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Abstract: An efficient and simple method for preparing bonded metallic powder coating is in high
demand in the paint manufacturing and application industries. The bonding purpose is to keep the
mass percentage of metallic pigment consistent between the original and recycled coating powder,
which aims at solving the problem of recyclability. One possible method capable of realizing this goal
is using the binder to cohere metallic pigment with base particles through a cold bonding method.
Through this approach, the pre-curing and high-reject-rate problems generally present in thermal
bonding can be completely eliminated. In this paper, polyacrylic acid (PAA) and polyvinyl alcohol
(PVA) are applied as binders for the bonding process. At various dosages of liquid binder and D.I.
water, bonded samples with different bonding effect were prepared. Finally, a good bonding quality
with the lowest variance between the mass concentrations of Al flakes in the original powder (before
spray) and deposited powder (after spray) 2.94% with PAA as a binder and 0.46% with PVA as a
binder was achieved. These results manifest that the cold bonding method is a green and simple
approach for preparing the metallic powder coating.
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1. Introduction

Metallic powder coating, which is a powder coating incorporated with metallic pigment(s), has
been gaining increased market share in recent years [1–5]. Powder coatings are dry paints formulated
with resins, pigments, and additives, which are similar to the solvent borne paints with the exception of
no solvent present; while metallic pigments, such as aluminum, copper, nickel and zinc, are introduced
for providing better aesthetic appearance and protection. Metallic powder coatings are usually applied
on premium products, for instance, automotive, computer and high-end appliance parts etc. [6–10].
Their final films exhibit extra shine and deepness to the color by introducing a metallic effect. Initially,
all metallic powder coatings were non-bonded, which means that a powder base coat was prepared
and then metal flakes were dry-blended into the powder to create a metallic effect [11–13]. There is
no adhesion between metallic flakes and base particles. This method is simple, but the product is
unstable, due to the poor recyclability caused by non-bonding between the two. Recyclability means
that over-sprayed powders (about 10 to 40%), which failed to deposit onto a substrate at first spray,
can be re-sprayed after being recycled by a powder collecting system [14,15]. This is one of the biggest
advantages of powder coating [14]. The sharp distinctions between base particle and metallic flake,
such as shape, surface conductivity, volume and mass, result in a difference in the concentrations of
the metallic pigment in the final film and the original coating powder when using the electrostatic
spraying process, which is the main spraying method in the powder coating industry due to its ability
to realize full-automatic painting with thick films (50–300 µm) on a large scale [16–18]. This difference
of course leads to the inconsistency of the metallic pigment concentrations between the over-sprayed
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powder (the part that fails to deposit onto the work piece) and the original coating powder, making the
over-sprayed non-recyclable. Additionally, the electrostatic spraying makes the metal flakes “bunch”
together due to electrostatic force, and therefore causes a non-uniform shininess over the final coating
film. In addition, there are some other drawbacks with non-bonded product, such as metallic flakes
accumulating on the head of the spray gun, which has a high risk of discharging and burning [19].
On the contrary, a fully bonded product can overcome all of these problems.

Melt-extrusion and thermal bonding are the two methods used to produce bonded metallic
powder coating in current industries [20,21]. The first approach follows the same production process
of the conventional plain powder, except that the pigments contain strip-shaped metallic flakes with
special surface treatment. All these ingredients (pigments, resins, additives, and fillers) are well-mixed,
melt-extruded, and then ground into powders, which are the final bonded product. Apparently,
metallic flakes and base particles have been well bonded with each other after the melting process,
which makes this kind of bonded product with excellent operation stability. However, the mixing
and shearing in the extruder at a high temperature are more likely to change the pigment particle
size and ruin the metal surface effect [3,22]. Therefore, the melt-extrusion method did not find wide
application in the powder coating industry for the main-stream sheet-shaped metallic pigments. In the
thermal bonding method, metallic flakes and coating powders are heated in a chamber by high-speed
stirring until the temperature precisely reaches the softening point (glass transition temperature) of
the coating powder [23]. Then, the sticky surface of the base particles glue up the metallic flakes.
This approach not only solves the problems in the non-bonding and melt-extrusion methods, but also
gives the product a shiny and uniform final appearance. With this method, the temperature control
of the blending process is critical [23,24]. If it is under the softening temperature, there will be no
bonding between metallic flakes and base particles; and once it exceeds this point by a couple of
degrees, particles of the powder are easily bonded with each other (mis-bonding) and may even cause
pre-curing. This requires bonding machines that are competent for precisely controlling the inner
temperature. Moreover, in industrial applications, the temperature is generally set a little higher than
the softening point to ensure well-bonding, which would increase the possibility of mis-bonding base
particles and pre-curing of coating powders [25]. Therefore, in order to ensure the quality of metallic
powder coating, post-treatments (such as grinding and sieving) are necessary. These issues make the
bonding process complicated, expensive, and low-efficient, which limits the application level and field
of the metallic powder coatings.

Thus, seeking an efficient, simple-operation and cost-saving bonding method is the objective of
this paper, which is highly demanded for expanding metallic powder coating to wider applications,
such as coatings for bikes, regular appliances, and decorative building materials. To achieve this
objective, a novel cold bonding method through polymers by high-speed stirring is proposed. Polymers
that are water soluble, adhesive as well as compatible with resin (i.e., polyester in this paper) can be
the candidate binders. Based on previous work [26,27], two types of candidate binder polymers were
used to bond aluminum flake and a base coating particle at room temperature. In addition, Al flake
was used as metallic pigment in all experiments, because more than 90% of metallic pigments in this
field are Al flakes. These binders work like glues between the Al flakes and coating particles and bind
them by adhesive and cohesive forces. After a detailed investigation on the dependence of bonding
quality on different binder-water formulas, the optimal formula was determined, and a simple and
economic cold bonding method was developed.

2. Experimental

2.1. Materials

The following materials were employed in this study: Aluminum flakes (SILBERCOTE PC 3101X,
with inorganically treated surface) from Silberline Manufacturing Co., Inc. (Tamaqua, PA, USA)
was used as metallic pigments; Water soluble polyacrylic acid (PAA A-725, (CH2CH)nCOOH) from
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Macklin Biochemical Co., Ltd. (Shanghai, China) and polyvinyl alcohol (PVA 1788, (C2H4O)n) from
Sanwei Co., Inc. (Shanxi, China) was chosen as two binders; High gloss polyester clear powder coating
(D50 = 44 µm, with 7 wt.% triglycidyl trimeric isocyanate as crossing linking catalyst, 9910-01289)
from TCI powder coating Co. (Ellaville, GA, USA) worked as base powder coating; Al panel (A-2-3.5)
from Q-Lab Co. (Westlake, OH, USA) and contrast panels (T12G, 76 mm × 132mm ) from Leneta Co.
(Mahwah, NJ, USA) were utilized as substrates.

2.2. Equipment

Mixer (CBG100SC) from Applica Consumer Products, Inc. (Miramar, FL, USA) was performed in
Step 3 of the bonding process; Electrostatic powder coating system (Surecoat Manual) from Nordson
Co., Ltd. (Westlake, OH, USA) was used for the coating substrate.

A laser particle size analyzer (BT-2000B) from Bettersize Instruments Ltd. (Liaoning, China) was
utilized to analyze the size distributions of the powder samples. A Scanning Electron Microscope (SEM)
(S-4800) from Hitachi Limited (Tokyo, Japan) was employed to observe the bonding situation between
Al flake and coating particle. The thickness of the final films was measured by a thickness meter
(Positector 6000) from Defeisko Co. (Ogdensburg, NY, USA) and the final surfaces were characterized
by an optical microscope (OT4975) from Mitutoyo Inc. (Kawasaki, Japan).

2.3. Bonding Method and Characterization of Metallic Powder Coating

The flow chart of the proposed cold bonding method for the metallic powder coating is
shown in Figure 1. It started with the dissolving of the liquid binder (PAA or PVA) by D.I. water.
Afterwards, a mixing process of the Al flakes and the binder solution proceeded, as depicted in step 1.
After mechanically stirring (60 rpm) this mixture for 30 min, 15 g polyester clear coat (which does
not contain fillers and pigments) was added and the mixture was stirred for another 30 min (step 2).
In step 3, the half-wetted mixture was fed into a grinder. It was ground in the chamber through
high-speed stirring for 20 s and dried up in air for 24 h; the final product was then collected.
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Figure 1. The process of cold bonding method.

The non-bonded or obtained bonded coating powders were sprayed onto one side of the Al panels
by an electrostatic coating powder system. Due to the separation between Al flake and base particle is
quite noticeable under extremely low or high spray voltages (−30 or −90 kV), these bonded products
were electrostatically sprayed onto an Al panel (2 inch × 5 inch) at −30 kV, −30 µA. The spraying
distance is 30 cm and the powder flow rate is approximately 50 g/min.

The bonded samples prepared by cold bonding method were first analyzed by an ash test [28],
which aims at revealing the mass percentages of Al flakes in the original powder (before spray)
and deposited powder (after spray). The deposited powders on the Al panel were scratched off
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into a crucible for the ash test. The polyester clear powder coating will be burned into CO2, H2O,
other gases and trace amounts of ash residual (0.02 wt.%) at high temperature (530 ◦C), but the Al
flake is almost not affected by the high temperature except receiving a nano-scale oxide film on the
surface (~0.04 wt.%). With this approach, the content of Al in each powder sample can be obtained.
The equation for calculating the mass percentage of Al flake in metallic powder coating is:

ω =
Mresidual

M0
× 100% (1)

Here, ω is the mass percentage, Mresidual is the residual mass after the burning process. M0 is the
mass of the sample before burning. Before spraying, the sample is its original powder coating; after
spraying, the sample has the powder scratched off from the whole surface of the Al panel. As a result,
the Al mass percentage in the original powder (before spray, ωorig) and deposited powder (after spray,
ωdep) can be calculated by Equation (1). Obviously, a lower variance between ωorig and ωdep means a
better bonding. ∆ω is defined by the following equation:

∆ω =
ωdep − ωorig

ωorig
× 100% (2)

where, ωorig and ωdep are the mass percentages of Al flake in the powder coatings before and after
spraying, respectively. It is clear that lower ∆ω represents a better bonding effect. To characterize the
influence of the dosages of liqiud binder (mb) and water (mw) on the variance between ωorig and ωdep,
different combinations of mb and mw were tested.

Based on the ash test, the best ones of these original powder samples were first gold coated and
then characterized by SEM equipped with an energy-dispersive X-ray spectroscopy (EDS) analyzer.
SEM images can directly display the bonding situation between base particle and Al flakes. Lastly,
these samples were measured by size analyzer, which provides the size change information before and
after the cold bonding process.

Non-bonded powder coating samples were prepared, sprayed and analyzed as a control group
before the cold bonding experiments. The non-bonded (around 2 wt.% of Al flakes in 98 wt.% base
powder) were made using simple dry blending with no binder and water.

3. Results and Discussion

3.1. Control Tests

The particle size distribution of control sample is depicted in Figure 2. It shows that the D10, D50

and D90 of the non-bonded powder are 14.75, 39.16 and 95.91 µm, respectively. The span calculated by
(D90 − D10)/D50 is 2.07.

Figure 3A displays some of Al flakes dispersed in the base particles, but no distinct bonding is
observed between these flakes and particles. An Al flake without any particle on its surface is clearly
seen at a high magnification in Figure 3B. This indicates there is no bonding between the flake and
particle. The aluminum scanning result (Figure 3C) from EDS illustrates the plate in Figure 3B is an
Al flake and those particles around the plate are coating powder. The energy-dispersive spectrum
observed in Figure 3D further proves the flake is pure aluminum.

Table 1 presents the results of the ash test of Al mass percentage before and after spraying these
samples, where each experiment was repeated three times. It can be seen that the mass percentages of
Al flakes in the original non-bonded coating powders were 2.15 ± 0.02 wt.% (before spray), but the Al
contents in the deposited powders increased to 5.08 ± 0.03 wt.% (after spray). The increase indicates
that more Al flakes than needed were deposited onto the panel surface. In other words, the content of
the Al flake in the over-sprayed coating powder was less than desired. The main reason for this result
is that the Al flake can capture more electrons than base powder in a low electric field when spraying
at −30 kV due to the lower dielectric constant of base particle.
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Table 1. Al content comparison of non-bonded powder (−30 kV).

Control Sample

ωorig/wt.% ωdep/wt.%

1 2 3 Average 1 2 3 Average
2.14 2.17 2.15 2.15 ± 0.02 5.05 5.10 5.08 5.08 ± 0.03

3.2. Bonded by PAA

It was expected that both the dosages of binder and water would affect the bonding quality.
In order to study the effects of binder and water dosages on bonding quality, different mass amounts
of water and PAA resin were tested for the same mass of powder coating (15 g, contains 2.0 wt.%
Al flakes). The results of the ash test are presented in Table 2. All the values of ωorig fluctuate around
2 wt.%, rather than remaining at ~2 wt.% (the Al content before cold bonding). The fluctuation is likely
caused by the mass loss of Al flakes or base particle during the process of cold bonding. Because a high
amount of binder may cause surface with orange peel (rough surface) or lower gloss and too much
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water will reduce the bonding effect, the dosages of binder and water were set to less than 0.060 g and
0.50 g, respectively. According to the control tests, the Al mass percentage in the deposited powders is
5.08 ± 0.03 wt.%. After being bonded by 0.01 g PAA, ωdep becomes even higher than in the control
test, which implies that no effective bonding was formed and side effects may be generated during the
bonding process. A possible reason for this result is that a dilute and thin PAA solution layer on Al
flakes is not able to glue the base particle. But this layer increases the total electrons carried by the
Al flake, which makes more Al flakes deposit onto the substrate. When the mass of PAA increases to
0.03 g, the Al contents in the deposited powder (ωdep) get closer to those of their corresponding virgin
powders, except the one using 0.5g water. After using 0.06g PAA, the values of ωdep (2.25–2.10 wt.%)
and ωorig (2.23–2.04 wt.%) are highly similar while the water dosage is less than 0.30 g. This indicates
that the cold bonding method is able to gain a good bonding effect for the metallic powder coatings.

Table 2. Al contents (wt.%) of the samples before and after spraying tests (−30 kV).

Content of Al ωorig/wt.% ωdep/wt.%

H2O/g PAA/g PAA/g
0.010 0.030 0.060 0.010 0.030 0.060

0.10 2.19 2.19 2.23 7.60 2.96 2.25
0.20 2.10 2.18 2.04 7.20 3.23 2.10
0.30 1.99 1.98 2.22 6.96 3.84 2.60
0.50 2.06 2.19 2.14 8.09 6.14 3.38

According to Mistry’s work, they used Gloss 20◦ and 60◦ to indirectly judge the bonding effect
of the microwave bonding method [29]. In this work, the variance between ωorig and ωdep (∆ω) was
taken as direct and quantitative judgment of bonding efficiency. Figure 4 demonstrates the three series
of mass content divisions before and after spray, ∆ω, which is plotted with respect to the water content.
The samples with 0.01 g PAA have the highest ∆ω, exhibiting the worst bonding performance overall.
As the amount of PAA increases, the ∆ω drastically decrease. The lowest ∆ω is obtained when the
amount of PAA is 0.06 g. This is mainly because the bonding force increases with the dosage of the
binder (PAA). In addition, the three curves also reveal that ∆ω can also be reduced by decreasing water
content, which is due to the fact that the over-diluted binder tends to be removed from the Al flakes as
a result of abration from the base particles. It is evident that in the tested PAA and water dosage ranges,
a higher amount of PAA or lower amount of water is preferable for obtaining a lower ∆ω, namely a
better bonding effect. In addition, the three curves display that the impact of PAA is greater than water
on bonding. As to the optimum formula, the water dosage should not be kept too low, otherwise it can
cause poor dispersion of the metallic pigment in the powder coating. Furthermore, too high a binder
amount will have side effects on the final appearance. Therefore, the dosage of 0.06 g PAA with 0.2 g
H2O is selected as the optimal formulation, whose ∆ω is 2.94%. In summary, almost equal Al mass
percentages before and after spraying were obtained using the cold bonding method with proper PAA
and water dosages, reflecting its great potential to achieve a desirable bonding performance.

The sample prepared by 0.06 g PAA and 0.2 g H2O was further characterized. As shown in
Figure 5, the D10, D50, and D90 of this sample are 16.11, 41.42, and 99.43 µm, respectively. Compared to
the non-bonded one, both D10 and D50 increase by about 2 µm and D90 by 4 µm, which is reasonable
because the base powder particles are bonded to Al flakes and formed larger particles.
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Figure 5. Size distribution of PAA bonded sample.

From the SEM images of Figure 6, it can be seen that many small (<20 µm) and medium size
particles (~20 µm) were stuck on the surface of Al flakes, as exhibited in the circled area. This is
because small or medium size particles have less mass so, the bond between the flake and particle
is able to survive during mixing in the mixer. Gunde and co-authors also took SEM images as their
judgment basis for thermal bonding [30], however, they had some mis-bounding between Al flakes,
which is not found in this work. Additionally, there are some small particles bonded on the surface
of the big particles as exhibited, which may also lead to size increase. This result also matches the
conclusion of size distribution analysis. The EDS scanning for aluminum reveals that there are some
dark areas (blockage of aluminum scanning) on the Al flake (Figure 6C), which coincide with the
locations of the small particles seen from Figure 6B. This proves that the bonding of small particles on
the Al flake surfaces occur. In addition, the energy-dispersive spectra (Figure 6D) of the rectangular
area in Figure 6B confirms that this flake is comprised of aluminum. Small peaks of element of C and
O are mainly caused by PAA. Above all, these images and element analysis verify the ash test result
that bonding is indeed formed between Al flake and base particle.
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3.3. Bonded by PVA

The previous results of PAA have proved the potential of cold bonding method for metallic
powder coating. To verify the universality of the cold bonding method, another liquid binder, PVA,
was investigated. Furthermore, the stickiness of the PVA solution is a little higher than PAA when at
the same concentrations (0.5–5 wt.%) [31,32], so a lower amount of PVA was employed in this study.
The dosages of binder and water are less than 0.016 g and 0.60 g, respectively.

Here, various combinations of PVA (0.008 to 0.016 g) and water (0.4 to 0.6 g) were studied, and the
results are presented in Table 3. Table 3 shows the Al mass percentages of PVA bonded samples before
(ωorig) and after (ωdep) spraying. All the values of ωorig are around 2 wt.%. When the mass of PVA
and water are 0.016 g and 0.4 g, respectively, The ωdep is at its highest at 2.80 wt.%. After increasing
the mass of water to 0.6 g, the Al content slightly decreases to 2.55 wt.%. This result implies that a
high PVA dosage cannot produce the ideal bonding performance. When reducing the dosage of PVA
solution to 0.008 g, the Al contents after spraying are lower than 2.29 wt.%, indicating that manifesting
a lower amount of PVA (0.008 g) is better for providing a stronger bonding effect between the Al flakes
and base particles. Overall, these data illustrate that PVA is also an efficient binder candidate for the
cold bonding process of metallic powder coating.

Table 3. Al contents (wt.%) of the samples before and after spraying tests (−30 kV).

Content of Al ωorig/wt.% ωdep/wt.%

H2O/g PVA/g PVA/g
0.010 0.030 0.060 0.010 0.030 0.060

0.40 2.12 1.91 2.28 2.11 2.20 2.80
0.50 2.17 2.08 2.07 2.18 2.34 2.62
0.60 2.17 1.83 2.11 2.29 1.91 2.55
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For further comprehending the relationship between ωdep and the dosages of PVA and water,
the results were calculated by Equation (2), as illustrated in Figure 7. When bonded by 0.016 g PVA,
all the variances are a little higher than 20%, which are much higher than other PVA dosages. This is
mainly because the bonding force supported by 0.016 g PVA and 0.4 g water is too strong and causes
mis-bonding between Al flakes in Step 1, which of course will hinder the bonding between Al flakes
and base particles. When the amount of PVA is reduced to 0.012 g, the variance shows a decline during
the increasing dosage of water (0.4 to 0.6 g). This means a better bonding effect was obtained after the
diluting of PVA, which also implies that the mis-bonding between Al flakes in Step 1 was reduced.
However, when bonded by 0.008 g PVA, the variance increases from −0.56 to 5.62% with increased
amount of water from 0.4 to 0.6 g. This shows diluting by water will reduce the bonding effect, which
is mainly due to the fact the low dosage of PVA (0.008 g) will not cause mis-bonding in Step 1, but the
dilution will reduce the bonding between Al flakes and base particles in Step 2. In these samples, the
lowest variance is 0.46%, which is gained by 0.008 g PVA and 0.5 g water.

In summary, the optimum formula (when ∆ω is 0.46%) in the PVA work is using 0.008 g PVA and
0.5 g water respectively. Compared to the optimal condition in the PAA section (when ∆ω is 2.94%),
the lowest ∆ω of PVA is a little lower than the one from PAA. Overall, it is true that PVA is also a
strong liquid binder for cold bonding method.
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Figure 7. The relationship between ∆ω and the dosage of water and polyvinyl alcohol (PVA).

From the ∆ω analysis, the optimal sample is made by 0.008 g PVA and 0.5 g water. SEM and a
size analyzer were applied to observe the bonding status of this bonded sample. The results are shown
in Figure 8. The particle size of this sample is a little larger than that of the control, which reveals that
a few small particles were glued on the surface of the larger ones.

Small particles bonding with large ones is also proved by the SEM images in Figure 9A. Although
the particle size distribution of the bonded metallic coating powder has changed a little compared to
the non-bonded sample, the influence on the final appearance is slight. There are several Al flakes
bonded with base particles as exhibited in the circled area in Figure 9A. This area was magnified in
Figure 9B, which clearly shows that both sides of Al flakes were well-bonded with base particles. In
addition, the EDS scanning result shown in Figure 9C also reveals there are some base particles bonded
on its surface. Figure 9D proves that the flake in Figure 9B is aluminum. The small peak in Figure 9D
around 2 keV was caused by gold coating.
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Figure 9. SEM and EDS images of bonded samples. (A,B) SEM images of cold bonded sample by PVA;
(C) EDS scanning of aluminum element; (D) EDS spectrum of the rectangle area in (B).

In order to visually prove the bonding effect, some final films were prepared. Because the base
coating powder is polyester clear coat, which is transparent after curing, special metal substrates
(contrast panels, Leneta Company) with half black and half white surfaces were employed to create a
better comparison after coating. After adding Al flakes as pigments, the colors of the substrate will be
partially covered. It is understandable that more Al flakes in the final film means less original color
of substrate will be shown. Based on the above results, the variance of Al content of PVA sample
(0.46%) is a little lower than PAA (2.94%), even with less dosage comparing to PAA. Therefore, a
final film, as shown in Figure 10C (thickness is 77.8 ± 6.1 µm), was obtained from a PVA bonded
sample by spraying (at −30 kV) onto a metal substrate and then curing at 180 ◦C for 20 min. When
without Al flake, the final film from the polyester clear coat is transparent as presented in Figure 10A
(75.5 ± 6.7 µm). The final film from non-bonded samples with 2 wt.% Al flakes is shown in Figure 10B
(81.0 ± 5.6 µm). It can be seen that the original color of substrate in Figure 10B is less exhibited than in
Figure 10C, that is to say the Al content in final film from the non-bonded sample (Panel B) is higher
than the PVA bonded sample (Panel C). An optic microscope was used to observe these final films as
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shown in the top-right insert images found in Figure 10. These microscopic pictures further confirm
the visual observation. This conclusion is also in agreement with the ash test results, which shows
the Al contents in deposited coatings from the non-bonding and PVA bonded samples are 5.08 and
2.18 wt.%, respectively. In addition, the Gloss and haze of panel C are 82.50 ± 0.76 and 21.6 ± 0.99
respectively, which are close to that of commercial one (83.03 ± 0.87 and 22.6 ± 1.02).Materials 2018, 11, x FOR PEER REVIEW  11 of 13 
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4. Conclusions

A cold bonding method employing a water soluble resin binder for fabricating metallic powder
coating is proposed and tested. The results of the investigation suggest that: (a) the metallic powder
coating can be well bonded by this cold method; (b) the bonding effect is highly dependent on the
dosages of binders (PAA and PVA) and D.I. water; and (c) the proposed ash test method performs well
in quantitatively characterizing the bonding effect of the bonded powder samples, while qualitative
characterizing methods such as SEM and optical microscope observations, EDS scan, and visual
observation can be used for further confirmation. By comparing the Al mass percentages in the original
coating powder and deposited powder, the optimal formula in the tested ranges for PAA (the lowest
∆ω is 2.94%) is 0.3 g Al flakes with 0.060 g PAA and 0.20 g water; and for PVA (the lowest ∆ω is 0.46%)
is 0.3 g Al flakes with 0.008 g PVA and 0.5 g water. In addition, the surface comparison suggests the
bonded sample from this cold bonding method is able to have a similar surface quality with the one
from a commercially bonded product. Therefore, cold bonding is an effective method to solve the
bonding problems in the metallic powder coating. Further studies in this direction are expected to find
other possible binders and establish a new approach for bonding the metallic powder coating.

Author Contributions: Conceptualization, J.Z. and H.Z.; Methodology, J.F.; Software, W.L.; Validation, H.Z., H.Z.
and W.L.; Formal Analysis, W.L.; Investigation, W.L.; Resources, H.Z.; Data Curation, W.L.; Writing—Original
Draft Preparation, W.L.; Writing—Review & Editing, H.Z.; Visualization, W.L.; Supervision, H.Z.; Project
Administration, J.Z.; Funding Acquisition, Y.S.

Funding: This research was funded by [Young Scientists Fund] grant number [21606170].

Acknowledgments: This study was supported by the Young Scientists Fund (Grant No. 21606170) and China
Scholarship Council.

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

References

1. Diab, M.; Pang, X.; Jahed, H. The effect of pure aluminum cold spray coating on corrosion and corrosion
fatigue of magnesium (3% Al-1% Zn) extrusion. Surf. Coat. Tech. 2017, 309, 423–435. [CrossRef]

2. Nine, M.J.; Kabiri, S.; Tung, T.T.; Tran, D.N.; Losic, D. Electrostatic powder coatings of pristine graphene:
A new approach for coating of granular and fibril substrates. Appl. Surf. Sci. 2018, 441, 187–193. [CrossRef]

http://dx.doi.org/10.1016/j.surfcoat.2016.11.014
http://dx.doi.org/10.1016/j.apsusc.2018.01.204


Materials 2018, 11, 2086 12 of 13

3. González, S.; Cáceres, F.; Fox, V.; Souto, R.M. Resistance of metallic substrates protected by an organic
coating containing aluminum powder. Prog. Org. Coat. 2003, 46, 317–323. [CrossRef]

4. Dupuis, A.; Ho, T.H.; Fahs, A.; Lafabrier, A.; Louarn, G.; Bacharouche, J.; Chailan, J.F. Improving adhesion of
powder coating on PEEK composite: Influence of atmospheric plasma parameters. Appl. Surf. Sci. 2015, 357,
1196–1204. [CrossRef]

5. Wan, H.; Song, D.; Li, X.; Zhang, D.; Gao, J.; Du, C. Effect of Zinc Phosphate on the corrosion behavior of
waterborne acrylic coating/metal interface. Materials 2017, 10, 654. [CrossRef] [PubMed]

6. Shirkavand Hadavand, B.; Ataeefard, M.; Fakharizadeh Bafghi, H. Preparation of modified nano
ZnO/polyester/TGIC powder coating nanocomposite and evaluation of its antibacterial activity.
Compos. Part. B Eng. 2015, 82, 190–195. [CrossRef]

7. Sun, S.; Ding, H.; Hou, X. Preparation of CaCO3-TiO2 composite particles and their pigment properties.
Materials 2018, 11, 1131. [CrossRef] [PubMed]

8. Liu, D.; Pow, E.H.; Tsoi, J.K.H.; Matinlinna, J.P. Evaluation of four surface coating treatments for resin to
zirconia bonding. J. Mech. Behav. Biomed. 2014, 32, 300–309. [CrossRef] [PubMed]

9. Chen, W.; Liang, Y.; Hou, X.; Zhang, J.; Ding, H.; Sun, S.; Cao, H. Mechanical grinding preparation and
characterization of TiO2-coated wollastonite composite pigments. Materials 2018, 11, 593. [CrossRef]
[PubMed]

10. Nikravesh, B.; Ramezanzadeh, B.; Sarabi, A.A.; Kasiriha, S.M. Evaluation of the corrosion resistance of
an epoxy-polyamide coating containing different ratios of micaceous iron oxide/Al pigments. Corros. Sci.
2011, 53, 1592–1603. [CrossRef]

11. Porter, S.C.; Woznicki, E.J. Dry Edible Film Coating Composition, Method and Coating Form. U.S. Patent
4,543,370, 24 September 1985.

12. Honda, H.; Kimura, M.; Honda, F.; Matsuno, T.; Koishi, M. Preparation of monolayer particle coated powder
by the dry impact blending process utilizing mechanochemical treatment. Colloid. Surf. A 1994, 82, 117–128.
[CrossRef]

13. Himes, G.R. Dry Blending and Molding Process. U.S. Patent 3,985,702, 12 October 1976.
14. Sims, R.A.; Mazumder, M.K.; Liu, X.; Chok, W.; Mountain, J.R.; Wankum, D.L.; Chasser, T. Electrostatic

effects on first pass transfer efficiency in the application of powder coatings. IEEE Trans. Ind. Appl. 2001, 37,
1610–1617. [CrossRef]

15. Fu, J.; Krantz, M.; Zhang, H.; Zhu, J.; Kuo, H.; Wang, Y.M.; Lis, K. Investigation of the recyclability of powder
coatings. Powder Technol. 2011, 211, 38–45. [CrossRef]

16. Ye, Q.; Domnick, J. On the simulation of space charge in electrostatic powder coating with a corona spray
gun. Powder Technol. 2003, 135, 250–260. [CrossRef]

17. Liberto, N.P. Understanding powder coating equipment and application. Metal Finish 2011, 109, 27–32.
[CrossRef]

18. Ye, Q.; Steigleder, T.; Cheibe, A.; Domnick, J. Numerical simulation of the electrostatic powder coating
process with a corona spray gun. J. Electrostat. 2002, 54, 189–205. [CrossRef]

19. Nan, R.Z.; Nan, Y.; Liu, Z.T. Preliminary Discussion on Powder Coatings Containing Aluminum Powder.
Modern Paint Finish 2006, 8, 003.

20. Bailey, J.; Worden, D.; Breton, E.; Wolf, J. Coating Metallic Substrate with Powdered Filler and Molten Metal.
U.S. Patent 3,743,556, 3 July 1973.

21. Breton, E.J.; Handzel, J.M.; Tennant, O.K. Process for Making Wear-Resistant Coatings. U.S. Patent 6,649,682,
18 November 2003.

22. Van Steenkiste, T.; Smith, J.; Teets, R. Aluminum coatings via kinetic spray with relatively large powder
particles. Surf. Coat. Technol. 2002, 154, 237–252. [CrossRef]

23. Richart, D.S.; Daly, A.T. Thermosetting Resin-Based Coating Powders Containing Metal Flakes. U.S. Patent
5,187,220, 16 February 1993.

24. Tuan, W.H.; Wu, H.; Yang, T. The preparation of Al2O3/Ni composites by a powder coating technique. J.
Mater. Sci. 1995, 30, 855–859. [CrossRef]

25. Misev, T.A. Powder Coatings: Chemistry and Technology; Wiley: New York, NY, USA, 1991; pp. 304–324.
26. Beckermann, G.W.; Pickering, K.L. Engineering and evaluation of hemp fiber reinforced polypropylene

composites: Micro-mechanics and strength prediction modelling. Compos. Part A Appl. Sci. 2009, 40, 210–217.
[CrossRef]

http://dx.doi.org/10.1016/S0300-9440(03)00021-3
http://dx.doi.org/10.1016/j.apsusc.2015.09.148
http://dx.doi.org/10.3390/ma10060654
http://www.ncbi.nlm.nih.gov/pubmed/28773013
http://dx.doi.org/10.1016/j.compositesb.2015.08.024
http://dx.doi.org/10.3390/ma11071131
http://www.ncbi.nlm.nih.gov/pubmed/29970855
http://dx.doi.org/10.1016/j.jmbbm.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24513960
http://dx.doi.org/10.3390/ma11040593
http://www.ncbi.nlm.nih.gov/pubmed/29649116
http://dx.doi.org/10.1016/j.corsci.2011.01.045
http://dx.doi.org/10.1016/0927-7757(93)02620-T
http://dx.doi.org/10.1109/28.968168
http://dx.doi.org/10.1016/j.powtec.2011.03.016
http://dx.doi.org/10.1016/j.powtec.2003.08.019
http://dx.doi.org/10.1016/S0026-0576(13)70038-2
http://dx.doi.org/10.1016/S0304-3886(01)00181-4
http://dx.doi.org/10.1016/S0257-8972(02)00018-X
http://dx.doi.org/10.1007/BF01178417
http://dx.doi.org/10.1016/j.compositesa.2008.11.005


Materials 2018, 11, 2086 13 of 13

27. De Boer, A.; Bolhuis, G.; Lerk, C. Bonding characteristics by scanning electron microscopy of powders mixed
with magnesium stearate. Powder Technol. 1978, 20, 75–82. [CrossRef]

28. ASTM D5630-13—Standard Test Method for Ash Content in Plastics; ASTM Standard: New York, NY, USA, 2013.
29. Mistry, J.K.; Frick, J.P.; Petersen, J. Microwave Bonding for Coating Compositions. U.S. Patent 15,463,131,

6 July 2017.
30. Gunde, M.K.; Kunaver, M.; Hrovat, A.; Cvelbar, U. Bonding process efficiency and Al-flake orientation

during the curing of powder coatings. Prog. Org. Coat. 2005, 54, 113–119. [CrossRef]
31. Hussain, R.; Tabassum, S.; Gilani, M.A.; Ahmed, E.; Sharif, A.; Manzoor, F.; Siddiqi, S.A. In situ synthesis

of mesoporous polyvinyl alcohol/hydroxyapatite composites for better biomedical coating adhesion.
Appl. Surf. Sci. 2016, 364, 117–123. [CrossRef]

32. Po, R. Water-absorbent polymers: a patent survey. J. Macromol. Sci. Part C Polym. Rev. 1994, 34, 607–662.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0032-5910(78)80011-4
http://dx.doi.org/10.1016/j.porgcoat.2005.05.002
http://dx.doi.org/10.1016/j.apsusc.2015.12.057
http://dx.doi.org/10.1080/15321799408014168
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Equipment 
	Bonding Method and Characterization of Metallic Powder Coating 

	Results and Discussion 
	Control Tests 
	Bonded by PAA 
	Bonded by PVA 

	Conclusions 
	References

