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Corrosion Behavior of Coated Low Carbon Steel in a Simulated
PEMFC Environment
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Abstract: Here, potential metallic bipolar plate (BP) materials were manufactured by laser coating
NiCr-based alloys with different Ti additions on low carbon steel substrates. The titanium content
within the coating varied between 1.5 and 12.5 wt%. Our present study focussed on electrochemically
testing the laser cladded samples in a milder solution. The electrolyte used for all of the electrochemi-
cal tests consisted of a 0.1 M Na2SO4 solution (acidulated with H2SO4 at pH = 5) with the addition of
0.1 ppm F−. The corrosion resistance properties of the laser-cladded samples was evaluated using
an electrochemical protocol, which consisted of the open circuit potential (OCP), electrochemical
impedance spectroscopy (EIS) measurements, and potentiodynamic polarization, followed by po-
tentiostatic polarization under simulated proton exchange membrane fuel cell (PEMFC) anodic and
cathodic environments for 6 h each. After the samples were subjected to potentiostatic polarization,
the EIS measurements and potentiodynamic polarization were repeated. The microstructure and
chemical composition of the laser cladded samples were investigated by scanning electron microscopy
(SEM) combined with energy-dispersive X-ray spectroscopy (EDX) analysis.

Keywords: electrochemical evaluation; protective coatings; PEMFC; corrosion; laser cladding

1. Introduction

Without the natural greenhouse effect (GHG) regulating the planet’s atmospheric
temperature, life as it exists today would not be possible. The atmosphere retains enough
solar energy to maintain an average global temperature of 14 ◦C due to the natural existence
of GHGs on Earth. Carbon dioxide (CO2), methane (CH4), ozone (O3), nitrous oxide
(N2O), and steam (H2O) are the main greenhouse gases that are naturally recirculated
in the atmosphere. Since the Industrial Revolution, increases in the concentrations of
the main GHGs have been recorded [1]. Human interference has brought considerable
changes to the natural landscape, because of activities such as deforestation and burning
fossil fuels for transportation and heating, agricultural, and industrial activities. This has
augmented the natural greenhouse effect, with CO2 being added in voluminous amounts in
the Earth’s atmosphere [2–4]. The U.S. Energy Information Administration (EIA) reported
that, from 1980 to 2012, CO2 emissions and primary energy consumption grew at an
average annual increase of 1.7% and 2%, respectively. In this period, CO2 emissions grew
by 75% and the global primary consumption of energy increased by85% [5]. Nowadays,
replacing conventional energy sources with cleaner energy alternatives has become a
priority. Anthropogenic GHG emissions can be reduced with the use of renewable energy
sources, such as wind, solar, hydropower, geothermal, biomass, and fuel cells [6,7].
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Among these green technologies, the fuel cell is regarded as a promising solution to
the energy crisis and a key to combat the global warming phenomena. The advantages
of using fuel cells include a high power density, silent operation, good performance, and
low or even zero emissions if the fuel is from a renewable source. Among the different
types of fuel cells, PEMFCs have attracted a lot of interest in the scientific community
because the technology can be implemented in different sectors, from portable electronics
to power generation systems [7–9]. Over the past years, intense research has been done on
implementing the PEMFCs systems in the automotive sector. Several prototypes of fuel cell
vehicles (FCV) have been successfully manufactured, such as Toyota Mirai, Hyundai ix35,
Daimler F-Cell, and Honda FCX-Clarity. The great potential of fuel cell applications has
also extended to various vehicles such as buses, trucks, forklifts, and airport transportation
vehicles. However, the commercialization of such systems has two main obstacles, which
are their low durability and high price. Although substantial advancements have been
made in recent years, these previously mentioned hurdles still impose a challenge in the
current technologies [7,10].

One of the key components that could determine a better performance for PEMFCs is
represented by the bipolar plate. BP interconnects the cathode of a cell with the anode of
the adjacent cell, forming a stack. To achieve adequate power output, several individual
cells are connected in series to form a fuel cell stack. This means that BPs represent a
considerable fraction of the weight and cost of the stack. Other functions of the BPs include
(i) homogenous distribution of reactant gases within the flow channels to the active sites,
(ii) management of water, and (iii) heat transfer, ensuring the electrical flow within the cell
and offering mechanical stability to the stack. To fulfill all of the requirements, BP materials
must combine a suitable mechanical strength with a high corrosion resistance, together with
a good electrical and thermal conductivity [11,12]. High density graphite, polymer-based
composites and metals are the main materials used for the development of BPs. Among
the three, metallic BPs have attracted a lot of interest in the research community due to
their superior mechanical and physical properties. Various metals and metallic alloys, such
as stainless steel [13,14], aluminum [15], mild steel [16–18], copper [12], titanium [13,19],
aluminum alloys [20], copper alloys [21], titanium alloys [22], and nickel alloys [23,24],
have been studied as possible candidates for BPs materials. Mild steels have the advantage
of being inexpensive materials with excellent mechanical properties, but with a weak
corrosion resistance in the acidic PEMFCs environment. Different surface modification
techniques or applying protective coatings can increase the corrosion resistance of low-
carbon steels [12]. In their research, Bai et al. [16,17] reported that chromized-AISI 1045
could be a good alternative BP material for PEMFC applications. Various test analyses
have been used to evaluate the performance of chromized-AISI 1045, and the results show
that it is comparable to that of stainless steel or graphite. Previous work [25] has included
studies on surface modification AISI-1020 with a chromized coating containing carbides
and nitrides, with promising results for PEMFC applications. Yuan et al. [18] reported that
the corrosion resistance of nickel coated AISI 1045 was improved after low temperature
pack chromizing and that it is a good alternative material for PEMFC applications.

In our previous studies [26,27], we successfully laser cladded NiCr(Ti)-based coatings
onto low carbon steel plates and electrochemically tested them in a very acidic PEMFC
environment (aggressive conditions). The NiCr-based superalloy was selected as the
base material due to its good corrosion resistance [28], while titanium was added as a
reinforcing material into the composition (up to 10 wt% Ti addition). From the literature
and applications, strong acidic solutions used as an electrolyte have a great influence
on the corrosion of metallic BPs. Lædre et al. [29] showed that very low pH values can
change the composition and thickness of the oxide layer in such a way that it may not
exist in an operating PEMFC. This is also supported by the research of Feng et al. [30],
who concluded that using mild conditions, instead of aggressive conditions (solutions
such as 1 or 0.5 M H2SO4), for electrochemical testing could simulate the PEMFC working
environment better, while the research of Hinds et al. [31] showed that in situ measurements
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of pH on the exhaust water from fuel cell stacks was in the range of 3–4 for the cathode and
5–7 for the anode.

In this regard, our present study focused on electrochemically testing the laser cladded
materials in a milder solution. The electrolyte used for all of the experiments was Na2SO4
0.1 M (acidulated with H2SO4 at pH = 5) + 0.1 ppm F-. Furthermore, the titanium content
within the coating from 1.5 to 12.5 wt% Ti was added, and the variation in titanium was
studied in terms of the microstructure and corrosion resistance. The morphology and
chemical composition of the laser cladded samples were investigated by SEM combined
with EDX analysis. The electrochemical protocol consisted of OCP and EIS measurements,
potentiodynamic polarization, followed by potentiostatic polarization under simulated
PEMFC anodic and cathodic environments for 6 h each. After the samples were subjected
to potentiostatic polarization, the EIS measurements and potentiodynamic polarization
were repeated.

2. Materials and Methods

2.1. Materials and Deposition Process

Feedstock powders of MetcoClad 625F (NiCr-based powder) and Metco 4010A (Ti
powder, 99% purity) from Oerlikon Metco Switzerland were used as the laser-cladding
materials. AISI 1010 plates with dimensions of 60 × 25 × 5 mm were used as the substrates
for laser cladding NiCr-based alloys (designated B in our manuscript) with different Ti
additions. The titanium content within the coating varied as follows: 1.5, 3, 5, 7, 10, and
12.5 wt% Ti. The chemical compositions of the feedstock powders and for the low carbon
steel were the same as those presented by the manufacturers [32–34].

The equipment used for powder deposition and the deposition parameters were as
presented in our previous study [26]. In summary, a diode laser with λ = 975 nm (Coherent
F1000) mounted on a robotic arm (Cloos 6-axes) was used for laser cladding of feedstock
powders fed from a processing head (Precitec WC 50) onto the AISI 1010 substrate. The
carrier gas (argon) was used in a feeding system (Termach AT-1200 HPHV) to transport
the powders to the processing head. The process parameters used for laser cladding
deposition included preheating the feedstock powder, and using an 859 W laser power
with a 40 cm/min deposition speed and 15.1 L/min argon flow. Ten partially overlapped
tracks were deposited onto the AISI 1010 substrate with an 45% overlap degree between
the subsequent tracks. The schematic representation is shown in Figure 1.

Figure 1. Schematic representation of (a) the laser-cladded process and (b) protective coatings.

2.2. Characterization of Protective Coatings

The microstructure of the laser-cladded coatings was investigated in cross section at
a low magnification (1000×) using a scanning electron microscope (FESEM Zeiss Sigma
300 VP, Carl Zeiss, Jena, Germany). To reveal the microstructure of the coatings produced
by laser cladding at a high magnification (30,000×), the samples were examined by FESEM
(Quanta FEG 250, FEI, Hillsboro, OR, USA) using backscattered electron detector (BSD).
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Elemental analysis was performed as well using energy dispersive X-ray spectroscopy
(EDX) with an Apollo SSD detector (EDAX Inc. Mahwah, NJ, USA).

A Future-Tech FM-700 microhardness tester with a Vickers indenter (Future-tech Corp,
Kanagawa, Japan) was used for the microhardness measurements. Ten HV01 indentations
were performed on each coating in the cross-section starting from the top towards the
substrate; two measurements were performed in the heat affected zone (HAZ) and another
two were performed in the substrate. For the measurements, a load of 100 gf and a dwell
time of 15 s were employed for each indentation.

A three-electrode system was used for the electrochemical evaluation of the laser
cladded samples in a solution consisting of 0.1 M Na2SO4 (acidulated with H2SO4 at pH = 5)
with the addition of 0.1 ppm F-. The corrosion behavior of the samples was tested using a
potentiostat/galvanostat SP150 (BioLogic Science Instruments, Seyssinet-Pariset, France).
The samples were placed in a corrosion cell with an exposed area of 1 cm2, together with a
platinum mesh and an Ag/AgCl electrode acting as the counter and reference electrode,
respectively. Different grades of SiC abrasive papers (grit size from 120 to 2400) and a 3 μm
diamond suspension were used to grind and polish the samples until they had a mirror-like
surface. A solution of 10% oxalic acid was used to electrolytically etch the samples for 12 s
at 3 V to visualize the microstructure of the laser-cladded coatings. Afterward, distilled
water and ethanol were used to clean the samples.

The electrochemical evaluation protocol consisted of OCP and EIS measurements,
followed by potentiodynamic and potentiostatic polarization. After the samples were
subjected to potentiostatic polarization, the EIS measurements and potentiodynamic polar-
ization were repeated. EIS measurements were employed with the impedance module of
SP150, as described in our previous paper [26], in the frequency range of 10−1–105 Hz with
a 10 mV AC voltage amplitude. A ZView 3.4 software (Scribner Associates, Inc., Southern
Pines, NC, USA) was used to fit all of the experimental EIS data to their corresponding
equivalent electrical circuit (EEC). Potentiodynamic polarization curves were recorded
in the potential range of ±0.250 V at a scan rate of 1 mV·s−1. Potentiostatic polarization
curves were employed to simulate the cathodic and the anodic PEMFC environments. In
this measurement, potentials of +0.736 V and −0.493 V were applied to the electrochemical
configuration, respectively, and they were maintained for 6 h each. Afterwards, the EIS
measurements and potentiodynamic polarization were repeated in the same procedure, as
previously described.

3. Results and Discussions

3.1. Microstructure and EDX Analysis of Cladded Coatings

Representative SEM images of the laser-cladded samples were taken from the cross-
section for coatings without Ti and with the addition of 5 and 10 wt% Ti, and are presented
in Figure 2a–c. It can be noticed that there were no significant defects, such as cracks or
pores, across the coatings. The etchant revealed a dendritic structure for all of the laser
cladded coatings. Furthermore, it can be seen that as the Ti content increasesd within the
coating, the size of the dendrites increased.

In our previous study, it was observed that the coatings consisted mainly of γ-Ni-Cr
phase with Ti present at 51.59◦ 2θ, which dissolved into the FCC Ni-Cr phase. Moreover, no
other peaks associated with other precipitates of Ni-Cr alloys such M6C, MC and M23C6
carbides were identified due to their low intensity [26]. Generally, these precipitates de-
veloped at grain boundaries and inter-dendritic areas during solidification and within
the coating, increasing the cracking susceptibility at the fusion zone, reducing its corro-
sion resistance and ductility [35]. To investigate the precipitates, EDX spot analysis was
performed on an un-etched laser-cladded coating at high magnification representative
micrographs, as presented in Figure 3. It is well known that SEM analysis using BSD is
used to detect elastically scattered electrons, delivering micrographs with information
about the composition. Thus, the number of back scattered electrons reaching the detector

4
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is strongly related to the atomic number of the elements. The higher the atomic number,
the brighter the element appears in the image.

Generally, three main areas could be observed in the cross-sectional micrographs
of the investigated coatings (i) a gray area, which represents the Ni-Cr matrix; (ii) a
lighter phase rich in Nb and Mo, which represent laves; and (iii) dark areas with a high
Si content (for the coating without Ti) and high Ti content (for the coatings manufactured
with Ti addition), which represent MC carbides. During deposition, Ti powder particles
dissolve in the molten pool and react with C atoms, leading to the formation of TiC when
solidification takes place [36]. Ti particles precipitated during solidification generally in
spherical and rhombus shapes distributed randomly within the coatings. Lei et al. also
reported that a rhombus morphology for TiC precipitates wasformed during the deposition
of TiC/NiCrBSiC composite carbides using laser cladding [37]. From the images, it can be
observed that the size of carbides increased with the addition of Ti within the coatings.

3.2. Microhardness of the Coatings

Figure 4 represents the microhardness comparison of the investigated coatings. The
microhardness values were measured across the cross-section of the coatings, starting from
the top of the coatings down to the substrate. It can be seen from the graph that the coatings
manufactured under the same process parameters have great differences in their function
after the addition of Ti. The increase in hardness values were attributed to the formation of
hard phases within the coatings. With the increase in Ti content, the number of hard phases
increased, which directly led to an increase in hardness. Consequently, the coating without
the addition of Ti presented the lowest hardness, while the coating with the addition of
12.5% Ti presented the highest hardness values. The fluctuation in the measurements was
caused by the randomly distributed hard phases within the coatings. HAZ had a somewhat
higher hardness than the substrate, caused by the metallurgical changes that occurred as a
result of the fast heating−cooling process that took place during cladding.

Figure 2. SEM images of laser-cladded coatings with different Ti contents after etching with oxalic
acid: (a) B, (b) B + 5% Ti, and (c) B + 10% Ti.
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Figure 3. SEM images with the corresponding EDX spectra of coatings with different Ti contents:
(a,b) B, (c,d) B + 1.5% Ti, (e,f) B + 5% Ti, and (g,h) B + 12% Ti.
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Figure 4. Microhardness values measured in the cross-section from the top of the coatings to
the substrate.

3.3. Electrochemical Evaluation before the Durability Test

Corrosion resistance in a simulated PEMFC environment is an important criterion
when evaluating the performance of a potential BPs material. Potentiodynamic polarization
curves of the substrate and laser cladded coatings with various Ti contents were recorded
at a scan rate of 1 mV·s−1, before submitting the samples to a potentiostatic polarization
test. Figure 5 presents the Tafel plots of the substrate and laser-cladded samples tested in
Na2SO4 0.1 M + 0.1 ppm F- at room temperature, before measuring the current transients in
anodic and cathodic environments. From the potentiodynamic curves, it can be observed
that all of the coatings presented an enhanced corrosion resistance compared with the
substrate. Comparing the coatings, a slight negative shift in the corrosion potential with
the increase in Ti content was observed.

Figure 5. Potentiodynamic polarization curves recorded on all laser-cladded samples, before poten-
tiostatic polarization, at a scan rate of 1 mV·s−1.

Using the Tafel extrapolation method, the corrosion current density (icorr) and corro-
sion potential (Ecorr), the anodic and cathodic Tafel slopes were calculated and are presented
in Table 1. From the polarization parameters, it can be seen that the current density had
the highest value for the substrate. Moreover, the results indicate that the current density
values recorded for the coatings decreased with increase in titanium addition, up to the
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addition of 10 wt% Ti. On the other hand, for the laser-cladded coating with the addition
of 12.5 wt% Ti, a sudden increase in the current density values was found.

Table 1. Polarization parameters for laser-coated samples in the test solution, before the durability test.

Samples
icorr

[μA·cm−2]
Ecorr

[mV/Ag/AgCl]
−bc

[mV·dec−1]
ba

[mV·dec−1]

Rp

[kΩ·cm2]

Substrate 2.814 −689 243 58 7
B 0.353 −158 292 176 135

B + 1.5% Ti 0.235 −165 257 144 171
B + 3% Ti 0.116 −179 212 178 362
B + 5% Ti 0.075 −199 198 168 526
B + 7% Ti 0.050 −221 184 152 723

B + 10% Ti 0.042 −241 203 121 784
B + 12.5% Ti 1.191 −342 176 150 30

Based on the polarization curves and Tafel parameters, the coatings showed good
corrosion results up until the addition of 10 wt% Ti. The results were supported by
EIS measurements conducted using the open circuit potential value (Figure 6). In the
Nyquist plots (Figure 6a), all laser-cladded samples showed a single capacitive loop, with a
substantial increment in the semicircle radius as the Ti content increased within the coating,
up until the addition of 10 wt% Ti. Then, a sudden decrease was noticed. A low spectra
diameter was obtained for the coating with the addition of 12.5 wt% Ti.

Figure 6. Nyquist (a) and Bode (b) diagrams recorded on all laser cladded samples before potentio-
static polarization.

Bode plots of the laser-cladded coatings are presented in Figure 6b. As the Ti addition
increased within the coating, the Bode-|Z| diagrams showed higher impedance modulus
values, while the Bode-phase diagrams showed higher phase angle plots. These results
could be attributed to the development of a passive film on the surface of the coating with
a growth of the corrosion resistance. A sudden decrease in the impedance modulus values
and phase angle plots were noticed for laser-cladded coating with the addition of 12.5% Ti.
As the sample with 12.5 wt% Ti content showed a lower corrosion resistance than the rest
of the coatings, the current transients were measured only for laser-cladded samples up
until the addition of 10 wt% Ti. The repeated EIS and Tafel plots were used to characterize
the coatings after the durability test.

The EIS data were fitted using the equivalent electric circuit shown in Figure 7, and
the calculated values of the circuit elements used for modeling the samples are presented
in Table 2. In EEC, Rs stands for the solution resistance between the working and reference
electrodes, Rct represents the charge transfer resistance at the coating/electrolyte interface,
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and CPE indicates the constant phase element. From the results shown in Table 2, similar
values of solution resistance were obtained for all of the samples, indicating the same ion
conductivity in the test solution. As the Ti content increased within the coating, the charge
transfer resistance had higher values, indicating a lower reaction rate.

Figure 7. Electrical equivalent circuit used for the spectra fitting.

Table 2. Calculated values of the circuit elements for modeling laser-cladded samples in the test
solution, after potentiostatic polarization.

Samples
Rs

[Ω·cm−2]
Y0

[S·cm−2·sn]
n Rct

[Ω·cm−2]
Chi

B 47.56 2.93 × 10−5 0.87 4.64 × 104 5.83 × 10−3

B + 1.5% Ti 46.87 3.02 × 10−5 0.88 6.92 × 104 4.77 × 10−3

B + 3% Ti 49.50 3.33 × 10−5 0.90 9.98 × 104 4.95 × 10−3

B + 5% Ti 47.12 3.64 × 10−5 0.91 2.65 × 105 6.40 × 10−3

B + 7% Ti 47.77 3.87 × 10−5 0.92 7.07 × 105 4.84 × 10−3

B + 10% Ti 47.08 4.91 × 10−5 0.92 7.95 × 105 7.12 × 10−3

B + 12.5% Ti 47.41 1.66 × 10−4 0.84 3.85 × 104 4.14 × 10−3

To investigate the lower corrosion resistance of the coating manufactured with the
addition of 12.5% Ti after exposure to the electrolyte, the surface was analyzed using
SEM. According to the micrographs presented in Figure 8, the surface contained corrosion
products and micro-cracks. The EDX spectra collected in the area marked with the red
rectangle in Figure 8b show the presence of Fe and O. The increased amount of Ti led to the
formation of micro-cracks within the coatings, which allowed the electrolyte to reach the
substrate [38]. The micro-cracks appeared due to the residual stress caused by the thermal
and chemical effects [39], attributed to the rapid cooling and to the higher amount of Ti,
leading to a lower corrosion resistance.

3.4. Potentiostatic Polarization

The durability of laser-cladded coatings in simulated cathodic and anodic PEMFC
environments were considered by measuring the current transients of the samples at a
constant potential, as a function of time. Figure 9 shows the potentiostatic polarization
curves of every coating, measured for 6 h, at a constant potential of +0.736 V and −0.493 V,
which corresponded to the release of oxygen and hydrogen, respectively. Figure 9a presents
the current transients measured in the cathodic PEMFC environment. It can be seen that
the current density of all of the coated samples initially increased from a negative direction
and then gradually stabilized at low negative values. The negative current density values
could be explained because the corrosion potential of the laser-coated samples was more
positive than the applied potential. Based on this, the negative values were attributed to
a reduction in H+ ions, which changed to H2, thus providing cathodic protection to the
laser-coated samples. During potentiostatic polarization, all of the samples displayed a
stable corrosion current density. The cathodic current density obtained for the B coating was
around −2.21 μA·cm−2, while the laser-cladded coatings with Ti additions showed lower
values of between −1.55 and −0.89 μA·cm−2. Figure 9b presents the current transients
measured in the anodic PEMFC environment. It can be seen that the current density of
all of the coated samples initially decreased from a positive direction and then gradually
stabilized at low positive values. This behavior could be explained by the formation of a
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passive film on the surface of the samples. It is clear that the current densities decreased
with the increase in Ti content within the coating. During the measurement, all of the
samples displayed a stable corrosion current density. The anodic current density obtained
for the B coating was around 3.55 μA·cm−2, while the laser-cladded coatings with Ti
additions showed lower values of between 1.52 and 0.81 μA·cm−2. From the presented
results, the NiCr-based coating with the addition of 10 wt% Ti showed the lowest current
density in both the cathodic and anodic environment.

Figure 8. Surface morphology of the coating manufactured with 12.5% Ti exposed to the electrolyte:
(a) corrosion products, (b) corrosion products and micro-crack, and (c) EDX spectra reveling the
presence of Fe and O on the surface of the coating.

Figure 9. Potentiostatic polarization curves of laser-cladded coatings recorded for 6 h, at a constant
potential of: (a) +0.736 V and (b) −0.493 V.

3.5. Electrochemical Evaluation after Durability Test

Figure 10 presents the potentiodynamic polarization curves of the laser-cladded sam-
ples with additions of up to 10 wt% Ti content, after measuring the current transients in the
simulated PEMFC environment. Using the Tafel extrapolation method, the polarization
parameters of the laser-cladded samples are calculated and listed in Table 3. From the po-
larization parameters, the corrosion current densities (icorr) of the laser-cladded coatings, in
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both the cathodic and anodic environments, had lower values with the increase in titanium
content. On the other hand, the polarization resistance (Rp) in both cases had higher values
for coatings with a greater Ti content. After simulating the PEMFC cathodic environment
(Figure 10a), the corrosion potential of the laser-cladded samples had a slight positive shift
with the increase in Ti content. All of the laser-cladded coatings with the addition of Ti had
a higher corrosion potential (Ecorr) that the B coating. The same behavior of the corrosion
potential could be observed after simulating the PEMFC anodic environment (Figure 10b).

Figure 10. Potentiodynamic polarization curves recorded at a 1 mV·s−1 scan rate on laser-cladded
samples: (a) after cathodic and (b) anodic potentiostatic polarization.

Table 3. Polarization parameters for laser-coated samples in the test solution after the durability test.

Samples
icorr

[μA·cm−2]
Ecorr

[mV/Ag/AgCl]
-bc

[mV·dec−1]
ba

[mV·dec−1]

Rp

[kΩ·cm2]

Cathodic environment

B 0.477 −315 182 134 70
B + 1.5% Ti 0.363 −308 176 122 86
B + 3% Ti 0.232 −298 183 130 142
B + 5% Ti 0.193 −276 188 119 164
B + 7% Ti 0.161 −245 186 123 200
B + 10% Ti 0.149 −236 172 120 206

Anodic environment

B 0.868 −320 178 122 36
B + 1.5% Ti 0.623 −312 191 120 51
B + 3% Ti 0.468 −305 179 118 65
B + 5% Ti 0.213 −268 162 115 137
B + 7% Ti 0.185 −236 174 123 169
B + 10% Ti 0.177 −227 176 117 173

Comparing the Tafel plots before and after potentiostatic polarization, a negative shift
on the corrosion potential for samples up to 5% Ti content, in both cathodic and anodic
environments, can be seen. On the other hand, in both environments, a small positive shift
in the corrosion potential for coatings with the addition of 7 wt% and 10 wt% Ti was ob-
served. Comparing the polarization parameters before and after potentiostatic polarization,
an increase in the corrosion current density for all of the laser-cladded samples was noticed,
but the values were all lower than the DOE’s target for 2020, which is 1 μA·cm−2.
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Figure 11 shows the Nyquist and Bode plots for the coated samples after measuring the
current transients. From the Nyquist plots, in both the cathodic and anodic environments
(Figure 11a,c), all of the laser-cladded samples showed a single capacitive loop, with a
substantial increment in the semicircle radius as the Ti content increased within the coating.
In both cases, a low spectra diameter was obtained for coatings without the addition of Ti
and the highest spectra diameter was recorded for coatings with the addition of 10 wt% Ti.
The Bode plots in both the cathodic and anodic environments are presented in Figure 11b,d,
respectively. In both cases, the Bode-|Z| diagrams showed higher impedance modulus
values and higher Bode-phase angle plots as the Ti content increased within the coating.

Figure 11. EIS measurements recorded on laser-cladded samples: (a,b) after cathodic and (c,d) anodic
potentiostatic polarization.

Comparing the Nyquist plots before and after potentiostatic polarization, in both
environments, the diameter of the semicircle decreased substantially after the durability
test. Furthermore, after potentiostatic polarization, the Bode-|Z| and Bode-phase angle
diagrams showed lower impedance modulus values and phase angle plots, respectively.
The EIS data, after potentiostatic polarization, were fitted using the same equivalent circuit
model, as presented in Figure 7. From the calculated values of the circuit elements after
potentiostatic polarization, as shown in Table 4, similar values for the solution resistance
were obtained for all of the samples, in both environments. Furthermore, as the Ti content
increased within the coating, the charge transfer resistance had higher values. On the other
hand, when comparing the results from the EEC before and after potentiostatic polarization,
in both environments, a decrease in the charge transfer resistance values was noticed.
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Table 4. Calculated values of the circuit elements for modeling the laser-coated samples in the test
solution after potentiostatic polarization.

Samples
Rs

[Ω·cm−2]
Y0

[S·cm−2·sn]
n Rct

[Ω·cm−2]
Chi

Cathodic environment

B 55.61 6.17 × 10−4 0.85 2.18 × 104 1.02 × 10−3

B + 1.5% Ti 53.42 6.55 × 10−4 0.85 2.71 × 104 2.73 × 10−3

B + 3% Ti 48.13 7.39 × 10−4 0.87 3.29 × 104 1.91 × 10−3

B + 5% Ti 47.92 7.75 × 10−4 0.88 1.35 × 105 2.09 × 10−3

B + 7% Ti 47.65 8.36 × 10−4 0.89 1.87 × 105 1.78 × 10−3

B + 10% Ti 47.35 9.47 × 10−4 0.90 2.55 × 105 1.53 × 10−3

Anodic environment

B 46.93 2.68 × 10−4 0.77 1.16 × 104 2.42 × 10−3

B + 1.5% Ti 49.87 2.87 × 10−4 0.82 1.41 × 104 2.46 × 10−3

B + 3% Ti 48.51 2.96 × 10−4 0.87 1.86 × 104 4.32 × 10−3

B + 5% Ti 47.43 3.11 × 10−4 0.89 1.98 × 104 3.05 × 10−3

B + 7% Ti 47.58 3.14 × 10−4 0.90 2.04 × 104 2.91 × 10−3

B + 10% Ti 46.62 3.53 × 10−4 0.91 2.33 × 104 3.73 × 10−3

4. Conclusions

Potential metallic bipolar plate materials were successfully manufactured using laser
cladding NiCr-based alloys with different Ti additions on a low carbon steel substrate. The
titanium content within the coating was added, from 1.5 to 12.5 wt% Ti, and the variation
in titanium was studied in terms of the microstructure and corrosion resistance. The study
focused on electrochemically testing the coatings in a mild solution, such as 0.1 M Na2SO4
(acidulated with H2SO4 at pH = 5) with the addition of 0.1 ppm F-. The results led to the
following conclusions:

• The microstructural investigation revealed a dendritic structure for all of the laser
cladded coatings. Furthermore, as the Ti content increased within the coating, the size
of the dendrites increased. The formation of precipitates and secondary phases was
detected by EDX analysis and it was observed that the number of hard phases and
the TiC particle size increased with the increase in Ti content within the coatings. The
number of hard phases had a direct influence on the hardness measurement; thus, the
coating containing 12.5% Ti presented the highest values.

• From the EIS measurements and potentiodynamic polarization, before measuring
the current transients, it was noticed that a high content of Ti within the NiCr-base
coating could provide a better corrosion resistance, up to the addition of 10% wt Ti.
The corrosion current density of all coatings up to the addition of 10% wt Ti was less
than DOE’s 2020 target of 1 μA·cm−2.

• It was noticed that the coating with the addition of 12.5% Ti addition presented a
lower corrosion resistance due to the micro-cracks formed due to residual stress, which
might be attributed to the higher amount of Ti present in the coating.

• Potentiostatic polarization measurements revealed that the coating with 10 wt% Ti
addition had the lowest and most stable current density in the PEMFC anodic and
cathodic environments, respectively.

• After measuring the current transients of the laser-cladded samples, the EIS measure-
ments and potentiodynamic polarization were repeated. The results revealed that
even if the corrosion resistance decreased after the durability test, the corrosion current
density for all of the coatings in both environments was less than DOE’s 2020 target of
1 μA·cm−2. In conclusion, from the above results, we can say that the coating with the
addition of 10 wt% Ti had great potential as a BP material for PEMFC applications.
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Abstract: Glucosinolates-rich extracts of some Brassicaceae sources, such as broccoli, cabbage, black
radish, rapeseed, and cauliflower, were obtained using an eco-friendly extraction method, in a
microwave field, with 70% ethanol, and evaluated in order to establish their in vitro antioxidant
activities and anticorrosion effects on steel material. The DPPH method and Folin-Ciocâlteu assay
proved good antioxidant activity (remaining DPPH, 9.54–22.03%) and the content of total phenolics
between 1008–1713 mg GAE/L for all tested extracts. The electrochemical measurements in 0.5 M
H2SO4 showed that the extracts act as mixed-type inhibitors proving their ability to inhibit corrosion
in a concentration-dependent manner, with a remarkable inhibition efficiency (92.05–98.33%) achieved
for concentrated extracts of broccoli, cauliflower, and black radish. The weight loss experiments
revealed that the inhibition efficiency decreased with an increase in temperature and time of exposure.
The apparent activation energies, enthalpies, and entropies of the dissolution process were determined
and discussed, and an inhibition mechanism was proposed. An SEM/EDX surface examination
shows that the compounds from extracts may attach to the steel surface and produce a barrier
layer. Meanwhile, the FT-IR spectra confirm bond formation between functional groups and the
steel substrate.

Keywords: Brassicaceae extracts; antioxidant activity; total phenolics; green corrosion inhibitors

1. Introduction

Due to their exceptional mechanical and electrical properties, metals are commonly
used in human activities [1]. The corrosion process is perhaps the most common phe-
nomenon that causes the deterioration of metals and it is due to the electrochemical
interaction of metals with the corrosive environment [2,3]. Among metals, steel is usually
used in many industries due to its excellent mechanical properties. Thus, finding solutions
to reduce the degradation of steel by corrosion represents a high-priority matter [4].

In order to fight against corrosion, some different strategies such as design, materials
selection, electrochemical protection, coatings, and the use of inhibitors were applied. The
latter is considered the easiest to apply and the most cost effective [5]. Corrosion inhibitors
are chemicals that are added to metal surfaces or to the aggressive medium, reducing the
rate of metals dissolution. The common corrosion inhibitors, mainly chromates and their
derivatives, have proven to be dangerous substances for human life and the environment [6].
Recent approaches showed the potential of plant extracts as corrosion inhibitors [7–10], so
the replacement of the traditional toxic corrosion inhibitors can be achieved.
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Plant extracts contain phytochemical compounds with similar characteristics to organic
corrosion inhibitors and show advantages such as low cost, wide availability, nontoxic-
ity, biodegradability, and biocompatibility, which recommend them as an eco-friendly
alternative to classic corrosion inhibitors [9,11].

Crops of cabbage, acclimatized broccoli, black radishes, rape, and cauliflower are
cultivated in Romania and are very cheap raw materials. Natural compounds of different
species of the Brassicaceae family were easily extracted [12–15]. Plants from the Brassi-
caceae species contain several phytochemical compounds such as glucosinolates, glucosides,
phenolic acids, erucic acid, polyphenols and tocopherols, carotenoids, flavonoids, alka-
loids, terpenoids and terpenes, phytoalexins, and phytosteroids [16]. Thus, the extracts
of such plants are used in the food industry, pharmaceutical industry, and alternative
medicine [17–22] due to their diverse biological activities, mainly antimicrobial [19–22] and
antioxidant effects [14,15,19].

Several extracts from some Brassicaceae species demonstrated excellent inhibition
effects on steel corrosion [23–25]. Hence, an aqueous extract of Brassica oleracea was proven
to retard Q235 steel corrosion in two harsh acid environments (0.5 M H2SO4 and 1 M
HCl) [25]. The inhibition efficiency of Brassica oleracea extract (99% ethanol) on the corrosion
of pipeline steel in 0.5 M H2SO4 has also been demonstrated [24]. On the other hand, some
Brassica campestris extracts were capable of inhibiting Cor-Ten steel corrosion in HCl and
NaCl solutions [23].

Given the composition of Brassicaceae extracts and their proven efficiency, they can
successfully replace conventional toxic inhibitors and extend the possibility of “smart
coatings“ by inducing a response in the coating and/or substrate to improve the inhibition
of corrosion [16].

The aim of this research was to demonstrate the high antioxidant qualities and cor-
rosion inhibition power of five indigenous Brassicaceae species (cabbage, broccoli, black
radish, rapeseed, and cauliflower) in an aggressive 0.5 M H2SO4 environment.

2. Materials and Methods

2.1. Materials

The 1,1 diphenyl-2-picrylhydrazyl (DPPH), Folin-Ciocâlteu reagent, gallic acid (GA),
99% ethanol (analytical grade), methanol (analytical grade), and 98% sulphuric acid were
all purchased from Merck (Germany). Romanian vegetables, white cabbage, broccoli, black
radish, and cauliflower were purchased from a supermarket and rapeseed was collected
from a local farm (Timiş county) in 2022. Ultrapure water was obtained in the lab (EASYpure
RoDi—Barnstead apparatus).

2.2. Extraction

Plant materials were washed, air dried, chopped/ground, and freeze-dried. Then,
1 g dried material and 10 mL 70% ethanol were subjected to extraction in a microwave
field (2450 MHz). Extraction was carried out at 120 ◦C, 15 min., in an MSW-2 Berghof oven
(1000 W) equipped with a rotor with 10 Teflon vessels DAP-60K. After extraction, the solid
part was removed by filtration, and the liquid phase was concentrated under a vacuum to
10 mL (extracts A).

2.3. Antioxidant Activity and Total Phenolics

For spectrophotometric measurements, a Jasco V530 apparatus (Abl&E-Jasco, Wien,
Austria) was used. The antioxidant activities were determined using the DPPH method [26].
The calibration curve used was A = 11048 · CDPPH + 0.0037 (R2 = 0.999). At 2.9 mL
methanolic solution of DPPH (~9.5 × 10−5 mol/L), 0.1 mL ethanolic extract A was added
and the change of DPPH color was from mauve to yellow, caused by the consumption of
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DPPH radicals by the existing antioxidants compounds, was followed (λ = 515 nm). The
remaining DPPH was calculated with the following equation:

Remaining DPPH (%) =
CDPPH(t)

CDPPH(t=0)
× 100 (1)

where CDPPH(t) is the value of the DPPH concentration in the presence of the extract at time
t and CDPPH(t=0) at time 0.

The content of total phenolics was determined by the Folin-Ciocâlteu method, as
described by S, tefănut, et al. [26]. Gallic acid was used as the reference compound and the
total phenolic content was expressed as mg GAE/L.

2.4. Electrochemical Experiments

The electrochemical tests were carried out with 0.5 M H2SO4, in a conventional glass
three-electrode cell with a Pt counter electrode, a saturated calomel (SCE) as reference
electrode, and a working electrode (WE) made from a steel disk. The WE was embedded in
a Teflon jacket by screwing. The exposed area was A = 0.28 cm2. Before use, the WE was
gradually polished with emery paper (1000–1400), cleaned with detergent and water, and
finally, with acetone. Then, 30 mL 0.5 M H2SO4 plus 1 mL of each extract were used in the
tests. All the experiments were carried out at an open circuit (OCP) for 30 min in order to
obtain a stable potential at room temperature. Electrochemical tests were performed with a
Voltalab 80 (Radiometer, Denmark). The potentiodynamic measurements were started at
−600 mV cathodic potential to anodic potential +250 mV, at a scan rate 1 mV/s. The data
were registered and analyzed using VoltaMaster4 software. Parameters such as corrosion
potential Ecorr, corrosion resistance Rp, Tafel slopes (βa, βc), β corrosion intensity Icorr, and
corrosion rate, vcorr, were obtained by the Tafel extrapolation method.

The inhibition efficiency was defined by Equation (2).

IE(%) =

(
v0

corr − vcorr

v0
corr

)
× 100 (2)

where: v0
corr and vcorr are corrosion rates in the absence of and in the presence of different

extracts, respectively.

2.5. Weight-Loss Experiments

Similar steel disks (same composition and dimensions) as those used in the electro-
chemical experiments were polished with different grades of emery paper (1000–1400 mesh),
washed with ultrapure water, degreased with acetone, and air dried. The specimens were
immersed in the corrosion medium (15 mL 0.5 M H2SO4) and kept for 24 h at 20, 40, 50,
and 60 ◦C, in the absence and the presence of 0.5 mL of extract A. Finally, the steel disks
were removed, rinsed with water and acetone, dried in warm air, and stored in a desiccator.
Weight loss was determined by gravimetric measurements using an analytical balance with
a precision of 0.1 mg.

The corrosion rate (vcorr, mm/year) of steel in 0.5 M H2SO4 with and without extract
A was calculated with Formula (3) [27]:

vcorr =
87.6·ΔW

S·t·D (3)

where ΔW is the corrosion weight loss of the steel specimen (mg), S is the area of the steel
specimen (cm2), t is the exposure time (h), and D the density of steel (g/cm3).

The inhibition efficiency was obtained using Equation (2), using for calculation the
values of corrosion rate (vcorr) obtained by the gravimetric method.

The temperature effect on the corrosion rate of steel in 0.5 M H2SO4 was studied.
These tests were executed in the absence and presence of 0.5 mL extracts A for 24 h, at 20,
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40, 50, and 60 ◦C. The relationship between the corrosion rate (vcorr) of steel in an acidic
media and temperature (T) is expressed by the Arrhenius equation [28]:

vcorr = A·e−Ea/RT (4)

where vcorr is the corrosion rate, A is the Arrhenius pre-exponential factor, Ea the appar-
ent activation energy for corrosion process, R is the universal gas constant, and T the
absolute temperature.

The values of enthalpy of activation (ΔH*) and entropy of activation (ΔS*) were
calculated using an alternative form of the Arrhenius equation [27]:

vcorr(G) =
R T
N h

·eΔS∗/R· e−ΔH∗/RT (5)

where h is the Planck’s constant, N is the Avogadro’s number, T is the absolute temperature,
and R is the universal gas constant.

2.6. Scanning Electron Microscopy (SEM) and EDX Studies

After the corrosion tests, the steel disks were washed and dried, and subjected to an
SEM/EDX analysis. The SEM images and the atomic content were registered using the
scanning microscopy method (Scanning Electron Microscope Inspect S + EDAX Genesis XM
2i—FEI, Holland), at 30 kV, in vacuum mode, at 400–6000 magnification for all the samples.

2.7. FT-IR Analysis

The FT-IR spectra were recorded using a Bruker Vertex 70 spectrometer (Bruker Optik
GmbH, Rosenheim, Germany) equipped with a Platinium ATR unit, Bruker Diamond
A225/Q.1., at room temperature (4000–400 cm−1) with a nominal resolution of 4 cm−1 with
64 scans.

3. Results

Five extracts from Romanian cabbage, acclimatized broccoli, black radish, cauliflower,
and rapeseed were obtained (extracts A) and were analyzed by the UV-Vis technique, in
order to evaluate their antioxidant effect and total phenolics. Figure 1 shows the depen-
dence of remaining DPPH (%) on time and permits the evaluation of antioxidant activities
of the studied extracts. The values obtained for antioxidant activities and the total phenolic
content of the extracts A are presented in Table 1.

Figure 1. Antioxidant behavior of Brassicaceae extracts A.
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Table 1. Antioxidant activities and total phenolic content of extracts A.

Extracts
Antioxidant Activity,
Remaining DPPH, %

Total Phenolics,
mg GAE/L

Broccoli 11.75 1623.4 ± 25.1
Cabbage 15.79 1008.8 ± 9.6

Black radish 22.03 1313.5 ± 16.4
Rapeseed 15.13 1713.0 ± 42.8

Cauliflower 9.54 1380.7 ± 19.4

For the electrochemical tests, two concentrations of the extracts were used, one corre-
sponding to the extract A and one obtained by 20 times dilution of the extract A (extract B).
The electrochemical behavior was evaluated using an experimental cell with a disk work
electrode (Figure 2), the steel composition of the work electrode is presented in Table 2.

 

Figure 2. Electrochemical cell and disk work electrode.

Table 2. The steel composition of the working electrode.

Element C Si Mn P S Fe

Percentage, wt.% 0.12–0.15 0.10–0.35 0.70–1.10 0.03 0.07–0.13 98.21–98.98

The polarization curves for steel in 0.5 M H2SO4 (blank) with and without the two
tested concentrations of broccoli, cauliflower, black radish, cabbage, rapeseed extracts are
presented in Figure 3.
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Figure 3. Potentiodynamic polarization curve for steel in 0.5 M sulfuric acid in the absence and the
presence of Brassicaceae extracts A and B.

The electrochemical parameters, corrosion potential (Ecorr), corrosion resistance (Rp),
corrosion current density (Icorr), cathodic Tafel slope (βc), anodic Tafel slope (βa), corrosion
rate (vcorr), and inhibition efficiency (IE), obtained from potentiodynamic polarization
curves, are presented in Table 3.

Table 3. Potentiodynamic polarization parameters.

Sample
Ecorr,
mV

Rp,
Ohm·cm2

Icorr,
mA/cm2

βa,
mV

βc,
mV

vcorr,
mm/year

IE,
%

0.5 M H2SO4 −454.7 3.20 10.13 189.6 −202.2 118.5 -
Broccoli A −408.9 84.60 0.17 82.6 −83.8 1.98 98.33
Broccoli B −435.4 6.83 4.83 154.7 −187.6 56.54 52.30
Cabbage A −436.6 24.54 1.05 95.2 −141.3 12.26 89.65
Cabbage B −435.3 7.39 3.26 130.8 −145.0 38.14 67.82

Cauliflower A −433.9 25.73 0.68 84.1 −108.2 7.97 93.27
Cauliflower B −430.4 15.16 1.28 90.8 −116.4 14.99 87.35
Black radish A −430.8 23.80 0.81 108.0 −110.8 9.43 92.05
Black radish B −434.9 8.84 2.74 108.9 −146.5 32.02 72.98

Rapeseed A −448.6 6.95 4.78 152.5 −184.2 55.96 52.79
Rapeseed B −442.5 4.87 7.39 186.6 −212.3 86.38 27.13
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Figure 4 shows the SEM images registered for the surface of the steel specimen before
and after the electrochemical experiments, with and without extracts A and B.

Figure 4. SEM images (800×) for steel, exposed to 0.5 M H2SO4 with and without Brassicaceae
inhibitors, after electrochemical tests.

The results from the weight loss measurements for the corrosion of steel disks in 0.5 M
H2SO4 in the absence and presence of extracts A, for 24 h, at four different temperatures,
are given in Table 4.

Table 4. Weight loss results of steel in 0.5 M H2SO4, at different temperatures, in the absence and
presence of Brassicaceae extracts A.

Sample
vcorr (mm/Year) IE (%)

20 ◦C 40 ◦C 50 ◦C 60 ◦C 20 ◦C 40 ◦C 50 ◦C 60 ◦C

0.5 M H2SO4 58.66 85.70 90.41 91.69 - - - -
Broccoli 0.78 33.67 56.50 79.57 98.66 60.71 37.51 13.22
Cabbage 40.98 67.41 83.12 89.57 30.13 21.35 8.06 2.32

Cauliflower 22.31 63.82 78.55 89.19 61.96 25.53 13.11 2.73
Black radish 13.55 61.59 74.13 89.31 76.90 28.14 18.00 2.60

Rapeseed 45.47 75.33 86.37 89.71 22.48 12.10 4.46 2.16

The apparent activation energies (Ea) were determined by linear regression between
ln vcorr and 1000/T (Figure 5a) and the results are shown in Table 5. Straight lines with
a regression coefficient close to unity (R2 > 0.9) were plotted, from which the apparent
activation energies (Ea) obtained from the slope (−Ea/2.303R) of the lines were determined.
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(a) (b) 

Figure 5. Arrhenius plots for steel in 0.5 M H2SO4 in the absence and presence of Brassicaceae extracts
A: (a) ln vcorr vs. 1000/T; (b) ln(vcorr/T) vs. 1000/T.

Table 5. Activation parameters for steel in 0.5 M H2SO4 in the absence and presence of Brassicaceae
extracts A.

Inhibitor
Linear Regression

Equation (4)
R2

Equation (4)
Ea

(kJ mol−1)
Linear Regression

Equation (5)
R2

Equation (5)
ΔH*

(kJ mol−1)
ΔS*

(J mol−1 K−1)

H2SO4 y = −0.495x + 3.476 0.893 9.47 y = −0.828x + 1.260 0.811 6.88 −187.06
Broccoli y = −5.055x + 17.319 0.914 96.77 y = −11.328x + 33.137 0.910 94.18 77.96
Cabbage y = −0.861x + 4.562 0.978 16.48 y = −1.671x + 3.761 0.968 13.89 −166.27

Cauliflower y = −1.513x + 6.555 0.942 28.97 y = −3.173x + 8.352 0.930 26.38 −128.10
Black radish y = −2.047x + 8.186 0.921 39.19 y = −4.403x + 12.108 0.910 36.60 −96.88

Rapeseed y = −0.752x + 4.245 0.943 14.40 y = −1.421x + 3.031 0.916 11.81 −172.34

The enthalpy of activation (ΔH*) and entropy of activation (ΔS*) for steel dissolution
in 0.5 M H2SO4 with and without inhibitor extracts, were established by plotting the ln
(vcorr/T) against 1000/T. The straight lines plotted are illustrated in Figure 5b. The values
of ΔH* and ΔS*, calculated from the slope -ΔH*/R and the intercept (ln(R/Nh) + ΔS*/R)
are shown in Table 5.

The SEM images recorded for the steel surface after the weight loss experiments, with
and without extracts A and the EDX spectra of the surface of the steel disks before and
after immersion for 24 h, at 20 ◦C, in 0.5 M H2SO4 solution, with and without extracts A,
are displayed in Figure 6 and the atomic content is presented in Table 6.

Table 6. Percentage of atomic contents of elements obtained from EDX spectra.

Elements
Atomic content (%)

Steel Disks H2SO4 Broccoli Cabbage Cauliflower Black radish Rapeseed

C 0.22 - 19.61 - 17.24 18.92 2.45
Si 0.07 0.35 2.64 0.30 1.70 0.68 1.03
P 0.02 0.59 0.44 0.30 0.30 0.37 0.34
S 0.09 1.42 0.65 11.22 0.63 0.68 2.67

Mn 1.04 0.63 - 0.34 0.78 0.68 56.46
Fe 98.56 57.35 60.99 29.63 57.00 46.47 37.05
O - 39.52 15.67 58.07 22.00 31.55 -
Cl - 0.15 - 0.14 0.34 0.66 -
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Figure 6. SEM images/EDX spectra of the steel surface after the weight-loss experiments, with and
without extracts A.

FT-IR analysis (Figure 7) of the extracts and for the steel surface after 24 h of exposure
to a solution of 0.5 M H2SO4, with and without Brassicaceae extracts, at 20 ◦C, was carried
out. The changes in the FT-IR spectra of the inhibitor film compared to Brassicaceae extracts
are presented in Table 7.

(a) (b) 

Figure 7. FT-IR analysis: (a) Brassicaceae extracts; (b) Steel surface after 24 h of exposure to a solution
of 0.5 M H2SO4, with and without Brassicaceae extracts, at 20 ◦C.
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Table 7. The changes in the FT-IR spectra of inhibitor film compared to Brassicaceae extracts.

Brassicaceae Extracts Inhibitor Film

3284 cm−1 OH stretching, intermolecular
bonded, intense, large Decreased intensity or shifted to 3330 cm−1

1661 cm−1 C = N stretching, medium Decreased intensity, absent or shifted to 1644 cm−1

1625 cm−1 C = C stretching, medium Absent
1392, 1337 cm−1 OH bending, intense Shifted to 1416 cm−1

1029 cm−1 C-O stretching, intense Decreased intensity, shifted to 1115 cm−1

4. Discussion

According to our previous research [19], the microwave method using 70% EtOH,
is a proper eco-friendly method for plant extraction. Regarding the antioxidant capacity
and total phenolics of the Brassicaceae extracts, all analyzed extracts showed very good
antioxidant activities (9.54–22.03% remaining DPPH) (Figure 1, Table 1), however, the
results do not correlate with the values obtained for total phenolics (Table 1). This could be
due to the presence of other compounds in the plant matrix, i.e., glucosinolates [19,29].

In a previous study, we determined the composition of the glucosinolates of the extracts
using HPLC-DAD. Sinigrin was found in all extracts, being the predominant glucosinolate
in the cabbage extract, meanwhile, gluconapin was identified in broccoli, cauliflower, and
black radish. Neoglucobrassicin was the major glucosinolate found only in cauliflower.
Methoxyglucobrassicin from broccoli, glucobrassicanapin, 4-hydroxyglucobrassicin, and
glucoraphasatin from black radish completed the chromatographic profile of the extracts [19].

The structures of the glucosinolates commonly found in Brassicaceae plants are shown
in Scheme 1.

 

Scheme 1. The structures of some major glucosinolates found in Brassicaceae plants.

The highest antioxidant activity was obtained for cauliflower (9.54%) and broccoli (11.75%),
while higher values of phenolic content were obtained for rapeseed (1713 mg GAE/L) and
broccoli (1623 mg GAE/L).

The electrochemical behavior of the Brassicaceae extracts (extracts A and B) was evalu-
ated. To achieve a corrosive environment, an aggressive support electrolyte (0.5 M H2SO4)
was used.
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Figure 3 reveals that the corrosion potential in the presence of all tested extracts
shifted to noble values compared to blank. Moreover, both the cathodic and anodic
current density present decreased values, meanwhile, Table 3 shows a change in Ecorr
between 6–46 mV. This trend has been reported by other researchers [30,31]. An inhibitor
is classified as an anodic-type or cathodic-type inhibitor when the change in Ecorr is greater
than 85 mV [30,31]. Also, a mixed-type inhibitor produces a reduction in both anodic and
cathodic current densities [32].

It can be observed from Table 3 that the addition of Brasicaceae extracts leads to
a significant decrease in the corrosion current densities (Icorr) with a more pronounced
drop for higher concentrations. The corrosion potential (Ecorr) values were only slightly
affected by the presence of extracts and no explicit tendency in the change of Ecorr values
depending on the extract concentration was observed. This type of behavior suggests that
the extracts might act as pickling inhibitors [33]. This also indicates that the adsorption of
the tested extracts on the steel surface leads to the blocking of the active sites slowing down
corrosion. Considering the changes in the cathodic Tafel slope (βc) and anodic Tafel slope
(βa), it can be concluded that the extracts’ actions are exerted on both anodic and cathodic
reactions, thus resulting in a decrease in anodic dissolution and a delay of the cathodic
hydrogen reaction [27,34]. These results suggest that all tested extracts act as mixed-type
corrosion inhibitors.

Furthermore, in addition to the fact that Ecorr values have been slightly positively
shifted, a more obvious decrease in the βa compared to the βc values in the presence of
extracts can be noticed, which indicates a mixed-type inhibition behavior with predominant
control of the anodic reaction [35].

The adsorption of organic compounds from the extracts at the active sites of the
electrode surface leads to the delay of metallic dissolution and hydrogen evolution reaction.
These results prove the capacity of the studied extracts to act as green corrosion inhibitors.
The presence of extracts in the corrosive medium diminishes the corrosion rates concomitant
with the shifting of the corrosion current density to lower values relative to the blank
(Table 3).

The lowest corrosion rates, 1.98, 7.97, and 9.43 mm/year, were obtained for extracts A
of broccoli, cauliflower, and black radish, respectively. This means that inhibitor efficiency
increases with an increase in the inhibitor concentrations.

For plant extracts, both in anodic and cathodic domains, after a specific potential, the
current-vs.-potential characteristics no longer change significantly. This behavior could
be associated with the desorption of the adsorbed film of inhibitors on the surface of the
electrode in acidic media. Above the desorption potential, the desorption rate of inhibitors
is raised more than its adsorption [27].

The values obtained for the corrosion rates correlate with those calculated for inhibition
efficiency (IE) and are presented in Table 3.

The values of inhibition efficiency obtained from the electrochemical measurements
clearly increase with the concentration of the extracts and follow the order of
broccoli > cauliflower > black radish > cabbage > rapeseed for extracts A. As for ex-
tracts B, the extract of broccoli can be found before rapeseed and the rest maintain the same
trend. The inhibition efficiency for extracts A ranged between 89–99%. Only for rapeseed,
an inhibition of 52.79% was obtained. All these results recommend the tested extracts as
potent corrosion inhibitors.

Weight loss experiments (Table 4) were chosen to complete the results obtained by elec-
trochemical tests for the determination of corrosion rates and inhibition efficiency. Although
it is a time-consuming method, the benefit of this gravimetric method recommends its use.
The advantages are based on the use of experimental conditions that more closely resemble
real-life environments and the provided results that are likely to be more reliable [36].

All tested extracts proved to inhibit corrosion even if the exposure time was increased
from minutes in the case of electrochemical tests to 24 h in the case of gravimetrical mea-
surements, with inhibition efficiency values between 22.48 and 98.66%. However, except

27



Materials 2023, 16, 2967

for broccoli extract, for which similar results were obtained by both tests (IE = 98–99%), the
values of inhibition efficiency for the rest of the extracts, after 24 h of immersion in a corro-
sive media, decreased considerably. Thus, the cabbage extract lost 67% of its effectiveness,
cauliflower 34%, black radish 17%, and rapeseed 58%. So, it seems that the difference in
measurement times generally influences the inhibition capacity of the tested extracts. The
weight loss experiments demonstrated the great potential of broccoli extract to inhibit the
corrosion of the steel at 20 ◦C after a long period of immersion in an acidic solution.

The effect of temperature on the corrosion of steel in the presence and absence of
Brassicaceae extracts was also monitored by weight loss measurements between 20–60 ◦C.
The results presented in Table 4 reveal that the corrosion rate increases with the increase
in the temperature, though to a lesser extent in the case of the presence of inhibitors. This
behavior of the extracts in an acidic media is due to the increase in surface coverage by
increasing the inhibitor concentration [28].

Temperature plays an important role in understanding the inhibitive mechanism of
the corrosion process. To assess the temperature effect, the weight loss results (Table 4)
were used to study the activation of the inhibition process by the means of Arrhenius
Equation (4).

It is obvious that the apparent energy of activation increased in the presence of Bras-
sicaceae extracts, compared to the uninhibited solution (Table 5). This increase suggests
physical adsorption of the inhibitor on the steel surface. Also, the increase in the activation
energy can be explained by an appreciable decrease in the adsorption of the inhibitor on
the steel surface by an increase in the temperature. This decrease in adsorption leads to
higher corrosion rates due to the increased exposed surface area of the steel towards the
corrosive solution [28].

However, chemical adsorption of the inhibitor on a steel surface can also be involved.
This kind of interaction involves charge sharing or charge transfer from the inhibitor
to the atoms of the Fe in order to form a coordinate bond [28]. Moreover, the physical
adsorption suggested by the trend of activation energy cannot be considered critical due to
the competitive adsorption with water molecules, whose removal from the steel surface
also requires some activation energy. Therefore, it can be considered that the adsorption
of extracts’ compounds on the steel surface occurs through both physical and chemical
phenomena, concurrently [37].

The values of the enthalpy of activation (ΔH*) and entropy of activation (ΔS*) for
steel dissolution in 0.5 M H2SO4 in the presence and absence of inhibitor extracts (Table 5)
were calculated using Equation (5). The positive values for ΔH* in the absence and pres-
ence of extracts reflect the endothermic nature of metal dissolution during the corrosion
process [27,38,39]. In addition, the enthalpy values increase in the presence of the extracts
compared to free the 0.5 M H2SO4 solution indicating a higher protection efficiency [28,40].

Regarding the entropy of activation (ΔS*), it can be seen that its values have increased
in the presence of the inhibitor compared to the uninhibited solution. The gain in entropy
suggests an increase in the disordering on going from the reactant to the metal–solution
interface and can be attributed to the increase in solvent entropy and to more positive water
desorption enthalpy [27].

Positive entropy of activation was obtained in the presence of broccoli extract while
negative values but higher than ΔS* value for the free acid solution were obtained for
the other tested extracts. Large and negative values of ΔS* indicate that the activation
complex in the rate-determining step represents an association rather than a dissociation
step, meaning that a decrease in disordering takes place on going from reactants to the
activated complex [37,41].

The surface morphology of both steel electrodes from potentiodynamic polarization
tests (Figure 4) and steel disks from weight-loss experiments (Figure 6) was examined using
the SEM technique. The inhibition effect of the extracts can be clearly observed from the
SEM images, especially for more concentrated extracts. The SEM images reveal that the
surface was intensely injured in the absence of extracts. The surface damage was reduced
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in the presence of inhibitors, probably due to the protective film adsorbed on the steel
surface that is responsible for the corrosion inhibition. The protective effect increased when
using higher concentrated extracts. The aspect of the steel surface proved the presence
of the shielding film adsorbed on it and is in agreement with the IE values presented in
Tables 3 and 4.

The results of the EDX analysis on the steel surface before and after the weight loss tests
conducted at 20 ◦C are displayed in Figure 6 and Table 6. The EDX spectra of uncorroded
steel shows the characteristics’ peaks of the elements constituting the steel sample (C, Si, P,
S, Mn, Fe). The EDX spectra of the uninhibited steel disk (blank) show the normal peaks
ascribed to general corrosion in sulfuric acid. As for inhibited solutions, the EDX spectra
showed additional peaks characteristic of the existence of O and Cl, and differences in
the weight percentage of the elements. These elements can originate from the compounds
contained in the extracts. For example, we have demonstrated that the studied Brassicaceae
extracts are rich in glucosinolates. These are sulfur- and nitrogen-containing glycosides,
with a 2-hydroxymethyl-tetrahydro-pyran-3,4,5-triol moiety and a sulfide group, among
other structures, which can contribute to the change in the weight percentage of elements
such as C, O, and S on the steel surface. These results indicate that the inhibitor extracts
adsorbed on the steel surface with different degrees of surface coverage, which can be
correlated to their capacity to inhibit corrosion.

In order to elucidate the nature of the protective layer formed at the steel surface, the
FT-IR spectra of the extracts and that of the steel surface after immersion in the inhibited
and uninhibited solution of 0.5 M H2SO4 for 24h, at 20 ◦C, were evaluated. Generally, the
FT-IR spectra of the films look almost similar to that of the corresponding extract. However,
the intensity of some absorption bands of the steel surface decreased or their vibrations
were shifted.

As shown in Table 7, the deviations are observed for functional groups from glucosi-
nolates, so we can conclude that the glucosinolates were adsorbed on the steel surface as
a protective anticorrosion film. A [Fe-extract functional groups]2+ complex is formed by
covalent or coordinate bonds between nonbonding electrons in N, O, or C = C and vacant
Fe d-orbital. It should be mentioned that plant extracts are complex matrices, so such
complexes can be stable or soluble and consequently can act through a corrosion retarding
or accelerating mechanism, concurrently. This can explain the extracts’ behaviors when
increasing the temperature, i.e., the stable complex formation dominates at an increasing
concentration until a critical concentration, where the formation of a soluble complex
dominates [24].

5. Conclusions

This paper has demonstrated the anticorrosion properties of Brassicaceae extracts on
steel materials in an acidic environment. Inhibition efficiency values increased with the in-
crease in inhibitor concentration and decreased with an increase in temperature. The tested
extracts act as mixed-type corrosion inhibitors, proving anticorrosion effects even at a low
concentration. No correlation between antioxidant activities, total phenolic, and inhibition
efficacy was observed. The mechanisms of corrosion inhibition consist of physical and
chemical adsorption of glucosinolates on a steel surface concomitant with the formation of
[Fe-extract functional groups]2+ complexes. Among the five Brassicaceae ethanolic extracts,
broccoli extract was the best inhibitor for the corrosion of steel in a 0.5 M H2SO4 solution.
Given the behaviors of the Brassicaceae extracts, these can successfully substitute for the
conventional toxic inhibitors and could be used as green corrosion inhibitors.
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Abstract: The protective behaviour of ZrO2-3%molY2O3 sol–gel coatings, deposited with an immer-
sion coating technique on 9Cr-1Mo P91 steel, was evaluated with corrosion monitoring sensors using
the electrochemical impedance spectroscopy technique. The tests were carried out in contact with
solar salt at 500 ◦C for a maximum of 2000 h. The results showed the highly protective behaviour
of the coating, with the corrosion process in the coated system being controlled by the diffusion of
charged particles through the protective layer. The coating acts by limiting the transport of ions
and slowing down the corrosive process. The system allowed a reduction in the corrosion rate of
uncoated P91 steel. The estimated corrosion rate of 22.62 μm·year−1 is lower than that accepted for
in-service operations. The proposed ZrO2-3%molY2O3 sol–gel coatings are an option to mitigate the
corrosion processes caused by the molten salts in concentrated solar power plants.

Keywords: coating; sol–gel; solar salt; corrosion; corrosion monitoring

1. Introduction

Interest in Concentrated Solar Power (CSP) plants has increased in recent years [1].
This interest has grown steadily due to its high potential for improvements in efficiency and
dispatchability when compared with other renewable energy technologies [2]. However,
better dispatchability remains a crucial issue for increasing its competitiveness [3], and
thermal energy storage could provide a realistic solution [4]. Although many studies are
being performed with other salt mixtures [5–7], the most industrially used compound is
60 wt.% NaNO3/40 wt.% KNO3 (Solar Salt®) [8].

The degradation of materials in contact with molten salts in CSP plants has been
studied by different researchers [9–15]. These studies recommend the use of carbon steel at
temperatures below 300 ◦C, stainless steels between 300 ◦C and 550 ◦C and Ni-based alloys
for temperatures above 550 ◦C [16]. CSP technologies are expensive and require the use of
efficient and cheaper materials [17]. The replacement of stainless steels and Ni-based alloys
(known for their high costs [18]) with low-alloy steels could be a solution [19]. However,
these steels in contact with molten nitrate salts do not offer good corrosion behaviour [20].
Other alloys with low Cr content, such as P91 and X20CrMoV, also did not show good
corrosion behaviour in studies carried out during 2500 h at 600 ◦C [18,21]. P91 steel in
contact with molten nitrates for 1000 h at 580 ◦C showed less pronounced corrosion [21].
Other authors explained this behaviour by the formation of two layers, a superficial Fe2O3
layer and a protective interior layer, rich in chromium oxide, for a 1000 h test. At longer
times, the protective chromium oxide layer decreases [22]. Therefore, the development of
protective coatings for these alloys could be an economical alternative against corrosion
for industrial applications in contact with molten salts [21]. Sol–gel coatings seem to
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be an interesting option because of their numerous advantages [23], including their low
processing temperature and the ability to be deposited on complex shapes.

The sol–gel process uses a precursor solution as a protective coating for a certain
substrate. This solution is transformed into a gel layer by the evaporation of the solvent
and/or the chemical reactions that take place [24]. The use of yttria-stabilized zirconia (YSZ)
sol–gel solutions is based on the properties provided by ZrO2 with good thermal shock
resistance, mechanical and chemical properties on the one hand, and Y2O3 with thermal
stability and anti-aging performance on the other hand [25,26]. Both components allow for
good high-temperature stability of YSZ [27]. Previous studies have been promising [28]. P91
steel was dip-coated using a sol–gel ZrO2-3%molY2O3, and the results were comparable to
those obtained with uncoated 304 steel. SEM micrographs corresponding to the above sol–
gel solution gave a compact coating with a thickness ranging from 1 to 1.4 μm. Additionally,
YSZ has been used as a protective coating in molten vanadates and sulphate media [29,30]).
These media are well known for being highly corrosive, which suggests the great potential
of YSZ as a protective material in molten Solar Salt environments.

Most molten salt corrosion analysis studies have been performed using techniques
such as optical microscopy, scanning electron microscopy energy/scatter X-ray spec-
troscopy and X-ray diffraction [8,31,32]. However, these techniques used are laborious and
complex [33]. Techniques that allow the register of corrosion rate and mechanism in real-
time can help in gaining a better understanding of the corrosion processes. Electrochemical
techniques are a good solution for the corrosion monitoring of materials, especially at high
temperatures in the presence of molten salts [34].

Electrochemical Impedance Spectroscopy (EIS) is a technique that allows the recording
of experimental data in real-time [33,35]. The main advantage of this technique is the low
intensity of the excitation signal required and a reduction of the error rate associated with
the measurement process [36,37]. This technique allows us to evaluate the corrosion process
and to determine the corrosion rate [33]. For this purpose, the steel in contact with molten
salt can be represented by circuits composed of resistance, capacitance and inductance
elements under an alternating current [38].

The EIS technique has been previously used in many studies for evaluating the corrosion
behaviour of different substrates in contact with molten salts (such as nitrates/nitrites [39,40],
chlorides [41] and vanadates [42]). Corrosion investigations by EIS on different mate-
rials, such as 316 stainless steels in molten HITEC salts [39], Inconel 718 superalloy in
molten Na2SO4, 80V2O5-20Na2SO4, NaVO3 [42], ferritic–martensitic steel with molten
NaNO3/KNO3 [33] and 9Cr-1Mo steel in molten LiCl-KCl salt [34] showed that the corro-
sion processes exhibited different mechanisms. Zhu et al. [39] found that the corrosion of
316 stainless steels in molten salt HITEC was controlled by the outward diffusion of metal
ions, while Jagadeeswara-Rao et al. [34] registered the formation of intermittent oxide films
in 9Cr-1Mo steels in molten salt LiCl-KCl. Thus, the main purpose of this study is to assess
the corrosion resistance of ZrO2- Y2O3 sol–gel coatings on 9Cr-1Mo P91 ferritic–martensitic
steel in contact with Solar Salt at 500 ◦C for up to 2000 h by employing corrosion monitoring
sensors that are based on the EIS technique.

2. Methodology

2.1. Materials
2.1.1. Preparation of the Nitrate Salt Mixture and Steel Samples

The nitrate mixture, 60 wt.% NaNO3/40 wt.% KNO3, was prepared using NaNO3
from BASF (Ludwigshafen, Germany) with 99% purity and KNO3 from Haifa (Madrid,
Spain) with 98% purity. The required quantity of each compound was weighed and mixed
in an alumina crucible. The impurity level present in both nitrates is gathered in Table 1.
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Table 1. Impurities composition in the chemicals used.

Chemicals Cl− SO4
2− CO3

2−

NaNO3 0.02 0.005 0.02

KNO3 0.015 <0.0005 <0.02

The substrate used as the base material for CSP applications was 9Cr-1Mo P91 steel,
(weight composition of 0.12% C, 0.21% Si, 0.49% Mn, 0.014% P, 0.002% S, 0.01% Al, 8.70%
Cr, 0.85% Mo, 0.02% Ni, 0.18% V, 0.06% Nb and 0.053% N). The substrates were machined
to a size of 20 × 10 × 2 mm3 and subsequently sanded and polished using 240, 600 and
800 grit sandpaper and 9 μm, 6 μm and 3 μm polishing cloths.

2.1.2. Coating Preparation and Deposition

The procedure of the sol–gel solution has been previously described in [27,43].
The coatings on the P91 substrates with the above solution were carried out using the

immersion technique [27,43] at an extraction velocity of 25 mm-min–1 and subsequent heat
treatment at 500 ◦C in a Hobersal® Furnace (Barcelona, Spain) for 2 h, at a heating/cooling
velocity of 3 ◦C-min–1.

In order to reduce stresses in the coating, a drying process was performed on the
coated samples before being heat-treated, thus minimizing the organic residue content in
the coating [44]. This initial drying phase was carried out at 100 ◦C for 60 min, applying
the previously mentioned heating/cooling rate. In the sintering process of the coatings, the
formation of cracks occurs due to the existing tensions in the crystallisation process and/or
thermal expansion; to inhibit them, slow heating/cooling ramps are carried out [45].

The structural quality and morphology of the coatings as deposited have been deeply
analysed in previous research and can be consulted in [43].

2.2. Electrochemical Impedance Corrosion Study

Electrochemical impedance spectroscopy (EIS) allows observing the corrosion of the
coated P91 samples in contact with the molten binary salt during 2000 h. For this purpose,
points of the coated P91 sample were electrically connected by welding to a Kanthal wire.
This joint was protected by the application of a ceramic slurry mixture. The wire was
introduced in an alumina tube sealed with the same ceramic mixture avoiding contact
between the sample–wire connection and the molten salts (Figure 1). The EIS uses the
working electrode (WE), the auxiliary electrode (AE) and the reference electrode (RE)
(patent reference code WO2017046427).

Figure 1. Sketch of an electrode used in the electrochemical sensor.

The crucible containing the molten salt mixture was placed in an electric camera
furnace (Carbolite, Hope Valley, UK) with the electrodes immersed.

35



Materials 2023, 16, 546

The surface of each electrode was in contact with the liquid salt (60 wt.% NaNO3/40 wt.% KNO3)
at 500 ◦C, and to a depth of about 3.5 cm. EIS measurements were taken at 0, 24, 72, 500,
1000, 1500 and 2000 h.

It has been reported that this salt mixture starts to degrade at 535 ◦C [46]. The
temperature selected for this study was 500 ◦C in order to assure the stability of the salt
during the experiments. In addition, the parabolic shape of the reflecting mirrors used in
the parabolic troughs makes the heat flux in the inferior part of the absorption tube greater
than in the superior part, giving a non-uniform distribution of the temperature and thermal
stresses that are accentuated above 500 ◦C. The presence of thermal stresses can deform the
absorber tube and deviate the focal line, which affects its optical properties [47].

The EIS measurements were taken by means of VoltaLab 80 equipment (Radiometer
Analytical SAS, Villeurbanne, France). The amplitude of the voltage perturbation was fixed
at 10 mV with a sweep frequency from 50 kHz to 10 MHz. Impedance data fitting and
simulations were performed with the software Zview (version 2018).

3. Results and Discussion

3.1. Electrochemical Impedance Corrosion Test

The 3% yttria-doped zirconia sol–gel was used to coat P91 steel by dip-coating and
subsequent sintering heat treatment. Coated and uncoated samples are shown in Figure 2.

Figure 2. Surface appearance macrographs of (a) uncoated P91; (b) coated P91.

As expected, and in line with the previously reported study [48], coated samples
showed good uniformity given the high homogeneity in colour, which was a methodology
proposed by Morrow et al. [49].

Methods used to date for analysing the protective behaviour of the proposed coatings
against molten salt corrosion are based on conventional techniques. This typical procedure
is tedious and time-consuming, which makes it unsuitable for monitoring corrosion in
real-time. EIS measurements represent an interesting solution for achieving rigorous and
controlled degradation monitoring of the coated samples in molten salts. The corrosion
monitoring system allowed the recording of information on the corrosive process, allowing,
inter alia, the estimation of the corrosion rate.

Figure 3 shows the impedance spectra and the best-fitted equivalent electrical circuit
of the coated P91 samples in molten binary salt at various times. The electrochemical data
registered were adjusted to different models in order to assess the corrosion mechanism
taking place. The results showed that the system is consistent with the theoretical model
of the protective layer at all measuring times. The best fit was determined by a goodness-
of-fit test, analysing the chi-square and relative error values. In line with this model, the
impedance spectra show two semicircles, with the one at the high frequency being smaller.
This loop at high frequencies refers to the charges that are circulating in the interface
between the material and the electrolyte. Here, Re represents the molten-salt (electrolyte)
resistance, and Rt is the electrochemical transfer resistance.
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Figure 3. Impedance spectra of the coated P91 samples tested at 500 ◦C in Solar Salt at (a) 24 h;
(b) 72 h; (c) 500 h; (d) 1000 h; (e) 1500 h; and (f) 2000 h.

This transfer resistance is related by the simplified Butler–Volmer equation (Equation (1)),
which reveals that it has an inverse relationship with the current density exchanged.

Rt =
R·T

n·F·io (1)

where R is the gas constant, T is temperature, n is the number of electrons involved, F is
the Faraday constant and io is the exchange current density. Cdl is the capacitance of the
double layer that appears at the coating/salt interface, and ndl/ncp represent, respectively,
the constant phase element coefficient of the first and second capacitance loops. It is
common for the EIS experiments that capacitors do not behave ideally. There are several
theories regarding the cause of this deviation, e.g., surface roughness, non-uniform current
distribution or varying thickness or composition of the oxide scale [39,40]. To avoid this
non-ideal behaviour, without dependence on its origin, constant phase elements (CPE)
are used in the equivalent circuits instead of pure capacitors. In Table 2, Cdl and Ccp are
the modulus values of the two constant phase elements (CPE) and ndl and ncp are their
respective indices.
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Table 2. Values of each of the equivalent circuit elements in compliance for each testing time with the
protective layer model.

Time, h Re, Ω Rt, Ω Cdl, Ω−1·sn ndl Rcp, Ω Ccp, Ω−1·sn ncp

24 7.557 13.87 1.506·10−3 0.777 14488 1.483·10−3 0.731

72 7.095 29.09 1.973·10−3 0.748 2526 1.884·10−3 0.711

500 6.171 33.99 1.632·10−3 0.804 1657 3.060·10−3 0.738

1000 5.065 11.81 3.014·10−3 0.794 595 5.982·10−3 0.669

1500 6.327 6.64 4.350·10−3 0.808 261 1.021·10−2 0.615

2000 5.072 6.65 4.440·10−3 0.809 188 1.195·10−2 0.610

The protective layer model indicates that ion transport in the layer is the stage that
limits the process and slows down the corrosion process. From a physicochemical point
of view, the layer resembles a capacitor in series with the double-layer capacitance (see
Figure 4). Thus, Ccp and Rcp respectively represent the protective layer capacitance and
its resistance to the charged particles transfer. By way of example, Figure 5 shows the
adjustment made after 2000 h of testing, including the models for a protective layer,
localized corrosion and porous layer.

Figure 4. Equivalent circuit to which experimental data are fitted.

Figure 5. Adjustment of experimental data obtained after 2000 h.

Therefore, given the good adjustment of the experimental data to the protective layer
model, the good behaviour of the protective coatings throughout the test can be confirmed.
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However, it is worth noting that the behaviour of the system is unstable in the early
stages of the test, with the formation of the two semicircles becoming clearer after 72 h
of testing (see Figure 3b). This initial instability may be related to the weight loss that
this type of coating suffers during the initial stages of the test due to the excess coating
deposited [28], which implies that the system becomes more protective after this initial
stage. Additionally, as previously reported in [33], a corrosion-monitoring system usually
requires a few hours for stabilisation, which may lead to instability in the measurements
taken during the initial stages.

Table 2 contains the values of each of the equivalent circuit elements in compliance
with each testing time with the protective layer model. According to the obtained results
and as shown in Figure 6, the resistance of the electrolyte (Re) (i.e., the electrical resistance
of the molten salt) remains roughly constant in a range of between 5.051 Ω and 7.557 Ω.
However, the resistance peak of 7.557 Ω obtained after 24 h of the test is attributed to
the instability of the system during the initial stages. This instability is also visible when
observing the remaining parameters. Thus, without considering the values obtained during
the stability period (first 72 h of testing), it may be affirmed that the molten salt resistance
has an average value of 5.914 ± 0.820 Ω. This value differs from that obtained in other
studies [33,50,51], which may be due to the coating material that was detached during the
initial stages of the test [28]. ZrO2 is a semiconductor material and leads to an increase
in molten salt electrical resistance [50]. Additionally, the presence of coating components
in the salt and the formation of volatiles throughout the test led to a reduction in ionic
species concentration and, therefore, a reduction in electrolyte conductivity. The effect of
the system on the Re value seems to be evident according to the dissimilar values found in
those works cited [33,50,51].

Figure 6. Variation in the resistance of the electrolyte (Re) during testing.

By comparing charge transfer resistance (Rt) and protective layer resistance (Rcp), it is
observed that Rcp is higher than Rt at every testing time (see Figure 7).
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Figure 7. Variation in charge transfer resistance (Rt), protective layer resistance (Rcp) and protective
layer capacitance (Ccp) during testing.

This difference implies that the corrosion process is controlled by the transport of
charged particles moving through the protective layer since it is the slower process [50].
This fact is indicative of the good behaviour of the coating. In addition, it is important
to highlight the significant reduction in time in both parameters. The decrease in both
resistances reveals that the transference of charges and charged particles is eased so the
kinetic of the degradation processes can be accelerated. This, together with the increase in
Ccp (see Figure 7), may be due to the degradation of the coating over time. However, after
1000 h of testing, the system seems to be more stable, leading to slower degradation.

Finally, with regard to the exponents ndl and ncp, they remained constant during the
entire test and remained below 1 (see Figure 8). These two exponents show a value of
0.79 ± 0.02 and 0.68 ± 0.06, respectively. According to Omar et al. [52], an n value equal
to 1 indicates that the system acts as an ideal capacitor, which would be the closest to
an ideal coating.

Figure 8. Variation in ndl and ncp exponents during testing.
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Corrosion Rate Estimation

As explained above, electrochemical impedance monitoring allows not only the eval-
uation of the controlling corrosion mechanism but also an estimation of the corrosion
rate along the experiment. To this end, following the ASTM-G102 Standard Practice [53],
Equation (2) was used for calculating the corrosion rate:

vcorr = K· icorr·EW
ρ

(2)

where vcorr is the corrosion rate in μm·cm−2, K is a system-type dependent constant, icorr is
the corrosion current density, EW is the equivalent weight of the material and ρ is its density.
For P91 steel, the parameters K, EW and ρ are, respectively, 3.27·10−3 μg·μA−2·cm−1·year−1,
25.3, and 7.76 g·cm−3 [33]. The current density is given by the Stern–Geary equation [54]:

icorr = K· B
Rp

(3)

where B is the Stern–Geary constant (26 mV) and Rp is the polarisation resistance obtained
from the experimental values of Re and Zreal:

Zreal = Re + Rp (4)

Thus, Figure 9 summarises the corrosion rate determined from the EIS test results
during the entire experiment. It is important to highlight that the method used considers
generalised corrosion.

Figure 9. Corrosion rates estimated by EIS in coated P91.

Several results can be highlighted. Firstly, the corrosion rate of 22.62 μm·year−1 of
the coated steel, estimated after 2000 h of testing, falls well below those estimated in other
studies for uncoated P91 steel (118 μm·year−1 [16] and 300 μm·year−1 [33]). Additionally,
according to the guide for corrosion rates used in the industry, where recommendations
concerning the use of materials in molten salts are considered (Table 3 [55]), it can be
observed that the estimated corrosion rate is closer to the upper limit set for materials
recommended for long-term services (0.4–13 μm·year−1) [55]. This fact suggests that the
proposed coated system could be an interesting option from an industrial point of view.
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Table 3. Guide for corrosion rates used in the industry [55].

Corrosion Rate, mm·yr−1 Recommendation

>1275 Completely destroyed within days

127–1274 Not recommended for service greater than 1 month

64–126 Not recommended for service greater than 1 year

14–63 Caution recommended, based on the specific application

0.4–13 Recommended for long-term service

<0.3 Recommended for long-term service; no corrosion, other
than as a result of surface cleaning, was evidenced

Furthermore, and considering the corrosion rates estimated at each testing time (see
Figure 9), the initial stabilisation period is clearly observed (0–72 h), as well as the good
behaviour of the coating during the intermediate periods (72–1000 h). Within the interme-
diate times, the corrosion rate remains within the range recommended by the industry for
this material in long-term tests (see Table 3 [55]). However, the increase in the corrosion
rate after 1000 h of testing is worth noting. Even though the protective properties of the
coating are still suitable after 2000 h of testing (according to the EIS spectra), the coating is
steadily degraded.

4. Conclusions

The protective behaviour of sol–gel ZrO2–3%molY2O3 coatings deposited using a
dip-coating technique on 9Cr-1Mo P91 steel was isothermally assessed at 500 ◦C for up to
2000 h in contact with Solar Salt by employing corrosion monitoring sensors that use the
electrochemical impedance spectroscopy technique.

The obtained results showed the highly protective character of the proposed coating,
which acts by limiting ion transport, thus slowing down the corrosive process. According
to the values obtained in terms of charge transfer resistance and coating layer resistance,
the corrosive process in the coated system is controlled by the transport of charged particles
moving through the protective layer, which indicates that this is the stage that limits the
process, confirming the protective behaviour. The results made it possible to estimate
the corrosion rate of the coated system in contact with Solar Salt at 500 ◦C, this being
22.62 μm·year−1. The estimated corrosion rate falls well below those estimated for un-
coated P91 steel and those accepted for in-service operations over 1 year, being even closer
to the upper limit established for materials recommended for long-term services.

The results suggest that the proposed coating system could be an interesting option
for industrial concentrated solar power plants as a potential solution to the severe corrosion
issues that currently affect industrial tanks and pipes operating in contact with Solar Salt.
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Abstract: In this study, an Al2O33D/5083 Al composite was fabricated by infiltrating a molten
5083 Al alloy into a three-dimensional alumina reticulated porosity ceramics skeleton preform
(Al2O33D) using a pressureless infiltration method. The corrosion resistance of 5083 Al alloy and
Al2O33D/5083 Al in NaCl solution were compared via electrochemical impedance spectroscopy (EIS),
dynamic polarization potential (PDP), and neutral salt spray (NSS) tests. The microstructure of the
two materials were investigated by 3D X-ray microscope and scanning electron microscopy aiming at
understanding the corrosion mechanisms. Results show that an Al2O33D/5083 Al composite consists
of interpenetrating structure of 3D-continuous matrices of continuous networks 5083 Al alloy and
Al2O33D phase. A large area of strong interfaces of 5083 Al and Al2O33D exist in the Al2O33D/5083 Al
composite. The corrosion development process can be divided into the initial period, the development
period, and the stability period. Al2O33D used as reinforcement in Al2O33D/5083 Al composite
improves the corrosion resistance of Al2O33D/5083 Al composite via electrochemistry tests. Thus,
the corrosion resistance of Al2O33D/5083 Al is higher than that of 5083 Al alloy. The NSS test results
indicate that the corrosion resistance of Al2O33D/5083 Al was lower than that of 5083 Al alloy during
the initial period, higher than that of 5083 Al alloy during the development period, and there was
no obvious difference in corrosion resistance during the stability period. It is considered that the
elements in 5083 Al alloy infiltrated into the Al2O33D/5083 Al composite are segregated, and the
uniform distribution of the segregated elements leads to galvanic corrosion during the corrosion
initial period. The perfect combination of interfaces of Al2O33D and the 5083 Al alloy matrix promotes
excellent corrosion resistance during the stability period.

Keywords: Al2O33D/5083 Al; corrosion mechanism; electrochemistry; neutral salt spray; interface;
interpenetrating structure

1. Introduction

The interpenetrating phase composites (IPCs) with percolating metallic and ceramic
phases offer manifold benefits, such as a good combination of strength, toughness, and
stiffness, very good thermal properties, excellent wear resistance, as well as the flexibility
of microstructure and processing route selection, etc. [1]. The interconnectedness of the
phases provides some promising benefits. Each phase contributes to the final composite’s
properties, with the metal part increasing strength and fracture toughness compared to
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monolithic ceramics and the ceramic part increasing dimensional and mechanical stability
at high temperatures compared to pure metal [2].

The fabrication of metal/ceramic IPCs typically involves two steps: (1) Processing
of a reticulated porosity ceramic preform; (2) Infiltration of metallic melt in the pores of
reticulated porosity ceramic preform to fabricate the IPC [3].

Al2O33D/Al alloy IPC is one of metal/ceramic IPCs, which consists of 3D-continuous
matrices of continuous networks Al alloy and Al2O33D reticulated porosity ceramics
phase [4]. Al2O33D can inhibit the nucleation and growth of columnar crystals and reduce
the area of exposed Al alloy matrix. Al2O33D are used as reinforcement in Al2O33D/Al
alloy composite to achieve the high temperature mechanical and the wear resistance prop-
erties [5]. In the Al2O33D/Al alloy IPCs, much of the driving force for investigating
interpenetrating microstructures has been the toughening of Al2O33D ceramic preforms by
the addition of Al alloy metal phase [6]. Al2O33D/Al alloy IPCs have a random, usually
isotropic, spatial distribution of phases. Compared with particle-reinforced Al2O3P/Al,
Al2O33D/Al exhibits the advantages of high hardness, low density, high corrosion resis-
tance, less corrosion spalling, and fewer defects. Due to their light weight quality, high
mechanical properties, and excellent wear, Al2O33D/Al alloy IPC is especially preferred for
high temperature applications in many areas such as the automotive, space, and aviation
industries [7–9].

Although Al alloys and aluminum metal matrix composites (AMCs) can improve the
physical/mechanical properties, the presence of alloying elements and reinforcements can
also increase the susceptibility to the more severe forms of localized corrosion: intergranular,
exfoliation, and stress corrosion cracking [10]. Al2O33D/Al alloy IPC corrosion often begins
at the interface between the Al matrix and the composite reinforcements. Organic coatings
with advantages of effectiveness and convenience have been widely applied to mitigate
corrosion of AMCs, which can provide a robust physical barrier against the permeation of
corrosive media [11]. The current protective methods to improve the corrosion resistance
of the AMCs mainly include anodic oxidation, chemical conversion coating, surface facial
mask layer, reinforcement surface coating and matrix alloying, etc. [12]. The heat treatment
process, as well as the adjustment of reinforcement content and distribution, will also
improve the corrosion resistance of AMCs [13].

The 5083 Al alloy is a high-magnesium alloy that exhibits good strength, corrosion
resistance, good weldability, and machinability among non-heat treatable alloys [14]. In
addition, 5083 Al alloy is widely used in maritime applications, automotive and aircraft
weldments, and subway light rails for its excellent corrosion resistance [15]. Shuiqing
Liu investigated the corrosion resistance of 5083 aluminum alloy after refining with nano-
CeB6/Al, and found that nano-CeB6/Al inoculant showed a significant grain-refining
effect on 5083 Al alloy, and the corrosion resistance of 5083 Al alloy was improved as
well [16]. Roseline investigated the corrosion behaviour of heat treated Al metal matrix
composites reinforced with fused zirconia alumina, and found the corrosion current density
of the composites decreased with an increase in volume % of the heat-treated composite,
comparatively more than the specimens that were not heat-treated [17].

Our previous research shows that, as a wear-resistant brake material, reticulated poros-
ity SiC3D ceramic skeleton reinforced 6061 Al alloy metal composite (SiC3D/6061Al alloy
IPCs) has excellent friction and wear performance, which can meet the requirements of
high-speed train brake discs under emergency braking conditions [18] due to the SiC3D
skeleton as a support to enhance the wear resistance of the material. However, obvious cor-
rosion can be observed in the NSS corrosion experiment due to the weak interface bonding
between SiC and Al [19]. It is worth improving corrosion resistance of IPC materials.

In this work, reticulated porosity Al2O33D ceramic skeleton and 5083 Al alloy were
used to improve the corrosion resistance of IPCs materials. The Al2O33D skeleton can
reduce the area of Al matrix exposed to air and reduce the occurrence of corrosion reac-
tions. Al2O33D is tightly bonded to the Al matrix to reduce the defects of composites. In
addition, the Al2O3 film generated by the oxidation of Al matrix adheres to the Al2O33D

48



Materials 2023, 16, 86

skeleton. The research on corrosion mechanism of Al2O33D/5083Al alloy IPC will promote
industrialization of the high-speed train brake materials.

2. Materials and Methods

2.1. Experimental Materials

The reticulated porosity Al2O33D ceramic skeleton (Al2O33D) was prepared using a
polymer replication technique. Polyurethane sponge (Shenzhen Green-tron Environmental
Protection Filter Material Co., Ltd., Shenzhen, China) with 10 PPI porosity was used as a
template to impregnate the Al2O3 slurry. Then, the excess Al2O3 slurry on the polyurethane
sponge was removed. To improve the surface hanging slurry of the polyurethane sponge,
the polyurethane sponge was dipped into 75 ◦C and 25 wt.% NaOH solution for 2 h to
increase surface roughness. A round polyurethane sponge with dimensions of Φ = 500 mm
and H = 100 mm was impregnated with Al2O3 covering slurry. The sponge was dried
in a microwave oven for 15 min to obtain a green Al2O3 reticulated body with a good
structure, cured at room temperature for 24 h, dried at 120 ◦C for 6 h. The Al2O33D was
produced in a graphite-resistance furnace (Jinzhou Santai Electric Furnace Factory, China)
with argon gas as the sintering atmosphere. The sintering temperature was increased from
25 ◦C to 1600 ◦C with 2 ◦C/min, held at 1600 ◦C for 3 h, and cooled at room temperature to
produce Al2O33D.

Figure 1 shows the preliminary preparation and corrosion direction. The pressureless
infiltration method was used to create the Al2O33D/5083 Al alloy composite. The volume
ratio of 5083Al to Al2O33D is about 8:2. 5083 Al alloy and Al2O33D were put in two
corundum crucibles, respectively, and both were heated to temperatures ranging from
25 ◦C to 800 ◦C. The liquid 5083 Al alloy in the crucible was manually agitated, and after
being agitated, the aluminum solution was put back into the crucible which containing
Al2O33D. The Al2O33D was gradually positioned on the aluminum solution and held there
for 30 min. The aluminum solution was allowed to slowly infiltrate into the Al2O33D and
then cooled to obtain the Al2O33D/5083 Al composite.

Figure 1. Preliminary preparation and corrosion direction: (a) preparation flow chart; (b) corrosion direction.

A metallographic cutting machine (Laizhou Weiyi Test Machinery Manufacturing Co.,
Ltd., Laizhou, China) was used to cut the Al2O33D/5083 Al material into small squares that
measured 9 × 9 × 5 mm3. A comparative study of corrosion performance was conducted
with 5083 Al alloy. The composition of 5083 Al alloy is shown in Table 1.

49



Materials 2023, 16, 86

Table 1. Composition of 5083 Al alloy (mass fraction).

Elements Si Cu Mg Zn Mn Ti Cr Fe Al

Wt.% 0.14 0.03 3.90 0.02 0.60 0.15 0.07 0.42 Balance

2.2. Characterization

Platinum sheet as the auxiliary electrode, and a sample as the working electrode,
potentio-dynamic polarization (PDP) experiments and electrochemical impedance spec-
troscopy (EIS) were carried out on an electrochemical workstation (CHI 790E, Shang-hai
Chenhua Instruments Co., Ltd., Shanghai, China). Hot-melt adhesive was used to bind
copper wires (Jiangsu Jinzi Xuan Metal Technology Co., Ltd., Wuxi, China) to the back of
each sample before it was put into a mold. The electrochemical test samples were made
using proportional metallographic cold-mounting fluid (Shanghai Dental Materials Co.,
Ltd., Shanghai, China). The test sample’s working area was 0.81 cm2. The sample was
polished with SiC sandpaper (Eagle) from 800 mesh to 1500 mesh, rinsed with deionized
water, polished with 2.5 purpose metallographic polish, rinsed with deionized water, wiped
with alcohol, and dried with a hair dryer in cold air.

Tests for open circuit potential (OCP), PDP, and EIS were performed on a sample of
a polished surface. For the OCP testing and PDP investigations, the test samples were
placed in a glass cell with 3.5 wt.% NaCl solution (Dongguan Xunye Chemical Reagent
Co., Ltd., Dongguan, China) at room temperature for 6 min. The OCP testing hold was
1000 s with a starting potential of –1.3 V and a scan direction from cathode to anode, with a
scanning interval of roughly 600 mV in relation to the self-corrosive potential, the scanning
speed from cathode to anode direction was 0.25 mv/s. Samples of polished surface were
measured at OCP stabilization by using a 10 mV perturbed potential sine wave for EIS, and
samples were measured within the frequency range of 10−2–106 Hz. Samples of polished
surface were observed using a high-resolution 3D X-ray Microscope (Zeiss Xradia 510 Versa,
Carl Zeiss) for the microstructure characterization of the samples.

A laboratory-prepared Keller solution (95 mL deionized water + 2.5 mL HNO3
+ 1.5 mL HCl + 1.0 mL HF) was used to etch the specimens for the intergranular corrosion
test. The samples were etched with Keller’s solution for 10–20 s, rinsed with deionized
water, and wiped with alcohol. Sample tissues were observed using an inverted metallo-
graphic microscope (MS600 Hangzhou Jingke Testing Instruments Co., Ltd., Hangzhou,
China). A neutral salt spray (NSS) corrosion test was performed using a fully automatic
salt spray tester (ZK-60K, Dongguan Zhenke Testing Equipment Co., Ltd., Dongguan,
China). The experiments were performed with 5% mass fraction of corrosive liquid and
neutral NaCl solution with pH 6.5–7.2. The experimental times were 24, 72, 144, 240 and
360 h at (35 ± 1) ◦C. The experimental samples were observed using Zeiss GeminiSEM
300 field-emission scanning electron microscope (Oberkochen, Germany) equipped with
an energy-dispersive X-ray spectrometer (Oberkochen, Germany) for the microstructure
characterization of the samples and corrosion products.

3. Results

3.1. Sample of Polished Surface of the Two Materials

Figure 2a shows the burned round disks shaped Al2O33D. The overall skeleton is
white, round, and exhibits certain hardness and strength. The Vickers hardness tester
measures compressive strength at 3.9 MPa. The flexural strength of sintered Al2O3 foams
was determined from three-point bending. The loaded surfaces were covered with a thin
sponge layer to obtain uniform load distribution throughout the faces. In all mechanical
determinations, results were based on an average of five samples. The measured flexural
resistance was 2.7 MPa. The pores of Al2O33D are approximate round holes, and measured
at 2–3 mm.
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Figure 2. (a) Al2O33D; (b) sampling point of Al2O33D/5083Al; (c) SEM (Scanning Electron Micro-
scope) of the Al2O33D/5083Al; (d) EDS of the Al2O33D/5083Al; (e) 3D XRM (High resolution 3D
X-ray Microscope) of Al2O33D/5083Al.

Figure 2b shows the prepared Al2O33D/5083 Al composite. The prepared sample by
a pressureless infiltration method shows typical IPC structural characteristics and exhibits
a light silver metallic luster. The sample is compact in structure, without obvious pores on
the outer surface, which implies it has high strength and tightness.

Figure 2c shows the scanning electron microscopy (SEM) image of the Al2O33D/5083 Al
composite without corrosion. The brighter part is the 5083 Al matrix, while the darker part is
the Al2O33D. The second phase was observed in the 5083 Al matrix. The round dot is α-Al2O3,
and the thin strip is Al6 (iron, manganese), Mg2Si. Because there is a large amount of Al2O3
powder in the green Al2O3 reticulated body, it is difficult to form a sintering neck during the
sintering process. Consequently, Al2O33D is not completely dense, leaving defects such as
pores. In addition, in the process of molten 5083 Al liquid infiltrating into the Al2O33D, the
thermal stress of Al2O33D is transferred and released in the direction of the Al2O33D, causing
damage to the Al2O33D. The Al2O33D has cracks and dark pits on the surface and inside,
exerting a negative effect on the performance of the Al2O33D/5083 Al composite [20].
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Figure 2d shows the energy-dispersive X-ray spectroscopy (EDS) diagram of the
uncorroded Al2O33D/5083 Al composite. No delamination occurred between the 5083 Al
matrix and the Al2O33D, and the Mg appeared enriched in the Al2O33D. During the
preparation, the molten 5083 Al liquid released energy when it cooled down. The diffusion
ability of the Mg in the molten 5083 Al liquid was considerably enhanced, and it entered
through the Al2O33D. The Al2O3 particles in the Al2O33D exhibited an adsorption effect,
showing the enrichment of the Mg in the Al2O33D. During the cooling process of the
5083 Al liquid, the second phase precipitated. The EDS indicates a point-like enrichment
of the Si, which exerts minimal effect on the performance of the Al2O33D/5083 Al. The O
demonstrated enrichment in the Al2O33D [21].

Figure 2e shows the test diagram of the 3D X-ray microscopy (XRM) of uncorroded
Al2O33D/5083 Al. The pores are concentrated at the Al2O33D. A few pores were observed
on the surface of the Al matrix. .A large area of strong interfaces of 5083 Al and Al2O33D
was observed in the Al2O33D/5083 Al composite. No evident delamination is found
between the two phases.

Figure 3a shows the optical microscopy (OM) image of the Al2O33D/5083 Al com-
posite. The eroded out metallographic phase by the etching solution can be seen between
the Al2O33D and the 5083 Al matrix. The boundary has a thicker layer because, when the
material is compounded, the aluminum liquid touches the Al2O33D skeleton, resulting
in faster cooling of the parts in contact. The aluminum liquid will preferentially solidify
at the Al2O33D skeleton, resulting in the uneven local solidification of the aluminum liq-
uid. The Al2O33D skeleton will have more solidified parts. During the preparation of
Al2O33D/5083 Al composites, second phases were precipitated, mostly Al3Mg2, α-Al, and
Mg2Si [22].

 

Figure 3. Optical micrograph (OM) image of two materials: (a) Al2O33D/5083 Al; (b) 5083 Al.

Figure 3b shows the optical micrograph of the 5083 Al alloy. The Al also precipitates
Al3Mg2, α-Al, and Mg2Si during solidification. The Al2O33D in the composite can inhibit
interfacial reaction, exerting a positive effect on material properties [23].

3.2. Polarization Curve

The electrochemical corrosion of the Al2O33D/5083 Al composite includes interfacial
and intergranular corrosion. The OCP and PDP of the Al2O33D/5083 Al composite and
5083 Al are depicted in Figure 4a,b. The OCP, corrosion potential (Ecorr), and corrosion
current density (Icorr) values obtained from the curves in Figure 4 are given in Table 2. The
OCP voltage of the Al2O33D/5083 Al composite is more negative than that of 5083 Al due
to certain defects in the sample preparation.
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Figure 4. (a) Open circuit potential (OCP) curve; (b) potentio-dynamic polarization (PDP) curve.

Table 2. Corrosion potential and corrosion current.

Sample Open Circuit Potential OPC (mV) Ecorr (mV) Icorr (μA·cm2)

Al2O33D/5083Al −791.6 −1069 6.410
5083Al −773.9 −849 9.879

In the polarization curve, the Ecorr value of the Al2O33D/5083 Al composite is smaller
than that of 5083 Al, while its Icorr value is smaller than that of 5083 Al, indicating that the
corrosion tendency of the Al2O33D/5083 Al composite is higher than that of 5083 Al. The
corrosion current is the determining factor of the corrosion resistance of the materials. The
Icorr value of the Al2O33D/5083 Al composite is smaller than that of 5083 Al, indicating that
the corrosion resistance of the Al2O33D/5083 Al composite is better than that of 5083 Al.

Figure 5 shows the optical micrographs after electrochemical corrosion. More Mg2Si
particles precipitated in the Al2O33D/5083 Al composite in Figure 5d than in the 5083 Al
alloy in Figure 5f. The 5083 Al matrix in the Al2O33D/5083 Al composite exhibits a higher
tendency to corrode and is less sensitive to early pitting microporous nucleation due to the
small potential difference between Mg2Si particles and the 5083 Al matrix.

 

Figure 5. Optical micrographs of two materials after Tafel corrosion: (a–d) Al2O33D/5083Al;
(e,f) 5083 Al.
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During the corrosion process, Mg2Si particles hindered the continuity of the matrix
and inhibited corrosion [24]. The precipitation of the second phase reduces the corrosion
sensitivity of the material, inhibits corrosion tendency, and reduces corrosion current
density. Notably, the Al2O33D/5083 Al composite not only exhibits the advantages of large
interfacial composite, less interfacial concentration, small specific surface area, anticorrosive,
and antioxidant IPC structure, but the Al2O33D also simultaneously enhances the corrosion
resistance of the Al2O33D/5083 Al composite. In the preparation of the Al2O33D/5083 Al
composite, the Al2O33D demonstrates strongly bonding properties with the 5083 Al to
reduce the generation of voids. When the 5083 Al matrix in the Al2O33D/5083 Al composite
was oxidized, the Al2O3 film generated by oxidation combined with Al2O33D to fill the
voids of the composite, making the IPC structure denser.

3.3. EIS of Polished Surface Materials

Figure 6 shows the EIS plots of Al2O33D/5083 Al and 5083 Al in the absence of
salt spray corrosion. The Nyquist plots of two materials are capacitive reactance plots
in Figure 6a. The impedance spectra are capacitive reactance arcs in the high-frequency
region, reflecting the electrochemical reaction of corrosion on the electrode surface. The two
materials show a similar EIS curve at high frequencies ranging from 1.0 × 105–5.0 × 105 Hz,
and Al2O33D/5083 Al is considerably larger than 5083 Al at low frequencies ranging from
0.01–10 Hz, indicating greater resistance and corrosion resistance of Al2O33D/5083 Al [25].
The Nyquist plot in Figure 6a is a semicircle. Therefore, the control step of the electrode
process is determined by the electrochemical reaction step (charge transfer process). The
impedance caused by the diffusion process can be disregarded. Figure 6b,c show that the
Bode plot has two time constants. The EIS results of Al2O33D/5083 Al and 5083 Al are
consistent with the PDP results presented in Figure 4.

Figure 6. Uncorroded electrochemical alternating current impedance spectroscopy (EIS): (a) Nyquist
diagram; (b) Bode diagram (|Z|-F); (c) Bode diagram (−θ-F).
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3.4. Corrosion Morphology Analysis

The NSS tests show that the corrosion process of Al2O33D/5083 Al and 5083 Al consists
of pitting, intergranular corrosion, and spalling corrosion [26]. The surface morphology of
the NSS-corroded Al2O33D/5083 Al and 5083 Al specimens is shown in Figure 7, the red
and blue circles in the figure are a partial enlargement of the original Figure 7. To observe
the microstructure of the 5083 Al alloy and the degree of corrosion of 5083 Al matrix
in an Al2O33D/5083 Al composite, the metal phases of both materials were amplified
and processed.

Figure 7. Corrosion morphology of Al2O33D/5083Al and 5083Al under different times after NSS
(neutral salt spray) corrosion.
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After 24 h, pitting appeared in 5083 Al. The size of pitting was about 0.5 μm, and
the overall structure was well maintained. During the initial period, Al2O33D/5083 Al
has fine corrosion pits in the Al matrix. These pits defects were formed in the process
of pressureless infiltration of Al2O33D/5083 Al. At the bond of the interface, no evident
corrosion pits and no evident damage of Al2O33D are found [27].

After 72 h, a gradual increase in the pitting of 5083 Al was observed. During the
initial period, pitting occurred around the precipitates, which was driven by the galvanic
coupling effect. The pitting rapidly extended horizontally with shallow circular structures
caused by the deposition around corrosion pits. Al2O33D/5083 Al exhibited an increase in
corrosion pits in the Al matrix, the oxide film on the surface was destroyed, no significant
corrosion change occurred in the aluminum matrix at the boundary, and Al2O33D presented
corrosion pits.

After 144 h, 5083 Al pitting developed substantially, small pieces of spalling cor-
rosion appeared, and the Al2O3 film broke down. During the development period,
Al2O33D/5083 Al demonstrated substantial development of corrosion pits in the Al matrix.
The substrate Al was exposed, pitting deepened, with corrosion and evident reaction on a
small area. No evident corrosion occurred on a large area, with pitting in the Al matrix at
the interface and spalling of Al2O3 particles in Al2O33D.

After 240 h, 5083 Al spalling corrosion increased, accompanied by the development
of pitting and cracking. During the development period, the structure of 5083 Al was
not significantly damaged. The generation of Al2O3 appeared on the surface, and the
self-healing of Al began to occur. Al2O33D/5083 Al presented a large area of pitting in the
Al matrix, accompanied by the deepening of local corrosion pits. The Al2O3 film on the
surface was destroyed, and a large area of pits were observed at the interface. Corrosion
developed downward along the pores of Al2O33D.

After 360 h, 5083 Al spalling corrosion was enhanced, and large corrosion pits appeared
in the spalled Al matrix and developed downward in depth. During the stability period,
Al2O33D/5083 Al corrosion pit depth was elevated in the Al matrix. Corrosion pits became
larger, and pitting corrosion appeared on the interface between the Al2O33D and 5083 Al
two phases. Depth development of pitting corrosion occurred at the Al matrix, and the
surface of Al2O33D located at the interface was destroyed. Deepening and expansion of
corrosion pits were demonstrated on Al2O33D.

Therefore, 5083 Al present pitting after corrosion testing, milder than a composite
metal matrix surface. Al2O33D/5083 Al has a part of the corrosion enrichment of the Al
matrix, and evident damage was observed. However, it exerted a minimal effect on the
overall corrosion resistance, and IPC structure before and after corrosion is maintained well.

Figure 8 shows the morphology of the corrosion products of NSS-corroded Al2O33D/5083 Al
and 5083 Al.

After 24 h, 5083 Al showed fine pitting with more pitting divisions accompanied by small
pieces of Al (OH)3 adsorbed onto the surface. During the initial period, Al2O33D/5083 Al
showed pitting that was larger compared with that of 5083 Al but less in number [28]. The
substrate Al was maintained well.

After 72 h, 5083 Al showed deepening of pitting, and visible Al (OH)3 was generated
on the corrosion pits. During the initial period, Pitting Al (OH)3 appeared around the
corrosion pits. Al2O33D/5083 Al exhibited partial deepening of pitting pits. Large pieces
of Al (OH)3 appeared around the pitting pits, and the IPC structure was maintained well.

After 144 h, 5083 Al showed corrosion cracks. Corrosion led to the formation of the
second phase, where a rupture of the oxide film occurred. During the development period,
Al exuded from the crack and was subjected to oxidation to generate pitting Al2O3. A
small amount of Al (OH)3 enriched at the crack played a role in repairing the crack, and
Al2O33D/5083 Al showed a small area of pitting. Metal elements exuded at the pitting
pits on the substrate Al, and a small amount of Al (OH)3 agglomerated at the pitting pits,
increasing roughness of the surface.
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Figure 8. Corrosion product morphology under different times after NSS corrosion.
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After 240 h, the pitting deepened on the surface of 5083 Al, causing a large expansion
of cracks. During the development period, the passivation film was destroyed. The surface
of Al2O33D/5083 Al showed a deepening of pitting. A large number of elements exuded
from the Al matrix and Al2O33D. The Al element was oxidized on the surface, forming a
new Al2O3 film with enhanced corrosion resistance.

After 360 h, the surface of 5083 Al formed a porous oxide film layer. During the stability
period, small agglomerates of Al (OH)3 appeared on the Al2O3 film of Al2O33D/5083 Al.
Meanwhile, repaired cracks reappeared. Spherical oxide particles were distributed around
for the self-repair of the oxide film.

Figure 9 shows the EDS of corrosion products at different times after NSS corrosion. The
scale bar used for the elements is the same as that used for the corresponding microstructure.

Figure 9. Energy dispersive X-ray spectrometer (EDS) of corrosion products with different times after
NSS corrosion: (a,c,e,g,i) 5083Al; (b,d,f,h,j) Al2O33D/5083Al.
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After 24 h, the EDS of 5083 Al showed no significant changes on the surface. During
the initial period, Al and Fe atoms diffused out of the pitting and were oxidized. The EDS of
Al2O33D/5083 Al showed that the Mg was enriched toward the Al2O33D during corrosion.

After 72 h, a small amount of Si precipitated on the surface of the Al matrix in a
punctuated division. During the initial period, an enrichment of Na occurred at the
interface, and an aggregation of elements on the skeleton of Al2O33D was observed. The Na
on the surface of Al originated from the atmosphere, and Na was involved in the generation
of corrosion products NaAlCO3(OH)2. The content of NaAlCO3(OH)2 decreased as the
depth increased following an exponential power function.

After 144 h, the EDS of 5083 Al indicated that a small amount of Cl- was uniformly
divided on the surface. During the development period, Al atoms were gathered at the
corrosion pits, and the oxide film was broken. Spalling corrosion exposed the aluminum
substrate to air. The EDS showed that a large number of Mg atoms were precipitated
at the corrosion pits. Corrosion was relatively fast, and Mg atoms acting as the anode
were oxidized. The corrosion of the 5083 Al began as intergranular corrosion and galvanic
corrosion. Si atoms were also gathered at the corrosion pits in the form of spots, with the
active state of the damaged Al2O3 film acting as the anode and the passive state of the
undamaged film acting as the cathode, constituting an activation–passivation cell, wherein
the redox reaction caused the metal to dissolve in the pore. The pore was maintained as
electrically neutral, with Cl− migrating into the pore. The Al atoms were activated by
the action of Cl−, forming a pore activation (internal)–passivation (external) corrosion
cell with increased migration of Cl−. The EDS of Al2O33D/5083 Al showed a small
amount of uniform precipitation of Na atoms. Corrosion products of Al gathered on the
Al2O33D. Corrosion products of Mg atoms were distributed on both sides of the interface
and enriched in the two-phase interface. O atoms were found on the surface of the uniform
division, indicating that the oxide film structure was maintained well. Corrosion products
of Si atoms were distributed on both sides of the interface. The performance of the division
state was a small amount of aggregation at the interface, and a small amount of corrosion
products on the surface of the Al matrix. The second phase generation was enriched at the
interface, enhancing the corrosion resistance of the interface.

After 240 h, the EDS of 5083 Al presented a small amount of Cl- that was uniformly
distributed on the surface. During the development period, Al2O3 was generated again,
with no vacancy or agglomeration of Al and Mg divisions, indicating that corrosion pits
were covered, and corrosion resistance was enhanced. A small amount of Si was distributed
on the surface, showing a dotted division. The precipitated second phase mixed with
oxidation-generated Al2O3 encapsulated the metal surface. Corrosion products of Mg
precipitated on the Al2O33D. O divisions indicated that the Al2O33D was bonded well
with the interface of 5083 Al, and the oxide film was not damaged. Si divisions were
concentrated at the interface.

After 360 h, the EDS of 5083 Al presented an increase in brightness of the residual Cl-

with an increase in corrosion time and an increase in the residual amount of Cl-. During
the stability period, a small amount of Mg gathered around the corrosion pits, and O
indicated the destruction of the oxide film. The corrosion products of Si decreased, and the
secondary phase was consumed. The corrosion map of Al2O33D/5083 Al showed Al (OH)3
encapsulation at the corrosion pits. O were distributed to agglomerate at the corrosion pits
and covered the corrosion pits.

3.5. EIS of Corrosion Product

The EIS of corrosion products was conducted to study the influence of corrosion prod-
uct layer on the material surface of the corrosion process. As shown in Figure 10a,d, the
Nyquist diagram of 5083 Al, the high- and medium-frequency capacitance resistance arc af-
ter corrosion, the capacitance resistance in the high-frequency region was larger at 72 h, and
it gradually decreased with time. The Al2O33D/5083 Al Nyquist plot consisted of a semi-
circular inductive resistance arc. The high- and medium-frequency capacitive–resistance
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arcs corresponded to the corrosion products on the surface of Al2O33D/5083 Al. The
low-frequency capacitance–resistance arc corresponded to the electrochemical corrosion
reaction on the electrode surface. With an increase in salt spray time, the capacitance
resistance of Al2O33D/5083 Al in the high-frequency area decreased rapidly from 24 h to
144 h, and corrosion products were slowly formed on the surface after 240 h. The capaci-
tance resistance in the high-frequency area increased slowly. The impedance modulus of
Al2O33D/5083 Al exhibited a rise, then a fall, and then a rise again at high frequency. This
pattern was the same as the phase angle, and corrosion resistance was enhanced at 240 h.

 

Figure 10. EIS of Al2O33D/5083 Al(d–f) and EIS of 5083Al alloy (a–c) after NSS at different times:
(a,d) Nyquist diagram; (b,e) Bode diagram (|Z|-F); (c,f) Bode diagram (−θ-F).

3.6. Tafel of Corrosion Product

The Tafel of corrosion products was performed to study the effect of corrosion products
on corrosion performance. Galvanic coupling corrosion is a key issue in the localized
corrosion of Al alloys. It is caused by the nonhomogeneous microstructure of these alloys.
Pitting corrosion caused by galvanic coupling reactions may be the initiation point of cracks,
leading to failure. The current interactions depend on their electrochemical properties,
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which are closely related to the surrounding environment and are the key to understanding
corrosion formation. The electro-couple interaction between the two phases can lead to
crater formation through the dissolution of the particles or the corrosion of the substrate
adjacent to the particles.

As shown in Figure 11a, the corrosion potential of 5083 Al exhibited a successive
decline followed by a rise. The corrosion anode demonstrates evident fluctuations. The
corrosion reaction was more obvious.

 

Figure 11. (a) Tafel of 5083Al after NSS at different times; (b) Tafel of Al2O33D/5083Al after NSS at
different times.

At 72 h, the metal passivation phenomenon appeared, corrosion potential increased,
corrosion tendency decreased, corrosion current density was reduced, and corrosion resis-
tance improved. Corrosion resistance was maintained better.

Figure 11b shows the corrosion potential of Al2O33D/5083 Al at different times. Corro-
sion current density was larger, and then smaller, and then larger again. The phenomenon
of anodic passivation appeared after 72 h, but the addition of Al2O33D reduced the exposed
area of the metal, weakening the passivation effect of the substrate Al. Corrosion potential
decreased, and corrosion current density rose, with a decrease in corrosion resistance.

Ten samples were tested using electrochemistry, and the results listed in Tables 3 and 4.
Corrosion current density of the 5083 Al after different times that NSS was 2.115 μA·cm2,
1.024 μA·cm2,1.086 μA·cm2, 2.114 μA·cm2, and 2.580 μA·cm2, respectively, for the 24 h,
72 h, 144 h, 240 h, and 360 h of NSS, as shown in Table 3. Corrosion current density of the
Al2O33D/5083 Al after different time NSS was 2.808 μA·cm2, 7.048 μA·cm2, 5.343 μA·cm2,
1.094 μA·cm2, and 2.823 μA·cm2, respectively, for the 24 h, 72 h, 144 h, 240 h, and 360 h of
NSS, as shown in Table 4.

Table 3. Tafel of 5083 Al after NSS at different times.

Tafel of 5083 Al after NSS at Different Times

Time/h 24 72 144 240 360
Ecorr/mV −827 −720 −803 −860 −803

Icorr/(μA·cm2) 2.115 1.024 1.086 2.114 2.580

Table 4. Tafel of Al2O33D/5083 Al after NSS at different time.

Tafel of Al2O33D/5083 Al after NSS at Different Times

Time/h 24 72 144 240 360
Ecorr/mV −867 −908 −866 −816 −842

Icorr/(μA·cm2) 2.808 7.048 5.343 1.094 2.823

Tables 3 and 4 exhibited the phenomenon of passivation of 5083 Al metal at 72 h with
enhanced corrosion resistance and weakened corrosion resistance of the composite material
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at 72 h. In addition, 5083 Al with weakened corrosion resistance at 240 h and a decrease
in corrosion rate of Al2O33D/5083 Al at 240 h with enhanced corrosion resistance. The
residual salt crystal accumulated at 24–72 h of the Al2O33D/5083 Al, Al matrix corrosion
resistance was weakened. A large number of corrosion products were generated, and
corrosion products had uneven distribution. Al atoms produced by corrosion were oxidized
into Al (OH)3 with O2, which coated the Al matrix surface and hindered the corrosion
reaction. After 240 h of the NSS experiment, the corrosion products of 5083 Al matrix in
Al2O33D/5083 Al are covered on the surface of Al2O33D/5083 Al, which improves the
corrosion resistance of the Al2O33D/5083 Al. After the 144–240 h NSS experiment, the
number of Mg2Si had increased. Mg2Si are one of the second phases in the Al matrix,
which can be used as a corrosion anode. The increase of Mg2Si will enhance the corrosion
resistance of Al2O33D/5083 Al. After 360 h of the NSS experiment, corrosion current
density increased and the corrosion resistance of Al2O33D/5083 Al decreased.

3.7. Analysis of Corrosion Rate (CR)

CR is calculated by weight loss in accordance with ASTM-G31-72:

CR = (K × W)/(A × T × D), (1)

where the constant K = 8.76 × 103, W is the weight loss, A is the area of the sample
exposed to the NaCl solution, T is the exposure time, and D is the standard density of
the material under test. In this experiment, the dimensions of the parallel hexahedral
sample are 9 × 9 × 5 mm3. The exposed surface of the sample is 81 mm2. The density of
Al2O33D/5083 Al is 2.19 g/cm3, while the density of the 5083 Al alloy is 2.71 g/cm3.

The variation of CR with NSS time for both materials in Figure 12 shows that the
weight loss of the 5083 Al alloy is less than that of the Al2O33D/5083 Al composite. It
illustrates the corrosion development process can be divided into the initial period, the
development period, and the stability period. Compared with the 5083 Al alloy, (1) the
skeleton of Al2O33D is also capable of corrosion, and corrosion will lead to loose and
porous bone; and (2) the skeleton structure of Al2O33D is not sufficiently dense, pores occur,
and after a long period of corrosion, the Al2O33D skeleton appears to shed Al2O3 particles.

 

Figure 12. Corrosion rate (CR) of the two materials vs. NSS time.
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4. Discussion

The corrosion resistance of Al2O33D/5083 Al was lower than that of 5083 Al alloy
during the initial period, higher than that of 5083 Al alloy during the development period,
and there is no obvious difference in corrosion resistance during the stability period.

The Al interface prepared by the Al2O33D/5083 Al composite exhibits poor corrosion
resistance, uneven elemental division in the 5083 Al matrix, more residual stress in the
Al2O33D/5083 Al, and the existence of pores in the Al interface, leading to the decreased
corrosion resistance of Al2O33D/5083 Al [28].

Corrosion tendency is expressed by the corrosion potential. The higher the corrosion
potential, the lower the corrosion tendency. Electrochemical test results show that the
Al2O33D/5083 Al composite exhibits higher corrosion tendency during the initial period,
and the corrosion resistance of the material is better than that of the 5083 Al alloy. When the
corrosion reaction is implemented, the Al2O33D/5083 Al composite has poorer corrosion
resistance than 5083 Al due to the Al matrix. During the corrosion development period,
corrosion occurs within the Al2O33D/5083 Al composite products, together with the newly
generated Al (OH)3. Corrosion resistance is better than that of the 5083 Al alloy. During the
corrosion stability period, the Al2O33D skeleton combines with the newly generated Al
(OH)3, and the material promotes excellent corrosion resistance. The corrosion resistance
is close to that of the 5083 Al alloy. The research on the corrosion mechanism of the
Al2O33D/5083 Al alloy IPC under Cl- conditions can explore the methods to protect the
composite, and improve the service life of the composite under coastal and salt spray
conditions. Therefore, the Al2O33D/5083 Al alloy IPC can not only meet the mechanical
and friction properties of the brake disc under different braking conditions, but also ensure
its corrosion resistance, which is of great significance for the safe application of composites
of brake discs [29].

5. Conclusions

1. The corrosion development process can be divided into the initial period, the devel-
opment period, and the stability period.

2. The OCP, PDP curves, and EIS tests on the sample of polished surface show that the
corrosion resistance of the Al2O33D/5083 Al is better than that of 5083 Al.

3. The NSS test shows that the corrosion resistance of Al2O33D/5083 Al was lower than
that of the 5083 Al alloy during the initial period of corrosion and higher than that of
the 5083 Al alloy during the corrosion development period.

4. Al2O33D used as a reinforcement in the Al2O33D/5083 Al composite improves the
corrosion resistance of the Al2O33D/5083 Al composite. The interpenetrating struc-
tures of Al2O33D and the 5083 Al matrix, combined with the strong interface, are not
easy to corrode. Al2O33D and the 5083 Al matrix are combined tightly to promote
excellent corrosion resistance.

Author Contributions: Conceptualization, C.Z., Y.J., X.C. and L.Y.; writing original draft preparation,
C.Z., Y.J. and L.Y.; writing—review and editing, C.Z., L.Y., X.C., P.X., Y.Y., Y.L. and Y.J.; supervision,
Y.Y., P.X. and Y.L.; project administration, L.Y., X.C. and Y.J.; funding acquisition, L.Y., X.C. and Y.J.
All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the National Natural Science Foundation of China (51465014),
the Guangxi Innovation Driven Development Project (Grant No. AA17204021), the Foundation of
Guangxi Key Laboratory of Optical and Electronic Materials and Devices (No. 20KF-4), and the
Foundation of the Introduction of Senior Talents in Hebei Province (H192003015).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable for this article.

Conflicts of Interest: The authors declare no conflict of interest.

63



Materials 2023, 16, 86

References

1. Kota, N.; Charan, M.S.; Laha, T.; Roy, S. Review on development of metal/ceramic interpenetrating phase composites and critical
analysis of their properties. Ceram. Int. 2022, 48, 1451–1483. [CrossRef]

2. San Marchi, C.; Kouzeli, M.; Rao, R.; Lewis, J.A.; Dunand, D.C. Alumina–aluminum interpenetrating-phase composites with
three-dimensional periodic architecture. Scr. Mater. 2003, 49, 861–866. [CrossRef]

3. Xie, F.; Lu, Z.; Yuan, Z. Numerical analysis of elastic and elastoplastic behavior of interpenetrating phase composites. Comput.
Mater. Sci. 2015, 97, 94–101. [CrossRef]

4. Roy, S.; Gibmeier, J.; Kostov, V.; Weidenmann, K.A.; Nagel, A.; Wanner, A. Internal load transfer in a metal matrix composite with
a three-dimensional interpenetrating structure. Acta Mater. 2011, 59, 1424–1435. [CrossRef]

5. Dolata, A.J. Tribological Properties of AlSi12-Al2O3 Interpenetrating Composite Layers in Comparison with Unreinforced Matrix
Alloy. Materials 2017, 10, 1045. [CrossRef]

6. Feng, G.H.D. Synthesis of SiC_Al Co-Continuous Composite by Spontaneous Melt Infiitration. J. Mater. Sci. Technol. 2000,
16, 466–470. [CrossRef]

7. Sahin, I.; Akdogan Eker, A. Analysis of Microstructures and Mechanical Properties of Particle Reinforced AlSi7Mg2 Matrix
Composite Materials. J. Mater. Eng. Perform. 2010, 20, 1090–1096. [CrossRef]

8. Jhaver, R.; Tippur, H. Processing, compression response and finite element modeling of syntactic foam based interpenetrating
phase composite (IPC). Mater. Sci. Eng. A 2009, 499, 507–517. [CrossRef]

9. Jiang, L.; Jiang, Y.-l.; Yu, L.; Su, N.; Ding, Y.-d. Thermal analysis for brake disks of SiC/6061 Al alloy co-continuous composite for
CRH3 during emergency braking considering airflow cooling. Trans. Nonferrous Met. Soc. China 2012, 22, 2783–2791. [CrossRef]

10. Potoczek, M.Ś.R. Microstructure and Physical Properties of AlMg/Al2O3 Interpenetrating Composites Fabricated by Metal
Infiltration into Ceramic Foams. Arch. Metall. Mater. 2011, 56, 1265–1269. [CrossRef]

11. Ji, Y.-y.; Xu, Y.-z.; Zhang, B.-b.; Behnamian, Y.; Xia, D.-h.; Hu, W.-b. Review of micro-scale and atomic-scale corrosion mechanisms
of second phases in aluminum alloys. Trans. Nonferrous Met. Soc. China 2021, 31, 3205–3227. [CrossRef]

12. Tao, J.; Xiang, L.; Zhang, Y.; Zhao, Z.; Su, Y.; Chen, Q.; Sun, J.; Huang, B.; Peng, F. Corrosion Behavior and Mechanical Performance
of 7085 Aluminum Alloy in a Humid and Hot Marine Atmosphere. Materials 2022, 15, 7503. [CrossRef]

13. Liew, Y.; Örnek, C.; Pan, J.; Thierry, D.; Wijesinghe, S.; Blackwood, D.J. In-Situ Time-Lapse SKPFM Investigation of Sensitized
AA5083 Aluminum Alloy to Understand Localized Corrosion. J. Electrochem. Soc. 2020, 167, 141502. [CrossRef]

14. Huang, Q.; He, R.; Wang, C.; Tang, X. Microstructure, Corrosion and Mechanical Properties of TiC Particles/Al-5Mg Composite
Fillers for Tungsten Arc Welding of 5083 Aluminum Alloy. Materials 2019, 12, 3029. [CrossRef] [PubMed]

15. Fatimah, S.; Nashrah, N.; Tekin, K.; Ko, Y.G. Improving Corrosion and Photocatalytic Properties of Composite Oxide Layer
Fabricated by Plasma Electrolytic Oxidation with NaAlO2. Materials 2022, 15, 7055. [CrossRef]

16. Liu, S.; Wang, X.; Tao, Y.; Han, X.; Cui, C. Enhanced corrosion resistance of 5083 aluminum alloy by refining with nano-CeB6/Al
inoculant. Appl. Surf. Sci. 2019, 484, 403–408. [CrossRef]

17. Roseline, S.; Paramasivam, V. Corrosion behaviour of heat treated Aluminium Metal Matrix composites reinforced with Fused
Zirconia Alumina 40. J. Alloys Compd. 2019, 799, 205–215. [CrossRef]

18. Jiang, L.; Jiang, Y.-l.; Yu, L.; Yang, H.-l.; Li, Z.-s.; Ding, Y.-d.; Fu, G.-f. Fabrication, microstructure, friction and wear properties of
SiC3D/Al brake disc−graphite/SiC pad tribo-couple for high-speed train. Trans. Nonferrous Met. Soc. China 2019, 29, 1889–1902.
[CrossRef]

19. Yu, L.; Hao, S.; Nong, X.; Cao, X.; Zhang, C.; Liu, Y.; Yan, Y.; Jiang, Y. Comparative Study on the Corrosion Resistance of 6061Al
and SiC3D/6061Al Composite in a Chloride Environment. Materials 2021, 14, 7730. [CrossRef]

20. Liu, X.; Kong, D. Salt spray corrosion and electrochemical corrosion performances of Dacromet fabricated Zn–Al coating.
Anti-Corros. Methods Mater. 2019, 66, 565–572. [CrossRef]

21. Mosleh-Shirazi, S.; Hua, G.; Akhlaghi, F.; Yan, X.; Li, D. Interfacial valence electron localization and the corrosion resistance of
Al-SiC nanocomposite. Sci. Rep. 2015, 5, 18154. [CrossRef] [PubMed]

22. Li, J.; Dang, J. A Summary of Corrosion Properties of Al-Rich Solid Solution and Secondary Phase Particles in Al Alloys. Metals
2017, 7, 84. [CrossRef]

23. Sun, Y.; Li, C.; Yu, L.; Gao, Z.; Xia, X.; Liu, Y. Corrosion behavior of Al-15%Mg2Si alloy with 1% Ni addition. Results Phys. 2020,
17, 103129. [CrossRef]

24. Li, Z.; Li, C.; Gao, Z.; Liu, Y.; Liu, X.; Guo, Q.; Yu, L.; Li, H. Corrosion behavior of Al–Mg2Si alloys with/without addition of Al–P
master alloy. Mater. Charact. 2015, 110, 170–174. [CrossRef]

25. Liu, Y.; Ning, X.-S. Influence of α-Al2O3 (0001) surface reconstruction on wettability of Al/Al2O3 interface: A first-principle
study. Comput. Mater. Sci. 2014, 85, 193–199. [CrossRef]

26. Cabrini, M.; Calignano, F.; Fino, P.; Lorenzi, S.; Lorusso, M.; Manfredi, D.; Testa, C.; Pastore, T. Corrosion Behavior of Heat-Treated
AlSi10Mg Manufactured by Laser Powder Bed Fusion. Materials 2018, 11, 1051. [CrossRef]

27. Kim, S.-J.; Kim, S.-K.; Park, J.-C. The corrosion and mechanical properties of Al alloy 5083-H116 in metal inert gas welding based
on slow strain rate test. Surf. Coat. Technol. 2010, 205, S73–S78. [CrossRef]

64



Materials 2023, 16, 86

28. Gopinath K., B.R.; Murthy, V.S.R. Corrosion behavior of cast Al-Al2O3 particulate composites. J. Mater. Sci. Lett. 2001, 20, 793–794.
[CrossRef]

29. Jiang, L.; Jiang, Y.; Yu, L.; Yang, H.; Li, Z.; Ding, Y. Thermo-Mechanical Coupling Analyses for Al Alloy Brake Discs with
Al(2)O(3)-SiC((3D))/Al Alloy Composite Wear-Resisting Surface Layer for High-Speed Trains. Materials 2019, 12, 3155. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

65



Citation: Bejinariu, C.; Paleu, V.;

Stamate, C.V.; Cimpoes, u, R.;
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Abstract: An usual material, EN-GJL-250 cast iron, used for automotive braking systems, was cov-
ered with a ceramic material (105NS-1 aluminium oxide) using an industrial deposition system
(Sulzer Metco). The main reason was to improve the corrosion and wear (friction) resistance prop-
erties of the cast-iron. Samples were prepared by mechanical grinding and sandblasting before the
deposition. We applied two and four passes (around 12–15 μm by layer) each at 90◦ obtaining ceramic
coatings of 30 respectively 60 μm. The surface of the samples (with ceramic coatings) was investigated
using scanning electron microscopy (SEM), dispersive energy spectroscopy (EDS) and X-ray diffrac-
tion (XRD). Scratch and micro-hardness tests were performed using CETR-UMT-2 micro-tribometer
equipment. The better corrosion resistance of the base material was obtained by applying the ceramic
coating. The results present a better corrosion resistance and a higher coefficient of friction of the
coated samples.

Keywords: coatings; Al2O3; plasma spraying; SEM; EDS; AFM

1. Introduction

Over the years, the field of materials destined for friction systems has evolved very
much due to the increasingly needed answers to more precious operation requests [1].
The operating conditions have become more and more demanding both because of the
increasing weight of the bodies involved in the braking process and of their increasing
speed. The materials used for the manufacturing of a braking system make a friction
couple that must ensure the transformation of the kinetic energy of the system into thermal
energy by using two friction surfaces. The braking discs are parts used for slowing down
or stopping a wheel from its rotational movement. These discs are made from Fe-C cast
alloys, but in some cases, those that cost more, can be made using composite materials, for
example, C—reinforced C or ceramic compounds [2].

A special interest is given to metallic braking discs having applications in the auto,
railroad, and aeronautical fields because of the promoted prices and of the recognised
already approved technologies. The geometric morphology of the discs, the width and first
of all the material used for building them, bring great advantages to such equipment from
the commercial perspective. Based on the thermal conductivity, special wear resistance
and machinability the braking discs made from Fe-C alloys will continue to represent
an important issue in what concerns the developments in the field. The analysis of the
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braking discs does not represent just immediate gain having applications in the automobile
industry, but also an opportunity in various fields such as aeronautics and industrial at
every scale [3].

Ceramic materials such as alumina (Al2O3) represent a very good solution as coatings
in different industrial fields, such as aero spatial elements, building constructions, and
electrical and electronic domains, mainly based on their very good properties at high
temperatures such as mechanical strength, wear resistance, and in many cases corrosion-
resistant properties [4–7].

For the laboratory level, there are different thermal spraying methods used
(Vacuum Plasma Spraying—VPS; Combustion Flame Spraying—CFS; Two-Wire Electric
Arc Spraying—TWEAS, Plasma Spraying—PS or High-Velocity oxy-fuel spraying—HVOF).
Among them, Atmospheric Plasma Spraying (APS) is extensively used for the growth
of ceramic coatings, oxides, or non-oxide based on its higher deposition rate and lower
cost [8]. For industrial applications, using APS with a robotic arm increases the possibilities
of improving the properties of already used metallic parts using ceramic coatings. Along
with the high deposition rate of the process, we deal with various quality problems char-
acteristic of APS layers, such as high porosity, low adhesion, and reduced gas jet velocity,
resulting in ceramic layers with poor mechanical properties, wear resistance, or decrease in
high-temperature corrosion resistance. [9].

Plasma deposition shows the advantages of a higher deposition rate, larger surfaces
covered and the possibility of deposition for a wide range of materials (metallic, ceramic or
polymers). For industrial applications, it is important to determine the optimum deposition
parameters, which directly depend on the nature of the deposited layers and of the substrate,
such as the number of deposited layers, the spraying distance, or substrate roughness.

In this paper, there are shown the experimental results obtained on samples of
EN-GJL-250 cast iron covered with a ceramic coating of alumina (two and four layers
deposited successively) using a plasma jet spraying method after the structural, mechanical,
and chemical analysis of new materials. The subject of the paper was proposed by a private
industrial company aiming for the optimisation of the APS deposition process. The results
encourage the usage of APS of ceramic layer and for a satisfactory covering of metallic
surface deposition of more than two layers.

2. Experimental Details

The plasma jet was covered by Ar (pressure 5.2 bar and gas flow 39 NLPM) and H
(pressure 3.4 bar and gas flow 6.6 NLPM). We applied two and four passes
(around 12-15 μm by layer) [10]. Samples were prepared by mechanical grinding and sand-
blasting before the deposition. The experimental setup is presented in ref. [10] and is formed
by rotational support, an automatic arm for pulverization and a holder for samples. The
surface of the experimental samples (with two and four ceramic layers) was investigated
using scanning electron microscopy (S.E.M.—Vega-Tescan LMHII, 25kV, high vacuum,
25.5 mm WD, W cathode), dispersive energy spectroscopy (EDX—Bruker, X-Flash detector,
automatic mode), atomic force microscopy (A.F.M. EasyscanII-Nanosurf, in contact mode)
and X-ray diffraction (X.R.D.—Panalytical equipment). The general surface profile of the
ceramic coating was determined using a Taylor-Hobson precision profile meter and the
scratch and micro-hardness tests were performed using CETR-UMT-2 micro-tribometer
equipment [11]. The scratch test was also evaluated using an acoustic emission sensor to
confirm the penetration of the ceramic coating. Four different mechanical stress rates were
used on the same material surface and the same load on AMSLER tribometer equipment
(the rotating lower disc of the AMSLER machine is made of AISI 52100 bearing steel with a
hardness of 62–65 HRc and a diameter of 59 mm both radially and axially). A tensometric
data acquisition system was used to monitor the friction torque within the tribosystem.
A Vishay P3 strain gauge bridge with four channels was employed with the specific soft
program. The acquired data was processed by LabVIEW virtual instrument signal process-
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ing application. The mathematical relationships for friction torque and friction coefficient
estimation and the LabVIEW program interface are presented in [11].

The electrochemical tests were achieved by linear potentiometry (potentiostat PGP 201)
using a cell with three electrodes (1—the sample, 2—Pt electrode, 3—calomel saturated
electrode). Before the experiment, the samples were cleaned in an ultrasonic bath using
technical alcohol for 60 min [12]. The electrolytic solution used for testing was acid rain-
water (mixing solution 1:1 of H2SO4 and HNO3 with pH = 3). These chemical substances
are naturally present in the atmosphere; however, before industrialization, the advent of
factories and the dependence on hydrocarbon (coal, gasoline etc.) acid rain was a rare
event. In recent decades, acid rain has become more and more frequent, especially in the
area of highly congested cities and heavily industrialized areas.

3. Experimental Results

3.1. Structural and Chemical Analysis of Ceramic Coatings

Deposition of the ceramic Al oxides (alumina) (two or four passes) using APS produce
compact coatings, especially on the sandblasted samples, having an estimated thickness of
30 μm, respectively 60 μm, function almost linearly dependent on the number of passes [13].

Further on, in Figure 1 there are shown, using the scanning—electron microscope, the
surfaces of the coatings obtained by plasma spraying. From the viewpoint of the structure,
the achieved coating on the grinded sample, but not sandblasted appears discontinuous,
Figure 1d, with areas where the cast iron substrate can be seen. The discontinuities of the
deposited coating, of any nature: pores, cracks, exfoliations etc. decrease the mechanical
and chemical properties. For this reason, it is not recommended to achieve the plasma jet
deposition without careful preparation of the surface at the macroscopic level to enhance
the adhesion of the layer.

 

Figure 1. SEM images: (a) cast iron EN-GJL-250; (b) EN-GJL-250 + 2 layers of ceramic material;
(c) EN-GJL-250 + 4 layers of ceramic material, in (d,e) there are shown distributions of elements inside
the deposited ceramic coatings using two and four passes, respectively.

Figure 1c presents the morphology of the deposited coating on the sample blasted
with glass (showing a higher roughness). On the surface, a compact layer can be seen,
without discontinuities or exfoliations, showing local micro-cracks of micrometric sizes.
The cracks do not penetrate the whole layer and occur mainly because of the temperature
differences between the deposited layer and the colder substrate (layer achieved on the
previous passing). The layer is obtained generally by zones with melt material that form
a compact mass under the influence of the very high temperature, around 12,000 ◦C. The
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microstructure of the ceramic deposited coating of 60 μm, corresponding to four passes can
be appreciated as having fewer cracks, fewer pores, and a more homogenous covering on
the sample substrate with higher roughness. A higher roughness is an advantage for the
adhesion properties of the ceramic coating because it provides greater anchor support.

For the chemical characterisation of thin layers achieved by thermal spraying on cast
iron substrate, the distribution of chemical elements inside the deposited ceramic coating
was analysed and the results are given in Figure 1d,e. The distribution was analysed for
the following chemical elements: Al and O the components of the coating and Fe and C
the elements of the substrate EN-GJL-250 cast iron. From the analysis of the morphology
of the coating and the distribution of elements Al and Fe, it can be seen, in the case of the
sample with two passes, a larger non-uniformity of the ceramic deposited coating. The area
covered is a little more than 60% on the analysed surface, in this case, 0.18 mm2. The area
chosen for analysis, Figure 1b is characteristic of the deposited layer and it shows the same
aspect on the entire surface covered with alumina. The non-uniformities of the ceramic
coating lead to total exfoliation of it during operation and the promotion of corrosion on
the exposed zones to a solution of an electrolyte by comparison with the coated zone.

The surface of the deposited ceramic coating was also analysed using an atomic
force microscope (3D). On a surface of 64 μm2, Figure 2a, it can also be seen that for
the case of four passes a more homogenous surface was obtained. After establishing a
suitable sandblasting regime for the cast iron substrate there were achieved experimental
samples with two and four passes of ceramic sprayed material (two and four ceramic layers
deposited on the same sample).

Figure 2. SEM images, in (a) and AFM, in (b) for the ceramic deposited coating.

Figure 3 shows the spectrum of energies characteristic of the chemical elements identi-
fied on the ceramic deposited coating on a cast iron substrate (the spectrum shown was
identified for both experimental samples).

From the analysis of the spectrum in Figure 3a it can be seen the qualitative identifica-
tion of elements of the ceramic coating, respectively, Al and O but also the elements Fe and
C specific for the cast iron substrate. The elements characteristic of the substrate (Fe and C)
were identified through the pores and cracks that occurred in the ceramic coating during
the deposition process. The XRD spectrum, Figure 3b, identifies more characteristic picks
for the phase α specific for alumina, the plot is from the sample with four layers. The quali-
tative phase analysis was performed using the PDXL2 (Rigaku) software and the database
ICDD PDF4 + 2022. The qualitative phase analysis indicated the following polycrystalline
phases: α-alumina and gamma-alumina (or eta-alumina) in very low percentages.

Table 1 shows in mass percentages (wt%) and atomic percentages (at%) the chemical
composition of deposited ceramic coatings on cast iron substrate. In the case of the sample
with two layers, it can be seen a large amount of Fe that signifies a lower coating percentage
of the metallic material.
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Figure 3. Chemical analysis of the ceramic coatings deposited on the metallic substrate. (a) EDS
spectrum; (b) XRD spectrum.

Table 1. Chemical composition of ceramic coatings deposited on cast iron substrate.

Element/Sample
Al O Fe C

wt% at% wt% at% wt% at% wt% at%

Powders Al2O3 54.71 41.73 45.29 58.27 - - - -

EN-GJL-250 + 2 ceramic layers 40.83 32.72 38.01 49.37 16.5 9.7 4.67 8.21

EN-GJL-250 + 4 ceramic layers 50.93 38.11 43.78 55.25 1.7 0.6 3.58 6.02

Error EDS % 1.7 1.1 0.2 0.1

Standard deviation (SD, from 20 determinations): Al: ± 1.2; O: ± 0.9; Fe: ± 0.1; C: ± 0.2.

For the sample with four passes, the Fe content identified occurs because of the micro-
cracks or of the pores existent in the ceramic coating or, of the low thickness of the layer in
some areas, a fact depending on the quality of the deposition that can vary as a function of
sample geometry. The high percentage of C for both cases is also due to the error of the
EDS detector.

The structural and chemical analysis of the ceramic surface obtained after four passes
during the deposition process shows a uniform surface of the coating with all areas of the
substrate covered, Figure 1d. The distribution of Al and the lack of Fe signal confirm the
fact that the metallic surface is completely covered after four passes of the plasma jet.

As a function of the application for which the coating is being deposited, it can be
subject to some supplementary technical procedures of rolling or, heat treating for chemical
and structural homogenisation, using a furnace or an acetylene flame. In this case, it is
intended to maintain the roughness of the surface for increasing the coefficient of friction.
For the braking discs, a self-rolling process occurs during the part operation.

3.2. The Analysis of the Behaviour of Tested Materials to Micro-Indentation

For analysing the adhesion of the ceramic coatings to the metallic substrate and
for determining the tribological properties, there were performed scratch tests on the
experimental samples EN-GJL-250, EN-GJL-250 + 2 ceramic layers, and EN-GJL-250 + 4
ceramic layers. Figure 4 shows the general aspect of the scratches, from the starting point of
the test, from the left side to the right side, and at the end of the test. The figures were made
using 3 images obtained at the optical microscope, focusing on the areas that characterise
the scratch from its beginning to its end. The scratch length achieved was 25 mm using a
progressive load. There were several scratching tests aiming at the characterisation of the
homogeneity of the tribologic properties of the superficial deposited coatings.
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Figure 4. Identification and images of scratches using optical microscopy for the coatings: (a) two
layers; (b) four layers.

At the microscopic level, there were not seen exfoliations of the deposited ceramic
coating and the uniform aspect of them shows good structural homogeneity of the layer.
Figure 5 shows the characteristics of the scratching behaviour of the sample EN-GJL-250+4
ceramic layers. The scratching equipment was simultaneously operated with an acoustic
sensor to record the initial behaviour of the ceramic coating as well as the penetrated layer
together with the substrate after a period of time [14].

The experiment started with an initial load of zero Newton (0 N) (Fz) rising up to 8 N
on a length of 25 mm. It can be seen in the evolution of the friction force and the acoustic
emission a variation of the signals at 10.5 ÷ 11.5 mm, from the beginning of the scratch
initiated on the ceramic surface, the area that probably represents the point when the
metallic penetrator penetrated the ceramic coating. After this, the friction force increased
due to the double effect of the stresses, one of the ceramic coating and the other one, of the
EN-GJL-250 metallic substrate.

For the analysis of the behaviour of the coefficient of friction, Figure 4, extracted from
the signal of the scratching test, the one obtained on the ceramic coating and after its
penetration on the system ceramic coating—cast iron EN-GJI-250 is chemically analysed in
certain zones.

The coefficient of friction shows the same behaviour as the friction force, having a
variation after 10.5 s from the start of the test, Figure 5a. The scratch obtained after the
mechanical testing was analysed using electron microscopy SEM (on the areas from a to g)
after characterising the mark at every 2 mm, Figure 5. Figure 5b shows the distribution of
the elements Fe and C characterising the cast iron substrate and Al and O characterising
the ceramic coating of Al2O3 on the areas (a), (b), (d), (f) and (g) exactly on the scratch mark.
In the first two distributions from Figure 5b, there is no sign of penetration of the ceramic
coating, this being evident in the (d) area by the significant increase in the element Fe signal
on the scratch mark. The Fe signal is accompanied by the signal of the element carbon but
not so obviously, due to its lower percentage. If in the (d) area, the ceramic coating was only
partially penetrated in the following 10–14 mm it was gradually removed. The ceramic
coating was removed completely in some areas, especially on the last stress portion. It can
be seen in areas (f) and (g) from Figure 5b portions having the ceramic coating present on
the scratch marks. Their presence can be explained by a superior adherence to the substrate
in these areas or by settling the ceramic material under the force of scratching/pressing
and its penetration into the metallic cast iron EN-GJL-250 substrate.

The microstructural analysis was performed starting with the final end of the scratch
at each 2 mm until no variation of the ceramic coating microstructure was present, the
area considered the starting point of the scratching test and which corresponds to the one
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obtained from calculus considering the total length of the scratch, respectively 25 mm.
From a microstructural viewpoint, a chamfering of the ceramic coating can be seen, in
Figure 5b, at 2 mm from the beginning of the scratching test, namely at a loading force of
1 ÷ 2 N, confirming the fact that the layers of Al2O3 are relatively soft among the ceramics
but less brittle compared to very hard ones.

 

Figure 5. Analysis of the scratching test using the coefficient of friction behaviour: (a) variation of
coefficient of friction on 25 mm distance; (b) distribution of elements Fe, C, Al and O on the surface
of the scratched ceramic coating.

The depth of the scratching marks without the penetration of the coating continues up
to 10 ÷ 11 s of stress i.e., at a force of 4 ÷ 5 N. There cannot be seen areas with cracks on the
edges of the scratch mark and nor in the areas of ceramic coating between scratches. The
analysis at a higher magnification power, Figure 6a–d did not reveal the presence of the cracks
or pores on the pressed ceramic surface, nor their appearance on the metallic substrate.

The integrity of the ceramic coating is very little affected on the edges of the scratch
mark, showing the high stability of the ceramic deposited layer. Inside the analysed scratch
marks, they appear exfoliation areas of the ceramic coating, Figure 5b but also the presence
of areas with a compressed ceramic layer. In practical applications where the increase in
the wear coefficient is not especially aimed, additional processing of the coating, carried
out mechanically or by heat treatment, is recommended, for the uniformity of the surface,
the reduction of roughness and the homogenization of the coatings.
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Figure 6. SEM images—details of the scratched areas on the ceramic coating (a) initiation of scratch,
(b) first area of ceramic layer deformation, (c) local compaction of the ceramic layer and (d) end of
the scratch mark.

Figure 7 shows the behaviour of experimental materials EN-GJL-250, EN-GJL-250 +
2 ceramic layers, and EN-GJL-250 + 4 ceramic layers for the variation: (a) friction force,
(b) acoustic emission and (c) coefficient of friction during the scratching test.

From Figure 7a one can see that the friction forces are greater in the case of the samples
with ceramic deposited layers by comparing with the friction force occurring on the EN-GJL-
250 cast iron and which shows only slight variations in behaviour due to the differences in
hardness between the metallic substrate characteristic of cast iron and graphite formations.
In both cases of coatings (with two, respectively four layers) one can see an increase in the
friction force after the penetration of the ceramic coating and the complex friction among
the indenter on one hand and the ceramic coating and the substrate on the other hand.
Additionally, it can be seen that increasing 2 ÷ 3 times the friction force in the case of the
sample with the coating made by 4 ceramic layers compared with that having only two
deposited ceramic layers as a coating.

In the case of acoustic emission (acoustic emission—AE), Figure 7b, the signal of the
substrate is also an almost straight line compared with the emissions of the samples with
ceramic coating.

Producing and developing cracks can be events having very short periods of time
to occur and grow. The acoustic emissions were conceived for detecting the behaviour
at fracturing and cracking of materials. Wakayama and Ishiwata [15] used AE detection
to analyse and evaluate the ceramic micro-cracks, [16] for detecting the deterioration in
composite ceramics and composites reinforced with fibres. The same authors used the AE
detection method [17] to detect the part fracturing during the processing of the surface of
engineered ceramics.
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(a) 

 
(b) 

 
(c) 

Figure 7. The behaviour of experimental materials EN-GJL-250, EN-GJL-250 + 2 ceramic layers and
EN-GJL-250 + 4 ceramic layers at scratching: (a) friction force, (b) acoustic emission and (c) coefficient
of friction.

During the scratching tests, the AE technique was also used for monitoring fragile
breaking [14]. The level of acoustic emissions is higher in the case of the sample with
4 ceramic layers, having a visible increase in the areas where the deposited coating was pen-
etrated. The amplitude of the acoustic emission signal has increased significantly because
of the severe vibrations of the indented that resulted from the initiation and propagation of
cracks and/or during the removal of the material through plastic deformation of fragile
breaking of the Al2O3 coating during scratching. In the case of a large fluctuation in the AE
signal, as the amplitude is higher the damages caused to the deposited ceramic coating or
substrate, in the case the substrate is reached, is more severe.

The coefficient of friction, Figure 8 shows a substantial increase in the case of the
samples having ceramic coatings compared with the cast iron substrate. This increase is
due to both the roughness of the ceramic layers and their nature. After the penetration
of the ceramic coating, at the value of the coefficient of friction, it is added also the fric-
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tion with the substrate that contributes in this manner to the identified increase in the
coefficient of friction. The values of the coefficient of friction COF vary in a wide range
because of the high resistance that the ceramic coating presents, determining a greater ca-
pacity for plastic deformation than the substrate. Despite these relatively high coefficients of
friction —COF values, plasma-sprayed coatings are still accepted for many applications [18].
For applications that operate under severe wear conditions, these coatings may be sup-
plemented by various additional treatments such as laser reshaping, sealing treatment, or
surface grinding to improve the surface modification and therefore the coefficient of friction
values [19,20]. If we consider the variation of the coefficient of friction of ceramic materials
as coatings until their penetration (in the time range 9 ÷ 11 s) from 0 to 10 s of testing,
one can see two zones of variation. Initially, the coefficient of friction grows suddenly up
to values of 0.6 with a period of stability, after which it follows a slight decrease in the
coefficient of friction down to 0.3 ÷ 0.4 probably because of the large degree of flatness
of the deposited ceramic coating and the diminishing of roughness values of the coated
surface. According to the model Czihos [21,22] the curves of the coefficient of friction–COF
consist of three stages: initial wear, steady state and accelerated wear up to the point of
penetration point and contact with the metallic substrate in this case. The third stage in the
coefficient of friction—COF curves for the coated and worn samples in this study opposes
the Czihos model. It seems that some tribological interaction due especially to the joint
influence of the substrate and the edges of the ceramic coating in the penetrated zone affects
the stabilization of the coefficient of friction—COF.

Figure 8. The friction test results performed on the AMSLER tribometer.

3.3. Wear Resistance Analysis

The coated sample was tested on an AMSLER apparatus using a disc made from ASTM
52100 bearing steel. The data collection was performed by a strain-meter that monitored
the friction torque in the tribo-system. For data acquisition, it was coupled with a strain
indicator and recorder Vishay P3 with 4 channels using its specific software. The acquired
data were processed in Lab VIEW for virtual signal processing. The mathematical relations
for estimating the friction torque and the coefficient of friction as well as the Lab VIEW
interface are given in [23].

A friction test was performed on the AMSLER equipment at a rotation speed of
100 rpm and a constant axial load of about 60 N (6 kg). The evolution of the friction torque
Tf in N x mm and of the coefficient of friction μ is shown in Figure 8. As one can see, in the
first 5 min, the coefficient of friction between the coating layer and the ASTM 52100 steel
disc was about 0.16 ÷ 0.18, the friction process, and wear being smooth and continuous.
After 5 min, the coating layer was partially removed and the first metallic contact with a
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small surface raised the coefficient of friction up to 0.35, but just for seconds. The friction
force of the contact became unstable, but within reasonable limits until the worn surface
extended and most of the contact became metal on metal.

After 500 s from the start of the test, the friction became dynamic and this can be
explained by the intensification of some micro-seizure phenomenon on the metallic contact
surface. In the last 5 min of testing, the dynamic phenomenon of sliding on the contact
area of the tribological contact manifested itself by strong vibrations and collisions on the
tested samples. Consequently, the variation in the coefficient of friction was very large. The
test was stopped after 15 min due to the simple observation of the wear zone of the coated
sample which revealed the complete removal of the coating layer in the contact area. The
statistical analysis of the data acquisition process shows a value of the signal-to-noise ratio
SNR = 1.67, which confirms the good quality of the acquired signal. For the last period
of the test, the difficulty of the acquisition and the standard deviation have high values,
confirming the fluctuation of data acquisition, the causes have already been mentioned.
Comparing the results obtained with those previously reported for EN-GJL-250 one can see
a coefficient of friction increased up to 0.17 for the entire test. These results recommend the
coatings using Al2O3 for lighter-duty applications [24].

Future tests should be carried out in this direction, with a lower contact pressure and
used as wear material instead of the steel disc, ferodou discs, or special materials used in
braking systems.

Figure 9 shows SEM images of the wear trace obtained after the test performed on the
AMSLER equipment. The trace is about 4mm long and 2 mm wide. A complete removal of
the ceramic coating from the contact area can be seen in Figure 10a.

 

Figure 9. SEM images of the worn zone during the test: (a) wear trace; (b) detail of the wear end area;
(c) wear edge.

The contact achieved during the experiment was extremely hard because it also
engaged material from the substrate, Figure 9b. The ceramic material was subjected to
advanced wear by being placed between two metallic materials, cast iron as a substrate
and the steel disc as a wear material. The relatively brittle nature of the coating resulted in
its exfoliation at the contact area but without further affecting the integrity of the coating
near the wear trace, Figure 9c.

To highlight the wear zone in Figure 11, it is shown the distribution of Al, O, Fe and C
elements in the contact zone of the wear test (a) distribution of all elements, (b) distribution
of aluminium, (c) distribution of oxygen and (d) distribution of iron.

Complete removal of the ceramic coating from the contact area can be seen. No
compacted parts of the ceramic material were identified in the contact area. The ceramic
coating shows exfoliations of micro-cracks and pores only at the beginning and end of the
contact zone, the sides of the wear trace being unaffected by the test. The removal of the
ceramic coating was achieved following strong mechanical shocks that primarily targeted
the wear trace and less the surrounding zones that do not show affected surfaces.

77



Materials 2022, 15, 9013

 

Figure 10. The chemical elements distribution for Al, O, F and C in the contact zone at the wear
test: (a) distribution of all elements; (b) distribution of aluminium; (c) distribution of oxygen;
(d) distribution of iron.

 
(a) (b) 

Figure 11. Potentiodynamic graphs for coated samples with Al2O3 of different thicknesses on EN-GJL-
250 cast iron substrate compared with the free substrate EN-GJL-250 cast iron: (a) linear polarisation
curves; (b) cyclic polarisation curves.

3.4. Electro-Corrosion of Metal-Ceramic Systems

The experimental results show the electro-corrosion resistance of three samples (cast
iron substrate EN-GJL-250, EN-GJL-250 + 2 layers of ceramic material Al2O3~30 μm and
EN-GJL-250 + 4 layers of ceramic material Al2O3~60 μm) in electrolytic acid rain solu-
tion. Figure 11 shows the linear potentiodynamic graphs for Al2O3 coatings of different
thicknesses on EN-GJL-250 cast iron compared with the substrate EN-GJL-250 cast iron
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and in Figure 12b the cyclic polarisation curves. The liner potentiodynamic graphs were
represented in the range of potential: −0,8 ÷ 1 V using a scanning speed of 1 mV/s [25].
The corrosion speed can be correlated with the corrosion current intensity or the current
density based on the law of Faraday [26]. For the experimental cases corrosion speeds of
the order of millimetres per year for the cast iron EN-GJL-250 and micrometres per year for
the coated metallic materials. From Figure 11a one can see a big difference in behaviour
between the cast iron material and the cast iron coated with ceramic layer material. No
significant difference was noticed for the curves of cyclic polarisation, Figure 12b. The
samples coated with ceramic layers show similar behaviour with an almost non-existent
anodic reaction.

 

Figure 12. SEM images on the surface after the electrochemical test: (a,b) cast iron EN-GJL-250;
(c,d) EN-GJL-250 + 2 ceramic layers; (e,f) EN-GJL-250 + 4 ceramic layers.
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The cathodic curve of cyclic graphs, Figure 11b, shows a similar trajectory to the anodic
curve—having a reduced hysteresis loop, and the current density in the passive region is
similar to that registered during direct scanning (anodic) at the same potential [12]. The
slight difference between the anodic line and the cathodic line (the lack of a loop) is related
to the stability of the surface and the competition between diffusion and dissolution in
the case of pitting corrosion. The pitting corrosion occurs based on a very fast diffusion
process having a semi-circle dimension appearance. In the first part of the cathodic process
(the reversal line), the effects of the dissolution process are reduced and the time for the
continuation of the diffusion is limited and usually insufficient.

The main parameters of the corrosion process (E0 and jcor) obtained by processing the
linear polarization graphs are centralized in Table 2. The corrosion current thus determined
is, in fact, the corrosion current that occurs at the metal/corrosive environment interface
when the metal is introduced into the solution and cannot be directly measured by elec-
trochemical methods. The open circuit potential—(OCP) shows large differences between
the EN-GJL-250 cast iron and the metallic material coated with ceramic layers due to the
influence of the inert material layer on the corrosion resistance of the entire assembly. The
bias resistance validated the OCP values and the corrosion current values.

Table 2. Electrochemical parameters after the corrosion tests in acid rain solution.

Sample OCP mV
E0

mV
ba

mV
bc

mV
Rp

ohm.cm2
Jcor

μA/cm2
Vcor

mm/Year

EN-GJL-250 + 2
ceramic layers −488 551.1 - −468.8 1448 30.01 0.11

EN-GJL-250 + 4
ceramic layers −430 505.2 - −337.6 1967 26.15 0.09

EN-GJL-250 −716 −1016.8 659.8 −347.9 324.3 138.3 3.59

The corrosion current of the starting material (EN-GJL-250) is four to five times greater
compared with the value recorded for the ceramic coating samples. The corrosion rate was
30 to 40 times higher for EN-GJL-250 compared to coated samples.

Scanning electron microscopy (SEM) (VegaTescan LMH II) was applied for the morpho-
logic analyse of coatings and structure of the substrate material before the electrochemical
tests. The results obtained are given in Figure 12a. In Figure 12b,c, the micrographs of
the coatings show a dense microstructure with high cohesion and small surface cracks.
Furthermore, some areas with pores can be seen in both coated samples. During the depo-
sition process, micro-cracks and pores gather forming larger cracks. The main reason for
the occurrence of these defects is the very short solidification time of the material in the
atmosphere and the temperature difference between the deposited layers, the phenomena
of dilation/constriction involving very important thermal stresses.

The coated surfaces in both cases show a complete melted zone. Further on, some
formations of solidified material can be seen, but for these, solidification occurred later than
in the underlying layers. A relative degree of homogeneity of the coating layer is crucial
for the increase of the corrosion resistance of the substrate.

Figure 12 shows SEM images of the experimental materials after the electrochemical tests
(a) and (b) cast iron EN-GJL-250, (c) and (d) EN-GJL-250 + 2 ceramic layers and (e) and (f)
EN-GJL-250 + 4 ceramic layers at two different magnifications 200× and 1000× respectively.

In all cases, shown in Figure 12, the general corrosion detected on the cyclic polariza-
tion curves is confirmed, Figure 12b, without specific areas of corrosion (pitting). Some
coatings from Figure 12d,f show, especially on the areas represented by the ceramic material,
pitting corrosion at the outer part of the particles. This behaviour does not represent the
entire surface, being localised only zonally and not being recorded by the potentiostat in
the cyclic curves [27]. It can thus be stated that micro-zonally the larger agglomerations on
the surface of the coating morphologically manifest a behaviour specific for pitting corro-
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sion. If the environment continues to be aggressive (the dissolution rate is high enough
to overcome diffusion) the pitting pits appearing at the surface of the ceramic coating can
penetrate through the ceramic layer and the electrolyte will come into contact with the
metallic substrate, which is much more susceptible to corrosion.

In the case of samples coated with ceramic materials, an aggressive surface attack
can be seen even though the resistance of the outer oxide layer contributes a very high
corrosion resistance, oxide being a material with good chemical inertia. Normally, the inert
behaviour of ceramic materials that protect the substrate (such as alumina) should keep the
surface intact. The pores and the micro-cracks present in the coatings became larger after
the electro-corrosion tests because the original micro-pores and micro-cracks were damaged
and chemically attacked. The main reason for the corrosion is given by the initial existence
of pores and cracks in the coated surfaces. The SEM images shown in Figure 12d,f suggest
that the corrosion damage was mainly confined to the coating defects (i.e., pores and
cracks) [27,28]. It can be seen that some spherical corrosion products have formed around
the coating defects. The results of the EDS analysis, Table 3 indicated that the corrosion
products were mainly composed of Fe and O. It was shown that electrochemical corrosion
produced compounds on the cast iron substrate during the electrochemical experiments.

Table 3. Chemical composition of the experimental materials after the electro-corrosion [27].

Element/Sample
Fe O Al C Si

wt% at% wt% at% wt% at% wt% at% wt% at%

EN-GJL-250 49.01 22.39 42.13 65.13 - - 3.4 6.9 3.9 3.7

EN-GJL-250 + 2 layers 31.98 14.7 37.16 49.52 23.93 18.75 4.53 10.85 2.33 1.78

EN-GJL-250 + 4 layers 34.09 16.77 30.67 45.73 26.93 27.58 4.86 11.12 3.3 3.2

EDS Error % 0.65 1.0 0.5 0.8 0.1

SD: Al: ± 1.2; O: ± 0.9; Fe: ± 0.1; C: ± 0.2, Si ± 0.1.

The corrosion process occurs mainly through the cracks and pores in the ceramic layer
that allow the contact of the electrolytic solution with the metallic substrate. In all three
cases, the materials show a pronounced oxidation on the surface, especially on the cast
iron EN-GJL-250. This is because a part of the oxygen, in the other two experimental cases,
is part of the coating and just a percentage of it participates in the formation of oxides.
Generally, the ceramic layer was penetrated by the electrolyte to the substrate because iron
oxides appear at the surface. Since the ceramic top layer and the metallic bonding layer
are very passive, there is not much difference in their electrical potential and no electrical
micro-piles formed between the two materials.

4. Conclusions

After analysing the experimental results, the following conclusions can be drawn:

- Microstructurally a chamfering of the ceramic coating can be seen starting at 2 mm
from the start of the scratch test i.e., at a force of about 1 ÷ 2 N, which confirmed the
fact that the Al2O3 coatings are relatively soft compared with other ceramics but less
brittle than the very hard ones;

- No area with macro-cracks was noticed on the edges of the scratch marks and nor
in the ceramic material between scratches. Analysis at a higher magnification of the
surface image did not reveal cracks or pores on the pressed ceramic surface, nor did
they appear in the metallic substrate;

- We observed that the friction forces are higher in the case of the coated samples
compared with the friction force specific for the cast iron EN-GJL-250 and which
shows only slight variations in behaviour due to hardness differences between the
metallic matrix and the graphite formations characteristic for cast iron. In both cases of
the coatings (with two deposited ceramic layers, respectively four ceramic layers) one
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can see an increase in the friction force after the penetration of the ceramic coating and
the complex friction between the indenter on one hand and the ceramic penetrated
layer and substrate on the other hand. Furthermore, a 2 ÷ 3 times increase in the
friction force can be seen in the case of the sample coated with four ceramic layers
compared to the one coated with two ceramic layers;

- In the case of experimental samples with deposited ceramic coatings, the general
corrosion detected on the cyclic polarization curves was confirmed, without specific
areas of corrosion (pitting). Some coatings show, especially on the areas represented
by the ceramic material, pitting corrosion at the outer part of the particles. This
behaviour does not represent the entire surface, being localised only zonally and not
being recorded by the potentiostat in the cyclic curves. It can be stated that zonally
the larger agglomerations on the surface of the coating morphologically manifest a
behaviour specific for pitting corrosion. If the environment continues to be aggressive
(the dissolution rate is high enough to overcome diffusion) the pitting pits appearing
at the surface of the ceramic coating can penetrate through the ceramic layer and the
electrolyte will come into contact with the metallic substrate which is much more
susceptible to corrosion. The corrosion current of the starting material (cast iron
EN-GJL-250) is four to five times greater compared with the value recorded for the
ceramic coating samples. The corrosion rate is 30 to 40 times higher for cast iron
EN-GJL-250 compared to coated samples.
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Abstract: In this work, friction stir processing using a pinless tool with a featured shoulder was
performed to alter the surface properties of Al 6061-O, focusing on the effect of tool traverse speed on
surface properties, i.e., microstructure, hardness, and corrosion resistance. All processed samples
showed refinement in grain size, microhardness, and corrosion resistance compared to the base
material. Increasing tool-traverse speed marginally refined the microstructure, but produced a
significant reduction in microhardness. Electrochemical impedance spectroscopy, linear polarization
resistance, and potentiodynamic polarization were used to evaluate the effect of the processing
conditions on corrosion behavior in a saline environment. All corrosion test results are found to agree
and were supported with pictures of corroded samples captured using a field emission scanning
electron microscope. A remarkable reduction in the corrosion rate was obtained with increasing
traverse speed. At the highest traverse speed, the corrosion current density dropped by approximately
600 times when compared with that of the base alloy according to potentiodynamic polarization
results. This is mainly due to the grain refinement produced by the friction stir process.

Keywords: friction stir processing; pinless tool; surface processing; corrosion resistance; saline
environment; Al 6061

1. Introduction

Aluminum-based alloys are utilized in a variety of advanced commercial applica-
tions such as automotive, defense, marine, and aerospace. This is ascribed to their out-
standing characteristics, such as a high strength-to-weight ratio, high ductility, and good
corrosion resistance. In addition, the resistivity of aluminum alloys against corrosion is
mainly attributed to the oxide layer formed when the alloy is exposed to the environ-
ment. It is, however, believed that aluminum-based alloys exhibit low corrosion resistance
when exposed to saline media [1]. Along with bad corrosion resistance in saline media,
aluminum-based alloys suffer from bad surface characteristics such as wear resistance
and low hardness. Therefore, the adoption of aluminum alloys in saline environments
is restricted [2]. The impact of grain size on the mechanical and physical characteristics
of different alloys is well documented and it is known to be a vital determinant of many
microstructure-dependent properties [3]. Therefore, grain size refinement is among the
most adopted approaches for improved material properties. Thus, several alternatives have
been developed over the last few decades to produce refined grains in a feasible way such
as severe plastic deformation techniques [4]. One such technique is friction stir processing
(FSP), which has drawn more attention because of its many advantages [5]. Most severe
plastic deformation techniques result in bulk material processing or the altering of the
initial part shape, Moreover, a special surface pre-processing/treatment is required [6].
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FSP was developed on the same working principles as friction stir welding (FSW), where
a rotating tool, consisting of two parts—a shoulder with a larger diameter and a pin—is
pressed against neighboring ends of sheets or plates that need to be linked and then moved
along the line of the joint [7]. FSP uses the same principle in processing the surface and
subsurface of a single bulk workpiece, thereby modifying the surface properties by the
dynamic recrystallization process encountered in FSW. The microstructural evolution and
mechanical properties after FSP of various alloys have been extensively studied over the
last two decades. Nevertheless, the effect on corrosion resistance of FSP has not received
the same attention. Several studies have indicated that the corrosion susceptibility may
either diminish or increase for different aluminum alloys after severe plastic deformation,
as reported by Mehdi et al. [8]. It was suggested that the corrosion behavior primarily
depends on the severe plastic deformation processes, working material alloying elements,
and process conditions. For example, Surekha et al. [9,10], in two separate studies, have
investigated the influence of traverse speed, rotation speed, and the number of passes on
the corrosion resistance of FS-processed 2219 AA. Their results showed that the corrosion
susceptibility was influenced by changing the number of passes and rotating speeds, rather
than the traverse speed. They reported an enhancement in corrosion resistance with the
increase in tool rotational speed and number of passes which was ascribed to the reduc-
tion in the intermetallic phases. Conversely, Eldeeb et al. [11] reported that the traverse
speed has more influence on the corrosion resistance of the stirred zone in comparison
to the tool rotational speed of friction-stir-processed Al6061-O. Esmaily et al. [12] have
reported enhancement in the corrosion behavior of 6005 AA after deploying multi-pass FSP.
Reddy et al. [13] also compared the corrosion behavior and wear resistance of FS-processed
A356 with that of cast material. It was revealed that FSP resulted in outstanding corro-
sion and wear resistance. They explained the improvement in the wear resistance by the
homogeneous dispersion of silicon particles through the aluminum matrix, whereas the
reduction in corrosion rate was attributed to the formation of an intact passive film.

It should be noted that most of the literature on FSP focuses on studying the impact of
changing parameters on the microstructural features, mechanical, and corrosion character-
istics of full penetration FSP. However, to the authors’ knowledge, few investigations have
been carried out on the effect of friction stir surface processing parameters using a pinless
tool on the microstructure, and consequently, the corrosion resistance, associated with the
newly developed surface, with a focus on aluminum and its alloys. To rectify this, the
impact of varying the tool traverse speed during FSP on the grain structure, microhardness,
and corrosion behavior of 6061-O AA base metal is studied herein in detail.

2. Materials and Methods

The workpieces utilized in the current study are an aluminum alloy 6061-O grade
with dimensions of 190 × 90 × 6 mm3 (Figure 1). The chemical composition of the
workpieces was obtained using spark spectrometry and is shown in Table 1. A novel
pinless FSP tool was designed and fabricated for this study from 4140 alloyed steel. The
tool was heat-treated to a hardness ranging between 52 and 54 HRC. The FSP tool has a
shoulder diameter of 23 mm with two circular groves, which were machined such that
they will enhance the material flow under the tool shoulder and increase the contact area.
Figure 1 is a schematic demonstration of the FSP process, showing the pinless rotating
tool traversing the workpiece to be processed. A literature search showed that a rotation
speed of 1000 rpm yields better properties for different grades of aluminum alloys [14–18].
Therefore, the rotation speed was fixed at 1000 rpm, while the traverse speed was varied
from 100 to 250 mm/min. To improve the forging action, the tool was tilted by 3◦ towards
the trailing side [19], with a plunge depth of 0.2 mm to assure sufficient forging force. FSP
was carried out using a research-based three-axis RM-1 friction stir welder (MTI, West
Washington, South Bend, IN, USA) under position control mode. Accordingly, process
conditions and sample designations are shown in Table 2. After FSP, the base metal
and processed samples were sectioned from the processed zone into a suitable size for
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subsequent characterization and corrosion testing; thereafter prepared by grinding using
silicon carbide papers with grit sizes varying from 240 to 1200. Consequently, a polishing
process using alumina and diamond paste was performed to obtain a mirror-like finish
followed by etching using 2 g of sodium hydroxide in 100 mL of distilled water to reveal
the grain structure.

 

Figure 1. The schematic diagram for friction stir processing.

Table 1. Chemical composition of 6061 AA.

Element Mg Si Cu Fe Mn Al

wt.% 0.82 0.71 0.23 0.63 0.14 Bal.

Table 2. Process conditions and sample designations.

Samples Rotation Speed (rpm) Traverse Speed (mm/min)

FP10
1000

100
FP15 150
FP25 250

2.1. Characterization and Mechanical Properties

An optical digital microscope (Olympus, DSX 510, Tokyo, Japan) was utilized to
capture images of the etched surfaces, while Olympus stream software was used to de-
termine the grain size of the friction-stir-processed surface as well as the base material,
following ASTM 112-13 [20]. A line intercept procedure (average of horizontal and vertical
intercept lengths) was adopted in measuring the average grain size as per the recommen-
dation of the ASTM-112-13 standard. More insights into grain morphology parameters,
as well as the method used to measure grain size, are shown in Figures and Tables S1–S4
(Supplementary Material). In addition, images of corroded samples were acquired using a
field emission Scanning Electron Microscope (FESEM) (Quanta 250, Bruno, Czech Republic).
Analysis of the present phases for the base and all processed samples was performed using
X-ray Diffraction (XRD) in a Bruker diffractometer (D2 PHASER) that operated at 30 kV
with CuKα (λα = 1.54 Å). A micro indenter (Micro Combi, CSM Instruments, Peseux,
Switzerland) was utilized to measure the hardness and elastic modulus of the base and
processed samples. A pyramidal indenter was used at a normal force of 3 N for 10 s dwell
time. The test was repeated six times and the average values of microhardness and elastic
modulus were recorded.

87



Materials 2022, 15, 8124

2.2. Electrochemical Analysis

All electrochemical measurements, consisting of electrochemical impedance spec-
troscopy (EIS), linear polarization (LPR), and potentiodynamic polarization (PDP) mea-
surements, on the base sample as well as the processed samples were carried out on the
traditional three-electrode configuration which includes a graphite counter electrode and
a saturated calomel electrode (SCE) reference electrode. A Gamry Instruments Reference
3000 potentiostat/galvanostat was employed for data collection, while Echem Analyst
6.0 software was used for electrochemical data analysis and fitting. All working electrode
samples i.e., the processed samples, were machined from the middle of the processed zone
into a suitable size and ground using silicon carbide papers up to 800 grit and thereafter
masked such that only 1 cm2 of the processed zone was exposed to the 3.5 wt.% NaCl
at 23 ◦C for 15 days. Before conducting the corrosion measurements, all samples were
cleaned using distilled water and acetone. EIS tests were conducted using a frequency
range of 10−2 to 105 Hz and an AC voltage of 10 mV. PDP tests were carried out at a scan-
ning rate of 0.125 mV/s using an applied potential varying between –0.20 V, cathodically,
and 0.50 V, anodically, under open circuit potential (OCP). Thereafter, Tafel parameters
were obtained from PDP curves. LPR measurements were acquired at a scanning rate of
100 mV/s between +25 and −25 mV under OCP.

3. Results and Discussion

3.1. Effect of Traverse Speed on Forging Force and Torque

The effect of increasing traverse speed from 100 to 250 mm/min on forging force is
presented in Figure 2a. It is obvious from these results that the forging force increases
with increasing traverse speed, reaching 22 kN at 250 mm/min. The increase in forging
force with traverse speed is attributed to the heat input reduction, which makes the area
around the tool harder and thereby raises the material flow stress and consequently the
forging forces [21–23] for maintaining the tool plunging depth. Figure 2b shows that the
traverse speed has an even higher impact on the generated torque. The considerable
increase in the measured torque with the rise in traverse speed is also attributable to
higher FSP-induced flow stresses [24]. It is evident that increasing the tool traverse speed
under constant rotation speed results in a heat-input reduction, whereas increasing the
tool rotation speed and fixing the tool traverse speed results in increasing the heat input
during the friction stir processing, and vice versa. Accordingly, the heat input for each
process parameter is obtained from the measured spindle torque, tool rotation, and traverse
speeds (Equation (1)) [25].

H =
P
v
=

T ω

v
(1)

where H is the heat input in J/mm, T is the average measured spindle torque in N·m, ω is
the tool rotation speed in rad/s, and v is the tool traverse speed in mm/s.

It is worth noting that the heat input equation (Equation (1)) neglects the efficiency
of the heat transfer process. Moreover, it assumes that the frictional work of the tool is
completely converted into heat, resulting in material softening.

3.2. Microstructural and Mechanical Properties Analysis

The optical microscopic images of as-received (base), and FS-processed for the samples
at various traverse speeds, 100, 150, and 250 mm/min, are presented in Figure 3a, Figure 3b,
Figure 3c, and Figure 3d, respectively. It is worth noting that the only source of heat
during this investigation was that of the tool shoulder interaction with the workpiece
material. Compared to the base metal, samples processed at different traverse speeds
exhibited substantial grain refinement. Adopting FSP at a traverse speed of 100 mm/min
significantly reduces the average grain size of the base specimen from 93.93 μm to 17.74 μm.
Additionally, the grain size exhibits a slight reduction with increasing traverse speed, from
16.38 μm for the sample processed at 150 mm/min to 15.58 μm for the sample processed
at the highest speed of 250 mm/min. Grain refinement with increasing traverse speed
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during friction stir processing has been extensively reported in the literature and has
been attributed to a heat-input reduction [26,27]. It is worth noting that microstructure
evolution is sensitive to heat input, where higher heat input is not only accompanied by
grain growth but also a significant change in grain morphology [28]. In addition, the
relationship between the grain growth upon cooling and heat input induced by the severe
plastic deformation during friction stir processing can be explained through the following
equation (Equation (2)) [29].

D2 − D2
0 = At exp (−Q/RT) (2)

where D and D0 are the initial and deformed grain size, respectively, A is a constant, T
is the peak temperature, Q is the activation energy, and t is the time to cool down to 448
K [29]. Furthermore, it was reported that dynamic recrystallization is the main mechanism
of grain refinement during FSP where the processed zone experienced high strain rates and
high peak temperatures [30].

Figure 2. Effect of traverse speed on (a) forging forces and (b) spindle torque.

(a) (b)

(c) (d)

Figure 3. Optical micrograph of the samples showing grain morphology of (a) unprocessed base,
(b) FP-10 (c) FP-15, and (d) FP-25.
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Figure 4 presents the effect of tool traverse speed on calculated heat input using
(Equation (1)) and the measured grain size.
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Figure 4. Effect of tool traverse speed on heat input and processed surface grain size.

Figure 5 shows the influence of varying FSP traverse speed on the XRD patterns. As
Figure 5a shows, only the α-Al phase was detected for the base material and processed
samples. Furthermore, little change in diffraction peaks was observed, which confirmed
that no secondary intermetallic phases precipitated because of plastic deformation induced
by FSP. Interestingly, the samples after processing showed an appreciable shift toward
high diffraction angles, and the sample processed at the highest processing speed showed
the most pronounced shift, as can clearly be seen in Figure 5b. To the best of the authors’
knowledge, a shift in aluminum peaks after FSP was not reported before; it has, however,
been reported for magnesium and copper after FSP. This phenomenon of peak shifting was
ascribed to the reduction in lattice parameters that causes compressive stresses [31,32].

(a) (b)

Figure 5. (a) XRD spectra for all samples before and after FSP at different traverse speeds. (b) zoom
in at (111) peak.
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The microhardness and elastic modulus of the base sample was clearly much lower
compared to that of the processed samples under all processing conditions, as shown
in Figure 6. The microhardness of samples FP-10, FP-15, and FP-25 were improved by
96, 48, and 40%, respectively, compared to that of the base metal. The enhanced hardness is
ascribed to the high heat input that may have resulted in the reduction of coarse secondary
strengthening precipitate [33]. It should be mentioned that, though the grain sizes of the
processed materials at different speeds are comparable (Figure 3), the measured hardnesses
are different. Researchers have shown that, in precipitation-hardened aluminum alloys,
grain refinement is not the dominant strengthening mechanism [34]. Other researchers
have found that the effect of grain size of precipitated aluminum alloys on hardness
is insignificant [35]. In addition, the elastic modulus of the base sample was around
64 GPa while, after performing FSP at the lowest speed, the elastic modulus increased
to around 68 GPa. Moreover, the elastic modulus for the samples processed at moderate
and high speeds showed only a small further improvement to approximately 70 GPa. The
improvement in the elastic modulus may be attributed to dynamic recrystallization [36],
which leads to reduced dislocation mobility, therefore, minimizing elastic strain.

Figure 6. Impact of increasing tool traverse speed on microhardness and elastic modulus.

3.3. Electrochemical Behavior
3.3.1. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has been extensively used in the in-
vestigation of the metal-electrolyte interface, surface responses, oxides films formation,
passivation, corrosion kinetics and mechanism, and coating protective effectiveness to
metallic substrates [37,38]. Thus, in order to investigate the effects of FSP parameters on the
kinetics and characteristics of the electrochemical process, EIS measurements were carried
out on the base sample and all processed samples.

Figure 7a–d displays the Nyquist curves, phase angle, and modulus of the base sample
and all processed samples. The Nyquist plots depicted in Figure 7a,b show a relatively
large incomplete semicircle at the high-frequency region, while the low-frequency region
demonstrates a diffusion tail. The larger incomplete semicircle at the high-frequency region
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in the Nyquist plot of processed samples may be ascribed to a charge transfer reaction
at the boundary between the thin film formed on the aluminum surface and the NaCl
solution [39]. However, the occurrence of the small tail at the low-frequency region of the
spectra is attributed to diffusion-controlled processes [40]. The depression phenomenon
under the x-axis can be clearly identified through the incomplete semicircle behavior of the
arcs, which is probably caused by surface heterogeneities resulting from possible corrosion
products and frequency dispersion [41]. As can be observed in Figure 7a, the arc diameter
rises with increasing traverse speed. In addition, the smallest diameter was observed
for the base sample, while the sample processed with the highest traverse speed (FP-25)
demonstrates the highest semicircle diameter. Moreover, the variation in the semicircle
diameter between the base sample and the sample processed at the lowest traverse speed
(FP-10) was remarkably low compared to the deviation in semicircle diameter between the
sample processed at moderate velocity (FP-15) and that fabricated at the highest velocity
(FP-25). Interestingly, the variance in semicircle diameter between the base sample and
(FP-25) sample was not even distinguishable without zooming the base sample area in
the Nyquist plot, as seen in Figure 7b. A huge increment in the semicircle diameters
revealed the significant impact of process conditions on corrosion behavior. Furthermore,
the increase in the radius of the semicircle with the processing can be interpreted by an
enhancement in the surface protection due to the rising stability and compactness of the
passive film formed [42,43]. Therefore, the enhancement in the corrosion resistance was
found to follow the rank of FP-10 < FP-15 < FP-25, and demonstrated a markedly improved
resistance compared to that of the unprocessed sample.

(a) (b)

(c) (d)

Figure 7. Plots of the EIS experimental and fitted data for all samples showing the (a,b) Nyquist,
(c) bode, and (d) phase angle plots.

The bode plots for all samples are presented in Figure 7c. It is evident from the figure
that the total impedance for all the processed samples is remarkably higher than that of the
base sample, which reflects the increased modulus impedance of the processed samples. In
addition, the total impedance revealed a significant increment by increasing the traverse
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speed. Moreover, the deviation in the total impedance was at its lowest when comparing
the base material with the sample processed at the lowest traverse speed; however, with
increasing traverse speed, the deviation between samples processed at the intermediate and
lowest speed was much higher. Furthermore, a huge variation was observed between the
intermediate-speed sample (FP-15) and the sample processed at the highest speed (FP-25),
which indicates a superior corrosion resistance for the sample processed at 250 mm/min
compared to all other samples.

Figure 7d displays the typical Phase angle-frequency plots for both the processed and
base samples. The frequency of the phase angle maxima of the base sample is 25 Hz at
−78◦. In contrast, the (FP-10) sample demonstrated two time constants, the first shifted
toward a frequency of 6.4 Hz at approximately −71◦ and the second shifted toward a
frequency of 241 Hz at −69◦. Additionally, samples (FP-15) and (FP-25) exhibited phase
angle maxima that are shifted toward frequencies of 8 and 0.78 Hz at −81 and −83◦,
respectively. It is worth noting that observing the phase angle maxima for the base sample
at higher frequency suggests weakness in the protective barrier [44]. Moreover, it can be
noticed that the base sample demonstrated a single time constant and upon increasing the
traverse speed two time-constant characteristics can be observed. Similar behavior was
also observed in [45]. Furthermore, more peak broadening indicates an enhancement in
the passive protective barrier over a wide frequency range and a consequent corrosion
resistance improvement [44,46].

All extracted impedance curves were fitted to appropriate corresponding circuits for
further numerical estimation of the barrier characteristics of processed surfaces and prop-
erties of active corrosion protection. Accordingly, two equivalent circuits were proposed;
the first one (Circuit a) was used to stimulate the corrosion behavior at the base surface
as shown in Figure 8a. This circuit included a charge transfer resistance (Rct) that serially
connected to a Warburg element (W) and was in parallel to a constant phase element for
double-layer capacitance (CPEdl), where both (W, Rct//CPEdl) components were connected
in series with the solution resistance (RS) component between the reference and working
electrodes. The second circuit illustrated in Figure 8b (Circuit b) was used to simulate all
the electrochemical processes at the surface of processed samples and contained an Rct that
linked in series to a Warburg element (W) and both components were in parallel with a
constant phase element accounting for the double-layer capacitance of the inner barrier
layer (CPEdl), and the aforementioned three components were connected in series with a
film resistance (Rf) component. Further, W, Rct, CPEdl, and Rf were connected in parallel
with the constant phase element of the outer passive film (CPEf), and the previous circuit
was connected in series with the solution resistance between the reference and working
electrodes (RS).

The charge transfer resistance (Rct) depicted in Table 3 exhibited a rapid increment
for all processed samples over the base material. In addition, it is evident from the fitted
results that the charge transfer resistance increases with increasing traverse speed, which
can be ascribed to the passive film formed at the metal/electrolyte interface [47]. The
presence of this film isolated the aluminum metal surface from the corrosive ions attacks
and thereby obstructing any further transfer of charge or mass. It should be noted that there
is a remarkable difference between the charge transfer resistance (Rct) and film resistance
(Rf) particularly if the processing was carried out at high speeds and this may be attributed
to the key role of the formed oxide film on the metal surface in mitigating the corrosion
process at a particular speed [48]. Moreover, the huge variation between the outer and inner
resistances indicates that the resistance provided by the inner barrier is much higher when
compared with the outer film [49]. Generally, the Warburg element is added to simulate
the diffusion effect as indicated by the straight line of a slope close to 45◦ to the impedance
real axis. This can be observed with the unprocessed sample and gradually reduces for
samples processed at 100 and 150 mm/min as seen in Figure 7a,b. It is expected that a
further decrease will be experienced at the highest traverse speed sample i.e., FP-25 if the
test was allowed for a much lower frequency. Considering the Warburg impedance, it is
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obvious from the table that the lowest Warburg impedance was obtained at the highest
traverse speed of 250 mm/min and, by reducing the traverse speed to 150 mm/min, the
Warburg impedance demonstrated a slight increment. Moreover, with a further reduction
in the traverse speed down to 100 mm/min, a considerable increase in Warburg impedance
was observed, which is relatively comparable with the base metal. A lower Warburg value
indicates a reduction in the diffusion of chloride ions through an oxide passive film and
thereby improving the corrosion resistance [50,51].

Figure 8. Proposed equivalent circuits of (a) base, and (b) processed samples.

Table 3. Electrochemical parameters obtained from simulating the experimental EIS data.

Samples Rs (Ω)
Yn (10−6)

(Ssa)
n

Rf

(kΩ)
Yc (10−6)

(Ssa)
c

Rct

(kΩ)
W (10−5)

Ss1/2
χ

(10−4)

Base 12.38 23.5 0.924 - 6.14 41.4 29.10
FP-10 11.26 10.94 0.878 1.59 3.92 0.98 18.7 56.7 4.68
FP-15 12.24 6.94 0.921 0.09 5.25 0.93 83.9 7.26 15.96
FP-25 12.79 4.43 0.892 1.72 2.16 0.97 1500 6.80 15.29

It is worth noting that the constant phase element was utilized as an alternative to
pure capacitance because the non-ideal capacitive behavior indicated by the deviation in
phase shifts from 90◦, which might be attributed to a heterogeneity property on the surface
of the metal. Additionally, several models have been developed to correlate the passive
film capacitance knowing the constant phase element component (admittance). Hsu and
Mansfeld introduced a model (Equation (3)) to show the relationship between capacitance
and admittance [52].

Cdl = Y0 (ωmax)
n−1 (3)

where, ωmax is the frequency when the imaginary part of the impedance is at its max
value, Y0 is the admittance of the CPEdl, and n is the value corresponding to the surface
roughness.

It can be seen from Table 4 that the double-layer capacitance (Cdl) exhibits a significant
reduction for all processed samples when compared to the unprocessed sample and the
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values are in the order of (FP-15) > (FP-10) > (FP-25). The electrochemical behavior between
the charged aluminum surface and 3.5 wt.% NaCl is reflecting an electrical dual-layer
capacitance behavior [53]. Accordingly, the reduction in the double-layer capacitance of the
processed surfaces indicates a corrosion resistance enhancement with increasing traverse
speed, which can be attributed to a rapid decrease in surface activeness resulting from the
formation of a thicker passive film [54,55]. Accordingly, the thickness of the passive film (t)
can be calculated using the Helmholtz model [56] (Equation (4)).

t =
εε0

Cdl
x (4)

where Cdl is the double-layer capacitance (μF), ε0 is the vacuum permittivity (8.85 × 10−14

F cm−1 [57]), and ε is the passive layer dielectric constant (for aluminum, ε = 10) [57].

Table 4. Variation in double-layer capacitance and passive film thickness for different samples.

Samples Cdl (μF) t (nm)

Base 33.3 2.65
FP-10 11.6 7.63
FP-15 9.99 8.86
FP-25 7.28 12.16

3.3.2. Potentiodynamic Polarization (PDP)

The typical PDP plots of all samples after exposure to the NaCl electrolyte are pre-
sented in Figure 9. Various electrochemical parameters, such as the anodic Tafel slope (βa),
cathodic Tafel slope (βc), corrosion current density (Icorr), and corrosion potential (Ecorr) for
the base sample as well as the processed samples, were derived from the potentiodynamic
polarization curves and are listed in Table 5. The polarization curves exhibited significant
differences between all samples. As can be noted from the data in Table 5, there is a remark-
able difference in corrosion potential between the base and processed samples. It is clear
from Figure 9 and Table 5 that the corrosion potential (Ecorr) is shifted to a more positive
noble potential with increasing tool traverse speed. Moreover, the FP-10 sample exhibited
the lowest corrosion potential i.e the most negative, whereas the FP-25 sample showed the
noblest behavior among all processed and base samples. This shift to a noble direction is
an indication of an improvement in corrosion resistance. Further, as can be inferred from
Figure 9 and Table 5, the corrosion current densities (Icorr) of all processed samples were
markedly lower than that of the unprocessed alloy. Additionally, a further reduction in Icorr
can be observed as the traverse speed increases. The reduction in Icorr. indicates that the
friction stir processing for 6061 AA has enhanced its corrosion resistance. Moreover, the
corrosion current density for the base sample is approximately 600 times higher than that
of the FP-25 sample, which indicates the outstanding corrosion protectiveness of the FP-25
sample. Also, as compared to a base sample, the pitting potential of the FP-25 sample raised
from −780 mV to −600 mV, which suggested an enhancement in the pitting resistance.
Furthermore, the pitting resistance of the other two processed samples is also high despite
their lower corrosion potential. Enhancing pitting resistance was also reported after the
FSP of AA 7075 [58].

A remarkable variation in the cathodic and anodic Tafel slopes can be detected through
the inspection of Table 5. In particular, the anodic behavior revealed that the unprocessed
sample had less tendency to be oxidized compared to all processed samples, where βa
value for the unprocessed sample was the highest, and a further reduction in the anodic
slope can be noticed with increasing tool traverse speed, which suggests an enhancement in
the oxidation tendency [59]. In addition, the cathodic Tafel slope βc revealed a remarkable
reduction upon deploying FSP. Moreover, the cathodic slope is further reduced with
increasing traverse speed, which suggests a diffusion of oxygen molecules to form (OH−)
in the processed samples [60].
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Figure 9. Typical PDP curves for all samples after 15 days 3.5 wt.% NaCl.

Table 5. Electrochemical parameters obtained from PDP plot.

Samples βa βc Icorr (μA) Ecorr (V) Corrosion Rate (mpy)

Base 1.994 2.78 × 10−1 3.28 −0.832 1.498
FP-10 7.38 × 10−1 1.68 × 10−1 1.7 −1.05 7.79 × 10−1

FP-15 6.57 × 10−1 1.10 × 10−1 1.12 × 10−1 −0.867 5.11 × 10−2

FP-25 8.69 × 10−2 7.60 × 10−2 5.47 × 10−3 −0.693 2.50 × 10−3

3.3.3. Linear Polarization Resistance (LPR)

Linear polarization plots for different samples (processed and base) in NaCl solution
are presented in Figure 10. The polarization resistance (RP) was obtained as a slope of
potential versus current. To calculate the corrosion current density based on the linear
polarization resistance approach, the Stern–Geary equation was utilized, which correlates
the current density (Icorr) with polarization resistance (RP) (Equation (5)) [61].

Icorr =
βaβc

2.303 RP(βaβc)
(5)

where Rp is the polarization resistance obtained from the LPR slope, and βa and βc are the
cathodic and anodic Tafel slopes derived from PDP curves, respectively.

Subsequently, to calculate the corrosion rate (mpy), Equation (6) was used:

CR =
0.131 Icorr EW

ρ
(6)

where ρ is the sample density and EW is the sample equivalent weight.
As indicated in Table 6, the corrosion current density of the unprocessed sample is

significantly higher than that of all processed samples. Additionally, the highest polariza-
tion resistance was obtained for the sample processed at the highest speed and a further
reduction can be observed with a reduction in the traverse speed. It should be emphasized
here that the polarization resistance is directly related to the corrosion resistance, therefore,
a sample with the highest polarization resistance exhibited the highest corrosion resistance.
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Figure 10. Typical LPR plots for all samples in 3.5 wt.% NaCl electrolyte.

Table 6. LPR data obtained after 15 days of exposure of all samples to 3.5 wt.% NaCl solution.

Sample Rp (kΩ) Icorr (μA) CR (mpy)

Base 35.87 2.724 1.168
FP-10 34.63 1.72 0.736
FP-15 220.1 0.185 0.0795
FP-25 2087 0.00844 0.00362

Results obtained from the different electrochemical techniques (LPR, EIS, and PDP)
demonstrate a strong agreement. In addition, the base sample shows the highest corrosion
susceptibility, while, after surface processing by employing FSP, a further increment in
the corrosion resistance was observed on increasing the tool traverse speed. It should be
emphasized that many studies have indicated a direct relationship between grain size, the
passive film formed, and the corrosion resistance of aluminum-based alloys [62,63]. Due to
the unique properties of grain boundaries compared to bulk materials, such as diffusion
rates, atomic coordination, and reactivity, it is expected that a reduction in grain size will
result in a substantial change in electrochemical behavior [63]. Additionally, breaking the
intermetallic phases is another consequence of grain refinement [64]. These intermetallic
compounds have a cathodic nature relative to the aluminum matrix and therefore their
refinement and dissolution will remarkably improve the corrosion resistance. Ralston
et al. [62] reported that a surface with a higher density of grain boundaries and finer grains
is more likely to attract an intact passive protective film. Jilani et al. [65] have also studied
the impact of grain refinement on the corrosion resistance of 1-XXX aluminum alloy. Their
results confirmed that grain size reduction along with precipitate redistribution markedly
improved the corrosion resistance by forming a continuous protective passive film. Like-
wise, the influence of severe plastic deformation of 2099 Al-Li on the formation of passive
film was studied by Jinlong et al. [66]. The results illustrated that the corrosion susceptibil-
ity reduces due to refinement in both grain and precipitates, where grain refinement leads
to electron work function decline and, thus, a thicker passive film.

Generally, various studies in the literature have shown that FSP resulted in an increase
in the fraction of high-angle grain boundaries [67–69]. For instance, Li et al. [69] studied
the impact of heat input during FSP on Mg-Li alloy on the fraction of high-angle grain
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boundaries. Their results indicated that the reduction in grain size and the increase in the
fraction of high-angle grain boundaries are associated with lower heat input.

The consequence of this shift to a higher fraction of high-angle grain boundaries
(HAGBs) on corrosion behavior was intensively investigated by Argade et al. [70], Dan
et al. [71], and Rao et al. [60]. For example, Argade et al. [70] have concluded that the
corrosion enhancement after friction stir processing of AA 5083 was attributed to grain
refinement, which improved the polarization resistance, passivation, and pitting poten-
tial. Moreover, high-angle grain boundaries provided by the process raise the corrosion
resistance by accelerating the passivation re-passivation phenomenon. Dan et al. [5] have
studied the impact of grain refinement on the corrosion behavior of pure aluminum and
have reported a significant enhancement in corrosion and pitting resistance for the sample
with finer grain, which was attributed to a denser passive film. Further, it was also sug-
gested that the oxide film favored a higher grain boundary, which protects the surface of
the processed sample against chloride attack, thereby enhancing the corrosion resistance.
Rao et al. [60] have demonstrated that the transformation from low-angle grain boundaries
to high-angle counterparts after friction stir processing of Al–30Si alloy is a fundamental
reason for the stability of the oxide film formed. Therefore, the results obtained in the
current study may follow the same behavior, whereby employing FSP significantly dimin-
ishes grain size and raises the fraction of high-angle grain boundaries. Moreover, a further
reduction in grain size was detected with increasing tool traveling speed, which resulted in
superior corrosion resistance due to the more adhered and compacted passivation film.

3.4. SEM Images of the Corroded Samples

The morphology of the intense corrosion attack of the processed and base samples
after 15 days of exposure to the electrolyte is depicted in Figure 11. For the base sample, a
severe corrosion attack on the surface can be clearly noticed and indicated by corrosion
products adhered to the surface. Additionally, within the corrosion products, large pits are
observed. Surprisingly, microcracks can also be detected beneath the corrosion products,
which may be ascribed to the initiation of intergranular corrosion. The corrosion marks
of the friction-stir-processed samples demonstrated a different appearance, as shown in
Figure 11b–d. The size and the density of pits became noticeably lower compared with that
of the base sample. Moreover, the adsorption of corrosion products is hardly detected on
samples processed at 100 and 250 mm/min, as shown in Figure 11b,d, which is attributed
to a grain refinement that enhanced the passivation film formed. Interestingly, the adhesion
of corrosion products can be seen on the surface of the FP-15 sample in Figure 11c; however,
one with completely distinctive characteristics compared to the base counterpart which
can be interpreted by the reduction in the outer film resistance of this sample (90 Ω). In
addition, a dense layer of corrosion products may act as a barrier to impede a further
corrosion attack.
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Figure 11. SEM images of the corroded surface of (a) base sample, (b) FP-10 sample, (c) FP-15 sample,
and (d) FP-25 sample in 3.5 wt.% NaCl.

4. Conclusions

Friction stir processing using a pinless tool was successfully applied under different
tool traverse speeds on structural aluminum alloy 6061. The results have shown a remark-
able influence of FSP on the modified surface microstructure, mechanical properties, and
corrosion resistance. From the current study, the following conclusions can be drawn:

1. It was found that friction stir processing resulted in considerable grain refinement of
the base material of up to 81, 82.5, and 83.4 % reduction in the grain size at a traverse
speed of 100, 150, and 250 mm/min, respectively. In addition, increasing the traverse
speed from 100 to 250 mm/min has only a slight influence on the grain size refinement.
Consequently, the microhardness was generally enhanced compared to the base
material. However, increasing the traverse speed between 150 and 250 mm/min
resulted in a reduction in the microhardness properties. This was attributed to a lower
heat input at higher traverse speeds.

2. All the employed electrochemical techniques used in testing the corrosion resistance
of all samples proved the achieving of an outstanding corrosion resistance behavior
after deploying FSP on the 6061-aluminum base substrate, and an increase of the
traverse speed caused a rapid improvement in the corrosion resistance.

3. Estimation of the passivation film thickness from the EIS measurements showed that
the film thickness increased from 2.7 nm of the base materials to 7.6, 8.9, and 12.2 nm
for traverse speeds of 100, 150, and 250 mm/min, respectively. This led to an im-
provement in the corrosion behavior of the samples by reducing the corrosion rate by
47.9, 96.6, and 99.8% for traverse speeds of 100, 150, and 250 mm/min, respectively,
according to the potentiodynamic measurement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15228124/s1, Figure S1: Optical micrograph for FP-10 sample
to demonstrate the method adopted to measure the mean grain size; Figure S2: Optical micrograph for
FP-15 sample to demonstrate the method adopted to measure the mean grain size; Figure S3: Optical
micrograph for FP-25 sample to demonstrate the method adopted to measure the mean grain size;
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Figure S4: Optical micrograph for base sample to demonstrate the method adopted to measure the
mean grain size; Table S1: Optical micrograph for FP-10 sample to demonstrate the method adopted to
measure the mean grain size; Table S2: Typical grain morphology information for FP-15 sample drawn
from the Olympus stream analysis software; Table S3: Typical grain morphology information for
FP-25 sample drawn from the Olympus stream analysis software; Table S4: Typical grain morphology
information for the base sample drawn from the Olympus stream analysis software.
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Abstract: Uniform polyaniline (PANI) nanotubes were synthesized by a self-assembly method
under relatively dilute hydrochloric acid (HCl) solution. Scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy, and UV-Vis-NIR spectroscopy were employed to
characterize the morphology and molecular structure of the PANI products. SEM images show
that the PANI nanotubes have uniform morphology and form compact coating on the substrate
surface. For comparison, aggregated PANI was also synthesized by conventional polymerization
method. The performance of the PANI products on carbon steel was studied using eletrochemical
measurement and immersion corrosion experiment in 3.5 wt% NaCl aqueous solution. The corrosion
potentials of carbon steel samples increase by 0.196 V and 0.060 V after coated with PANI nanotubes
and aggregated PANI, respectively, and the corrosion currents density decrease by about 76.32%
and 36.64%, respectively. The 6-day immersion experiment showed that the carbon steel samples
coated by PANI nanotubes showed more excellent anticorrosion performance, because the more
compact coating formed by PANI nanotubes may inhibit the corrosion process between the anodic
and cathodic.

Keywords: polyaniline; nanotubes; one-dimensional; electrochemical performance

1. Introduction

Conducting polymers have been studied for their excellent protective ability for metals
in the last few years. Polyaniline is generally considered to be one of the best candidates
for an excellent anticorrosion film, because of its ease of synthesis [1–5], interesting redox
properties [6,7], and good environment stability [8,9]. Although enormous efforts have been
devoted to the study of electrochemical polymerization [10–13], it is not easy to make large
polyaniline films in this method and some corrosion-susceptive metals are often oxidized
or dissolved in the potential domain of the polyaniline electro-polymerization. Another
strategy explored was the use of the chemical polymerization method. However, most
of the products in conventional polymerization method are aggregated PANI with poor
solubility in conventional solvents, which is unfavorable to the formation of compact films.

In order to obtain large-area and compact coatings, specific PANI nanostructures syn-
thesized by chemical polymerization may be an effective method to improve the solubility
and dispersion stability [14–16]. It is generally considered that the compact PANI film itself
can generate compact passive layers on the metal surface and inhibit the corrosion process
between anodic and cathodic [17–20]. Therefore, some researchers have tried to explore
novel PANI nanostructures, especially one-dimension nanostructures, for anticorrosion
application. Yao et al. [15] synthesized polyaniline nanofibers with good solubility and
dispersion stability in ethanol, and applied them to carbon steel surfaces as a suspension
in ethanol and investigated the anticorrosion performance. The results showed that PANI
nanofibers bring a better passive effect to carbon steel and provide more excellent corrosion
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protection than aggregated PANI. Yang et al. [16] synthesized polyaniline nanostructures
in sulfuric acid solution using three different polymerization methods. They found that
nanofibers synthesized by the direct mixed reaction method have highly uniform mor-
phology which may improve the solubility and the formation of the compact coating thus
effectively enhancing the corrosion protection property. The polyaniline nanotube is an-
other one-dimension nanostructure which has attracted a great deal of attention because of
its potentially interesting electrical and optical properties [21–23]. Moreover, PANI nan-
otubes with uniform morphology may have good solubility and dispersion stability which
is necessary in the formation of compact coatings. On the other hand, it was found that
pure PANI coating film had a good protective effect, but its corrosion protection was short
term due to its poor barrier to water. It is necessary to develop a blended coating containing
both conventional resin and PANI [19]. Although there are several previous reports of
PANI nanotubes used as anticorrosion coating, the preparation of PANI nanotubes and
design of high-performance anticorrosion PANI nanotube/polymer coatings are still a
great challenge.

In this study, polyaniline nanotubes were prepared under a relatively dilute HCl
solution. The obtained polyaniline products were not only directly applied on carbon steel
surface but also as fillers dispersed in alkyd resin to investigate their anticorrosion perfor-
mance. The results show that PANI nanotubes have more excellent protective properties
than aggregated PANI. The protection mechanism was also discussed.

2. Materials and Methods

2.1. Materials

Aniline (analytical grade) was obtained from Tianjin Tianli Chemical Reagent Co.
Ltd. and purified by distillation prior to use. Ammonium persulfate (APS), N-methyl-2-
pyrrolidone (NMP), hydrochloric acid, and methanol were analytical grade and used with-
out further purification. The alkyd resin we used was 3139 alkyd resin of Hubei Wuhan Lion
Rock brand (viscosity: ≥300/25 ◦C, solid: 65 ± 2%, acid value: ≤10 mgkoh/g). All aqueous
solutions were prepared with deionized water by an ultrapure water treatment system.

2.2. Preparations

PANI nanotubes were prepared by a self-assembly method under relatively dilute
HCl solution. One milliliter of aniline was dissolved in 10 mL of 1 mol/L HCl and 2.5 g
APS was dissolved in 40 mL deionized water. The two solutions were then mixed and
immediately shaken well for approximately 5 min. The reaction was carried out at room
temperature for an extra 24 h. The reaction products were washed with deionized water
and centrifuged to separate PANI. Separated PANI was then dispersed in deionized water
and centrifuged. This treatment was repeated several times until the suspension reached a
neutral pH and became colorless. The resulting polyaniline precipitate was centrifuged
and repeatedly washed using methanol to remove the oligomer and finally dried in an
oven at about 60 ◦C for 24 h.

In the conventional polymerization method, 1 mL of aniline was added to 10 mL of
1 mol/L HCl solution, and the mixed solution was transferred to an ice bath environment.
Then 40 mL pre-cooled aqueous solution of APS (0.25 mol/L) was added dropwise to the
pre-cooled aniline-acid mixed solution with constant stirring. The reaction was conducted
at 5 ± 1 ◦C. After the addition, the stirring was continued for 1 h for ensuring complete
polymerization. Then the reaction products were purified using deionized water and
methanol. The operation is similar to the subsequent treatment of PANI nanotubes.

The rectangular (28 mm × 24 mm × 1 mm) carbon steel (the content of carbon
is 0.22–0.45%) samples were polished by emery paper 1000 grit, and all steel working
samples were treated in acetone and ethanol solution to degrease prior to coating. A certain
quality of aggregated PANI or PANI nanotubes was dissolved in NMP to obtain a 10%
suspension respectively.
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The obtained PANI products were also used for the preparation of the aggregated
PANI/alkyd and PANI nanotube/alkyd coatings. The coating systems were prepared
separately by dispersing 2.0, 5.0, and 8.0 wt% of polymers (aggregated PANI and PANI
nanotubes) in 20 wt% solution of alkyd in xylene. Additionally, the alkyd without PANI
was prepared as well.

Both of the PANI and PANI/alkyd coatings were allowed to dry in air at room
temperature for 144 h, then the coated samples were encapsulated by paraffin and a
constant area of about 1 cm2 was left for corrosion test.

2.3. Characterization

The thicknesses of the PANI alone and PANI/alkyd coatings were measured us-
ing a magnetic thickness gauge (QCC-A, Jiangdu Pearl Experimental Machinery Factory,
Yangzhou, China). Morphologies of the PANI products and the coatings were investigated
by a Sirion field-emission scanning electron microscopy (Hitachi S-4800, FEI Company,
Hillsboro, OR, USA). The magnifications of PANI nanotubes and aggregated PANI in SEM
(Figure 1) are both 50,000, and the magnifications of the PANI nanotubes and aggregated
PANI coatings (Figure 2) are both 3000. The molecular structures of polyaniline nanostruc-
ture were studied by an attenuated total reflectance Fourier transform infrared spectrometer
(ATR-FTIR, Nicolet iS10, Thermo Electron Corporation, Waltham, MA, USA) and a Cary
5000 UV-Vis-NIR spectrometer (Agilent Technologies, Ltd, Santa Clara, CA, USA). In ATR
the frequency range was from 550 to 4000 cm−1, number of scans was 32, and the resolution
used was 6 with dataspacing 1.929 cm−1. The electrochemical corrosion measurements
were performed on a potentiostat/galvanostat (CHI 600C, Chenhua Company, Shanghai,
China) in a three-electrode electrochemical cell using carbon steel samples as working
electrodes. A Pt sheet was used as a counter electrode and all potentials were referred to the
saturated calomel electrode (SCE). In Tafel plot, the scanning rate was 10 mV/s. The electro-
chemical impedance spectroscopy (EIS) measurements were taken in the frequency range
of 100 k to 0.01 Hz, and the amplitude of the sinusoidal voltage signal was 10 mV. The EIS
data were analyzed and fitted with ZSimpWin software. In both Tafel and EIS experiments,
the corrosion environment was 3.5 wt% NaCl water solutions at room temperature.

 
Figure 1. SEM images of PANI nanotubes (a), and aggregated (b).
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Figure 2. SEM images of the coatings of PANI nanotubes (a), and aggregated PANI (b).

3. Results and Discussion

Figure 1 shows the SEM images of PANI nanotubes and aggregated PANI. It is found
that the PANI nanotubes have nearly uniform outer diameters of 180–250 nm, wall thick-
nesses of 40–80 nm, and lengths varying from 500 to 2000 nm (Figure 1a). However, the
PANI synthesized by conventional polymerization method are irregularly shaped agglom-
erates containing varies of particulates (Figure 1b). In our experiments it is evident that a
relatively dilute acidic condition was obtained when the APS solution was mixed with the
aniline–acid solution directly, while a higher acidity was kept when the APS solution was
added dropwise. The PANI nanotubes are proposed to produce within an intermediate
acidity interval, and granular PANI are obtained at higher acidity [24]. Polymerization
starting in mildly acidic conditions results in aniline oligomers, which are insoluble in
water [25,26]. These aniline oligomers may be made of phenazine-like moieties oxidized
from ortho-coupled aniline. They aggregate to constitute a template-like structure, which
further dictates the directional growth of PANI, namely the production of PANI nanotubes.
In addition, the final nanotubular productions are generated through the self-organized
phenazine units and the stacking of aniline oligomers [24,25,27–32].

The thicknesses of aggregated PANI and PANI nanotubes coatings were measured at
8 ± 0.3 μm. The SEM morphologies of polyaniline coatings formed using PANI nanotubes
and aggregated PANI are presented in Figure 2. It can be seen that the coating (Figure 2b)
formed by aggregated PANI shows agglomerates and some cracks on the coating. In the
presence of PANI nanotubes, the image (Figure 2a) gave the formation of a more uniform
and compact coating. These different macroscopic properties of the polyaniline coatings
could directly affect anticorrosion performance.

The FTIR spectra of the PANI nanotubes and aggregated PANI are given in Figure 3.
The PANI nanotubes and aggregated PANI have similar FTIR spectra. The peaks at 1570
and 1487 cm−1 are the stretching mode of C=N and C=C for the quinoid and benzenoid
rings. The peaks at 1294 and 1244 cm−1 are assigned to the C−N stretching mode of
benzenoid ring, while the peaks at 1130 and 800 cm−1 are attributed to the aromatic C−H
in-plane bending and the out-of-plane deformation of C−H in the 1,4-disubstituted benzene
ring, respectively [33]. These values are similar to the previously reported infrared spectra
for polyaniline systems [34,35]. Figure 4 shows the UV-Vis-NIR spectra of the polyaniline
structures. Two distinctive absorption bands at 374.5 and 468 nm can be seen in the UV-Vis-
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NIR spectra. The former is associated with the π → π* transition and the latter is caused by
polaron band → π* transition [33,36]. FTIR and UV-Vis-NIR results show that the states of
the nanostructures should be doped polyaniline in their emeraldine salt forms [16].

Figure 3. FT−IR spectra of PANI nanotubes and aggregated PANI.

 
Figure 4. UV-Vis-NIR spectra of PANI nanotubes and aggregated PANI.

The potentiodynamic polarization curves for uncoated carbon steel (CS), carbon steel
covered with aggregated PANI (CS-A-PANI), and carbon steel covered with PANI nan-
otubes (CS-N-PANI) in 3.5 wt% NaCl solution are shown in Figure 5. The values of
corrosion potential (Ecorr) and corrosion currents density (Icorr) obtained from the potentio-
dynamic polarization curves are presented in Table 1. Compared with uncoated carbon
steel, the Ecorr of CS-A-PANI and CS-N-PANI increased about 0.060 V and 0.196 V, while
the Icorr of CS-A-PANI and CS-N-PANI decreased about 36.64% and 76.32%, respectively.
When the carbon steel covered with aggregated PANI and nanotube PANI, the value of
cathodic Tafel constants decrease from 95.1 mV/dec to 85.3 and 71 mV/dec, simultaneously
the value of anodic Tafel constants decrease from 85.5 mV/dec to 70.9 and 66.5 mV/dec.
These results indicate that PANI nanotubes have better corrosion protection to carbon
steel than aggregated PANI. This is possibly due to PANI nanotubes possess favorable
adhesion to carbon steel and guarantee the generation of the passive layer on the carbon
steel surface [37].

Table 1. Tafel curves parameters for uncoated CS, CS-A-PANI, and CS-N-PANI in 3.5 wt% NaCl solution.

Electrodes Icorr (μA cm−2) Ecorr (V) ba (mV/dec) bc (mV/dec)

Uncoated CS 9.514 −0.541 85.5 95.1
CS-A-PANI 6.028 −0.481 70.9 85.3
CS-N-PANI 2.253 −0.345 66.5 71
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Figure 5. Tafel curves for uncoated CS (a), CS−A−PANI (b), and CS−N−PANI (c) in 3.5 wt% NaCl
aqueous solution.

To further study the corrosion protection performance of PANI nanostructures, impedance
spectra were employed to investigate the anticorrosion properties of the obtained PANI/alkyd
coating system during immersion in 3.5 wt% NaCl solution. Figure 6 shows the impedance
spectra of the alkyd coating containing aggregated PANI (the filler content is 0, 2, and
5 wt% and the obtained samples are abbreviated as Alkyd, Alkyd−A2, and Alkyd−A5,
respectively). The obtained EIS spectra were fitted by two different equivalent circuits
(depicted in Figure 6), in which Rs, Rc, and Rct are the electrolyte solution resistance, coating
resistance, and charge transfer resistance, respectively, while Qc and Qdl represent constant
phase elements (CPE) associated with coating capacitance and double layer capacitance,
respectively. As can be seen from Figure 6a, the impedance modulus of pure alkyd coating
decreased with immersion time. After only two days of immersion, the impedance modulus
at 0.01 Hz became less than 107 Ω·cm2. Meanwhile, the second time constant can be also
observed, which indicates that the electrochemical reactions at coating/metal interface
took place. For the coating incorporated with PANI, it can be clearly seen (Figure 6b)
that the addition of a small amount (2 wt%) of aggregated PANI significantly enhanced
the anticorrosion properties of the alkyd coating, after 30-day immersion the impedance
modulus also remains nearly 108 Ω·cm2. However, with increasing aggregated PANI
content (5 wt%), a dramatic decrease in impedance modulus is observed (Figure 6c).
After 30 days of immersion, the time constant associated with the corrosion reactions at
coating/metal interface also appears. Generally, the pure alkyd coating sample is partially
heterogeneous and has lots of micro-defects, which affect the barrier properties of the
polymer coating. The addition of a small amount of aggregated PANI may block the
defects in some extent and thus form more compact coating structure, whereas an excess of
aggregated PANI may agglomerate and affect the homogeneity of the coating, which result
in the generation of some new micro-paths for corrosive media transportation [19].

For PANI nanotube/alkyd coating system (the samples containing 2, 5, and 8 wt% of
PANI nanotubes are abbreviated as Alkyd−T2, Alkyd−T5, and Alkyd−T8, respectively),
the variation of impedance spectra (as shown in Figure 7) shows a similar trend with that
of aggregated PANI/alkyd coatings. The difference is that with the increase in nanotube
content, the anticorrosion property does not decrease until the filler content is higher than
5 wt%. Additionally, after 30-day immersion, all the PANI nanotube/alkyd coatings remain
relatively high impedance modulus, more than 108 Ω·cm2. The values of Rc and Qc were
also evaluated using the fits of experimental spectra and are shown in Table 2. Comparing
the obtained data, it can be clearly observed that values of Rc and Qc increase and decrease
at first and then decrease and increase with the increase in filler (aggregated PANI or PANI
nanotubes) content, respectively. The optimum content of aggregated PANI and PANI
nanotubes are 2 wt% and 5 wt%, respectively. All these results are in agreement with those
obtained from the impedance modulus, which indicates that PANI nanotubes are easier to
disperse in alkyd resin forming more compact structures, and thus show more excellent
protective properties than the aggregated PANI.
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Figure 6. Impedance spectra for carbon steel coated with Alkyd (a), Alkyd−A2 (b), and Alkyd−A5
(c), in 3.5 wt% NaCl solution.

Table 2. Electrochemical parameters calculated from EIS spectra of alkyd coatings containing PANI
nanostructures immersed in 3.5 wt% NaCl solution.

Samples
Rc (Ω · cm2) CPEc−T (F · cm−2) CPEc−P

Value Error (%) Value Error (%) Value Error (%)

Alkyd 1.48 × 107 1.54 2.55 × 10−9 5.45 0.90 0.62
Alkyd−A2 7.90 × 107 5.31 1.69 × 10−9 2.01 0.92 0.26
Alkyd−A5 3.01 × 107 2.88 2.43 × 10−9 5.54 0.90 0.69
Alkyd−T2 7.38 × 108 9.14 1.26 × 10−9 5.89 0.93 0.79
Alkyd−T5 1.32 × 109 4.87 1.08 × 10−9 4.04 0.95 0.55
Alkyd−T8 5.30 × 107 1.42 2.31 × 10−9 1.96 0.91 0.26

Based on above discussion, the protection mechanism of PANI nanotubes was schemat-
ically illustrated in Figure 8. It was widely reported that PANI prevents corrosion of steel in
two ways [27,33,35]. On the one hand, it acts as a physical barrier preventing penetration of
corrosive media across the film. On the other hand, it induces the formation of passive layer
on the steel surface. As can be clearly seen, the PANI nanotubes with uniform diameters
can be easily dispersed in alkyd resin, forming a more compact coating structure, and thus
preventing the corrosive ions transport through the coating. In addition, the relatively high
PANI nanotube content in the alkyd coating doubtlessly ensures the good physical contact
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between PANI and steel substrate, facilitating the formation of passive layer. All these
factors guarantee the excellent protection properties of PANI nanotubes.

Figure 7. Impedance spectra for carbon steel coated with Alkyd−T2 (a), Alkyd−T5 (b), and
Alkyd−T8 (c), in 3.5 wt% NaCl solution.

Figure 8. Mechanism of corrosion protection of alkyd containing PANI nanostructures.

4. Conclusions

Polyaniline nanotubes with uniform morphology were synthesized under relatively
dilute acidic conditions. Phenazine-like moieties generated in mildly acidic conditions
dictated the growth of PANI nanotubes. The obtained PANI products were not only
directly applied on the carbon steel but also dispersed in alkyd resin as fillers to investigate
their anticorrosion properties in the corrosive saline media. The results show that PANI
nanotubes have more excellent protection properties than the aggregated PANI obtained
by conventional polymerization method. The excellent anticorrosion properties of PANI
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nanotubes may be due to the formation of the compact coating on the carbon steel surface,
guaranteeing the generation of the passive layer on the substrate surface. Moreover,
a sufficient amount of PANI nanotubes ensures the homogeneity of the alkyd coating
improving the barrier properties of the polymer film, as well as a good physical contact
between PANI and steel substrate facilitating the formation of the passive layer.
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Cimpoes, u, R.; Munteanu, C.; Lohan,

N.M.; Zegan, G.; Cernei, E.R.; Ionit,ă,
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Abstract: Special materials are required in many applications to fulfill specific medical or industrial
necessities. Biodegradable metallic materials present many attractive properties, especially mechan-
ical ones correlated with good biocompatibility with vivant bodies. A biodegradable iron-based
material was realized through electric arc-melting and induction furnace homogenization. The new
chemical composition obtained presented a special property named SME (shape memory effect)
based on the martensite transformation. Preliminary results about this special biodegradable material
with a new chemical composition were realized for the chemical composition and structural and
thermal characterization. Corrosion resistance was evaluated in Ringer’s solution through immersion
tests for 1, 3, and 7 days, the solution pH was measured in time for 3 days with values for each
minute, and electro-corrosion was measured using a potentiostat and a three electrode cell. The
mass loss of the samples during immersion and electro-corrosion was evaluated and the surface
condition was studied by scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS). SME was highlighted with differential scanning calorimetry (DSC). The results confirm the
possibility of a memory effect of the materials in the wrought case and a generalized corrosion (Tafel
and cyclic potentiometry and EIS) with the formation of iron oxides and a corrosion rate favorable
for applications that require a longer implantation period.

Keywords: iron based biodegradable alloy

1. Introduction

A special class of degradable biomaterials is intended for temporary implants whose
presence is necessary to heal diseased tissue [1]. These types of implants work based on
the same principle, but applications for different physiological environments differentiate
them. For example, in temporary cardiovascular applications, coronary stents must open a
narrowed artery and keep it open until the blood vessel is healed by replacing old tissues
with newly formed ones [2,3]. In the case of orthopedic applications, implants of this type
heal a fractured bone, keep it sustained until a healthy bone tissue is formed to replace the
implant, which should then degrade. For use in cardiovascular applications such as stents,
these biodegradable metals have shown adequate properties and special purity of the metal
following the process of obtaining them from metallurgy and electrodeposition. [4]. The
classical methods of thermal and thermomechanical treatments also play an essential role
in obtaining properties with a specific destination for medical applications.

To fulfill their function in the healing process and to be successful in application, the
biodegradable materials used for coronary stents must have a balance between the me-
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chanical properties and the degradation process [5]. The speed with which the degradation
occurs is crucial to allow the stent to maintain its mechanical resistance long enough to be
able to heal the diseased arterial vein. The healing period in this case can be between 6 and
12 months [6,7]. The speed with which the material degrades must be optimal to allow the
waste resulting from the degradation to be eliminated from the body. Waste accumulation
around the implant can be harmful and can cause other unwanted injuries. Some studies
indicate a favorable period for complete degradation of a stent to be between 12–24 months
after implantation [8].

Studies on biodegradable metals present different methods in material development
and improvement of mechanical properties. In vitro and in vivo studies are performed
to obtain an optimal rate of degradation. Data were recorded on Fe-Mn alloy coronary
stents [9], WZ21 Mg gastrointestinal implant [10], and Mg implant for laryngeal micro-
surgery [11].

Fe plays an important role in the breakdown of lipids, proteins, and DNA damage by
producing reactive species following the Fenton reaction [12–14].

Following in vitro research, pure Fe has had a positive effect on the prevention of
restenosis [12,15]. Another alloying element that can be associated with Fe is Mn. Excess
Mn in the body has not been shown to be toxic. The alloying of Fe with Mn led to the
production of new austenitic and some antiferromagnetic alloys, compatible with the
magnetic field of MRI [16]. Fe-Mn alloys are influenced in the degradation process by
increasing the corrosion rate given by Mn from the oxide layer formed. Zhang et al. [17]
showed that the additional corrosion of the substrate is due to the Mn oxide present on
the metal surface. Dargusch et al. [16] confirmed this in his paper, noting the uniform
distribution of Mn oxide on the corrosion layer of the Fe-Mn alloy. Another important
factor that could influence the rate of degradation is deformation. In the study by Heiden
et al. [18], it was concluded that the rate of degradation of cold-rolled Fe-20Mn alloy was
slower than that of the same cast alloy due to the more protective oxide layer formed on
the metal surface. Hermawan et al. [19–22] has numerous studies on biodegradable Fe-Mn
alloys, thus giving encouraging prospects for future studies in the design of new alloys
based on Fe-Mn alloys. Several classes of new materials have been proposed, such as
Fe-Mn-Pd alloys [23], Fe-Mn-(Co, C, Al, etc.) [24] as having a good degradation behavior
and mechanical properties suitable for these types of implants. Specialist studies have
shown the mechanism of Fe-Mn alloy degradation during dynamic degradation tests in
the solution modified by Hank’s solution. Following in vitro tests, Fe-Mn alloys showed a
better degradation rate, 220–240 μm/year, than in the case of pure Fe [25].

The basic property of SMA (shape memory alloys) is that when thermally or me-
chanically activated they have the SME and the pseudo-elastic effect. If we add to these
materials with special properties noted above, good resistance to corrosion and bending,
and compatibility with magnetic and biological resonance, we obtain special materials
that will undoubtedly be the best candidates in choosing materials for different medical
applications. The addition of Si in the alloys of the Fe-Mn system leads to the appearance of
the SME, as previously demonstrated [26,27]. B. Liu et al. in 2010 obtained favorable results
following studies conducted on FeMn-Si alloys as candidates for biodegradable alloys.
The important aspects that raise the issue of investigations on these alloys for applications
in biodegradable implants are related to the microstructure, mechanical properties and
SME, biocompatibility, and good degradation rate. The SME of FeMn-Si alloys formed by
ε-martensite and γ-austenite phases was clearly shown. Also, with the addition of Si, an
increase in the content of the γ-austenite phase was observed [28].

In this article, the behavior of the corrosive environment in the cast and wrought state
of FeMnSi alloy was presented with emphasis on degradation properties of the materials.
SEM, EDS, and EIS results are given to highlight the surface state of the samples after
contact with Ringer’s solution. The enhancement of corrosion rate with addition of Si to an
FeMn alloy is expected and differences of corrosion rate between cast and wrought samples
were observed.
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2. Materials and Methods

An experimental alloy, FeMn-Si was obtained from high purity materials in a vacuum
Arc Melting Facility MRF ABJ 900 (University Politehnica Bucharest, Bucharest, Romania),
which ensured the melting of metallic materials in Ar-controlled atmosphere after preemp-
tive working chamber up to 10−5 mbar by using a non-consumable throttle tungsten mobile
electrode. The re-melting process, repeated five times, occurred in an induction furnace
(Inductro, Bucharest, Romania) in ceramic crucible at “Gheorghe Asachi” Technical Univer-
sity in Iasi. The ingot was wrought until it was a 1 mm sheet, using a hot rolling equipment
with the sample heated to 1100 ◦C and 5 reduction passes. The samples analyzed in this
article were in cast and wrought states (C and W), both heat-treated through solution water
quenching (heated to 1100 ◦C, maintained for 5 min for temperature homogenization and
cooled in water + ice). For experimental tests, the specimens were mechanically polished
with Al2O3 suspension solution (2–5 μm) after metallographic grinding with paper disks
with 160–4000 MPi granulation. The cleaning of the surface was done with ethyl-alcohol
for 30 min and the microstructure was highlighted by chemical etching using Nital 2%
solution [29].

Two sample fragments were cut, weighing less than 50 mg, for DSC experiments
(Partner digital balance). A differential scanning calorimeter type DSC 200 F3 Maya
(NETZSCH, Selb, Deutschland) was used, with sensitivity: <l W, temperature accuracy
of 0.1 K, and enthalpy accuracy generally <1%. The calibration was done according to
the standards with Hg, Bi, In, Sn, and Zn. Temperature scans were performed with
the following temperature program: cooling from room temperature to −50 ◦C, heating
from −50 ◦C to 200 ◦C, and cooling to room temperature. The cooling and heating rate
was 10 K/min. All experiments were performed under an Ar protective atmosphere.
NETZSCH’s Proteus software version 4.8.5 was used to evaluate the DSC thermograms
resulting from cooling and heating using the tangent method for determining critical
temperatures and a rectilinear baseline for dissipated/absorbed heat.

The samples were subject to immersion tests in Ringer’s solution (one of the first
laboratory solutions of salts in water shown to greatly prolong the survival time of ex-
cised tissue; the solution contains calcium, potassium, and sodium chlorides, and sodium
bicarbonate in the concentrations in which they occur in body fluids) at 37 ◦C, for 1, 3,
and 7 days to analyze the interaction between the metallic materials and an electrolyte
solution. The samples were weighed using a AS220 Partner analytical balance (Partner
Co., Bucharest, Romania), before immersion, after immersion, and after an ultrasound
cleaning stage (ultrasonic bath, 60 min in technical alcohol). The solution pH values were
recorded with an Arduino set-up each minute and the variations were analyzed to establish
the chemical reactions that occurred during the contact of the samples with the solution.
Chemical composition of the surface was established with an EDS detector, Bruker X-flash,
Mannheim, Germany Scanning electron microscopy (SEM, VegaTescan LMH II, SE detector,
30 kV, Brno—Kohoutovice, Czech Republic) was used to analyze the experimental materials
structure and the state of the surface after immersion tests and electro-corrosion. X-ray
diffraction tests were made with an Expert PRO-MPD system, (XRD, Panalytical, Almelo,
The Netherlands type, Cu-X-ray tube (Kα-1.54◦)).

The corrosion behavior of the samples was studied by comparing the method applied
in the case of Fe-based alloys, using Ringer’s solution with standard composition (chemical
composition for Ringer’s solution: 1000 mL contains: sodium chloride 8.6 g, calcium
chloride × 6H2O 0.5 g, potassium chloride 0.3 g, distilled water up to 1000 mL) as the
liquid medium. The VoltaLab-21 potentiometer (Radiometer, Copenhagen, Denmark) was
used to determine the corrosion resistance by analyzing linear and cyclic curves in Ringer’s
electrolyte solution, and the acquisition and processing of data was done with the Volta
Master 4 package, version 6.0. A cell was used to expose the sample (working electrode)
to Ringer’s solution, with an auxiliary Pt electrode and one saturated with calomel. The
samples were isolated with Teflon, so only one area was exposed to the electrolyte, an area
of 0.78 cm2. The solution was aerated permanently with a magnetic stirrer to remove gas
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bubbles from the metal surface following the removal of hydrogen. The potential-dynamic
polarization test recorded data on electrode behavior. Through the polarization mechanisms
of the direct current, approximate information was obtained about the corrosion speed of
the working electrode (Fe-based samples), the type of surface corrosion (generalized or
pitting), formation and stability of the passivation layer, anodic reactions (oxidation), or
cathodic reactions (reduction).

The authors chose the following coordinates corresponding to the function: for the
current density [mA/cm2] the potential [V], a variation that allows the accentuation of
the corrosion potential (Ecorr) and the corrosion current (Jcorr). The temperature of the
experiments was room temperature (±24 ◦C) and the potential was recorded (line graphs
were recorded at a scan rate of 1 mV/s and cycle graphs at a scan rate of 10 mV/s). For the
accuracy of the results the experiments were repeated four times. Corrosion current values
helped to obtain the instantaneous corrosion rate: Vcorr (μm/year) [30].

3. Results

Microstructural, chemical, and thermal characteristics of the new chemical composition
SMA were characterized using scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and differential scanning calorimetry (DSC). The corrosion behavior
of the alloy was evaluated through pH variation of electrolyte solution, immersion tests,
linear and cyclic potentiometry, and EIS experiments.

3.1. Experimental FeMnSi Materials Analysis

The experimental materials were mechanically ground to remove oxides from the
surface and cleaned in an ultrasound bath in technical alcohol. The chemical composition
of the samples (cast and wrought state) was determined in five different areas of the surface,
and the average values are shown in Table 1. Standard deviations of the elements show a
homogeneous chemical composition of the material that will confirm the same properties of
the material for the entire volume. Good chemical and structural homogeneity are essential
for biodegradable materials and for SMA properties [31].

Table 1. Experimental results after chemical composition analysis for the initial cast sample and
wrought state (average values after five determinations on different 1 mm2 areas).

Elements/State Fe Mn Si

wt% at% wt% at% wt% at%

Cast 82.29 79.11 13.88 13.56 3.83 7.32
Wrought 82.16 79.33 14.47 14.2 3.37 6.48

EDS error % 0.06 0.02 0.03
Standard deviation (StDev): Fe ±0.15, Mn: ±0.1 and Si: ±0.05.

The chemical composition of the FeMnSi samples that was obtained leads to the
appearance of the SME [32]. The main alloying element required by these FeMnSi alloys is
manganese, with two roles in the thermodynamic stability of the phases. First, manganese
stabilizes γ-austenite with the FCC structure being a phase that occurs at high temperatures
in the case of iron. At normal pressure, manganese plays the role of stabilizing the ε phase
with the HCP type structure, the thermodynamically stable phase only at high pressure for
pure iron. The thermodynamic equilibrium temperature between phases γ- and ε- is close
to room temperature, too low for the diffusion of atoms; phase ε is formed as martensite
under cooling or loading. In Figure 1, XRD peaks of FeMnSi in cast, analyzed in [29] and
wrought state, are given.
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Figure 1. XRD spectra of FeMnSi: (a) cast and (b) wrought.

On the rolled sample we observed and identify five main phases (see Figure 1), at the
following angles: 41.23619◦, 44.65729◦, 46,984.93◦, 64.69378◦, and 82.12412◦. It is known
that iron has several allotropic forms, specifically (at normal pressure): α-Fe with a cube
structure with centered volume, stable up to 912 ◦C; γ-Fe with a cube-type structure with
centered faces, stable up to at 1394 ◦C; Pand δ-Fe with a cube structure with centered
volume, stable up to 1538 ◦C (melting temperature). Iron-based alloys will have phases
in the structure with similar structures, but depending on the alloying elements, the field
of these phases is modified. In addition to these phases, new phases such as intermetallic
compounds or carbides may appear in the iron alloy systems, which will lead to the
appearance of new metallographic constituents. Phase diagrams give indications of the
phases that can occur in various alloy systems, especially binary or ternary. The higher
the number of alloying elements and the more diverse the chemical composition, the more
phases can occur in the alloy system.

Given the chemical composition of the analyzed alloys (Mn is the second alloying
element as a percentage), the analysis of the equilibrium diagram of the Fe-Mn binary
system shows that at the mass concentration of this element, at room temperature, there
are an α-Fe phase and a γ-Fe phase, solid manganese iron solutions that may have similar
structures but with different network parameters. Manganese is an alloying element that
increases the range of the γ-Fe phase. Instead, both silicon and aluminium are alloying
elements that increase the range of the α-Fe phase. From the analysis of the phase diagram
and of the considerations stated above, it can be considered as a working hypothesis that
the two alloys will have in the structure either the α-Fe type phase or both α-Fe and γ-Fe
type phases. In this case, after the rolling deformation process, the peak of ε (110) at
82◦ presented an increase in the wrought state compared to cast state and, likewise, the
appearance of the peak ε (100) at 41.23619◦.

The transformation γ → ε depends on SME, so pretensioning, annealing treatment,
thermomechanical training, and deformation temperature influence the FeMnSi SME [33].
Sato et al. studied Fe-30Mn-1Si alloy single crystals that showed a large shape recovery
strain. [34]. In the FeMnSi system, the most indicated concentration ranges are 14–33%
mass for Mn and 4–6% mass for Si, respectively. The composition is chosen for the begin-
ning of the martensitic transformation, Ms, temperatures close to room temperature. For
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SMA, different chemical compositions based on FeMnSi have been proposed by partially
replacing Mn with the elements Cr, Ni, Cu, Al, etc. [35–38]. The ideal proportion of the
alloy components is made according to the temperature Ms of the transformation γ → ε

and the stability of austenite compared to ά-martensite. Studies show that a small number
of interstitial elements, such as C and N, strongly stabilize the γ-austenite phase and reduce
the concentration of Mn when they are dissolved in the γ phase. [39]. The properties of the
material can be improved by alloying with new elements. The new properties obtained
refer to aspects related to the increase in corrosion resistance, mechanical resistance, the
formability, and the decrease in the production cost. To conduct the phase transformation
and to obtain the SME, the appropriate concentrations of the alloy can be calculated with
the equations for the Gibbs free energy difference between the phases γ- and ε- and the
equations for the temperature Ms of the transformation γ → ε [40]. Alloying with Si
strengthens the matrix to suppress the dislocation slip and helps the martensitic transforma-
tion γ → ε by decreasing the energy of the stacking defect [41,42]. An important property
such as that related to magnetism affects the phase transformation in its transformation
into ε-martensite. Silicon lowers the magnetic transition temperature of FeMnSi-based
alloys to sub-zero temperatures and leads to the martensitic transformation γ → ε at room
temperature. Another influence that Si has is that it can lead to the short-term ordering
of atoms to improve the martensitic transformation ε → γ [43]. Another factor that raises
the reversibility of the inverse transformation is the improved coherence between the γ

and ε networks with the addition of silicon. An interesting aspect would be that despite
such complicated factors, the optimal amount of Si needed to reach the best shape recovery
strain is always between 4 and 6% by mass.

The SEM electron microscope was used to investigate the microstructures of alloys in
both states (cast and rolled) at high amplification. A detailed analysis of the microstructure
did not show the presence of ά martensite, which is usually present in the lenticular form,
respectively, Figure 2a,b.

 

Figure 2. SEM micrographs of FeMnSi SMA (a) cast and (b) wrought.

The γ/ε interfaces do not have the normal direction to the interface, present in the
thermo-elastic martensitic transformations, for example, in the case of SMA based on
Ti-Ni. In contrast, ε-martensite increases in the direction parallel to the γ/ε interfaces, and
thickening occurs due to the coalescence of nearby thin ε plates. Microstructure analysis
showed that ε-martensite has fine lamellar structures involving thin remaining layers
and/or high probabilities of stacking defects [44]. Stacking failure inside ε-martensite is
a thin plate with a thickness of two atomic layers. The appearance of the microstructure
can be associated with the distribution of nucleation sites and the growth of martensite
crystals; this increase in martensite occurs due to the displacement of partial Shockley
dislocations [45]. The SME consists in the deformed state in which ε-martensite is induced
as shown in Figure 3, which subsequently returns to the original γ—austenite shown in
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Figure 2a by the inverse transformation to heating. Even so, the shape recovery strain in
the binary FeMn alloys is tiny [45]. To achieve an optimal SME, a second necessary element
should be added, specifically, silicon.

Figure 3. DSC diagram of C and W samples in −50 to 200 ◦C domain (heating from 25 to 200 ◦C and
cooling to −50 and back to 25 ◦C) and γ-ε forward transformation through cooling and ε-γ reverse
transformation through heating.

In Figure 3, DSC diagram of C and W samples in the −50 to 200 ◦C domain (cooling
from room temperature to −50 ◦C, heating to 200 ◦C and cooling to 25 ◦C) are presented.
In the case of the cast sample, no variation of the thermal flux is observed except for two
small variations on cooling around 10 and −10 ◦C that appear after heating of the cast
sample to 200 ◦C.

The SME of these FeMn-Si-based alloys is closely related to the martensitic transfor-
mation induced by deformation of austenite with cubic structure with centered faces in
martensite with closed hexagonal structure, the reverse of the phenomenon being possible
at subsequent heating. In the wrought sample, Ms temperature is at 35 ◦C and Mf at 1.5 ◦C
with dissipated heat (ΔH/m) [kJ/kg] of 7.6 associated with the γ → ε transition. The SME
will be evaluated in a different article through tensile and bending tests to establish the
application potential of this material as an SMA element.

The plastic deformation of the FCC and HCP structures is achieved by different sliding
modes with extended dislocation (a), mechanical γ-twinning (b), and martensitic trans-
formation γ → ε (c), because of the expansion of stacking defects and their regular or
irregular duplication, depending on the relative stability γ/ε. [46]. An important role in
determining the mechanisms of plasticity is played by the energy of stacking defects. The
DSC result of the wrought state confirms the appearance of the martensitic peak ε (100) at
41.23619◦ on XRD result.

3.2. Electrolyte Solution pH Variation in Contact with Metallic Sample Analysis

Corrosion initially began when the samples were immersed in Ringer’s solution. The
oxidation reaction has randomly occurred in several areas of the anodic outer surface, at
the grain boundaries, and at the interface between phases; see Equations (1) and (2). The
cathodic reaction of the reduction of water that consumed the released electrons fol-lowed
(see Equation (3)). Further, the layers of insoluble hydroxides (metal oxides) were formed
from free metal ions, which reacted with hydroxide ions (OH−) (see Equations (4) and (5)).
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In the subsequent visual observations, these hydroxides appeared as a red-brown (Fe2O3)
layer on the top and a black (Fe3O4 and FeO) layer on the bottom.

Based on the fact that the general reaction consumes H+ and produces OH−, the
electrolyte solution pH will increase, enhancing the formation of an Fe(OH)2 thin layer
on the experimental alloy surface (precipitation reaction). This process characterizes both
samples, melted and wrought (see Figure 4), in the first 16–17 h of contact. The porous
penetrable layer, in which most of the compounds are oxides, formed on the surface play a
protective role for substrate in this time, slowing down new corrosion processes.

Figure 4. The pH variation during 72 h of immersion at 37 ◦C of melted and wrought sample.

Chloride ions compensated for the growth of metal ions under the hydroxide layer
by penetrating the metal substrate. The metal chloride formed was then hydrolyzed into
hydroxide and free acid; see Equation (6). This decreased the pH value in the pitting
pits, and the solution remained neutral. An in vitro static and dynamic degradation was
performed [4,5]. The decrease in the solution’s pH was observed after immersion for
16–17 h for both C and W samples, with different rates, approximately 60 to 90 min for
melted sample and 500 min, with pH variations based on different areas of breakthrough,
for wrought sample. It can be observed that the cast sample of FeMnSi presents a faster
corrosion rate than the wrought material, due to a bigger grain structure and main structural
defects obtained from melting.

Initial corrosion reaction (a):

Fe→ Fe2+ + 2e− (1)

Mn→Mn2+ + 2e− (2)

2H2O+O2+ 4e−→4OH− (3)

Formation of hydroxide layers (b):

2Fe2++ 4OH−→ 2Fe(OH)2 or 2FeO·2H2O (4)

4Fe(OH)2 +O2 + 2H2O → 4Fe(OH)3 or 2Fe2O3·6H2O (5)
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Pitting formation (c):

Fe2++ 2Cl− → FeCl2 + H2O → Fe(OH)2+HCl (6)

Further pH variations can be observed in the subsequent two days (2880 min) for
both samples based on passivation and repassivation of the surface in the electrolyte
solution [47].

3.3. Immersion Experiments Analyses

Immersion experiments present a clearly loose of mass after one or seven days in
Ringer’s solution at 37 ◦C. Mass variation of the samples was recorded for cast and wrought
samples, see Table 2, and present an increase in mass after one day based on the compounds
formed after the interaction of the material with Ringer’s solution (generally oxides) with a
bigger value for cast sample (enhanced corrosion).

Table 2. The results of the masses of the experimental samples after 1, 3, and 7 days of immersion
in Ringer’s solution (five repetitive mass determinations were done on the same sample) and the
corresponding degradation rate.

Sample

1 Day 3 Days 7 Days

Cast Sample
(C)

Wrought
Sample (W)

Cast Sample
(C)

Wrought
Sample (W)

Cast Sample
(C)

Wrought
Sample (W)

Initial mass
(mg) 3182.7 563.1 2756.6 471.9 2989.7 513.8

Mass after
immersion (mg)

3184.3
(+1.6)

563.3
(+0.2)

2756.3
(−0.3)

465.7
(−6.2)

2984.3
(−5.4)

511.5
(−2.3)

Mass after
ultrasonic

cleaning (mg)

3182.0
(−0.7) 562.6(−0.5) 2752.8

(−3.8)
463.9

(−8.0)
2983.9
(−5.8)

510.5
(−3.3)

DR (mm/year) 0.088 0.084 0.159 0.451 0.104 0.080

Standard deviation: ±0.1 mg.

The degradation rate presented in Table 2 resulted according to the formula [48]:

DR =
8.76 × 104W

Atρ
(7)

where: DR = degradation rate (mm/year); W = mass loss (g); A = sample area (cm2);
t = time of immersion (h); and ρ = metal density (g/cm3). This confirms the higher value of
corrosion of the cast sample compared with the wrought one.

The sample mass presents a decrease after ultrasound cleaning (in all cases) based on
the removal of the compounds formed on the surface through immersion. The stability
of the compounds formed on the surface is low even after one day of reactions. After 3
and 7 days before and after ultrasound cleaning, we observed a decrease in the sample
mass, more exfoliation of the surface being done during this period, and the corrosion
compounds passed in Ringer’s solution. A bigger mass loss is observed in case of the cast
sample, meaning a higher corrosion than the wrought sample (around two times higher for
the cast sample).

Chemical composition insights of the surface after immersion in Ringer’s solution
before and after ultrasound cleaning are given in Table 3 after EDS determination on
a 4 mm2 surface. In addition to the alloy main elements, respectively, Fe, Mn, and Si,
new elements were identified on the surface after the interaction with Ringer’s solution,
generally O, C, Cl, and Na. The difference between the chemical composition of the
surface before and after ultrasound cleaning are substantial, indicating that most of the
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compounds are unstable on the surface from the first day of contact with the electrolyte
solution. However, after seven days a lower loss of compounds is observed, indicating that
the stability of the compounds is better, the interaction with the substrate is higher, and the
loss of material occur in larger quantities.

Table 3. The chemical composition of the FeMnSi alloy after 1 day and 7 days of immersion in
Ringer’s solution and after ultrasonic cleaning after each period for both cast and wrought samples.

El./Samples
Fe Mn Si O C Cl Na

wt% at% wt% at% wt% at% wt% at% wt% at% wt% at% wt% at%

1 day
(I)

C
I 56.16 29.39 8.75 4.66 1.86 1.93 22.02 40.23 8.39 20.42 0.49 0.41 2.33 2.96

I + UC 67.55 42.43 12.3 7.85 2.78 3.47 5.89 12.9 11.37 33.2 0.05 0.04 0.07 0.1

W
I 48.77 22.01 5.74 2.63 1.23 1.1 33.53 52.83 9.82 20.62 0.51 0.37 0.4 0.44

I + UC 53.11 25.8 8.38 4.14 1.77 1.71 25.06 42.49 11.32 25.57 0.32 0.25 0.05 0.06

7 days
(I)

C
I 57.92 29.92 10.29 5.4 2.32 2.39 13.54 24.41 15.65 37.6 0.15 0.12 0.13 0.17

I + UC 56.85 28.53 9.78 4.99 1.94 1.94 14.56 25.5 16.59 38.7 - - 0.28 0.34

W
I 45.57 19.99 7.1 3.17 1.57 1.37 32.53 49.83 11.87 24.23 0.12 0.08 1.24 1.32

I + UC 52.81 25.16 7.7 3.73 2.05 1.94 21.73 36.13 14.13 31.3 0.21 0.16 1.23 1.42

EDS detector error % 1.54 0.31 0.17 4.04 4.23 0.07 0.18

C: cast, W: wrought, I: after immersion, I + UC: after immersion and ultrasound cleaning. StDev: Fe: ±0.9, Mn:
±0.5, Si: ±0.22, O: ±0.2, C: ±0.1, Cl: ±0.1, Na: ±0.1.

Structural aspects of the surface after immersion tests were taken using scanning
electron microscopy, see Figure 5, and present the main aspects of the compounds formed
on the surface. A more stable anchoring of the compounds after 7 days is observed from
Figure 5e–h, confirming the observations made from chemical composition analyses. After
initial immersion (Figure 5a–d), the entire surface is covered by reaction compounds,
generally iron and manganese oxides (see Table 3), which are mainly removed from the
surface after cleaning. Figure 5b shows the compounds formed at the micro scale as well
as the corroded surface of the sample. On the wrought sample a reduced quantity of
compounds is observed (see Figure 5g,h) before and after sonication confirming the mass
variation quantities given in Table 2.

 

Figure 5. SEM images of the surface: (a) C sample after 1 day immersion (1 kx) and (b) after
ultrasound cleaning (5 kx), (c) W sample after 1 day immersion (1 kx) and (d) after ultrasound
cleaning (5 kx), (e) C sample after 7 days immersion (1 kx), and (f) after ultrasound cleaning (2 kx),
(g) W sample after 7 days immersion (1 kx) and (h) after ultrasound cleaning (2 kx).
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For the cast state, the corrosion begins at the surface on the first day without the
formation of many compounds and more an attack of the structure (Figure 5b,f), and
after seven days of immersion a thick layer of compounds is observed on the wrought
sample (Figure 5g,h). Considering a low corrosion rate of Fe-based biodegradable materials
compared to Mg-based, we can note an advantage of the higher corrosion rate of the cast
material.

In Figure 6, the state of the experimental materials surface is presented through
elemental distributions. In the initial state (C and W) no visible differences of chemical
elements distribution is observed (Figure 6a,f) so the phase transformations occur with
very small modifications of the chemical composition (γ to ε or the reverse).

(a) (b) (c) (d) (e) 

 
(f) (g) (h) (i) (j) 

Figure 6. X-ray mapping of chemical elements on the surface. The initial samples, cast (a) and
wrought (f), (b); C sample after 1 day immersion and (c) after ultrasound cleaning; (d) C sample after
7 days immersion and (e) after ultrasound cleaning; (g) W sample after 1 day immersion and (h) after
ultrasound cleaning; (i) W sample after 7 days immersion and (j) after ultrasound cleaning.

By addition to FeMn system, silicon replaces iron, contributing to an increase of
the Mn:Fe report in the general system composition in the ternary alloy. Silicon is not
homogeneously spread in the microstructure and enriched in inter-dendritic regions [49],
and will promote a higher degradation rate.

3.4. Electro-Chemical Corrosion Resistance

Complementary data from other sources or sensors must be obtained for a more
complete picture of the corrosion process. These complementary data are extracted at the
same time as the purchase from the corrosion sensor. Corrosion monitoring is done most
accurately by highly sensitive methods that provide an instantaneous signal when the cor-
rosion rate changes. Changes in corrosion potential can give indications of active/passive
behavior in alloys. Moreover, the corrosion potential can give fundamental indications on
the possibility of corrosion from a thermodynamic perspective (thermodynamic probability
of corrosion. The corrosion potential, Ecorr, is a measure of the corrosion tendency of an
alloy immersed in an electrolytic environment. Corrosion is evaluated indirectly, from the
linear polarization curves, using a Tafel diagram (see Figure 7). The intersection of the
linear portions of the anodic and cathodic branches of the polarization curve gives the
potential the value of the corrosion potential, Ecorr. Electrochemical properties of the sam-
ples C and W were determined by Tafel polarization and EIS measurements. Values of the
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corrosion parameters, such as corrosion current density (icorr), corrosion potential (Ecorr),
and protection efficiency (Vcorr), were extracted from the Tafel curves and are presented
in Table 4. The (Ecorr) value of Sample W is −678.9 mV and for sample T is −930.7 mV.
The shift of the Ecorr toward negative values implies a higher corrosion resistance for the
wrought sample.

Figure 7. (a) Tafel and (b) cyclic diagrams for C and W samples.

Table 4. Linear Tafel parameters for C and W samples.

Sample
Ecorr

mV
ba

mV
bc

mV

Rp

ohm·cm2
Jcorr

mA/cm2
Vcorr

mm/Year

C −930.7 324.8 −224.3 388.57 2.17 132.9
W −678.9 95.2 −156.7 1000.42 0.11 24.47

The corrosion current density jcorr value for W, which is directly proportional to the
corrosion rate, is lower than the value for C. This can be attributed to the surface defects on
the sample C. Based on the analysis of cyclic polarization diagrams, it can be observed that
there are not any significant differences between the two samples. This presents uniform
(generalized) corrosion when polarized anodically. Hydrogen is also released at lower
potentials, but in tiny quantities for Fe-based alloys.

The FeMnSi system (C and W) exhibits a tendency of active dissolution under anodic
polarization conditions, compared to the Fe-Mn alloy [50]. The presence of Si appears to
slow down the kinetics of the anodic reaction, a fact suggested by the slope change of the
binary alloy from 70 mV/decade to 100 mV/decade in the case of the ternary alloy. A
transformation to SiO2 may occur due to the release of Mn and Fe ions from the surface,
which will cover the surface and thus reduce the dissolution rate, as shown in the diagram
of the potential pH of Si-H2O [50]. The process of dissolving Mn and Fe leads to a more
alkaline pH and destabilization of surface oxides [50]. Before switching to a controlled
mass transfer regime, the slope suddenly increases to over 600 mV from the SCE in the case
of the polarization curve of FeMnSi. The increase of degradation rate by Si adding to FeMn
system is given by the irregular spread of Si at the grains limits and promotion of areas
with different corrosion potential (similar to micro-piles formation).

3.5. Electro-Impedance Spectroscopy (EIS) Experiments

The data obtained show that, for these systems, the behavior in solution can be
described using a circuit equivalent to a single time constant: a Randles-type circuit, which
indicates that the corrosion process occurs on the entire surface of the sample (generalized
corrosion) by a single chemical reaction (most likely corrosion of iron with the formation of
soluble and insoluble products).
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A constant phase element (CPE) was used instead of the Randles circuit capacitance,
for a better explanation of the deviation of the Nyquist diagrams from the ideal behavior
(a semicircle on the abscissa axis, Zr) due to the change in capacitances with frequency.
The impedance of CPE is expressed mathematically with the help of the following rela-
tion [51–53]:

ZCPE =
1

Q(jω)n (8)

where: Q is a constant proportional to the active area; <Q> = Ω−1 sn/cm2 ≡ S·sn/cm2, ω is
theangular frequency (ω = 2πf, f is the frequency of the applied alternating current), and j
is the imaginary number; j = (−1)

1
2 .

Because of this relationship, the phase angle of the CPE is independent of frequency
and has a value of (90◦)n, which is also the reason why it is called a constant phase element.

The circuit elements have the following meanings: Rs—electrolyte resistance between
the working electrode and the reference electrode, Rct—resistance to charge transfer through
the double-electric layer (ct → charge transfer) thus controlling the speed of the corrosion
process, and CPE—element of constant phase, which, in theory, would represent the
capacity of the double-electric layer (Cdl), but here it has the meaning of an imperfect
capacitor (n < 1). Imperfections can be mechanical (rough surface) and/or chemical (non-
uniform chemical composition).

The effective value of the double-layer capacity can be calculated using the Brug
relation [50]:

Cdl =

[
Q
(

1
Rs

+
1

Rct

)n−1
] 1

n

(9)

Using this relationship and the data in Table 5, we obtain: Cdl = 4.9155 × 10−3 F/cm2.
In Table 5, ε represents the percentage error of evaluation of each circuit element.
From the viewpoint of the values of χ2, the circuits R (QR) (QR) and R (CR) (QR) seem

much more appropriate than the simple circuit R (QR) (χ2~10−3), but from the viewpoint
of the individual evaluation errors of the circuit elements seems to be more appropriate is
the last circuit, in which the percentage errors are insignificant.

The R (CR) (QR) circuit fits the experimental curve very well. The admission of this
circuit indicates that the complex layer on the sample surface is forcibly divided into two
layers: SDE (electric double layer where the reaction occurs) and another layer. To see if
this is so, for the circuit R (QR) (QR) we calculated the global resistance series: R= R1 + R2
and Q global series: Q = (Q1.Q2)/(Q1 + Q2) (because Q has character capacitor), and we
found R = 165.14 ohm·cm2, respectively Q = 7.838 10−3 S·sn/cm2, which are close to the
values R = 199.8 ohm·cm2, respectively Q = 9.424 10−3 S·sn/cm2 found for circuit R (Q).
The differences could be attributed to large errors in the evaluation of the parameters with
the R (QR) (QR) circuit.

In the Nyquist diagram, the experimental curve shows a negative loop in the low
frequency range. This distortion is most often attributed to an inductive behavior of the
electrochemical system due to the process of adsorption of intermediates on the surface of
the electrode (sample). Here, it would most likely be adsorption of Fe or Fe2O3. For data
simulation, it is necessary to use an equivalent circuit with inductance (Figure 8).
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Table 5. The values of the equivalent circuit for sample C.

R(QR)

Ω Ω χ

Ω Ω χ

Rs (ohm·cm2) 103. Q (S·sn/cm2) n
Rct

(ohm·cm2)
103.χ2

29.8 9.424 0.684 199.8 1.33

ε (%): 0.6998 2.135 1.705 3.828

R(QR)(QR)

Ω Ω χ

Ω Ω χ

Rs

(ohm·cm2)
Q1

(S·sn/cm2)
n1 R1 (Ω·cm2)

Q2

(S·sn/cm2)
n2 R2 (Ω·cm2) 103.χ2

29.26 0.01193 0.610 73.63 0.02281 0.9851 91.51 0.440

ε: 0.6998 13.06 3.691 129.8 100.2 17.1 90.7

R(CR)(QR)

Ω Ω χ

Ω Ω χ
Rs

(ohm·cm2)
C (F/cm2) R1 (Ω·cm2) Q (S·sn/cm2) n Rct (Ω·cm2) 103.χ2

29.27 0.02468 85.33 0.01175 0.612 80.47 0.438

ε: 0.6437 13.51 13.55 6.191 3.33 21.8

The authors tried three circuits that seem to be suitable for interpretation, with the values presented in Table 5.

Figure 8. Electrochemical measurements of tested samples for (a) Bode plots, (b) Nyquist plots.

In the circuit used in Table 6, Rs, Q, and Rct have the same meaning as in the previous
circuits; Q and Rct characterize the double-electric layer that controls the corrosion rate,
in the Nyquist diagram being represented by the capacitive loop in the dolmen of high
frequencies. In the same circuit W represents an inductance and RL is the total resistance of
the adsorbed particles on the surface unit of the sample.
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Table 6. The values of the equivalent circuit for sample C.

(R(QR(LR))

χRs

(ohm·cm2)
Q

(S·sn/cm2)
n

Rct

(ohm·cm2)
L

(Henry·cm2)
RL

(ohm·cm2)
103.χ2

36.29 0.001161 0.665 424.1 1881 655.8 1.30

ε%: 1.737 4.379 1.829 4.237 12.94 7.04

Note that the adsorbed intermediate does not form a compact or porous layer but has
the appearance of islands on the surface of the sample, a structure that favors a relaxation
or reduction of sample capacity in the corrosion process (the effective active surface of the
sample is reduced).

In this case, the effective capacity of the electric double layer is calculated using the
modified Brug relation:

Cdl =

[
Q
(

1
Rs

+
1

Rp

)n−1
] 1

n

(10)

where Rp is the polarization resistance: Rp = ((Rct·RL)/Rct + RL)
This circuit describes a system in which a single uniform corrosion reaction takes

place, without the involvement of other types of processes such as diffusion or adsorption.
Moreover, both the Nyquist and Bode curves indicate that the experimental data are

suitable for a circuit with a single time constant: the R (CR) circuit.

4. Conclusions

An iron-based SMA was realized thorough a classical melting method with a new
chemical composition for possible applications in the medical field as biodegradable mate-
rial. The analysis of the experimental results led to the following conclusions:

• A smart Fe-based biodegradable alloy can be applied to the medical field with a proper
thermo-mechanical treatment to modify the transformation temperatures;

• Reactions between the alloy and electrolyte modify the pH of the environment;
• The cast sample presents a higher corrosion rate than the wrought one based on

the microstructure arrangement, microstructural defects, or grain dimension being
suitable for certain medical applications;

• The corrosion current density jcorr value for W, which is directly proportional to the
corrosion rate, is lower than the value compared for C. This can be attributed to the
surface defects on the sample C;

• Based on the analysis of cyclic polarization diagrams, it can be observed that there
is not any significant difference between the two samples. They present uniform
(generalized) corrosion when polarized anodically;

• The data obtained from EIS experiments show that, for these systems, the behavior
in solution can be described by using a circuit equivalent to a single time constant; a
Randles-type circuit, which indicates that the corrosion occurs on the entire surface of
the sample (generalized corrosion) by a single chemical reaction (most likely corrosion
of iron with the formation of soluble and insoluble products).
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Abstract: Modified zaccagnaite layered double hydroxide (LDH) type films were synthesized on steel
substrates by pulsed electrochemical deposition from aqueous solutions. The resulting films were
characterized by X-ray diffraction, scanning electron microscopy/X-ray dispersive spectroscopy, and
Fourier transform infrared spectroscopy. Structural characterization indicated a pure layered double
hydroxide phase; however, elemental analysis revealed that the surface of the films contained Zn:Al
ratios outside the typical ranges of layered double hydroxides. Layer thickness for the deposited films
ranged from approximately 0.4 to 3.0 μm. The corrosion resistance of the film was determined using
potentiodynamic polarization experiments in 3.5 wt.% NaCl solution. The corrosion current density
for the coatings was reduced by 82% and the corrosion potential was shifted 126 mV more positive
when 5 layers of modified LDH coatings were deposited onto the steel substrates. A mechanism was
proposed for the corroding reactions at the coating.

Keywords: zaccagnaite; LDH; corrosion protection; ceramic matrix composites; electrochemical
deposition

1. Introduction

Steels are utilized in many applications for a variety of industries, including architec-
tural/civil engineering, medical equipment, oil and gas, food and drink processing/storage,
water treatment/transport, automotive, and pharmaceutical [1–7]. Stainless steel has good
corrosion resistance in various corrosive environments, with resistance derived from its
chromium component. A minimum of 12% chromium allows for the formation of a
protective chromium oxide layer. The oxide layer is self-repairing in oxygen-rich envi-
ronments [8]. However, stainless steels are susceptible to localized corrosion in various
environments [9,10]. Stainless steels are often coated to prolong lifetime when utilized in a
chloride environment [11,12]. Many types of coatings have been developed and recently
there has been a shift towards more environmentally friendly coatings. There have been
several studies showing the potential of using layered double hydroxides (LDHs) which
are anionic clays as coatings, for metal or alloy substrates [13–16].

LDHs are a class of layered anionic clays derived from the natural clay hydrotalcite.
They are comprised of metal hydroxide layers with anions and water in the interlayer
regions between the metal sheets. LDH is represented by the formula [M2+

1−xM3+
x(OH)2]

[An−]x/n zH2O, where M2+ and M3+ are divalent and trivalent metal cations, respectively.
An− is an anion such as CO3

2− or NO3
−, x is the M3+/(M2+ + M3+) ratio, and z is the

number of associated water molecules [17]. The positive charge is derived from the
substitution of divalent ions with trivalent ions in brucite-like metal hydroxide. This
positive charge is balanced by interlayer anions which can be exchanged. A divalent—to-
trivalent ratio (M2+:M3+) between 4:1 and 2:1 is considered the range for a material to be
reliably classified as an LDH, although there are exceptions [17–19].

LDHs are thermally stable, inexpensive and eco-friendly and are known for their high
anion exchange capacities and adsorption properties. Because of their anion exchange
properties, LDHs can be used in corrosion resistant coatings. The coating can undergo
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anion exchange to trap chloride ions and prevent them from attacking the substrate [20].
Tedim et al. showed that an LDH-NO3 coating can lower the permeability of chlorides
to the substrate, delaying coating degradation and improving corrosion resistance. The
LDH coating acted as a ‘nanotrap’ for chloride ions [20]. LDH coatings also exhibit
barrier properties, especially when the thickness is in the micron range [21]. LDH films
can be spin-coated to produce thicker films improving corrosion protection by blocking
penetration of the chloride ions [22]. Hydrotalcite films have also been prepared to provide
barrier (passive) protection against chloride attack due to a decrease in pinhole type
defects [23]. The growth mechanism along with the corrosion mechanism for the Mg-Al
hydrotalcite films have been studied on magnesium alloys [24–26]. Mg-Al-CO3 LDH
films were synthesized by a combined co-precipitation and hydrothermal process on AZ31
alloy [27]. These films increased the corrosion protection of the substrate but required a
48 h synthesis, 12 h aging process and a 24–48 h heat treatment in an autoclave. Films
containing both crystalline Mg(OH)2 and Mg-Al-CO3 LDH were generated by a steam
coating method on magnesium alloy AZ31 at temperatures up to 453 K [28]. These films
displayed excellent corrosion resistance in 5 wt.% NaCl solution. Films grown by in situ
crystallization have exhibited self-healing properties in 3.5 wt.% NaCl [29].

Electrochemical deposition is another technique for the in situ generation of films on
various substrates [30]. Electrodeposition of thin films is an attractive technique because of
the low cost, simple setup, short synthesis time, and ability to deposit on large or uncon-
ventional substrate shapes [11]. Furthermore, there is greater control over film properties
and deposition rate by changing the deposition parameters [31–33]. Zaccagnaite is a hexag-
onal Zn-Al-LDH, a substituted variant of hydrotalcite, and represented by the formula
Zn4Al2(OH)12[CO3] 3H2O [19]. It has a metal ratio of 2:1 in natural mineral formations
and various ratios have been synthetically prepared. There has been very little work done
on the direct electrodeposition of LDH-type coatings for corrosion protection. Yarger et al.
electrodeposited Zn-Al-NO3 films onto gold-coated glass substrates with a nitrate solu-
tion containing Zn2+ and Al3+ ions [34]. An optically transparent Li-Al-CO3 LDH was
electrochemically deposited onto AZ31 substrate from a Li+/Al3+ aqueous solution [21].
The coating provided excellent corrosion protection to the substrate but synthesis of the
electrolyte solution required many steps. Wu et al. deposited Zn-Al-NO3 films onto AZ91D
Mg alloy substrate in a Zn2+/Al3+ aqueous solution [35]. The LDH coating showed great
corrosion resistance and improved adhesion to the substrate. For LDH electrodeposition,
the electrochemical generation of OH− species via a reduction reaction of the nitrate ions is
important since the increase in local pH facilitates the formation of the LDH films at the
substrate surface [34]. However, for Zn-Al LDH deposition, other Zn phases can interfere
with the LDH deposition if the deposition conditions are not precisely controlled. If the
deposition potential is too negative, Zn and Zn hydroxide species may form and if the
deposition potential is too positive Zn oxide species may deposit [36]. Additionally, if the
OH− production rate slows, Al(OH)3 precipitate can compete with LDH deposition. If the
OH− production rate is kept high enough, then LDH directly forms [37]. Since the M(II)
and M(III) ions are rapidly consumed near the electrode surface, we therefore propose
a pulse deposition method to produce the LDH type coatings. Pulsing the deposition
conditions resets the deposition process allowing regeneration of the OH− species with
each pulse step and time for diffusion of the metal species. This could improve protection
capacity of the resulting LDH-type coatings. In this study, a facile pulsing method was
developed to electrochemically deposit modified zaccagnaite films onto a steel substrate
at room temperature. These films are modified zaccagnaite materials for two reasons.
First, the elemental ratio of Zn:Al is outside the typical range for LDH and secondly the
carbonate group has been exchanged with nitrate. A designed step potential method was
used to synthesize the films. A short pulse deposition duration followed by drying of the
film was repeated up to five times to mitigate the fracturing of the film which commonly
occurs in hydroxide and oxide films prepared from aqueous solutions. These films were
characterized and tested for their corrosion resistance in 3.5 wt.% NaCl aqueous solution.
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2. Materials and Methods

2.1. Film Synthesis

The substrates were stainless-steel (430) discs from Ted Pella, Inc (Redding, CA, USA).
with a diameter of 10 mm, a thickness of 0.76 mm and an area of 1.77 cm2. The substrates
contained Fe, <0.12% C, 16–18% Cr, <0.75% Ni, <1.0% Mn, <1.0% Si, <0.040% P, and <0.030%
S by weight. The discs were ground with SiC 320 grit paper (LECO, St. Joseph, MI, USA)
and then degreased by sonication in acetone, and then attached to coiled copper wire leads
with conductive silver epoxy (EPO-TEK, Billerica, MA, USA). Once dry, the substrate was
mounted in epoxy utilizing molds. After 24 h curing, the mounted electrodes were ground
successively with 320, 400, and 600 grits of SiC paper then polished with 1 μm diamond
suspension on a felt polishing pad followed by ultrasonication in ethanol. The resulting
substrate surface had a mirror finish with an embedded uniform, flat, even surface with
the epoxy.

The electrolytic solution was prepared by dissolving a 2:1 molar ratio of Zn2+ to Al3+

ions in DI water. Aluminum nitrate nonahydrate (Al(NO3)3•9H2O, Alfa Aesar, Tewksbury,
MA, USA) was the aluminum source, zinc nitrate hexahydrate (Zn(NO3)2•6H2O, Alfa
Aesar, Tewksbury, MA, USA) was the source of zinc, and potassium nitrate (KNO3, Fisher
Scientific, Walham, MA, USA) was used as the electrolyte to help facilitate the formation
of modified zaccagnaite film at the electrode surface. The electrolytic concentration of
each compound was 0.02 M Zn(NO3)2•6H2O, 0.01 M Al(NO3)3•9H2O, and 0.2 M KNO3.
The final pH of the deposition solution was 3.8. An EG&G Princeton Applied Research
(PAR) Model 273A potentiostat/galvanostat (Oak Ridge, TN, USA) was used to electro-
chemically deposit films. The depositions were performed at room temperature utilizing a
three-electrode configuration. Due to the fact that carbonate ions (carbon dioxide disso-
lution) have an exceptionally high affinity to the LDHs [18], the deposition solution was
purged with nitrogen for 20 min prior to film fabrication in order to minimize carbonate
contamination and allow nitrate insertion in the interlayers. The working electrode was
the polished stainless-steel disc, a platinum mesh was used as the counter electrode and
the reference electrode was a saturated calomel electrode (SCE) (Fisher Scientific, Walham,
MA, USA). Films were deposited in multiple steps. A step potential method was used for
film deposition. The applied potential started at −1.5 V vs. SCE for 5 sec and then stepped
to −1.0 V vs. SCE for 20 sec; this cycling was done for a total of 50 sec and represented
deposition of one layer. Each layer was electrodeposited and allowed to dry undisturbed
before the next layer was added. A total of 1, 2, and 5 layers were deposited, (1L, 2L, 5L).

2.2. Characterization

The structure and phase composition of the modified zaccagnaite films were identified
by X-ray diffraction (XRD) using a Siemens D500 diffractometer (KSA, Aubrey, TX, USA)
with Cu Kα radiation (λ = 1.5405 Å) as the source in a standard Bragg-Brentano configura-
tion. The x-ray tube was operated at 35 kV and 24 mA. Each sample was scanned from 2 to
40◦ (2θ), at a step size of 0.05◦ and a dwell time of 1.0 s. The surface morphology of the
films was characterized by scanning electron microscopy (SEM) with an X-ray dispersive
spectroscopy (EDX) attachment (FEI Quanta 200 ESEM, Hillsboro, OR, USA). A spot size of
3.0 and an accelerating voltage of 25 kV were used for SEM. Film thickness measurements
were performed with a Veeco Dektak 150 stylus profilometer (Plainview, NY, USA). A
Perkin Elmer Spectrum One FT-IR Spectrophotometer (Waltham, MA, USA) was used to
analyze the composition of the films. The films were scraped off with a blade and ground
up further before being placed onto an ATR stage. Each sample was scanned 16 times at a
wavenumber range of 4000–450 cm−1.

2.3. Immersion Test and Corrosion Measurements

Potentiodynamic polarization measurements and immersion tests were performed
in 3.5 wt.% NaCl aqueous solutions at room temperature. Electrochemical measurements
were conducted with an EG&G Princeton Applied Research (PAR) Model 273A poten-
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tiostat/galvanostat. The coated film and a SCE electrode were used as the working and
reference electrodes, respectively. Two graphite rods were used as the counter electrodes
for polarization measurements. Each sample was immersed in the NaCl solution for 30
min before polarization curves were measured with respect to open circuit potential (OCP)
at a scan rate of 1 mV/s. The polarization resistance, Rp, was the slope value obtained from
linear polarization (LPR) scanning ±150 mV with respect to Ecorr. Ecorr was determined
as the point of intersection of the anodic and cathodic polarization branches. To obtain
a more accurate estimation of icorr, the cathodic polarization region was used since the
anodic region contained current density oscillations. In the tafel plot, a horizontal line was
drawn at the Ecorr value and another horizontal line was drawn 100 mV cathodic from
Ecorr. A slope line was drawn from the 100 mV meeting point on the cathodic branch to
intersect with the Ecorr line. The point of intersection was taken as the value of icorr [38–40].
Immersion tests were performed in 3.5 wt.% NaCl solution at room temperature for up to
168 h to examine the long-term corrosion resistance of the zaccagnaite-coated films.

3. Results and Discussion

3.1. Film Deposition Mechanism

The electrochemical synthesis of hydroxides can occur by electrogeneration of base
via a nitrate reduction at the working electrode interface (Equation (1)) [41].

NO3
− + H2O + 2e− → NO2

− + 2OH− (1)

The deposition solution contains nitrates from the supporting electrolyte (0.2 M KNO3)
and also as the salt of the divalent/trivalent cations. By applying a cathodic potential
to the electrode, the pH at the electrode surface increases because of the consumption of
H+ and generation of OH−. The higher the applied cathodic potential, the faster the pH
increases; this increase in local pH leads to metal hydroxide precipitation at the electrode
surface. Precipitation of metal hydroxides at the electrode consumes OH− and lowers the
pH (Equation (2)) [36,37,42].

Zn2+ + Al3+ + nOH− + NO3
− → Zn-Al LDH (2)

Characterization of the surface helps identify the structural and chemical properties
of the electrodeposited coating.

3.2. Structural Characterization

The x-ray diffraction pattern of the modified zaccagnaite film deposited on the sub-
strate is displayed in Figure 1. The film was grown during one continuous deposition
in order to obtain enough material for characterization. The peaks at 9.89◦ and 20.00◦
(2θ) represent the characteristic (003) and (006) reflections for LDH. The peak at 44.61◦
corresponds to the substrate. A basal spacing of 0.89 nm was calculated from the most
intense peak at 9.89◦ according to Bragg’s equation. This value is in agreement with pre-
vious studies [34,35,42]. The absence of non-basal reflections is evidence that the film is
composed of highly oriented platelets [22,43]. The peaks may be of low intensity due to
the thickness of the films (0.43 to 2.8 μm) and transparency of the lighter weight elements
to X-rays, as well as some slight amorphous nature. Furthermore, the diffraction peaks are
slightly broad due to poor crystallinity as also seen with previous electrosynthesized LDH
films [37].

The FT-IR spectrum for the deposited film is displayed in Figure 2. The spectrum
confirms the presence of hydroxides with only water and nitrate ions in the interlayer
region. The broad peak at 3385 cm−1 corresponds to O-H stretching of hydroxide and
water in the interlayer region. The peak at 1638 cm−1 shows the bending vibration of the
interlayer water molecules. The peak at 1353 cm−1 represents the asymmetric stretching of
nitrate ions in the interlayer region [34]. The peaks at 947, 760 and 542 cm−1 are associated
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with Al-O and Zn-O stretching modes [44–47]. The peaks from 2600 to 1800 cm−1 are from
the diamond ATR surface [48].

θ °

Figure 1. X-ray diffraction pattern of an electrodeposited modified zaccagnaite coating on stainless
steel (SS) substrate.

θ

Figure 2. The FTIR spectrum of an electrodeposited modified zaccagnaite film.

Figure 3 shows the surface morphology of modified zaccagnaite films from a one layer
(1L), two layer (2L), and five layer (5L) successive depositions. The surface of the 1L film
(Figure 3a) shows a flattened disorganized coating with uneven coverage. The elemental
ratio of Zn:Al measured by EDX on the surface of the film is approximately 1:1.2. Table 1
lists the elemental ratios and film thicknesses for the coatings. The SEM image of the 2L
film (Figure 3b) shows a fairly homogenous surface without the flaws observed in the 1L
films (Figure 3a). The double deposition reduced the uneven coverage. The elemental ratio
of Zn:Al on the surface of the 2L film is approximately 1:2.8. The 5L film (Figure 3c) exhibits
a surface which is different from both the 1L and 2L films. The elemental ratio of the 5L
film’s surface is approximately 1:5, while this film does not have the uneven coverage in
material as seen in the 1L film, there are cracks observed. This cracking and shrinkage
of the LDH coatings has been observed by other researchers and is typically attributed
to dehydration of the coating in atmosphere and shown to be spontaneous upon drying
(Equation (3)) [34,49–51]. Lu et al. showed that a dehydration/rehydration process was
reversible by monitoring the LDH gallery spacings with XRD for Ni-Fe LDH coatings [52].
Gualandi et al. measured the gallery d-spacings of several LDH coatings with XRD and

135



Materials 2021, 14, 7389

noted that Zn-Al LDH had the highest hydration levels (larger d-spacing) compared to
Ni-Al LDH and Co-Al LDH coatings [37] and this cracking could even be observed in
the SEM cross-sections [53]. Others have shown that hydrogen gas evolution during the
deposition can occur at too high of cathodic potentials [35]. Even with the cracking process,
adhesion was still good for the coatings [54].

[Zn2+
1−xAl3+

x(OH)2][NO3
−]x zH2O → [Zn2+

1−xAl3+
x(OH)2][NO3

−]x + zH2O (3)

 

Figure 3. SEM images of modified zaccagnaite films for (a) 1L, (b) 2L, (c) 5L, and (d) 5L film with a
portion of top phase removed (L = layer). (Image bars are 20 μm).

Table 1. Elemental composition measured by EDS and thickness of the electrodeposited films (n = 3).

Number of Layers Zinc Atomic % Aluminum Atomic % Thickness (nm)

1 41 ± 4 59 ± 4 431 ± 50
2 24 ± 2 76 ± 2 612 ± 46
5 14 ± 3 86 ± 3 2814 ± 45

In Figure 3d, it is apparent that these cracks do not penetrate all the way to the
substrate. Two separate phases can be observed, a fractured phase upon a continuous
underlying phase. The surface of the underlying phase in Figure 3d has slightly more
zinc (1:4 Zn:Al ratio) than the 5L film. Previous research has shown that LDH with
an acceptable divalent:trivalent cation ratio is only formed during a certain time frame,
dependent on the deposition potential, formation pH of the divalent cation hydroxide
and divalent:trivalent cation ratio. At longer synthesis times, an aluminum dominated
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hydroxide phase is formed [48]. These electrochemical deposited coatings show the same
trend, with increasing Al composition corresponding to increasing deposition times.

Film thickness measurements for 1L, 2L, and 5L films are reported in Table 1. The film
thickness does not increase proportionally with the number of deposition layers. The lack
of linearity may be due to deposition defects caused by dehydration of previous layers.
Furthermore, the rate of film growth may change due to the differences in initial growth
on the substrate versus growth on the previously deposited film. The formation of two
sequential phases may also cause irregular film growth rate. The conductivity variation in
each layer and the non-conducting nature of the zinc and aluminum hydroxide film will
also contribute to the nonlinear growth rate.

Figure 4 shows a schematic representing the changing deposition mechanism where
initially hydroxides are generated at the electrode surface. When the pH increases suffi-
ciently at the electrode, metal hydroxides began to precipitate and any hydroxides not
consumed move into the bulk of the solution. The diffusion of hydroxides away from
the electrode increases the pH of the solution resulting in the precipitation of aluminum
hydroxide. Aluminum hydroxide forms at approximately pH 4 and zinc aluminum LDH
precipitates at approximately pH 6 [35,55]. The aluminum hydroxide precipitate coats
the mixed hydroxide phase. This deposition process results in the film structure depicted
in Figure 5, which is comprised of a mostly aluminum hydroxide phase on top of a mixed
hydroxide phase. The zinc content of the mixed hydroxide phase is higher at the substrate
interface and decreases as the film thickness increases. Zinc hydroxide is slightly more
soluble (Ksp = 3 × 10−17) than aluminum hydroxide (Ksp = 3 × 10−34), also leading to a
higher aluminum hydroxide solid on the surface.

Figure 4. Film formation process of the mixed hydroxide phase and top aluminum hydroxide
layer for the electrodeposited zaccagnaite coating on stainless-steel substrate, (a) generation of
hydroxides at the electrode, (b) deposition of metal hydroxides and diffusion of unconsumed
hydroxides away from the electrode surface, (c) pH increases in the bulk solution resulting in
aluminum hydroxide precipitation, and (d) aluminum hydroxide precipitate formed in bulk deposits
onto mixed hydroxide layer.
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Figure 5. Changing film composition from the substrate to the outer top layer for the electrodeposited
zaccagnaite coating.

3.3. Corrosion Resistance

The potentiodynamic polarization curves of the bare substrate, 1L, 2L, and 5L as-
deposited films measured in 3.5 wt.% NaCl solution are shown in Figure 6. The corrosion
potential (Ecorr), corrosion current density (icorr), and polarization resistance (Rp) data for
each sample are listed in Table 2. Deposition of the modified zaccagnaite film resulted
in a positive shift in the Ecorr and a decrease in the icorr compared to the bare substrate
(better corrosion resistance). The 1L film had the greatest effect on Ecorr, shifting almost
100 mV in the positive direction while the 2L and 5L films had a continued shift in Ecorr
by smaller increments of approximately 30 and 3 mV, respectively. The icorr decreased
from 0.66 μA/cm2 to 0.61, 0.38, and 0.12 μA/cm2 for the 1L, 2L, and 5L films, respectively.
Polarization resistance, Rp, increased with the number of deposited layers resulting in the
5L film having a Rp an order of magnitude larger than the substrate Rp. The beginning of a
pitting potential can be observed for the bare substrate sample at the end of the polarization
curve around −50 mV. For each deposition layer, an increasing barrier property is observed
in the anodic branch of potentiodynamic curves. These polarization measurements indicate
that the film provides a barrier to the transport of aqueous species to the substrate so that
the ability of the chloride ions to attack the substrate is reduced. This barrier increases and
defects are minimized as more layers are deposited. Some current density oscillation is
observed in the anodic branch of the polarization curves. The current density oscillation
becomes greater as the number of deposited layers increases. This may be due to the
dissolution of hydroxides from the coating surface or even some interlayer exchange of
species between the film and the solution.

i 

Figure 6. Potentiodynamic polarization curves of the substrate, and 1L, 2L, 5L modified zaccagnaite
films measured in a 3.5 wt.% NaCl solution.

The stability of the modified zaccagnaite film in a corrosive marine environment was
simulated with immersion testing. A 5L film was immersed at increasing durations up
to 168 h in a 3.5 wt.% NaCl solution. Figure 7 shows the polarization curves of the film
at four different immersion times. Table 3 lists the Ecorr, icorr, and Rp as the average of
3 measurements for the 5L film at various times. The Ecorr remained relatively unchanged
at approximately −0.240 V vs. SCE from 1 to 72 h. At 168 h the Ecorr shifted positively to
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−0.178 V vs. SCE and the corrosion resistance potential, Rp, began to decrease indicating
beginning of corrosion damage at the longer emersion time. The icorr was also stable starting
at 0.12 μA/cm2 for 1 h and ending at 0.18 μA/cm2 at 168 h. Only the film immersed for
168 h exhibits a pitting potential at the end of the anodic region beginning around 0.0 V
suggesting that the film was weakened by the longer exposure to the chloride environment.
Current density oscillation is visible again beginning around the corrosion potential and
throughout the anodic region.

Table 2. Corrosion potential (Ecorr), corrosion current densities (icorr), and LPR polarization resistance
(Rp) measured for all samples in a 3.5 wt.% NaCl solution (n = 3).

Sample Ecorr (V vs. SCE) icorr (μA/cm2) Rp (kΩ·cm2)

substrate −0.363 ± 0.027 0.66 ± 0.01 19 ± 6
1L −0.269 ± 0.020 0.61 ± 0.19 57 ± 27
2L −0.240 ± 0.008 0.38 ± 0.11 137 ± 40
5L −0.237 ± 0.013 0.12 ± 0.01 230 ± 54

i 

Figure 7. Potentiodynamic polarization curves of 5L films immersed in a 3.5 wt.% NaCl solution for
1, 24, 72, and 168 h.

Table 3. Corrosion potential (Ecorr), corrosion current densities (icorr), and LPR polarization resistance
(Rp) measured for a 5L film in 3.5 wt.% NaCl at various immersion times (n = 3).

Immersion Time (h) Ecorr (V vs. SCE) icorr (μA/cm2) Rp (kΩ·cm2)

1 −0.239 ± 0.017 0.12 ± 0.02 218 ± 59
24 −0.245 ± 0.031 0.08 ± 0.02 232 ± 37
72 −0.235 ± 0.020 0.18 ± 0.03 309 ± 138
168 −0.178 ± 0.013 0.18 ± 0.02 233 ± 72

SEM images were taken of the 5L film before (Figure 8a) and after immersion in
3.5 wt.% NaCl solution up to 168 h. Figure 8b shows that the aluminum dominated layer
on the surface of the film forms pits after immersion of 168 h. These defects range in size
from submicron to a couple of microns. These flaws may be evidence of dissociation of
the film into hydroxide ions. These defects only affect the top phase and do not appear
to penetrate to the substrate because of the stability observed during immersion testing.
The top phase may behave as a sacrificial barrier for the underlying coating and possibly
releases hydroxide ions. Figure 8d shows a section of the 5L film with the top phase
detached after immersion in 3.5 wt.% NaCl solution up to 168 h. While the exposed
bottom phase is not free of blemishes, it does not exhibit the pitting that is observed on the
top phase.
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Figure 8. SEM images of 5L film (a) before and (b) after immersion in 3.5 wt.% NaCl solution for
168 h as well as (c) an enlarged image of a defect in the immersed film from (b), and (d) top section of
5L film removed after 168 h.

The anticorrosion performance of LDH films has been attributed to a multitude of
factors. One factor is the high anion exchange capacity of LDH. The nitrate ions in the
film have a lower affinity for intercalation than chloride ions. Surface anion exchange with
chloride ions traps them and prevents their migration to the substrate. This anion exchange
phenomenon has been observed in previous studies [20,21,35]. Another explanation is
that the deterioration of the film may release hydroxide ions into the local environment
increasing the pH [21]. The release of hydroxide ions can slow down the occurrence of
pitting corrosion by reducing the rate of chloride migration to the pit and neutralizing
the local solution environment. Previous research has also shown that layered double
hydroxides can undergo dissolution/recrystallization or self-healing reactions during
the corrosion process [56]. Hydrotalcite has been shown to form a protective amorphous
aluminum hydroxide layer to prevent dissolution in mildly acidic solutions [57]. The mostly
aluminum hydroxide top phase behaves as a protective coating for the mixed hydroxide
phase preventing its dissolution. Figure 9 depicts a proposed corrosion mechanism for the
coating after immersion of the film in corrosive media, depicting the sacrificial protection
of the aluminum dominate phase and possible crystallization of aluminum hydroxide
in pits on the surface. Other explanations for the corrosion resistance of the film is its
barrier property. The film is dense and thick enough to prevent the penetration of chloride
ions to the substrate surface [21,23]. This can be seen as successive layers are deposited
onto the substrate. The corrosion resistance increases from 1 to 5 layers. As the thickness
increases (~0.4 to 3 μm), the chloride ions are blocked against attack. Additionally, the film
is insulating, resulting in a decrease in the rate of any electrochemical reactions including
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those involving corrosion. Further study can help determine a comprehensive mechanism
of corrosion resistance for the electrodeposited modified zaccagnaite films.

Figure 9. Postulated corrosion mechanism for immersed electrodeposited zaccagnaite film.

4. Conclusions

In this study a facile method was developed to electrochemically deposit modified
zaccagnaite films onto a stainless-steel substrate. The electrodeposition occurred in mul-
tiple layers in order to minimize defects generated during deposition and drying of the
film. XRD and FTIR studies showed the presence of an LDH phase; however, the elemental
ratios of Zn:Al were outside typical limits. The metal substrate coated with modified
zaccagnaite exhibited higher corrosion resistance than the bare substrate in 3.5 wt.% NaCl
solution. Corrosion protection increased with the number of layers deposited. Aluminum
concentration in the coating also increased with the number of layers. For the 5-layer
coating, Ecorr shifted positively ~100 mV and the corrosion current density was reduced by
82% when compared to the bare substrate in 3.5 wt.% NaCl. The 5-layered film also main-
tained its corrosion resistance while immersed for 168 h in 3.5 wt.% NaCl demonstrating
that electrochemically generated modified zaccagnaite is an effective material to reduce
corrosion on the substrate surface.
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Abstract: Zinc biodegradable alloys attracted an increased interest in the last few years in the
medical field among Mg and Fe-based materials. Knowing that the Mg element has a strengthening
influence on Zn alloys, we analyze the effect of the third element, namely, Y with expected results
in mechanical properties improvement. Ternary ZnMgY samples were obtained through induction
melting in Argon atmosphere from high purity (Zn, Mg, and Y) materials and MgY (70/30 wt%)
master alloys with different percentages of Y and keeping the same percentage of Mg (3 wt%). The
corrosion resistance and microhardness of ZnMgY alloys were compared with those of pure Zn
and ZnMg binary alloy. Materials were characterized using scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), linear and cyclic potentiometry, and
immersion tests. All samples present generalized corrosion after immersion and electro-corrosion
experiments in Dulbecco solution. The experimental results show an increase in microhardness and
indentation Young Modulus following the addition of Y. The formation of YZn12 intermetallic phase
elements with a more noble potential than pure Zinc is established. A correlation is obtained between
the appearance of new Y phases and aggressive galvanic corrosion.

Keywords: biodegradable alloy; ZnMgY; corrosion; immersion test; 10xDPBS; SEM; XRD; EDS

1. Introduction

Certain metals have begun to attract great interest over the years and started to be
used in various medical applications due to their good mechanical properties, formability,
and wear resistance in time [1–5]. These metals can be characterized by three words:
‘biodegradable’, ‘bioabsorbable’, and ‘bioresorbable’. Materials such as magnesium (Mg),
iron (Fe), and zinc (Zn) were studied and accepted as good implant material [6–8]. From
these three materials, zinc (Zn) is the last studied [2] and is considered promising for more
reasons. Researchers established that some issues related to Mg and Fe can be solved using
Zn [9,10].

Zinc is an ideal candidate for its good degradation rate and acceptable biocompati-
bility [11]. Moreover, zinc is the second most abundant trace element in the human body
and influences important metabolic processes, and it regulates the cell cycle [12]. Zinc
plays an important role in the prevention of heart disease, for example, maintaining the
integrity of endothelial cells [13], simulating the proliferation of endothelial cells through
increasing the levels of endogenous basic fibroblast growth factor [14], and can prevent
further damage caused by ischemia and infarction [15]. Pure zinc stents have been tested
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in vivo on rabbits and the results have been promising in terms of biodegradability, with
no major signs of inflammation or thrombosis formation.

However, the mechanical properties of zinc are below the standards required for
metals used in medical applications such as vascular stents. To improve the mechanical
properties of pure zinc, it is necessary to add alloying elements with properties that should
compensate for the disadvantages of zinc. Alloying elements such as Ca, Mg, Mn, Ge, and
Cu is standard practice, and they have been used and studied for developing biodegradable
Zn-based alloys with mechanical properties significantly improved [16–20].

The Zn-Mg biodegradable alloy system was studied by many researchers. Mg has 0.1
wt% solubility in Zn or less at 364 ◦C. As cast Zn-Mg alloys contain Zn primary dendrites
and lamellar eutectic mixture of Zn and Mg2Zn11 confirmed by phase diagram and
metallographic observations [21]. By adding the Y element in different mass percentages
of the Zn-Mg system, the first days of immersion improvement of corrosion resistance and
mechanical properties are considered.

In this article, preliminary results obtained on a new alloy (ZnMgY) were analyzed
to appreciate the corrosion resistance and hardness variation compared with pure Zn
and Zn3Mg materials. Zn alloys are, nowadays, appreciated as a promising material for
medical biodegradable applications since their corrosion rate is between magnesium (too
big corrosion rate-degradation) and iron (small corrosion rate-degradation), besides other
benefic biological reactions of Zn [22–26].

2. Materials and Methods

2.1. Materials

The samples were obtained using high purity Zn and Mg and master alloy MgY
(70/30 wt%) acquisitioned from Hunan China Co., Hunan, China [27], maintain for 10 min
at T = 450 ◦C in a classical induction furnace with Ar atmosphere (~0.75 atm), Inductro,
Bucharest, Romania. The experimental set consists of five samples, respectively, pure
Zn, ZnMg, and three samples based on ZnMgxY with x = 0.4, 0.5, and 0.6. Experimental
ingots (100 g) were obtained from the next material quantities: for alloy Zn3Mg0.4Y we
use 96.6g pure Zn, 1.35 g MgY, and 2.05 pure Mg; for Zn3Mg0.5Y we use 96.5 g pure Zn,
1.68 g MgY, and 1.825 pure Mg; for Zn3Mg0.6Y we use 96.0 g pure Zn, 2.6 g MgY, and 1.6
pure Mg. Zinc loss by volatilization was achieved by keeping a reduced temperature of
overheating of the metal bath and dilution of the alloying elements. The samples were
five times re-melted to obtain proper chemical and structural homogeneity and to reduce
the voids and micro-cracks from the melting process. To establish the re-melting effect,
we perform surface state analyzes (nondestructive test: NDT) using fluorescent penetrant
liquids.

All samples were subjected to nondestructive testing. The samples were cleaned in
an ultrasound machine Geti (Tipa, Sadovacity, Czech Republic) before penetrant testing.
Fluorescent penetrant testing provides a means of detecting surface-opening discontinuities
such as porosity, cracks, or inclusions. The method used is hydrophilic post-emulsification.
In this scope, we used an ultra-high sensitivity level 4 penetrant solution and a hydrophilic
emulsifier in 5% concentration. A dry developer was used for a better contrast that
amplifies the location of pores. Steps used for each stage were as follows: penetrant dwells
time 20 min, emulsifier time 2 min, and developer time 10 min. The parts were inspected
under UV light with an intensity of 3800 μW/cm2 measured at 38 cm distance from the
lamp’s bulb.

2.2. Corrosion Behavior Analysis

The corrosion behavior was evaluated through immersion and electro-corrosion tests.
In all chemical experiments, we use a Dulbecco’s Phosphate Buffered Saline solution
(SAFC Bioscience LTD, Hampshire, UK.) (without calcium or magnesium, code: 17-515Q):
10xDPBS (chemical composition: KCl:0.2; KH2PO4: 0.2; NaCl: 8.0 and NaHPO4(anhydrous):
1.15).
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Biodegradable materials can be used in melted, heat-treated or plastic deformed state,
based on the application requirements; in this article, we analyze the melted state behavior
of the samples. Immersion experiments (24, 48, and 72 h) were realized in a thermal-
controlled equipment at 37 ◦C for different periods with regulation of the pH value at 24 h.
The mass variation was determined by a Partner analytical balance, Partner Co., Bucharest,
Romania, after the immersion tests and after cleaning in an ultrasound bath with an alcohol
–based solution.

For electro-corrosion analyze a VoltaLab-21 potentiostat (Radiometer, Copenhagen,
Denmark) was used to investigate the linear and cyclic potentiometry in 10xDPBS elec-
trolyte solution. Tests were made using a three-electrode cell. A calomel-saturated electrode
was used as a reference electrode and as an auxiliary electrode a platinum one. For the
working electrode, all samples were inserted in Teflon support to expose a 0.80 cm2 area to
the electrolyte. The electrolyte was continuously mixed with a magnetic stirrer to eliminate
the bubbles due to H2 elimination even that in the case of Zn-alloys the release of H2 is
much lower than Mg-alloys. To obtain the corrosion potential (Ecorr) and corrosion current
(Jcorr) characteristics for each sample, we plot the results as current density (mA/cm2)
function of potential (V). The corrosion current density, Jcorr, was determined using two
equations by extrapolation of the Tafel lines: a complete polarization curve consisting of a
cathodic part and an anodic part. The cathodic portion of the polarization curve contains
information concerning the kinetics of the reduction reactions occurring for a particular
system. The corrosion potential is deduced from the intersection of the anodic and cathodic
Tafel slopes. The tests were made at room temperature (RT) (23 ◦C), and the potential
records registered (linear plots were registered at a scan rate of 1 mV/s and the cyclic plots
at a scanning rate of 10 mV/s). A scan rate of 1mV/s and a potential scan of approximately
±350 mV about Ecorr is generally required to made reasonably accurate extrapolation. The
tests were repeated five times to achieve proper repeatability of the results.

Surface and microstructure were investigated using scanning electron microscopy,
VegaTescan LMH II SEM (VegaTescan, Brno—Kohoutovice, Czech Republic), Secondary
Electrons (SE) detector (VegaTescan, Brno—Kohoutovice, Czech Republic), electron gun
supply: 30 kV, high pressure, 15.5 mm distance between the electron gun and the sam-
ple. Chemical composition insights were taken with an EDS detector, Bruker X-Flash,
Mannheim, Germany using automatic and element list mode, in Point analysis a surface of
0.05 μm2 is investigated. XRD experiments were realized on Expert PRO MPD equipment,
Panalytical (XRD, Panalytical, Almelo, The Netherlands model, with copper—X-ray tube
(Kα-1.54◦). In processing the obtained data, diffractogram patterns were analyzed using
the Highscore Plus software (2.2, Panalytical, Almelo, The Netherlands). Samples with
area of 50 mm2 were scanned in transmission mode as polished discs under the following
parameters: 2 theta: 10◦–1100◦, step size: 0.13◦, time/step: 51 s, and a scan speed of
0.065651◦/s.

2.3. Microhardness Investigation

Microhardness experiments were realized using laboratory equipment CETR UMT-
2 Tribometer (Universal Micro-Materials Tester), from the Tribology laboratory of the
Mechanical Engineering Faculty from Iasi, Romania. The microindentation evaluation.
For tests, we prepared rectangular samples with plan parallel faces with (L:w:t) 10 cm ×
2 cm × 1 cm dimensions. The indentations (neatness of the results was supported by five
determinations for each sample at 0.25 mm distance one of the others) were made with
Rockwell diamond tip (120◦ opening angle). Dimensions of Rockwell’s tip indenter are
a radius of 200 ± 5 μm; angle 120◦ ± 0.30◦ and a standard deviation from the median
line of ±2 μm. Using this equipment, we managed to evaluate and compare the values of
indentation Young modulus (GPa), hardness (Gpa), and contact stiffness (N/μm) based on
the determination of the maximum load, (N), maximum displacement, (μm), contact depth,
(μm) and contact area, (μm2). The method is based on a gradual increase in the indentation
load from 0 to 10 N and release to the starting value. The electro-electronic part based on a
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capacitive sensor along with the load sensor permits the realization of a typical indentation
diagram (load-depth). UTM Viewer program (CETR, Campbell, CA, USA) translates data
files produced with the UTM testing software (2.16) (CETR, Campbell, CA, USA) into a
graphical display for analysis [28].

3. Results

Preliminary results from the obtaining and characterization of a new alloy (ZnMgY)
with possible medical applications are presented.

3.1. Preliminary Results of the Samples

Experimental materials were NDT tested to establish de effects of the melting op-
eration. The sample surface presents important differences before and after five times
re-melting of the alloys (Figure 1), fact that strongly recommends this operation if the
classical melting process is used to obtain Zn-alloy. In Figure 1a, the penetrant liquids
reveal some surface defects like pores, micro-cracks, or inclusions that will influence alloy
properties like corrosion resistance. After a re-melting operation, we obtain a better quality
of material surface with less and smaller defects, as can be observed in Figure 1b.

 

Figure 1. NDT analysis of melted Zn, ZnMg, and ZnMgY alloy (a) first melt sand (b) after five
re-melts.

In this article, we will focus on analysis of the ZnMgY alloy, a less researched system
than binary ZnMg material in comparison with pure Zn and Zn3Mg, also cast samples.
Figure 2 shows the qualitative results of chemical analysis of ZnMgY alloy through the
energies of dispersive characteristic X-ray of the new material with the identification of
main components: Zn, Mg and Y. A simple distribution of the elements (Figure 2b–e)
shows that different chemical composition compounds are present in the alloy. Beside a
compound with more Y, located on the right corner of the investigated area, the elements
appear in a homogeneous spread.

From elemental distributions (Figure 2c–e), we observe that Y is spread on the entire
area, with different intensities, and magnesium participates at different phases with areas
with a low or at all contributions.

Analyzing binary diagrams, Mg–Zn, Mg–Y and Y–Zn published in ASM Handbook,
vol. 3, Alloys and Phase Diagrams [29], we identified the possibility of formation of
different binary compounds such as Mg2Zn11 (for 93.7 wt% Zn), MgZn2 (for 84–84,6
wt%), Mg2Zn3(for 80.1 wt% Zn), MgZn (for 74 wt% Zn) or Mg7Zn3(for 53.6 wt% Zn). No
compounds Mg–Y with more than 30 wt% Y were identified on our analyses. From Y–Zn
binary diagram, the formation of the following compounds was identified: α and β YZn2
(for 59.6 wt% Zn), YZn3 (for 69 wt% Zn), Y3Zn11(for 73 wt% Zn), Y13Zn58 (for 76,7 wt%
Zn), YZn5 (for 76.6 wt% Zn), Y2Zn17 (for 86.2 wt% Zn), and YZn12 (for 89.8 wt% Zn).

Using a ternary diagram of Mg–Zn–Y predicted from the energy’s formation [30],
eleven stable compounds were determined in this alloy: Mg21Zn25, MgZn2, Mg2Zn11,
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Mg24Y5, Mg2Y, MgY, Zn12Y, Zn17Y2, Zn3Y, ZnY, and MgZnY. Part of these compounds,
based on thermodynamic conditions and chemical composition, formed in alloy and were
identified by XRD analysis.

 

Figure 2. Chemical analysis of experimental alloy (a) energy spectrum, (b) Zn,MgY elements distribution, (c) Mg, (d) Y, and
(e) Zn distributions.

Structurally, five areas were identified as having different shapes denoted x1–x5, the
figure from Table 1 and Figure 3c, and their chemical composition was determined and
presented in Table 1. The alloy was made of mainly pure Zn and master alloy MgY. For
x1 point (a spot with 90 nm diameter), a Zn–Y compound is obtained (Table 1), which
was identified also with XRD equipment (Figure 4) that has an 11.5 atomic report between
Zn and Y that corresponds to YZn12 phase (chemical formula: Zn24.00Y2.00). Here, the
affinity of Y from MgY master alloy was stronger for Zn and the formation of YZn12
compound. Point x2 is situated on a differently morphological compound, a complex one
ZnMgY. The third area (point 3) represents the matrix, a solid solution of Zn with more
Mg and Y dissolved in. The fourth area analyzed, x4, presents a reduced percentage of Mg
and a near proposed percentage of Y in composition with zinc in rest. The last compound,
point x5, is a ZnMg without Y element. No MgY compounds (introduced in the metallic
bath as master-alloy) were observed on the structure after melting and pouring operations.
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Table 1. Chemical composition analysis of structural elements of ZnMgY alloy (Zn3Mg0.6Y).

 

Elements/Analysis
Points

Zn Mg Y

wt% at% wt% at% wt% at%

x1 89.11 91.76 – – 10.88 8.24

x2 99.2 98.4 0.52 1.4 0.28 0.2

x3 96.28 92.16 2.79 7.19 0.93 0.65

x4 99.12 99.19 0.08 0.22 0.8 0.59

x5 99.43 98.48 0.57 1.52 – –

EDS err. 2.5 0.3 0.5

 

Figure 3. Structural aspects of the samples before corrosion tests (a) Zn, (b) ZnMg, and (c) ZnMgY.

Θ

Figure 4. XRD results of Zn, ZnMg, and ZnMgY materials.

After remelting and pouring of the materials in a metallic casting form, experimen-
tal ingots were mechanically prepared by eliminating the edges and cutting cylindrical
samples, mechanical grinding, and chemical etching with the microstructures presented
in Figure 3. In all corrosion resistance tests performed in this article, we used ground and
polished samples without chemical etch having a structural state near the ones presented in
Figure 3. Chemical composition was determined for each ingot through five determinations
and the values presented in Table 2 with standard deviations for each element and EDS
detector error.
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Table 2. Chemical compositions of the samples (average values from five determinations).

Materials/Elements
Zn Mg Y

wt% at% wt% at% wt% at%

Zn pure 99.99 99.99 − − − −
Zn3Mg 97.02 92.63 2.98 7.37 − −

Zn3Mg0.4Y 96.8 92.90 2.78 6.74 0.42 0.26

Zn3Mg0.5Y 96.75 92.96 2.75 6.59 0.50 0.35

Zn3Mg0.6Y 96.55 86.93 2.82 5.74 0.63 0.42

EDS error 1.1 0.4 0.1
StDev: Zn: ±1.5, Mg: ±0.2 and Y: ±0.1.

The samples: Zn3Mg0.4Y, Zn3Mg0.5Y and Zn3Mg0.6Y were investigated and compared
with pure Zn and Zn3Mg. In Figure 3, structural aspects of the samples present different
orientations of the grains in the case of pure Zn and a dendritic structure of ZnMg alloy.
Microstructural investigations of ZnMg alloy in cast state present α-Zn grains (Figure 3b)
and a eutectic (consisting of α–Zn and intermetallic Mg2Zn11 phase) located along the
grain boundaries [31]. All samples present good structural homogeneity, no high quantities
of inclusions on the grain boundaries. Figure 3c presents a good distribution of the ZnY
and ZnMg compounds in ZnMgY alloy.

Using a ternary diagram of Mg–Zn–Y predicted from the energy’s formation (ternary),
eleven stable compounds were determined in this alloy: Mg21Zn25, MgZn2, Mg2Zn11,
Mg24Y5, Mg2Y, MgY, Zn12Y, Zn17Y2, Zn3Y, ZnY, and MgZnY. Part of these compounds,
based on thermodynamic conditions and chemical composition, formed in alloy and
identified by XRD analysis. Besides the usual compounds determined for ZnMg alloy and
main peaks of pure Zn, we determined the presence of the YZn12 (Figure 4) compound
confirming the identification made through EDS detector on Table 1, point x1. For this
compound, we identify few 2θ peaks as 40.509 (Int:100, h k l:3 2 1) and 45.497 (Int: 80, h
k l:4 1 1). The main characteristics of YZn12 are: a (Å): 8.8750, b (Å): 8.8750, c (Å): 5.1920,
Alpha (◦): 90.0, Beta (◦): 90.0, Gamma (◦): 90.0, calculated density (g/cm3): 7.09, Volume
of the cell (106 pm3): 408.95. The spatial group of YZn12 is tetragonal (I4/mmm) with
a three-dimensional structure [32,33]. A single Y atom is connected to 20 Zn atoms in
a 12-coordinate spatial geometry. The Y–Zn links are positioned at different distances
between 3.16–3.41Å. Here, there are three different positions of Zn, first Zn is connected
in a denatured geometry to 2 similar Y and 10 Zn atoms. Besides Y-Zn bonds, there are
also Zn–Zn links with distances from 2.60–2.88 Å. For the second Zn position, Zn atom is
connected to two Y atoms and ten Zn atoms to form a composite of margin, face, and angle
corner distribution of Zn in Y2Zn10 (with 2 links of 2.60 Å and 4 of 2.74 Å). For the third
position, Zn is linked in a ten-coordinate geometry to one Y and 9 Zn atoms (Zn–Zn link
length is 2.59 Å).

A Mg12ZnY intermetallic compound was also identified and exhibits excellent me-
chanical properties in Mg-based alloys [34]. It is known from the literature that the
Mg12ZnY phase has a significant role in enhancing the mechanical properties of al-
loys [35–37]. This compound presents a hexagonal crystal structure [32] with lattice param-
eters (nm): a = 0.321 and c = 3.694. These compounds with Y were initially formed pending
solidification stage and did not manage to dissolve completely into the α–Zn matrix. To ob-
tain a supra-saturated α-Zn solid-solution, a hardened solution heat treatment is necessary,
and to promote this type of precipitation, aging heat treatment at low temperature can be
used for obtaining a fine lamellar structure [38]. A higher percentage of solid solution in the
experimental alloys will promote a generalized corrosion at the contact with an electrolyte,
and a higher number of intermetallic compounds will favor the micro-hardness increase.
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3.2. Immersion Tests

Samples were analyzed after the immersion test (37 ± 1 ◦C, 10xDPBS) by weighing,
and the surface by chemical composition acquisitions. Researchers in the field of biodegrad-
able materials agree that the corroding environment has an important influence on the
corrosion rate and the behavior of an alloy [39]. Similar to Mg-based alloys big differences
were observed in the behavior of Zn-alloys in different electrolyte solutions like simulated
body fluids, Hanks’s solution, Ringer, Dulbecco, or Dulbecco plus bovine serum [40]. For
all samples, an increase in weight is observed after 24, 48, and 72 h (Table 3), except the
Zn3Mg0.5Y alloy at 24 h, which presented a higher added mass than all other materials.
The samples show an increase in mass with 1 to 2.6 mg thanks to reactions between ma-
terials and DPBS solution. Ultrasound cleaning in alcohol was made to remove unstable
compounds from the surface after the immersion test. Only a small part of the compound
form on the surface was detached and passed in solution, a fact that shows good stability
of the layer formed on top of the alloy during the first three days of immersion. Further
research will be conducted to establish the period of layer stability and the degradation
starting point by mass loss perspective. When the compound layer formed on the surface
with high participation of Zn and Mg will be detached, a further corrosion process will
decrease the mass.

Table 3. Weights of samples after the immersion test.

Samples
Initial Weight

[g]

Weight After
Immersion

[g](mg)

Weight After Ultrasound
Cleaning [g](mg)

Zn

24H 4.1888 4.1906 (+1.8) 4.1902 (+1.4/−0.4)

48H 3.9416 3.9431 (+1.5) 3.9428 (+1.2/−0.3)

72H 4.1369 4.1391 (+2.2) 4.1387 (+1.8/−0.4)

ZnMg
24H 2.6388 2.6410 (+2.2) 2.6401 (+1.3/−0.9)

48H 3.4378 3.4394 (+1.6) 3.4386 (+0.8/−0.8)

72H 2.4310 2.4328 (+1.8) 2.4326 (+1.6/−0.2)

Zn3Mg0.4Y
24H 2.2969 2.2981 (+1.2) 2.2979 (+1.0/−0.2)

48H 2.9427 2.9437 (+1.0) 2.9434 (+0.7/−0.3)

72H 1.9240 1.9266 (+2.6) 1.9258 (+1.8/−0.8)

Zn3Mg0.5Y
24H 2.4688 2.4755 (+6.7) 2.4753 (+6.5/−0.2)

48H 2.5858 2.5870 (+1.2) 2.5869 (+1.1/−0.1)

72H 2.2160 2.2174 (+1.4) 2.2167 (+0.7/−0.7)

Zn3Mg0.6Y
24H 2.2581 2.2605 (+2.4) 2.2604 (+2.3/−0.1)

48H 2.2529 2.2548 (+1.9) 2.2547 (+1.8/−0.1)

72H 2.1964 2.1981 (+1.7) 2.1976 (+1.2/−0.5)

It has been proved countless times that electrolyte environment influences the degra-
dation rate and the corrosion compound type. The corrosion rate is relatively lower in
10xDPBS than other mediums like simulated body fluids (SBF) [39]. This behavior is related
to the differences in chemical composition, pH values, and different quantities of anorganic
salts or aminoacids [41–44].

An important difference that Zn-based materials show, compared to Mg-based alloys,
are the normal cathodic reactions that occur [39]:

2H2O + 2e− → H2 + 2OH− (1)

2H2O + O2 + 4e− → 4OH− (2)
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The release of H2 quantity (reaction (1)) beside O2 reduction (reaction (2)) is much
smaller for Zn alloys compared to Mg.

The corrosion Compounds have a partially protective role and decreased the corrosion
rate. Mainly, the degradation of Zn is produced by the next anodic reaction (Equation (3)):

Zn→Zn2+ + 2e− (3)

The compounds resulting from these reactions are normally ZnO or/and Zn(OH)2.
The growth of Zn(OH)2 is more harmful based on his lower stability compared to ZnO.
Moreover, Zn(OH)2 is dissolved in contact with chlorides Equation (4), enhancing the
degradation process. In this study, the polarization resistance is increased in 10xDBPS
solution with only 8 g/L NaCl.

Zn(OH)2 + 2 Cl− →Zn2+ + 2 Cl− + 2 OH− (4)

In the case of Zn-based alloys, insoluble phosphates Equation (5), or hydrozincite
(Zn5(CO3)2(OH)6) and simonkolleite (Zn5(OH)8Cl2·H2O) compounds are more numerous,
which affects the general corrosion rate enhancing in the same time the polarization
resistance of the material.

3 Zn2+ + 2 HPO4
2− + 2 OH− + 2 H2O→Zn3(PO4)2 + 4 H2O (5)

Generally, at the first contact, the corrosion rate is slower in 10xDPBS or similar so-
lutions for all biodegradable metals (Mg– or Fe-base) [39]. The corrosion layer formed
during immersion is uniform in DPBS and consists of oxides (mainly of Zn) and unsolvable
corrosion products made through precipitation, such as metallic oxides/hydroxides, phos-
phates, and carbonates. The additional mass gained after the immersion tests observed in
Table 3 is based on compound accumulation and higher corrosion resistance in the first
days of contact with the electrolyte. Comparing the behavior of similar alloys in SBF, the
slower corrosion rate can be attributed to the growth of a more stable compound layer,
adsorbed amino-acids, and lack of HCl that accelerates corrosion in SBF [39]. The surface of
the samples after immersion presents a manly covered area by compounds (Figure 5); most
of them passed from the electrolyte solution, interacted with the surface, and produced
a resistant corrosion layer. After three days, all samples showed a cover layer on the
surface formed from Zn, O, and P (Table 4), small percentages of Mg, Y–oxides and Cl,
K as salts from the solution. The morphological structure of the compounds is similar to
Zn3(PO4)2 (O8P2Zn3) compound layer for all samples, a layer that covers almost the entire
surface [45,46].

Salt compound morphology can be observed as ZnMgY deposits on the surface
(Figure 5c, confirmed by Table 4) with Zn3(PO4)2 layer on top. The order of interactions is
confirmed by the first formation of the phosphated layer and second by other compounds
that passed from the electrolyte to surface. On the surface of Zn3Mg alloy appearance of
MgO can be observed on the surface [47]. Uncovered areas were observed on all samples
(Figure 5d), and many fine cracks define the deposited layer. The layer formed on the
surface has a certain stability after three days of immersion, ultrasound cleaning only
removed a part of the compounds (Table 3), but with further contact with the solution,
the corrosion will break the phosphated layer, and the material will pass in electrolyte
continuing the degradation. The stability of the material in the first three days of immersion
can be considered an advantage for biomedical applications.
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(a) (b) 

(c) (d) (e) 

Figure 5. SEM after immersion period of three days and ultrasound cleaning: (a) Zn, (b) Zn3Mg, (c) ZnMg0.4Y, (d) ZnMg0.5Y,
and (e) ZnMg0.6Y.

Table 4. Chemical composition of the surface samples after immersion test (after 3 days and ultrasound cleaning).

Material
Zn Mg Y O P Cl K

wt% at% wt% at% wt% at% wt% at% wt% at% wt% at% wt% at%

Zn pure 55.42 26.97 – – – – 28.76 57.17 12.88 13.23 02.93 02.63 – –

Zn3Mg 51.60 24.26 1.09 1.38 – – 29.91 57.45 15.66 15.54 – – 1.74 1.37

Zn3Mg0.4Y 51.29 23.96 0.67 0.85 0.25 0.09 30.65 58.51 15.70 15.48 – – 1.44 1.12

Zn3Mg0.5Y 51.54 24.25 0.92 1.16 0.64 0.22 30.18 58.03 15.43 15.32 – – 1.29 1.01

Zn3Mg0.6Y 53.25 26.80 0.55 0.74 01.36 00.50 25.05 51.50 17.26 18.33 – – 2.53 2.13

EDS error 1.2 0.2 0.1 0.8 0.75 0.2 0.1

StDev:Zn: ±1.74, Mg: ±0.41, Y: ±0.57, O: ±2.26, P:1.57, Cl: ±0, K: ±0.91.

All surfaces presented a high percentage of O and P after three days of immersion.
Small quantities of Cl and K are also identified. Depending on the stability and thickness
of the phosphated layer formed on the surface, the Y element was also identified.

3.3. Potentiodynamic Polarization Curves

The Linear polarization method was used to determine the corrosion rate of Zn, ZnMg
with different percentages of Y in 10xDPBS electrolyte. Linear polarization curves are
shown in Figure 6a and cyclic polarization curves in Figure 6b. Using electro-chemical
polarization methods, we can provide information about the type of corrosion and anodic
or cathodic protection. Linear and cyclic potentiometry techniques can be useful for
evaluation analysis of the passive region, the passivation possibility of a material in contact
with the environment, stability, and the passivation quality (degradation rate).
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(a) (b) 

Figure 6. Linear and cyclic potentiometry of the samples. (a) Tafel diagram and (b) cyclic potentiom-
etry.

The corrosion parameters obtained from the Tafel extrapolation are listed in Table 5.
Linear polarization curves show that the corrosion potential values (Ecorr) were similar with
an increase in percentages of Y. This effect can be related to the presence of a passivation
process of the surface, as in all metallic materials, and the passivation can last more or less,
influencing the degradation rate and the material stability.

Table 5. Linear potentiometry parameters.

Sample
−Ecor

mV
ba

mV
bc

mV

Rp

ohm.cm2
Jcorr

μA/cm2
Vcorr

mm/Y

Zn 1491.4 122.2 −141.1 168.97 210.09 3.36

Zn3Mg 1469.8 106.0 −132.0 167.01 253.8 2.85

Zn3Mg0.4Y 1402.3 134.5 −135.6 78.25 575.7 6.46

Zn3Mg0.5Y 1477.9 117.9 −129.1 146.06 311.6 3.49

Zn3Mg0.6Y 1497.0 133.9 −95.8 851.46 66.55 0.74

The tendency of corrosion current density (Jcorr) values is to decrease along with
the increase in percentages of Y from 575.7 μA/cm2 to 66.55 μA/cm2. In the case of
Zn3Mg0.6Y is observed a decrease in the current density (Jcorr) due to the formation of
intermetallic Mg2Zn11 and MgZn2 fazes. The corrosion rate of Zn3Mg0.4Y is 6.46 mm/Y,
much higher than Zn and Zn3Mg 3.36 mm/Y, and 2.85 mm/Y. This is due because the
non-homogeneous structure caused by formation of new compounds with Y. A higher
concentration of Y homogenizes the composition of the compounds and decreases the
corrosion rate to 0.74 mm/Y.

The corrosion potential (Ecorr) for Zn3Mg0.4Y shifted by about 60 mV compared to
Zn3Mg, indicating a diminution of the corrosion tendency in thermodynamics. A higher
concentration of Y had no further significant impact on Ecorr.

From cyclic voltammograms presented in Figure 6b, the similar behavior of the alloys
and uniform corrosion is observed, reflected by the sharp increase in current density. In
the Zn3Mg0.6Y case, the cathodic branch of the voltammogram overlaps the anodic branch,
indicating advanced corrosion resistance.

3.4. Micro-Hardness Characterization of the Samples

Experiments to establish the microhardness of the samples were realized in laboratory
conditions [48,49]. Load-depth variation graphs were obtained in Origin 2021 software
(OriginLab Corporation, Northampton, MA, USA). Rockwell microhardness determina-
tions were realized on five areas of the samples. The big difference in the indentation
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behavior of Zn toward ZnMg and ZnMgY alloys determined us to provide two graphs in
Figure 7, with different depth scales.

μ

μ

Figure 7. Microhardness experiments pure Zn and Zn-alloy behavior.

The microhardness of a material can give information about the material elongation
to fracture, plasticity, and resistance to fracture of materials. The addition of magnesium to
zinc clearly improves the microhardness of the material (7.21 times), especially through
compounds and phases formed in the microstructure. Furthermore, the addition of the Y
element increases even more the microhardness of the alloy till values of 1.25 GPa. The
comparative values are presented in Table 6, with a standard deviation of the experimental
values. The increase in microhardness with addition of Y element is due to the formation
of new compounds YZn12 and Mg12ZnY. Microhardness seems to increase along with the
Y content, but further research in this area is required for confirmation.

Indentation experiments can be useful to analyze the elastic modulus for various
depths. From this test, more information about the material can be gathered in the same
time based on the load and unload curve. We use average values from separate indentations
made into a polycrystalline material and each indent can be situated in different positions
regarding the solid solution, intermetallic, or other compounds.

The softer material is pure zinc (higher maximum displacement), and the opposite
part is the value for Zn3Mg0.5Y, 6.88 μm. These compounds, based on Mg and Y, have
areas under 5000 μm2 and a homogeneous spread. In almost every indentation case (see
Table 6 for contact area values), the indenter tip presses also on a compound at least
partially. In case of Zn3Mg0.5Y alloy, the higher values of indentation Young Modulus
and microhardness are based on the fifth measurement point which, probably, was mostly
on a harder compound. This affirmation was confirmed by scanning electron microscopy
images. Young’s modulus values presented an increase with the addition of Mg and a
bigger increase with Y, and the Zn3Mg0.5Y alloy presents the highest value of 81.37 GPa
(32.42 times bigger than pure zinc Young modulus). The contact stiffness presents an
increase with Y addition based on the increase in material hardness.
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Table 6. Microhardness experiment values for samples.

Alloys

Indentation
Young

Modulus
(GPa)

Hardness
(GPa)

Contact
Stiffness
(N/μm)

Maximum
Load (N)

Maximum
Displace-

ment
(μm)

Contact
Depth
(μm)

Contact
Area (μm2)

Zn pure
Average 2.51 0.14 0.79 8.96 65.48 57.29 7,8807.47

Std. Dev. 0.51 0.05 0.05 0.02 26.59 26.86 5,3656.28

Zn3Mg
Average 17.10 1.01 1.95 9.01 10.80 7.31 9022.66

Std. Dev. 1.73 0.06 0.22 0.01 0.46 0.49 599.36

Zn3Mg0.4Y
Average 59.64 0.79 7.23 8.79 9.91 8.95 1,1002.22

Std. Dev. 12.95 0.04 1.47 0.37 0.49 0.43 507.04

Zn3Mg0.5Y Average 81.37 1.22 7.94 9.01 6.88 6.03 7459.77

Std. Dev. 10.01 0.16 0.69 0.02 0.70 0.69 841.89

Zn3Mg0.6Y
Average 39.26 1.25 3.77 9.02 7.51 5.70 7062.93

Std. Dev. 1.34 0.11 0.36 0.01 0.31 0.35 430.67

4. Conclusions

The effect of Y concentration on the ZnMg alloys properties was investigated. Analyz-
ing the experimental results, we conclude that:

• The Mg and Y addition to pure Zn improves mechanical properties as microhardness,
Young’s modulus, and contact stiffness.

• The appearance of YZn12 and Mg12ZnY intermetallic phases among ZnMg com-
pounds has the most significant importance concerning the modification of Zn proper-
ties.

• The growth of the Zn3PO4 layer on the surface alloys provides protective corrosion
resistance effect.

• Y participation in formation of YZn12 intermetallic phase elements gives the new
alloy a more noble potential than pure Zinc.

• Formation of YZn12 intermetallic compound has been correlated with a more aggres-
sive galvanic corrosion between Mg2Zn11 and YZn12 with the Zn matrix.
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Abstract: The carbon steel is used in many areas due to its good mechanical properties; however,
its low corrosion resistance presents a very important problem, for example, when carbon steel
carabiners are used in the petroleum industry or navy, the possibility of an accident is higher due to
carabiner failure. This phenomenon could occur as a consequence of the corrosion process which
negatively affects mechanical properties. This paper study the possibility to improve its corrosion
resistance by depositing on its surface a phosphate layer and a paint layer, and also aims to analyze
the immersion behavior in saltwater of carbon steel, phosphate carbon steel, and phosphate and
painted carbon steel. According to this study, by coating the carbon steel with a phosphate or
paint layer, a higher polarization resistance is obtained in saltwater. Moreover, by electrochemical
impedance spectroscopy (EIS), it was observed that the corrosion rate decreases with the increase
of the immersion time. Meanwhile scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) revealed that the main compounds which formed on the sample’s surface were
iron oxides or hydroxy-oxides, after immersion for a longer period. The overall results show that all
types of deposited layers increase the corrosion resistance of C45 steel.

Keywords: seawater; corrosion resistance; paint; immersion behavior; phosphate layer; EIS; car-
bon steel; EDS; SEM

1. Introduction

Carbon steels, due to their good mechanical properties [1], as well as their possibility
to be processed (welded [2], chipped [3], deformed [4]), are a suitable choice for use in the
manufacture of machine parts [5], accessories of fall arrest systems (e.g., carabiners, hooks,
and pythons) [6,7], vehicle bodies [8], shipbuilding [9], or in use in buildings, bridges, rails,
pipes, [10] etc.

Compared to other metallic or non-metallic materials, carbon steels have a low corro-
sion resistance [11–13]. According to the literature, various methods have been attempted
to improve the corrosion resistance of carbon steel; however, most of them are limited by
the high manufacturing costs or complexity of the technologies. Nevertheless, one method
which showed promising results was phosphate layer deposition on the surface [14].

According to previous studies [15–18], phosphating is one of the most widely used
methods of protection against corrosion in metals [19]. The phosphating process consists
of, with the help of a phosphating solution, a layer of zinc, iron, or manganese phosphate
(depending on the major constituent of the phosphating solution) on the surface of the
metal [20]. This layer is not only deposited on the surface, but also forms bonds with the
material, with high adhesion to the substrate [21]. However, the quality and characteristics
of the obtained phosphate layer highly depend on multiple parameters, such as the phos-
phating process parameters (stages, immersion time, and temperature), the characteristics
of the substrate surface, the chemical composition of the phosphate solution (solution pH,
type, and concentration of the metal ions), etc.
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Accordingly, Schmidt D.P. et al. [22] studied the effect of the immersion time on
the corrosion resistance of different types of commercial zinc-based coatings. Guen-
bour A. et al. [23] studied the corrosion resistance properties of steel on the surface, of
which a layer of epoxy or chlorinated rubber was deposited, into which zinc phosphate
was added. Asadi V. et al. [24] studied the immersion behavior for different periods of
coated samples: phosphate with a zinc oxide solution. Moller H. et al. [25] studied the
corrosion behavior of carbon steel immersed in natural and synthetic waters, highlighting
chemical compounds that appeared on the surface using X-ray diffraction (XRD).

However, to our knowledge, there is no study which approaches the corrosion be-
havior evaluation of the carbon steel coated with Zn/Fe phosphate layer and phosphate-
painted carbon steel immersed in a natural saltwater environment. Based on previous
preliminary studies [17,26], the goal of this study is to analyze the influence of immersion
time in saltwater of three types of samples: carbon steel, phosphate carbon steel, and
phosphate and painted carbon steel, while a new phosphating solution suitable for carbon
steel coating was introduced. Moreover, the corrosion mechanism and parameters for
different immersion times were analyzed using EIS, SEM, and EDS.

2. Materials and Methods

2.1. Material

The steel used in this study is C45 carbon steel (Anterasteel, Targoviste, Romania),
which has the chemical composition according to Table 1.

Table 1. Chemical composition of the experimental low carbon steel.

Element C Mn P Cu Cr Si Fe

Percent (wt.%) 0.45 0.98 0.02 0.15 0.17 0.22 balance

2.2. Sample Preparation

For the phosphate layer to cover evenly the entire surface of the steel, the phosphating
was performed by an immersion comprising three main stages [27]. The first and second
stages were performed to prepare the surface for the deposition of the phosphate layer.
The surfaces of the samples were prepared by immersing them for 10 min in an alkaline
degreasing solution (solution temperature: 85 ◦C ± 2 ◦C), after which they were immersed
for 20 min in an acid pickling solution (at room temperature). A phosphate solution
based on zinc and iron with the composition as shown in Table 2 was used to deposit
the phosphate layer. Thus, the samples were immersed in the solution for 30 min at a
temperature of 95 ◦C ± 2 ◦C. At the end of the phosphating process, the samples were
dried for 4 h in an oven at 120 ◦C [17].

Table 2. Chemical composition of phosphate solution.

Name of the Active Substance Quantity

Sodium hydroxide (NaOH) 0.75 g
Sodium azotite (NaNO2) 0.45 g

Sodium tripolyphosphate (Na5P3O10) 0.05 g
Phosphoric acid (H2PO4) 10.00 mL

Nitric acid (HNO3) 4.00 mL
Zinc (Zn) 3.50 g
iron (Fe) 0.038 g

The paint used to cover the phosphate layer is a commercial paint, type KS 1000 (Car
System GmbH, Uetersen, Germany). Its deposition was conducted by spraying [28].

In this study, to facilitate expression, the following notations were used:

C45—C45 steel sample;
PS—The C45 steel phosphate in zinc/iron-based solution sample;
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PPS—The C45 steel phosphate in zinc/iron-based solution sample and painted;
BSW—Black Sea water, pH = 6.15.

2.3. Methods

The samples, in the form of discs with a diameter of 10 mm and a thickness of 2 mm,
were immersed in closed bottles, in which 40 mL of corrosion medium (saltwater) was
introduced. Weekly, the solutions were aerated by bubbling air. After 45 or 36 days, and 85
or 75 days, respectively, the samples were removed from the solution and analyzed using
the method of electrochemical impedance spectroscopy (EIS) to study the structure of the
surface layer and its evolution with the immersion time. The initial studies were performed
one hour after immersion in solution (the time required for sample mounting operations in
the electrochemical cell and thermostat) [26]. Only samples kept in saltwater for 85 days
were used to study the surface morphology. These were removed from the solution,
air-dried, and analyzed by scanning electron microscope with the energy of electron
gun of 30 kV (SEM—VegaTescan LMH II, SE detector—Scanning Electron Microscope)
(VegaTescan, Brno, Czech Republic), evaluated for surface micro-composition by the EDS
method (Bruker detector) (Bruker, Berlin, Germany).

The visual analysis of the sample/solution systems indicated that the long contact
between the alloy and the corrosion medium produces important changes, both in the
surface structure of the samples and in the properties of the corrosion environment.

Some of the corrosion products can be soluble and pass into solution, changing
its pH, and other parts, insoluble, remain on the surface or passed into solution if they
are not adherent to the metal surface. In the case of the systems studied, the corrosion
products were oxy-hydroxides (FeO(OH)) or hydroxides (Fe(OH)2, Fe (OH)3)) of iron. They
are insoluble and poorly adherent to the surface, so that in the absence of a reciprocal
solution/alloy displacement (liquid jet or alloy displacement through the liquid), part of it
passing into the solution and part of it remaining on the surface. The remaining products
on the surface are yellow-brown, porous, and slightly adherent to the surface.

The products that passed in the corrosion environment were in the form of reddish-
brown flakes, which in time are deposited at the bottom of the vessel, and the soluble
products make the color of the seawater turn yellow. To observe, qualitatively, the changes
of the corrosion environment, Figure 1 shows the physical aspect (the color) of the corrosion
environment, after the samples were kept in solution for a long period. Prior taking the
images, the solutions were stirred, in order to disperse the product from the bottom of
the vessel.

 
Figure 1. The corrosion environment appearance, after long immersion of alloys.
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In the case of seawater, the color intensity is proportional to the amount of insoluble
reaction product passed into the solution.

Soluble corrosion products, but also products resulting from the degradation of
coatings (phosphate layer, paint), have changed the pH of the corrosion environment, as
can be seen from Table 3. The pH measurements were performed with an and pH-METER
OP-2641/1 (Radelkis, Budapest, Hungary).

Table 3. Variation of the corrosion environment pH with the immersion time of the samples.

Corrosion Environment Immersion Time (Days) C45 PS PPS

pH of BSW
Initial 6.15 6.15 6.15

45 or 36 6.25 7.30 7.22
85 or 78 6.71 7.57 7.76

45 days—C45 and PS; 36 days—PPS; 85 days—C45 and PS; 78 days—PPS.

In all cases, a relatively small solution pH increased with the immersion time of the
samples. This phenomenon occurs due to the reduction of H+ ions, which increases OH−
ion concentration from the solution [29]. Compared to the C45 sample, the PS and PPS
samples produce a greater change in pH in seawater, probably because in this corrosion
environment, the coating layers (phosphate layer and paint) are damaged.

The structure and composition of the surface layer were analyzed by electrochemical
impedance spectroscopy (EIS) and scanning electron microscopy, as well as EDS microanal-
ysis.

The EIS studies were performed with the PGZ 301 potentiometer (Radiometer Ana-
lytical SAS, Lyon, France), and the acquisition and processing of experimental data were
performed with VoltaMaster 4 software (Version 7, Radiometer Analytical SAS, Lyon,
France). The experimental data were processed with the ZSimpWin program (Version 3.5,
E-chem Software, Ann Arbor, MI, USA), in which the spectra were interpreted by the fitting
process developed by Boukamp, the least-squares method. To process, with this program,
the data acquired with the VoltaMaster 4 program, the data were converted using the EIS
file converter program. (Version 1.5, Radiometer Analytical S.A, Lyon, France) [30].

In this study, a three-electrode glass cell, C145/170 type (Radiometer Analytical SAS,
Lyon, France), with a platinum auxiliary electrode (exposed surface area of 0.8 cm2), a
reference electrode made of saturated calomel, and a 10 mm round sample of 3 mm
thickness (exposed surface area of 0.503 cm2), fixed by Teflon washers on working electrode,
was used. Furthermore, all the measurements were performed in the 104–25 × 10−2 Hz
frequency range, at a sinusoidal potential amplitude of 10 mV. In the present study, the
“ZSimWin” program was used for the analysis of impedance data. The program uses a
wide variety of electrical circuits to numerically correlate the measured impedance data.
The program can analyze very complicated dispersion data by decomposing the complex
response into that of simple subcomponents. This approach, combined with the general
procedure of nonlinear least squares correlation, allows the construction of an equivalent
circuit whose simulated response has a high degree of correlation with the measured data.
Depending on the frequency phase angle, one or more time constants may occur, and
these can be used to determine the value of the parameters in the equivalent circuit. The
presence of a compact passive film can be indicated from the Bode spectrum if the phase
angle is close to 900 over the high-frequency range and if the spectrum has linear portions
at intermediate frequencies.

The surface structure, both for freshly ground samples (C45 only) and for electro-
chemically corroded samples, was studied with a Vega Tescan LMH II electron microscope
(30 kV, SE detector, high pressure).

The chemical compositions on various surface areas of the electrochemically untreated
alloys and the surface of the corroded samples were evaluated using an EDX QUANTAX
QX2 detector manufactured by Bruker/Roentec Co., Berlin, Germany EDS connected to
the electron microscope.
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To confirm the identification of the main compounds from the corrosion products, the
rust crust, formed on the surface of the alloy, the oxides layers from the corroded samples
was detached, dried in an oven, and analyzed by spectrophotometry. A BOMEM MB
104 FT-IR spectrophotometer (ABB Training Center GmbH & Co., Berlin, Germany) was
used. The dry sample was dispersed in KCl (6% w/w), ground, and compressed into a
disk at 10,000 Psi, and then scanned at a resolution of 4 cm−1 in the wavelength range
400–4000 cm−1.

3. Results and Discussion

3.1. The Effects of Prolonged Immersion of C45 in Black Seawater

The Nyquist diagram for the C45 sample, after 1 h of immersion in seawater, shows
a depressed semicircle in the high-frequency range and an inductive loop in the low-
frequency range (Figure 2a). The Nyquist and Bode diagrams for all the samples are
presented in Figures A1–A6 from Appendix A. The low-frequency inductive loop is at-
tributed to the adsorption processes of ions or neutral molecules (e.g., inhibitors) or even
particles (may also be insoluble corrosion products) in the solution, but may also indicate
the existence of intermediates reactions related to the adsorption of aggressive chlorine
ions, which produce instability of the electrode surface [31,32].

 

Figure 2. The Nyquist diagram (a) and equivalent circuit (b) for C45 sample, after one hour of
immersion in BSW.

The processing of the experimental data for this system was conducted with the
equivalent electrical circuit from Figure 2b. Better adjustment (fitting) of the data was
obtained by replacing the capacity of the double layer with a constant phase element (CPE),
which expresses the ideal behavior of the capacity of the electric double layer (change
of capacity with frequency). The equivalent circuit consists of a resistor (Rs) in a series
with a parallel combination of a constant phase element (CPE), a resistor (Rct), and a series
resistor-inductance combination (RL, L) [26]. The value of the solution resistance (Rs) is
38.67 Ω·cm2, the value of the charge transfer resistance (Rct) is 588 Ω·cm2, and the value of
the resistance due to the adsorbed components (RL) is 1007 Ω·cm2.

The low value of the Rct indicates a high corrosion rate (compared to phosphate sam-
ples, Rct exhibited higher values). For this circuit, the polarization resistance is calculated
with the formula:

Rp = (RL · Rct)/(RL + Rct) (1)

and the Rp value is 377.23 Ω·cm2. On the surface of the carbon steel sample, a continuous
layer had not formed; instead, this was adsorbed on its surface ions from the saltwater or
insoluble corrosion products.

This physical condition is confirmed by the microscopic and compositional analysis
performed on a sample maintained for one day in seawater. Figure 3 shows the surface
sample micrographs at various degrees of magnification. It was found that the surface of
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the sample was uniform and small crystalline formations were adsorbed on it, but these
were reduced in number.

 

Figure 3. SEM microphotographs for C45 immersed 24 h in seawater (a) 100×, (b) 1000× and (c) 5000×.

A more conclusive figure (Figure 4) was provided by the EDX determinations on a
small portion of the surface (850 μm2), on which the overall surface composition and point
compositions on the main table and crystalline micro compounds were measured.

 
Figure 4. EDS spectrum, compositions and distribution of elements over a portion of the sample surface (Figure 3c).

In the surface composition, oxygen and iron predominate formed a very thin and
irregular film on the surface. Due to the very small thickness of this layer, the composition
contained very small amounts of manganese and silicon, which were part of the main mass
of the alloy. Surprising, however, was that a large amount of carbon (which, in the base
alloy, is only 0.45%) and a large amount of oxygen (much more than the corresponding iron
oxides) was observed. This anomaly could be explained when it is considered that HO−
ions are involved in the corrosion process (Fe + 2H2O→Fe2+ + 2OH− + H2), in addition
to carbon dioxide from the atmosphere. Chen et al. [28] explain the appearance of the
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inductive loop through a relaxation process, at the level of the surface layer, due to carbon
monoxide and some HO− anions in the solution.

The Nyquist diagram, the Bode diagram, and the equivalent circuit used for the
C45 sample immersed for 43 days in seawater is shown in Figure 5, as well as for the
sample immersed for 85 days in Figure 6. The physical significance suggested by this
circuit is the association of a film/electrolyte interface (Rext, Cext) with a kinetic process
(Rct, Cdl), Rct being the charge transfer resistance through the electric double layer, and Cdl
being the capacity of this layer. The Rext resistor represents the resistance of the charge
transfer through the open pores of the oxide layer, formed on the surface of the alloy, and
the constant phase element Cext represents the electrical capacity of this layer.

 
Figure 5. The equivalent circuit for C45 sample, after 43 days of immersion in BSW.

 

χ ε

Figure 6. The equivalent circuit for C45 sample, after 85 days of immersion in BSW.

In the case of the sample kept for 85 days in seawater, the bi-layer structure is main-
tained, as in the case of the sample kept for 43 days in solution; however, for a better
adjustment of the experimental data, it was necessary to introduce a Warburg impedance
in series with charge transfer resistance. The diffusion impedance can be represented,
analogously to the CPE impedance, by the relation [32]:

ZW =
1

w(jω)1/2 (2)
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The equation applies to linear diffusion, the unit of measure for W being:
<Q> = Ω−1 sn

1
2 /cm2 ≡ S·s 1

2 /cm2.
By this, the transfer of charges, to and from the surface of the alloy, is controlled both

kinetically (through the electric double layer (controlled by Rct and Cdl), and by diffusion
through the layer of products deposited on the surface. The values of the circuit elements
parameters, for the two time periods considered, are presented in Table 4.

Table 4. Equivalent circuit element values for C45 immersed for various periods in BSW.

Immersion
Time

Rs Ω·cm2 CPE
Rct Ω·cm2 Rext Ω·cm2 W Ss1/2/cm2 103 × χ2 εz

Q Ssn/cm2 n

43 days 39.470 6.92 × 10−3 0.749 155 5.01 - 2.439 4.94
85 days 43.590 1.25 × 10−2 0.772 130 145.90 0.065 0.090 0.95

The analysis of the data allows us to advance a series of observations, as follows:

• The resistance of the solution (the electrolyte) increases slightly with the immersion
time of the samples in seawater. This is because, in addition to the actual resistance
of the liquid, there is also the physical resistance of the layer of corrosion products
deposited on the surface. The strength of the product layer is very low because it is
porous, non-adherent, and soaked in liquid.

• The resistance of the outer porous layer increases over time, due to the increase of its
thickness, and accordingly decreases its electrical capacity.

• The constant Q, from the expression of the constant phase element that replaces
the capacity of the double-electric layer, increases greatly with the immersion time
(3.418·× 10−4 —after 1 h, 6.92 ×·10−3—after 43 days and 1.25 ×·10−2—after 85 days).
As a result, the impedance of this element increases greatly (according to the calcu-
lation relationship of ZCPE (CPE impedance)). The Cdl deviation from the idealist
(expressed by the value of the exponent n) is large and is due to the increase in
roughness due to corrosion.

• The layer of products, deposited on the surface, acts as a screen and causes the charge
transfer resistance to decrease over time.

• The constant W, from the expression of the diffusion impedance, has a relatively low
value and is manifested only in the case of the sample maintained for 85 days in
seawater. As a result, the diffusion impedance is high and opposes the charge transfer
along with Rct, thus reducing the corrosion rate over time.

The surface appearance of the sample immersed 85 days in seawater, after removal
from solution and drying, is shown in Figure 7 at various magnifying powers.

A thick layer of the reaction product was deposited on the surface of the sample form-
ing a reddish-brown crust, very easily removable from the surface. Increased 1000×, the
surface of the sample appears as an agglomeration of small crystalline and non-crystalline
formations. The crystalline formations are better visible at a 5000× magnification and
appear as an agglomeration of monoclinic crystals, characteristic for iron oxy-hydroxide.

Both the energy spectrum (Figure 8) and the surface composition indicate only the
presence of iron and oxygen, along with small amounts of carbon. In this composition,
the molar ratio iron/Oxygen is very close to the value of 0.5 that is specific for ferric
oxy-hydroxide (FeO(OH)), namely: n(Fe):n(O) = 0.57. Correlated with the type of crystals
(monoclinic crystals), it can be considered that the entire surface is covered with a thick layer
of FeO(OH). The presence of carbon could be attributed to the carbon dioxide absorbed in
the crust. The distribution of the elements in the crust is shown in Figure 9. Areas with
thick and large oxides cover parts of the surface (Figure 9), decreasing extensively the
substrate iron signal. This layer plays a protective role for a while and after that, based on
the continuous process of corrosion, the degradation of the material occurs. The presence
of bicarbonate compounds in seawater leads to the formation of a carbon-based compound
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on the surface, starting from CO3 reactivity. The carbon presence was observed only on a
few common parts of the oxygen distribution (Figure 9), which means that only a part of
the surface compounds is complex.

 

Figure 7. SEM microphotographs for C45 immersed 85 days in seawater (a) 100×, (b) 1000×, and (c) 5000×.

 

Figure 8. Energy spectrum and crust composition on the C45 surface immersed for 85 days in seawater.

 

Figure 9. Elemental distribution on the surface of the crust of reaction products in the case of the C45/BSW system, after
85 days of immersion.

An interesting approach is connected to the relationship between the mineral com-
pounds of the corrosion environment (Black Sea water) and corrosion mechanisms of Fe-C
alloys elements, with a focus on the effects of chloride and sulfate ions.
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In our case, we strictly analyzed the experimental results, but further considerations
can be realized. At the same time, we must consider various seawater parameters that affect
the corrosion of iron-based elements; other chemical elements were not identified on the
surface corroded crust. These parameters include pH value variation, oxygen dissolved in
solution, and the number of cations and anions [33]. The influences of all these parameters
will be analyzed in further works.

In this FT-IR (Fourier-Transform Infrared Spectroscopy) spectrum (Figure 10) of the
corrosion products, the characteristic bands FeOOH [34]: ν (OH) at 3402–3406 cm−1,
δ (HOH) at 1633 cm−1, δ (OH) at 1400 cm−1, ν (FeO) at 474.49 cm−1 specific to steels were
highlighted. The presence of the band 1633.7 cm−1 indicates the polymolecular structure
of iron oxyhydroxide, formed by the interactions between FeOOH and H2O molecules.

 

χ ε

Figure 10. FT-IR spectrum of the corrosion product on the surface of the C45 sample maintained for 85 days in BSW.

3.2. Effects of Immersing C45 Phosphate (PS) in Black Sea Water

The C45 samples were phosphated in a solution based on Zn3(PO4)2 + Fe and were
kept in Black Sea water for 43 and 85 days, respectively. After these periods, the samples
were removed from the solution and introduced directly into the measuring cell, for the
purpose of recording electrochemical impedance spectroscopy data. Another sample,
kept in seawater for 85 days, was removed from the solution, dried in air, and analyzed.
The measurements were performed after one hour of immersion (after mounting and
thermostatic the sample).

The values of the equivalent circuit parameters for the three immersion periods (1 h,
43 days and 85 days) are presented in Table 5.

Table 5. Equivalent circuit element values for PS immersed for various periods in BSW.

Immersion Time Rs Ω·cm2 CPE
Rct Ω·cm2 Rext Ω·cm2 Cext μF/cm2 W Ss1/2/cm2 103 × χ2 εz

Q Ssn/cm2 n

1 h 40.41 2.51 × 10−4 0.613 883.00 11.04 2.870 - 0.694 2.44
43 days 39.47 5.10 × 10−3 0.866 334.20 12.35 2.667 - 0.155 1.24
85 days 41.86 6.63 × 10−3 0.732 280.60 14.55 147 0.042 0.036 0.55

From the data analysis, the following can be highlighted:

• Although a layer (phosphate layer) is already deposited on the surface of the alloy,
and after various periods another layer (corrosion products) is deposited on it, only
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a circuit with two constants was needed to correlate with the experimental data,
considering a bi-layer structure of the surface (a passive layer-electric double layer
and an outer layer). The outer layer consists of the phosphate layer and the corrosion
products layer, very well intertwined, by occupying the pores of the phosphate layer
with corrosion products;

• In this case, the resistance of the electrolyte (Rs) does not change with immersion time,
the values obtained oscillating around the average value (40.58 Ω·cm2), within the
limit of experimental errors. This is because the outer layer is very porous (slightly
permeable to solution) and has low resistance;

• After the first immersion period (43 days), the strength of the outer layer decreases
instead of increasing. This could be due to the fact that the seawater partially damages
the phosphate layer, widening its pores, and the corrosion products layer is not yet
quite consistent. However, after 85 days of immersion, the resistance of the outer layer
appreciably increases, due to the clogging of the pores of the phosphating layer and
the thickening of the product layer;

• As in the case of the base alloy (C45) immersed in seawater, the resistance of the
double-electric layer (charge transfer resistance) decreases with the immersion time in
the corrosion environment, due to the screen effect of the outer layer;

• In the initial moments and in the period of up to 43 days of immersion, the corrosion
process is controlled only kinetically, while at long immersion periods, the corrosion
is controlled both kinetically and by diffusion;

• The capacity of the double-electric layer (Cdl) is replaced here by a constant phase
element, which takes into account the variation of the electrical capacity of the double
layer with frequency. The values of the frequency exponent fact that in these cases the
electric double layer behaves like a non-ideal capacitor.

The appearance of the sample surface and some of its details for various magnifications
are illustrated in Figure 11.

 

Figure 11. SEM microphotographs of the PS sample maintained for 85 days in seawater (a) 100×, (b) 1000×, and (c) 5000×.

After 85 days of immersion in seawater, a thick layer of corrosion products was
deposited on the surface of the sample, which, after drying, formed a fragile crust, easily
removable (the A zone). During handling, a portion of the crust was partially detached
(the B zone). The microphotographs from the A zone, magnified by 1000× and 5000×,
respectively, indicate that at the microscopic level the crust is formed in an agglomeration
of crystalline micro formations, a structure that gives the crust a great porosity.

The energy spectrum and surface composition are shown in Figure 12 for the A zone
and in Figure 13 for the B zone.
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Figure 12. Energy spectrum and surface composition of the crust in the A zone of the PS sample maintained for 85 days
in BSW.

 

Figure 13. Energy spectrum and surface composition of the crust in the B zone of the PS sample maintained for 85 days
in BSW.

In the A zone, the crust had a complex composition, in which the amount of iron
was relatively small and the amount of oxygen was much higher than that corresponding
to iron oxides or hydroxy-oxides. This means that the crust was not only made up of
iron oxides. The composition of the crust contained carbon, magnesium, and sodium,
which could come from the seawater left in the surface layer and evaporate on drying.
Traces of phosphorus and zinc in the composition of the crust came from the phosphate
layer, partially damaged in seawater, especially in the initial periods of immersion. The
distribution of the elements in this area is shown in Figure 14.
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Figure 14. Elemental distribution in the crust on the PS surface, after 85 days of immersion in seawater.

In the B zone, from which a part of the crust came off, the amount of iron is much
higher and the molar ratio oxygen: iron is 1:18 and corresponds to ferrous oxide (FeO). The
other elements probably have the same origin as those in A zone.

The surface is mainly covered by oxidation products, Figure 14, with areas covered by
thicker oxides, Figure 14 (O). Other compounds based on Mg, Mn, P, and Zn are observed
on the surface. The oxides distribution is homogeneous on the entire exposed surface.
The distribution of C, O, and Na suggests the formation of complex compounds such
as carbonate (carbonate CO2−

3 with sodium ion to form sodium bicarbonate (NaHCO3)
and other bicarbonates than in sodium carbonate (Na2CO3) and other carbonates). The
corrosion resistance of the sample depends on the quality of the phosphate layer and the
covering percentage (any area of the substrate exposed to direct corrosion environment
will facilitate the corrosion).

3.3. Effects of Immersing the Phosphate and Painted C45 (PPS) Sample in Seawater

The C45 phosphate samples were painted and dried prior immersion in Black Sea
water for 36 days and 78 days and analyzed by electrochemical impedance spectroscopy
and scanning electron microscopy with energy dispersive spectroscopy. The surface mi-
crostructure at the initial contact with seawater was evaluated after 1 h of immersion. The
data adjustment was made using the equivalent circuit in Figure 15.

 

χ ε

Figure 15. The equivalent circuit for PPS sample, after 1 h of immersion in BSW.
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The structure of the surface layer identifies double-electric layer (EDL)—formed by
polarizing the metal surface and characterized by Rct and CPE, a porous layer (PL)—
representing the porous phosphating layer—characterized by Rpor and Cpor, respectively, a
compact layer (CL)—representing the paint film—characterized by the RSC and CSC circuit
elements. The values of the circuit elements, evaluated with the ZSimp Win software, are
presented in Table 6.

Table 6. Equivalent circuit parameters R (C (R (QR))) (CR) for PPS in seawater in the initial moments.

- Rs Ω·cm2 Cpor μF/cm2 CPE
Rct Ω·cm2 RSC Ω·cm2 CSC μF/cm2 103·× χ2 εz

Q Ssn/cm2 n

- 115 0.307 6.81 × 10−4 0.68 1121 21.70 1200 0.072 0.846
εEC 1.36 3.010 0.66 0.38 334.20 4.61 5.15 - -

The analysis of the results in this table leads to the following observations:

• The chosen equivalent circuit describes very well the experimental data as indicated
by the relative error values: χ2 = 7.2 × 10−5, impedance measurement error percentage
εz = 0.846% and the relative percentage errors for each circuit element εec < 5%;

• Although the geometry of the measuring cell (distance between electrodes, sample
surface) was the same as in the previous measurements, the resistance of the electrolyte
(Rs) is approximately three times higher (38.67 for C45 and 0.41 for SP). This is
because of the actual resistance of the liquid column in addition to the resistance of the
phosphate layer is also added the resistance of the paint film, which is very slightly
electrically conductive;

• The resistance of the porous layer (phosphating layer) is low and is practically equal
to that found for the PS/BSW system, where only the phosphate layer is present
(Rext ≡ Rpor = 11.04 Ω·cm2);

• Due to the shields produced by the phosphate layer and the paint layer, the charge
transfer resistance (Rct) is very high, so the corrosion resistance is good.

The equivalent circuits used for processing the electrochemical impedance spec-
troscopy data obtained for the painted samples immersed for a long time in seawater
are presented in Figures 16 and 17, and the values of the parameters of the circuit elements
in Table 7. (Note: the two circuits are equivalent and express the same physical state).

χ ε

Figure 16. The equivalent circuits used to model EIS data in samples immersed in seawater for (a) 36 days or (b) 78 days.
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Figure 17. SEM microphotographs for the PPS sample maintained for 78 days in seawater (a) 100×, (b) 1000×, and (c)
5000×.

Table 7. Equivalent circuit element values for PPS immersed 36 and 78 days in BSW.

Immersion Time Rs Ω·cm2 CPE
Rct Ω·cm2 Rext Ω·cm2 Cext μF/cm2 W Ss1/2/cm2 103·× χ2 εz

Q Ssn/cm2 n

36 days 315.40 Cdl = 1.73 μF/cm2 176.50 266.90 0.022 5.96 10-3 4.13 6.43
78 days 385.70 6.63 × 10−3 0.732 145.80 184.60 0.267 6.42 10-3 1.75 2.64

The assumption of the formation of the unit layer seems to be confirmed by the fact
that the resistance of this layer is much higher than the sum of the resistances of the
phosphate layer and the paint layer. (Rpor + RSC = 10.8 + 21.7 = 32.5).

The resistance of the electrolyte increases to the initial moments and the immersion
time in solution is proportional, as a consequence of the clogging of the pores and the
deposits of the reaction products.

After the periods of immersion in the solution, it was necessary to introduce the
Warburg impedance, which takes into account the diffusion of charges through the product
layer. The surface state of the PPS sample maintained for 78 days in seawater is presented
in Figure 16, and shown through SEM microphotographs in Figure 17, showing a corroded
surface with a thick layer of compounds.

Mainly, the compounds are based on oxides, salts, and carbonates (Figure 18). There
are two different corroded areas on the surface, one of them influenced by the gas release
under the oxides layer. The main elements identified on the surface (Figure 18) are O, Ca,
Fe, C, Na, Mn, Mg, Si, S, and P, and emerged from the substrate and immersion solution.
The stability of the material surface and the beginning of the degradation process depend
on the complex layer of compounds.

The complexity of the chemical composition result is given by the multiple structures
of the surface (metallic substrate, phosphate layer, and paint cover) in contact with the
immersion liquid. The presence of oxygen on the surface is highly based on its presence in
the paint and from the oxides formed on the surface. The presence of calcium is due to the
paint scraps that are mixed with the oxides of the substrate, but also can be explained by
the compounds passing from the immersion solution (BSW that contains 146 mg/dm3 of
Ca2+ component).

Regarding the sulfur element, the paint materials are S free, as identified on the
surface based on the compounds formed between the iron-based oxides, as well from
the sea solution that has 1305 mg/dm3 of SO4

2−. The magnesium element, as a Mg2+

(548 mg/dm3) component, is part of the BSW and passes to the surface as oxide compound
or complex compound with zinc (Figure 18).

175



Materials 2021, 14, 188

 

Figure 18. Energy spectrum and surface composition for the crust formed on the PPS surface, after 78 days of immersion in
BSW.

A part of the identified chemical elements distribution is presented in Figure 19. The
presence of iron is strong in some areas of distribution (Figure 18), which means that
both the paint and phosphate layer were penetrated in that part by the corrosion, and the
substrate is in straight contact with the liquid environment. The exposed iron areas are
near the gas release bubbles.

 

Figure 19. Elemental distribution in the crust on the PPS surface, after 78 days of immersion in seawater.

In the near future, these bubbles will become corrosion pits. During applications
of steel metal elements in seawater, two principal arrangements of the corrosion speed-
up process appeared: firstly, the old passivation surface layer, represented by partial
products, was removed due to the reduction reactions of insoluble ferrous compounds to
soluble ferrous ions; secondly, the anodic dissolution rate of steel was promoted because of
bio-oxidation of cathodic hydrogen induced by Fe-reducing bacteria existent in seawater.

The calcium ions are specific to the paint layer and the zinc and phosphorus ions are
specific to the phosphate layer. As expected, the area from which part of the crust came
off is mainly the layer of paint on which a small amount of corrosion product is deposited
(Fe(OOH)).
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From elemental distribution, we observed an entire surface corroded (oxygen general
spread) with areas of the penetrated paint layer. BSW is an extremely corrosive environment
and affects most of the surface areas. From the calcium signal, Figure 19, we can observe
an unaffected part of the layer where the integrity of the paint is not compromised. The
differences of the corrosion resistance are given by the quality of the material’s surface and
the deposition procedure parameters of the phosphate layer or paint.

Table 8 shows the corrosion rate of the samples calculated according to the method
presented in Jafari H. et al., 2011 [35]. Taking into account that the basic material of the
samples is carbon steel, the corrosion rate was calculated using its density (7.8 g/cm3),
molar mass (56 g/mol) and valence (2).

Table 8. The corrosion rate of the studied samples.

Corrosion Rate Immersion Time C45 PS PPS

CR (mpy)
1 h 0.027 0.011 0.008

45 (36) days 0.062 0.029 0.022
85 (78) days 0.036 0.034 0.030

As can be seen from the table, the trend of the calculated values is in accordance
with the results obtained by EIS and with the stated hypotheses regarding the analyzed
materials.

4. Conclusions

The immersion behavior, in salt water, of carbon steel, phosphate carbon steel, and
phosphate and painted carbon steel was studied. Based on the experimental results, the
following conclusions can be highlighted:

C45 sample:

• The immersion time increase results in a significant decrease of the Rct value, from
588 cm2 to 155 Ω·cm2, respectively, 130 Ω·cm2; this aspect indicates a decrease of the
corrosion rate with the immersion periods.

• After 1 h of immersion, on the surface of the C45 sample were absorbed ions from
saltwater or insoluble corrosion products creating a discontinuous layer. Over time,
the thickness of the products layer increase acting as a screen causing the charge
transfer resistance decrease.

• The EDS spectra and quantitation data indicate the presence of the iron and oxygen
on the C45 surface for all the immersion times. For the C45 sample, immersed for only
1 h, the EDS spectra show small amounts of manganese and silicon, which confirm
the hypothesis above.

• For the other sample, the EDS data indicate only the presence of iron and oxygen
along with small amounts of carbon. This layer has a protective role for a while
and after that, the degradation of the material occurs based on a continuous process
of corrosion.

• The FT-IR spectrum confirms the presence of the iron oxyhydroxide on the C45 surface.

Phosphate C45 sample:

• After immersion, the surface of the samples indicated a bi-layer structure (the phos-
phate layer and the corrosion products layer).

• After 43 days immersion, the phosphate layer is partially damaged, widening its
pores, but after 85 days, the resistance of the outer layer increases due to the thickness
increase of the product layer.

• The composition of the crust form on the surface sample present not just iron and oxy-
gen, but also phosphorus and zinc from the phosphate layer and carbon, magnesium,
and sodium from the seawater composition.

Phosphate and pained C45 sample:
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• The EIS data reveal that the phosphate layer resistance is equal compared with the
value obtained for the PS sample.

• Even the saltwater damaged the paint layer; this sample has good corrosion resistance.
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Appendix A

 

Figure A1. The Nyquist (a) and Bode (b) diagram for C45 sample after 1 h of immersion in BSW.

Figure A2. The Nyquist diagram (a) and Bode diagram (b) for C45 sample after 43 days of immersion in BSW.
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Figure A3. The Nyquist diagram (a) and Bode diagram (b) for C45 sample after 85 days of immersion in BSW.

Figure A4. The Nyquist diagram (a) and Bode diagram (b) for PPS sample after 1 h of immersion in BSW.

Figure A5. The Nyquist diagram (a) and Bode diagram (b) for PPS sample after 36 days of immersion in BSW.
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Figure A6. The Nyquist diagram (a) and Bode diagram (b) for PPS sample after 78 days of immersion in BSW.
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