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A B S T R A C T   

In this paper, metallic powder coatings (MPC) were investigated as base powder coatings incorporating metallic 
flakes, providing finishes with a sparkly metallic effect. While MPC offers environmental advantages over liquid 
coatings by eliminating the usage of solvents, it presents challenges in achieving an intensified and stable 
metallic effect required by high-end products. This is primarily due to the limitations of the friction-based 
bonding technique, such as non-selective heating, employed in the current commercial production of MPC. To 
address this challenge, a microwave-based bonding method was developed that utilizes microwave energy as the 
heating source instead of stirring friction. This innovative approach leverages the selective heating properties of 
microwaves to produce qualified MPCs suitable for high-end products. Compared to the current friction-based 
method with a heating rate of approximately 4 ∘C/min, microwave heating achieved a significantly faster 
heating rate of approximately 16 ∘C/min, owing to the interface polarization effect. The microwave heating 
engendered a heightened efficacy in forging bonds between coating particles and Al flakes. As a consequence, in 
scenarios where equal weight percent of Al flakes was introduced, the microwave-treated specimens evinced a 
stronger metallic effect and enhanced stability compared to friction-heated ones. Furthermore, three-dimensional 
images of the Al flakes in the coating confirmed that microwave-heated films manifested an elevated flip-flop 
effect. Tribocorrosion test outcomes underscored that microwave-heated films exhibited higher open circuit 
potentials (OCP), indicating superior corrosion resistance, alongside better wear resistance compared to friction- 
heated ones. The microwave-based method obtained stronger and more stable MPCs with better corrosion and 
wear resistance, showing the promising potential for the expansion of MPC applications into the domain of high- 
end commodities.   

1. Introduction 

Functional polymer coatings (FPC) have been heavily applied in 
many fields [1–4]. Metallic powder coating, as one important member of 
FPC, finds widespread application in various industries, including 
automotive, appliance, construction, electrical, petrochemical, ship-
ping, aerospace, and hardware [5–7]. These coatings typically consist of 
base coating particles combined with metal flakes such as aluminum, 
copper, and nickel [8]. One notable characteristic of metallic powder 
coatings (MPC) is the incorporation of metal flakes, which imparts a 

sparkly effect and yields a surface resembling metal. This surface also 
exhibits a flip-flop effect, where the amount of reflected light varies with 
the viewing angle due to differences in flake size, reflectivity, and 
orientation within the coating [9]. In addition, the inclusion of metal 
flakes provides enhanced wear and corrosion resistance to the under-
lying substrates [7,10–12]. MPCs can be categorized into three types 
based on their base coatings: oil-borne, water-borne, and powder 
coating [13,14]. Since growing environmental concerns, the usage of 
oil-borne coatings, which contain up to 60 wt% organic solvents, has 
been progressively restricted by regulatory bodies [15–17]. Although 
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water-borne coatings are less detrimental to the environment, they still 
contain a small amount of (generally around 5 wt%) organic solvents, 
such as glycol ethers and alcohols, resulting in volatile organic com-
pounds (VOCs) emissions during film formation [18]. In contrast, 
powder coating involves the application of 100 %-solid, free-flowing 
powder (30–50 μm) onto a substrate without the need for organic sol-
vents. Consequently, it offers VOC-free emissions and represents an 
environmentally friendly alternative to the other two coating types 
[19,20]. This work aims to establish an improved production method for 
powder-coating MPCs. 

Although the exclusion of solvents provides an environmental 
advantage, it presents a new challenge in ensuring that the collected and 
original powders have a similar metal flake content [21]. When MPCs 
are applied using electrostatic spray systems with pressured air, there 
are typically undeposited powders, about 10–40 wt%, that must be 
collected and reclaimed to reduce costs and minimize chemical waste 
[22]. Fig. 1a illustrates that after electrostatic spraying and collecting, 
the contents of metal flakes in the collected and original powders differ 
when the two components are not bonded. This disparity arises from 
distinct differences in shape, density, dielectric properties, and con-
ductivity between the metal flakes and base coating particles. Conse-
quently, the collected powders cannot be reclaimed to obtain a qualified 
MPC with no apparent change in the metallic effect. Conversely, 
achieving a strong bond between the two components significantly re-
duces the disparities in properties, enabling the metal flake content in 
the collected and original powders to become more closely aligned. As a 
result, the collected powder can be reclaimed to the original powder and 
re-sprayed onto substrates, achieving a stable metallic effect (see 
Fig. 1b). 

The current bonding technology of MPCs employs friction (high- 
speed stirring) and/or water jackets as heat sources to soften the 
resinous part of the base coating particle and make its surface sticky, 
which allows metal flakes to adhere and bond [12]. According to the 
bonding mechanism, it is obvious that the less the content of the metal 
flake, the easier the bonding process. To secure a stable metallic effect, 
the content of metal flakes of this technology is usually less than 2.5 wt% 
due to its several inherent issues [5]. The first and most significant issue 

is low heating efficiency and non-uniform temperature distribution of 
friction or water-jacket heating. The second one is the severe bending or 
grinding of metal flakes during high-speed stirring, which reduces the 
intensity of the metallic effect. The low content (≤2.5 wt%) and 
bending/grinding of metal flakes, meaning a weak metallic effect and 
less protection, restrict the MPC application to high-end products which 
require stable and intensified metallic effects [23,24]. Hence, a vast 
paint market is untapped and a new bonding approach for MPCs that can 
solve the above issues is imperative. 

Various efforts have been made to prepare MPCs with high and stable 
metallic effects in recent years. Gunde et al. demonstrated that adjusting 
the bonding time and temperature could enhance the metallic effect 
consistency based on the present bonding technology [5]. Other re-
searchers have proposed the modification of metal flake surfaces with 
adhesive materials to improve the stability of metallic effects, such as 
acrylic acid [25], polyethylene wax [26], C6-C8 fatty acids [27], and 
polyacrylic acid [12]. However, these methods are all based on the 
current bonding method (friction heating) and decrease the metallic 
effect to some degree due to surface modification and the remained is-
sues mentioned earlier, which restrict their industrial applications. In 
contrast to friction and water-jacket heating that mainly transfer heat 
through surfaces, microwave heating brings various benefits through 
dielectric heating, including efficiency, ease of control, safety and 
cleanliness [28,29]. As a result, microwave heating finds successful 
application across diverse industrial sectors, including cooking, sterili-
zation, drying, and medical treatments [30–33]. Microwave radiation 
generates heat energy within the material when the molecules attempt 
to align with the alternating electromagnetic field and experience fric-
tion as they constantly reorient themselves [34]. Applying microwave 
heating in metallic powder coating inherently brings these advantages 
into this new area. Most importantly, Metaxas and Meredith pointed out 
that adding metal particles into nonmetals, in some cases, can lead to a 
higher microwave absorption because of the polarization at the interface 
of the nonmetal and metal under the microwave electromagnetic field 
[35]. According to this theory, a higher temperature is expected at the 
contact area of the base coating particle (nonmetal) and metal flake 
(metal), which is exactly desired in the heat-bonding process of MPCs. 
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Fig. 1. Schematic of the difference between (a) non-bonded and (b) bonded MPCs sprayed by an electrostatic system.  
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Despite the potential benefits, no study has explored the utilization of 
microwave energy to produce MPCs with a metal flake content 
exceeding 2.5 wt% [36]. 

This research aims to address the current issues by applying a pio-
neering approach using 2.45 GHz microwave to produce MPCs, which 
could potentially overcome the limitations associated with current 
technologies. In pursuit of this objective, a self-designed microwave 
heating device was constructed to facilitate the heating and bonding of 
MPCs. Subsequently, a comprehensive analysis and discussion of the 
experimental results were conducted regarding the metallic effect and 
tribocorrosion behaviors of samples prepared through friction (current 
method) and microwave heating. Tribocorrosion is the concomitant 
action of chemical/electrochemical corrosion and mechanical wear 
processes [37]. The findings of this study provide valuable insights into 
the production of MPCs with superior anti-corrosion characteristics and 
a stable, intensified metallic effect. 

2. Experimental 

2.1. Materials 

High gloss polyester powder paint (bright white, HS144814) from 
Huajiang Powder Coating Co. (Guangdong, China) was chosen as the 
base powder coating. Aluminum flakes (ZPC 330, with a stearic acid- 
treated surface) from Zuxing New Material Co., Ltd. (Shenzhen, 
China) were used as laminar metallic pigments. Al panels (15 cm by 7.6 
cm) from Q-Lab Co. (OH, USA) were utilized as substrates for coating 
films. Sodium hydroxide from Fisher Scientific Co., Ltd. (MA, USA) 
served as a reacting agent for gas-volumetric analysis for aluminum (Al) 
content analysis. Hydrochloric Acid (HCl), sodium hydroxide (NaOH) 
and methyl ethyl ketone (MEK) from Fisher Scientific (MA, USA) were 
used for analyzing the properties of films. 

2.2. Preparation of microwave-heated powders and coated samples 

The untreated powders (base powder coating and aluminum flakes) 
with low and high Al flake contents were prepared by mixing, whose 
contents of Al flake were 2.33 wt% and 4.94 wt%, respectively. As seen 
in Fig. 2, the control samples, which were manufactured by Huajiang 
Powder Coating Co. from the above-untreated powders using a con-
ventional bonding machine (SHTBD10, Sun-Hitech Technology Ltd., 
Xiamen, China), were bonded by friction-based bonding (FB) method 
with a high-speed stirring of 900 rpm at 62∘C, followed by sifting, 
electrostatic spraying and curing to obtain the metallic powder coating 
films. In preparation of the microwave-bonded samples, microwave 
energy was employed as a heat source to replace friction and/or water 
jacket heating. The microwave heating machine was self-built as given 
in Fig. S1. The microwave heating rates of prepared powders were 

recorded by the two thermocouples equipped with the device. 
In detail, the microwave-bonded powder samples were prepared 

following these steps: a) load the untreated powder (10 kg) into the 
chamber; b) heat the loaded powder with nine microwave transmitters 
at a stirring speed of 500 rpm to the set temperature shown in Table 1; c) 
maintain this temperature at a stirring speed of 800 rpm for 120 s; d) 
discharge the loaded powder to a quenching container for cooling down 
to room temperature; e) sift the discharged powder by a 120 mesh 
screen. 

Table 1 shows the information of the prepared samples. For the 
original powders, the contents of Al flake (Al contents) were 2.33 (low) 
and 4.94 (high) wt%, respectively. After optimization of temperature, 
four powder samples were prepared in this paper. 

The deposited powders and final films were prepared by the below 
steps: a) spray a powder sample onto two substrates at each voltage (30, 
60 and 90 kV) with the air supply unchanged (6.5 m3h− 1) by an elec-
trostatic automatic spraying system and a corona gun (Gema 
Switzerland GmbH, St. Gallen, Switzerland); b) scrap off the deposited 
powder from one of the two substrates for Al content analysis; c) cure 
(190∘C, 10 min) the deposited powder on the other substrate into a film 
for metallic effect and tribocorrosion characterizations. Each step was 
repeated three times. 

2.3. Simulation of microwave heating of MPC 

A 2D model of COMSOL for simulating the microwave heating pro-
cesses of MPC was built for calculating the distribution of the electric 
field in the steady-state frequency domain by electromagnetic analysis. 
Afterward, transient electromagnetic heating and heat transfer in solids 
(base coating with Al flakes) were coupled and simulated based on the 
electric field to showcase how heat is redistributed between the two 
materials. 

Maxwell’s equations were solved to determine electric field distri-
bution in the microwave cavity as follows, 

∇× μ− 1
r (∇×E) − k2

0

(

εr −
jσ

ωε0

)

E = 0 (1) 
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Fig. 2. Preparation processes of MPC by friction-based and microwave-based methods.  

Table 1 
Compositions and labels of control and microwave-heated samples.  

No. Base coating 
(wt%) 

Al flake (wt 
%) 

Heating source Temp. 
(∘C) 

Label  

1  97.67 2.33 (low) Friction 
(commercial)  

62 FN-L  

2  97.67 2.33 Microwave  59 MW-L  
3  95.06 4.94 (high) Friction  62 FN-H  
4  95.06 4.94 Microwave  60 MW- 

H  
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where μr is the permeability; εr is the permittivity of the material; σ is 
conductivity in S/m; k0 is wave number in free space; ω is angular fre-
quency in rad/s; E is the strength of electric field in V/m; ε0 is the 
permittivity of vacuum. Eq. (1) can be accessed from the Electromag-
netic Waves, Frequency Domain interface of COMSOL. 

The heat transfer equation that couples with microwave field can be 
referred by Eq. (2). The surface current density (Js0, A/m2) was 
employed to simulate the interface polarization between the base 
coating and Al flake according to Eq. (3). 

ρ Cp
∂T
∂t

+ ρ Cp u⋅∇T = ∇⋅(k ∇T)+Qe (2)  

n×(H1 − H2) = Js0 (3)  

where ρ is material density in kg/m3; Cp is specific heat in J/(kg K); k is 
thermal conductivity (W/mK), T is temperature (K), u is velocity vector 
(m/s); Qe is the volumetric heat generation due to the incident micro-
wave energy (W/m3); n represents the normal vector to the surface; H1 
and H2 are two different values of magnetic field intensity at the surface 
(A/m). 

The transit solid-solid heat transfer between the base coating and Al 
flake was obtained by solving the Navier–Stokes equation: 

ρ Cp u ∇T+∇⋅( − k ∇T) = Q+
q0

dz
+Qted (4)  

where Q is the heat source from microwave energy (W/m3), q0 is the 
inward heat flux (W/m2); Qted is the thermoelastic damping and ac-
counts for thermoelastic effects in solids (W/m3). All the parameters 
applied in these simulations can be found in Table S1. 

2.4. Characterization of bonded powders 

To directly analyze the bonding states between the base coating 
particles and Al flakes, all the powder samples were observed by a 
scanning electron microscope (SEM, SU3500, Hitachi Ltd., Tokyo, 
Japan), equipped with an energy dispersive X-ray spectrometer (EDS), 
after gold-sputtering for 1.5 min. The size distribution of each powder 
sample was measured three times using a laser diffraction particle size 
analyzer in D.I. water, the refractive index inputs of powder and D.I. 
water were 1.55 and 1.33, respectively (LS-POP6, Omec Instruments 
Ltd., Zhuhai, China). Each sample was measured in triplicate. 

As discussed in Section 1, ensuring that the original and deposited 
powder have close Al content is crucial for a consistent metallic effect. 
The Al contents of deposited powders mentioned in Section 2.2 were 
precisely analyzed by a gas-volumetric method based on the following 
reaction: 

2Al (s)+ 2NaOH (aq)+ 2H2O(l) = 2NaAlO2 (aq)+ 3H2 (g) (5) 

The Al contents in the powders were calculated by the following 
equation: 

ω =
2 VH2 MAl

3 Vm msa
× 100% (6)  

where ω is the Al content (wt%); VH2 is the volume of hydrogen (mL); 
MAl is the relative atomic mass of aluminum (g/mol); Vm (mL/mol) is 
the molar volume of hydrogen at 25∘C and 1 atm; msa (g) is the total mass 
of the powder sample. Each powder was measured by the gas-volumetric 
method three times. The device for the above analysis is shown in 
Fig. S2. 

During the electrostatic spraying of powder coating, generally 10–40 
wt% of powder fails to deposit onto the substrate and will be reclaimed 
and resprayed as shown in Fig. 1. To calculate the deposited Al content 
after N times of recycling, several assumptions were made based on 
published work [38,39]: 1) the ratio (Ro) of deposited Al content (ωdep) 

to original addition (ωori) is unchanged during recycling; 2) the depo-
sition rate (Rdep) is 0.8; 3) respraying rate (Rrespr) is 0.25. Therefore, the 
difference (Δω(N)) between deposited Al content after N-time recycling 
and original addition can be calculated: 

Ro =
ω(1)

dep

ωori
(7)  

Δω(N) =
(
1 − Rrespr

)
ωori Ro+Rrespr ω(N− 1)

dep
1 − Rdep Ro2

1 − Rdep
− ωori (8)  

2.5. Characterization of metallic effect 

To evaluate the reflectance of the surface, the 20∘ and 60∘ gloss 
values of the final film were measured by a 408 triple-angle gloss & DOI 
meter (Elcometer Limited, Manchester, UK) at six uniformly distributed 
sites. The surfaces of coatings films were observed under an optical 
microscope (OM, VHX-950F, Keyence Corporation, Osaka, Japan) to 
compare the metallic effect directly. ImageJ software further analyzed 
the area percentage of Al flake on the observed surface (Al area) in the 
optical images. In addition, the coated panels were cut into pieces and 
mounted in epoxy to observe the cross-sectional morphology. Then the 
whole mounting was ground and polished before being characterized by 
the optical microscope. 

To analyze the flip-flop effect, the final coatings were determined 
using micro-CT (X-ray micro-computed tomography, Zeiss Xradia 410 
Versa Micro-CT, Carl Zeiss Microscopy GmbH, Jena, Germany) to obtain 
a 3D view of the dispersion of Al flakes. Using the 3D images, the 
orientation distribution of the Al flakes in the coatings was analyzed 
using Jupyter Notebook (Python 3.0). The acute angle (α) between the 
Al flakes and the substrate surface was defined as the orientation of the 
Al flakes. For every ten degrees between 0 and 90, the number of Al 
flakes with angles within that range was counted and divided by the 
total number of Al flakes. These percentages illustrate the orientation 
distribution of the Al flakes in the coatings. 

The pencil hardness, adhesion, impact resistance and bending of 
prepared films were determined according to ASTM D3363, D3359, 
D2794 and D522 by an Elcometer 501 pencil hardness tester, an Elc-
ometer 107 cross hatch cutter, an Elcometer 1615 variable impact tester 
and an Elcometer 1510 conical mandrel (Elcometer Limited, Man-
chester, UK), respectively. The acid (1 M HCl), alkali (1 M NaOH) 
resistance and hydrolytic stability (100∘C) were tested for 1 h based on 
ASTM D1308. The solvent resistance was evaluated by the MEK-rubbing 
test (50 double rubs) according to D5402. The thickness of the final films 
was measured by a thickness meter (Positector 6000, Defeisko Co. NY, 
USA) at four uniformly distributed sites. 

2.6. Tribocorrosion analysis 

The coated aluminum (Al) panels, with a controlled coating thick-
ness of 50 ± 5 μm, were sectioned into squares measuring 1.8 cm × 1.8 
cm before the tribocorrosion testing. These specimens were then 
immersed in a 3.5 wt% NaCl solution for 10 days at room temperature. 
The tribocorrosion characterization of the specimens was conducted 
using an integrated Bruker UMT Tribolab System (Bruker Corporation, 
Billerica, MA, USA) and Solartron Modulab XM (AMETEK Scientific 
Instruments, Oak Ridge, TN, USA) electrochemical workstation at room 
temperature. During the testing, the specimen was secured in the elec-
trochemical clamp cell, with a metal spring contact at the back, whereas 
the coated front side, with an area of 1.5 cm2 that was sealed with an O- 
ring, was exposed to 3.5 wt% NaCl solution. The specimen acted as the 
working electrode. The reference electrode was an Ag/AgCl reference 
electrode in a saturated potassium chloride solution. All potentials in the 
following are expressed against this reference electrode. A ceramic ball 
with a diameter of 4.4 mm was attached to a carriage and brought into 
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contact with the top surface of the specimen. The motion was a recip-
rocating, linear ball-on-plate sliding motion. The parameters of the 
Tribolab system were set as follows: a stroke distance of 1.5 mm, a speed 
of 1 mm/s, and an applied normal load of 10 N. The tribological and 
corrosion behaviors of the coating films during friction were evaluated 
by measuring the open circuit potential (OCP) values and the coefficient 
of friction (COF) over time. First, the system was allowed to stabilize for 
10 min, followed by 30 min of sliding, and another 25 min of no sliding. 
Each sample was measured three times. Any significant differences 
(P ≤ 0.05) were evaluated by comparing two datasets with a t-test of 
unpaired data with unequal variance (KaleidaGraph v. 4.0). 

3. Results and discussion 

3.1. Performance of microwave heating 

The efficiency of production is closely tied to the heating perfor-
mance of microwave or friction methods. A rapid and uniform heating 
process during the production of MPC can significantly enhance the 
bonding process between the two components [40]. Fig. 3 illustrates the 
temperature distribution and heating rate of three powder samples 
exposed to microwave radiation: A) base coating particles; B) MW-L 
(2.33 wt% Al flake); C) MW-H (4.94 wt% Al flake). As depicted in 
Fig. 3d, the heating rate of MPC using friction heating was approxi-
mately 4 ∘C/min. Microwave heating is renowned for its effectiveness 
and uniformity owing to the principle of dielectric heating. The ability of 
a material to absorb microwave energy can be mathematically described 
by the following equation [41]: 

P = 2π f ε0 E2 ε″eff (9)  

ε″eff = ε″e + ε″a + ε″d + ε″if (10)  

where P is the microwave absorbing power per unit volume (W/m3); f is 
the frequency of microwave (Hz); E is the electric field intensity (V/m); 
ε0 is the permittivity of vacuum; ε″eff is the effective dissipation factor of 
material; ε″e, ε″a, ε″d and ε″if are the electron, atom, dipolar polarization, 
and interface polarization dissipation factor, respectively. E and f can be 
regarded as constant in this work, so a larger value of ε″eff will lead to 
greater microwave absorption as well as a higher temperature. 

When solely heating the base coating particles (10 kg), the primary 
mechanism of microwave absorption is dipolar polarization. As depicted 
in Fig. 3a, the final temperature reaches approximately 32∘C after 4 min 
of microwave radiation. Furthermore, a negligible temperature gradient 
was observed from the particle’s center to its edge, providing evidence 
that microwave heating occurred from within. However, the heat 
transferred fast from the inside to the outside considering their small size 
and relatively high thermal conductivity [42]. The simulated heating 
rate, approximately 2 ∘C/min, closely aligns with the experimental data 
shown in Fig. 3d. The dipolar polarization dissipation factor (ε″d) of the 
coating particle can be estimated using the following equation [43]: 

ε″d = ε′ tanδ (11)  

where ε′ is the real part of dielectric constant of material; tanδ is the loss 
tangent of material. By using the data from reported research [44,45], 
the calculated ε′d was about 0.017. 

When heating the MW-L sample (base coating particles with 2.33 wt 
% Al flake, 10 kg), the effective dissipation factor primarily arose from 
the interface and dipolar polarization. Interface polarization occurs at 
the contacting surfaces of the two materials, while dipolar polarization 
originated solely from the base coating particles. This is because metals 

Fig. 3. Simulated and experimental microwave heating rates and temperature distributions: a) base coating particle; b) MW-L; c) MW-H; d) comparison of the 
microwave and friction heating rates. All the scale bars are 10 μm. 

W. Liu et al.                                                                                                                                                                                                                                      



Progress in Organic Coatings 189 (2024) 108218

6

predominantly reflect microwaves rather than absorbing them [35]. As 
shown in Fig. 3b, the temperature reached 60∘C after 4 min of micro-
wave heating, with a relatively higher temperature observed at the 
interface. The experimental heating rate, as depicted in Fig. 3d, was 
approximately 11 ∘C/min. Compared to the results of the base coating 
particle, there was an increase in the final temperature and heating rate 
by 28∘C and 9 ∘C/min, respectively. According to Wagner’s work, the 
interface polarization dissipation factor between metal and nonmetal 
particles can be evaluated by Eq. (12) [46]. Sillars reported that the 
relaxation time constant can be estimated by Eq. (13) [47]. 

ε’’if =
9vε’1 fmax

1.8 × 1010 δ2

2π f τ
1 + (2π f τ)2 (12)  

τ = ε0
ε′1 + ε′2
δ1 + δ2

(13)  

where v is the volume fraction of conductive material; fmax in Hz is the 
frequency of maximum losses; δ is the conductivity in Sm− 1 of the 
conductive phase; τ is the relaxation time constant; the subscripts 1 and 
2 refer to non-conductive and conductive phase, respectively. After 
collecting parameters from published articles [36,44,48], ε″if is turned 
out to be around 0.08. Hence, the ε″eff for MW-L should be 0.097 ac-
cording to Eq. (10) which is much higher than that of the base coating 
particle (0.017). 

Remarkably, the heating rate of MW-H displayed in Fig. 3d demon-
strated a substantial increase to approximately 16 ∘C/min as the addition 
of Al flakes reached 4.94 wt%. This significant enhancement in heating 
rate can be primarily attributed to the augmented volume fraction of Al 
flakes. A larger volume fraction (v) results in greater values of εif’′ and P 
(microwave absorption), as described in Eqs. (9) and (12) respectively. 
This observation suggests that the higher addition of Al flakes corre-
sponded to faster heating rates and reduced processing time. Conversely, 
in the case of high additions of Al flakes, the friction-based bonding 
method necessitated an extended processing time to ensure an adequate 
degree of bonds. Compared to friction heating, the heating rates raised 
by three times while the bond temperature decreased by about 2∘C due 
to the interface polarization as shown in Fig. 3. Above all, the 

exceptionally rapid heating rate, achieved through microwave radiation 
stems from interface polarization, exhibits considerably superior heat-
ing efficiency compared to friction-based methods. 

The SEM images and EDS mappings of the powder samples after 
bonding are presented in Fig. 4. The black and white arrows indicate 
well-bonded and separated Al flakes, respectively. In the EDS mappings, 
the green and blue patterns represent the presence of Al and Ti elements, 
respectively. The Ti element was used to identify the position of the base 
coating particle, as it contains TiO2 as a white pigment. Since FN-H and 
MW-H samples contain 4.94 wt% Al flake (Table 1), they exhibited a 
higher abundance of green patterns than FN-L and MW-L samples. The 
magnified images of the prepared powders, shown in Fig. S3, clearly 
display the bonded particles. Noticeably, a greater number of bonded 
particles was observed in the microwave-heated samples (Fig. 4a and d) 
compared to the friction-heated samples (Fig. 4a and c), suggesting that 
microwave heating can facilitate more effective bonding when the 
amount of added Al flake is the same. 

As depicted in Fig. 1, it is crucial for the stability of the metallic effect 
in coatings that the Al contents of the deposited powders closely match 
those of the original powders. Gas-volumetric analyses revealed the 
average Al contents (wt%) of the deposited powders (ωdep) in the FN-L, 
MW-L, FN-H, and MW-H samples to be 1.29 ± 0.08, 1.87 ± 0.02, 2.89 ±
0.12, and 3.53 ± 0.08, respectively, as presented in Fig. 5a and Table S2. 
To assess the Al content, each powder sample was sprayed at three 
different voltages, as the spray voltage affects the ratio when bonding is 
insufficient. An Al content percentage closer to the original Al content 
indicates better bonding. Markedly, there is a reduction in deposited Al 
flake of the prepared samples compared to their original amounts. The 
reduction could be attributed to the fact that the difference in the ability 
to capture electrons or anions between Al flakes and base coating par-
ticles. The estimation of the maximum charge (Qmax) accumulated by a 
particle passing through an electric field can be determined using the 
following equation [49]: 

Qmax = 4π r2
e ε0 E

3εr

εr + 2
(14)  

where re is the equivalent spherical radius; ε0 is the permittivity of 
vacuum; E is the electric field strength; εr is the relative dielectric con-

Fig. 4. The SEM and EDS mapping images of friction- and microwave-heated powders with low and high addition of Al flakes. All the scale bars are 100 μm.  
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stant. The average equivalent spherical radius of the used Al flake and 
base coating particle were approximately 7 ± 0.2 μm and 33 ± 2.3 μm, 
respectively. Considering published data [50–53], the maximum charge 
of the base coating particle was about ten times more than that of Al 
flake. Another reason for the reduction is that the high aspect ratio of Al 
flake makes it easy to be blown away during spraying. After microwave- 
based bonding, the ωdep approximately increased by 0.58 wt% when the 
original Al content (ωori) was 2.33 wt% and by 0.64 wt% as the ωori was 
4.94 wt%, respectively. Hence, the ωdep of the microwave-heated sam-
ples were much closer to the original Al contents. Fig. 5b and c shows the 
calculated difference (based on Eq. (8)) in Al content between deposited 
and original powders, Δω(N), with respect to the recycle time of unde-
posited powder. The Δω of the four samples increased from negative to 
positive values due to the accumulation of Al flake in the undeposited 
powders. Fig. 5b displays that the Δω(N) of FN-L ranges from − 0.98 wt% 
to 0.74 wt% with the increase of recycle time, while the range of MW-L 
narrows to − 0.46 wt% to 0.21 wt%. For the high original Al content 
samples, the range of Δω(N) narrows from − 2.05~1.53 wt% to 
− 1.41~0.76 wt%, respectively. Much narrower ranges of microwave- 
heated samples in deposited Al contents imply better stability of the 
metallic effect. 

3.2. Metallic and flip-flop effect of coatings 

The optical microscope was used to capture top surface and cross- 

section images of the MPC films, as presented in Fig. 6, aiming to 
compare their metallic effects. Through direct observation, it is apparent 
that the presence of Al flakes increased sequentially in the top surfaces 
(Fig. 6a-d) and cross sections (Fig. 6e-h), with FN-L exhibiting the least, 
followed by MW-L, FN-H, and finally MW-H. To quantitatively analyze 
the Al content, Image J was employed, and Fig. 6i illustrates the 
respective Al areas for the four samples. The Al area percentages in the 
top surfaces are 12.9 %, 14.8 %, 19.6 %, and 22.3 %, while in the cross 
sections, they are 2.2 %, 2.8 %, 3.5 %, and 4.3 % for FN-L, MW-L, FN-H, 
and MW-H, respectively. These findings are consistent with the Al 
content analysis provided in Fig. 5. Notably, the microwave-heated 
samples (MW-L and MW-H) exhibited more pronounced metallic ef-
fects due to a higher concentration of Al flakes within the film than those 
prepared via friction heating. The gloss measurements at 20 and 60 
degrees for the four coatings are depicted in Fig. 6j. It is observed that 
the gloss diminishes with increasing Al content in the film. This can be 
attributed to the fact that there is a greater reflection of light towards 
non-reflective angles when more Al flakes are present in the final film 
[6]. In conclusion, both the top surface and cross-section images provide 
compelling evidence that films prepared using microwave heating 
exhibit more extensive metallic effects. 

MPCs are characterized by their visually appealing and luxurious 
surfaces, attributed to the flip-flop effect. This effect refers to the phe-
nomenon where the surface reflects varying amounts of light at different 
angles due to the diverse orientations of aluminum (Al) flakes within the 
film. In this study, micro-CT imaging was employed to determine the 

Fig. 5. a) Al contents in the deposited powders sprayed from prepared samples under various voltages; b, c) recycle time vs. the difference between deposited and 
original Al contents when the original Al content was 2.33 wt% (b) and 4.94 wt% (c). 

Fig. 6. Al contents in the deposited powders which sprayed from prepared samples under various voltages.  
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orientation of Al flakes within the film, as depicted in Fig. 7a-d. The Al 
flakes are represented by green patterns, while the films are indicated by 
framed cuboids. Fig. S9 provided the top and side views of the 3D images 
in Fig. 7a-d, with blue and yellow patterns denoting the substrates and 
Al flakes, respectively. In addition, Fig. 10S exhibited the profiles of 
films in Fig. 7a-d from surface to near substrate, with the coating and Al 
flakes represented by black and white, respectively [54]. These images 
indicate that more Al flakes distribute within the films after microwave 
heating compared to friction heating. The estimated Al contents of FN-L, 
FN-H, MW-L, and MW-H based on volumetric pixels from micro-CT data 
were 1.34, 1.90, 2.69, and 3.58 wt% (Table S3). The observed trend in 
the quantity of Al flakes across the four coatings matches the results 
depicted in Fig. 5. Subsequently, the acquired 3D images were analyzed 
to determine the orientation of each Al flake within the films, as illus-
trated in the insert of Fig. 7e. The accumulated percentages of Al flakes 
at different angles in the four films, obtained from the anaconda ana-
lyses, are presented in Fig. 7e. In these analyses, a density-based spatial 
clustering algorithm is applied to cluster the images, calculating the 
angles between the Al flakes and the horizontal plane [55]. The results in 
Fig. 7e indicate that during the deposition and curing processes, the Al 
flakes exhibit a tendency to align parallel to the substrate (angle = 0∘). 
This alignment promotes a larger contact area between the flakes and 
the substrate or other particles, facilitating more efficient charge 
transfer [5]. Also, the tension force exerted by resin leveling during the 
curing process contributes to the parallel alignment of Al flakes with the 
substrate. Moreover, it was observed that microwave heating facilitates 
a more uniform distribution of Al flake orientations compared to friction 
heating. This is mainly because of the increased bonding, which reduces 
the freedom of orientation during the spraying and curing processes, 
thereby resulting in a reduced tendency to align with the substrate. In 
summary, microwave heating enhances the flip-flop effect by reducing 
the concentration level of Al flake orientations within the coating. 

3.3. Tribocorrosion behavior of coatings 

The tribocorrosion behavior of the prepared samples was investi-
gated using the open circuit potential (OCP) measurement. OCP pro-
vides valuable information about the electrochemical state of the surface 
[56,57]. If cathodic reaction rates remain constant, a sudden drop of the 
OCP means a breakdown of the protective surface, whereas an increase 
in the OCP means that the formation of a surface oxide hinders further 
anodic reactions (metal oxidation). Fig. 8 depicts the evolution of OCP 
before, during, and after sliding, along with the coefficient of friction 
(COF), under a 10 N load in a 3.5 wt% NaCl solution for the four sam-
ples. Prior to sliding, the OCP values of FN-L, MW-L, FN-H, and MW-H 
remained relatively stable around − 0.63 V, − 0.57 V, − 0.52 V, and 

− 0.47 V, respectively. Pure aluminum metal in aerated 3.5 % NaCl so-
lution is expected to exhibit a potential of about − 0.8 V (vs. Ag/AgCl) 
[58,59]. The fact that the initial and final OCP values are higher than 
that indicates some protection, either because of pre-passivation in the 
soaking procedure (10 days) or because of the coating. Further, the 
consistently higher OCP of the microwave-heated samples than the 
friction-heated ones suggests superior substrate protection. During the 
initial 5 min of sliding (between 10 and 15 min of the experiment), the 
OCP values remained relatively constant, while the COF gradually 
increased due to the minimal damage inflicted upon the three- 
dimensional interpenetrating network structure of the films during 
sliding. The increasing COF values resulted from the expanding contact 
area between the ball tip and the films [60]. Between 15 and 20 min, a 
drastic OCP drop was observed, as the coating thickness decreased 
during sliding and the coating disrupted [61,62]. Concurrently, the COF 
exhibited an increase, reflecting the expansion of the contact area be-
tween the ball and the wear track and the change of material in contact 
as the coating broke down. Remarkably, the OCP values of FN-H and 
MW-H demonstrated a slower and smaller reduction compared to those 
of FN-L and MW-L, as the higher Al content in the coating films hindered 
thickness reduction and provided higher corrosion resistance. 

During the remaining duration of sliding (between 20 and 40 min), 
the OCP values exhibited relative stability because of equilibrium be-
tween activation (metal oxidation) and repassivation (reforming of the 
protective Al2O3 surface oxide) processes [61]. The OCP of about − 1.1 V 
(vs. Ag/AgCl) (FN-L) indicates the exposure of bare Al metal (the sub-
strate) to the solution [63]. Consequently, the coefficients of friction 
(COFs) maintained stable values as follows: FN-L (0.297 ± 0.04), MW-L 
(0.306 ± 0.05), FN-H (0.323 ± 0.006), and MW-H (0.331 ± 0.004). The 
higher COF of the coatings with higher Al content resulted from the 
significantly higher hardness of the Al flakes, producing wear debris and 
third-body abrasive wear, than that of the polyester matrix [64,65]. 
Subsequent to the sliding process (40 min onwards), all the OCP values 
exhibited an increase, indicating the re-passivation of the exposed Al 
substrate [63]. 

This finding was corroborated by SEM imaging and EDS mapping of 
the wear tracks, as shown in Fig. 9. The coating formed adhesive wear in 
all cases. In Fig. 9a, a1, b, and b1, two coating areas were removed by the 
sliding, accompanied by cracks on the track of FN-L. The damage 
resulted in the lowest OCP values during sliding (Fig. 8a). Additionally, 
Fig. 9a reveals a significant blue area in the 3D image, corresponding to 
the falloff spot with a track depth of 51 μm. In coating MW-L, no 
noticeable film falloff was observed, however, approximately ten 
distinct cracks were present, as shown in Fig. 9c–d. The EDS maps in 
Fig. 9c1–d1 confirm that these cracks exposed the substrate to the so-
lution. Fig. 10b shows a track depth of approximately 32 μm, 

Fig. 7. Orientation of Al flakes in films; a-d) micro-CT 3D images of Al flakes dispersed in the coating films; e) the accumulated percentage of the cute angles between 
Al flakes and the substrate calculated from the micro-CT images. 
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significantly less severe than that of FN-L. Overall, the microwave- 
heated sample exhibited enhanced wear resistance with the original Al 
content of 2.33 wt%. 

Fig. 9e,f and e1,f1 exhibited approximately five visible cracks in the 
FN-H film, which were less severe in comparison to MW-L. This results in 
a fluctuating and slightly higher OCP observed between 22 and 40 min. 
On the contrary, no discernible cracks that exposed the substrate were 
observed in the MW-H film after sliding, as shown in Fig. 9g,h and g1,h1. 
Both FN-H and MW-H exhibited uneven tracks in Fig. 10, with depths of 
28 μm and 22 μm, respectively. It is evident that microwave-heated 
samples with a high content of Al flakes displayed improved resistance 
against wear and corrosion. 

By integrating the aforementioned findings with the Al content 
outlined in Fig. 5, it is confirmed that the film containing a higher 

proportion of Al flakes exhibits superior resistance to wear and corro-
sion. Significantly, in cases where the original content of Al flake was 
identical, microwave-heated MPC displayed a higher deposited content 
Al content in comparison to its conventional friction-based counterpart, 
as schematized in Fig. 11a and b, because of a more significant number 
of bondings between the base coating particles and Al flakes. Upon 
immersion of the samples in a NaCl solution, the presence of Al flakes in 
the coating impeded the infiltration of the solution through pores [66]. 
The elevated quantity of Al flakes within the coating yielded more 
pronounced physical impedance, resulting in a higher OCP, as illus-
trated in Fig. 8a. The inclusion of more Al flakes enhanced the wear 
resistance of the MPC coating, alleviated damage and reduced the 
depths of the tracks formed during sliding, as schematized in Fig. 11c 
and d. 
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3.4. Properties of films 

Table 2 presents the comparison of the physical and chemical 
properties of the prepared films. The results indicate no significant dif-
ference in hardness and adhesion among the films, except for the film of 
MW-H. This film exhibits one grade higher hardness than the others, but 
one grade lower adhesion. The higher content of Al flakes (as given in 
Fig. 5) in the film is the primary reason for the changes observed. While 
the high Al content enhances the hardness by providing metallic prop-
erties, it also reduces flexibility by hindering the interpenetrating 
resinous network. Due to the extension property of aluminum being 
inferior to the polyester resin, the direct impact resistance of the films 
decreased and slight crackings were seen (Fig. S4) after bending when 
the Al content increased. The four samples passed the acid, hydrolytic, 
solvent and stain resistance tests (Figs. S6-S8). The colors of the four 
samples changed after alkali resistance tests at the tested areas (Fig. S5). 
The primary factor contributing to this outcome is the deliberate se-
lection of Al flakes with low alkali resistance, a selection strategically 
advantageous for the analysis of gas volume through NaOH (Eq. (5)). 

The present study displays visual comparisons of the metallic effect 
on car models, as depicted in Fig. 12. To ensure a stable metallic effect, 
commercial MPC typically contains less than 2.5 wt% of Al flake, which 
represents the highest content available. Thus, in this study, the FN-L 
sample containing 2.33 wt% Al flake was selected to represent the 
maximum level of metallic effect that commercial products can attain 
(Fig. 12b). However, the samples prepared through microwave heat- 

bonding exhibited stable and extensive metallic effect even at an Al 
flake content of approximately 5 wt%, according to prior findings. The 
final finish, derived from the MW-H sample presented in Fig. 12c, pre-
sented a more pronounced metallic effect when compared to the com-
mercial product. Notably, the light strip on the hood disappeared due to 
the high multi-angle reflection of the metallic effect. It is evident that the 
stable microwave-heated sample demonstrates a considerably more 
intense metallic effect than the commercial product. 

4. Conclusions 

A novel approach for manufacturing metallic powder coatings 
(MPCs) that have a stable and intensified metallic effect as well as 
improved tribocorrosion resistance was investigated and discussed in 
this study. Compared to the current friction-based technique, the 
microwave-based method obtained much higher heating rates and 
enhanced bondings between Al flakes and base coating particles, as well 
as acquired a more stable and stronger metallic effect. The selective 
heating of microwave comes from the interface polarization and 
exhibited overall superiority over friction heating in producing metallic 
powder coatings. 

When the original Al content remained constant, the utilization of 
microwave heating led to an elevation in the Al content within the 
coating, which gave the coating a higher corrosion resistance due to less 
disrupted coatings and a higher coefficient of friction due to more Al 
flakes. The higher Al content also enhanced the protection of the coating 
and reduced the track depths and film damage after the sliding test. In 
conclusion, the microwave-based bonding method shows great potential 
for efficiently preparing stable and intensified MPCs with enhanced 
corrosion and wear resistance. 
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Table 2 
The performances of friction and microwave bonded films with low and high 
addition of Al flakes.   

FN-L MW-L FN-H MW-H 

Hardness HB HB HB F 
Adhesion 5B 5B 5B 4B 
Direct impact 343 N⋅cm 323 N⋅cm 177 N⋅cm 128 N⋅cm 
Bending No 

cracking 
No 
cracking 

Slight 
cracking 

Slight 
cracking 

Acid resistance Pass Pass Pass Pass 
Alkali resistance Changed Changed Changed Changed 
Hydrolytic 

stability 
Pass Pass Pass Pass 

Solvent resistance Pass Pass Pass Pass 
Stain resistance Pass Pass Pass Pass  
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