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Abstract: There is an increasing demand to replace Co-based coatings with cheap and
environmentally friendly Fe-based coatings in corrosive environments. The main objective of this
work was to evaluate whether Fe-based coatings could present a better corrosion performance
than Co-based coatings. Therefore, two types of Fe-based and one type of Co-based coatings with
chemical compositions (in wt %) of Fe-28Cr-16Ni-1.85C (FeNiCrC), Fe-17Cr-12Ni (FeNiCr), and
Co-28Cr-1C (CoCrC) were produced by High Velocity Air Fuel (HVAF) spraying. The corrosion
behavior of the coatings was studied comparatively by electrochemical tests in 3.5 wt % NaCl solution
at 25 °C. The polarization test results showed that the FeCrNiC coating protected the underlying
substrate better than the CoCrC coating, while the FeCrNi coating failed to hinder the penetration
of corrosive ions. Electrochemical impedance spectroscopy (EIS) measurements revealed that the
solution penetrated into the coating through defects, however the corrosion process slowed down
due to clogging of the interconnected defects by corrosion products. Increasing the in-flight average
particle temperature from 1400 °C to 1500 °C led to a denser coating with fewer defects which seemed
to improve the corrosion resistance of the FeCrNiC coating. The high-alloyed Fe-based coatings had
the best corrosion protection performance and can thus be recommended as a potential alternative to
Co-based coatings.
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1. Introduction

Corrosion is a serious problem in many industrial components, resulting in catastrophic failure,
economic loss, and personal injury [1-3]. To address these problems, many efforts have been made
to produce high-performance Co-based coatings providing improved corrosion resistance to a
component [4]. However, the drawbacks of Co in terms of cost and environmental restriction have
increased the interest to find other materials [5-9]. High-alloyed Fe-based coatings containing a
sufficient level of another major alloying element such as Cr or Ni would be a cheaper and a more
environmentally friendly alternative to Co-based coatings of specific interest in high demanding
applications [5,10-13]. Adding minor alloying elements of C or B to high-alloyed Fe-based alloys has
been shown to improve both the corrosion and wear resistance of the coatings [14-22].

Thermal sprayed coatings are extensively used to protect components in harsh corrosive
environments. High velocity air fuel (HVAF) is a recently introduced thermal spray technique that has
been shown be very competitive as an environmental friendly alternative to electrolytic hard chromium
(EHC). Coatings sprayed by HVAF have been compared with high-velocity oxy/fuel (HVOF) [11,23-25]
sprayed coatings. The HVAF coatings were shown to be superior both regarding corrosion protection
and production cost [24,26-28]. The high velocity of the in-flight particles (1000-1200 m/s) in HVAF
enables production of very dense coatings with low porosity [29]. Moreover, the low spraying
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temperature (below 2000 °C) and short particle dwell time due to the high particle speed lead to
minimal feedstock phase transformation and almost inexistent elemental depletion/decomposition of
the in-flight particles. Furthermore, the replacement of pure oxygen in the HVOF process with
air in the HVAF process, significantly reduces the oxide content in the coatings, which also is
desirable in high performance coatings [27,30]. Several studies have been performed on HVAF sprayed
Fe-based coatings [2,19,24,28,31,32]. The coatings have shown high corrosion resistance in different
environments such as acid, alkaline, and chloride solutions. High quality microstructures with low
oxide content, high retention of the powder chemistry and low porosity have been reported [10].

Several corrosion studies have also been conducted on Co-based coatings [4,7,33]. Few studies,
however, have been made on low temperature corrosion performance of HVOF sprayed Fe-based
coatings. Corrosion studies have previously been performed on coatings sprayed with amorphous
Fe-based powders [28,33,34]. Studies have also been made on coatings where more complex powder
compositions have been used i.e., Fe-based alloys with elements such as Cr [35]. Cr is in the latter case
added to provide sufficient Cr dissolved in the austenitic (y) solid solution coating matrix to increase
the ability of the alloy to form a thin protective surface oxide layer and also to form hard precipitates
in the presence of C to provide wear resistance. A sufficiently high Cr and C content in the alloy is
thus feasible to provide both a good corrosion and a good wear resistance [36].

The promising results with the HVAF process [37], make it of interest to study corrosion behavior
of high-and low-alloyed Fe-based coatings produced by HVAF as a potential alternative to Co-based
coatings. In the present study, both Fe- and Co-based coatings were deposited by the HVAF process and
their microstructure and corrosion behavior investigated and compared. Corrosion properties were
studied with open-circuit potential (OCP), polarization, and electrochemical impedance spectroscopy
(EIS) measurements, and the role of corrosive species and the type of corrosion products were evaluated
by scanning electron microscope and X-ray energy dispersive spectroscopy (SEM/EDS) and X-ray
diffraction (XRD).

2. Materials and Methods

2.1. Substrate Material

Domex 355 steel (0.10C-0.035i-1.50Mn-0.02P-0.015-0.20V-0.15Ti wt %) in the shape of a ring was
used as the substrate material. The ring had an inside diameter of 100 mm and a thickness of 2 mm.
The ring was mounted on a rotating carousel and coated with sequential spray passes. The substrates
were degreased in acetone and, grit blasted with alumina grits (mesh 220) to clean and roughen the
surface before spraying. The samples were cut into square plates of the size of 10 x 10 x 2 mm? before
each corrosion test. The samples were thereafter degreased and rinsed in high-purity water, followed
by ethanol cleaning and air-drying.

2.2. Coating Materials

Three gas-atomized Fe- and Co-based powders with particle sizes between 20 and 53 pm were
used. The chemical compositions as well the densities of the powders are shown in Table 1. All powders
had a fairly spherical morphology as shown in Figure 1.

Table 1. Powder composition and apparent density.

Composition (wt %) Apparent
Powder Density (g/cm?)
Cr Ni C w Si Mo Mn Fe Co Y
1 28.0 16.0 1.85 - 1.2 4.4 15 Bal. - 4.2
2 17.0 12.0 0.01 - - 2.5 1.5 Bal. - 4.1

3 28.0 1.5 1.00 44 1.1 - - 0.5 Bal. 4.6
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Figure 1. Scanning electron microscopy (SEM) micrographs of the powders (a) FeNiCrC; (b) FeNiCr
and (c) CoCrC.

2.3. Solution Preparation

The experiments were performed in 3.5 wt % NaCl (seawater) solution. All the chemical solutions
were used from analytical grade reagents with distilled water. The solutions were in an equilibrium
state with the atmosphere, and all experiments were carried out under thermostatic conditions
(25+0.1°Q).

2.4. Thermal Spraying Experiments

Grit blasting was performed using the HVAF-M3 spray gun (Uniquecoat M3™), the same as for
spraying, using a standard hardware configuration i.e., a long nozzle, a large combustion chamber, a
short axial powder injector, utilizing DURALUM White F220 alumina grit (mesh 220), and propane as
combustion gas. A number of spray parameter sets were initially employed and tested to reach the final
optimized process parameters in term of density, Table 2. All coatings were sprayed with the samples
rotating, while the HVAF torch was kept fixed. The total thickness of the coatings was in this way
controlled through the number of sample rotations. Six different sets of Fe- and Co-based coatings were
produced, Table 3. The experiments enabled a comparative study of the corrosion protection between
the Fe- and Co-based coatings as well as an evaluation of the effect of different alloying elements,
coating thicknesses, and in-flight particle temperatures on corrosion performance. A simultaneous
measurement of temperature was achieved via a two-color pyrometer (IR2 SUPERMETER® ultra high
performance two-color ratio fiber optic infrared temperature measurement).

Table 2. High velocity air fuel (HVAF) process parameters used in this study.

Parameter Value

Nozzle 414

Spray distance (mm) 350

Gun traverse velocity (m/min) 100
Powder feed rate (g/min) 50
Nitrogen carrier gas flow (L/min) 60

Air pressure (MPa) 0.80

Fuel 1 pressure-Propane (MPa) 0.7
Fuel 2 pressure-Propane (MPa) 0.7

Table 3. Various types of coatings produced in this study.

Coding Powder Used In-Flight Particle Temperature (°C) Thickness *
FeCrNiC1 Fe-based powder 1 1515 Low
FeCrNiC2 Fe-based powder 1 1515 High
FeCrNiC3 Fe-based powder 1 1400 High

FeCrNi Fe-based powder 2 1400 High

CoCrC1 Co-based powder 3 1400 Low

CoCrC2 Co-based powder 3 1400 High

* The exact values of thickness are given in Table 4.
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2.5. Porosity, Microhardness, and Surface Roughness Measurements

Image analysis was used to measure the porosity content in the coatings by converting the
microstructure images of the coatings into binary images. The software Image] [38] was utilized.
Surface roughness was measured by a stylus based profilometer (Surftest 301, Mitutoyo, Kanagawa,
Japan). Micro-hardness measurements were carried out on polished cross sections according to ASTM
E384-10 with a Vickers indenter load of 300 g and a dwell time of 15 s using a Microhardness Tester
(HMV-2, Shimadzu, Columbia, SC, USA).

2.6. Corrosion Tests

2.6.1. OCP (Open-Circuit Potential)

The corrosion behavior of the sprayed coatings was studied with OCP, potentiodynamic
polarization and EIS. As-sprayed coatings without any further treatment such as polishing were
used in order to keep the initial surface roughness and possible defects in the top layer of the coating.
OCP measurements were carried out by gluing a plastic tube (¢ = 20 mm) to the coating surface.
An amount of 20 mL of a 3.5 wt % NaCl solution was poured into the tube. The OCP was measured up
to 24 h of immersion.

2.6.2. Potentiodynamic Polarization and EIS Measurements

Polarization and EIS evaluations were carried out in a conventional three-electrode cell with
a counter electrode of platinum foil, an as-sprayed coating as the working electrode (WE) and a
reference electrode of saturated calomel electrode (SCE). The surface area of the coatings exposed to
the electrolyte was 0.2 cm?. Before each electrochemical measurement, the samples were immersed
in the electrolyte at the open-circuit potential for 1 h which was adequate to acquire a steady state.
Polarization curves were generated by scanning the potential range that varied from —250 to +2000 mV
(vs. OCP) at a scanning rate of 1.0 mV /s, using a computer-controlled potentiostat/galvanostat
(IVIUMSTAT). The Zview program was used for calculations of anodic (3,) and cathodic () Tafel
constants required for polarization resistance calculations. The polarization resistance (Ry) of coatings
was calculated by using the Stern-Geary Equation (1) [39]:

_dE_ 1 BB
P di o 2303 (B, + Be)

)

where iq is the corrosion current density, B, and B. are the slope of anodic and cathodic Tafel
lines respectively.

EIS studies were also performed using IVIUMSTAT with an AC amplitude of sinusoidal deviation
of £10 mV and measurement frequency between 10 and 100 kHz around the OCP measured for 30 s
before the EIS measurement. The computer system was equipped with an IVIUMSTAT software
analyzer to record EIS data and the Zview program to determine the numerical value of the parameters
of the suggested electric circuit model. Fresh sample and fresh solution were used for each exposure.
For each experimental condition, two to three measurements were done to ensure the reproducibility
and reliability of the data.

2.7. Coating Characterization

Cross-sections of the coating systems were metalographically prepared for microstructure analysis.
The morphology of the specimens was characterized using a QUANTA 200 FEG scanning electron
microscope (SEM) and X-ray energy dispersive spectroscopy (EDS). The phases present in the coatings
before and after the corrosion tests were identified by X-ray diffraction (XRD) utilizing a Siemens D500
X-ray Diffractometer with Cu K« radiation (A = 0.154 nm) operating with the diffraction angle (20)
varied between 25° and 85°.
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3. Results

3.1. Characterizing the Coatings

Micrographs of the as-sprayed Fe- and Co-based coatings are shown in Figure 2a—f. All coatings
showed a lamellar structure with elongated impacted splats parallel to the substrate surface.
This lamellar structure was most significant in the FeNiCr coating, which implies that the low-alloyed
Fe-based powder was better melted during spraying.

Porosity has been shown as an important parameter that can significantly influence the corrosion
performance of thermal spray coatings [8,19,40,41]. The pores permit the electrolyte to penetrate and
attack the substrate chemically [42]. The porosity level was low for the FeCrNi, reaching a maximum
of 0.1%, while the values were measured at 2.6%, 2.2%, and 4.7% for the FeCrNiC coatings 1, 2, and 3
respectively. The porosity content in the CoCrC1 and the CoCrC2 coatings were measured at 2.9% and
2.2% respectively. Increasing the in-flight particle temperature from 1400 °C in FeCrNiC3 (Figure 2c)
to 1515 °C in FeCrNiC2 resulted in a denser microstructure, as in Figure 2a,b.

Figure 2. OM micrographs of as-sprayed coatings, (a) FeCrNiC1; (b) FeCrNiC2; (c) FeCrNiC3;
(d) FeCrNi; (e) CoCrC1; and (f) CoCrC2, (features of the coatings: 1: Embedded grit blasting Al;O3
particles; 2: Pores; 3: Cracks; 4: Lamellar structure; 5: Unmelted or semimelted particles).

SEM cross-sectional images of the coatings are shown in Figure 3. All coatings had a fairly
porous structure in the near-surface region, however this porosity was expected not to be critical
for corrosion resistance, as the pores were shallow and disconnected. The pores were specifically
shown to be disconnected in the bottom region of the coating, where the coatings were shown to be
well-attached to the substrate. This implied that the corrosive ions would not penetrate deep enough
to reach the substrate/coating interface [7]. Furthermore, there could be a trade-off among coating
microstructure, feedstock characteristics, and coating properties. The defects e.g., porosity, or oxide
might be compensated by the chemical composition of the coating in terms of coating properties
(particularly corrosion) by adding some effective elements, e.g., Cr, Mo or Ni.

The measured thickness, surface roughness, and microhardness of the coatings are given in
Table 4. The respective value is an average of thirty measurements done on three different samples of
each coating.

The surface roughness is important in terms of corrosion protection, as a lower surface roughness
leads to a lower surface area exposed to the corrosive environment, which can result in less
susceptibility to both general and localized corrosion [43]. The FeCrNiC coating had the highest
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roughness 3 (8.9 um) which should be compared to the FeCrNi coating (5.3 pm), which had the
smoothest surface. It should be noted that the coating roughness can be decreased in the HVAF by
increasing both particle velocity and flame temperature but no such optimization was performed [24].

x400 200 pm x400

Figure 3. Cross sectional SEM micrographs of as-sprayed coatings. (a) FeCrNiC1; (b) FeCrNiC2;
(c) FeCrNiC3; (d) FeCrNi; (e) CoCrC1; and (f) CoCrC2.

Table 4. Coating thicknesses, surface roughness, and microhardness.

Coding Thickness (um) Roughness (um) Microhardness (HV3)
FeCrNiC1 183 + 10 6+06 632 + 20
FeCrNiC2 378 + 8 54038 658 + 26
FeCrNiC3 304+ 3 9403 611 + 15

FeCrNi 308 + 8 5+05 350 + 10

CoCrC1 272+ 13 8+ 0.6 863 + 19

CoCrC2 315+ 5 7+£03 833 £ 15

* Error bars (£) represent standard deviation associated with average values of 30 measurements for
each coating.
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For the maximum protection of the substrate, thermal spray coatings have to be dense and
defect-free in order to prevent the corrosive ions penetrating through defects (connected pores and
cracks) and reach the substrate [44]. In this case, localized corrosion such as pitting and crevice may
occur autocatalytically [45]. Fe-based coatings free of defects could not be achieved probably because
of the inherent characteristics of the thermal spraying process as it is shown in Figure 3. For instance,
the Cr content of the alloy might rapidly oxidize during spraying (due to a great susceptibility of
Cr to oxidation). Formation of chromium oxides within the spraying consumes Cr which could be
used later in corrosion prevention by formation of the surface passive layer. Therefore, Cr-depletion
zones are formed due to the lack of sufficient available Cr which finally leads the coating to be
corroded [46]. Thus, increasing the level of accessible Cr in the coating could improve the corrosion
behavior. Altering the thickness of the coating is also reported as a way that can reduce the rate of
corrosive ion penetration through defects [24]. Thinner coating permits the electrolyte to meet the
substrate through the coating defect, as it is not sufficiently thick to protect the substrate, unless the
chemical composition of the coating (presence of alloying elements such as Cr) compromises the
detrimental effect of the defects.

The presence of carbon in the coatings that contains Cr is probably one reason for the
higher hardness values in Co-based coatings due to the formation of carbides, particularly Cr,Cs.
Another reason for the higher hardness values of these two coatings could be attributed to cobalt
itself, since Co is inherently harder than Fe, and due to inclusions of cobalt oxides, a finer lamellar
microstructure, and the presence of carbides, mainly Cr,Cjs, because of the presence of C and Cr in
the feedstock Co-based powder. It is well understood that an increase in the level of coating porosity
decreases the coating hardness [47]. However, the CoCrC1 coating shows a higher hardness value
than the CoCrC; coating, while the former presents a higher pore content than the latter. As the
hardness measurement was performed in the area where the coatings showed dense and compact
microstructures, the hardness values represent the hardness of the particles impacting the substrate,
regardless of the level of pores around them.

The fairly high scatter in the microhardness values, might be due to the presence of heterogeneities
in the composition of the coatings. This scatter enhances the coating sensitivity to some certain types
of corrosion, particularly microgalvanic corrosion.

The phase identification of XRD patterns (Figure 4) showed the presence of an austenitic (y)
matrix in the Fe-based coating, Co phase in Co-based coatings. A slight martensitic phase was also
detectable which might be due to the high cooling rate during particle solidification. No o-FeCr phase
was observed which is susceptible to be formed at low particle cooling rate. A minor presence of
Cr,03 is indicated due to the increase of the low intensity peak at 38°. The XRD analysis was unable
to identify any other presence of oxides, which might be due to the overall high roughness of the
coatings [4].
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Figure 4. X-ray diffraction (XRD) patterns of as-sprayed coatings.
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3.2. OCP

The penetration of the corrosive species of the electrolyte along the coating thickness towards the
substrate was evaluated by OCP measurements at up to 24 h of immersion (Figure 5). Higher potential
values were measured for the Fe-based coatings (FeCrNi and FeCrNiC1) than both Co-based coatings.
This implies that the Fe-based coatings have a better barrier effect compared to both Co-based coatings.
The reason for this difference is probably attributed to the lack of interconnected porosity in the
Fe-based coatings.

G -
i —FeCrNi
01 - —FeCrNiCl
—FeCrNiC2
E —FeCrNiC3
% CoCrCl1
‘>‘ —CoCrC2
=
-
=
12
S e
-
-0.6 —
0 4 8 12 16 20 24

Time (h)

Figure 5. Open-circuit potential (OCP) plots for the five coatings (24 h in 3.5 wt % NaCl, at 25 °C).

At the very early stage of the test, both Co-based coatings showed an initial low potential, which
slowly increased and was later followed by a decrease over time. A potential drop at the beginning of
the test was also detected for most of the coatings. The initial potential decrease can be due to; (1) the
variation in the surface activity primarily due to the electrolyte penetration along the coating; and
(2) the dissolution of the initial oxide layer, which was naturally formed, after immersion into the
electrolyte. The decrease of potential after the first hours, confirmed the penetration of the corrosive
ions through open porosity or localized defects. However, after such a drop, the potential became
steady probably due to clogging of open-pores rather than the passivation of the coating. The frequent
potential oscillations imply a susceptibility of the coatings to a localized corrosion such as pitting.

3.3. Potentiodynamic Measurements

Potentiodynamic polarization plots of various coatings immersed in 3.5 wt % NaCl at 25 °C are
presented in Figure 6 to illustrate the overall kinetics of the corrosion process. Electrochemical
parameters including the corrosion potential (E.y), corrosion current density (icorr), anodic (34)
and cathodic () Tafel slopes, and polarization resistance (Ry), derived from the potentiodynamic
polarization plots in Figure 6, are given in Table 5.

Apart from the FeCrNiC1 coating which had a potential of —0.25 V, the E.y,, of the other
coatings varied from —0.31 to —0.38 V, thus showing negligible differences between those samples
thermodynamically. The ic,, varied from 0.9 to 9.4 pAcm 2. The FeCrNi coating had a high passive
current density (ipsss) combined with a narrow passive region and it even underwent active dissolution
at the low potential without any visible passivation.

The lowest corrosion current density was observed for the FeCrNiC1 coating (0.9 tAcm™2), which
is due to the formation of a stable and protective superficial layer. It was not possible to find a direct
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correlation between coating defects and ir. The reason is probably the elemental composition in
addition to that of the defects which can play a significant role in the corrosion process.

—FeCrNiCl
= FeCrNiC2

-+-:FeCrNiC3

~—FeCrNi

---CoCrC1

<
wn

CoCrC2

=

0.5 ssw__;-

Potential, E (V vs.SCE)

Current Density, log (i)/(A.cm?)

Figure 6. Potentiodynamic polarization plots of the Fe- and Co-based coatings immersed in 3.5 % NaCl,
at 25 °C.

Table 5. Electrochemical values of the coated and uncoated steel substrate, immersed in 3.5 % NaCl,

at 25 °C.

Coding icorr (MA cm™2) Ecorr (V vs. SCE) Ba(Vdec™) —B.(Vdec?) Rp (kO cm?)
FeCrNiC1 0.9 +£0.1 —0.25 + 0.02 0.26 + 0.03 0.18 £ 0.03 439+ 05
FeCrNiC2 19 £0.2 —0.31 £ 0.03 0.21 £+ 0.02 0.13 £ 0.02 183 +£0.2
FeCrNiC3 94+13 —0.36 + 0.03 0.24 +0.03 0.16 + 0.02 44+01

FeCrNi 7.7 +£0.6 —0.37 £ 0.03 0.16 + 0.01 0.09 £ 0.01 32401

CoCrC1 81+05 —0.32 £ 0.03 0.17 + 0.01 0.14 + 0.02 41402

CoCrC2 47+05 —0.38 £ 0.04 0.12 + 0.01 0.11 + 0.02 53+03

The FeCrNiC3 and CoCrCl1 coatings showed a passivation stage at a relatively high ipgss.
The reason for this behavior might be the structural defects in these coatings including pores and
microcracks, Figure 6. The FeCrNi coating showed a similar behavior which might be due in this
case to the lamellar structure of this coating. The presence of the lamella boundaries hinders the
outward migration of Cr to reach the top surface of the coating which eventually leads to weak
passivation. The FeCrNiC1 and FeCrNiC2 coatings showed an exhibited passivation stage at low
icorr With some tiny fluctuations. The fluctuations imply a continuous process of active solution and
passivation. The transpassive potential (Efs) of these coatings was about 1.0 V combined with a
broad passive region, which confirmed that these coatings had an ability to prevent localized corrosion.
Contrarily, the very limited passive region of the FeCrNi coating illustrated a low ability to hinder
localized corrosion. The Ey, value was lower in the Co-based coatings compared to the FeCrNiC
coatings, which confirms that these coatings were more active as galvanic couples. The passivation
stage of the Co-based coatings occurred at higher i, compared to the FeCrNiC coatings, implying a
poor ability for the surface passive films to be stable. However, broad passive regions were identified
by similarly high Eyus, 1.0 V, as observed in the FeCrNiC coatings. Thus, the Fe-based coatings,
especially FeCrNiC1, seem efficient as a protective barrier with excellent corrosion properties and
ability to prevent localized corrosion in aggressive environments.

The high resistance to localized corrosion such as pitting of the high-alloyed Fe-based coatings was
considered to be determined by the presence of Cr-rich passive surface films formed on the Fe-based
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coatings, which prevented further attack by the corrosive solution. Moreover, Mo content of the coating
could also reduce the possibility of pitting, improving the corrosion resistance and passivating ability.
It is well understood that Mo could control the dissolution of Cr during passivation [40]. FeCrNiC1 and
FeCrNiC2 coatings which contained high amounts of Cr, Mo, and Ni were observed to have very
low icorr and, thereby, high resistance to corrosion. This indicates that the corrosion resistance of the
Fe-based coatings is sensitive to the microstructure characteristics which were shown to be dependent
on the spraying parameters.

It can be hypothesized that “passive-like” stages were produced due to the formation of a thin
passive oxide film. However, defects such as pores, oxide inclusions, and interlamellar boundaries
led to an interruption in perfect passivity, as these defects act as barriers for diffusion of beneficial
elements (such as Cr) for passivation [4,8,24,48,49]. The initial breakaway of a “passive-like” stage
might be connected to the galvanic microcells or selective corrosion along lamellae boundaries, based
on a mechanism identical to pitting. The former produces quite low damage; therefore, it can be
attributed to lower anodic ico; instead, the latter inflicts more damage, resulting in higher anodic igo.

The largest polarization resistance R, was consistently reported for the FeCrNiCl coating
(43.9 kOcm?) due to the coatings low i and quite high (3, and (3. Table 5, High (3, and {3 lead to
lower anodic and cathodic current at the same overpotential during the polarization measurements
which consequently results in higher R,,.

3.4. EIS (Electrochemical Impedance Spectroscopy)

EIS is a non-destructive method that relies on a small AC-voltage signal (20 mV), which is
applicable for resistance and capacitance studies of the coatings through a fit of the data to a proper
circuit model. Nyquist and Bode diagrams of coatings in 3.5 wt % NaCl solution is shown in Figure 7a,b.
During the exposure, corrosive ions penetrated the defects through the coating before reaching the
substrate. Thus, at the beginning of the test, the electrochemical behavior could be associated with the
intrinsic properties of the coating.

6000
70
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—FeCrNiCL
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e FeCINiC2 3
5000 1 recenica — 50
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—-CoCrc1 " = 40 3
4000 - +CoCrc1 —~ 7]
o =R
g |
G‘ 20 4
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o 10
h

2000 4

e

g

\‘-

0 1000 2000 3000 4000 5000 6000 7000 8000

Zreal(Qcm®)

Figure 7. (a) Nyquist; (b) bode diagrams for HVAF coated samples in 3.5 % NaCl, at 25 °C;
(c) Equivalent electric circuit for all coatings.

The EIS results show the presence of one capacitive loop for all coatings. The diameter of this
capacitance loop can be linked to the corrosion resistance. The fact that only one single time constant
was gained might be less likely due to the short exposure time. The electrolyte failed to penetrate
through the whole thickness of the coating and thus reaching the coating/substrate interface. Thus, the
electrochemical characteristics derived from the EIS measurements could be attributed to the Faradaic
process (as a result of charge transfer across the interface) that comprised the coating reactivity [50].
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The formation of corrosion products showed a pore partial sealing in small pores [51].
However, these corrosion products had poor adherence, which eventually led the electrolyte to
penetrate further through the pores.

Consequently, a simple equivalent circuit to describe the electrochemical behavior of coatings
was suggested, as shown in Figure 7c. The equivalent circuits included the solution resistance (R;),
charge transfer resistance in the coating/solution interface (R), and coating double-layer capacitance
(Ca1) described by a constant phase element (CPE).

The corrosion parameters derived from the equivalent electric circuit are given in Table 6.
Rt describes the ability of the coating to inhibit ion transfer at the solution/coating interface. It can
be observed that R decreased with the increase of defects within the coating and most likely due to
the dissolution of oxides because of chloride ion adsorption and chloride attack of the passive film.
The higher R.; confirmed the lower exposed coating/electrolyte interface and therefore lower coating
open porosity and accordingly less corrosion of the coating. This confirms a better corrosion resistance
of the FeCrNiC1 coating compared to both Co-based coatings. The high-alloyed Fe-based coating
(FeCrNiC1) showed a better corrosion protection performance compared to the low-alloyed Fe-based
(FeCrNi) in the 3.5 wt % NaCl solution.

Table 6. Electrochemical parameters gained from electrochemical impedance spectroscopy (EIS) spectra
of HVAF coated samples.

Coating Rs (-ecm?) Ry (kQ-cm?) CPE-T (uF-cm™32) n Cj (uF-cm—2)

FeCrNiC1 9.9 20.1 0.05 0.79 120
FeCrNiC2 10.2 6.8 0.17 0.80 4000
FeCrNiC3 9.9 44 0.07 0.78 5020
FeCrNi 10.0 0.8 0.05 0.79 925
CoCrC1 10.0 2.1 0.08 0.76 5115
CoCrC2 10.1 2.8 0.08 0.75 5040

CPE is generally employed to model the behavior of double layers in real electrochemical
processes [52]. CPE means the double layer capacitance at the solution/coating interface which
includes the interfaces between the top surface of the coating and the solution and also the surface of
defects with the solution. The measured value of CPE (Table 6) suggests that the porosity increased
during the immersion, accordingly, due to the penetration of the solution. The “plugging effect”
resulting from the accumulation of corrosion products in defects might be a reason for the increase in
CPE [2,28].

The time constants 7 of all the coatings attributed to the charge transfer reaction were relatively
similar, confirming that the same electrochemical mechanism occurred. By definition, the capacitance
has a direct relationship to the electrical permittivity of the material and to the total exposed surface
area as well as an inverse relationship with the distance between the two conductive plates [53]. As the
electrical permittivity of the 3.5 wt % NaCl solution and the distance (the thickness of the electrical
double layer formed on the coating surface) were fixed, a decrease of the double layer capacitance
might be associated with a lower electrolyte penetration (i.e., lower overall area) and thus, lower open
porosity [24].

3.5. Surface Morphology

Figures 8 and 9 show the morphology of the surface coatings after 24 h immersion in the OCP test
for the coating of each group that experienced the highest corrosion (FeNiCrCs; and CoCrC1) to clarify
the corrosion mechanism of the coating.

The corrosion mechanism was similar to crevice or pitting corrosion and the pores acted as blocked
cells, which had catalytic influences on the corrosion reactions, as the diffusion of O, molecules into
these defects was much slower than that of small C1™. Additionally, the oxygen depletion caused a fast
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decline of the electrolyte pH in the crevice [7]. The C1~ penetrating into the crevices favors hydrolysis
reactions, which further decreases the electrolyte pH. Over time, the inner corrosion products of Fe?*
or Co?* migrated to the coating surface, where the hydroxide was generated.
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Figure 8. Microstructure, elemental mapping and point X-ray energy dispersive spectroscopy (EDS)
analysis of the corroded FeNiCrCj coating after 24 h OCP test, at 25 °C.
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Figure 9. Microstructure, elemental mapping and point EDS analysis of the corroded CoCrCl1 coating
after 24 h OCP test, at 25 °C.

4. Conclusions

The corrosion behavior of HVAF thermally sprayed Fe- and Co-based coatings was studied
using electrochemical measurements. The major conclusions taken from the work can be summarized
as follows:

(1)  The high-alloyed Fe-based coating showed the best corrosion protection performance protecting
the underlying substrate better than both the low-alloyed Fe-based and the Co-based coatings.

(2)  The corrosion resistance of the Fe-based coatings was significantly improved by adding Cr.

(3)  The coating thickness was shown to be an important parameter affecting the diffusion of the
corrosive electrolyte. Thin Co-based coating permitted the corrosive ions to diffuse, while thin
Fe-based coating showed better corrosion behavior compared to thick Fe-based coatings.
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(4)
©)

(6)

Increasing the average in-flight particle temperature from 1400 °C to 1500 °C resulted in a denser
coating, which seemed to improve the corrosion resistance of the Fe based coatings.

Pores, cracks, and interlamellar boundaries were shown as preferred sites for corrosion nucleation
and growths.

The high-alloyed Fe-based coatings showed, in general, the best corrosion performance and can
thus be recommended as a potential alternative to Co-based coatings.
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