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Abstract

Carbon steel casing material in high-temperature deep geothermal wells can be prone to
severe corrosion and premature failure due to the oxidation capacity of H,O, H,S, CO,, and
more corrosive species in geothermal fluid. Due to the higher temperature and pressure
and phase state of fluid in high-temperature deep geothermal wells, the rate and extent
of corrosion can be expected to be different than in low-temperature geothermal wells.
To reduce the extent of corrosion damage and corrosion rate, and increase the lifetime of
geothermal wells, one mitigation method is to clad the internal surface of the geothermal
casing with a more noble, corrosion-resistant material. Conventional cladding, however,
has been an expensive and time-consuming process up to the current date, but recently,
a more economical and productive method has been established, i.e., EHLA cladding.
In this study, a 14-day corrosion performance test was conducted on stainless steel and
nickel-based alloy clads on a carbon steel substrate in a 262 °C and 95 bar geothermal well
in the Hellisheidi geothermal field (SW Iceland). Samples were partially or fully cladded,
and some samples were stressed to investigate the clads’ susceptibility to general corrosion
and stress corrosion cracking, as well as the substrate’s vulnerability to galvanic corrosion.
Corrosion analysis of pure carbon steel substrate was also investigated for comparison.
Samples were microstructurally analysed with SEM, and chemical analysis was performed
with EDX. The results indicated that the clad materials have good corrosion resistance
in the geothermal environment tested, suggesting that EHLA cladding is a more feasible
option for strengthening the corrosion resistance of geothermal casing and equipment.

Keywords: geothermal; corrosion; galvanic corrosion; EHLA clad materials; carbon steel

1. Introduction

In geothermal energy production, geothermal fluid is in a liquid, vapour, or mixed
state at high temperatures and pressures. The fluid is discharged from the feed zones of
the subsurface of the earth through a perforated liner and casing to utilise the fluid energy
for energy production. Geothermal fluid, containing mainly H,O, can also contain H,S,
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CO,, and more dissolved and/or corrosive substances that can reduce the production
efficiency of the geothermal well and/or reduce the lifetime of the casing and liner (and
surface equipment) due to corrosion [1]. The corrosion rate and forms of construction and
equipment materials can vary in a geothermal environment, but factors such as material
composition, temperature, HyS and CO, concentration, pH level, conductivity, scaling,
and chemical composition of the fluid can affect the corrosivity [1-4]. Water containing
dissolved HjS has been reported to corrode carbon steel at a high temperature in such a
way that an inner iron oxide layer and a sulphide-rich outer corrosion layer form. This has
been concluded to occur due to rapid oxide layer formation from the reaction of H,O with
the iron, but the more thermodynamically stable iron sulphide forms when H,S reacts with
the iron oxide film. Hence, inner iron oxide films and outer sulphide films are detected
in such an environment [5,6], but similar corrosion behaviour has also been reported in a
water vapour at a condensing state containing H,S, CO,, and HCl [7].

Laser cladding (LC) is a technology [8] where a metallic coating is formed on a
substrate by melting alloy powders on the surface with a high-energy laser beam. The
benefits of laser cladding are a small heat-affected zone in the substrate, high bond strength
between the coating and substrate, low thermal deformation, and a small dilution zone [9].
Laser cladding has been proposed as one possible future solution for the geothermal
industry to mitigate the corrosion of casing and equipment. Laser cladding is, however,
not a straightforward process, with many process parameters [10], and in order to have a
continuous, defect-free, crack-free, and porous-free coating, the cladding must be optimised
in terms of the preheating of the substrate, heat input, heat distribution, cooling rate, coating
thickness, production rate, etc. [9]. When there is a difference in the coefficient of thermal
expansion between the clad layer and the substrate, residual stresses can form during
heating or cooling, which can result in cracking of either the clad or the substrate material.
Solidification cracking occurs when the residual stresses exceed the yield limit of either
material, or stress corrosion cracking when the clad material experiences stress and is prone
to corrosion simultaneously, resulting in cracking.

High-speed laser cladding (HSLC) or extra-high-speed laser application (EHLA) is
a laser cladding method where the powder is melted above the melt pool on the surface
of the substrate, and the scanning or production speed of the cladding can be up to
100 times higher than conventional laser cladding [11,12]. The benefit of EHLA is a smaller
heat-affected zone, a thinner clad layer, and more productivity in comparison with the
conventional LC. This implies that EHLA is more economical than LC, which could make
cladding one step closer to being a feasible and economical solution for the geothermal
industry to mitigate corrosion damage in casing, liner, and surface equipment.

If not optimised, EHLA cladding can be loaded with residual stresses in production,
which can contribute to stress corrosion cracking of the EHLA clad layer when exposed
to corrosive environment. Higher tensile stresses, chloride concentration, temperature
and oxidation capacity of the corrosive environment, and surface condition of the ma-
terial, are factors that favour stress corrosion cracking of austenitic steels such as UNS
531603 [13-16]. Corrosion performance testing of UNS NS31603 clad plates has been per-
formed by Jin et al. [17] and the material has shown good corrosion and crack resistance in
standard tests. In terms of flawless clad manufacturing, a nickel-based alloy is more chal-
lenging to manufacture than UNS S31603. Various forms of cracks have been addressed in
the laser cladding of nickel-based alloys, which sometimes limit their application [18]. Due
to recently established EHLA technology, there is a lack of stress corrosion cracking studies
on EHLA clads of stainless steel and nickel-based EHLA clads in a geothermal environment.

Galvanic corrosion between two different materials can be expected when both ma-
terials are in contact with a corrosive fluid. The extent and rate of galvanic corrosion
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depends on several factors, including the reduction potentials of the two materials in the
corrosive environment, temperature, cathode to anode surface area ratio, conductivity of
the electrolyte, alloying elements, passivation of the materials, and more [19-23]. Stainless
steel or nickel-based alloys can be expected to have higher reduction potentials than carbon
steel; therefore, carbon steel can be subject to galvanic corrosion when in contact with more
noble clad material and corrosive fluid [19-21,23,24]. Galvanic corrosion is dependent on
various factors, and the affected area from the bimetallic junction can also vary. From the
literature, the area of the anode, which can be affected by galvanic corrosion, has been
found to range from a fraction of a millimetre to a few millimetres [25,26]. It should be
noted that the affected area is highly dependent on the properties of the corrosion cell.

In this article, a corrosion performance test was conducted on UNS N06625 and UNS
531603 EHLA clad materials on carbon steel substrate in a high-temperature geothermal
well. Well HE-52, located in the Hellisheidi geothermal field (SW Iceland), operated by ON
Power, a subsidiary of Reykjavik Energy, was chosen as the testing well. The tests were
conducted at 1300 m depth at 262 °C and 95 barG pressure. The corrosion samples tested
were of three types: (1) 2 x 5 cm clads of UNS N06625 and 2 x 5 cm long UNS 531603,
partly coating a carbon steel bar to investigate galvanic corrosion and general corrosion
behaviour; (2) five stressed samples, two with a stress level of 30% yield strength (YS) and
three with a 100% YS of the clad materials; and (3) two cladded carbon steel coupons, fully
covered with clad material.

This study aims to analyse the corrosion behaviour of the EHLA clad and carbon
steel materials in a high-temperature geothermal well. The tests include conditions with
or without applied stress and galvanic corrosion to promote a high cathode-to-anode
surface area ratio, to verify the corrosion resistance of the novel clads for high-temperature
well applications.

2. Materials and Methods
2.1. Test Sample and Downhole Sample Holder Design

The testing aimed to address general corrosion, localised corrosion such as stress
corrosion cracking (SCC), and galvanic corrosion of the substrate in a high-temperature
geothermal well (HE-52 located in the Hellisheidi geothermal field, SW Iceland, operated
by ON Power, a subsidiary of Reykjavik Energy, Hellidsheidi, Iceland). All test samples
were accommodated in a sample holder unit and lowered down on a wire from a slick-
line unit operated by ISOR (Reykjavik, Iceland GeoSurvey). The sample holder unit was
assembled by:

(1) Hollow cylinder/storing unit for cement samples (not the subject of this article);
(2) Hollow cylinder for seven samples in jigs (5 stressed and 2 samples without stress);
(3) Partially cladded, carbon steel bar, as seen in Figure 1.

Two cladding materials were evaluated in the testing: stainless steel UNS 531603 and
nickel-based alloy UNS N06625. Due to limitations in the size and weight of the samples
and sampling unit, the number and size of the test samples had to be limited. The sample
holder unit was custom-made for this in situ test. The sample holder unit was designed by
ISOR, made from UNS S30403 stainless steel and machined by Stélorka.

To investigate the SCC susceptibility of the clads, five samples were pre-stressed at
The Welding Institute (TWI) before exposure in well HE-52 in jigs, as seen in Figures 2 and 3.
Samples were stressed with a 4-point bend test (4 pbt) according to ASTM G39-99 [27].
Ceramic rods (Alumina 99.5) were used to insulate the test specimen from the jig material
and prevent galvanic corrosion. The 0.2% yield strength and associated strain values of the
cladding material were calculated based on the tensile tests carried out on the specimens
extracted from a sufficiently thick cladding material (12 mm in thickness) produced using
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EHLA cladding. The elevated tensile tests were performed based on ASTM E21-20 [28].
Some of the samples were prestressed up to 30% of the yield stress (YS), and some were
stressed up to 100% of the YS at the testing temperature. Strain gauges were attached to the
mid-length /mid-width location of the stressed surfaces of each specimen to measure the
strain while loading the specimen. Once the target strain was achieved, the specimen was
left for a minimum of 12 h to allow for relaxation and reloaded if required until the strain
remained steady on the target value. Due to the spatial limitations of samples in the sample
holder, some samples could not be stressed more than 30% of the YS. The design of the jigs
was performed by ISOR, and the load /stress tolerances of the jig parts were analysed in
the software ANSYS 2024 R2. When stressed samples were retrieved from the downhole
test, a cut in middle of the samples in the longitudinal direction (or perpendicular to the
expected direction of crack formation) was made.

Cylinder for cement samples Clads on carbon
(not included in this study) steel bar
! | .’"“:""""“"""“
| | " Clad

Cylinder accomodating samples in jigs,
7 jigs with clad samples in cylinder

Jig w/sample = ¢ ==

Figure 1. Sample holder unit. A cladded carbon steel bar (clad segments not on figure) and a
stainless-steel cylinder that stored the samples in jigs were connected. The cylinder for the jig samples
had an opening to allow the flow of geothermal fluid around the samples during the test. The cement
samples shown in the figure are not the subject of this paper.

Threaded bolt hole to
adjust stress

Figure 2. Sample in a jig isolated with ceramic rods (Alumina 99.5). Five samples were prestressed in
the test (for SCC analysis), but two samples had no stress (corrosion analysis).

To study the corrosion behaviour of the clads and carbon steel substrate, and the
possible galvanic corrosion susceptibility of the substrate, the carbon steel bar was partially
cladded with 4 x 50 mm long clad segments (Figure 4). Two clads were made of stainless-
steel alloy UNS 531603 and two clads were made of nickel-based alloy UNS N06625.
One clad segment of each alloy had been scratched through the clad with a 1 mm-wide
scratch to expose a small surface area of the carbon steel under the cladding. The small
width of the scratch was selected to promote galvanic corrosion of the carbon steel substrate
inside the scratch with a high cathode-to-anode surface area ratio (the clad was the cathode
and the carbon steel was the anode), as seen in Figure 5.
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Jig with a

Figure 3. A sample in a jig was inserted in the hollow cylinder before the whole sample unit was
assembled and fastened together.

Carbon steel

substrate \‘\ 541:9.mm @\’56*A .69
1-1/4"-8TPI
€
E ausl
S
To] N \ \ 1
< 41.0 mm-4... ! \ / '
UNSN06625 UNSNO06625 UNSS31603 UNSS31603 -2150.0mm
66.0 mm “fa-. clad with a clad cladwitha  clad 1+75.0mm
scratch scratch *

Figure 4. Partially cladded carbon steel bar. Two clad segments for each of the clad alloys tested, with
a total of four clad segments. One clad segment of each alloy had a scratch for a high cathode-to-anode
surface area ratio in the middle of the scratched surface.

Carbon steel
bar substrate

Clad with a
scratch

Figure 5. Four clad segments were prepared on the carbon steel substrate bar. There were two seg-
ments for each alloy, and one segment of each alloy had a scratch through the clad to promote
galvanic corrosion.

To estimate the galvanic corrosion effect, samples were cut and extracted from the
partially cladded carbon steel bar at several locations, as seen in Figure 6: Firstly, in the
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middle of the scratch, at a high cathode-to-anode surface area ratio, where the galvanic
effect is likely to be most effective. Secondly, on the other side of the scratched clad segment
(where the scratch was not in the clad), and on the other clad segment, in the middle of it,
with no scratch, to estimate the corrosion effect on the clad (when the effect of the sacrificial
anode was at a minimum). Thirdly, on the carbon steel substrate, at the end of the bar,
where the effect of the clad (and the stainless-steel cylinder connected to the carbon steel
bar) was minimal, to estimate the corrosion effect of the geothermal fluid on the carbon
steel (with minimum galvanic effect of the clad on the carbon steel).

Carbon steel substrate

@ Sampling sites from cladded bar

. T—
il L~ :mm]m

UNS N06625 UNS N06625 UNS S31603 UNS S31603
clad with a clad cladwitha clad

-
-l .

Figure 6. Sampling sites from the partially cladded carbon steel bar (sample #8).

After sample manufacture and preparation, the two cylinders accommodating the
cement and jig samples and the cladded bar were fastened together to make one sample
holder unit. The sample holder unit was then fastened to a steel wire and lowered slowly
into well HE-52 (to prevent thermal shocking of water-saturated cement samples) with a
slick-line unit operated by ISOR’s slick line-unit (Figure 7). The samples were kept at a
constant depth of 1300 m for 14 days before they were extracted for post-exposure analysis.

Samples inserted into '
geothermal well

Figure 7. Samples in the sample holder unit were inserted down to a 1300 m depth in well HE-52,
where the temperature was 262 °C and the pressure was 95 barG.

An overview of the samples tested in this article can be viewed in Table 1:
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Table 1. Samples tested in well HE-52.

Corrosion Form Test Factor

Applied . . . . General
Test Sample Clag  Stress Stress Micro- ¢ 4 ite Length Width Thickness  Diameter & Lo- scc Galvanic
Part No. Level Strain [mm] [mm] [mm] [mm] .
[MPa] calised
UNS 30%
1 531603 Ys 98.4 638 CSs 110 15 10 X X
UNS 30%
Jigs 2 N06625 Ys 157.2 785 CSs 110 15 10 - X X
UNS 100% pure
3 N06625 VS 524.1 2617 dad 110 15 3 - X X
UNS 100% pure
4 331603 Ys 328.0 2126 clad 110 15 3 X X
UNS
5 s31603  Dome - - CS 110 30 10 - X
UNS
6 No6e25 hone Cs 110 30 10 X
UNS 100%
7 N06625 Ys 524.1 2617 CS 110 15 5 - X X
UNS
Cladded 8 $31603 none cs 50 ) } 45 X X
bar and
N06625

2.2. Testing Samples

The carbon steel substrate steel samples and clad bar were provided by Apollo Metals
and machined by TWI in Yorkshire, UK. The powder mixture for the UNS S31603 clad was
CT POWDERRANGE 316LF from Carpenter Additive (Athens, AL, USA), with a particle
range of 1545 um. The powder mixture for the UNS N06625 clad was a spherical nickel
alloy 625 powder from AP&C with a particle range of 2545 um. The nominal composition
of the carbon steel substrate and the clad materials can be seen in Table 2:

Table 2. Nominal composition of the carbon steel (CS) and the two clad materials.

Element UNS S31603 wt% UNS N06625 wt% CS Substrate wt%
Fe Balance <5 Balance
Cr 16.0-18.0 20.0-23.0 -

Ni 10.0-14.0 58.0 min -
Mo 2.0-3.0 8.0-10.0 -
Nb - 3.154.15 -
Al - <0.40 -
Ti - <0.4 -
Mn <2.0 <0.50 0.8
Si <1.0 <0.50 0.2
C <0.03 <0.10 <0.03

2.3. EHLA Cladding Machine

The EHLA cladding machine was provided by Hornet Laser Cladding; the machine is
available to coat external surfaces and internal bores, and can conduct 10-axis manipulation
with a 6-axis robot. The power output capacity of the laser is 11.5 kW with an adjustable
spot size for enhanced process flexibility. The key parameters in the EHLA cladding
machine to produce the clad materials can be seen in Table 3:

In the tuning of the cladding parameters, micro-images were used to quantify the
cladding density using Image] version 1.53k software. A micro-hardness (HVO0.1) survey
was carried out through the cross-section of the specimen to measure the hardness of the
deposited material and the substrate. The as-received surface was also subjected to 3D scan
analysis to measure the roughness (Ra).
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Table 3. Key process parameters of the EHLA cladding machine for the clads produced.

Parameter UNS S31603 UNS N06625 Unit
Spot Size 0.003 0.003 m
Laser Power 2500 2000 W
Clad speed 0.1667 0.1667 m/s
Powder Feed rate 0.00042 0.00025 kg/s
Pitch 0.48 0.4 mm

2.4. Downhole Test Setup and Fluid Sampling Procedures

Well HE-52 was logged with a pressure-temperature (PT) tool on a slickline unit
on 24 June 2025. A deep fluid sampling unit operated by ISOR collected a liquid phase
sample at 750 m depth during the same campaign, which was analysed at ISOR’s chemical
laboratory. Only a liquid-phase sample was collected; no separate gas sample was taken.
Dissolved CO, was determined by titration, anions by ion chromatography (IC), and
cations by inductively coupled plasma optical emission spectroscopy (ICP-OES). The PT
measurements and resulting fluid chemistry of HE-52 are reported in Section 3.3.

2.5. Microstructural and Chemical Analysis of Test Samples

Test samples were analysed on the external surface and in the cross-section after
the test. Unexposed samples were also analysed for comparison in the same manner.
Samples assigned to cross-sectional analysis were cut with a diamond blade and mounted
in phenol-formaldehyde under elevated temperature and pressure. Mounted samples
were then ground to 2000 grit with SiC abrasive paper and polished down in a few steps
with 3 and 1 pum diamond paste in the final polishing steps. Microstructural analysis was
performed with a field emission scanning electron microscope (SEM) from JEOL type JSM
IT800. Elemental analysis was conducted with an energy X-ray dispersive analyser (EDX),
type X-MaxN, with an 80 mm? detector and AZtec Energy Advanced version 6.2 software
from Oxford Instruments.

3. Results
3.1. As-Received Cladding Characterisation

The as-received surfaces were analysed using a 3D surface profilometer and the Ra
values were measured as 4.9 um and 5.4 um for the UNS N06625 and UNS S31603 EHLA
deposits, respectively. The cross-sections of the samples were polished and examined by
optical light microscopy. The examination of the prepared sections has shown a good
adhesion of the cladding material to the substrate at the interface. The analysis of the
captured micrographs by Image] version 1.53k software revealed a density > 99.8% for
both manufactured claddings. The metallographic sections were used for Vickers micro-
hardness survey through the cladding and interface, and hardness values for the UNS
531603 ranged between 171 and 205 HV (average 187 HV), 169-198 HV (184 HV), and
194-219 HV (average 205) for the substrate, HAZ, and cladding, respectively. The Vickers
micro-hardness values (HV0.1) of the UNS N06625 ranged between 169 and 194 HV
(average 183 HV), 201-214 HV (208 HV), and 281-327 HV (average 300) for the substrate,
HAZ, and cladding, respectively. The high magnification SEM images of UNS N06625
material fabricated by EHLA presented in a paper published by co-authors of this work [28]
revealed some degree of chemical segregation consistent with niobium and molybdenum
elements. The poor electrochemical behaviour of the nickel-based alloy cladding, the
same as those tested here, was attributed to this elemental segregation. No segregation or
secondary phase formation was reported for UNS S31603 EHLA deposits [28].



Corros. Mater. Degrad. 2025, 6, 65

9of 22

3.2. Cladded Carbon Steel Bar (Sample #8)—SEM and EDX Analysis
3.2.1. Carbon Steel in Partially Cladded Steel Bar

Sampling and analysis were also performed on an unexposed partially cladded
bar at the same locations for comparison with the sample exposed to the geothermal
fluid. For the exposed carbon steel in the cladded bar, general corrosion and localised
corrosion was observed in the carbon steel after the test. The corrosion film had, on
many occasions, an inner oxide-rich film and outer sulphide-rich corrosion layer, as seen
in Figures 8 and 9 and Table 4 respectively. This indicates that corrosion propagation oc-
curred as proposed by Gao et al. [5,7].

Figure 8. Cross-sectional analysis of the carbon steel in the partially cladded bar after exposure to the
test environment. Corrosion film and corrosion in bulk steel are evident.

Figure 9. Cross-sectional analysis of the carbon steel in a partially cladded bar after exposure to
the test environment. Oxide and sulphide-rich corrosion products are observed in the corrosion
film. Oxide concentration was generally higher in the bulk material, but sulphide concentration was
normally higher in the corrosion film, farther from the bulk material.
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Table 4. Elemental analysis from the locations in Figure 9.
wt%
Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

(@) 3.5 25.8 9.1 11.6

Al - 0.1 - -

Si 0.5 14 0.6 2.2
S 0.9 1.8 0.4 27.7

Ca 0.1 - 0.1 0.1

Cr - - 0.1 -

Mn 0.9 0.5 0.9 0.2

Fe 94.0 70.4 88.8 58.2

Th 0.1 - - -

3.2.2. UNS S31603 Stainless Steel Clad in Partially Cladded Carbon Steel Bar

Some unfused powder residuals were observed on the external surface of the cladded
carbon steel cylinder, as seen in Figures 10 and 11. Samples were extracted from the middle
of the scratched surface, on the opposite side of the same clad segment where no scratch
was in the clad, and finally, a sample was extracted from the other clad segment that had
no scratch. The clad thickness was about 1100 um, as seen in Figure 12. No significant
difference was, however, observed in the corrosion behaviour between the three samples.
An inner oxide-rich layer and outer sulphide-rich layer were observed on the carbon steel
substrate surface in the scratch where the galvanic effect of the clad material could occur.
The thickness of the corrosion film on the carbon steel in the scratch and the extent of the
corrosion damage indicated, however, that the corrosion inside the scratch was similar to
the corrosion on the carbon steel substrate that was not in contact with the clad material, as
can be seen in Figures 13 and 14 (and Table 5). This result implies that the corrosion effect of
the geothermal fluid dominated over the galvanic corrosion effect of the clad material (the
reduction potential of the corrosive species might shift insignificantly, or the corrosion rate
might be affected insignificantly by the higher reduction potential of the corrosive species).

Figure 10. Unfused powder residuals on the external surface of the UNS 531603 clad material on the
partially cladded bar.
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Figure 11. A roughly 1 mm-wide scratch through the clad into the carbon steel substrate was made
for one of the two UNS 531603 clad segments on the partially cladded carbon steel bar.

Figure 12. The clad thickness was about 1100-1200 um for the UNS S31603 clad layer on the partially
cladded bar. Corrosion of the clad material was negligible; some sulphides and oxides were detected
on the surface, but there was no indication of significant corrosion damage.

Figure 13. The bottom of the scratched clad layer on the partially cladded bar. The UNS S31603
clad layer, the carbon steel substrate, and the geothermal fluid are all in contact, which can promote
galvanic corrosion of the carbon steel substrate.
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Figure 14. In the bottom of the scratched clad layer UNS S31603 on a partially cladded bar, an
oxide-rich inner corrosion layer and a sulphide-rich outer corrosion layer were observed.

Table 5. Elemental analysis from the locations in Figure 14.

wt%
Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

(@) - - 21.9 59
Na - - - 0.8
Al - - - 0.4
Si 0.3 0.8 1.1 1.6

S - - 4.0 8.9
Ca - 0.2 0.2 0.9
Cr - 15.8 - 1.0
Mn 0.7 0.7 0.6 0.5
Fe 99.0 69.9 71.9 77.2
Ni - 11.2 - -
Mo - 1.6 - -

Some Si and O-rich deposits were observed on some locations on the external surface,
as seen in Figure 15. This might indicate that hot geothermal fluid might have been
entrapped in the test cylinder during the extraction of the sample holder from the well. As
the entrapped fluid was pulled up towards the surface, towards a colder environment, the
silica in the geothermal fluid might have supersaturated and precipitated onto the surface
of the sample.

Figure 15. Si- and O-rich deposits (silica, SiO;) were observed in some locations on the external
surface of the samples extracted from the partially cladded bar.
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In general, insignificant corrosion damages were observed on the surface of the UNS
531603 clad in the partially cladded bar, but sulphide and oxide deposits were detected, as

seen in Figure 16 (and Table 6).

Figure 16. Negligible corrosion damage was observed in the UNS 531603 clad in the partially cladded
bar, but some oxides and sulphide deposits were detected.

Table 6. Elemental analysis from the locations in Figure 16.

wit%
Element Spectrum 1 Spectrum 2 Spectrum 3
@) 47 11.1 -
Na - 1.6 -
Mg 0.7 1.0
Al - 1.8 -
F - - 1.6
Si 21.2 12.9 0.7
S 3.3 7.5 -
K - 0.5 -
Cl 45 1.4 -
Ca 3.6 49 -
Cr 3.8 17.6 18.4
Mn 0.8 47 0.6
Fe 13.8 31.3 64.1
Ni 1.0 29 12.8
Mo - 0.7 1.9

3.2.3. UNS N06625 Nickel-Based Clad in Partially Cladded Carbon Steel Bar

The corrosion resistance performance and the corrosion behaviour of the exposed
carbon steel substrate in the scratch of the UNS N06625 clad were similar to the corrosion
behaviour of the UNS S31603 case, i.e., negligible corrosion damage was observed in
the UNS N06625 clad material; see Figures 17-19. An inner oxide-rich corrosion layer
and an outer sulphide-rich corrosion layer were observed on the carbon steel substrate
in the scratch. The thickness of the corrosion film and extent of the corrosion damage
also indicated that the corrosion effect of the geothermal fluid was dominant, and the
galvanic effect of the clad material had negligible contributions to the corrosion of the
carbon steel; see Figure 20 and Table 7. Negligible corrosion damage was observed on
the UNS N06625 clad (see Figure 21), but traces of sulphides and oxide deposits were
detected. Banding patterns within the dendritic structure are consistent with elemental
segregation, specifically niobium and molybdenum. Localised chemical segregation and its
potential adverse effect on corrosion performance has been reported for EHLA-fabricated
UNS N06625 with the same production method and raw materials [29]. However, the
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downhole corrosion tests conducted in this study did not show any sign of corrosion pits
or cracking in the tested specimens. The same observation was reported in the other work
by Martelo et al. [29], where poor electrochemical corrosion behaviour was observed, but

did not cause pitting in a 30-day test in simulated geothermal brine at 70 °C or failure of
the ASTM G150 [30] test up to 80 °C.

Figure 17. Unfused powder on the surface of the UNS N06625 clad in a partially cladded bar; some
oxide-rich inclusions (production defects) were also observed.

Figure 18. A scratch, 1 mm-wide, on the UNS N06625 clad (in a partially cladded bar) into the carbon
steel substrate to promote galvanic corrosion of the carbon steel inside the scratch.

Figure 19. The thickness of the UNS N06625 clad was about 800 um in the partially cladded bar. The
galvanic corrosion effect can be expected where the nickel-based clad material and the carbon steel
are both in contact with the geothermal fluid.
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Figure 20. An oxide-rich inner corrosion layer and sulphide-rich outer corrosion layer were observed on
the carbon steel (in the partially cladded bar) in the scratch, close to the contact with the UNS N06625
clad layer, where a galvanic effect between the clad material and the carbon steel was expected.

Table 7. Elemental analysis from the locations in Figure 20.

wt%
Element Spectrum 1 Spectrum 2 Spectrum 3
@) 0.9 3.2 -
Mg - 0.2 -
Si 0.1 - 0.2
S 2.1 33.1 -
Ca 0.4 0.2 -
Mn 0.8
Fe 96.5 63.3 99.0

Figure 21. No corrosion damage in the UNS N06625 clad layer was observed in the partially cladded
bar. Some oxide and sulphide deposits were observed on the surface of the clad material.



Corros. Mater. Degrad. 2025, 6, 65

16 of 22

3.3. Samples in [igs (Samples #1—#7)—SEM and EDX Analysis

Seven samples in total were put in jigs (see Figure 22), of which five were stressed (two
with 30% YS and three with 100% YS) at the testing temperature. Two of the samples in the
jigs were tested with no stress. The aim of testing the stressed samples was to investigate
the clad’s susceptibility to SCC. The aim of testing the two cladded unstressed samples
was to investigate the corrosion effect of the geothermal environment on the clads when
the external surface of the carbon steel substrate was fully covered with clad material (i.e.,
with no galvanic effect between the clad and substrate).

Figure 22. Samples in jigs 1 to 7 (according to Table 1). Samples #5 and #6 had no stress, samples
#1 and #2 had a stress load level of 30% YS, and samples #3, #4, and #7 had a stress load level of
100% YS.

3.3.1. UNS 531603 and UNS N06625 Clads on Carbon Steel—No Stress Applied (Samples
#5 and #6)

Carbon steel coupons, fully cladded with UNS 531603 or UNS N06625, were installed
in jigs. Ceramic rollers were put between the samples and the jigs to disconnect electrical
contact between the jigs and the samples (to prevent galvanic corrosion or the galvanic
effect). The extent of corrosion on the clads was negligible, like the insignificant corrosion
and deposits detected on the clad samples on the partially cladded bar. Cracks were ob-
served on both clad samples, at the surface and in the bulk clad layer (see Figure 23). These
cracks were, however, like the cracks observed in samples unexposed to the geothermal
environment. These results indicate that the cracks observed in the clads were due to
production, i.e., solidification cracks but might also be cracks resulting from inclusions
within the material. The different morphology and orientation of the cracks within the alloy
could be because some cracks evolved from unfused powder at the surface, some other
cracks were within the bulk material but not at the surface, and the cut on samples with
applied stress was performed in parallel to the length of the samples, i.e., the cross-section
was analysed at the length of the sample, whereas samples with no stress were analysed at
the cross-section of the width of the samples.
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10 pm

Figure 23. Solidification cracks (a) in the bulk of the UNS 531603 clad layer, (b) at the surface of the
UNS 531603 clad, (c) in the bulk of the UNS N06625 clad layer, and (d) at the surface of the UNS
NO06625 clad. Samples had no applied stress during the test period.

3.3.2. UNS 531603 and UNS N06625 Clads on Carbon Steel—Stress Load 30% YS (Samples
#1 and #2)

No indication of SCC was observed in the samples with a stress level of 30% YS. No
corrosion products were observed in the cracks. Crack size and orientation were similar to
those of the cracks observed in unexposed samples and samples tested with no stress. As
a result, the cracks were concluded to be from the production of clads, i.e., solidification
cracks but they might also be originated from inclusions within the material as seen in
Figure 24.

Figure 24. Solidification cracks (a) at the surface of the UNS 531603 clad layer, and (b) at the surface
and in the bulk of the UNS N06625 clad layer. Samples had 30% YS stress load level during the
test period.
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3.3.3. UNS 531603 and UNS N06625 Pure Clads and UNS N06625 Clad on Carbon
Steel—Stress Load 100% YS (Samples #3 and #4 Pure Clads, Sample #7 Clad on
CS Substrate)

No indication of SCC was also observed in the samples with a stress load level of 100%
YS. As before, no corrosion products were observed in the cracks. Crack size and frequency
were negligible in the pure clads (Figure 25a,b), which might indicate that the solidification
cracks in the clads on carbon steel substrate (see Figure 25¢) occurred due to the difference
in thermal coefficients between the clads and the substrate materials and residual stresses
that form during solidification.

Figure 25. Samples with 100% YS stress load: (a) Pure UNS N06625 clad material; (b) Pure UNS
531603 clad material; and (c¢) UNS N06625 clad on carbon steel substrate.

3.4. Operating Environment and Implications for Corrosion

Figure 26 and Table 8 summarise the well environment during testing of the clad
materials. Only the liquid phase was sampled and analysed; no separate gas phase was
collected. Accordingly, the CO, value in Table 8 represents the dissolved liquid-phase
concentration and does not include any gas-phase component present at depth. H,S was
not measured in the downhole liquid sample, and being volatile like CO,, may partition to
a gas phase; therefore, older wellhead (surface) samples were used to estimate a range of
possible reservoir H,S values that reflects both liquid and gas phases.

HE-52
Temperature (°C)

o 40 80 120 160 200 240 280 320 360 400
0 1 L ! I ! L L L L

250 Boiling point curve
/(o
/ (°0)
500 -
750 -
1000 4
£
~ 1250
<
=
[=% R
8 1500 -] . L
Pressure curve (barG)

1750 4

2250

A
-
.

Temperature curve (°C)

2500

2750

T T T T T T T T T
20 40 60 80 100 120 140 160 180 200

Pressure (barG)

Figure 26. Temperature and pressure in well HE-52. A fluid sample was taken at 750 m depth (225 °C,
55 barG), and cladding material samples were placed at 1300 m depth (262 °C, 95 barG).
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Table 8. Chemical composition of the liquid sample collected at 750 m depth with a deep sampling
unit in well HE-52 on 24 June 2025. Concentrations are in mg/L, unless otherwise stated.

Parameter Value
pH/Temp (°C) 6.5/26.6
Conductivity (uS/cm)/25 °C 756
CO, * 371
H,S ** 49-140
B 0.481
SiO, 367
Na 146
K 25.2
Mg 0.05
Ca 4.4
F 0.9
Cl 71
Br 0.3
SOy 234
Al 0.09
As <0.01
Ba 0.1
Cr <0.007
Cu <0.01
Fe 2.2
Li 0.04
Mn 0.16
Mo 0.04
Ni 0.1
P 0.03
S 9.5
Sr 0.1
Ti <0.002
Zn 0.1

* Measured in the liquid phase of the well fluid; excludes any gas phase at depth. ** Values are estimated from
older wellhead samples; they were not measured in the June 2025 liquid sample.

The June 2025 downhole liquid sample matches historical HE-52 compositions for
conservative majors (S5iO;, Na, Cl), supporting its representativeness during exposure of
the clad materials. Elevated Fe and Ca may reflect wellbore effects associated with the
static period of HE-52 for a couple of years, although depth-dependent variability cannot
be excluded.

In HE-52, the interval tested was liquid-dominated with a near-neutral pH, i.e., a class
IV corrosivity environment in Nogara et al. [1]. Lower pH promotes general corrosion
and accelerates rates, while temperature influences both the corrosion forms and rates as
well as scaling and passivation. Under the mildly acidic conditions present in HE-52, the
combination of HyS and CO, was sufficient to significantly corrode the carbon steel. H,S
markedly increases corrosion in acidic fluids [31], while dissolved CO; lowers pH, and in
the absence of H;S, can promote FeCOj3 scaling that is nevertheless vulnerable to localised
attack in acidic solutions [32]. The joint effect of CO;, and H;S, therefore, plausibly explains
the observed carbon steel degradation.

By contrast, no significant corrosion was observed for the UNS S31603 stainless steel
or the UNS N06625 (Alloy 625) clads in any test condition. Austenitic stainless steels
can exhibit SCC in saline geothermal environments [1], but it was not observed here; the
low salinity of HE-52 may contribute to the apparent immunity of UNS S31603 in this
case. Literature shows UNS S31603 can be susceptible to localised corrosion at lower



Corros. Mater. Degrad. 2025, 6, 65

20 of 22

temperatures [33], and in situ tests of UNS N06625 (Alloy 625) at higher temperatures have
revealed localised corrosion in Nb-depleted phases [34], though it generally exhibits good
corrosion resistance in harsh high-temperature geothermal fluids [35]. Large cathode-to-
anode area ratios were imposed by an intentional surface scratch on the clads, and some
clads were stressed to promote SCC; even under these conditions, the clads showed no
significant damage. The short testing period of 14 days could possibly be insufficient to
promote observable corrosion in the clad alloys, but it verifies, however, the good corrosion
resistance or very slow corrosion mechanism of the clad alloys in the testing environment.
The crack length and frequency of the clad alloys on the carbon steel substrate were very
similar. The crack length was normally in the range 5-20 um, and the cracking frequency
was estimated to be on the scale of 1 crack/100 pum length of the clad material, but no
cracking was observed in the pure clad materials tested (without substrate). EHLA cladding
can be up to 100 times faster than conventional LC, which increases the economic feasibility
of cladding application for future projects. In this study, the corrosion test was performed
in a near-neutral and low-saline geothermal well, and is therefore not representative of
lower pH or higher saline wells where corrosivity can be expected to be more aggressive.
To further probe the limits of performance, future work should extend exposure duration
and test more acidic wells, since pH strongly affects both corrosion rate and the integrity of
protective scaling [1,36,37].

4. Conclusions
From this study, the following conclusions can be made:

e In the geothermal environment tested, the corrosion of the UNS 531603 stainless steel
clad and the UNS N06625 nickel-based alloy was not observed.

e  Carbon steel was prone to general and localised corrosion; an inner oxide concentrated
layer and an outer sulphide concentrated layer were formed in the general corrosion,
and oxide concentrated pits were formed locally.

e  The galvanic corrosion effect of the clad materials on the carbon steel was insignificant
in the geothermal environment tested.

o  The clad materials were not prone to SCC corrosion in the geothermal environment tested.

e  Solidification cracks were observed in both clad materials that formed during protec-
tion. The solidification cracks were short, and no corrosion products were observed in
the cracks, which are concluded to have no effect on the corrosion performance of the
clad materials.

e  These results suggest that the clad materials produced are feasible as a corrosion
mitigation option for a casing and liner in a similar geothermal environments.
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Abbreviations

The following abbreviations are used in this manuscript:

CO, Carbon dioxide

EDX Energy X-ray dispersive

EHLA  Extra high-speed laser application
H,S Hydrogen sulphide

LC Laser cladding

SCC Stress corrosion cracking
SEM Scanning electron microscope
XRD X-ray diffraction

YS Yield strength
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