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Abstract: This work evaluates the effect of film-forming amines (FFA) on the acidic stress-corrosion
cracking (SCC) resistance of NiCrMoV turbine steel. Contact angle measurements show an increased
hydrophobicity of the surface when coating the steel with oleyl propylene diamine (OLDA).
According to potentiodynamic measurements and post-mortem scanning electron microscopy (SEM)
analysis, anodic dissolution and hydrogen embrittlement still occur when the steel is FFA coated.
In situ constant extension rate testing (CERT) in acidic aqueous environment at elevated temperature
of FFA-coated steel shows a ductility gain compared to non-coated steel, explained by a decrease in
both corrosion rate and hydrogen uptake.
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1. Introduction

Appropriate control of the water chemistry is of major importance in steam-driven power plant
operation. Several chemical treatments have been developed to maintain a stable material-environment
interaction, as such minimising corrosion and fouling of the materials used in these plants. A short
overview of different chemical treatments used in steam-water cycles is presented here to introduce
the use of film-forming amines (FFA). Thereafter, the need to investigate the influence of FFA on the
resistance to acidic stress-corrosion cracking (SCC) of steam turbines is demonstrated.

Originally, as boiler feedwater chemical treatment, the pH was controlled by the addition of ammonia
or alkalising amines, realising an alkaline environment, to counter acidic conditions where rapid corrosion
is promoted by deteriorating the natural protective oxide layer of the metal [1]. When ammonia/alkalising
amines are combined with the removal of oxygen—the corrosion rate depends on the oxygen content—
by addition of oxygen scavengers such as hydrazine, the chemical treatment is called all-volatile treatment
(reducing) (AVT(R)) [1,2]. However, the reducing environment typically leads to a porous magnetite
(Fe30y4) layer that promotes flow accelerated corrosion (FAC, a corrosion mechanism in which the natural
protective oxide layer of the metal dissolves in the fast flowing water, followed by corrosion of the
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underlying metal to recreate the oxide, as such leading to a continuous metal loss), as was determined for
the first time at the Surry Nuclear Power Station in 1986 [3-5]. On the other hand, with all-volatile treatment
(oxidising) (AVT(O)) or oxygenated treatment (OT), oxygen is allowed or even injected into the water to
form a protective and less soluble layer of iron oxide-hydroxide (FeOOH) or hematite (Fe,O3) on top of the
magnetite, as such increasing the FAC resistance [2,4-8]. Nevertheless, the formation/fouling of insulating
oxide layers is known to deteriorate the heat transfer efficiency and, therefore, the performance of the
entire steam-water cycle [9]. To anticipate on efficiency losses, the steam-water installation is nowadays
periodically cleaned. In order to reduce periodic shutdowns, the system can be dosed with polymeric
dispersants, which have proven to be effective in avoiding fouling in several systems [9-11].

The use of phosphates, another type of water treatment practice, was developed since ammonia
loses its ability to increase the pH at higher temperatures because of its poor alkalising properties [12].
Sodium phosphates are strong alkalisers, as such also providing an optimal pH at higher temperature,
which is necessary to minimize corrosion of the material. In addition, sodium phosphates accelerate
oxygen scavenger reactions and serve as a chelating agent for calcium and magnesium ions in order to
avoid extensive scaling [13]. Scale accumulation can cause major problems in the boiler since such scale
formation typically acts as an insulator, which can result in (local) overheating of the boiler. By chelating
scaling ions, a sludge is formed that can easily be removed by blowdown [14]. However, the use of
phosphates entails several corrosion issues, such as caustic gouging, caustic embrittlement, phosphate
hideout and acid phosphate corrosion [5,13,15-17]. Therefore, dosing of phosphates as well as of
caustic must be done with great care. Moreover, when overdosing, these water treatment chemicals
can be transported from the boiler to the remaining of the steam-water cycle, which is called carryover.
For some water treatment chemicals, such as ammonia and alkalising amines, this is desired, but for
other chemicals and impurities, which can result in steam turbine fouling and significant corrosion
damage, carryover must be avoided at all cost [5,12,18,19].

One way to tackle problems concerning impurities is by purifying the water before it enters the
steam-water cycle [20]. However, water treatment technologies are increasingly faced with lower
quality feed waters, because of among others the ongoing shift towards alternative water sources
and climate change [21-25]. Especially the increasing amount of organic acids in the first condensate
of low-pressure steam turbine sections can cause serious corrosion damage, such as SCC [26-35].
These organic acids originate from the breakdown of organic impurities by hydrothermolysis in boilers
and superheaters [19,36-41]. Film-forming amines, added during operation, might also tackle the issues
resulting from impurities in the water. FFA are a type of corrosion inhibitor under investigation since
the 1960s [42,43]. As the name suggests, these amines are hypothesised to form a hydrophobic layer on
the surface of the metal, as such providing a protective barrier between the metal and the corrosive
environment [20,42,43]. van Lier et al. [44] stated that in a film-forming amine-treated steam-water
cycle not only caustic gouging and acid phosphate corrosion did not occur, but also the risk of hydrogen
damage was vastly reduced by the continuous removal of deposits. After all, FFA are stated to have
a cleaning effect, i.e., expel ionic impurities from the surface and gradually remove loose deposits
such as calcium scale or porous magnetite because of their strong affinity for the metal surface, leaving
only a dense and protective magnetite layer [20,42,45-49]. Therefore, dosing FFA has been stated to
avoid the need to periodically clean steam-water systems, as such preventing heat transfer efficiency
losses [42,50]. Moreover, film-forming amines are stated to have a mitigating effect on FAC, which might
be related to the reduction of the dissolution rate of the metal’s oxide layer when FFA is adsorbed
on it [50-57]. The hydrophobic coating is also claimed to be able to protect the metal surface against
pitting and chloride induced corrosion [42,43,49,54,58]. Because of the intermediate volatility of the
FFA, the entire steam-water cycle can be protected, as confirmed by Smith et al. [48] at the Uniper power
plant (UK), as such also covering the steam turbine with a hydrophobic coating that shields the turbine
material from organic acids [42,54]. Moreover, the power plant tested a shutdown of one month without
any loss of protection by the FFA coating, meaning that the protective layer stayed intact even when
FFA dosing was interrupted [20,42,48].
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Although these film-forming amines have thus been shown to form a protective layer against
corrosion by adsorption on the metal surface, the exact protection mechanisms are still unknown.
In addition, researchers have also claimed that FFA could increase the corrosion in steam-water cycles
as these amines could be a source of corrosive organic acid formation when they thermally degrade
in the boiler or superheater [42,50,59]. In addition, overdosing of FFA has to be avoided, since their
physical properties induce micelle formation that begins at a critical concentration, which can lead
to the formation of sticky deposits that can block filters and tubes [46,50,54]. Therefore, monitoring
the formation of an FFA monolayer in the entire steam-water system is important, albeit difficult,
since a direct correlation between FFA dosing and adsorption is difficult to find. This is due to the
complex dependency of adsorption on several factors, such as the metal’s surface area and composition,
molecular structure of the FFA, the temperature and the pH of the aqueous environment [42,47,50].

As it is well-known that presence/formation of organic acids in steam-water cycles can be
an initiator of SCC—and the FFA could be a source of organic acids themselves because of thermal
degradation—it is of course very interesting to assess if and how the corrosion behaviour of FFA-coated
steam turbine steel is affected when the aqueous environment is acidified with organic acid. It is thus
also relevant to investigate how the steel’s mechanical degradation due to acidic SCC is influenced by
the presence of an FFA coating. To investigate this, a novel FFA coating set-up was developed in this
study and the presence of an FFA coating on steam turbine steel was evaluated by investigating the
hydrophobicity of the surface with contact angle measurements, as well as by determining the surface
composition with X-ray photoelectron spectroscopy (XPS). In a next step, in situ constant extension rate
tests (CERT) in acidic aqueous environment followed by post-mortem scanning electron microscopy
(SEM) analysis were carried out on both non-coated and FFA-coated steam turbine steel, to evaluate
the mechanical degradation due to acidic SCC. Electrochemical measurements on both non-coated and
FFA-coated steam turbine steels were also performed in aqueous solutions with organic acid to further
evaluate the impact of FFA on the active corrosion (inhibition) mechanism.

2. Materials and Methods

2.1. Material Characterisation and FFA Adsorption

An industrial steam turbine steel of the type 27NiCrMoV15-6 (EN 1.6957) was used for the
experiments, produced by applying an industrial quench and temper (Q & T) treatment. Its composition
can be found in Table 1. Representative images of the steel’s microstructure, obtained by light optical
microscopy (LOM, Keyence VHX-2000E, Keyence, Osaka, Japan) and scanning electron microscopy
(SEM, Quanta FEG 450—accelerating voltage of 20 kV and spot size of 5 nm) analysis, are shown
in Figure 1a,b, respectively. For this, sample preparation was carried out by grinding, polishing
and etching in 10% Nital. A tempered martensitic microstructure with precipitates can be observed.
Details on the microstructural characterisation of this steam turbine steel can be found elsewhere [60,61].

Table 1. Chemical composition of the used steam turbine steel in wt.%.

C Ni Cr Mo A Fe
0.27 3.70 1.50 0.35 0.10 Balance

The film-forming amine oleyl propylene diamine (OLDA) was used as FFA in adsorption
experiments on the steel samples, to form a hydrophobic and protective coating [42,46,58]. Its structural
formula is represented in Figure 2. OLDA has two nitrogen atoms per molecule that can adsorb on
the metal surface via polar covalent bonding and has already been used in industry because of its
temperature stability up to at least 500 °C [54,62].
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Figure 1. Representative images of the microstructure of 27NiCrMoV15-6 steam turbine steel (a) light
optical microscopy (LOM) image, (b) scanning electron microscopy (SEM) image.
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Figure 2. Structural formula of oleyl propylene diamine (OLDA).

A coating set-up was engineered to coat steam turbine samples with FFA. A schematic representation
of the entire set-up can be found in Figure 3. To start the coating procedure, a solution of 5 ppm OLDA was
degassed with nitrogen gas (N). No alkalising amines were added to the solution, as such the coating of
the steam turbine steel occurred at neutral pH. It has to be mentioned that an OLDA concentration of 5 ppm,
which is higher than the concentration usually present in steam-water cycles (<0.3 ppm), was chosen
for the sake of detectability of FFA in solution at lab scale [45,63]. Furthermore, the concentration was
chosen so that the absolute quantity of FFA was high enough to ensure a complete coating of the surface.
Then, the samples were placed in the coating cell, while the solution was further degassed. Finally,
the solution was heated up to 90 °C and kept at this temperature for one day. A temperature of 90 °C
was selected, since stress-corrosion cracks in industrial steam turbines were found at this condensation
temperature [33,34,64]. To avoid evaporation and loss of the solution, a reflux condenser with water
cooling was used. After coating, the samples were taken out of the coating cell, cleaned with demi water
and dried.

The hydrophobicity of the FFA coating was evaluated by using contact angle measurements.
For this, the static sessile drop technique was used, where a water droplet of 2 uL is placed on the
surface with a syringe (Kriiss Easy Drop) [65]. A high-resolution camera was positioned in side view
to capture the images, on which the contact angle 6 (°) was determined. Low-degree contact angles
indicate a highly wettable surface, because of a good spreading of the droplet, whereas higher contact
angles correspond to more hydrophobic, non-wettable surfaces, as such aiming for more corrosion
resistance. In addition to a coating temperature of 90 °C, steam turbine steel samples were also coated
at 60 °C for contact angle measurements to evaluate the influence of the coating temperature for a same
coating time on the hydrophobicity. The mean value of at least five contact angle measurements for
each condition is shown. All contact angle measurements had a maximum standard deviation of 2°.
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Figure 3. Schematic representation of the coating set-up.

In order to obtain well-defined quantitative information about the surface atomic composition of
non-coated and coated steels, XPS measurements were carried out employing a PHI 5000 Versaprobe II
spectrometer (Physical Electronics GmbH, Feldkirchen, Germany) Samples were excited, over an area
of 500 X 500 pm?, with an X-ray beam having a size of 100 um and originating from a monochromatic
Al K X-ray source (hv = 1486.6 eV) operating at a power of 25 W. The resulting photoelectrons
emitted from the sample surface were detected by a hemispherical analyser (Physical Electronics
GmbH, Feldkirchen, Germany) positioned under an angle of 45° with respect to the specimen normal.
The XPS main chamber was persistently held at a pressure below 10~ Pa during the gauging process.
Survey scans were measured at a pass energy of 187.85 eV and a step size of 0.8 eV, followed by analysis
using Multipak software (v9.6, ULVAC-PHI, Inc. Chigasaki, Japan). During this analysis step, a Shirley
background was considered while complying with the relative sensitivity parameters allocated by the
spectrometer manufacturer. The whole binding energy scale was calibrated in accordance with the
hydrocarbon peak of the Cl1s spectrum being at 285 eV. In this study, the reported values are equal to
the average of four values derived from the assessment of four random surface areas per condition.

2.2. SCC-Induced Mechanical Behaviour

The impact of an FFA coating on the mechanical degradation of NiCrMoV steam turbine steel
due to acidic SCC was determined by comparing in situ CERT performed on non-coated tensile samples
with coated tensile samples, both subjected to an acidic aqueous environment of 0.01 M acetic acid
in demineralised water at 90 °C (pH = 3.5, conductivity = 250 uS/cm). pH and conductivity values
were calculated. In addition, the conductivity was confirmed by experimental measurements (WTW
conductivity probe LR 925/01-P IDS). Acetic acid was selected to acidify the aqueous environment
since this organic acid has been reported to be (one of) the main contributor(s) of the organic acids
found in steam-water cycles [35,36]. A concentration of 0.01 M acetic acid was used, slightly higher
than typically measured in normal first condensates, to take deviations in water quality into account,
as discussed above [9-11,20-25,66]. A working temperature of 90 °C was used for the same reason as
for selecting the coating temperature, i.e., because of the occurrence of stress-corrosion cracks at this
condensation temperature in industry [33,34,64].

Steam turbine steel was machined into tensile samples with a geometry as shown in Figure 4 and
a thickness of 1.5 mm [61]. The loading direction of the tensile samples is indicated with LD, whereas
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the normal direction (ND) is the direction perpendicular to the top surface (ND-plane), complemented
with the transverse direction (TD) for sake of orthogonality. The surfaces and edges were ground and
polished for post-mortem SEM analysis. Tensile samples were coated in 5 ppm OLDA for one day at
90 °C by following the FFA coating methodology described in the previous section. In situ tensile tests
were performed at a strain rate of 107 s™!, by making use of an Instron 5800 tensile testing machine
equipped with a 100 kN load cell and a tensile testing cell developed to provide the desired acidic
aqueous environment [67]. Details on the in situ CERT set-up as well as on the method development
can be found in previous work [68,69].

R30

\L TD
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75
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Figure 4. Tensile specimen geometry (mm) (thickness = 1.5 mm, TD = transverse direction, LD =
loading direction) [61]. Adapted from [61], with permission from Elsevier, 2020.

The ductility variation from one situation to another can be expressed according to Equation (1):

€2 — €y

% ductility variation = ( - 1)‘100% 1)

€1~ &y
where, ¢; is the engineering strain at fracture and ¢y is the engineering strain at the yield strength,
determined at 0.2% offset. Each condition was tested multiple times to confirm reproducibility, within
1% deviation in ductility variation, for which the methodology was developed in [70]. For the sake of
clarity, only one representative engineering stress—strain curve is shown.

Fractographic and crack analysis was performed by SEM, to obtain information on the fracture
mechanisms that take part both without and with FFA coating. For this purpose, the top surfaces
(ND-planes) as well as the fractured surfaces (LD-planes) were examined. For SEM analysis, a Quanta
450 (FEI-Thermo Fisher Scientific, Waltham, Massachusetts, USA) and a JSM-7600F (JEOL, Akishima,
Tokio, Japan) with field emission gun (FEG) were used with a spot size of 5 nm and an accelerating
voltage of 20 kV. Additionally, the reduction of area (% RA) was investigated by measuring both the
initial area (Ag) and the area after fracture (Ay), according to Equation (2):

% RA = (1 - ﬁ)-loo% 2)
Ay

2.3. Electrochemical Measurements

To study the effect of an FFA coating on the corrosion behaviour of the steam turbine steel,
potentiodynamic measurements were performed on both non-coated and coated NiCrMoV steel samples,
in different concentrations of acetic acid. The following concentrations were tested: 0, 0.0001, 0.001, 0.01,
0.1,1 M aceticacid in demineralised water at a temperature of 90 °C. Again, the choice of working with acetic
acid as organic acid and a temperature of 90 °C is based on industrial relevance [33-36,64]. Polarisation
curves were obtained by using a three-electrode system and a potentiostat (Ivium CompactStat.h).
Working electrode (WE), counter electrode (CE) and reference electrode (RE) were the steam turbine steel,
a platinum gauze and a leakless Ag/AgCl electrode, respectively. Potentiodynamic measurements were
performed after submersion of the steel for 24 h in the solution, which was believed to be sufficient to reach
a steady state potential. A scan rate of 5 mV/s was applied. Multiple potentiodynamic measurements
were performed until a maximum standard deviation of 10 mV for the corrosion potential Ecorr (V vs. SHE)
was obtained. Corrosion rates CR (um/year) were determined according to the method described in
previous work [69].
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3. Results and Discussion

3.1. Surface Analysis

The effect of the FFA coating on the NiCrMoV steam turbine steel’s hydrophobicity was tested
by determining the contact angle between the material and a water droplet. Figure 5 shows how the
droplet’s shape on the surface changes with coating temperature. Figure 5a shows that the bare metal
has a contact angle of approximately 36°. Applying an FFA coating at 60 °C, cf. Figure 5b, resulted in
an increase of the contact angle to 77°, indicating a more hydrophobic surface. At a higher coating
temperature of 90 °C, the contact angle reached 96°, cf. Figure 5c. Comparable values were found for
a low carbon steel coated with octadecylamine (ODA) by Baux et al. [71]. These results show that the
hydrophobicity of the surface increased with a higher coating temperature for the same coating time,
as such indicating an improved protection against harmful environments, based on the wettability.
Therefore, samples were coated in 5 ppm OLDA for one day at 90 °C, for all coated samples discussed
further on in this work.

0 =36° 0=77° 0 =96°
(a) (b) (c)

Figure 5. Static sessile drop technique images and contact angles 6 (a) no film-forming amines (FFA)
coating, (b) FFA coating: 5 ppm, 1 day, 60 °C, (c) FFA coating: 5 ppm, 1 day, 90 °C. Influence of FFA
coating application temperature on hydrophobicity of NiCrMoV steel.

In fact, the amino group of the FFA is hydrophilic, whereas the nonpolar alkyl chain is a hydrophobic
tail. After all, FFA are amphiphilic, i.e., partly hydrophilic (polar) and partly hydrophobic (non-polar),
like detergents and soaps (cf. cleaning effect) [20,42,45—49]. Chemisorption by polar covalent bonding
between the lone electron pair on the amino group and the partially vacant d-orbital of iron, combined with
hydrogen bonding between a lone electron pair on oxygen of a (hydr) oxidised steel surface and the
antibonding molecular orbital of a bond between hydrogen and the more electronegative nitrogen atom
of the amino group, results in a strong adsorption on the surface [42,72-74]. Because of interaction
between the amino groups and the metal surface, as well as van der Waals forces amongst the alkyl
chains, the hydrophobic tails are pointed away from the surface. FFA with more than one amino group
per molecule, such as OLDA, can have multiple nitrogen-iron bonds with the surface, which makes the
adherence of the coating better [9,42]. However, according to Foret et al. [58], the more amino groups on
the FFA, the more difficult to form a homogeneous coating because of a possible steric hindrance.

The surface atomic composition of both non-coated and FFA-coated NiCrMoV steam turbine steel,
obtained by XPS, is given in Table 2. A significant increase in both carbon and nitrogen content is observed
when coating the steel: the carbon content more than doubled from 30.9 to 71.5 at.%, whereas the nitrogen
content increased more than seven times, i.e., from 0.5 to 3.6 at.%. The relatively high amount of carbon
found on the surface of the non-coated steel is due to adsorbed carbon contamination, as reported by
Cools et al. [75]. The increase in both carbon and nitrogen content for the coated steel, proves the presence
of an FFA layer on the steel, cf. the elemental composition of OLDA (Figure 2). By applying an FFA
coating, a decrease in the amount of iron is also observed, as well as in the steel’s alloying elements nickel,
chromium and molybdenum (cf. Table 1), and the oxygen concentration, as can be seen in Table 2. As such,
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the FFA coating protects the steel by exposing less of the original surface, including the metal’s oxide
layer, to the environment. As described by Topp [76], oxide formation was, thus, not totally prevented
by the application of the FFA coating. In Figure 6, XPS overview scan spectra of both non-coated and
FFA-coated NiCrMoV steam turbine steel are shown. It can be seen that the peaks corresponding with
carbon and nitrogen have increased, whereas the others have decreased by coating the steel with FFA.
Smith et al. [48] reported a similar XPS spectrum of a tube sample from a steam-water cycle exposed to
an FFA treatment, where the N1 peak maximum was situated at about 399.5 eV.

Table 2. Surface atomic composition of non-coated and FFA-coated NiCrMoV steam turbine steel in
at.%.

Fe C N o Ni Cr Mo \%

non-coated 15.9 30.9 0.5 51.8 0.4 0.4 0.1 Trace element
FFA coated 3.1 715 3.6 214 0.2 0.1 0.1 Trace element

x10% oAuger
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Binding energy (eV)

Figure 6. X-ray photoelectron spectroscopy (XPS) overview scan spectra of non-coated and FFA-coated
NiCrMoV steam turbine steel.

Normally, FFA are injected to the steam-water cycle in combination with (i) stabilising agents,
which are amongst other hydrotropic species that increase the solubility of the FFA in the water
by micellisation, and (ii) alkalising amines, to control the pH of the system, since FFA themselves
barely change the pH because of their low concentration [43,50,77]. A more alkaline pH promotes
the formation of metal oxides, on which FFA would preferably adsorb since hydrogen bonds can be
formed in addition to nitrogen—iron bonds [46]. In contrast to the reported requirement of controlling
a well-defined alkaline pH range for the formation of FFA coatings, this study shows that an FFA
coating can also be applied at neutral pH [42].

3.2. SCC-Induced Mechanical Behaviour

Engineering stress—strain curves of both non-coated and FFA-coated steam turbine NiCrMoV
steel were obtained by performing in situ CERT in acidic aqueous environment and are shown in
Figure 7. Because of the presence of the FFA coating, a slight increase in strength and a significant
increase in ductility can be observed. Coating the steam turbine steel with FFA resulted in a ductility
gain of 13% with respect to the non-coated steel.



Metals 2020, 10, 1628 9 of 20

1000 ¢
900 f
E 800 F
= 700}
7
3 600 |
@ 500}
2
£ 400 ¢ non-coated
-GEJ 300 —{— FFA coated
2 200
L
100
0 ] ] ] ) ] ] ) 1 )

o 1.2 3 4 5 6 7 8 9
Engineering strain [%]

Figure 7. Influence of FFA coating on mechanical properties of NiCrMoV steel in 0.01 M acetic acid at
90°C (¢ =107 s71).

When examining the fracture surface of the non-coated NiCrMoV steel tested in acidic aqueous
environment by SEM, both ductile regions and more brittle zones were observed, as shown in Figure 8 [61].
On the fracture surface, cf. Figure 8a, a lot of dimples, formed because of ductile microvoid coalescence,
can be seen. At the walls of the large dimples, slip traces of deformation in a stairs-like structure, often
referred to as serpentine glide, formed by glide plane decohesion, can be observed [78,79]. In addition,
more embrittled regions were found close to the edge of the fracture surface, cf. Figure 8b. At these
regions, cracks were observed, as shown in Figure 8c. As can be seen in Figure 9, indeed, smaller
secondary cracks were present close to the main crack that were not present in the rest of the gauge
length [61]. This indicates that these cracks were formed because of strain localisation around the main
crack at ultimate tensile strength (UTS) and not due to subcritical cracking [68,80]. Since these cracks are
only present when having a combination of high local stresses and a corrosive environment, these cracks
are presumably the result of SCC [61,68,69].

Similar fracture characteristics were observed at the fracture surface of the FFA-coated NiCrMoV
steel tested in the corrosive environment, as can be seen in Figure 10. Again, mainly ductile dimples
were found (cf. Figure 10a) and a more embrittled fracture surface showing stress-corrosion cracking
was detected near the edge (cf. Figure 10b). As shown in Figure 11, similar secondary stress-corrosion
cracks were observed on the top surface of the FFA-coated steam turbine steel tensile tested in corrosive
environment. Therefore, the presence of the FFA coating seems to have no significant impact on the
fracture characteristics, nor on the presence of secondary cracking, in acidic aqueous environment.
However, when calculating the reduction of area for both conditions, % RA is equal to 27% for the
non-coated steel, whereas a % RA of 38% was obtained for the FFA-coated steel. This indicates that more
necking occurred, as such corresponding with a more ductile fracture behaviour, when an FFA coating
was present on the steel. The higher amount of necking can also be seen in Figure 12, when comparing
the fracture surface of coated steel (cf. Figure 12b) with that of the non-coated steel (cf. Figure 12a).
These results are in accordance with the longer necking part of the engineering stress—strain curve of
the FFA-coated steel compared to that of the non-coated steel, cf. Figure 7.
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Figure 8. Representative secondary electron images of the fracture surface for non-coated NiCrMoV
steel tested in 0.01 M acetic acid at 90 °C (a) ductile dimples with serpentine glide [61], Adapted from [61],
with permission from Elsevier, 2020. (b) more embrittled regions, (c) stress-corrosion crack.

LD

™
(a) (b)

Figure 9. Representative secondary electron images of the top surface for non-coated NiCrMoV steel
tested in 0.01 M acetic acid at 90 °C (a) corrosion damage on the entire surface is visible with more damage
close to the main crack, (b) detail of the small cracks close to the main crack [61]. Adapted from [61],
with permission from Elsevier, 2020.
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Figure 10. Representative secondary electron images of the fracture surface for FFA-coated NiCrMoV
steel tested in 0.01 M acetic acid at 90 °C (a) ductile dimples, (b) more embrittled fracture surface
showing stress-corrosion cracking at the edge of the sample.

LD

D

Figure 11. Representative secondary electron image of the top surface for FFA-coated NiCrMoV steel
tested in 0.01 M acetic acid at 90 °C.
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Figure 12. Overview secondary electron images of the fracture surface of NiCrMoV steel tested in
0.01 M acetic acid at 90 °C (a) without coating, (b) with FFA coating.

3.3. Evaluation on the Active Mechanism of Corrosion

Electrochemical measurements were performed to determine which reactions take place when
bringing both the non-coated and the FFA-coated steam turbine steel into contact with acidic
aqueous environments, of 0, 0.0001, 0.001, 0.01, 0.1 and 1 M acetic acid in demineralised water,
at an elevated temperature of 90 °C. Representative polarisation curves at these conditions are given in
Figure 13. Potentials E (V vs. SHE) are plotted versus their current density j (tA/cm?). Representative
electrochemical data is given in Table 3.

06 : - » + FFA coated demi water
: — — FFA coated 10™* M acid
0.4 ——FFA coated 10° M acid
« « FFA coated 102 M acid
0.2 = = FFA coated 10" M acid
my e FFA coated 1 M acid
T 00 non-coated demi water
o — — non-coated 10° M acid
f 02 non-coated 10° M acid
= «  non-coated 102 M acid
w = @ non-coated 10" M acid
—0.4 === non-coated 1 M acid
-0.6
01 1 10 100 1000
li| [MA/em?]

Figure 13. Representative polarisation curves of non-coated and FFA-coated NiCrMoV steam turbine

steel in different concentrations of acetic acid at 90 °C.
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Table 3. Representative electrochemical data. Material: NiCrMoV steel. FFA coating, environment,
corrosion potential Ecorr and corrosion current density j_... Temperature = 90 °C.

FFA Coating Environment Ecorr (V vs. SHE) Jcorr (uA/cm?)
no demi water 0.040 0.4
no 10~* M acetic acid —0.056 2.0
no 1073 M acetic acid —0.405 5.2
no 1072 M acetic acid —0.374 13.9
no 10~1 M acetic acid —0.342 443
no 1 M acetic acid -0.299 135.7
yes demi water 0.214 0.3
yes 10~* M acetic acid 0.147 1.6
yes 1073 M acetic acid -0.405 44
yes 1072 M acetic acid -0.372 12.9
yes 10~! M acetic acid -0.339 32.0
yes 1 M acetic acid -0.291 113.0

Subsequently, corrosion potentials Ecorr (V vs. SHE) for both non-coated and FFA-coated NiCrMoV
steel were determined and are shown in Figure 14, a Pourbaix diagram of iron in water at 90 °C with
molality 1, based on thermodynamic data from FactSage© [81-85]. All corrosion potentials are lying
above the iron oxidation line, cf. Equation (3), meaning that oxidation of the steel takes place as anodic
reaction in all conditions.

Fe & Fe? 42~ 3)

125 .. i
....... NiCrMoV steel

1 F tdeT o, DINiCrMoV steel + FFA

075 F T e :

0.5

0.25

Ecorr [V vs. SHE]

—0.25

—0.5

_0.75 A A A A A A )
pH

Figure 14. Influence of FFA coating on corrosion potential (Ecorr) of NiCrMoV steam turbine steel at
90 °C. Dotted line represents the oxygen reduction reaction line, dashed line represents the hydrogen
proton reduction reaction line. Thermodynamically stable forms of iron (molality of 1) are represented
in blue. Diagram based on thermodynamic data from FactSage®©.

Based on the thermodynamically stable iron states in Figure 14, above a pH of around 4.2, the steel
is thermodynamically promoted to form Fe,O3, whereas at lower pH, dissolution as Fe?* is favoured.
When the NiCrMoV steel is coated with FFA, the corrosion potentials above a pH of around 4.2 are
shifted upwards with respect to the non-coated conditions, as such showing a less reactive (more noble)
behaviour when FFA coated. On the other hand, the corrosion potentials at lower pH are unaffected
when comparing FFA-coated with non-coated conditions. As a result, in such acidified conditions
for both FFA-coated and non-coated steels, the driving force of the reactions taking place AG (J/mol),
cf. Equation (4) (Eo (V) is the equilibrium potential), is expected to be similar.

AG = _HF(EO, reduction — EO, oxidation) (4)
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Furthermore, it is noticed that all corrosion potentials are situated below the oxygen reduction
reaction line, according to Equation (5), meaning that oxygen reduction takes place in every acidic
aqueous environment.

O, +4H" +4e” & 2H,0 (5)

In contrast, corrosion potentials above a pH of around 4.2 are located above the hydrogen reduction
reaction line, according to Equation (6) (Volmer reaction), as such promoting hydrogen atoms to oxidise
back to hydrogen protons, whereas at lower pH, corrosion potentials are below the hydrogen reduction
reaction line, as such favouring hydrogen proton reduction to hydrogen atoms [86,87].

H +e o H 6)

When the formation of hydrogen atoms is thermodynamically stable, they can recombine by
chemical desorption, according to Equation (7) (Tafel reaction), or by electrochemical desorption,
according to Equation (8) (Heyrovsky reaction), as well as absorb into the steel, cf. Equation (9), as such
causing hydrogen embrittlement [80,86-90].

2Hags « Ha ()
Hags + HY + e & Hy (8)
Hads A Habs (9)

Based on the location of the corrosion potentials with respect to the reduction reaction lines,
applying an FFA coating on the NiCrMoV steam turbine steel does not lead to a change in active
mechanisms compared to non-coated steel in the different acidic aqueous environments. Nevertheless,
the corrosion rates might have been influenced by coating the steam turbine steel with FFA, regardless
of showing a similar driving force for the reactions to take place.

Indeed, lower corrosion rates are observed for the FFA-coated steel compared to non-coated
NiCrMoV steel, even at high acetic acid concentrations, as can be seen in Figure 15. In this figure,
the corrosion rate is plotted as a function of the hydrogen proton concentration, for both non-coated
and FFA-coated NiCrMoV steam turbine steel tested at 90 °C. Without coating, the NiCrMoV steel
shows a linear relationship between corrosion rate and hydrogen proton concentration, according to
Equation (10) [61].

CR=aH*|+b (10)

1600 r 90°C NiCrMoV steel

1400 | D 90°C NiCrMoV steel + FFA

.~'n
1200 | ’

1000 | e CR=371[HY] +35
R?=0.9982
800 |

600 |

corrosion rate [um/year]

a00 | e

0 ﬁ | | . . . . . .
0.0

0.5 1.0 15 2.0 25 3.0 3.5 4.0
[H*] [mM]

Figure 15. Influence of FFA coating on corrosion rate (um/year) of NiCrMoV steel at 90 °C for different
hydrogen proton concentrations (mM).
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When applying an FFA coating on the steam turbine steel, again a linear relationship is observed,
albeit with a lower slope, meaning a lower increase in corrosion rate with increasing hydrogen proton
concentration. Although the same type of reactions occur for both coated and non-coated steel, the presence
of an FFA layer might disturb the accessibility of active sites, as such reducing the active surface area for
reactions to take place [42,49]. As a result, the effective corrosion current density is lowered and, thus,
the corrosion rate is decreased, according to Faraday’s law, cf. Equation (11),

M

= —n F o Sicorr (11)

where, M is the molar mass (g/mol), n is the number of electrons transferred in the reaction, F is Faraday’s
constant (96,485 C/mol), p is the density of the steel (7.87 g/cm?), S is the surface area (m?) and icorr (A)
is the corrosion current. Furthermore, desorption of FFA, which can neutralise hydrogen protons because
of their alkaline nature, might also have caused a decrease in corrosion rate, since a lower available
hydrogen proton concentration implies a lower corrosion rate, according to the linear relationship of
Equation (10). However, based on the similar corrosion potentials of FFA-coated steel with respect to
non-coated steel, cf. Figure 14, the effect of FFA on the pH seems rather limited. In practice, because of
the low concentration of FFA in steam-water cycles, their impact on pH is negligible compared to
alkalising amines [50]. Nevertheless, the stability of a uniform FFA coating on the metal surface,
being dependent on amongst others pH, temperature, volatility of the FFA and oxidation state of the
steel, is crucial regarding corrosion inhibition of steam turbine steel [9,42,48,54].

A decrease in corrosion rate by applying an FFA coating, as observed in Figure 15, also has an impact
on the mechanical degradation of the steam turbine steel because of acidic SCC. The ductility gain of 13%
for the in situ tensile-tested NiCrMoV steam turbine steel with FFA coating compared to the non-coated
steel, as shown in Figure 7, can be explained by this decrease in corrosion rate, i.e., less anodic dissolution
of the steel (cf. Equation (3)). Since anodic dissolution contributes to the acidic SCC-induced ductility
loss, the negative effect of the acidic aqueous environment on the ductility of the steel is counteracted
by lowering the anodic dissolution rate [69]. It can be understood that the presence of an FFA coating
complicates the local anodic dissolution, a corrosion mechanism that gives rise to an earlier onset of both
necking and failure [61,68,69,82,84]. The observation of similar fracture characteristics for both non-coated
and FFA-coated NiCrMoV steel, cf. Figures 8 and 10, respectively, is in accordance with their similar
corrosion potential in 0.01 M acetic acid at 90 °C, cf. Figure 14. Therefore, the formation of ductile dimples
and quasi-cleavage fracture regions occurred under the same active mechanisms, i.e., anodic dissolution
and hydrogen embrittlement. The embrittled regions, cf. Figures 8b and 10b, as well as the secondary
stress-corrosion cracks, cf. Figures 9 and 11, for non-coated and FFA-coated NiCrMoV steel, respectively,
are present in both situations. These embrittled zones and cracks are a result of hydrogen embrittlement,
which was able to take place in both non-coated and FFA-coated conditions, according to the location
of their corrosion potentials with respect to the hydrogen reduction reaction line in Figure 14 [82-85,91].
The increase in reduction of area (% RA) from 27% to 38% by applying an FFA coating on the NiCrMoV
steel, indicating more necking (cf. Figure 12), as well as the larger necking part of the engineering
stress—strain curve of the FFA-coated steel compared to that of the non-coated steel, cf. Figure 7, suggest
that the detrimental effect of hydrogen, by causing a more embrittled fracture behaviour, is less pronounced
when the steel is coated [91]. This can be explained by the formation of less hydrogen atoms due to the
decreased occurrence of the hydrogen proton reduction reaction, cf. Equation (6), which is in accordance
with the decreased corrosion rate for the steel with FFA coating, according to Figure 15. Nevertheless,
by coating the steel with FFA, the formation of hydrogen atoms and their entry in the metal are not
completely excluded. An important remark is that no FFA was added to the test solution during in situ
CERT. Therefore, fresh metallic surfaces formed by straining during in situ tensile testing were uncoated
and, as such, more susceptible to the corrosive environment. Hence, addition of FFA to the test solution
might extend the time to fracture, because of adsorption on the freshly formed metallic surfaces during
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in situ CERT [92]. As a result, an even larger improvement in protection of the steel’s mechanical integrity
is expected when FFA is also present in the acidic aqueous environment during in situ CERT.

4. Conclusions

In this work, improving the acidic SCC resistance of NiCrMoV steam turbine steel with FFA
was investigated.

e  Applying an FFA coating on the steel by inserting it in a 5-ppm OLDA solution for one day at 90 °C
resulted in a contact angle of 96°, compared to 36° without coating, as such showing the expected
hydrophobic behaviour when coated. XPS measurements further confirmed the presence of an FFA
layer after applying the coating.

e Based on potentiodynamic measurements, coating the steel with FFA had no significant influence
on the thermodynamically stable iron states, neither on the type of active redox reactions, i.e., iron
oxidation reaction, oxygen reduction reaction and hydrogen proton reduction reaction. Clearly,
both coated and non-coated steel suffer from anodic dissolution and hydrogen embrittlement.
In accordance, in addition to ductile dimples, embrittled regions on the fracture surface as well
as stress-corrosion cracks on the top surface, which both are linked with hydrogen uptake and
embrittlement, were observed both on the non-coated steel and the steel coated with FFA.

e  However, a ductility gain of 13% for FFA-coated steel with respect to non-coated steel when in situ
CERT in 0.01 M acetic acid at 90 °C (pH = 3.5) was observed. This ductility gain was explained by
the decrease in both corrosion rate and hydrogen uptake when covering the steel with an FFA
layer. The FFA is hypothesised to disturb the accessibility of active sites for redox reactions to take
place, as such lowering both anodic dissolution and hydrogen embrittlement.
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