H coatings MBPY
Article
Double Glow Plasma Surface Metallurgy Technology

Fabricated Fe-Al-Cr Coatings with Excellent
Corrosion Resistance

Xixi Luo %%, Jing Cao !, Guanghui Meng !, Fangli Yu !, Qiong Jiang 3, Pingze Zhang **
and Hui Xie 1*

1 School of Materials Engineering, Xi’an Aeronautical University, Xi’an 710077, China;

200606002@xaau.edu.cn (J.C.); 201307027@xaau.edu.cn (G.M.); 201607046@xaau.edu.cn (FY.)

State Key Laboratory of Advanced Processing and Recycling of Non-Ferrous Metals, Lanzhou University of
Technology, Lanzhou 730050, China

School of Materials science and engineering, Yancheng Institute of technology, Yancheng 224051, China;
jlanggiong@ycit.cn

College of Material Science and Technology, Nanjing University of Aeronautics and Astronautics,

Nanjing 211106, China

Correspondence: luoxixi@xaau.edu.cn (X.L.); pzzhang@nuaa.edu.cn (P.Z.); xiehui@xaau.edu.cn (H.X.)

check for

Received: 17 May 2020; Accepted: 16 June 2020; Published: 19 June 2020 updates

Abstract: Double glow plasma surface metallurgy (DGPSM) technology was applied to obtain a
Fe-Al-Cr coating on the surface of Q235 carbon steel. The influence of the sample temperature,
gas pressure, the distance between the substrate, and the source electrode on the quality of the
obtained Fe-Al-Cr coatings was systematically investigated. The results showed that the parameters
for DGPSM have a significant effect on the uniformity, particle size, compactness, and thickness of
the coating. Under the optimized parameters (sample temperature: 800 °C, gas pressure: 35 Pa, and
electrode distance: 15 mm), the obtained Fe-Al-Cr coating contains Fe, AICr, Fe3Al(Cr), FeAl(Cr),
Fe(Cr) solid solution, Cry3Cg, and x-Fe(Al), exhibiting excellent corrosion resistance in a 0.5 mol/L
H,S0, solution, which is even better than that of the 304 stainless steel.

Keywords: double glow plasma; Fe-Al-Cr coating; microstructure; corrosion resistance

1. Introduction

Carbon steel can be widely used in the industrial manufacturing area, such as in boiler pipe,
chemical reactor, and pressure vessel in the petroleum chemical industry, or the cabin of the ship in the
marine vehicle industry [1-3]. Owing to the harsh service environment, surface technology should
be used to prepare coatings with excellent corrosion resistance, wear resistance, and oxidation
resistance [4-6]. Depositing a high-quality Fe-Al-Cr coating on the surface of carbon steel is
highly desirable.

Strategies such as hot dipping, resurfacing welding, and thermal spraying have been developed to
fabricate Fe-Al-Cr coatings. However, the coatings obtained by hot dipping create a rough surface, and
in most cases, the coating can be used only after tedious annealing treatment [7]. The disadvantage of
the resurfacing welding technology is the existence of excessive thermal stress due to the unsatisfactory
process, which would cause cracks on the obtained coating. For thermal spraying technology, the arc
burning and evaporation of the alloying elements not only would decrease the content of the chemical
composition in the coating, but also would form porosity and cracks [8]. Hence, proper surface
technology is highly desirable for the fabrication of a Fe-Al-Cr coating on carbon steels.
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The operating principle of double glow plasma surface metallurgy (DGPSM) technology is
schematically illustrated in Figure 1a, where the anode, the cathode, and the source electrode are
placed in a container filled with inert gas (Ar). Fe-Al-Cr wires forming a mesh structure are used as
the source electrode (Figure 1b). When high voltages are applied between the anode and the cathode,
and the anode and the source electrode, the Ar gas is ionized and becomes plasma. Then, the glow
discharge phenomenon appears, which transfers the alloying elements from the source electrode to the
substrate at the cathode, and it can also activate the surface of the substrate to promote the diffusion
of the deposited elements to form a diffusion layer. DGPSM has been regarded as an advanced
surface technology for the deposition of high-quality coatings. For example, Al,Os-particles-reinforced
Fe-Al coatings were prepared on the surface of 316 L stainless steel by a DGPSM technology and
exhibited enhanced wear resistance and corrosion resistance [9]. Similarly, Nb was incorporated into
Fe-Al coatings to form Fe-Al-Nb coatings by a DGPSM process, which showed improved mechanical
properties [10].
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Figure 1. The schematic diagram of double glow plasma surface metallurgy (DGPSM) technology (a)
and the mesh structure of the source electrode (b).

During the processing of DGPSM, the chemical composition and the thickness of the coating are
closely related to the plasma temperature, the gas pressure, and the electrode distance (i.e., distance
between the substrate and the source electrode) [11]. A deep understanding of the effects of these
parameters on the quality of the obtained Fe-Al-Cr coating is very important to control the mechanical
and chemical properties of the coating. However, this kind of study is still lacking. Herein, we focused
on the influence of the sample temperature, gas pressure, and electrode distance on the microstructure,
morphology, and quality of the obtained Fe-Al-Cr coating deposited on Q235 steel substrates. It was
found that Fe-Al-Cr coatings obtained under optimized conditions exhibit excellent corrosion resistance
in a 0.5 mol/L H,SOy solution, which is even better than that of the 304 stainless steel. The new findings
demonstrated in this work provide useful information for the fabrication of high-quality Fe-Al-Cr
coatings with excellent corrosion resistance.

2. Experiments

2.1. Source Electrode

Fe-Al-Cr wires forming a mesh structure were used as the source electrode (¢100 X 1.5 mm?),
as schematically illustrated in Figure 1b. The chemical composition of the source electrode was
Al: 5 wt.% and Cr: 25 wt.%, and the balance: Fe with a mesh aperture of approximately 2 mm.

2.2. Cathode

Q235 low-carbon steel substrate was used as the cathode, which consisted of C: 0.16 wt.%, M:
0.40 wt.%, Si: 0.30 wt.%, S: 0.050 wt.%, P: 0.045 wt.%, and the balance: Fe. The total dimensions of
a Q235 plate were 60 mm X 60 mm X 3 mm. The substrate samples were cut into small plates with
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dimensions of 15 mm x 15 mm X 3 mm, followed by being polished with 20 mesh brown corundum
and ultrasonically cleaned in acetone before DGPSM.

2.3. The Equipment and Procedures

As shown in Figure 1a, the double glow plasma surface metallurgy device was composed of three
parts, namely the vacuum system, the power system, and the furnace. Fe-Al-Cr target with a mesh
structure was laid on the source electrode, in the center of the equipment, and a Q235 carbon steel
substrate was placed on the cathode, at the bottom of the equipment. The temperature of the sample
was monitored by the optical pyrometer (WGG2-201, Shanghai Automation Instrumentation Co., Ltd.,
Shanghai, China), and the gas pressure was regulated by controlling the degree of vacuum and the
input of argon.

2.4. Morphology and Structure Characterization

Surface morphologies and chemical composition distributions of the Fe-Al-Cr coatings were
performed by a QUANTA 200 scanning electron microscope (SEM, Hillsboro, OR, USA) equipped
with an energy-dispersive spectroscope (EDS). The cross-sectional microstructure and the thickness of
the alloyed layers were measured by a MM-6 metallographic microscope (MM, Shanghai Wanheng
Precision Instruments Co., Ltd., Shanghai, China). The phase composition of Fe-Al-Cr coatings was
identified by Bruker D8-ADVANCE X-ray diffraction (XRD, Bruker, Billerica, MA, USA), with Cu K as
the radiation source, with a scanning speed of 5°/min, and the radiation conditions of 40 kV and 40 mA.
An HXS-1000A micro-hardness tester (Shanghai Milite Precise Instrument Co., Ltd., Shanghai, China)
was used to test the micro-hardness at the load of 100 g and maintained for 15 s.

2.5. Electrochemical Test

Electrochemical tests were applied to investigate the corrosion resistance of Fe-Al-Cr coatings, 304
stainless steel (chemical composition: Cr: 18.529 wt.%, Ni: 8.545 wt.%, Mn: 1.309 wt.%, Si: 0.331 wt.%,
Cu: 0.303 wt.%, C: 0.063 wt.%, P: 0.036 wt.%, S: 0.025 wt.%, and Fe: the balance), and Q235 low carbon
steel. Firstly, the samples were embedded in epoxy resin, to prepare the working electrodes, and a Pt
foil was used as the counter electrode, and a saturated calomel electrode was used as the reference
electrode. To remove the grease and avoid any damage on the Fe-Al-Cr coatings, the prepared Fe-Al-Cr
coating electrodes were only ultrasonically cleaned in acetone for 15 min, without polishing. For the
304 stainless steel and Q235 low-carbon steel electrodes, the samples were polished with 20 mesh
brown corundum and ultrasonically cleaned in acetone for 15 min. In the presence of a 0.5 mol/L
H,S0; solution, anodic polarization and electrochemical impedance spectroscopy (EIS) tests were
performed. To ensure the accuracy, two repeated experiments were carried out for each sample.

3. Results and Discussion

3.1. The Effect of the Sample Temperature on Microstructure of the Fe-Al-Cr Coating

To study the effect of the sample temperature on the obtained Fe-Al-Cr alloyed layer, the sample
temperature was varied in the range of 750-900 °C, while other parameters were set as follows: the
voltage of source electrode (Vs = 850-950 V), the voltage of cathode (V. = 450-550 V), the depositing
time (t = 3.5 h), the gas pressure (P = 35 Pa), and the electrode distance (d = 15 mm). Surface and
cross-sectional morphologies of the Fe-Al-Cr alloyed layers obtained at different sample temperatures
(750, 800, 850, and 900 °C) are shown in Figure 2.
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Figure 2. Surface morphologies of the Fe-Al-Cr alloyed layers obtained at different sample temperatures:
(a) 750 °C; (b) 800 °C; (c) 850 °C; (d) 900 °C.

As shown in Figure 2a, when the sample temperature is 750 °C, the obtained Fe-Al-Cr coating is
composed of particles with sizes ranging from 0.5 to 1.6 um. When the sample temperature is 800 °C,
much more uniform particles with an average size of 1.1 um are achieved (Figure 2b). However,
when the sample temperature is increased to 850 °C, obvious cracks can be observed in the coating
(Figure 2c), whereas only discontinuous particles are deposited on the surface of the Q235 low-carbon
steel substrate when the sample temperature reaches 900 °C (Figure 2d).

Figure 3 exhibits the variation tendency of the cross-sectional morphology and thickness of the
Fe-Al-Cr coatings obtained at different sample temperatures. Itis clear that the thickness of the Fe-Al-Cr
coating increases from 9.8 to 20.1 um when the sample temperature is increased from 750 to 800 °C.
However, further increasing the sample temperature to 850 °C, the thickness of the Fe-Al-Cr coating
decreases to 18.9 pm. At a sample temperature of 900 °C, a significantly thinner Fe-Al-Cr coating of
only 4.2 um is observed. This interesting phenomenon can be explained as follows: When the sample
temperature is increased from 750 to 800 °C, the alloyed atoms sputtering from the source electrode
will increase, and the diffusion rate of the deposited atoms also increases, leading to more deposited
atoms diffusing into the substrate [12]. As a result, the thickness of the Fe-Al-Cr coating is significantly
increased. However, when the temperature is too high, the bombardment of plasma with higher energy
on the surface of the coating will inevitably lead to the removal of atoms from the coating [13], leading
to the decrease of thickness of the coating, in particular at 900 °C.

3.2. The Effect of Gas Pressure on Microstructure of the Fe-Al-Cr Coating

During DGPSM process, gas pressure has a significant influence on the morphology and
microstructure of the obtained Fe-Al-Cr coating. To understand the underlying mechanism, gas
pressure was set as a variable (25, 35, 45, and 55 Pa), while the other parameters were set as follows: the
voltage of source electrode (Vs = 850-950 V), the voltage of cathode (V. = 450-550 V), the depositing
time (t = 3.5 h), the sample temperature (T = 800 °C), and the electrode distance (d = 15 mm).
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Figure 3. The cross-sectional metallographic microscope (MM) images of Fe-Al-Cr alloyed layers under
different sample temperatures: (a) 750 °C; (b) 800 °C; (c) 850 °C; (d) 900 °C.

As shown in Figure 4a, when the gas pressure is 25 Pa, the obtained Fe-Al-Cr coating is not
homogeneous, and some aggregated particles with sizes of around 4 pm can be observed. In contrast,
the obtained Fe-Al-Cr coating is composed of uniform particles, with an average size of approximately
1.2 um, when the gas pressure is 35 Pa (Figure 4b). However, when the gas pressure is increased to
45 Pa, aggregation of the deposited particles occurs, forming relatively large particles, with a size of
5.7 um (Figure 4c). When the gas pressure is further increased to 55 Pa, no obvious coatings can be
observed, and some very large particles with sizes of about 10 um are deposited on the surface of the
substrate, as shown in Figure 4d.

4

Figure 4. The surface morphology of Fe-Al-Cr alloyed layers under different gas pressures: (a) 25 Pa;
(b) 35 Pa; (c) 45 Pa; (d) 55 Pa.
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Interestingly, when the gas pressure is 25 Pa, the Fe-Al-Cr coating exhibits a thickness of only
8.8 um (Figure 5a). By contrast, when the gas pressure is increased to 35 Pa, a much thicker Fe-Al-Cr
coating (22.5 um) can be achieved (Figure 5b). However, the film thickness decreases to 10.2 and 5.1 pm
when the gas pressure is further increased to 45 and 55 Pa, respectively (Figure 5¢,d). Considering the
surface morphology of the Fe-Al-Cr coatings shown in Figure 4, it is obvious that 35 Pa is the optimized
parameter to achieve a high-quality Fe-Al-Cr coating. When the gas pressure is too low or too high,
the quality of the obtained Fe-Al-Cr alloyed layer would be significantly reduced. This phenomenon
can be well understood. When the gas pressure is too low (25 Pa), the concentration of the generated
plasma is too low to bombard the source electrode [14]. As a result, the deposited alloyed source on
the substrate is too deficient to form a uniform alloyed layer with a proper thickness. On the other
hand, a higher gas pressure would increase the plasma concentration, causing a strong backscattering
effect, which leads to a great number of alloyed particles in the coating being collided repeatedly by the
plasma, and then moving from the coating back to the source electrode [15]. Owing to the escape of the
alloyed atoms from the coating, the surface of the obtained coating is not uniform, and the thickness is
significantly reduced.

ot *
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Figure 5. The cross-sectional MM images of Fe-Al-Cr alloyed layers under different gas pressures:
(a) 25 Pa; (b) 35 Pa; (c) 45 Pa; (d) 55 Pa.

3.3. The Effect of Electrode Distance on Microstructure of the Fe-Al-Cr Coating

To investigate the effect of electrode distance on the microstructure of the obtained Fe-Al-Cr coating,
the electrode distance was set as a variable (10, 15, 20, and 25 mm), while the other parameters were set
as follows: the voltage of source electrode (Vs = 850-950 V), the voltage of cathode (V. = 450-550 V),
the depositing time (t = 3.5 h), the temperature (T = 800 °C), and the gas pressure (P = 35 Pa).

As shown in Figure 6a, when the electrode distance is 10 mm, only isolated particles with sizes of
around 0.8 um are observed. By contrast, when the electrode distance is increased to 15 mm, numerous
worm-like particles with an average size of 2 um are grown, connecting with each other and thus
forming a compact Fe-Al-Cr coating (Figure 6b). However, further increasing the electrode distance
to 20 mm leads to a rough Fe-Al-Cr coating composed of aggregated particles (Figure 6c). When the
electrode distance is further increased to 25 mm, the Fe-Al-Cr coating is not obvious, and the randomly
distributed particles can be observed, as shown in Figure 6d.
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Figure 6. The surface morphology of Fe-Al-Cr alloyed layers under different electrode distances:
(a) 10 mm; (b) 15 mm; (c) 20 mm; (d) 25 mm.

As shown in Figure 7a, when the electrode distance is 10 mm, the thickness of the coating is
18.4 um, and the interface between the substrate and the coating is very rough. When the electrode
distance is increased to 15 mm, a compact Fe-Al-Cr coating with a thickness of 27.9 um can be achieved
(Figure 7b). However, Fe-Al-Cr coatings with a much thinner thickness of 16.7 and 4.8 pum are obtained
when the electrode distance is further increased to 20 and 25 mm, respectively (Figure 7c,d). Therefore,
the optimized electrode distance to achieve a high-quality Fe-Al-Cr coating is 15 mm. When the
electrode distance is too short (10 mm), unequal potential hollow cathode discharge effect is very
strong, leading to the overheating of the substrate and the source electrode [16]. As a result, burning
loss of the Fe-Al-Cr coating takes place, forming discontinued coatings (Figures 6a and 7a). On the
other hand, when the electrode distance is larger than 15 mm, the unequal potential hollow cathode
discharge effect is weaker, leading to the decrease of the current density from the source electrode [17].
As aresult, the amount of the alloyed atoms sputtering from the source electrode decreases. In addition,
the increase of the electrode distance will also increase the distance for the mass transport of the alloyed
atoms, thus enhancing the loss of the alloyed atoms before depositing on the substrate [18]. Thus,
the coating cannot form uniform morphology, and the thickness is significantly reduced.

27.9 pm

Figure 7. The cross-sectional MM images of Fe-Al-Cr alloyed layers under different electrode distances:
(a) 10 mm; (b) 15 mm; (c) 20 mm; (d) 25 mm.
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To further investigate the interfacial properties between the coatings and the Q235 steel substrates,
the samples obtained at different electrode distances (10, 15, 20, and 25 mm, respectively) were
characterized by SEM. As shown in Figure 8, thicknesses of the coatings are consistent with those
shown in Figure 7, indicating that MM images are reliable to study the thickness of the obtained
coatings. In addition, the coatings adhere very well to the Q235 steel substrates, as a result of the
metallurgical bonding between the coatings and the Q235 steel substrates during DGPSM.
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Figure 8. The cross-sectional SEM images of Fe-Al-Cr alloyed layers under different electrode distances:
(a) 10 mm; (b) 15 mm; (c) 20 mm; (d) 25 mm.

Overall, the desirable parameters of DGPSM to prepare high-quality Fe-Al-Cr alloyed coatings
are as follows: sample temperature: 800 °C, gas pressure: 35 Pa, and electrode distance: 15 mm. In the
further characterization and corrosion-resistance study, all the mentioned Fe-Al-Cr coatings were
obtained under the abovementioned optimized conditions, unless stated otherwise.

3.4. The Elemental Distribution and Phase Analysis

As shown in Figure 9a, a uniform and dense Fe-Al-Cr coating with a thickness of approximately
25 um was formed on the Q235 substrate, which can be divided into three layers, namely the outside
deposited layer of about 5.5 um, the middle compound layer with the thickness of around 15.5 um,
and the internal diffusion layer close to the substrate of 4 um. It is obvious that the coating attached
very well to the substrate, without any holes or other defects.

The Fe, Al, and Cr elements exhibit interesting distributions across the Fe-Al-Cr coating (inset in
Figure 9a). During the process of double glow plasma metallurgy, Fe, Al, and Cr alloyed atoms in the
source electrode were sputtered out by high-energy plasma, and then deposited on the surface of Q235
steel. The Cr element gradually decreased from 30 at.% at the surface of the deposited layer to around
3 at.% at the interface of the compound layer and diffusion layer, and then diffused into surface of
the substrate, along the vacancy and dislocation defects, to form a diffusion layer. By contrast, the Fe
element exhibited an opposition tendency, because the content of Fe in the source electrode was lower
than that of the substrate, and the diffusion of Fe from the substrate to the Fe-Al-Cr coating also took
place under the bombardment of high-energy plasma, leading to the gradual decrease of Fe element
from the internal diffusion layer to the surface deposited layer. It is worth noting that the Al element
increased slightly from the surface of the deposited layer up to 35 at.% at the surface of the compound
layer, and then it decreased gradually to the diffusion layer. Since the temperature of plasma is much
higher than the melting point of Al, the evaporation of Al in the deposited layer occurs during the
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double glow plasma metallurgy process [19], leading to the decrease of Al content from the interface of
the compound layer and deposited layer to the surface of the deposited layer.
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Figure 9. (a) The cross-sectional morphology and composition distribution (I: deposited layer,
II: compound layer, and III: diffusion layer), and (b) XRD patterns of Q235 and Fe-Al-Cr coating.

Figure 9b shows the XRD patterns of the Q235 steel and Fe-Al-Cr coating. Three characteristic peaks
of Q235 can be observed. In comparison, three main peaks of Fe-Al-Cr were slightly shifted negatively,
indicating the incorporation of Al and Cr elements that enlarge the lattice spacing. In addition, six
new peaks can be observed, which can be assigned to Fe, AICr, Fe3 Al(Cr), FeAl(Cr), Fe(Cr), Cry3Cs,
and a-Fe(Al) [20-22]. According to the elemental distributions and the XRD results (Figure 9a,b),
the outside deposited layer contains Fep AlCr distributing in grain boundaries as the strengthening
phase, while the middle compound layer is mainly composed of Fe3Al(Cr) and FeAl(Cr). Owing to the
diffusion of Al and Cr into the Q235 steel substrate, Fe(Cr) solid solution, Cry3Cg, and «-Fe(Al) are
formed in the diffusion layer.

Figure 10 shows the SEM images and the EDS mapping of the Fe-Al-Cr coating. The film thickness
is around 25 um (Figure 10a), which is consistent to that shown in Figure 9a. It is clear that Al and Cr
are mainly distributed in the Fe-Al-Cr coating (Figure 10b,c), while Fe is distributed in both the coating
and the Q235 steel substrate (Figure 10d) [23,24]. The EDS mapping results confirm the successful
deposition of the Fe-Al-Cr coating on the Q235 steel substrate by DGPSM.

Figure 10. (a) SEM image of the Fe-Al-Cr coating, and EDS mapping of (b) Al, (c) Cr, and (d) Fe.
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3.5. Microhardness Test

The linear microhardness from surface to substrate of all samples is shown in Figure 1la—c.
It can be seen that the Fe-Al-Cr coating can effectively increase the microhardness of the Q235 steel
substrates. According to the cross-sectional view images shown in Figures 3, 5 and 7, it is obvious
that the microhardness distributions are closely related to the thickness of the coatings obtained at
different conditions. In addition, microhardness of the Q235 steel is only 175.2 HV; (Figure 11d).
With the deposition of a Fe-Al-Cr coating obtained under optimized conditions, the microhardness
increases significantly to 460.3 HV 1, which is approximately 2.5 times higher than that of the substrate.
According to the XRD results, the enhanced microhardness is attributed to the formation of Fe3 Al(Cr)
and FeAl(Cr) intermetallic compounds with high hardness and strength [25,26]. In addition, the solid
solution of Cr can further strengthen the hardness of Fe-Al intermetallic compounds at ambient
temperature [27].
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Figure 11. (a—c) The microhardness distributions from the surface to the substrates of the Fe-Al-Cr
coatings obtained at different parameters; (d) microhardness of the Q235 steel and Fe-Al-Cr coating.

3.6. Corrosion Resistance in a 0.5 mol/L. H;SOy4 Solution

Corrosion resistance of the obtained Fe-Al-Cr coating was investigated by anodic polarization
curves and electrochemical impedance spectroscopy (EIS), in a 0.5 mol/L H,;SO; solution.
For comparison, the anodic polarization and EIS curves of Q235 steel and 304 stainless steel were also
measured. According to the anodic polarization curve of the Fe-Al-Cr coating shown in Figure 12a,
when the potential is increased to —0.368 V, the Fe-Al-Cr coating is in the anodic dissolution region,
leading to the obvious increase of current density with the increase of potential [28]. However, when the
potential reaches —0.201 V, the current density is almost constant when the potential is increased,
indicating that the Fe-Al-Cr coating is in the passivation stage [29]. Therefore, a passive layer is
formed on the surface of the Fe-Al-Cr coating. The corresponding passive current density (ip) is
3.12x 107* A/cm?. When the potential is higher than 0.152 V, the current density is significantly increased
with the increase of the potential, indicating that the Fe-Al-Cr coating is in the transpassivation stage,
and its rapid dissolution occurs [30]. By contrast, the 304 stainless steel shows a similar passivation
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phenomenon. However, the passivation region is not obvious. When the potential is increased to 0.5V,
a plateau occurs, indicating the formation of a passivation layer on the surface of the 304 stainless
steel. The iy is 1.353 x 1072 A/cm?. When the potential is higher than 1.0 V, the current density
increases dramatically. For bare Q235 steel, no obvious plateau can be observed, which indicates that
the Q235 steel cannot form a passivation layer, and thus severe electrochemical corrosion takes place.
According to the above analysis, the deposition of a Fe-Al-Cr coating on the surface of the Q235 steel
can significantly increase its electrochemical corrosion resistance, which is even better than that of the
304 stainless steel. EIS curves of bare Q235 steel, 304 stainless steel, and Fe-Al-Cr coating are composed
of only one semicircle (Figure 12b). The radius of the semicircle reflects the corrosion resistance of the
sample [31]. It is obvious that the corrosion resistance of the Fe-Al-Cr coating is larger than that of the
304 stainless steel. However, the corrosion resistance of Q235 steel is much smaller compared to its
Fe-Al-Cr coating and 304 stainless steel counterparts (inset in Figure 10b).
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Figure 12. (a) The anodic polarization curves; (b) EIS curves of samples in a 0.5 mol/L H,SO4 solution.

According to the anodic polarization curves shown in Figure 12a, the corrosion potential (Ecorr),
corrosion current density (icorr), and passive current density (ip) of three samples were listed in Table 1.
In addition, their corresponding polarization resistance values (Rp) were also calculated. As shown in
Table 1, the icopr of Fe-Al-Cr is 8.623 x 107 A/cm?2, which is much lower than those of its 304 stainless
steel and Q235 steel counterparts. In addition, the Ry, of Fe-Al-Cr is 985.4 Q/cm?, which is much
higher than those of its 304 stainless steel and Q235 steel counterparts. According to the icorr Values,
their corrosion rates were also calculated [32]. It is obvious that the corrosion rate of Fe-Al-Cr is
only 0.66 mm/a, which is much lower than those of its Q235 steel and 304 stainless steel counterparts.
Therefore, the Fe-Al-Cr coating exhibits excellent corrosion resistance in a 0.5 mol/L H,SO4 solution.

Table 1. Calculation results of polarization curves of samples in a 0.5 mol/L H,SO, solution.

Corrosion Rate

Sample Ecorr (V) icorr (A/sz) ip (A/sz) Rp (O/sz) (mm/a)
Q235 carbon steel —0.634 4978 x 1073 — 25.1 38.15
304 stainless steel —0.437 2.061 x 1074 1.353 x 102 584.3 1.58
Fe-Al-Cr alloyed layer ~ —0.368 8.623 x 107° 3.12x107* 985.4 0.66

The surface morphology and EDS patterns of bare Q235 steel, 304 stainless steel, and Fe-Al-Cr
coating after electrochemical corrosion test in a 0.5 mol/L H,SO4 solution are shown in Figure 13. It is
clear that the corrosion morphology of Q235 carbon steel is rough, and a hole with a diameter of
around 5 pm and some corrosion products can be observed on the surface, indicating that Q235 carbon
steel suffers severe corrosion (Figure 13a). According to the EDS analysis, the corrosion products are
mainly iron oxide (Figure 13b). For the 304 stainless steel, numerous small pits can be observed on the
surface (Figure 13c). The EDS pattern indicates the complexity of the corrosive products. In contrast,
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no obvious pits can be observed on the Fe-Al-Cr coating, even though the surface is rough (Figure 13e).
Further analysis on its EDS pattern indicates that a stable and dense passivation film of chromium
oxides is formed to block etching of the corrosive ions, exhibiting excellent corrosion resistance in the
sulfuric acid solution.
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Figure 13. Corrosion morphology and EDS patterns of Q235 carbon steel (a,b), 304 stainless steel (c,d),
and Fe-Al-Cr coating (e,f) after electrochemical corrosion in a 0.5 mol/L H,SO; solution.

4. Conclusions

In summary, we have developed a DGPM technology for the deposition of a Fe-Al-Cr coating.
Detailed investigations found that the optimized parameters are sample temperature: 800 °C, gas
pressure: 35 Pa, and electrode distance: 15 mm. The obtained Fe-Al-Cr coating is metallurgically
bonded with the substrate, which can be divided into three layers, namely the deposited layer,
the compound layer, and diffusion layer from the surface to the substrate. The Fe-Al-Cr coating
consists of Fe; AlCr, Fes Al(Cr), FeAl(Cr), Fe(Cr) solid solution, Cry3C¢, and x-Fe(Al), leading to an
excellent microhardness that is 2.5 times higher than that of the Q236 steel substrate. Moreover,
the Fe-Al-Cr coating can form a dense and stable passivation film in a 0.5 mol/L HySOy solution, which
can effectively hinder the erosion of corrosive medium. As a result, the corrosion resistance of the
Fe-Al-Cr coating is even better than that of the 304 stainless steel.
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