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Abstract: An iron aluminide modified layer prepared by a novel powder mixed electrical discharge
alloying (PMEDA) process with a green compact aluminum electrode is conducted to improve the
corrosion performance of work pieces. The phase composition and microstructure of the modified
samples are analyzed by Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy
(EDS), X-ray Diffraction (XRD) and Transmission Electron Microscope (TEM). Corrosion performance
is investigated by the electrochemical workstation and the mechanism of corrosion resistance im-
provement is explored. The 12A modified samples exhibit a hydrophobic 102.4◦ contact angle, while
showing 669% and 40% less corrosion current density in the simulated aqueous corrosion condition
in comparison with the non-treated and non-hydrophobic modified samples, respectively. These en-
hanced performances are attributed to the synchronization of a hydrophobic surface, corrosion-proof
iron aluminide and a dense, well-distributed modified layer.

Keywords: iron aluminide; electrical discharge alloying; surface modification; hydrophobic;
corrosion resistance

1. Introduction

As the environment continuously deteriorates today, corrosion causes huge loss and
severe safety risk in modern industries. Especially for marine nuclear power generation,
the safety problem attracts global concern. In the marine condition, the severity of corrosion
largely depends on the penetration depth of corrosive ions. Building protective coatings
is the most common way to protect marine construction and restrict the penetration of
corrosive ions [1–4].

With features of low density, high strength and excellent corrosion resistance, iron
aluminides, which consist of FeAl, Fe3Al, Fe5Al2 and Al13Fe4 (could be referred to Al3Fe),
are regarded as a kind of practical structural and fascinating candidate material for bar-
rier materials applied in marine nuclear power generation systems and petrochemical
industries [1,5–7]. Given the potential applications of iron aluminide, investigations to
fabricate iron aluminide modified surface layers have been conducted, and several methods
including Mechanical Alloying (MA), Electron Beam Physical Vapor Deposition (EB-PVD)
and Laser Cladding (LC) have been developed for the fabrication of iron aluminide in
recent years. Nevertheless, there are some challenges with applying iron aluminide in
surface modification against aqueous corrosion [8–10]. Firstly, methods such as MA are
insufficient for fabricating iron aluminide modified surface coatings [11,12]. Secondly,
coatings fabricated by methods such as EB-PVD depict weak binding forces [13,14]. Thirdly,
thermal defects of the machined surface are difficult to avoid during the process. Weak
coating adhesive force and thermal defects would severely increase the risk of corrosive
ion penetration to the substrate, leading to the occurrence of aqueous corrosion and failure.
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Recent studies show that hydrophobic surfaces could effectively restrict the penetra-
tion of corrosive ion in an aqueous environment [15–18]. However, the conventional ways
to fabricate protective coatings with hydrophobic surfaces require at least two or more
steps, including fabrication of coatings and subsequent surface processing. Surplus steps
lead to decreased efficiency. Hence, developing a practical, high-efficiency and controllable
way to fabricate hydrophobic surfaces as well as anti-corrosion coatings to prolong the
service life of barrier materials has attracted extensive research.

Electrical Discharge Machining (EDM) is a practical and conventional technique in ma-
terial processing that involve removal of material via short-duration electrical discharge and
high current density between the tool electrode and the work piece. By altering the polarity
of work pieces and materials of the electrode, conventional machining processes could
be changed to fabricate coatings on working pieces, making electrical discharge alloying
(EDA) a practical surface modification method on the basis of conventional EDM [19–22].
Algodi et al. successfully fabricated a TiC/Fe coating on the surface of carbon steel and
304SS working piece by using semi-sintered electrode of titanium carbide [23]. Interestingly,
several studies reveal that the surface morphology and roughness produced by EDM is
strongly related to the discharge parameter, especially peak current. Crater, the basic topog-
raphy of an EDM machined surface, is found to be related to the peak current of processing,
while the dimension of crater would enlarge along with the increase in peak current [24,25].
Similar to laser cladding, thermal defects will limit the further application of EDA-modified
layers in surface modification. Kumar et al. came up with a new machining process called
Additive Electrical Discharge Machining (AEDM) by adding additive powder such as alu-
minum and titanium in fluid dielectrics to avoid the generation of thermal defects during
EDM processing and accomplish a mirror-like machined surface [26]. Combined with the
advantages of AEDM and EDA, it is reasonable to speculate that fabricating defect-free
coatings with specialized surface roughness and morphology is feasible and controllable.
Moreover, we have conducted a lot of work previously on applying EDM processing to
surface modification and obtained some positive results. Therefore, we have accumulated
some experience in the field of electrical discharge machining to guarantee the feasibility of
this study [27,28].

In this study, we tried to propose a practical, simple and cost-effective approach
with high efficiency for conducting an iron aluminide modified surface layer on the work
piece. By the combined use of Powder Mixed Electrical Discharge Alloying (PMEDA)
and the green compact electrode method to perform surface modification on the substrate,
we expect to use one step to fabricate a novel, well-distributed iron-aluminide-containing
surface-modified layer and a hydrophobic surface to restrict the penetration of corrosive ion
in aqueous environments. It is expected that the hydrophobic surface would be fabricated
via regulation of surface morphology under specific discharging parameters alongside the
fabrication of an iron-aluminide-containing surface-modified layer. We expect that this
work could be a simple and practical way to prolong service life in marine industries.

2. Experimental Procedures
2.1. Raw Materials

The selected substrate was 45# steel (Chinese standard GB699−88 equal to AISI 1045,
with dimensions of 10 mm × 10 mm × 5 mm). Then, the substrates were polished to
mirror-like surface and then ultrasonically cleaned in acetone and ethanol. The refined
aluminum powder (3–5 µm particle size) produced by ALADDING was selected. Table 1
shows the chemical composition of 45# carbon steel.

Table 1. Chemical composition of AISI1045 # carbon steel workpiece.

Element C Si Mn Cr Ni Cu Fe

Composition (wt.%) 0.42–0.5 0.17–0.37 0.5 <0.25 <0.3 <0.25 Balance
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2.2. Preparation of Modified Layer

The green compact aluminum tool electrodes were obtained by the following steps:
100 wt.% aluminum powders (3 to 5 µm in size) were pressed into a die mold (φ 23 mm)
and formed under a pressure of 130 MPa at room temperature. The working dielectric
was a mixture of commercial EDM oil (major component: C11–C15 hydrocarbons) and
aluminum powder (99.5% in purity, 1 to 3 µm in size) with an optimizing concentration
of 5 g/L. The EDA process was carried out by a conventional EDM machine (JXD7125,
Jiangsu DMT, and China). During the coating process, the green compact aluminum tool
electrode and AISI1045 carbon steel work pieces were connected to the anode and cathode,
respectively, and the working dielectric was used to fill the space between the electrode and
the work piece. A stirrer was used to keep the aluminum powder suspended uniformly in
the dielectric. Additionally, Figure 1 is the schematic model of PMEDA processing. Based
on the previous research, it is reported that peak current is the most critical parameter,
which could significantly affect the microstructure and morphology of the surface. The
detailed experimental conditions are summarized in Table 2.
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Figure 1. Schematic model of one-step fabrication of iron aluminide containing hydrophobic
modified layers.

Table 2. EDA experimental conditions.

Parameter Value

Polarity of electrode Negative (-)
Reference voltage/V 60

Pulse duration/µs 100
Pulse-on time/µs 30

Discharge current/A 3, 6, 9, 12
Machining time/min 35

Concentration of Al powder/g·L−1 5

2.3. Selection of Optimized Parameter

Since the aim of this work is to fabricate a novel and well-distributed iron-aluminide-
containing modified layer with a hydrophobic surface, this part will compare the quality of
the modified layer and surface morphology fabricated under different processing parame-
ters to acquire the optimized ones. Because the pulse-on time shows no influence on the
thickness of the modified layer, we will focus on the influence of peak current and working
dielectric on the modified layer.
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Figure 2a,b show the cross-sectional SEM image of the modified layer fabricated in the
same processing parameter (3A) but with a different working dielectric. From Figure 2a, the
specimen processed with the normal working dielectric depicts an uneven modified layer
with some thermal pores and cracks. This phenomenon results in the microrough flatness
of specimens. During the conventional EDM processing, thousands of discharge channels
with high spark energy are generated in the discharge gap. The presence of microrough
flatness results in non-uniform energy dispersion on the surface of matrix. However, it is
known that the uniformly suspended aluminum powders in dielectric reduce the spark
energy and disperse random discharges throughout the machined surface [29]. Meanwhile,
with high dielectric constant and low density, aluminum powder could uniformly suspend
in spark gap, leading to an easy discharge breakdown. That means we could fabricate
a modified layer and a surface with certain roughness at the same time. Therefore, the
specimen processed in aluminum powder mixed with working dielectric manifest a novel
and well-distributed modified layer with no thermal defects in Figure 2b. Figure 2c,d
show the cross-sectional SEM images of 6A and 12A condition (powder-mixed dielectric,
same pulse-on time). Both the 6A and 12A machined modified layers are well distributed,
compact and high-quality. Furthermore, the microhardness (Figure 3a) of 6A and 12A
modified layer samples ranges from 635 HV to 679 HV, which is 3 times higher than the
220 HV of non-treated samples. According to Figure 3b, the thickness of the modified
layer increases with higher peak current. This phenomenon comes from the high dielectric
constant of aluminum and discharge breakdown caused by higher peak current. Green
compact aluminum bulk is selected as tool electrode. During the processing of EDA, pulse
discharge arcs are continuously generated between the tool electrode and the work piece
immersed in a liquid dielectric. Meanwhile, the energy generated from the pulse discharge
arcs melts the tool electrode materials and pyrolyzes the dielectric [30]. Then, subsequent
reaction forms a modification layer. With a high dielectric constant, the aluminum electrode
could be easily melted under high peak current. Under the synchronization of suspending
aluminum powder in the spark gap, the modified layers in 6A and 12A are thick, compact
and well distributed. Additionally, the results of microhardness further prove the successful
fabrication of modified layers on the AISI 1045 substrates.
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Figure 3. Micro hardness (a) and thickness (b) of modified layer with different peak current.

To assess the wettability of the modified layers, the contact angle of 3.5 wt.% sodium
chloride drops deposited onto the surface of all samples was measured by an optical
contact angle meter (SD-CAZ2, Shengding Precision Instrument Co., Ltd., Dongguan,
China). Figure 4 shows the contact angle of a sodium chloride solution droplet on modified
layers machined with different peak currents. According to the results, the contact angle
increases alongside the increasing in peak current. However, there is no obvious increase in
contact angle for the machined surface compared to the non-treated surface when the peak
current is less than 9A (89.3◦ vs. 85◦). Additionally, when the peak current is increased
to 12A, the contact angle rises to a hydrophobic value of 102.4◦. It is expected that many
craters occur on the machined surface after the EDA process. According to Cassie’s law,
it seems that the craters on the 12A machined surface facilitate the tracking of air and
then form air packets which lead to the repellency of the aqueous medium, exhibiting a
hydrophobic character. It is reported that materials with more hydrophobic character are
typically more resistant against corrosion in aqueous environments. Thus, it is reasonable
to believe that the 12A machined surface shows better anti-corrosion performance as shown
in the following section. Additionally, characterization will be conducted on the 12A
machined sample.
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2.4. Characterization of Iron-Aluminide-Containing Modified Layers

Morphology observation and analysis of the composition of the modified layers were
undertaken by means of SEM (S-3400N-II, Hitachi, Tokyo, Japan) equipped with energy
dispersive spectroscopy (EDS) (Inca Energy 350, Oxford, UK). The phase composition
and crystal structure of the modified layers were examined by X-ray Diffraction using Cu
Kα radiation with a wavelength of 0.15418 nm (D/max-γA10, Rigaku, Tokyo,Japan). Its
microstructure was further examined by TEM (Tecnai G2 F20 S-Twin, FEI, Columbia, MD,
USA). The plane-view TEM foil was obtained firstly by mechanical polishing (from the side
of substrate until its thickness was about 60 µm) and then ion polishing (691PIPS, Gatan,
Pleasanton, CA, USA). The electrochemical study of the corrosion performance of those
modified layers as well as the untreated sample was carried out by an electrochemical
workstation (CHI660E, CH Instruments, Shanghai, China) in a standard three-electrode
system. All measurements were conducted in a 3.5 wt.% NaCl solution at room temperature
with a geometrical working area of 1 cm2. A Pt mesh and a saturated calomel electrode
(SCE) were used as counter and reference electrodes, respectively. The linear polarization
measurement was performed ranging from open circuit potential (OCP) ± 500 mV at the
scanning rate of 0.5 mV s−1. Electrochemical impedance spectroscopy ranging from 105 Hz
to 0.01 Hz was performed with excitation signals of 5 mV amplitude at OCP. Before the
EIS and Tafel measurements, the work electrodes were immerged in the electrolyte for one
hour to reach a stable state.

3. Results and Discussion
3.1. Morphology, Composition and Microstructure of Iron Aluminide Modified Layers

Figure 5 shows the surface morphology of the EDA machined surface with 12A
peak current. It is characterized by overlapping craters, debris and chimneys, which are
formed by entrapped gases escaping from the redeposited material. This phenomenon
corresponds to the above wettability experimental results. Like Cassie’s law, the presence
of this craters could store and trap air. Additionally, the air helps to lift the sodium chloride
droplet. It is expected that the modified layer may possess good corrosion resistance in a
sodium chloride aqueous environment. We will conduct electrochemical experiments in
the following section for confirmation.

Both of the surface and cross-sectional EDS results indicate that the domain elements
of the EDA machined surface are ferrum and aluminum (Figure 5(a1–a3,b1–b3). Obviously,
the aluminum elements originate from the aluminum green compact electrode and the
aluminum powders suspended in mixed dielectric. Furthermore, the uniform distribution
of these elements reveals the uniform structure of the modified layer. Figure 5(b1) shows
the cross-sectional SEM image of the 12A machined modified layer. Three distinctive
regions, namely, Modified Layer, Heat Affected Zone (HAZ) and Matrix, are observed.
Unlike the other two regions, the modified layer is not be etched by 4 wt.% initially, clearly
showing that its thickness is about 20 µm. It is worth noticing that there is no obvious
crack on the modified layer. This can be mainly attributed to the aluminum powder
mixed dielectric.

Figure 6 shows the XRD of the modified layer. Several phases are identified, including
Al13Fe4, Fe and Al, which agree with the EDS results. The successive pulsed discharged
arcs between the tool electrode and work piece produce plasma channels with high thermal
energy, which dissolve aluminum electrodes as well as aluminum powders around the
plasma channel and melt the AISI 1045 steel surface, forming a micro ferrum melt pool
on its surface. The dissolved aluminum elements are transferred and reacted with ferrum
in the melt pool, forming Al13Fe4 precipitates in situ. The small amount of aluminum
can be attributed to the incomplete combination of dissolved aluminum elements and
melting ferrum before the extremely fast resolidification of the micro melt pool. In fact,
this incomplete reaction phenomenon is common in EDA processes when pure metal
green compact bulk is used as a tool electrode. Thus, the modified surface layers are in
situ composites, and consist of Al13Fe4 precipitates and aluminum phases dispersing in
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the ferrum matrix. It is believed that the appearance of Al13Fe4 precipitate will benefit
the improvement in corrosion resistance of the modified surface due to its intrinsic good
corrosion resistance.
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TEM observation is used to further analyze the microstructure of the modified layer.
The bright-field TEM image of the top surface of the modified layer shows two regions with
distinctive contrasts (Figure 7). The dark areas are identified by the selected area electron
diffraction patterns as the Al13Fe4 phase independent of their shape and size, while the
bright areas as the Fe phase.
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Figure 7. Bright-field TEM image of top surface of the EDA machined surface with 6A peak current,
the inset is the selected area electron diffraction patterns of the red box area, demonstrating the
existence of Al13Fe4 phase (lower right) and Fe phase (upper left).

3.2. Electrochemical Corrosion Behavior of PMEDA Machined Surfaces in Chloride Media

In order to simulate a marine aqueous environment, all the corrosion tests were
conducted in 3.5% sodium chloride solution. The 6A and 12A machined samples were
selected as the candidates to compare the aqueous corrosion resistance of hydrophobic and
hydrophilic surfaces.

Figure 8 illustrates overall potentiodynamic behavior of the PMEDA machined surface
with different peak currents and the non-treated counterpart. The relevant electrochemical
parameters are calculated according to the intersection point of the two tangents, respec-
tively, of the anodic and cathodic Tafel lines [31], and all the data are listed in Table 3.
The anodic polarization branches of all the samples show similar characteristics, with-
out showing any significant passive behavior, instead of showing the pitting corrosion



Coatings 2023, 13, 521 9 of 12

after corrosion potential (Ecorr). Similar corrosion behavior was observed for the iron-
aluminide-containing coatings on austenitic stainless steels [32]. However, the PMEDA
machined surface shows higher corrosion potential and lower corrosion current density
compared to the non-treated surface regardless of the peak current. This phenomenon
should be associated with the presence of the high corrosion resistance of the Al13Fe4
phases. It is worth noticing that the 6A and 12A machined surfaces exhibit similar cor-
rosion potential, in agreement with their analogous chemical composition. However,
corrosion current density for the 12A machined surface is 40% lower than that of the
6A machined surface, indicating that other factors, for example the wettability, affect its
corrosion behavior.
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Figure 8. Polarization diagrams of the EDA machined surface with different peak current and the
non-treated counterpart.

Table 3. Electrochemical linear polarization parameters of the EDA machined surface with different
peak current along with the non-treated counterpart. βa: anodic tafel slope, βc: cathodic tafel slope.

Sample Ecorr (VvsSCE) Icorr (mA/cm2) βa (mV/dec) βc (mV/dec)

Non-treated −0.735 1.17 × 10−5 361.31 146.22
6A machined −0.476 2.54 × 10−6 123.4 213
12A machined −0.537 1.52 × 10−6 122 262

The EIS is used to further understand the effect of Al13Fe4 phases and surface wettabil-
ity on the anti-corrosion performance of the PMEDA-modified surface. The EIS diagrams
and the fitted results of the 6A and 12A machined surfaces along with the reference non-
treated surface in 3.5 wt.% NaCl aqueous solution at 25 ◦C are shown in Figure 9. The
relevant electrochemical equivalent circuits are shown in Figure 10, and the values of the
equivalent circuit elements are listed in Table 4. The physical meaning of the equivalent
circuit elements was different for these three samples. In all the cases, R0 is associated
with electrolyte resistance. In regard to the non-treated surface, the constant phase ele-
ment (CPE), Q1, represents the redox capacitance and R1 accounts for the charge transfer
resistance of the corrosion process on the substrate. Concerning the 6A machined surface,
Q1 accounts for the dielectric contribution of the obtained modified layer, whereas R1
corresponds to this passive film resistance. The other CPE, Q2, represents the double-layer
capacitance and R2 accounts for the charge transfer resistance of the corrosion process
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through the modified layer. Given the hydrophobic property of the 12A machined surface
with respect to the 6A machined surface, an additional CPE, Q3, is added in its equivalent
circuit to account for the dielectric contribution of the air trapped within the modified
layer [31]. The comparison of the three samples shows a greater semicircle diameter in
Nyquist diagrams for the PMEDA-modified surfaces, suggesting a higher corrosion re-
sistance regarding the non-treated surface. Indeed, the fitting results reveal that the total
resistance (Rtotal = R1 + R2) of the corrosion process for the 6A machined surface and
12A machined surface is 5159 ± 175 Ω and 9239 ± 275 Ω which, respectively is about
8 times and 14 times larger than that of the referenced non-treated surface. This behavior
is in agreement with the results of polarization curve measurements and confirms that
a crack-free modified layer yields a good barrier effect due to the compact structure of
the modified layer and the presence of the uniform Al13Fe4 phases with an anti-corrosion
property. It is worth mentioning that the 12A machined surface shows lower corrosion
current density than the 6A machined surface mainly because of its significantly increased
charge transfer resistance of the corrosion process through the modified layer. This is
related to its special surface roughness. It benefits from tracking air and then forms air
packets, inhibiting the penetration of chloride ions into the substrate and electron transfer
from electrolyte to electrode surface by decreasing the useful conductive area.
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Table 4. Values of the equivalent circuit elements to fit EIS for the EDA machined surface with
different peak current along with the non-treated counterpart.

Sample Non-Treated 6A Machined 12A Machined

Equivalent circuit R0 (Q1 R1) R0 (Q1 (R1 (Q2 R2))) R0 (Q1 Q3 (R1 (Q2 R2)))
R0 (Ωcm−2) 6.59 6.05 5.75

Q1 (Ssncm−2) 3.1 × 10−3 7.71 × 10−5 8.97 × 10−5

n 0.612 0.775 0.272
R1 (Ωcm−2) 643.2 1074 1254

Q2 (Ssncm−2) — 4.6 × 10−4 1.57 × 10−4

n — 0.482 0.882
R2 (Ωcm−2) — 4085 7985

Q3 (Ssncm−2) — — 1.73 × 10−7

n — — 0.998

4. Conclusions

Hydrophobic modified layers of in situ Al13Fe4 precipitate containing an iron matrix
have been successfully one-step prepared on the surface of AISI 1045 carbon steel by the
PMEDA process. The combination of a green compact aluminum electrode and aluminum
powder mixed dielectric leads to the obtained modified layers being free of cracks and hav-
ing a uniform distribution of Al13Fe4 precipitates in the iron matrix as well as a hydrophobic
surface. It is these advantages that result in the PMEDA machined surfaces (6A and 12A
modified samples) showing a 35% and 27% higher corrosion potential, respectively, and a
360% and 669% lower corrosion current density, respectively, in a 3.5 wt.% NaCl solution
compared to the non-treated surface. In particular, when the 12A PMEDA-modified surface
exhibits a hydrophobic character, its corrosion current density further decreases. This
can be attributed to the specific hydrophobic property of the PMEDA machined surface,
tracking air and forming subsequent air packets to inhibit penetration of chloride ions into
the substrate and electron transfer from electrolyte to electrode surface by decreasing the
useful conductive area.
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