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Abstract: Thermally sprayed stainless-steel coatings were produced with a wide range of deposition
parameters. The electrochemical behavior of polished coatings was monitored for 3 weeks in 3.5 wt.%
NaCl aqueous solution and compared to that of reference materials including a wrought stainless steel
plate and a bulk ingot produced by arc melting of the spraying powder feedstock. Transitions in the
polarization behavior are discussed based on the observed changes in coating microstructures as well
as on the shifts in X-ray photoelectron spectra (XPS). Results show that the deposition parameters have
a strong effect on the coating microstructures but the small differences in the polarization behavior
of coatings mostly disappear after 1 week of testing. Microstructure evidence shows preferential
corrosion at splats experiencing melting prior to deposition. Pitting and corrosion products between
splat boundaries are also reported. XPS analysis shows that the coating surfaces are enriched in
chromium oxides and hydroxides. Comparison between the coating and bulk stainless steels suggests
that coating inherent defects play a major role on their impaired corrosion resistance.

Keywords: thermal spray; ferritic stainless steels; corrosion resistance

1. Introduction

In thermal spraying, the successive impingements of hot gas-accelerated molten and semi-molten
particles onto a substrate lead to the formation of a coating. The development of this industry-scale
technique has allowed the replacement of erosion-corrosion resistant hard-chrome coatings in different
applications including valves, hydraulic pistons, and aircraft landing gears [1,2]. When compared with
other standard coating deposition methods such as weld-overlay, thermal spray has a reduced effect
on the substrate’s chemistry and geometry, making it an interesting process for the repair of parts used,
for example, in the paper and steel industries [3] as well as in hydroelectric turbines [4].

However, it is well-known that when compared to wrought or “bulk” parts of similar composition,
sprayed coatings display an inferior corrosion performance. The causes were initially attributed to
in-flight high-temperature oxidation, which is presumed to affect the particle’s composition, as well
as to coating porosity, which could lead to localized corrosion [5,6]. Kawakita et al. studied the
corrosion behavior in 3.4 wt.% NaCl aqueous solution of high-velocity oxygen fuel (HVOF) sprayed
316L stainless steel [7] and Hastelloy C coatings [8,9]. Based on current density measurements and the
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observation of corrosion products inside pores, the authors noticed that the coatings with minimum
oxygen absorption and lowest porosity outperformed the others. This motivated the development of
new spray processes that kept the supersonic gas velocities of HVOF spraying while pursuing lower
flame temperatures. Examples of such processes include the warm-spray or “shrouded HVOF” [10,11]
as well as the HVAF (high-velocity air fuel), which has received considerable attention in the scientific
community. Instead of pure oxygen, HVAF uses highly pressurized air, substantially decreasing the
flame temperature. Zeng et al. [12] compared 316L coatings produced by HVAF and HVOF in a
salt-spray chamber, concluding that the lower amount of rust formation on HVAF coatings was due to
their lower level of in-flight oxidation. Such results motivate further research and development on the
use of thermal spray techniques to protect or repair surfaces from corrosion effects.

The development of thermal-sprayed coatings for any application involves selecting parameters
that yield good deposition efficiency and performance. For example, with a factorial design approach,
D. Zois et al. [13] were able to correlate fuel and oxygen flow rates with NiCr coatings’ corrosion
potentials and residual stresses. Another approach consists in capturing and processing the particles’
thermal radiation signals and determining their velocities and temperatures during their flight towards
the substrate. This allows one to create a process map [14], from which one may identify which
deposition conditions are likely to yield the best coating properties.

In comparison to austenitic steels, ferritic alloys such as the UNS S44400 (henceforth designated
55444) are seldom considered as feedstock for producing corrosion-resistant coatings. When compared
to austenitic steels, 55444 combines higher resistance to stress-corrosion cracking and lower nickel
concentrations, reducing costs and making it a suitable material for applications including food
processing [15], drinking water transport [16], and protection against hydrogen, chlorides, sulfides, and
nitrides in oil distillation towers [17]. A recent report [18] on the corrosion behavior of 55444 coatings
produced by HVOF revealed their inability to develop a protective passive layer. The effect was
attributed to the powder atomization process that led to important modifications of the steel’s original
chemical composition. Another important finding was that of a shift in the corrosion potential values
(measured in a 3.5 wt.% NaCl solution) as a function of immersion time. The effect was associated
with a preferential dissolution of iron, leaving non-protective Cr-rich oxide shells at the interface with
the test solution.

The aim of the present work is to further explore the potentials and limitations of ferritic 55444
thermal-sprayed coatings. The results reported in [18] are extended, now including a thorough in-flight
particle analysis as well as stainless steel coatings produced by HVAF. The coatings” electrochemical
behavior is monitored for longer immersion times and is compared to a bulk disc produced by arc
melting the spray feedstock. Transitions in the electrochemical behavior are correlated with changes in
the XPS spectra as well as extensive microstructure analysis at both surface and cross-section levels.

2. Materials and Methods

2.1. Feedstock and Spray Parameters

Water-atomized (Eutectic Castolin, Granby, Quebec, Canada) 55444 powder (p = 7.8 g-cm‘3) with
nominal composition given in Table 1 was received in a broad particle size distribution. The feedstock
was ball milled for 6 h and sieved through openings of 20 and 53 um, resulting in D5y = 40 + 23 pm
as measured by laser diffraction with a HORIBA LA-900. The ball-milled powder was used to spray
all coatings except for HVAF #1, in which the powder was used in the atomized state, having a
D5y = 48 +16 pum after sieving through the same openings. The different size distributions were not
produced on purpose. It was a result of passing powders with different morphologies (atomized and
milled) through the sieves. Ball milled powders tend to have an elongated shape.

The water atomized feedstock was arc melted in the form of a disk. The process consisted of
compacting 8 g of the feedstock powder with a pressure of 5 MPa. The compact pellet is then put inside
a vacuum (10~ mbar) furnace at 1000 °C for 1h to develop some strength. Subsequently, the pellet is
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placed inside an arc furnace chamber containing a tungsten electrode, a titanium getter, and a water
cooled plate. The arc melting process was carried out under a vacuum of 1073 mbar.

Table 1. Nominal composition of a bulk 55444. The * indicates the maximum element in wt.% the steel

should bare.
Composition C Mn P S Si N Cr Ni Mo Ti+Nb  Fe
wt.% 0.025* 1.00* 0.04* 0.03* 1.00* 0.035* 175-195 1.00* 1.75-2.5 0.20* Bal

Based on the results in [7], four HVOF spray parameters were selected to produce coatings. The
spray torch used was Praxair’s kerosene-fueled JP-8000 HP/HVOF® system. The HVAF coatings were
produced at Pyro Spray company (Granby, QC, Canada) with the Uniquecoat M3™
different spray parameters summarized in Table 2.

system with two

Table 2. Summary of the spray parameters used for high-velocity oxygen fuel (HVOF) and high-velocity
air-fuel (HVAF) spraying. * LPM: Liters per minute.

O, Flow Fuel Flow O/F Combustion
HVOF # Feedstock Rate Rate Ratio Pressure Other Parameters
(LPM) * (LPM) * - (kPa)
1 470 18 0.8 372 Feed Rate 44 g/min
3 Ball milled 870 23 1.17 689 Stand-off Distance 33 cm
5 att mite 588 15 118 414 Argon Flow Rate 9.4 LPM
8 729 28 0.79 655 Number of Passes 15
- - - - - - Transversal Speed 50 cm/s
Air Pressure  Fuel Pressure Feed Rate
HVAF # Feedstock (kPa) (kPa) (g/min) Other Parameters
1 Atomized 780 690 70 Stand-off distance 30 cm
4 Ball milled 50 Number of Passes 20

_ - - - Transversal Speed 1m/s

The tools used for in-flight particle temperature and velocity characterization were the
DPV-evolution for HVOF and accuraspray-g3c (henceforth designated as accuraspray) for HVAFE.
Both tools are commercialized by Tecnar Inc (Saint-Bruno, QC, Canada). The temperatures are
determined by two-color pyrometry with a 3% accuracy. Each system determines particle velocities
differently. DPV-evolution uses a two-slit mask with a known distance between them. Accuraspray
uses cross-correlation of the particles’ signals obtained at two different points spaced by a known
distance (2% accuracy). The readers are referred to [19-21] for further details on the applications and
limitations of these devices. Particle temperatures and velocities were determined at the same stand-off
distances at which the substrates were positioned in front of the spray torches.

Bulk S5444 plates with dimensions of 190 mm X 120 mm were sandblasted to a roughness
of 2.1 um (measured with a Mitutoyo profilometer SJ-210) and then used as substrates for coating
deposition. The substrate temperature was measured immediately after deposition by pointing an
optical pyrometer at the center of the substrate on the coating side.

2.2. Microstructure and Chemical Analysis

The feedstock and coating structures were analyzed by optical (Olympus LEXT OLS4100, Tokyo,
Japan) and scanning electron microscopy (SEM Hitachi S-3400N, Tokyo, Japan). The fraction of coatings
microstructural features was determined by Image analysis using the software Image ] 1.52A (National
Institute of Health, Bethesda, Maryland, USA).

The methodology used to determine the coating’s chemical composition (semi-quantitative)
by X-ray energy dispersive spectroscopy (EDX) consisted in doing point-analysis at the coating’s
microconstituents, i.e., unmolten particles, re-solidified splats, and oxides, as well as by measuring a
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general composition over an area of 260 x 180 um?. Each point analysis was carried out three times
while the general analysis only once.

2.3. Electrochemical Characterization

To avoid the influence of different surface roughness, all coatings were initially ground in SiC (grit
#320) paper then polished to mirror finish with diamond (3 pm) and alumina (0.05 pm) suspensions.
Tests were carried out in stagnant 3.5 wt.% NaCl solution with a three-electrode cell having an Ag/AgCl
reference electrode and an RuO;-coated titanium (dimensionally stable anode) as a counter electrode.
The disc samples (diameter of 16 mm) were rinsed in distilled water and immersed for one hour in the
test solution for stabilization of the open circuit potential (OCP). Potentiodynamic polarization tests
were then performed starting at —0.75 V vs. Ag/AgCl until OCP + 150 mV at a scan rate of 0.167 mV/s.
The choice of the potential range was empirical and aimed to characterize the sample polarization
behavior without significantly changing its properties. After the polarization test, the samples are
immersed in a stagnant solution of the same composition for a week to allow the coatings to corrode
naturally. The non-adherent corrosion products are then removed by repeating the final 0.05 um
alumina polishing and the test routine is repeated three times, as illustrated in Figure 1. The reference
samples did not undergo the entire cycle of tests. That was the case for as-polished coatings used in
XPS analysis and for the bulk stainless steel samples. Determination of electrochemical parameters
such as the corrosion potential (Ecorr), corrosion current (icorr) was done by the Levenberg—Marquardt
method using CView® software (Schreibner associates Inc NC USA 28387). Each polarization was
done once at each immersion time.

Beginning
. - Diamond - 3 Cycles
SiC Grinding Polishing o %
Yes
End XP_S | 0.05 pm AlL,O, 1 WEE_K
As-Polished Polish Immersion
OM Imaging
1 Hour Polarization Bulk &
. — End
Immersion Curve Arc Melted SS
0.05 ym Al,O; XPS
Polish — Corroded End

Figure 1. The flowchart illustrates the preparation and characterization steps to which each sample
was subjected.

2.4. XPS Analysis

Prior to the XPS analysis, the wrought 55444 and arc melted feedstock underwent SiC paper
grinding as well as diamond and alumina suspension polishing, like the HVOF/HVAF coatings.
All samples were then dried in warm air and placed in a vacuum chamber. A standard aluminum
X-ray source (Al ko = 1486.6 eV) was used to record XPS survey spectra (1-1486 eV). Argon-plasma
etching was done over an area of 2 mm X 4 mm prior to each analysis. The probed area was a circle
with 400 um diameter, located at the center of the Ar-etched zone. Typical XPS probing depths are in
the orders of a few tens of nanometers. High-resolution spectra have been done on C 1s, O 1s, Fe 2p,
and Cr 2p. For each sample, three different analyses were performed to verify the homogeneity of the
layer composition.
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3. Results

3.1. In-Flight Particle Diagnostics & Spray Parameter Selection

The process map resulting from the choice of spray parameters is illustrated in Figure 2. It may
be noticed that the HVOEF-sprayed particles” temperatures and velocities spread over a considerably
wide range of values. On the other hand, the error bars (one standard deviation long) do not overlap.
This shows that for each of the chosen HVOF deposition parameters, the particles absorb substantially
different thermal and kinetic energies. This result was deliberately sought after in order to maximize
the variability of HVOF coating microstructures and performances.

When compared to HVOEF, the HVAF-sprayed particles experience significantly lower in-flight
temperatures due to the flame cooling effect caused by the process’s relatively high air-flow rates.
On average, their temperature is lower than the theoretical liquidus temperature of a bulk 55444
(1520 °C), which should substantially affect the high-temperature oxidation effects. It should be
mentioned that the diagnostic tool used to characterize the HVAF-sprayed particles was the accuraspray
system which determines temperatures and velocities as an ensemble (which is why the error bars
are not reported) in a space volume of approximately 176 mm?. As for the HVOF-sprayed particles,
the system used was the DPV-evolution, which can determine individual in-flight particle characteristics

in a measurement volume inferior to 1 mm3.
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Figure 2. (a) Process map containing the in-flight particle velocities and temperatures used to produce
the studied coatings. (b) The substrate temperatures measured right after deposition are also reported.

The results in Figure 2 show that the in-flight particle temperature and the substrate temperature
after spraying are not strongly correlated. The effect seems to be more strongly linked to the combustion
OJF ratio used for spraying. For example, coatings HVOF #1 and HVOF #8 were produced with
fuel-rich flames, burning kerosene at higher rates when compared to HVOF #3 and HVOF #5.

3.2. Microstructure and EDX Analysis

The powder feedstock displayed small dark precipitates which may also be found in the coating’s
microstructures, as highlighted in Figure 3 by dashed circles. Details on the chemical composition of
the precipitates are discussed in the subsequent section.
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Figure 3. (a) Small precipitates can be found in the powder feedstock as well as in the sprayed coatings.
(b) Coating constituents include unmolten splats (circled in yellow), a re-solidified zone, and pores.

A closer look at Figure 3b reveals that the HVOF-sprayed 55444 coatings have three main
microconstituents: unmolten splats that partially retain the feedstock morphology; a re-solidified zone
comprising lamellar metallic and oxide splats that formed due to exposure to the high-temperature
flames and; pores. These constituents are present in all the sprayed coatings. Table 3 summarizes the
fraction of each constituent as measured by image analysis carried out on the coating cross-sections
illustrated in Figure 4. The coatings produced at a higher O/F ratio (HVOF #3 and #5) have a higher
fraction of unmolten particles. Conversely, the coatings produced with a lower O/F Ratio (HVOF #1
and #8) are mostly composed of re-solidified splats. As will be discussed later, this effect is attributed
to different particle trajectories.

The porosity in coating HVOF #5 was significantly higher than the others, which probably
derives from an undesirable combination of high in-flight particle temperatures and low velocities.
The effect could also have been caused by splat pull-out during sectioning and/or polishing procedures.
Another important remark concerns the coating HVOF #8 which, despite being formed by particles
that experienced lowest in-flight temperature, also exhibited oxide clusters characterized by a darker
grey color.

It is evident from Figure 4 that the coating HVAF #1 was formed mainly by unmolten splats.
This may be explained by the larger particle sizes used and the particularly low in-flight particle
temperatures used for its production. On the other hand, the HVAF #4 coating shared the same aspects
of the HVOF coatings. This may be explained by the fact that the feedstock used to produce coating
HVAF #4 was the same used to produce HVOF coatings and that the particle velocities prior to impact
were relatively slow as compared with those that generated coating HVAF #1.

Based on thickness measurements, higher deposition efficiencies (DE) are achieved when
HVOF-spraying with lower O/F ratios. According to [22], increasing the in-flight particle temperature
also increases their ductility, which increases the process deposition efficiency until the material’s
melting point is reached, leading to the process’s highest attainable DE. Coatings HVOF #1 and #8
contain a higher fraction of particles that experienced complete melting prior to deposition, hence their
higher DE. The same rationale may explain why the DE of HVOF coatings was higher than that of
HVAF. However, due to the use of a different, self-regulated powder feeding system, the flow rate for
depositing coating HVAF #4 was significantly lower than the rest, which explains why this coating had
the lowest thickness.
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Figure 4. As-sprayed SS5444 coating microstructures contain similar microstructural features including
unmolten splats, a re-solidified zone containing splats, and oxides, and finally, pores.

Table 3. Area fraction of coating microconstituents as determined by image analysis.

Coating ID % Unmolten % Re-Solidified % Pores Thickness (um)

HVOF #1 15.9 83.8 0.3 612
HVOF #3 28.5 70.2 1.3 564
HVOEF #5 26.4 71.5 21 462
HVOF #8 14.5 85.0 0.5 574
HVAF #1 99.3 - 0.7 472
HVAF #4 31 68.7 0.3 280

The EDX analysis main results are summarized in Table 4. The higher oxygen content in the
resolidified zones, when compared to the unmolten splats, is probably linked to the influence of oxides
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more present in those regions (Figure 3b). The general composition results point-out to a higher
oxygen uptake in coating HVOF #8, which can be linked to the presence of the large oxide clusters
(Figure 4). Additionally, the HVAF coatings have an overall lower oxygen content, especially in the
case of HVAF #1.

Table 4. X-ray energy dispersive spectroscopy (EDX) analysis performed over the coating’s
microconstituents as well as over a 260 x 180 um? area.

Element Weight %

Coating ID  Constituent Cr/Fe
OK Si K CrK Mn K Fe K Ni K Mo K

Unmolten 21+05 05+01 181+03 06+03 76 +1 - 22+02 0.24

HVOE #1 Re-solidified 5+2 05+03 18+2 0.8+0.7 74+ 4 - 22+0.1 0.24
Oxide 22+13 0.3+0.1 16+3 0.4+0.1 59 +12 - 15+06 0.27

General 8.7 0.4 16.7 04 71.7 0.0 2.1 0.23

Unmolten 3+1 06+02 184+03 05+0.1 75+ 3 0.6* 2.0+0.1 0.24

HVOF #3 Re-solidified 3+£2 0.4 +0.1 17 £2 0.6 +0.1 77 £1 - 23+0.1 0.21
Oxide 27 +5 04+03 14+£2 04+0.1 57 +3 - 14+0.1 0.25

General 8.5 0.4 16.4 0.6 71.7 - 2.1 0.23

Unmolten 20+03 04+01 17806 04+01 771+0.2 0.7* 21+0.1 0.23

HVOF #5 Re-solidified 6+4 05+02 20+3 6+5 72+6 - 19+04 0.27
Oxide 30+1 - 13.5+0.3 0.4* 55.0+0.3 - 1.3+04 0.24

General 8.1 0.4 16.6 0.5 71.8 - 22 0.23

Unmolten 25+0.7 0.5 +0.1 18.1 +0.1 0.4 +0.1 76 =1 0.6* 22+02 0.24

HVOF #8 Re-solidified 3+2 02+0.1 16.7+03 04* 78+3 - 23+02 0.22
Oxide 298+03 04+02 14+3 04+0.1 54+3 - 1.3+0.1 0.26

General 10.7 0.3 16.4 0.5 69.8 - 2.0 0.23

Unmolten 0.6 £0.1 02+01 178+02 - 79.6 £ 0.5 - 22+0.1 0.22

HVAF #1 General 25 04 18.0 05 76.0 ; 2.1 0.24
Unmolten 22+0.8 05+02 184+03 04* 76.7 £ 0.9 - 22+02 0.24

HVAF #4 Re-solidified 2.8+0.8 04+01 180+05 05+01 763+09 - 22+03 0.24
Oxide 25+5 04+01 16 +2 0.6* 57+3 - 1.3+0.1 0.28

General 5.2 0.4 174 - 74.5 2.1 0.23

Precipitates 57+3 15+1 20+ 4 1+1 70+7 - 1.7+04 0.29

Reported values with * were detected once or twice out of the three measurements.

It is useful to compare the coating’s chemical composition with that of the wrought SS444, which
under the same analysis conditions, exhibits an oxygen content of 0.5 wt.%. In terms of chromium
content, the main element responsible for the protective passivation of stainless steels, most coatings
display weight percentage values slightly inferior to that of the expected nominal range of 18-20%
according to the general EDX analysis. In contrast, the local chromium content of the unmolten splats
falls within the required nominal range. This apparent reduction of Cr wt.% may be a result of the
interaction volume between the electron beam and the coating, comprising pores and oxides that have
less Cr in their composition. On the other hand, the results also mean that Cr distribution on the coating
surfaces is very heterogeneous. For example, the EDX analysis performed on precipitates present in
both the feedstock and coatings revealed an enrichment in chromium and silicon, which was also
reported in [18]. These factors may play an important role in the coating’s electrochemical behavior.

The arc melting process led to significant densification of the sintered pack of particles. However,
pores and different types precipitates were observed (Figure 5). Due to their spherical geometry,
it is believed that the pores were originated from gases entrapped in the melting pool. The EDX
analysis performed on the precipitates revealed a Cr weight fraction of 54%. As compared with melt
atomization, the cooling rates after arc melting are relatively slow. Therefore, one may argue that such
precipitates are formed by coalescence of the small precipitates found in the feedstock.

The oxygen content of the arc melted steel was of 0.5 wt.%, considerably lower than what was
measured for the coatings. Two factors may explain such findings. Firstly, the arc melted feedstock
did not undergo the oxidation associated with the thermal spray process. Secondly, a slag formed
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and floated on top of the melt pool during the process. It is believed that the slag may have absorbed
part of the oxygen entrapped in the powder during atomization. Upon solidification and polishing,
the slag was completely removed from the feedstock.

Figure 5. (a) The arc melted feedstock showed a dense structure. However, a few pores and Cr-rich
precipitates were observed. (b) The arrows indicate the local where EDX analysis was carried out.

3.3. Potentiodynamic Polarization

For the sake of clarity, only a limited number of polarization curves are shown in Figure 6. When
comparing the polarization curves of the (HVOF #1—1 h) coating to that of the wrought 55444, one will
notice a significantly lower corrosion potential as well as a two-order of magnitude higher corrosion
current. The measured E.r and iqr values for the 55444 coatings after 1 hour of immersion are
in good agreement with other stainless steel coatings produced by HVOF [5,6], as well as with a
vacuum-sintered 434L powder metallurgy (PM) stainless steel [23]. When comparing the polarization
behaviors of the arc melted feedstock and the wrought stainless steel, one may notice a much closer
behavior when compared to that of the coatings. Nevertheless, the breakdown at E = 0.17 V implies
some impairment of the corrosion resistance of the arc melted disc, which may be caused by the pores
and Cr-rich precipitates shown in Figure 5.

At potentials significantly far from the corrosion potential |[E — E¢oyr| > 50 mV, the sprayed coatings
behavior distinguishes from that of the wrought materials by the absence of a passivation plateau.
With increasing immersion time, changes are observed in the shapes of both anodic and cathodic
branches of the curves, suggesting a modification in the kinetics of the corrosion reactions.

0 -
ECOIT I(:()I'l'
Vs Ag/AgCl pA.cm?

T2 r Bulk Plate SS -0.13 02

E ——————r

é 3 Arc Melted SS -0.16 0.4

= e HVOF #1-1Hour  -0.47 24

o4 Bulk SS Plat = =

3el=—=—= ﬁ%&ﬂ}?d 13% HVAF #1 -1 Hour 0.40 12
——— HVAF #11-1 Hour HVOF #1-1Week  -0.59 8.9
----- HVOF #1 - 1 Week

g | HVAF #1 - 2 Weeks HVAF #1-2 Weeks  -0.58 33

-0.85 -0.65 -0.45 -0.25 -0.05 0.15 0.35
Potential (V vs Ag/AgCl)

Figure 6. Polarization curves measured for a bulk S5444, the arc melted feedstock and coatings HVOF
#1 and HVAF #1.
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When compared to HVOE, the use of HVAF spraying does not lead to significant changes in the
electrochemical response of the stainless steel coatings. Their corrosion potential was approximately
100 mV higher than that of HVOF coatings throughout the tests.

The polarization behavior of the sprayed SS444 coatings was similar in almost all instances and is
summarized in Figure 7. The corrosion potentials drop about 100 mV during the first week of immersion,
after which the E.,, values display a slight tendency to increase with immersion time. A similar trend
was observed for the corrosion potential of SUS316L coatings in Seawater [7]. The average corrosion
current icyr of the coatings did not vary as strongly, ranging between 20-60 nA-cm~2 throughout the
3-week testing.

-350

~
o

O HVOF #1 HVOF #3 O HVOF #1 HVOF #3
-400 o HVOF #5 X HVOF #8 60 HVOF #5 x HVOF #8 x
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Immersion Time (h) Immersion Time (h)

Figure 7. Evolution of the stainless steel coating’s parameters (a) corrosion potential and (b) corrosion
current. The dashed line corresponds to the averaged values of all coatings. Error bars correspond to
one standard deviation.

3.4. Changes in Electrode Surface and Cross Section

The effects of corrosion on the HVOF coating surfaces are illustrated in Figure 8. As compared
with the pristine polished coatings, the corroded electrodes display an increase in porosity and in
the quantity of corrosion products which seem to form preferentially in the re-solidified zone, while
the unmolten particles remain apparently unaffected. As suggested in [24-26], these results endorse
the hypothesis of the formation of galvanic microcells between coating constituents. As revealed by
EDX analysis (Table 4), the heterogenous chromium distribution throughout the coating may be the
driving force for the corrosion reactions. As the electrolyte penetrates through the coating thickness,
more such heterogeneities are exposed to the solution, leading to a preferential corrosion path through
boundaries between splats.

Figure 8. Change of HVOF coating microstructure features in (a) top surface of coating HVOF #3.
(b) At HVOF #8 cross-section.
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It has been proposed in [26] that the coating corrosion resistance may be improved by reducing
or eliminating the chemical heterogeneities between microconstituents. While coating HVAF #1 is
mostly comprised of unmolten splats, its electrochemical behavior was not markedly different from
that of the other materials. On the other hand, the microstructural features observed after the corrosion
tests deserve mention. As illustrated in Figure 9, several pits were formed on the coating splats.
The formation of pits implies the breakdown of a passive film or the formation of a micro/nano galvanic
couple. Evidence of such films was shown in Figure 6, where the anodic current of coating HVAF#1
nearly stabilizes at 35 pA.cm~2. Similar behavior was reported for SS444 HVOF coatings in [18]. At the
HVAF #1 coating cross-section, the formation of corrosion products rich in Cl highlights the ability of
the electrolyte to penetrate through the voids between splats. The same was observed at the HVOF
coatings though to a much lesser extent. The effect may be attributed to the relatively large gaps at the
HVAF #1 splat boundaries (Figure 9a).

o}
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- gofrod.eq I ) {{;-ig: f

| HVAF #1 — Corroded |
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Figure 9. Evolution of coating HVAF #1 microstructure with increasing testing time. (a) as-polished
coating surface, (b) formation of micro-pits throughout the coating surface, (c) corroded HVAF #1
coating cross-section. (d) EDX analysis of corrosion products.

3.5. XPS Analysis

The survey XPS analysis summarized in Table 5 reveals that the Bulk S5444, arc melted feedstock
and the HVAF #1 coating have similar oxygen concentrations, substantially lower than what was
measured for the remaining coatings. When comparing polished coatings (not exposed to the tests)
to those exposed to the test solution for 3-weeks, one notices an increase in the Cr/Fe ratio. This
phenomenon may be attributed to a preferential dissolution of Fe at the electrode surface which was
also observed in [18] and on early studies regarding the passivity of Fe-Cr alloys [27]. If one considers
the standard electrode potentials of Cr(IIl) and Fe(Il), respectively —0.74 V and —0.41 V versus a
standard hydrogen electrode, one could say that the shift observed in the E.,, of the coatings during
the first week of immersion is caused by the surface Cr-enrichment.
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Table 5. Survey X-ray photoelectron spectra (XPS) analysis of the investigated materials.

Fe 2p O1s Cr2p Mo 3d Bal.

Material Cr/Fe
% atomic

Bulk Plate 55444 46.0 229 16.5 2.4 12.1 0.36
Arc Melted 55444 53.8 20.1 16.9 15 7.7 0.31
HVAF #1—As Polished 42.7 23.1 12.8 1.3 20.2 0.30
HVAF #1—Corroded 32.1 31.2 11.7 1.2 23.9 0.36
HVAF #4—Corroded 32.2 41.0 17.5 0.8 8.5 0.54
HVOF #1—Corroded 29.7 39.6 14.3 1.1 15.2 0.48
HVOF #3—As Polished 33.1 40.7 15.0 0.5 10.7 0.46
HVOF #3—Corroded 28.4 46.8 16.0 04 8.4 0.57
HVOF #5—Corroded 36.0 37.3 13.8 1.3 11.6 0.38
HVOF # 8—Corroded 30.7 43.1 16.9 0.8 8.5 0.55

The deconvolution of a sample’s high-resolution XPS spectra allows one to estimate the contribution
of each element’s oxidation state to the overall signal. Following the rationale used in [28], observation
of Figure 10 and Table 6 implies that chromium surface atoms manifest in three main oxidation states,
corresponding to metallic Cr(0), Cr(III)-(Cr,O3), and Cr(II)-Cr(OH);. One may easily notice that the
contributions of the Cr oxidation states are very similar in the Bulk 55444, arc melted feedstock and in
the HVAF #1 coating. However, during the 3-week tests, the surface of coating HVAF #1 is enriched in
Cr-oxides and depleted in hydroxides, resembling the other sprayed coatings, which have a marked
presence of Cr,O3 from the as-polished condition.
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Figure 10. High-resolution XPS spectra obtained on stainless steel surfaces. The grey lines indicate
which peaks are used for spectra deconvolution. The red line is the resulting sum of the three
deconvolution peaks.
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Table 6. Percentual contribution of Cr, Fe, and O oxidation states to the high-resolution XPS spectra.

.. HVAF #1 HVOF #3
Oxidation Stat Binding Energy  Bulk SS444  Arc Melted
xidation State As-Polished Corroded As-Polished Corroded
(eV) Area %

o* 530.4 + 0.05 14.0 125 11.6 17.2 21.6 25.7
OH" 531.5 + 0.02 8.9 7.6 6.7 119 13.8 16.8
C=0 533.0 +0.2 2.1 2.0 49 2.2 5.3 4.7
Cr(0) 574.3 +0.1 53 5.2 44 2.8 2.4 1.9
Cr(II) 576.3 + 0.1 6.3 5.7 4.5 8.1 119 13.0

Cr(IID) 578.8 + 0.4 5.0 5.7 4.1 0.8 0.9 1.3
Fe(0) 706.7 + 0.01 184 19.9 14.5 9.0 9.3 6.0
Fe(II) 707.5 + 0.03 19.8 17.2 13.2 9.0 8.6 28.6
Fe(III) 709.2 + 0.1 8.3 17.2 15.4 14.1 15.2 15.9

Deconvolution of the iron XPS peaks indicate that, when compared to a bulk SS444 plate, more Fe
atoms achieve a higher oxidation state Fe(III) on the surface of the sprayed coatings and on the arc
melted feedstock. This implies that the film formed on the surface of the latter materials has a limited
ability in preventing Fe from oxidation in the test solution.

Concerning the oxidation state of oxygen, metallic oxides (O%>~) and hydroxides (OH~) have
a relatively stronger influence on the XPS spectra of the HVOF coatings, which may be attributed
to the effects of high-temperature oxidation during spray as well as to the corrosion process itself,
since the relative contribution of 0>~ and OH™ to the XPS spectra is further increased at the corroded
electrodes. Hydrocarbon contamination (C=0O) possibly deriving from sample manipulation did not
have a marked influence in the overall oxygen signal obtained from the investigated materials.

4. Discussion

One of the factors that may explain the substantial drop observed in the corrosion resistance of
sprayed coatings is not related to thermal spraying itself, but on the quality of the feedstock production.
One of the main characteristics of the bulk 55444 is the presence of evenly distributed Ti- and Nb-rich
precipitates that form upon solidification [29]. These elements added in small quantities are strong
carbide formers and prevent the onset of chromium carbide precipitation and hence, intergranular
corrosion [29-31]. Such Ti- or Nb-rich precipitates were not observed in the coatings nor in the arc
melted feedstock which may be explained by a combination of two factors: (i) the relatively high
cooling rates in the atomization process (103-10° °C/s [32]) and (ii) the low wt.% addition of both
elements in the steel formulation. The rapid solidification of the metal implies very little time for Ti
and Nb atoms to combine with the carbon and form the precipitates. Instead, these atoms may have
remained in a metastable solid solution with the remaining elements. In these conditions and, with a
wt.% < 0.2%, the EDX analysis would be incapable of detecting Ti and Nb.

Another possibility is that Ti and Nb atoms were totally or partially lost during powder atomization,
as hypothesized previously [18]. Ti is well-known for being prone to oxidation and, according to the
powder manufacturer, raw material melting is done without atmospheric control. Moreover, Ti and
Nb carbides and nitrides have melting points in excess of 3000 °C and may not have been properly
dissolved back into the molten steel prior to atomization. The presence of Cr-rich precipitates in the arc
melted feedstock (Figure 5) supports this hypothesis since, according to the isothermal precipitation
diagrams of ferritic stainless steels [31] Ti, Nb carbonitrides tend to form before Cr-carbides.

Despite the clear metallurgical flaws, the polarization response of the arc melted feedstock was
much closer to that of the bulk SS444 when compared to the sprayed coatings. Considering these
observations, the high-temperature oxidation occurring during atomization and during spray cannot
explain the significant drop in the corrosion behavior of the sprayed coatings. More likely, is that the
coating’s high density of defects (including pores, splat boundaries, and oxides) and heterogeneous
distribution of alloying elements prevent the development of an effective protective film. Stainless
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steels produced by powder metallurgy [23,33,34] share similar structural defects and also an inferior
corrosion resistance when compared to that of wrought parts. By melting the feedstock, the density
of defects is drastically reduced, allowing the entire surface to respond more homogeneously when
exposed to the electrolyte.

The correlation between particle in-flight properties and the coating structures presented some
unexpected results. For example, coating HVOF #8 showed the highest level of oxidation (as measured
by EDX) even though the particles experienced a relatively short period of exposure to the flame.
As previously mentioned, it was during the production of HVOF #8 that the highest consumption
of kerosene as well as the highest post-spraying substrate temperature was measured. It is believed
that the oxidation of HVOF #8 particles did not occur during their flight, but while exposed to the
HVOF torch flame following their deposition on the substrate. The use of a substrate cooling method
might have prevented such an effect. Another apparent incoherence arises from the higher fraction of
unmolten splats in coatings HVOF #5 and HVOF #3 which, according to the DPV-evolution diagnostics
experienced the highest in-flight temperatures. The JP-8000 HVOF torch is characterized by a radial
powder feeding system [35]. One may argue that the change in the O/F ratio interferes with the regions
of high and low pressures in the torch’s nozzle, which ultimately affected the trajectory of the particles
along the gas stream. As the measurement volume of the DPV-evolution system is less than 1 mm?3, it is
possible that the temperature measurements did not account for the contributions from relatively cold
and large particles. Different feedstock carrier gas flow rates might be necessary to improve particle
trajectory and melting along the flame stream.

Even though a large range of coating microstructures were obtained, their electrochemical
responses were very similar. As seen in [18], preferential dissolution of iron leads to a surface
chromium enrichment that, based on the behavior of the corrosion potential measurements, stabilizes
after the first week of immersion in the test solution. This Cr-rich layer seems to provide some level of
protection, especially for coating HVAF #1, which showed evidence of a passivation process and the
formation of pits. The use of spray techniques that reduce in-flight particle oxidation are, therefore,
desirable and should be encouraged. On the other hand, while XPS and polarization curves give a
good insight into the changes on the surface of coatings, they give little information on the reactions
happening inside coating pores and boundaries between splats. The lack of fusion of HVAF #1 particles
allowed the electrolyte to penetrate the coating more easily than others, facilitating localized reactions.
In summary, if one strives to create very dense coatings by melting particles during spray, high levels of
in-flight oxidation are likely to occur, leading to preferential corrosion on certain coating constituents.
In contrast, if one focuses on avoiding excessive in-flight temperatures, the boundaries between splats
may be too large, facilitating electrolyte penetration. Based on the state-of-the-art spray technologies
and on the results of the present work, it may be said that narrowing the corrosion performance gap
between the coating and bulk materials cannot be achieved solely by controlling the spray parameters.

That does not mean that 55444 thermal-sprayed coatings do not have industrial value. For example,
they may be used as physical barriers, keeping underlying substrates within acceptable dimensional
tolerances until further maintenance is required. Moreover, being more active than the substrate, such
coatings may provide cathodic protection in the same fashion as zinc protects galvanized steels. Finally,
if post-processing techniques such as sealing [12,36,37] and surface re-melting [26] are employed,
one may expect substantial improvements on their corrosion performance, albeit the increase in cost
associated with these post modification steps.

5. Conclusions

In the present work, the electrochemical behavior of ferritic stainless steel (S5444) coatings
produced by state-of-the-art HVOF and HVAF were continuously monitored for 3 weeks. Their
behavior changes were correlated with variations in the electrode surface chemistry and microstructural
features. The main conclusions that may be drawn from the study are summarized as follows.
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Unlike bulk stainless steels, upon exposure to a 3.5 wt.% NaCl aqueous solution, the sprayed
55444 coatings did not undergo spontaneous passivation and protection, but experienced preferential
corrosion of Fe while the surfaces becomes enriched in chromium oxides and hydroxides, which
markedly affects their electrochemical behavior, especially during the first week of immersion. However,
these changes do not produce an important effect on the coatings’ corrosion rates.

The use of modern HVAF spraying techniques may render stainless steel coatings substantially
lower levels of oxidation as compared to HVOEF. The effect, however, is insufficient to give S5444 HVAF
coatings the ability to create protective passive films.

The inferior corrosion resistance of the coatings, when compared to bulk materials, arise primarily
from the high density of defects inherent to the spray process including pores, boundaries between
splats and a heterogeneous chromium distribution among coating constituents, attributed to the
presence of Cr-rich precipitates in the feedstock powder. It is unlikely that such defects can be removed
solely by controlling deposition parameters.
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