently, the high dissolution rate of Ni is compensated with
the additional formation of low-sulfur Ni3S, present after vapor phase
CO4/H3S corrosion from XRD analysis (in Fig. 13) which modifies the
structure of nickel sulfide (NiS) film. The excessive Ni3S; content ap-
pears to have a negative influence on the protectiveness of the corrosion
film. This is demonstrated by robust adherence and protection of the NiS
layer in the ENP/PTFE duplex after liquid phase corrosion. A similar
result was observed on a similar ENP/PTFE coating in an in-situ
geothermal environment [42]. However, an electrochemical corrosion
study revealed lower corrosion resistance caused by co-deposition of
PTFE but a lower density and non-uniformity in such composite coatings
[25]. It is worth mentioning that LPptfe implies higher Ni (86%)- but
lower P (3%) content compared to hp/HPptfe at the coating/solution
interface. Therefore, a higher rate of Ni%*, Ni®* dissolution (Eq. (12)) in
the rather crystalline FCC material [27] is more likely to occur in the
hp/LPptfe and in the ‘wet vapor’ or fairly aqueous conditions with
COy/H,S.

Ni + HySaq — NiS + 2H and 3Ni + 2HsS(q) — NisSs + 2H' 12)

On the other hand, hp/HPptfe is amorphous [27], thus, the reported
active absorption of hydrogen causes the Ni-P matrix to be more brittle
via volume expansion and crystal deformation [43]. However, defects
facilitate corrosion at the interface. Baer investigated the dynamics of
hydrogen on a nickel (111) surface and discovered that H has a strong
affinity for Ni and provides paths for hydrogen recombination when the
metal contains subsurface hydrogen [44]. Moreover, aside from the
reactions in Eq. (12), it has been reported the dissolution of P in elec-
troless Ni-P coatings in a CO, environment often causes the coating to
dissolve and become nonprotective [32,36]. Since the diffusion of the
ionic species is not blocked by the adhesion layer due to the dissolution
of P, corrosion progressed from the coating/substrate interface to the
liquid phase corrosion. Unreacted Fe?" ions from substrate dissolution
travel to the top surface forming the Fe-based corrosion products in the
ENP/PTFE duplexes. Corrosion and blistering in the hp/LPptfe are,
therefore, influenced by significant anodic effects where the further
reaction of ferrous ions from corrosion product formation makes the
area more anodic, and cathodic reactions at the surrounding perimeter
can begin to dis-bond the coating. This is apparent in the Fe, C -oxide
based product formed in the corrosion pit.

Also, precipitation of secondary products such as Fe, S rich product is
more likely to occur producing the mixed oxide-sulfide product. Chong
Sun demonstrated that localized corrosion of the Ni-P coating occurs
following cathodic polarization acceleration because the coating defects
provide excellent paths for ingress of the electrolyte and active species
traveling from the coating to the coating/substrate interface [38].



G. Oppong Boakye et al.

4.1. Degradation mechanisms

Based on the above analyses, Figs. 14-16 show schematics of the
proposed corrosion mechanism produced to clarify the degradation and
scale formation of the Polymer and ENP/PTFE duplex coatings in water
at 120 °C and 250 °C in CO2/H2S (liquid and vapor phase) environment.
The results of the PPS-PTFE/GO showed substrate protection in the
120 °C test from the additional impermeable barrier effect of GO
nanosheets. The results of Raman, XRD, and SEM analyses revealed the
quintessential structure and morphology of PPS-PTFE-GO coating, and
as discussed in the 120 °C corrosion test, the GO effectively enhanced
the cathodic protection of the coating. However, electrochemically
galvanic assisted localized corrosion was observed in both liquid and
vapor phase exposure at 250 °C in CO2/HjS.

The findings in ENP/PTFE duplexes showed the occurrence of gen-
eral corrosion and localized corrosion of the substrate. The 120 °C water
test (Fig. 15(i)) showed corrosion protection of the substrate occurred by
the formation of a thin nickel oxide (NiO) layer (Fig. 15a) on the surface
of the coatings. The results indicate that corrosive species infiltrate the
coatings through micropores creating a migration path in the coatings.
According to the results of the preceding analyses shown in Fig. 15(a)
and (b) the following steps are proposed to have occurred in the 120 °C
water test:

1. Uniform dissolution of Ni in the topcoat (anodic process) and
reaction with oxygen-based anions (cathodic process) form a thin
corrosion film on the coatings.

II. Ton migration is hampered by the barrier effect of PTFE particles,
which prevents further corrosion of the topcoat and adhesion
layer, and

Adherence and barrier effect of the high P containing Ni-P un-
dercoat prevents oxidizing corrosive species from further reach-
ing the coating/substrate interface. In the oxidizing (i.e., H20)
environment, hp/LPptfe (Fig. 15(b)) exhibits no corrosion and no
localized damage due to its high crystallinity (Ni-(111)).

II.

Corrosion of the hp/HPptfe was considerable in the 120 °C tap water
compared to hp/LPptfe likely because of the higher P content. This
suggests the thin NiO film formed on the hp/LPptfe is more crystalline
and protective than the non-continuous, and less protective film formed
on the hp/HPptfe. The residual P reacts with water in the hp/HPptfe
deteriorating the top layer with the PTFE, but no delamination occurred
in the adhesion undercoat. Localized corrosion of the substrate occurred
due to penetration of oxidizing corrosive species (Fig. 15(b), (c)).

In the CO2/H,S environment (Fig. 16), similarly, the aggressive ions
permeate the coatings through micropores, but the Ni-P undercoat is
subject to cracking due to diffusion of hydrogen forming the 2 major
corrosion paths in the coatings. The findings in the 250 °C liquid/vapor
test showed corrosion protection of the substrate was similar to the
above-stated mechanisms (I, II, III) in the 120 °C water test. However,
the complex chemistry of the CO/HsS environment resulted in other
associated reactions (Fig. 16(i), (ii)) influencing the corrosion behavior.
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The extent of surface protection was attributed to the nickel sulfide (i.e.,
NiS or Ni3Sy) corrosion layer (Fig. 16b). The type of sulfide is facilitated
by the H,S activity, however, NiS was observed to be the more stable
phase in the liquid phase test. The strong reaction of Ni to S precludes
further reaction to oxidizing species at the surface, therefore non-S
species (anions of HoO/CO,) migrate into the duplex coating through
the pores and crack in the adhesion layer from hydrogen entrapment
(Fig. 16b, c). This increases the concentration of sulfides at the surface
participating in the corrosion process while stimulating the H,S effect on
the corrosion and increasing the rate of the hydrogen evolution reaction
(Hag or H'). This generates more corrosion paths in the coating from
the formation of micro-defects and increased crack length which is also
associated with HaS corrosion [45]. The crack path extends to the top
layer because the particles and the coating matrix do not have perfect
co-adhesion.

Below the NiS scale, P is most abundant in the vicinity of the NiS
layer and the adhesion layer in the hp/HPptfe compared to hp/LPptfe.
No-to little oxidation occurs in the duplex layers but a major cracking
occurs in the amorphous Ni-P adhesion layer, indicating rapid effusion
of hydrogen (H") compared to O species. The O accrued migrates to the
substrate leading to oxidation of the Ni and Fe at the interface (Fig. 16
(c), (d)). Corrosion in hp/LPptfe is severe where deterioration of the
coating from O and S species was seen with high content of Fe and Ni
(Fig. 16e). Below the crystalline coating, Fe dissolves faster and migrates
from the base steel to the surface, due to the galvanic potential differ-
ence between Ni (—0.85 V) and Fe (—0.3 V). On the contrary, in hp/
HPptfe, stress and volume expansion from scale growth at the adhesion
layer and conductivity of the corrosion scale under the adhesion layer
results in complete detachment of the coating from the base steel

(Fig. 16(f).
5. Conclusions

Corrosion damages and microstructural changes due to corrosion of
PPS-PTFE/GO and duplex ENP-PTFE composite coatings were assessed
with SEM/EDS and XRD techniques after testing in simulated high-
temperature geothermal environments with/without HyS and COg
gases. The main conclusions of the study are the following:

o In general, the PPS-PTFE/GO coating performed better in the 120 °C
test compared to the reference material indicating the hinderance
effect of the GO nanofiller. The Ni-based coatings tested in water at
120 °C show preferential dissolution of Ni to generate NiO. The hp/
LPptfe demonstrated greater corrosion resistance than hp/HPptfe
with the formation of a thin crystalline NiO film and less effect on the
coating integrity.

In the more challenging environment (i.e., 250 °C CO2/H5S), the
corrosion resistance of the coatings reduced drastically due to higher
temperature effects and HyS/CO2corrosion. This was due to inherent
(microporosities) and auxiliary defects (i.e., the cracks in Ni-P and
blistering in PPS-PTFE/GO) in the microstructure. Galvanic effects in
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all coatings raised the possibility of substrate corrosion, despite the
formation of a NiS layer on ENP/PTFE duplexes.

e The structural integrity of all coatings was compromised in the
simulated high temperature CO,/H3S geothermal environment.
Improving the PTFE particle adherence in the high phosphorus (HP)
matrix could be beneficial for improved corrosion performance in
either single-gas HyS or CO environment and is recommended for
further studies.
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