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Abstract: Corrosion testing with gel electrolytes gained attention in the past decade due to the
advantage of almost non-destructive and in situ electrochemical measurements of bulk materials.
Regarding thermal spray coatings, gel electrolytes offered the opportunity to prevent the infiltration
of the typical microstructural features such as pores and microcracks. Using the example of stainless-
steel AISI 316L coatings deposited by high velocity air fuel (HVAF) spraying on mild and stainless-
steel substrates, the electrochemical corrosion behavior was analyzed in 3.5% NaCl electrolytes in an
aqueous and gelled state. In this context, potentiodynamic polarization tests were carried out in a
three-electrode corrosion cell, which was adapted for gel electrolyte testing. Gelling was realized
with a technical gelatin. The characteristic corrosion values, such as open circuit potential, corrosion
potential, and corrosion current density, revealed for the gelled state that the influence of the substrate
material used could be eliminated and thus, the coatings itself could be characterized. In contrast,
the coating specific microstructure and substrate material significantly affected the potentiodynamic
polarization curve in the 3.5% NaCl aqueous electrolyte. Optical microscopy of the coating surfaces
and cross-sections proved that the corrosion attack caused by aqueous electrolytes could be mimicked
with the gel electrolyte.

Keywords: gel electrolyte; thermal spray coatings; electrochemical corrosion; stainless steel; AISI
316L; HVAF

1. Introduction

Gel electrolytes are increasingly considered in corrosion science with the focus on
visual corrosion inspection for specific applications and electrochemical-instrumented
measurements [1–12]. The advantages addressed are an easier handling than using liquid
electrolytes, e.g., for geometrical complex structures, almost non-destructive measurements,
and the imitation of specific atmospheres. In most cases, the electrolytes are gelatinized by
Agar, a polycarbohydrate, which are often stabilized by adding additives. One established
corrosion test is the KorroPad indication test, which is designed for passivating steels to
evaluate their susceptibility concerning pitting corrosion [1–3]. Further applications are
corrosion assessment at sculptures and monuments [4,8] and reconstruction of specific
atmospheric conditions like moisturizing films on zinc coatings [6,12] or artificial mud [11].

With regard to thermal spray coatings, Kutschmann et al. showed in a previous study
that an infiltration of the characteristic microstructures, such as pores and cracks, of arc
and plasma-sprayed AISI 316L coatings can be prevented when using gel electrolytes in
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electrochemical-instrumented corrosion tests [13]. The corrosion attack can be transferred
to the surface and the corrosion properties of the coating itself and the applied spraying
conditions are revealed.

The corrosion behavior of thermal spray coatings is generally investigated with focus
on the composite of the coating and the substrate not normally differentiating the substrate
material used. Hence, the applied corrosion tests are generally destructive. The salt spray
test or the Corrodkote test are specifically designed to induce sub-corrosion in order to test
the apparent density of the coatings. In research, studies often deal with electrochemical-
instrumented tests such as potentiodynamic polarization, electrochemical impedance,
and immersion tests in 3.4% to 5% sodium chloride (NaCl) solutions [14–17]. For these
corrosion tests, the following observations can be summarized: the open circuit potential
(OCP) and the corrosion potential (ECorr), respectively, decreases with immersion time due
to electrolyte infiltration of the coating toward the substrate. Consequently, a galvanic pair
emerges between the coating and substrate resulting in the detection of mixed potentials.
Hence, thermal spray coatings with a homogeneous and compact coating microstructure
with less oxidation are preferred for corrosive application. In order to improve the corrosion
behavior, several authors studied the influence of the spray parameters [15–21] or post
treatments like sealing [22–24] or heat treatments [18,25,26]. Post treatments are cost and
time consuming and can alter the substrate. Nevertheless, influencing factors still are
fluctuations in the coating process or deviations in the quality of the feedstock material.
Image analysis methods are not capable to detect these changed spraying conditions in the
coating microstructure. Corrosion tests can be used to assess such defects [25].

A novel corrosion test for thermal spray coatings using gel electrolytes describes the
potential of characterizing the corrosion behavior of the coating itself. On the one hand,
gel electrolytes attack only the coating surface and prevent coating damage up to the
substrate. As a result, an almost non-destructive test strategy can be provided, which
can be transferred on coated components as well. On the other hand, an electrochemical-
instrumented corrosion test based on the three-electrode cell enables a quantitative and
timeless assessment of the corrosion resistance. Both advantages can be utilized to establish
a test method for quality assurance during production. This study focuses on the influence
of the substrate material on the measured corrosion values using potentiodynamic polariza-
tion tests in aqueous and gelled 3.5% NaCl electrolytes. Stainless-steel AISI 316L coatings
were produced by the high velocity air fuel (HVAF) spraying process on structural steel
(EN 1.0117) and stainless steel (EN 1.4404 corresponds to AISI 316L) substrates, respectively
providing coatings with minimal defects such as porosity, in situ oxidation, and depletion
of beneficial elements like Cr.

2. Materials and Methods
2.1. Coating Production and Characterization

Stainless-steel coatings were produced with a HVAF M3TM equipment (Uniquecoat
Technologies, LLC, Oilville VA, USA). Gas-atomized AISI 316L stainless-steel powder was
chosen as feedstock material. Propane and air were combusted to accelerate the powder,
and nitrogen was used as carrier gas for coating deposition. Thus, coatings with a thickness
of ~300 µm were deposited on mild steel and stainless-steel substrates. As substrate
samples, 100 mm × 100 mm × 4 mm structural steel plates (EN 1.0117), further labelled as
mild steel, and Ø 25 mm × 5 mm stainless-steel coupons (EN 1.4404) were used as substrate
and uncoated reference materials. Before coating deposition, the samples were grit blasted
with corundum and cleaned with a strong compressed air flow.

After coating preparation, the steel plates were cut into 20 mm × 20 mm × 4 mm
pieces, flat grounded to a coating thickness of 200 µm ± 18 µm and afterwards diamond
polished according to standard metallographic sample preparation up to 1 µm diamond
polish. The surface preparation routine was used for all coated samples. The reference bulk
materials obtained the same polishing surface finish as the coated samples.
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For characterization, metallographic cross-sections of the powder, coating, and refer-
ence samples were prepared by standard metallographic procedures. The cross-sections
were investigated with an optical microscope GX51 (Olympus, Shinjuku, Japan) equipped
with a SC 50 camera (Olympus, Shinjuku, Japan). The coatings’ porosities, as an average of
five measurements, were evaluated using a digital image analyzing method provided by
the camera software. In order to study the powder and coating microstructure in detail,
a scanning electron microscope (SEM) LEO 1455VP (Zeiss, Jena, Germany) with an accel-
eration voltage of 25 kV was used. The AISI 316L powder particle size distribution was
examined with a laser particle size analyzer CILAS930 (Cilas, Orléas, France). Chemical
compositions were analyzed by energy dispersive X-ray spectroscopy EDS (GENESIS,
EDAX, Mahwah, NJ, USA). The corroded surface areas were additionally visualized with a
stereo microscope MVX10 (Olympus, Shinjuku, Japan).

2.2. Corrosion Testing

The corrosion behavior of the AISI 316L coatings and reference bulk materials was
investigated in a stagnant and naturally aerated 3.5% NaCl electrolytes, corresponding
to 0.56 M NaCl electrolyte, using the potentiodynamic polarization test. As cell setup
the conventional three-electrode configuration were used (Figure 1), in which the test
sample acts as the working electrode (WE), a platinum sheet serves as a counter electrode
(CE) and the third one is a reference electrode (RE and G-RE, respectively). For the
corrosion experiments in the aqueous electrolyte, the RE was an Ag/AgCl-saturated KCl
electrode (+0.197 V vs. SHE), which was contacted by a Haber-Luggin capillary (HL) and an
electrolyte bridge with the cell circuit (Figure 1a). The 3.5% NaCl solution with a pH value
of 5.9 at 23 ◦C ± 2 ◦C was exchanged after each experiment, the volume being 200 mL.
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Figure 1. Schematic setup of the three-electrode configuration for polarization measurements in
(a) aqueous solution (standard setup) and (b) gel electrolyte with WE = working electrode-test
sample, RE = reference electrode-Ag/AgCl saturated KCl, CE = counter electrode-platinum sheet,
HL = Haber-Luggin capillary, G-RE = reference electrode-platinum wire.

For the gel electrolyte tests, a measuring cell was developed based on the three-
electrode arrangement that permits an improved user-friendliness compared to the stan-
dard measuring cell, which allows a rapid corrosion test directly on a component surface
in later development stages. The position and shape of the counter electrode was kept as in
the established three-electrode configuration (Figure 1b). The Haber-Luggin capillary and
Ag/AgCl RE were replaced by a platinum wire (G-RE, +1.12 V vs. SHE) with a diameter
of 0.5 mm and placed a few 100 µm in front of the surface of the WE. The gel electrolyte
studied consisted of a 3.5% NaCl solution, which was gelled by using a mass fraction of 30%
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of a technical gelatin and further addition of preservatives and substances to prevent bubble
formation, etc. At room temperature, the gel has a viscosity higher than 3000 mPa·s, which
was measured with a viscometer at 37 ◦C. The electrical resistance of the gel electrolyte is
comparable to the aqueous NaCl solution. The measuring cell was filled with a gel at a
temperature of approximately 50 ◦C, at which the gel has a low viscosity of ~2000 mPa·s.
The gel with a volume of 150 mL to 200 mL was then allowed to cool to room temperature.
After each measurement, a small volume of gel electrolyte (~10 mL) contaminated with
corrosion products was replaced (Figure 1b, replaceable gel electrolyte volume).

The measurement conditions were kept constant with the focus on implementing a
rapid test strategy. Before starting the potentiodynamic polarization scan, the open circuit
potential (OCP) was measured for 15 min. An exception is the OCP measurement of the
reference mild steel with a duration of 10 min due to the occurrence of rust traces on the
sample surface within 15 min of immersion time in the aqueous electrolyte. The scan rate
was 1 mV/s, scanning a potential range of −100 mV to +300 mV relative to the measured
OCP. Although a 1 mV/s was adopted in this stage of the experimentations, it is remarked
that potential scan rate has no substantial provided distortions in the polarization curves
or the polarization parameters (e.g., corrosion current density iCorr and corrosion potential
ECorr) obtained. However, it is worth noting that potential scan rate has an important
role in order to minimize the effect of distortion in Tafel slopes and corrosion current
density analyses, as previously reported [27–29]. In addition, anodic potential scans up to
+1000 mV relative to the OCP were performed in order to compare the corrosion attack
of the aqueous and gel electrolyte. For both measuring cells, a sample area of 10 mm in
diameter were exposed to the electrolyte. The recording of the OCP and the polarization
curves were carried out with an electrochemical workstation ZAHNER ZENNIUM and
the ThalesXT 5.6.0 USB software package (Zahner Elektrik GmbH & Co. KG, Kronach,
Germany). The corrosion current density iCorr and corrosion potential ECorr were computed
by Tafel analysis. Linear portions of the anodic and cathodic curves were fitted by Tafel
exploration using a self-provided MATLAB R2020a (9.8.0.1323502) script. Mainly, the
cathodic and anodic curves ±50 mV around the ECorr are essential for the determination of
iCorr. All sample surfaces were rinsed with deionized water and degreased using ethanol
before starting the corrosion tests. At least three samples were tested for each sample type
and electrolyte, respectively. For the characteristic values, OCP, ECorr, and iCorr, the mean
and standard deviations are reported and in the diagrams, one representative curve is
shown for each case.

3. Results and Discussion
3.1. AISI 316L Powder and HVAF Coating Characterization

The AISI 316L powder used has a predominately spherical particle shape (Figure 2a),
which generally results in good flow properties. The backscattered scanning electron
microscope image (BSD-SEM) reveals a homogeneous alloy distribution. The particle
size analyzed with laser particle size analyzer CILAS verifies a narrow distribution of
−66 µm +28 µm (Figure 2b), which is preferred for producing coating microstructures with
less-oxidized particle inclusions and pores.

Figure 3 shows an overview of both AISI 316L HVAF coatings on mild steel and
stainless-steel substrate with a polished surface finish. Both coatings reveal a dense mi-
crostructure with distinguishable particle boundaries, i.e., the spraying parameters enabled
a good compaction with few pores. The porosity was quantified to <1.5% for the deposition
on mild steel and <1.3% on stainless steel, respectively. Thus, both coatings systems have
comparable microstructures as well as coating thicknesses of ~200 µm.
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Figure 3. Light microscopic comparison of the AISI 316L coatings deposited by HVAF process on
(a) mild steel and (b) stainless steel in the polished surface finish state before corrosion measurements.

In addition, one coating system was examined in detail in a SEM (Figure 4a). Between
the single spray particles, agglomerates of fine and oxidized particles were built into the
coating layer. The dark contours at the spray particle surfaces much likely correspond to
thin oxide layers. According to EDS analysis (Figure 4b), the powder and spray particle
composition lies within the nominal composition of an AISI 316L alloy, this means the
chemical composition of the feedstock material is retained in the coatings. These findings
coincide with the study by Milanti et al., who characterized AISI 316L coatings sprayed with
2nd and 3rd HVAF spray systems in detail [12]. Between the splats, the oxide agglomerates
show an insignificant chromium depletion but a qualitative oxide amount.

3.2. Poteniodynamic Polarization Test Results in 3.5% NaCl Solution

The results of the corrosion tests of the AISI 316L HVAF coatings and the reference bulk
materials are summarized in Figure 5, which illustrates representative curves for each case.
During immersion of the samples in 3.5% NaCl aqueous electrolyte for 15 min (Figure 5a),
the OCP values of the AISI 316L coatings steadily decrease, which indicates a continuing
corrosion. Thereby, the decline of the coatings deposited on mild steel is larger, resulting
in a mean OCP value of −136 mV ± 24 mV compared to +19 mV ± 1.7 mV for AISI 316L-
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coated stainless steel. This difference can be explained by the electrolyte infiltration up to
the substrate, which favors the formation of a galvanic pair between substrate and coating,
and therefore the OCP represents a mixed potential. However, the OCP of the coated mild
steel does not lie within the range of the mild steel bulk material reaching, 210 mV ± 24 mV
after 10 min. An extension of the OCP measurement up to 3 h confirmed that a steady state
for the AISI 316L coatings could not be confirmed but converged to the OCP of the mild
steel substrate. Suegama et al. carried out immersion tests in aerated and aqueous 3.4%
NaCl solution of HVOF AISI 316L-sprayed coatings with a thickness of 220 µm and showed
that the open circuit potential (OCP) stabilizes after 10 h. The abrupt OCP descent within
the first hour is attributed to chloride adsorption, dissolution of iron oxides by chloride
ions, a change in oxygen and metallic ions concentration, which can affect a diffusion layer,
alteration of the surface activity due to electrolyte infiltration into the coating, and metallic
oxides formation and dissolution [15]. The OCP deviation of the stainless-steel coating
and bulk reference can be referred to the coating’s imperfections, which leads to crevice
and galvanic corrosion within the coating. In addition, the OCP for the stainless-steel bulk
material with +101 mV ± 11 mV and the coatings also differ significantly.
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Figure 5b shows the poteniodynamic polarization curves. The corrosion potential ECorr
and the corrosion current densities iCorr of the AISI 316L-coated mild steel and the reference
bulk material are on a similar level. The ECorr with −179 mV ± 20 mV of the AISI 316L coat-
ing on mild steel is lower compared to the OCP after 15 min of −136 mV ± 24 mV, which
might result from the coatings’ active corrosion behavior. This behavior is further confirmed
by the coated stainless-steel sample (ECorr = −23 mV ± 0.6 mV, OCP = +19 mV ± 1.7 mV).
Using a stainless-steel substrate also results in a shift of the ECorr to positive values and
lower current densities, i.e., the ignoble substrate dominates the resulting corrosion pa-
rameters in the electrochemical-instrumented measurements. With regard to the anodic
curve characteristics, the bulk mild steel shows the steepest ascent after passing ECorr
of, +17 mV ± 19 mV, which indicates an active corrosion. In comparison, the anodic
slopes of the AISI 316L coatings rise gently, independently of the deposited substrate mate-
rial. Nevertheless, the bulk stainless steel performs significantly better than the coatings
(ECorr = +88 mV ± 2 mV). These results are as well reported and discussed in detail for
AISI 316L HVOF and HVAF coatings in [15,17,30,31].

For the evaluation of the corrosion attack, samples were examined after potentiody-
namic polarization tests up to +1000 mV relative to the OCP using a stereomicroscope
for top view and a light microscope for cross-sectional investigations (Figure 6). The top
view images show a two-dimensional corrosion attack and material removal of the bulk
mild steel and the AISI 316L coatings, with typical pitting occurring in bulk stainless steel
(Figure 6, left column). Figure 6d,f demonstrates that the penetration of the aggressive chlo-
ride anions took place at the surface of the coating leaving a coating thickness of >100 µm
and >150 µm, respectively. García-Rodríguez et al. showed a similar attack at the external
zone of AISI 316L HVOF coatings on magnesium substrates in 3.5% NaCl electrolyte, when
the coating was applied with optimized spray parameters achieving compact and dense
coatings [20]. In the study, a scan rate of 1 mV/s was selected as well. It is to be noted that
the scan rate has to be considered while evaluating the corrosion attack of thermal spray
coatings. As indicated in Figure 6d,f, the corrosion starts at inhomogeneities like oxide
inclusions and microcracks, which favor crevice corrosion, as well as pitting occurs at single
spray particles. The selective corrosion at the particle boundaries and the sites of oxide ag-
glomerates, which correspond generally to Cr depleted areas as proved in Figure 4b, leads
to fallen out particles at the surface. After etching of polished surfaces of 316L coatings
deposited by HVAF and HVOF the same mechanisms are observed [24]. With progressive
anodic polarization, reaching high current densities of ~180 mA/cm2, the coating is increas-
ingly dissolved. For comparison with the gel electrolyte, Figure 6h shows typical pitting
corrosion in cross-section as observed for the reference stainless-steel material.

The results of the electrochemical corrosion test in aqueous NaCl electrolyte demon-
strate for the AISI 316L HVAF coatings deposited on mild steel and stainless steel, respec-
tively, that the different behavior in the potentiodynamic polarization curves (Figure 5b)
nevertheless led to an equal corrosion attack of the coatings (Figure 6c–f). It is therefore
not possible to evaluate the corrosion resistance of the coating system independent of the
substrate material used.

3.3. Potentiodynamic Polarization Test Results in 3.5% NaCl Gel Electrolyte

Figure 7a presents representative OCP measurements of the AISI 316L coatings and
the reference materials in the 3.5% NaCl gel electrolyte. Due to the substitution of the
Ag/AgCl reference electrode by a platinum wire, the OCPs are in other potential ranges and
are slightly further spread in comparison to the aqueous electrolyte (Figure 5a). Likewise,
however, the bulk stainless steel shows the highest value of −54 mV ± 51 mV and the bulk
mild steel shows the lowest OCP value of −595 mV ± 30 mV. However, the OCP curves
of the AISI 316L HVAF coatings are almost independent of the substrate material used
reaching −274 mV ± 18 mV for the mild steel and −302 mV ± 16 mV for the stainless-steel
substrates after 15 min. This already indicates that the use of the gel electrolyte can prevent
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infiltration of the coatings. All curves drop slightly at the beginning, but then remain
largely constant.
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Figure 6. Representative top views and cross-sectional images of (a,b) reference material mild steel,
(c,d) AISI 316L HVAF coating on mild steel, (e,f) AISI 316L HVAF coating on stainless steel, and
(g,h) reference material stainless steel after potentiodynamic polarization in 3.5% NaCl solution up to
+1000 mV relative to the OCP.
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Figure 7. Representative curves of the electrochemical measurements in the 3.5% NaCl gel electrolyte
for the AISI 316L HVAF coatings on mild steel (MS) and stainless steel (SS) and reference bulk
materials, mild steel (MS) and stainless steel (SS): (a) OCP and (b) polarization curves.

Polarization curves are shown in Figure 7b. The ECorr are slightly shifted to lower
values compared to the corresponding OCPs, which is valid for all considered samples. For
the AISI 316L coatings, independent of the substrate material, the difference is about
20 mV, which is less than in the aqueous electrolyte. The absolute ECorr values are
−296 mV ± 26 mV for the coated mild steel and −321 mV ± 20 mV for stainless steel,
respectively. The mild steel bulk material reaches ECorr values of −589 mV ± 29 mV and
the stainless steel of −90 mV ± 69 mV. As expected, the current densities determined
for reference stainless steel are considerably lower than for mild steel. When looking at
the anodic polarization curves, it is noticeable that compared to the aqueous electrolyte
(Figure 5b), the curves rise steeply in the case of the AISI 316L coatings, whereas the curves
for the bulk materials are flatter. This behavior can be justified by the fact that no electrolyte
exchange takes place at the sample surface due to the immobility of the gel and thus, the
corrosion progress is inhibited. In the case of AISI 316L HVAF coatings, the influence of the
increasing corrosion area with longer measuring times is significantly reduced.

In order to compare the corrosion attack, some samples were anodically polarized up
to +1000 mV relative to the OCP as carried out for the 3.5% NaCl solution. By increasing the
polarization range, all samples reached a maximum corrosion current value of 43 mA/cm2,
which is less than in the aqueous three-electrode arrangement (~180 mA/cm2). This must
be considered when comparing the corrosion attack of both measuring cells. The top
view images of the corroded samples show significant pitting for the AISI 316L coatings
(Figure 8c,e) and the bulk stainless steel (Figure 8g), although the corrosion attack on the
coatings is considerably more severe. One reason for this could be the high number of splat
boundaries the sprayed coatings have, which are considered as potential starting points
for corrosion. The cross-sections in Figure 8d,f confirm that crevice corrosion is inhibited
due to the elimination of the coating infiltration, which leads to increased local pitting
on the individual spray particles. No differences are recognizable between the AISI 316L
coating on mild steel and stainless steel. Figure 8d,f,h reveals hemispherical shaped pits
in comparison to the provoked pits in the NaCl solution (Figure 6h). These findings are
comparable with the study of Heyn, which compared the pitting corrosion appearance
on stainless steel grade EN 1.4301 as bulk material after corrosion tests in Agar gel and
liquid NaCl electrolytes [10]. The mild steel, on the other hand, failed to show pitting but a
uniform corrosion attack (Figure 8a,b), which corresponds to results in 3.5% NaCl solution
(Figure 6a).



Coatings 2022, 12, 344 10 of 14

Coatings 2022, 11, x FOR PEER REVIEW 10 of 14 
 

 

number of splat boundaries the sprayed coatings have, which are considered as potential 

starting points for corrosion. The cross-sections in Figure 8d and f confirm that crevice 

corrosion is inhibited due to the elimination of the coating infiltration, which leads to in-

creased local pitting on the individual spray particles. No differences are recognizable 

between the AISI 316L coating on mild steel and stainless steel. Figure 8d,f and h reveals 

hemispherical shaped pits in comparison to the provoked pits in the NaCl solution (Figure 

6h). These findings are comparable with the study of Heyn, which compared the pitting 

corrosion appearance on stainless steel grade EN 1.4301 as bulk material after corrosion 

tests in Agar gel and liquid NaCl electrolytes [10]. The mild steel, on the other hand, failed 

to show pitting but a uniform corrosion attack (Figure 8a and b), which corresponds to 

results in 3.5% NaCl solution (Figure 6a). 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Coatings 2022, 11, x FOR PEER REVIEW 11 of 14 
 

 

  
(g) (h) 

Figure 8. Representative top views and cross-sectional images of (a,b) reference material mild steel, (c,d) AISI 316L HVAF 

coating on mild steel, (e,f) AISI 316L HVAF coating on stainless steel, and (g,h) reference material stainless steel after 

potentiodynamic polarization in 3.5% NaCl gel electrolyte up to +1000 mV relative to the OCP. 

The results of the electrochemical corrosion test in gelled NaCl electrolyte show that 

the high viscosity prevents the gel from infiltration of the coatings microstructure. Thus, 

the corrosion attack is limited to the upper micrometers at the surface and any corrosion 

at the coating-substrate interface can be eliminated. No difference can be observed in the 

potentiodynamic polarization curves (Figure 7) and the corrosion attack (Figure 8) of the 

AISI 316L HVAF coatings on mild steel or stainless steel. The results of the bulk materials 

prove that the targeted response of the aqueous electrolyte can be mimicked using gel 

electrolytes. In order to compare the corrosion attack of the coatings, potentiodynamic 

polarization tests with the same maximal corrosion densities as a termination criterion 

would be necessary to perform. Despite the different anodic slopes, the corrosion current 

density iCorr, which is determined in a narrow range around the ECorr, can be used approx-

imately for a comparative evaluation of the corrosion resistance of the AISI 316L HVAF-

sprayed coatings in both media. 

3.4. Summary of the Corrosion Results in 3.5% NaCl Aqueous and Gel Electrolyte 

As a summary, the iCorr values, determined by means of Tafel analysis, of all tested 

samples are compared in Figure 9. In general, using the adapted measuring cell with the 

gel electrolyte the iCorr values are higher than in the 3.5% NaCl solution using the conven-

tional three-electrode arrangement. Especially, mild steel shows significantly higher iCorr 

values of 2.2 × 10−2 mA/cm² ± 4.6 × 10−4 mA/cm² in the gel compared to 4.4 × 10−3 mA/cm² 

± 5.6 × 10−4 mA/cm² in the aqueous electrolyte. The stainless steels obtain iCorr of 

5.6 × 10−5 mA/cm² ± 1.4 × 10−5 mA/cm² and 2.6 × 10−4 mA/cm² ± 1.2 × 10−4 mA/cm², respec-

tively. This is probably caused by water evaporation during storage of the gel electrolyte, 

and thus, the chloride concentration was raised. An exception is the AISI 316L-coated mild 

steel, whose potentiodynamic polarization behavior is significantly influenced by the sub-

strate material, when an aqueous electrolyte is used. The iCorr values with a mean of 4.2 × 

10−3 mA/cm² ± 8.2 × 10−4 mA/cm² are even comparable to the reference mild steel. The AISI 

316L-coated stainless steel perform much better (iCorr = 1.5 × 10−3 mA/cm² ± 3.2 × 10−4 

mA/cm²). The AISI 316L HVAF coatings tested in the gel electrolyte confirm the same 

corrosion properties independent of the layer deposition on mild steel or stainless steel 

with iCorr values of 3.5 × 10−3 mA/cm² ± 4.9 × 10−4 mA/cm² and 2.7 × 10−3 mA/cm² ± 6.1 × 10−4 

mA/cm², respectively, as discussed in Ch. 3.3. The deviation among the individual meas-

urements is within the usual accepted range for electrochemical-instrumented tests. Over-

all, the corrosion resistance decreases in the order bulk material stainless steel, AISI 316L 

HVAF coating, bulk material mild steel. 
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(g,h) reference material stainless steel after potentiodynamic polarization in 3.5% NaCl gel electrolyte
up to +1000 mV relative to the OCP.
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The results of the electrochemical corrosion test in gelled NaCl electrolyte show that
the high viscosity prevents the gel from infiltration of the coatings microstructure. Thus,
the corrosion attack is limited to the upper micrometers at the surface and any corrosion
at the coating-substrate interface can be eliminated. No difference can be observed in the
potentiodynamic polarization curves (Figure 7) and the corrosion attack (Figure 8) of the
AISI 316L HVAF coatings on mild steel or stainless steel. The results of the bulk materials
prove that the targeted response of the aqueous electrolyte can be mimicked using gel
electrolytes. In order to compare the corrosion attack of the coatings, potentiodynamic po-
larization tests with the same maximal corrosion densities as a termination criterion would
be necessary to perform. Despite the different anodic slopes, the corrosion current density
iCorr, which is determined in a narrow range around the ECorr, can be used approximately
for a comparative evaluation of the corrosion resistance of the AISI 316L HVAF-sprayed
coatings in both media.

3.4. Summary of the Corrosion Results in 3.5% NaCl Aqueous and Gel Electrolyte

As a summary, the iCorr values, determined by means of Tafel analysis, of all tested samples
are compared in Figure 9. In general, using the adapted measuring cell with the gel electrolyte the
iCorr values are higher than in the 3.5% NaCl solution using the conventional three-electrode ar-
rangement. Especially, mild steel shows significantly higher iCorr values of 2.2 × 10−2 mA/cm2

± 4.6 × 10−4 mA/cm2 in the gel compared to 4.4 × 10−3 mA/cm2 ± 5.6 × 10−4 mA/cm2

in the aqueous electrolyte. The stainless steels obtain iCorr of 5.6 × 10−5 mA/cm2 ± 1.4 ×
10−5 mA/cm2 and 2.6 × 10−4 mA/cm2 ± 1.2 × 10−4 mA/cm2, respectively. This is probably
caused by water evaporation during storage of the gel electrolyte, and thus, the chloride concen-
tration was raised. An exception is the AISI 316L-coated mild steel, whose potentiodynamic
polarization behavior is significantly influenced by the substrate material, when an aqueous elec-
trolyte is used. The iCorr values with a mean of 4.2 × 10−3 mA/cm2 ± 8.2 × 10−4 mA/cm2 are
even comparable to the reference mild steel. The AISI 316L-coated stainless steel perform
much better (iCorr = 1.5 × 10−3 mA/cm2 ± 3.2 × 10−4 mA/cm2). The AISI 316L HVAF
coatings tested in the gel electrolyte confirm the same corrosion properties independent of
the layer deposition on mild steel or stainless steel with iCorr values of 3.5 × 10−3 mA/cm2

± 4.9 × 10−4 mA/cm2 and 2.7 × 10−3 mA/cm2 ± 6.1 × 10−4 mA/cm2, respectively, as
discussed in Ch. 3.3. The deviation among the individual measurements is within the usual
accepted range for electrochemical-instrumented tests. Overall, the corrosion resistance
decreases in the order bulk material stainless steel, AISI 316L HVAF coating, bulk material
mild steel.
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Figure 9. Corrosion current densities iCorr of reference material mild steel (MS), AISI 316L HVAF-
sprayed coatings on mild steel (MS) and stainless steel (SS) and reference material stainless steel (SS)
in 3.5% NaCl aqueous and gel electrolyte determined by Tafel analysis.

4. Conclusions

In this study, a new approach to electrochemical-instrumented corrosion testing of
thermal spray coatings using gel electrolytes was presented, which allows to study the
corrosion behavior of the coating itself. Potentiodynamic polarization tests in 3.5% NaCl
solution in aqueous and gelled state were carried out comparing AISI 316L HVAF-coated
samples on mild and stainless-steel substrates. Therefore, a measuring cell was adapted
based on the three-electrode cell. The results of the polarization tests are as follows:

• The oxide agglomerates and oxidized splat boundaries are weak points and reduce
the corrosion resistance of the HVAF-sprayed AISI 316L coatings.

• The infiltration of the coating microstructural characteristics is prevented by using
gel electrolytes.

• Followed from this, the corrosion characteristic values such as OCP, ECorr, and iCorr
obtained are independent of whether the AISI 316L HVAF coating was deposited on
mild steel or stainless-steel substrates when using gel electrolyte.

• In contrast, the aqueous electrolyte can penetrate the coating up to the substrate and
hence, the characteristic values are significantly influenced.

• The NaCl gel electrolyte used allows the desired corrosive effect of the pitting attack
to be mimicked.

Further experiments will focus on coatings produced with different spray parameters
and spray processes in order to qualify the corrosion measurement with gel electrolytes for
quality assurance during production.
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