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Abstract The corrosion behavior in artificial seawater of
different as-sprayed ceramic-metallic (cermet) coatings
applied on low-alloy steel was studied. Five conditions,
associated to modifications of the composition of the
powder or deposition parameters were evaluated. The
degradation mechanisms were studied during extended
immersion tests using conventional electrochemical mea-
surement and electrochemical impedance spectroscopy. The
extended immersion tests reveal that these as-thermal-
sprayed coatings present a cathodic behavior compared
with steel. During the first hours of immersion, the
electrolyte infiltrates the defects of the coatings, which
then result to the local degradation of the substrate
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accelerated by the galvanic coupling with the cermet
coating. Optical observations and Raman analyses reveal
the formation of calcium carbonates like aragonite on the
cermet surface, very close to the appearance of local anodic
sites. The cross-sectioned views reveal the infiltration of the
corrosive solution, and the depth penetration of the
degradation of steel substrate probably due to the acidifi-
cation of the anodic sites.

Keywords WC-CoCr coatings - Thermal spray - Corrosion -
EIS - Seawater

Introduction

Ceramic-metallic (cermet) coatings are useful when high
surface hardness and resistance to wear are required. The
hard WC particles in the coating provide hardness and wear
resistance while the metal binder (CoCr, NiCr, Ni, Co, etc.)
gives the necessary coating toughness [1-3]. High-velocity
oxy-fuel (HVOF) thermal sprayings have been designed to
retain a larger fraction of WC in the coating. In this method,
the hypersonic velocity of the flame shortens the time of
interaction between the powder and the flame, and in
conjunction with the relatively low temperature in the latter,
limits WC decomposition [4].

WC-based hardmetals are usually applied in neutral and
near-neutral aqueous working environments. The corrosion
process of cermet-coated metallic substrates is a very
complex phenomenon. The properties affecting the corro-
sion performance of coating on a service are the as-spraying
coating, the binder material, and the deposition parameters
[5]. Several works have underlined the importance of spray
parameters and the powder chemical composition on
corrosion behavior of HVOF coatings [6-9].
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Different studies have been made in order to evaluate the
electrochemical behavior of the carbide particle WC and the
metallic matrix, respectively. These studies are mainly
performed in acidic HCI or H,SO, solutions, and it was
reported that tungsten carbide particles were nobler than the
metallic matrix. A uniform dissolution of the cobalt-based
matrix was reported [10—12]. Effectively, in acidic and
near-neutral solutions, cobalt suffers from a uniform
dissolution and no passivation was observed [11]. Anyway,
electrochemical behaviors in near-neutral solutions of
thermal-sprayed WC-Co-based coatings reported in litera-
ture were not so concordant. Perry et al. [13] had observed
that during the anodic polarization of WC-;(Co4Cr in
synthetic seawater, removals of carbide particles that
suggest an initiation of corrosion at the carbide/metal
interface. As the porosity rate of HVOF coatings is very
low, less than 1%, it was assumed that interconnected
porosity was no longer the main issue in the corrosion
behavior of a coating/substrate system. Corrosion process
has been shown to be concentrated at the metallic/ceramic
interfaces. So, micro-galvanic cells occur between WC
carbide particles and the metallic matrix that lead to
selective dissolution of the metallic binder [13, 14]. Such
observations were also reported for cermet composite
coatings deposited onto low-alloy steels [8, 15-17] or
aluminum [3, 18] and exposed in saline solution. The main
degradation was assigned to the metallic matrix dissolution,
and the carbide particles remain unchanged.

However, non-concordant results were presented in the
literature concerning the corrosion behavior of such
thermal-sprayed composite coatings. Effectively, some
studies have reported the observations during extended
immersion tests in aggressive solution of corrosion
products associated to the substrate degradation [19].
Open-circuit potential evolutions of the coated samples
were reported to be quite similar to that of the substrate,
indicating behavior where electrolyte easily reaches the
base substrate through open defects [2, 9, 20-22]. So,
according to these studies, as-sprayed WC-Co-based
coatings lead to an ennoblement of the corrosion potential,
compared with the substrate. Indeed, corrosion potential of
WC particles and pure cobalt were respectively reported to
be around +0.19 V/SCE and —0.32 V/SCE [8]. As-sprayed
WC-Co-based coatings are nobler than the substrates, and
effectively degradation can be localized at the open defects
where electrolyte can easily infiltrates until the substrate/
coating interface. In this case, galvanic corrosion between

coating and substrate may occur accelerating the local
dissolution of the substrate [23—26]. Amplification of the
localized degradation of the substrate by galvanic corro-
sion was not described in literature. Galvanic corrosion
was reported to occur between the WC particles and the
metallic binder, leading to an increase of the surface
roughness and the formation of porous corrosion products
of cobalt [15]. The objective of this study is to clarify the
degradation mechanism of WC-CoCr-coated steel in saline
solution. Application development of these tribological-
resistant coatings in marine environment needs to thor-
oughly investigate the degradation of the coated samples
and to evaluate the evolution of industrial deposition
parameters on the property modifications.

Corrosion behavior using electrochemical impedance
spectroscopy (EIS) of as-sprayed WC-CoCr coatings of
approximately 250 um in thickness, deposited onto low-
alloy steel by HVOF thermal spraying at different
deposition parameters was investigated in artificial
seawater. Examination of the corroded samples, complet-
ed with analyze techniques would allow to define the
mechanism implied in the degradation of the coated
samples.

Experimental
Samples preparation

WC-CoCr cermets were deposited on a commercial low-
alloy steel substrate (35CrMo4 or AISI 4135) by HVOF
thermal-spray technique at different deposition parameters
using two compositions of powders. Two commercial
powders A and B are used in this study; the nominal
compositions reported by suppliers are reported in Table 1.
Coatings were deposited using HVOF thermal-spray tech-
nique at Bodycote in a closed chamber with controlled
temperature and projection kinematic. The speed reached
by the particles is higher than 700 m/s with a flame
temperature around 2,600 °C. Particles passing through the
flame are then projected on the rotating substrate surface
with the projection gun being animated by a translatory
movement. Table 2 summarizes the deposition parameters
used during this study. “Standard” deposition corresponds
to the conventional optimized parameters used for the
industrial deposition of WC-CoCr coatings and these
parameters cannot be detailed. The other configurations

Table 1 Characteristics of the

as-received commercial powders Powder Chemical composition (wt.%) Particle sizes
A W, 81.08; C, 5.35; Co, 9.68; Cr, 3.8; Fe, 0.09 10~38 pum
B W, 77.7-80.1; C, 5.1-5.8; Co, 8.5-9.5; Cr, 4.5-5.5; Ni, 0.8-1.2; Fe, 0.3 15~45 um
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Table 2 Deposition parameters
of HVOF as-sprayed WC-CoCr
coatings

Ref Powder

Flame temperature

Powder feed rate

Gun transverse velocity

Coating 1
Coating 2
Coating 3
Coating 4

o> > > >

Coating 5

Standard Standard Standard
Standard Standard Reduced
Reduced Standard Standard
Standard Reduced Standard
Standard Standard Standard

correspond to modification of one parameter compared with
the standard condition, for example a reduction of the
translatory movement, lowering the flame temperature by
modifying the ratio of combustive/fuel, a reduction of the
powder flow. So, evolution of the deposition parameters
will be discussed in terms of the morphological, micro-
structural, and corrosion properties of these coatings.

The coatings are made from powders containing small
particles of tungsten carbide embedded in a metallic phase,
the binder, consisting of Co, Cr, or Ni. The thickness range
of as-sprayed coatings was 240-300 um. The roughness is
R, of 4-5 pum.

Characterization

The crystalline structures of the coatings was investigated by
X-ray diffraction operating with Cu K, (A=0.154056 nm)
radiation. The analyzed range of the diffraction angle 26°
was between 25° and 90°. Samples were observed by an
optical LEICA DM6000M microscope in dark field or
polarized light and a scanning electron microscope (SEM).
Energy dispersive X-ray spectrometer (EDS) was used to
characterize powders and coatings with an accelerating
voltage of 20 kV.

p-Raman spectrophotometry was used to characterize
the nature of the corrosion products appearing during the
aging of coated samples. Raman spectra were recorded with
a Jobin Yvon LabRam HR spectrometer using an incident
beam of 632.82 nm emitted by an argon laser. Laser power
was kept constant around 0.7 mW, and detection was
achieved with a Peltier-based cooled charge coupled device
detector. Acquisition and basic treatment of spectra were

Table 3 Simplified artificial seawater composition according to
standard (ASTM D-1141)

Salts Concentration (mol L™ Concentration (g L
NaCl 0.42 24.5448
Na,SO4 0.0288 4.0907
MgCl,-:6H,0 0.0546 11.1007
CaCl,-2H,0 0.0105 1.5437
KCl1 0.00932 0.6948
NaHCO3 0.002792 0.2345

performed with LabSpec software (Jobin Yvon—Horiba).
Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) measurements were performed with a Ther-
moNicolet FTIR Nexus spectrometer, and the micro-ATR
crystal was a diamond crystal. Spectra were acquired in the
range of wavenumber from 500 to 4,000 cm ' using the
Omnic software.

Electrochemical corrosion measurements

Electrochemical impedance spectroscopy was performed at
the open-circuit potential using a potentiostat Autolab
Pgstat 302 N in a frequency range of 10°~10"> Hz with
ten points par decade using an amplitude perturbation of
10 mV peak to peak. The experiments were realized during
48 h of immersion in artificial seawater. A three-electrode
electrochemical cell was used with a platinum grid counter
electrode and a saturated calomel electrode as the reference.
The exposed surface area to the corrosive medium was
fixed at 2.25 cm?® using an inert resin. All the electrochem-
ical tests were performed in simplified artificial seawater
prepared according to standard ASTM D-1141 whose
composition is reported in Table 3. pH was adjusted by
addition of NaOH 0.1 mol L™! solution at a value of 8.2,
and the corrosion tests were conducted in an environment
that is naturally ventilated, agitated, and at room tempera-
ture. Reproducibility of the electrochemical tests was
ensured during this study.

Results and discussion
Characterization of spray powders and coatings

Figure 1 shows the morphologies of the particles used for
the coating deposition. Both powders are composed of
spherical and agglomerated particles. A statistical approach
was developed to measure the size distribution of the
agglomerated particles characteristics of powders A and B.
Different SEM pictures (between 10 and 20) presenting
several particles were obtained, at the same magnification,
in order to measure a size distribution that was represen-
tative from the characterized powder. Powder A had a grain
size ranging from 10 to 38 wm with an average grain size of
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Fig. 1 SEM observations and
particle size distribution in
powder A and B

27 um and powder B had a grain size ranging from 15 to
45 wm with an average grain size of about 29 pm.
Distribution of particle sizes is quite similar between these
two powders. These values, deduced from the statistical
approach, are in perfect agreement with the supplier data
presented in Table 1 resulting from either sieving or
scalping techniques. Usual classifications of particle sizes
according to these techniques are —38+10 um for powder
A and —45+15 um for powder B, meaning that the particle
sizes detected by these techniques range respectively
between 10 and 38 and 15 and 45 um. For both powders,
WC particles have angular shapes with grain size between 2
and 5 pm. Distribution of the WC particles are quite
homogenous in the agglomerated spherical particles. Few
of these particles were broken permitting to assess to the
internal microstructure.

Figure 2 shows the X-ray diffraction patterns of as-
sprayed WC-CoCr and WC-CoCrNi coatings deposited by
HVOF process. WC is the major phase detected whereas
few diffraction peaks associated to W,C phase are also
observed in all deposited coatings. Presence of the W,C
peaks indicates a very weak decarburization of WC taking
place during the coating process, as it was reported for
cermet coatings developed from HVOF thermal spray
process [4, 27-31]. We also observed a very little peak
corresponding to brittle n-phase M;,C (CogW¢C); this
phase could appear due to the dissolution of C in the
metallic binder [31]. Formation of the mixed carbide could
induce brittleness of the samples.
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Although notable amount of binder phase was present in
the coating, XRD analysis do not permit to distinguish the
presence of Co, probably due to the low crystalline order of
this phase, which organization is at very short range, or
even amorphous [32]. During the thermal-spray process,
cooling rates of the sprayed particles are very high that
could explain an amorphization of the metallic phase [15].
An amorphous phase was reported to be more interesting
for corrosion resistance compared with a crystalline
material [25, 33-36] due to the lack of microstructural
defects that could promote localized degradation. But
formation of multiple phases within the metallic matrix
due to dissolution of carbon and tungsten could contribute
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Fig. 2 XRD patterns of as-sprayed tungsten carbide-based coatings
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to a non-uniform degradation of the metallic binder as
reported by Perry et al. [13].

Electrochemical impedance measurements

Most multilayered coating systems composed of a substrate
and coating layers are sensitive to galvanically induced
local corrosion [33]. Galvanically induced corrosion leads
to a severe attack as soon as the coating layer is perforated.
This corrosion process is extremely severe for coated
systems due to the high current density localized at the
defect and result from a large ratio between the surface
areas of the cathodic outer surface and the anodic defect.

Electrochemical impedance measurements were per-
formed at different hours of immersion in simplified
artificial seawater. EIS data were analyzed by using the
equivalent circuits reported in the literature for coated
metal [37].

Figure 3 shows the evolution of Nyquist and Bode
diagrams after different hours of immersion for coating 1
that was deposited using the standard deposition parame-
ters. These results show the presence of a single capacitive
loop after 1 h of immersion, indicating a single time
constant that can be attributed to the charge transfer
resistance in parallel with the double-layer capacitance.
The fact that only one time constant is obtained may be due
to the short exposure time [38, 39]. We can assume that the
infiltration electrolyte has not cross over the 250 um thick
of the coating and does not reach the steel substrate. So,
during the first hours of immersion, the electrochemical
characteristics deduced from EIS measurements could be
mainly associated to a faradic process that involves the
coating reactivity. However, capacitive loop diameter
values are not so high, around few kQ cm?. Some authors
have observed uniform dissolution of the Co matrix until
corrosive media at pH close to that of seawater [15]. But it
is also reported that incorporation of chromium effectively
permits to reduce this phenomenon. Furthermore, some

authors have also suggested the presence of coupling effect
between WC particles and the metallic matrix [13, 17, 18].
These coupling effects induce an anodic polarization of the
metallic binder that could favor the dissolution or passiv-
ation of the metallic binder. According to Saha et al. [17],
Nyquist diagrams in saline solution (NaCl 3.5%) of
WC-1¢Co4Cr coatings deposited onto low-alloy steel
present only one capacitive loop, with a charge transfer
resistance around 1,500 to 1,900 () cm?. The important
thickness of the coatings (approximately 530 pum) delays
the infiltration of electrolyte, and the electrochemical
characteristic was affected by the coating behavior [17].
At the beginning of the immersion, the electrochemical
behavior is associated to the coating oxidation and probably
passivation of the metallic binder due to the weakly alkaline
pH of seawater. In fact, SEM observations of the corroded
samples after immersion tests (not presented) have revealed
the presence of local oxidation of the binder, but these
analyses do not suggest uniform dissolution of the metallic
binder.

After 4 h of immersion, the shape of Nyquist diagram is
changed, and two time constants occurring respectively at
the middle and low frequencies are observed. The diameter
of the capacitive loop observed at the middle frequencies is
larger than the latter determined at the beginning of the
immersion, and a second time constant is observed for
lower frequencies which can be related to a Warburg
element. Indeed, this evolution can be directly linked to the
infiltration of electrolyte through the pores that provokes
localized corrosion of the steel substrate. The capacitive
loop observed at middle frequencies could be mainly
associated to the steel dissolution through the coating
defects, the electrochemical behavior of the coating
becoming partially masked during the displacement of the
corrosion potential when degradation progresses. As the
sizes of the pores are very small and depend directly on the
morphology and microstructure of the coatings, the forma-
tion of steel corrosion products permits to partially seal

Fig. 3 EIS data for coating 1 at a
different exposure time in simpli- 4000 -
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them. But, these corrosion products are very powdery, not
adherent and allow the electrolyte to access the substrate.
Diffusion of ionic species will provoke a partial hydrolysis
of the corrosion products increasing the aggressiveness of
the electrolyte inside the pores. So, the diameter of the
capacitive loop at the middle frequencies gradually
decreases during the immersion, as observed in Fig. 3a,
indicating that the localized degradation of steel is
accelerated due to the change of electrolyte aggressiveness
inside the pores combined to the galvanic coupling that
may exist between the coating and the substrate.

Figure 4 shows the Nyquist and Bode diagrams of all
cermet coatings, compared with the steel substrate, after
different hours of immersion (1, 10, and 48 h) in simplified
artificial seawater.

During the immersion, electrolyte may infiltrate inside
the pores all along the coating thickness before reaching the
substrate. So, at the beginning of the immersion, the
electrochemical behavior is quite associated to the intrinsic
coating properties. All the composite coatings present a
resistive behavior corresponding to one capacitive semi-
circle. Coating 5 presents the highest resistance at the
beginning of the immersion compared with other config-
urations. Coatings 1, 2, and 4 present quite similar
behaviors whereas coating 3 seems to be less protective.
Indeed, coating 5 presents nickel incorporation that en-
hanced the intrinsic behavior of the metallic matrix,
whereas other coatings (1 to 4) have quite similar
composition for the matrix. This may explain the high
impedance values observed for this coating. Anyway, it can
be underlined that the electrochemical parameters associat-
ed to the intrinsic corrosion behavior of the coating are not
so different from those of the steel substrate, so the
separation of each contribution when electrolyte reaches
the substrate is impossible.

At the beginning of immersion, the reduction of the gun
traverse velocity (coating 2) or the reduction of the powder
feed rate (coating 4) during the deposition process, seems to
not affect significantly the intrinsic corrosion behavior of
the coatings compared with coating 1 deposited with
standard parameters. However, the modification of the
flame temperature during the deposition process (coating
3) seems to drastically affect the coating reactivity that
could be associated to a modification of microstructure. It
was reported that the corrosion behavior of the composite
coatings WC-CoCr was mainly dependent on the formation
of micro-galvanic cells between WC particles and the CoCr
binder [17, 18]. The distribution of WC particles inside the
metallic binder plays an important role on the magnitude of
the coating degradation. So, we can suppose that modifi-
cation of the deposition parameters associated to coatings 2
and 4 leads only to slight differences on the distribution of
WC particles whereas the reduction of the flame tempera-

@ Springer

ture would favor heterogeneous distribution of WC par-
ticles that amplifies the galvanic degradation of the metallic
binder.

After 10 h of immersion, the shape of Nyquist and Bode
diagrams of the coated steels are quite similar. Diagrams are
composed of two time constants, a capacitive loop at
middle frequencies that can be attributed to the steel
dissolution through coating defects and at low frequencies
a diffusion mechanism is involved. Coatings 1 and 4
present the highest resistance values compared with coat-
ings 2, 3, and 5 that have quite similar behavior after 48 h
of immersion. In artificial seawater, WC-CoCr coatings are
nobler than steel substrate, so corrosion behavior is mainly
dependent on porosity rate and interconnection of porosity
through the coatings. So differences in corrosion behavior
between coatings 1 to 4 are correlated to variations of pore
density and distribution. Surface morphological observa-
tions (not presented) of the as-sprayed coatings have
revealed important heterogeneities of distribution of WC
particles on coatings 3 and slight heterogeneities in case of
coating 2 whereas these distributions on coatings 1 and 4
were more homogeneous. Concerning coating 5, incorpo-
ration of nickel ennobles the potential of the binder phase
that worsen the galvanic coupling between steel and
coating. So even if the porosity distribution is quite similar
compared with the other configurations, the galvanic
corrosion is amplified and the resistance of coating 5 is
lowered.

Two different models of equivalent electrical circuit are
used for the fitting of the experimental EIS data (Fig. 5).
Figure 5a corresponds to the equivalent circuit that
correctly fits the EIS data linked to the intrinsic corrosion
behavior of the coatings in aerated and stirred seawater.
This circuit is composed of the solution resistance R, the
charge transfer resistance of the coatings/solution interface
Rct(coatingy and the double-layer capacitance Cgj(coating)
represented by a constant phase element (CPE) [40]. After
4 h of immersion, the shapes of Nyquist diagrams are
changed and Fig. 5b present the equivalent electrical circuit
that correctly fits the EIS data linked to the dissolution of
steel substrate through the coating defects. The circuit is
composed of the solution resistance R;, the charge transfer
resistance of the steel/solution interface through the coating
defects Rystee), the double-layer capacitance Cgygsteely
represented by a CPE [40] and the Warburg diffusion
process of electrolyte and oxygen. The corrosion rate is
limited by the slow diffusion of the electrolyte and the
oxygen through the defects in the coating. Therefore a
Warburg element (W) should be adopted in series with the
charge transfer resistance (Fig. 5) to account for the finite
length of the diffusion pathway. This diffusion element is
characterized by two parameters, the diffusion resistance
Rq4, and the time constant for diffusion through the distance
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Fig. 5 a Equivalent circuit to fit a b c

the electrochemical impedance \\Cdl(coating) N\ “dlfsteel)
data of the mild steel substrate 7/ //

and coatings until 4 h of expo-

sure time. b Equivalent circuit ._\/\/\_ o '—\/\/\—

used for fitting the electrochem- R Ret {coating) R Rylsteel)

ical impedance data of the coat- s N\

ed samples S

d corresponding to the average thickness of the as-sprayed
coating : Ty=56%/D. D represents the diffusion coefficient of
the considered species. The fitting is achieved using the
Ziew SOftware and a good correlation was observed for all
the EIS diagrams. All the electrochemical parameters
deduced from the fitting of the experimental data using
the equivalent electrical circuit described in Fig. 5 are
presented in Table 4. As it can be seen, the error parameter
x? is quite low for all fitting operations. Figure 6 presents
the evolution of different electrochemical parameters
deduced from the fitting of the EIS diagrams associated to
the charge transfer reactions (R, and time constant 7g) and
to the diffusion mechanism (Rp and time constant 7p)
versus the immersion time. It must be noticed that time
constants 7p were calculated using true capacitances Cyg
obtained from Brug’s relation [40].

Figure 6a, b shows the evolution of the charge transfer
resistance R, which is inversely proportional to the
corrosion rate, deduced from EIS measurements in the
middle frequency range, as a function of immersion time.
For coated steels, initial values of R are quite higher than
that of steel and correspond to the intrinsic behavior of the
composite coatings as presented in Fig. 5a. Except for
coating 5 whose composition is different from the other
configurations, the time constants 7 (Fig. 6¢) associated to
the charge transfer reaction are quite similar indicating that
same electrochemical mechanism is involved. Up to
approximately 4 h of immersion, the slight increase of the
charge transfer resistance is attributed to the passivation of
the metallic binder in contact with seawater. When the
electrolyte infiltration reaches the steel substrate, degrada-
tion of steel becomes the predominant mechanism due to
the galvanic coupling with the coatings. Figure 6a, b shows
two different evolutions of the R, values when the
electrolyte reaches the substrate. Up to 10 h of immersion,
an increase of the transfer resistance is observed for
coatings 1 and 4. As corrosion becomes localized at the
defects of the coatings, steel corrosion products may
accumulate and partially seal the pores. The time constants
7r of these coatings increases and reach values during this
immersion period higher than the other configuration for
which a drastic decrease is observed. Effectively, the
morphology, distribution, or interconnection of pores for
coatings 2, 3, and 5 seem to limit the sealing effect of the
corrosion products. After 10 h of immersion, the charge
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transfer resistances R, of coatings 1 and 4 drastically
decrease as previously observed for the other configura-
tions. Accumulation of metallic ions inside the pores due to
the dissolution of the steel substrate favors the diffusion of
anions like chloride, in order to restore the balance of
electrical charges that will modify the aggressiveness of the
solutions. The ionic species diffusion that is created
between the confined electrolyte inside the pores and the
bulk solution may favor the modification of the electrolyte
composition and chemistry inside the pores that would
induce local acidification. This mechanism is strongly
dependent on the microstructure of the coatings (size,
shape, and density of open porosity) and on the degradation
amplification of the less noble material in the galvanic
coupling between two conductive materials. Comparatively
to nitride coatings or multilayer nitride based coatings [37]
whose electrochemical parameters are quite separated from
steels ones, EIS diagrams permit to evaluate the coating
properties and the evolution of the pore electrolyte resistance
during immersion. The electrochemical parameters of the
cermet coatings, mainly dependent on the reactivity of the
metallic phase are not more distinguishable in the EIS
diagrams when steel localized degradation occurs. The
decrease of R, indicates then that the shape of the pores
and/or the interconnection of porosity do not permit to
confer an effective sealing. So, R gradually decreases
during the immersion to reach values close to those of the
steel substrate after 48 h of immersion.

For coating 5, initial values of R is effectively higher
compare with the other configurations but rapidly the R
values decrease drastically, reaching values smaller than
those of the steel substrate. Incorporation of nickel has a
detrimental effect on the galvanic corrosion occurring
between the substrate and the coating, so dissolution of
the substrate is more intense through the defects of the
coating, and the corrosion products do not modify the
diffusion of species through the pores as observed on
Fig. 6b.

Figure 6d, e shows the evolution of diffusion resistance
Rp and time constant 7p deduced from EIS measurements
in the low frequency range. It can be seen that a noticeable
decrease of Rp can be detected after the first hours of
immersion for coatings 2, 3, 4, and 5 while there is a slight
increase for coating 1. After 15 h, the Rp values reach a
constant value for all coatings except for coating 4 where
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Fig. 6 EIS data for substrate and coatings at different exposure time
in artificial seawater: a Resistance charge transfer for substrate,
coating 2, coating 3, and coating 5; b Resistance charge transfer for

Rp values still increase. The behavior observed for coatings
1 and 4 can be related to the homogeneous distribution of
chemical phases (WC particles and CoCr binder) for both
coatings, as previously mentioned. Finally, after 48 h
immersion time, it can be seen that R. and Rp values of
coating 1 and coating 4 are higher than other coatings,
probably due to a less important porosity rate than other
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substrate, coating 1 and coating 4; ¢ time constant 7y associated to the
charge transfer reactions, d Warburg diffusion resistance, and e
diffusion time constant 7,

configurations, or by the pore geometry configuration that
favors partial sealing during the aging of the coated
samples. Time constant evolutions (Fig. 6¢) are not so
relevant compare with the diffusion resistance evolution,
because the evolution of this parameter is very dependant
on the shape, interconnection paths between porosities.
Anyway, tp evolutions confirm after extended immersion
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tests that coatings 1 and 4 present the best corrosion
behavior in seawater.

Evolution of electrochemical behavior of the coated
steels in artificial seawater is directly link to variations of
metallurgical states in the as-sprayed coatings. Modification
of the deposition parameters may affect the properties of the
as-sprayed coatings through evolution of the density and/or
porosity and detectable phases inside the coatings [41].
Three parameters were reduced compare with the standard
deposition mode, as reported in Table 2.

Gun transverse velocity was reduced during the synthe-
sis of coating 2. This parameter affects the number of spray
passes that are necessary for the formation of a layer. The
coating is built through cumulative layers until reaching the
required thickness. A reduction of the transverse parameter
will mainly modify the amount of matter deposited in a
single pass without affecting the microstructure (distribu-
tion of the components WC particles/metallic binder). At
the beginning of the immersion, intrinsic corrosion behav-
ior of coating 2 is normally similar to that of the reference
coating 1 since distributions of WC particles are quite
similar. The amount of deposited matter is more important
when this parameter is reduced, so the number of sublayers
for a constant coating thickness is decreased and it was
reported that porous structures are then favored [41]. Fitting
parameters presented in Table 4 after 4 h of immersion
suggest that the surface porosity for coating 2 is narrow that
could explain the important value of the diffusion resis-
tance. But as the number of sublayers is reduced,
interconnected porosity are certainly much more important
in coating 2, increasing then the number of infiltration paths
for electrolyte towards steel substrate and favoring the
diffusion through the coating.

Flame temperature and powder feed rate were reduced
during the synthesis of coatings 3 and 4, respectively. It
was reported that both parameters influence the particle
in-flight properties [3, 42, 43]. Zhao et al. [42] had
reported that the increase of gas flow rate increases
strongly temperature and velocity of particles. Same trends
were observed when decreasing the powder feed rate. The
amount of energy transferred to the powders are more
important, and the higher temperature of the particles
favors a better melting that permits the formation of more
homogeneous and compact coatings, built through accu-
mulation of thinner sublayers [3, 43]. Indeed, coating
porosity seems to decrease with increasing particle
temperature, same trends were observed but in less extend
when increasing particle velocity [42]. So, we can expect
that the reduction of the flame temperature (coating 3) will
modify the metallurgical state of the coating, maybe
affecting the composition by incorporation of un-melted
particles for instance. Coating 3 presents effectively a
more important intrinsic reactivity compare with other

@ Springer

configurations during the first hours of immersion that
could be associated to composition variation leading to
heterogeneous distribution of WC particles and metallic
binder. Reduction of powder feed rate (coating 4) induces
a better melting of powder particles and increases the
particle velocity that favors a homogeneous distribution of
WC particles and metallic binder. So the intrinsic
corrosion behavior is higher compared with the other
coatings deposited from powder A. Then, the reactivity of
coating 4 is quite similar to that of the reference coating 1.
However, density, shape, size, and interconnection of
porosity should be different between these both coatings
that could explain the differences in diffusion resistance
evolution observed between 4 and 10 h of immersion.

Powder composition was also examined using a com-
mercial powder containing a small amount of nickel
(powder B). Powder morphology and characteristics (den-
sity, particle sizes, porosity, etc.) affect the properties of the
as-sprayed coatings [41]. Powders A and B present quite
similar morphological characteristics (Fig. 1) and similar
particle size distributions. Standard deposition parameters
were used for the deposition of coating 5. Incorporation of
nickel in the composition of the particles can affect the
melting temperature but also the available time for chemical
reactions inside the flame influencing the coating micro-
structure. Electrochemical parameters deduced from the EIS
measurements like R, and Rp in Fig. 6a, ¢ underline that
coating 5, which presents the highest intrinsic corrosion
resistance, suffers from the presence of an important density
of defects.

SEM cross-section and OM observations of corroded
as-sprayed coated samples

Optical microscopy (OM) studies of the corroded samples
after EIS measurements indicate different types of defects for
all coatings. Figure 7 presents optical observations in
polarized light mode respectively of the corroded surface
of coatings 2 and 5 after extended immersion tests.
Emergence of the corrosion product through few defects is
observed during immersion of the as-sprayed WC-CoCr
coatings, and it can be seen that new corroded zones
progressively appear during immersion suggesting intercon-
nection between defects through the as-sprayed coatings.
Perry et al. [13] announced that low porosity rate of HVOF
coatings, reported below 3-5%, would not favor porosity
interconnection and so would not control the corrosion
behavior of the as-coated samples, but our observations are
not in agreement with that. OM observations reveal the
presence of three different types of corrosion products
emerging on or spread over the sample surface. p-Raman
spectroscopy was used in order to characterize the nature of
the corrosion products detected on the surface of the
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Fig. 7 OM observations after
extended immersion of coating
1 (a) and coating 5 (b)

corroded samples. Raman spectra associated to the degrada-
tion products typically encountered on the exposed surface
to the corrosive solution are presented in Fig. 8. Figure 8a
presents different vibrational bands at 246, 296, 375, 521,
641, and 1,293 cm ' that are typically attributed to
lepidocrocite (y-FeOOH) [44]. These powdery steel corro-
sion products are mainly present on the surface of the open
defects. Two supplementary bands are present around 1,365
and 1,395 cm ! and were punctually detected on the surface
of the samples. According to the literature, these bands could
be associated to the presence of carbon-rich phases included
into the metallic binder and coming from the WC decarbu-

100004 §
o
J
8000 -
5
M
—_ 5
3
S 000 ||
g 5
8 & ; s
£ 4000 § e 8
5 S 52
A 3 8
2000 4 5
&
T T T T T T
200 400 600 800 1000 1200 1400
Wavenumber / cm’
20000
§
2
15000 -
E
&
= .
% 10000 "
Q
E
5000 -
0

T T T T T T T
200 400 600 800 1000 1200 1400

Wavenumber / cm™

rization occurring during the deposition stage [45]. Figure 8b
presents different vibrational bands corresponding to darkish
degradation products close to the boundary between the
open defects and the coating surface. Bands at 360, 482, and
579 cm' are characteristic to the magnetite phase that is
often observed during the steel degradation in seawater [46]:
Fe;_,0O4. The steel corrosion products come from the
localized substrate degradation and diffusion of iron species
through the coating thickness. The bands at 152, 206, and
1,084 cm ' correspond to a carbonate based product.
Figure 8c details all the peaks describing this product that
is ascribed to crystals of calcium carbonate. These crystals,
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Fig. 8 Raman spectra of the corrosion products formed on the coating samples during extended immersion tests. a y-FeOOH, b Fe;_,O,4, ¢ CaCO3
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Fig. 9 FTIR-ATR spectra characteristics of a y-FeOOH and b CaCOs;

distinctly observed on the polarized light OM pictures,
appear close to open defects and they are mainly composed
of aragonite crystallographic form [47-49]. Doncescu et al.
[47] have demonstrated that this crystallographic form of
CaCO; was favored in simplified artificial seawater for low
cathodic polarization due to the presence of magnesium ions
that inhibited calcite and vaterite crystallographic forms.
FTIR-ATR measurements were performed on the cor-
roded samples after extended immersion tests. Different
analyses were done on each sample to confirm the results.
The main phases detected by FTIR-ATR measurements are
presented in Fig. 9a, b. Large bands corresponding to OH
group in the 3,080-3,250 cm ' domain are detected.
Characteristics peaks at 740, 1,020, and 1,157 cm™' are
detected and could be associated to iron corrosion product

Fig. 10 Cross-section SEM
observations of samples after 48 h
of immersion in seawater: a coat-
ing 1; b coating 3; ¢ coating 5

Interface

Steel substrate
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v-FeOOH [50] whereas peaks at 854, 1,442, and
1,644 cm™ ' are mainly associated to the aragonite crystal-
lographic form of CaCO; [51, 52]. These complementary
analyses permit to confirm the presence of iron corrosion
products emerging from the open defects and formation on
the coating surface of calcium carbonate due to local
alkalinization resulting from the cathodic reaction occurring
close to these defects.

SEM cross-section views in composition mode (back-
scattered electrons image) after 48 h of immersion in
simplified artificial seawater (Fig. 10) shows the electrolyte
infiltration through coating defects until reaching the
substrate, and the formation of cavities at the substrate/
coating interface. EDS analyses allowed to determine and
follow the rise path of the corrosion product towards the

Corrosion
products
on the surface

Corroded 1one
atthe interface
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surface, and so to identify in the as-sprayed coatings, the
infiltration path of the solution towards the substrate.

Cross-section views of non-corroded samples, mainly in
secondary electron mode, do not permit to clearly distin-
guish the narrow interconnected porosity of the coatings.
SEM observations in backscattered electron mode (compo-
sitional view) coupled to EDS analyses were necessary to
identify electrolyte infiltration paths. The cross-section
analyses were performed after EIS experiments and
infiltration paths were identified following the presence of
iron based products from localized corrosion at the interface
steel/coating until the coating surface.

Qualitatively, cross-section views are quite similar for
all deposition conditions. The difference between them is
the density of paths or the interconnection between
porosity that could vary due to morphological modifica-
tions appearing during the change of deposition param-
eters. These modifications are essentially related to
heterogeneity in distribution of WC particles and CoCr
binder. Flame temperature and powder feed rate param-
eters influence the microstructure of the coatings affect-
ing the distribution and repartition of the WC particles
and metallic binders.

Diffusion parameters deduced from EIS measurements are
dependent on the shape, size, and distribution of porosities
inside the coatings, so directly to the distribution of components
inside the coatings. The infiltration paths are very thin (few
micrometers). Furthermore, shapes of the infiltration paths are
very complex, few of them are linear path as presented in
Fig. 10b, but others present deviations that increase the length
of infiltration path. So, a delay in corrosion products
emergence should be observed and could explain the
appearance of new corroded zones during immersion time.
Interconnection of porosity allows supplementary accesses
towards the steel substrate. Diffusion of aggressive species
remains effective even if the diffusion path is lengthened
permitting the acceleration of the local degradation leading to
the formation of cavities. Furthermore, this corrosion process
is amplified by galvanic coupling between the coating
(cathode) and substrate (anode).

The formation of calcium carbonate at the vicinity of the
active open defects would partially block the cathodic areas that
decrease the importance of the galvanic corrosion in the local
dissolution of steel substrate. Anyway, evolution of the
electrolyte aggressiveness inside the pores is sufficient to
maintain an active dissolution of the substrate as it was
confirmed by the EIS results presented after 48 h of immersion.

Conclusions

The corrosion behavior of the as-sprayed cermet coatings
deposited onto steel has been studied through the modeling

of EIS spectra at different exposure times in artificial
seawater solution. The results show that whatever the
modification of deposition conditions, coated samples have
the same corrosion mechanism which is mainly dependent
on the interconnected porosity of coatings.

The EIS spectra for all coatings after 4 h of immersion
presented two time constants (charge transfer and diffusion)
suggesting similar corrosion. The samples developed under
standard parameters (coating 1) and lower powder feed
flow exhibited better corrosion resistance as compared with
the other configurations.

From typical SEM images, we observed the rise of iron
corrosion products on the surface for all samples, whereas
the surface of the coatings remains unchanged.

The OM images shows rust covered zone corresponding to
iron corrosion products which are generally surrounded by
crystal of aragonite, galvanic coupling locally amplifies
degradation. In the composite metallic matrix coatings, the
presence of porosities and essentially interconnection between
porosities may affect the electrochemical behavior of the
coated samples, essentially in case of low-alloy steels. Finally,
deposition parameters have a little effect on the electrochem-
ical behavior because they mainly imply modification in
microstructure and/or morphology and composition. What-
ever the examined deposition conditions, infiltration of
electrolyte through the defects or interconnected defects
mainly control the degradation mechanism. Homogeneous
distribution and repartition of WC particles and metallic
binder could delay the local degradation of the steel substrate
but cannot avoid it. The corrosion behavior of these as-
sprayed coatings should be improved by reducing the
infiltration paths (porosity) that combined to surface rough-
ness of the coatings, induces important local degradation of
steel substrate.
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