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Abstract: Atmospheric pressure plasma (AP) treatment, using an open-air jet of ionized CO2, N2, or
air, was applied to AZ91D Mg alloy surfaces to investigate its effects on primer coating adhesion
and corrosion resistance. The CO2 and air AP treatments formed an O- and C-rich surface layer
(Mg-O-C) consisting of agglomerated nanoparticles and pits with a depth of a few microns and
increasing the surface roughness by 6–8 times compared with the reference 600 grit-finished surface.
Then, three commercial primers, zinc phosphate (ZnP), chromate-containing epoxy, and MIL23377,
were applied on the treated surfaces to evaluate the corrosion resistance associated with the coating
adhesion. Microscopic analysis demonstrated stronger interlocking between the primer layer and the
nano-/microrough Mg-O-C surface compared to the untreated (600 grit-finished) surfaces, indicating
improved coating adhesion and corrosion resistance. Crosscut tests of the MIL23377 primer on the
CO2 and air AP-treated surfaces showed the highest level of adhesion, ASTM class 5B. Salt spray
corrosion tests showed that after 8 days of exposure, the primer coatings on air AP-treated surfaces
had corrosion areas that were more than four times smaller than that of the 600 grit-finished surface.
The N2 AP treatment showed similar adhesion enhancement. The preliminary operation expenses
for AP treatment using CO2, N2, and air were estimated at USD 30.62, USD 35.45, and USD 29.75
(from an air cylinder)/USD 0.66 (from an air compressor) per m2, respectively.

Keywords: atmospheric pressure plasma; coating adhesion; corrosion resistance; Mg alloys

1. Introduction

Magnesium alloys can be used to construct various high-volume structural materi-
als for lightweight engineered systems with improved fuel economics and zero carbon
emissions [1–3]. Although progress has been made in the development of magnesium
(Mg) alloys, their intrinsic susceptibility to corrosion has limited their application in some
industries, such as their use for a few parts of aerospace and automobile structures [4–7].
Protective coatings are considered the most cost-effective way to improve the corrosion
resistance of Mg alloys without diminishing their benefits to the larger structure or the
system’s mechanical properties. The coatings also benefit from fast process time, low cost,
and good application on various metal surfaces. Various coatings, such as electrochemical
conversion [8,9], anodizing [10,11], electroplating [12], cold spray [13,14], superhydropho-
bic coating [15–18], and organic primers [19,20], have been investigated for the protection
of Mg alloy surfaces. The performance of a protective coating is greatly influenced by its
adhesion to the substrate material. Additionally, a single coating is insufficient to protect
a Mg alloy surface, particularly on an automotive body; therefore, multilayer coating
schemes via a series of wet chemical pretreatments have been proposed to reliably protect
Mg [21].
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Selecting the proper protective coating to apply on a bare Mg alloy is challenging be-
cause a traditional polymeric coating (e.g., pure epoxy) does not provide good adhesion to
Mg alloys, and corrosion may be accelerated if the coating is physically damaged [19]. For
these reasons, metal particle composite coating matrixes (e.g., Al-/Mg-rich primer) have
been investigated to provide the cathodic protection and improve barrier effects [19,20].
The particles selected for the composite matrixes were limited to a few active metals, such
as pure Mg and Al, because of the internal galvanic corrosion caused by the second phase
or impurities. To promote primer coating adhesion, the surface must be cleaned properly
before applying the coating to remove impurities, oil, and other organic carbons. Chemical
treatments using organic solvents, such as isopropyl alcohol, acetone, and toluene, are typi-
cally used to clean the surfaces in industrial applications, but these solvents have problems
related to solvent inflammability and chemical waste. Physical surface treatments, such as
sand blasting, wire brushing, scarping, and chipping, can modify the surface roughness to
improve the mechanical interlocking between the coating and surface, enabling a stronger
bond. However, these methods usually produce process waste and severely damage the
treated surface [22].

Surface modification by atmospheric pressure plasma (AP) treatment has been consid-
ered for the improvement of coating adhesion on metal and polymeric materials because it
can treat the entire surface uniformly and is environmentally friendly if the appropriate
gases are chosen [23–27]. Currently, the AP technique is being industrialized in large-scale
deployments, such as that of an automated in-line continuous system to remove coatings
of material (e.g., a layer, film, or paint) from the substrate surfaces for a rapid, low-cost,
open-air surface cleaning process [28–30]. AP treatment generates a high-velocity flow of
nonthermal plasma, chemically active gas species (i.e., ions and electrons), and electroni-
cally excited species using only electricity and compressed air or other gases as the feeds
of operation. The interaction of all these plasma species with a surface can improve the
adhesion bonding of polymer films by creating surface functional groups and topogra-
phy [25,27]. As is the case when it is applied to polymeric surfaces. AP treatment on Mg
surfaces may improve coating adhesion through surface cleaning, surface chemistry, and
topography changes for the strong chemical bonding and physical interlocking of coating
materials. Moreover, we found that CO2 AP treatment forms an oxygen and carbon-rich
corrosion resistance layer on pure Mg, which may be applicable to Mg alloy to protect the
surface [31]. In this study, AP treatments with CO2, N2, and air were used on AZ91D Mg
alloy before primer coatings were applied on the treated surface to investigate their effects
on coating adhesion. We report that AP treatments with CO2 or air form a nano-/microscale
Mg-O-C particle agglomerated layer when operated at a high gas flow rate and scan rate
(i.e., 70 standard liters per minute with a 762 cm/min scan rate) with multiple swings,
which improve the adhesion of primer coatings to the surface. AP treatments with CO2
or air usually form nano-/microscale Mg-O-C particle agglomerated layers, improving
the adhesion of primer coatings to the surface. Standard coating adhesion tests and a
salt spray test were performed to evaluate the enhanced coating adhesion and corrosion
resistance on the plasma-treated surfaces compared with the coatings on 600 grit-finished
surfaces with no treatment. Additionally, a corrosion resistance test was performed on
the treated surfaces to evaluate their corrosion susceptibility. However, the current op-
eration parameter and Mg alloy type (i.e., cast AZ91D) showed no benefit in forming a
corrosion-resistant layer. Finally, a preliminary cost analysis for operation expense was
performed to assess the benefits of AP plasma treatments for improved coating adhesion.
There are only a limited number of literature reports on the impact of AP treatments on
coating adhesion for Mg alloys. Here, we show that the adhesion of commercial primer
coatings and their corrosion resistance can be significantly enhanced through a single-step
AP treatment. Our performance and operating cost analysis also indicates that air AP
treatment has the potential to be a cost-effective way to protect Mg alloys, compared with
CO2 and N2 AP treatments.
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2. Materials and Methods
2.1. Samples

A commercial cast AZ91D was obtained from Advanced Magnesium Alloys Cor-
poration (Anderson, IN, USA). The commercial cast high-pressure casted AZ91D was
obtained from Magnesium Elektron North America, Madison, IL, USA. Test samples of
2.5 cm × 2.5 cm in size and 1–1.5 mm in thickness were prepared by electric discharge
machining of the raw AZ91D cast. The test samples were wet-ground with 600 grit SiC
paper, cleaned with deionized water, and dried with an air stream.

2.2. CO2/Air Atmospheric Pressure Plasma Treatment of AZ91D Substrate

The atmospheric pressure plasma treatment was performed using a PlasmaBlast
(Model 7000, Input power 208–240 VAC, 50–60 Hz, Atmospheric Plasma Solutions Inc., Cary,
NC, USA) and an RD1004 jet (Plasmatreat USA Inc., Input power 510–643 W, Hayward, CA,
USA) [32]. The treatment was performed in a working chamber equipped with a robotic
arm for 3D surface treatments and an exhaust and filtration system. A high-velocity flow of
chemically active gas radicals exited the nozzle tip to form a plasma jet plume, as shown in
Figure 1 and Figure S1 in Supplementary Information. The robotic stage and plasma nozzle
were controlled by three stepper motors and three rack and pinion drives that could move
in the x (forward), y (side), and z (height) directions. In the previous work [31], various
plasma operation conditions, such as nozzle height, gas flowrate, spacing, scan rate, and
swing number, were tested to uniformly treat Mg surfaces, resulting in the maximizing
of the functionality (i.e., corrosion resistance and wettability). The optimized process
parameter was used for a baseline condition. Various plasma operation conditions were
tested to enhance coating adhesion. For example, CO2 AP was generated by 100% CO2
gas passed through a nozzle at a flow rate of 70 SLPM, and the nozzle swung through the
sample surface with a 0.38 cm height and 0.06 cm spacing with a 762 cm/min scan rate.
The swing number increased to intensify the CO2 AP effect. The CO2 atmospheric pressure
plasma treatment was performed in a custom-designed, CO2-filled gas chamber, whereas
the air atmospheric pressure plasma treatments were performed in the open air with the
same operating conditions. Finally, a single swing N2 AP treatment was evaluated in the
open air. The N2 AP was generated by 100% N2 gas passed through a nozzle at flow rates
of 33–45 SLPM, and the nozzle swung through the sample surface with a 0.4 cm height and
0.06 cm spacing at a scan rate from 6 cm/min to 150 cm/min.

2.3. Primer Coatings

Commercially available zinc phosphate primer (16-897 SEYMOUR, Yellow, 12 oz) and
chromate-containing 2K epoxy primer (Hard Hat, Rust-Oleum, Vernon Hills, IL, USA)
were used to coat the AZ91D surface. After activation (e.g., pulling a trigger and shaking
the container), the primers were sprayed on the AZ91D specimens (2.5 cm × 2.5 cm)
from a distance of ~30 cm for 30 s. Experimental and reference specimens were placed
together side by side for uniform coating. After coating, the samples were dried overnight
at room temperature.

Military epoxy primer (MIL23377) was also applied to AZ91D surfaces to evaluate
the coating adhesion and corrosion protection. First, the MIL 23377 primer solution was
stirred with an automated mixer. Next, the same volume of activator was added to the
stirred primer, continuously mixed for 10 min, and allowed to sit for the required amount
of time (e.g., 30 min for 60 mL). Temperature and humidity were measured throughout
the coating process to ensure that the acceptable limits (10–40 ◦C and <65% humidity)
were met. The coating specimens (i.e., AZ91D) were prepared by cleaning the surface
with a reagent, which was a mixture of alcohols that included ethanol and isopropyl.
The MIL23377 primer coating was applied with a high-volume, low-pressure spray gun.
The pressure was maintained at 1.379 × 105 Pa during each application. Two or three
passes were applied with each application, depending on how well the coating adhered
to the surface. The coating was air-cured for 7 days at room temperature after each
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application. After the coating was fully cured, its thickness was measured with a Positector
6000 coating thickness gauge. The average thickness of the coating on the total specimens
was 44.0 ± 5.2 µm (n = 22).
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Figure 1. (a) A snapshot of atmospheric pressure plasma treatment on AZ91D (2.5 cm × 2.5 cm × 0.1 
cm) during a scanning at 762 cm/min. The inset is a plasma nozzle with a scheme of the plasma 
plume generation and (b) optical surface topography of CO2 AP-treated AZ91D with SEM images. 
The upper inset photo in (b) shows the CO2 AP treatment on a 2.5 cm × 2.5 cm × 0.1 cm AZ91D 
coupon treated with 5 swings spaced 0.24 cm apart. The lower inset image in (b) shows a water 
contact angle measurement on the surface. The size of the water droplet is 10 μL. 
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Figure 1. (a) A snapshot of atmospheric pressure plasma treatment on AZ91D (2.5 cm × 2.5 cm × 0.1 cm)
during a scanning at 762 cm/min. The inset is a plasma nozzle with a scheme of the plasma plume
generation and (b) optical surface topography of CO2 AP-treated AZ91D with SEM images. The
upper inset photo in (b) shows the CO2 AP treatment on a 2.5 cm × 2.5 cm × 0.1 cm AZ91D coupon
treated with 5 swings spaced 0.24 cm apart. The lower inset image in (b) shows a water contact angle
measurement on the surface. The size of the water droplet is 10 µL.

2.4. Characterization of Materials

AP-treated sample surfaces were analyzed by scanning electron microscopy (SEM,
Zeiss Merlin FE-SEM) with energy-dispersive X-ray spectroscopy (EDS), an optical pro-
filometer, X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA,
USA, K-Alpha X-ray Photoelectron Spectrometer), X-ray diffraction (XRD), and cross-
section scanning transmission electron microscopy (STEM, 300 kV Aberration-corrected
S/TEM-EELS, FEI Titan, Stanford Nano Shared Facilities, Stanford, CA, USA). XRD
measurements were conducted on a PANalytical X’Pert Pro MPD equipped with an
X’Celerator solid-state detector. For the XRD measurements, the X-ray beam was gen-
erated at 45 kV/40 mA, and the X-ray beam wavelength was set at l = 1.5418 Å (Cu Kα

radiation). The step size (D2q) was 0.016◦, and the exposure time at each step was 40 s. XPS
depth profiling analyses were conducted with an EX06 Ar ion gun operated at 2000 eV and
rastered over a 2 mm × 4 mm area. Water contact angles were measured by a drop shape
analyzer (KRUSS, Chaussee, Germany), employing a water droplet volume of 8~10 µL.

2.5. Corrosion Evaluation

Potentiodynamic polarization measurements were conducted for the 600 grit-finished
and AP-treated AZ91D samples, i.e., working electrodes, with the exposed area of 0.833 cm2

(Ø = 10.3 mm) prepared by insulation tape masking. A reference saturated calomel elec-
trode (SCE) and a Pt plate counter electrode with ~5 cm2 of surface area were used in
a 3.5 wt.% NaCl solution. After each Mg sample rested at open-circuit potential (OCP)
for 50–60 min, potentiodynamic polarization was performed at a rate of 1 mV·s−1 in
two potential windows: −2.1 to −1.1 VSCE and −2.25 to −0.95 VSCE. Electrochemical
impedance spectroscopy (EIS) was also performed to assess corrosion behavior with in-



Coatings 2023, 13, 897 5 of 17

creasing immersion time in 3.5 wt.% NaCl solution. The OCP was measured for 1 h before
the first EIS measurement for the first impedance data. Subsequent EIS measurements
were taken for the same samples at longer immersion times. The frequency window was
200 kHz to 7 mHz, and the amplitude was ±10 mV with respect to the last OCP value.
The impedance data were analyzed using commercial computer software (ZView, Scrib-
ner, Southern Pines, NC, USA) to determine the key resistance values for the corrosion
evaluation. All the electrochemical measurements were taken at room temperature in the
open air.

Salt spray exposure tests were performed per ASTM B117 for several primer-coated
samples in a salt fog chamber (Auto Technology, Strongsville, OH, USA) [33]. The coated
samples were placed at an angle of ~60◦ on two loading racks and evenly distanced from
the fog tower for uniform salt spray exposure. Visual inspection and photo imaging of the
coated samples were performed before, intermittently during, and after the exposure.

2.6. Preliminary Cost Estimation

The operation expense of the AP treatment per square meter was calculated as

Operation Expense (OPEX) = Cmat + Celec (1)

where Cmat is the cost of the materials (i.e., gases) and Celec is the total electricity cost. These
costs were calculated as

Cmat
(
$/m2) = Gas f low rate (SLPM)×10−3 (m3/L)

Area scan rate (m2/min)

× Gas density
(
kg/m3)× Gas price($/kg),

(2)

Celec
(
$/m2) = 1/60 h/min

Area scan rate (m2/min)

×Power(kW)× Electric rate($/kWh).
(3)

The area scan rate is how fast a plasma nozzle sweeps a square meter, which was
calculated by multiplying (linear) scan rate (cm/min) by scan spacing (cm) and 10−4 to be
in m2/min. The area scan rate and other variables are listed in Table 1. The electric rate was
0.12 USD/kWh (commercial GSA-1) [34]; the price of CO2 was 1.04 USD/kg (industrial
grade, size 200) [35]; the price of N2 was 1.81 USD/kg (industrial grade, size 300) [36];
and the air price was 3.28 USD/kg (breathing grade, size 300) [37]. The air source can be
replaced with a filtered air compressor (e.g., Ingersoll Rand air compressor). For this case,
only additional electricity consumption was considered, which is calculated by multiplying
the compressor power per filtered air flow rate, 6.11 W/SLPM [38], by the air flow rate
(SLPM) and then plugging it into Equation (3).

Table 1. Variables of treatment and conditions.

Variable Gas (CO2/N2) Air Unit

Density 1.870/1.251 1.225 kg/m3

Area scan rate 0.00456 0.00456 m2/min

Gas flow 70 0 SLPM

Airflow 0 33 SLPM

Power 1.3 1.3 kW

3. Results and Discussion
3.1. CO2 Atmospheric Plasma Treatment

The AP treatment using CO2 feed gas formed highly wettable nano-/microstructured
surfaces, which were expected to enhance the adhesion of the primer coatings. Figure 1a
shows the discharging AP plume moving across an AZ91D surface in preparation for
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primer coating. After the CO2 AP treatment, all the treated AZ91D samples, as shown in
the inset of Figure 1b, exhibited water contact angles of less than 10◦, which were slightly
lower than those of the fresh 600 grit-finished surfaces [See Table S1 in Supplementary
Information]. The CO2 AP created nano-/microscale roughness on the surface, as shown
in Figure 1b. Cavities with a 10–20 µm diameter were formed along the CO2 AP beam
alignment. The CO2 AP jet ablated a portion of the Mg surface at the direct exposure
area, and the ablated Mg species were deposited on the surface around the cavities as
nanoparticle agglomerations. The microsurface roughness (Ra) was 1.28–1.45 µm, which
was 6–8 times rougher than that of the reference surface (i.e., the 600 grit-finished surface,
Ra = 0.17–0.25 µm). The baseline operational parameters (i.e., scanning at 762 cm/min
and multiple swings spaced 0.24 cm apart) were optimized in the previous work [31]. For
instance, a single swing and low scan rates were unable to form a uniform rough surface
on the Mg surface.

A C- and O-rich surface layer formed on the CO2 AP-treated AZ91D. Chemically active
CO2 plasma molecules were reported to react with MgO nanoparticle surfaces and then
form carbonated layers in the CO2-enriched environment [31]. The formation of MgCO3
was thermodynamically favored, and the MgO particles had diverse basic sites where the
acidic CO2 molecules chemically and/or physically adsorbed on the surface, resulting
in various carbonate surface species, including bicarbonate, bidentate, and unidentate
carbonates [39]. The SEM-EDS images, as shown in Figure 2a, indicate that the nanoparticle-
agglomerated area of the treated surface had higher C and O contents than the surrounding
cavities. This suggests that the MgO adsorbed CO2 from the multiple CO2 plasma swings
in the CO2-rich environment. The XRD measurements in Figure 2b confirm the formation
of new crystalline phases at ~43◦, which can be attributed to the hexagonal phase of MgCO3
and/or MgO [31].
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Figure 2. (a) SEM-EDS images of the CO2 AP-treated AZ91D (5 swings) and (b) XRD patterns
of various CO2 AP-treated AZ91D specimens treated with different swings and 600 grit-finished
reference. XRD patterns of untreated Mg were measured at two angles (0◦ and 90◦) to avoid the
crystalline directional effect. The 3 × 3 sw denotes 3 cross-swings (i.e., 3 horizontal swings and
3 vertical swings).
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The XPS depth profiling of CO2 AP-treated AZ91D, as shown in Figure 3 and Table 2,
indicated that the CO2 AP treatment left a layer of significant carbon (C–C) and carbonate
(-CO3), formed on top of an existing thick MgO layer. Moreover, ~9 atom % of carbon
existed after 16,000 s of sputtering.
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Figure 3. XPS depth profiling of chemical components of the CO2 AP-treated AZ91D.

Table 2. Surface composition (atom %) of corresponding XPS depth profiling.

Mg O C Al Cu F Na

Beginning of beam sputter 22.7 46.4 22.4 0 1.2 7.2 0.2

30 s 33.1 50.5 10.3 0 1.4 4.7 0.1

16,000 s 48.0 39.6 8.9 0.3 0 0 0

3.2. Enhancement of Adhesion Bonding

The CO2 AP-treated surface with primer coatings substantially enhanced corrosion
resistance, as described in the following results. Figure 4a shows that the ZnP and
epoxy primer coatings were well applied on both the 600 grit-finished surfaces and
the CO2 AP-treated surfaces. No significant difference was found on either of the coat-
ings. The electrochemical polarization curves, as shown in Figure 4b,c, indicated that the
ZnP and epoxy primer coatings on the CO2 AP-treated (i.e., with five swings) and the
600 grit-finished surfaces, even after 119 h and 150 h in 3.5% NaCl, significantly reduced
the anodic and cathodic currents compared to those of the uncoated AZ91D. It was also
noted that the current was even lower with the CO2 AP treatment in the epoxy-coated
samples. Presumably, this was due to a reduction in the NaCl solution permeation through
the epoxy primer coating on the CO2 AP-treated AZ91D. After the completion of electro-
chemical measurements, both the ZnP and the epoxy primers were easily removed with the
masking tape from the reference (600 grit-finished) surface, whereas the primer coatings on
the CO2 AP-treated surfaces were still intact (see Figure 4d,e). To further investigate the
adhesion behavior of the CO2 AP-treated surface, a second spray coating of epoxy primer
with ~50 µm thickness was applied on both the CO2 AP-treated surfaces with five swings
and the reference surface.
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Figure 4. (a) SEM and photo image of 600 grit-treated and CO2 AP-treated AZ91D (5 swings, spaced
0.06 cm apart) and their ZnP primer coating; (b,c) potentiodynamic polarization measurements of
the ZnP primer and the epoxy primer coated on CO2 AP-treated AZ91D 600 grit-finished reference
AZ91D surfaces in a 3.5 wt.% NaCl solution after >90 h immersion. The inset photo shows the ZnP
coating on a 2.5 cm × 2.5 cm AZ91D coupon. Also shown are two polarization curves of uncoated
AZ91D surface with 600 grit finish. (d,e) The appearance of yellow ZnP and gray epoxy primers
coated AZ91D samples (with 600 grit finish and CO2 AP treatment) after electrochemical evaluation
in 3.5% NaCl solution for extended immersion time longer than 119 h. Coatings on 600 grit-finished
surfaces were easily removed.

Next, a through-coatings scribe was prepared for each primer-coated sample to accel-
erate corrosion in a NaCl solution. After 96 h, a significant amount of the epoxy coating was
removed from the reference surface by corrosion through the cuts, whereas the epoxy coat-
ing on the CO2 AP-treated surface was intact with minimal corrosion, suggesting that the
corrosion in the exposed cut was limited because of strong adhesion bonding between the
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epoxy coating and the treated surface. Figure 5 shows cross-sections of the epoxy primer
layers on the CO2 AP-treated and 600 grit-finished AZ91D surfaces. Figure 5b clearly
indicates that the coating strongly adhered to the CO2 AP-treated surface even after the
corrosion exposure. In contrast, Figure 5a shows a gap between the epoxy primer layer and
the 600 grit-finished reference surface, indicating relatively weak adhesion. The interface
between the epoxy layer and the CO2 AP-treated surface shows that the Mg-O-C-rich layer
of the Mg alloy surface interlocked with the primer layer.
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Figure 5. Cross-sectional SEM-EDS characterization of epoxy primer coatings on (a) 600 grit-finished
AZ91D surfaces and (b) CO2 AP-treated AZ91D surfaces.

The third primer coatings (i.e., MIL23377) were applied on the CO2 AP-treated and
reference surfaces. The measured thicknesses of the coatings on the CO2 AP-treated and
the 600 grit-finished reference surfaces were 43.0 ± 2.8 µm (n = 5) and 43.3 ± 4.6 µm
(n = 5), respectively. Crosshatch adhesion tests were conducted according to ASTM D3359
to quantify the coating adhesion. Figure 6a shows that both the CO2 AP specimen and the
reference specimen had a fractional rate of ASTM class 5B, the highest coating adhesion
rating. Then, a long-term salt spray test was also conducted to determine the coating
adhesion and corrosion resistance. Figure 6b shows that the corrosion area of the CO2 AP
specimen, by plan view visual inspection, was much smaller than that of the reference
specimen, suggesting that the nano-/microrough Mg-O-C layer on AZ91D significantly
enhanced the adhesive bonding of the primer, thereby mitigating corrosion.

Our previous work demonstrated that CO2 AP treatment on commercial pure Mg
enhances corrosion resistance by forming a Mg-O-C layer with a thickness of a few mi-
crons [31]. However, the work described in this paper—although similar to our previous
work, in which five swings with three different spacings were also used—did not show the
same improved corrosion resistance for the AZ91D specimen compared with the untreated
surface (see Figure S2 in Supplementary Information). Because of the alloying elements
(i.e., ~9 wt.% Al and ~1 wt.% Zn), the thickness and coverage of the formed Mg-O-C-rich
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layer on AZ91D may have been insufficient for it to act as a protective layer, as it did for
high purity Mg in the present operation.
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Figure 6. (a) The MIL23377 primer-coated, 2.5 cm × 2.5 cm AZ91D sample treated with 5 swings of
CO2 AP spaced 0.06 cm apart after the coating adhesion test. (b) MIL23377 primer-coated samples
(2.5 × 2.5 cm) after the 8-day salt spray test. The exposed area is 0.833 cm2 (Ø = 10.3 mm). The photo
images were taken after the samples were rinsed with water.

3.3. Air Atmospheric Plasma Treatment

The ability of AP treatment to enhance coating adhesion was further evaluated using
an inexpensive air AP treatment, which used a high-pressure air compressor. The air AP
treatment was conducted with the same operation parameters as those of the CO2 AP
treatment on specimens with areas from 2.5 cm × 2.5 cm to 5 cm × 7.5 cm, as shown in
Figure 7a. The treated surfaces were fully wettable with water droplets, indicating that the
treated surfaces were hydrophilic. Figure 7b shows that the air AP treatment developed
a rough surface morphology with O- and C-rich particle layers, which were very similar
to the layers on the CO2 AP-treated surfaces. Deep craters and cavities were observed at
the direct plasma jet exposure area, where the O and C contents in the craters and cavities
were lower than those in the flat areas (i.e., everywhere that was not a crater or cavity). As
occurred during the CO2 AP treatment, O- and C-rich Mg nanoparticles were deposited
on the flat surface around the craters. The air AP treatment with 0.06 cm gaps created
a microscale surface roughness, Ra, of 6.8 ± 7.6 µm (n = 4), which was higher than that
created by the CO2 AP treatment (Ra = 1.3 ± 0.2 µm, n = 3). This suggests that CO2 AP
treated the surface more uniformly than air AP. The surface roughness decreases with the
increasing interspacing of the air AP treatment (see Figure 7c).
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Figure 7. (a) Air AP-treated AZ91D plates in two different sizes. The surfaces were treated with five
swings of air AP. Water droplets on the surfaces indicate they are hydrophilic. (b) SEM-EDS images of
the air AP-treated AZ91D with elemental maps in plan views. (c) Surface roughness analysis of the air
AP-treated AZ91Ds with different interspacing distances and the reference 600 grit-finished surface.

The MIL23377 primer coatings on the air AP-treated surfaces exhibited excellent
adhesion bonding. All the primer spray coatings on the air AP-treated and reference
specimens were 40–43 µm thick. The ASTM D3359 crosshatch adhesion test was performed
to evaluate the primer coating adhesion to the air AP-treated surfaces. The average primer
thickness and the adhesion rating are indicated at the bottom of each photo in Figure 8.
The crosshatch test showed that all the primer coatings, including those on the reference
specimen, had the highest level of adhesion, ASTM class 5B, meaning that they showed no
signs of damage in the as-coated condition.
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The coating adhesion was also evaluated by a corrosion exposure test in a salt spray
chamber. All the tested panels had a coating thickness between 40 and 53 µm. Prior to the
salt spray test, an X-cut test (ASTM D3359, method A) was conducted on the half area of
each panel to evaluate the coating adhesion and corrosion through the X-cuts, as shown in
Figure 9a. Fractional ratings of 5A, the highest level of adhesion (i.e., no peeling or removal)
were confirmed for all the panels in the as-coated condition. Then, a long-term salt spray
exposure test was conducted for all the primer-coated panels for 190 h. The primer coating
of the air AP-treated surface had a significantly smaller corrosion area than the control
panel, as identified by a contrast-based image analysis to distinguish the corroded area
(darker tone) from the undamaged coating area (lighter tone).
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Figure 9. (a) MIL23377 primer-coated panels (5 cm × 7.5 cm) with coating thicknesses before and
after the X-cut test and primer-coated sample images after 190 h in a salt spray chamber (The photo
images were taken after the samples were rinsed with water); (b) corresponding cross-sectional
SEM-EDS images and elemental mappings from the reference specimen (600 grit surface-finished
AZ91D) after the salt spray; (c) corresponding cross-sectional SEM image from the air AP-treated
surface (0.24 cm interspacing distance); and (d) image analysis of corrosion areas of the specimens.
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Additionally, the cross-sectional SEM-EDS images in Figure 9b show that the corrosion
penetrated to a depth of >800 µm into the AZ91D substrate that was finished with 600 grit
for the MIL primer coating, whereas Figure 9c shows that the corrosion penetrated to a
depth of ~300 µm within a limited area in the air AP specimen with 0.24 cm spacing. An
image analysis was conducted to further quantify the corrosion area of each specimen, and
the results are shown in Figure 9d. The analysis indicates that the corrosion area of the air
AP specimen treated with 0.06 cm spacing was 15.4% of the entire area—four times smaller
than that of the control specimen, which was 59.9% of the entire area. Moreover, because
of the strong adhesion bonding between the primer coating and the treated surface, the
corrosion effect through the X-cut halves of the panels was negligible compared with the
corrosion effect on the intact coated surface.

Further microscopic analysis was performed to understand how the interface struc-
tures of the primer layer and the Mg substrate mitigated corrosion. The cross-sectional
SEM-EDS images shown in Figure 10 indicate that the air AP-treated surfaces were very
rough with deep craters and particle agglomeration, in contrast to the smooth surface of
the 600 grit-finished specimen. An O- and C-rich surface layer formed on the air AP-treated
surface, whereas only a thin O-rich layer formed on the reference specimen surface. The
smooth, thin MgO layer of the reference specimen showed weak adhesion for the primer
layer, resulting in voids at the interface (see Figure 10a), whereas the rough O- and C-rich
Mg layer (possibly MgCO3) of the air AP-treated surface interlocked strongly with the
primer layer, presumably preventing defective voids from forming (see Figure 10b).
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primer-coated AZ91D surfaces after the salt spray test: (a) 600 grit-finished AZ91D and (b) air
AP-treated AZ91D.
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3.4. Nitrogen Atmospheric Plasma Treatment

The N2 AP treatment was evaluated for its effectiveness in improving primer coating
adhesion and scalability. High-pressure die casting (HPDC) AZ91D was used for this study
instead of normal die casting AZ91D, due to a sample shortage. Therefore, the evaluation
of the N2 AP treatment and MIL23377 was conducted only on HDPC AZ91D substrates.
A single swing with different operation parameters (e.g., speed, ionized gas flow rate,
and generator settings) was performed on a 7.6 cm × 10.2 cm × 0.3 cm AZ91D panel (see
Table S2 and Figure S3 in Supplementary Information). The single-swing N2 AP treatment
created up to 1.8 µm of microscale surface roughness. Then, the MIL23377 primer coating
was applied, and X-cut and long-term salt spray tests were conducted for 481 h. The
findings indicated that N2 AP on HPDC AZ91D had a similar potential to that of the CO2
and air AP treatments on normal casting AZ91D in terms of enhancing primer coating
adhesion and mitigating significant corrosion (see Figure S4 in Supplementary Information).
Furthermore, under certain conditions, the N2 AP treatment showed the potential to form
a corrosion-resistant layer on HPDC AZ91D. Future work will be conducted to further
explore this approach.

3.5. Cost Analysis

A preliminary OPEX analysis of atmospheric gas plasma treatment was performed to
examine the benefits and potential challenges in cleaning and pretreating coatings on Mg
alloy structures. From Equations (1)–(3) and Table 1, we obtained OPEXs for CO2, N2, and
air AP treatments as 30.62 USD/m2, 35.45 USD/m2, and 29.74 USD/m2, respectively. The
major cost contributor is the price of feeding gas sources (i.e., CO2, N2, and air), each of
which accounts for 98% of its respective OPEX. However, the cost of air can be eliminated by
replacing the high-pressure steel cylinder with a filtered air compressor, thereby reducing
the OPEX of the air AP treatment to 0.66 USD/m2, which is the electricity cost. Price
sensitivities were also calculated by changing the area scan rate and gas prices because a
faster area scan rate decreases the total cost. Price sensitivities are shown in Figure 11 as
error bars, in which the minimum OPEXs correspond to a 20% increase in the area scan
rate and a 20% decrease in the gas prices, and the maximum OPEXs correspond to a 20%
decrease in the area scan rate and a 20% increase in the gas prices.
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The conventional car body coating process consists of five steps: pretreatment, elec-
trodeposition, rust-proofing, primer application, and topcoat application [21]. To compare
our preliminary AP cost with other values, we first need to identify the corresponding steps
of our AP treatment. As our AP treatment is applied to raw metals, it is expected to serve
as an alternative to the first two steps: pretreatment and electrodeposition. We attempted
to find published costs for pretreatment/electrodeposition, but only one website indicated
that pretreatment chemical costs range from 0.057 USD/m2 to 0.074 USD/m2 [40]. The
chemical material costs alone are significantly lower than the AP material cost. However,
considering that the chemical coating process is more complicated and requires the opera-
tion of large equipment such as chemical baths, the actual OPEX for the chemical coating
process would likely be higher. We also investigated the cost of a commercial car coating
service, which would correspond to the final two steps: primer and topcoat application.
While it is difficult to directly compare our AP cost with commercial car coating services,
we can at least gain some perspective. Car painting costs vary significantly, but a typical
range is USD 2500 to USD 3500 per car [41], and a car’s surface area is approximately
5.57 m2 (60 square feet) [42]. Consequently, the car coating cost per unit area ranges from
448.8 USD/m2 to 628.3 USD/m2.

4. Conclusions

Atmospheric pressure plasma surface treatments on AZ91D Mg alloy improved primer
coating adhesion and corrosion resistance. Three commercial primers (i.e., ZnP, epoxy, and
MIL23377) were applied on CO2, air, and N2 AP-treated surfaces to study the increased
corrosion resistance associated with improved coating adhesion to the nano-/microrough
surface. The AP treatments of CO2, air, and N2, which resulted in a significant increase
in surface roughness (Ra), ranged from 1.3 to 1.5 µm, 1.4 to 12.2 µm, and 0.3 to 1.8 µm,
respectively, compared with the reference surface finished with 600 grit, which ranged
from 0.17 to 0.25 µm. All three primers exhibited enhanced adhesion on the AP-treated
surfaces. Microscopic analysis showed interlocking of the primer and nano-/microrough
surface at the interface of the AP-treated surface, which caused higher adhesion of the
commercial primer coatings to the surface and thus significantly improved corrosion
resistance. In particular, the crosscut tests of the MIL23377 primer on the air AP-treated
surfaces showed the highest level of adhesion, ASTM class 5B. Moreover, the corrosion
area of the MIL23377 coating on the air AP specimen was up to four times smaller than that
of the 600 grit-finished reference specimen. The estimated preliminary operation expenses
for AP treatment using CO2, N2, and air were estimated at USD 30.62, USD 35.45, and
USD 29.75 per m2, respectively. However, if an air compressor was used, the cost for
air AP treatment would be as low as USD 0.66 per m2. The evaluation of the scalability,
performance, and operating cost of each treatment indicated that air AP treatment has the
potential to enhance the coating adhesion and corrosion resistance of Mg alloys in a more
cost-efficient manner than CO2 and N2 AP treatments.

Supplementary Materials: The following supplementary information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings13050897/s1, Figure S1: Atmospheric-pressure N2
plasma treatment on AZ91D; Table S1: Water contact angle measurement on CO2 and Air AP-treated
AZ91D surfaces; Figure S2. Corrosion resistance data of CO2 AP-treated AZ91D and untreated
surfaces; Table S2. Process parameters of N2 AP treatment; Figure S3. Optical microscopic images of
AZ91D treated with one time swing of N2 AP treatment; Figure S4. Scalable MIL 23377 primer-coated
AZ91D sheet samples (7.6 × 10.2 × 0.2 cm) after 481 h in a salt spray chamber
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