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In recent years, powder coatings are capturing more of the liquid coatings market due to their economical,
ecological, environmental, and energy-saving benefits, yet their low surface qualities still hinder their wider
application. In this study, ultrafine powder coatings (~22 pm in size) were fabricated and compared with coarse
powder coatings (~35 pm in size) in terms of particles deposition during spray, leveling of coating powder during
curing, and surface qualities, inner structures, and anti-corrosive properties of the obtained coating films. The
results show that the ultrafine particles pack more loosely and uniformly during spraying with smaller average
air pockets and level and degas faster during curing than their coarse counterparts. These characters lead the
ultrafine powder to demonstrate lower surface roughness, higher gloss, fewer inner voids, and higher corrosion
resistance. The significant increase in corrosion performance is exhibited through high barrier properties and
narrow salt spray creepage. This study contributes not only to the in-depth understanding of how particle size
affects coating film structure and properties, such as gloss, surface roughness and corrosion protection, but also
to the promotion of powder coating technology in broader fields such as electronics and automotive industries.

1. Introduction [5]. Due to these advantages, powder coatings have gained popularity as

a coating for architectural structures, furniture, home appliances, and

Powder coatings contain no volatile solvents and have ecological,
excellence of finish, economic, and energy-saving advantages when
compared with liquid coatings [1-4]. For example, the over-sprayed
powder can be reclaimed and reused [5]. The elimination of costly
solvents generates fewer voids and pores inside the coatings, creating a
denser coating film [6]. When compared with water-based liquid coat-
ings bearing a large number of hydrophilic groups to realize dispersion
in water [7], powder coatings require no such complex chemical
modification, and have lower water permeability than the water-based
ones [8]. The dense structure and water-resistant nature enables pow-
der coatings to demonstrate high barrier effect against corrosive envi-
ronment [6,9]. In addition, a thick powder coating film can be efficiently
applied through a single spray, and a coating film can be obtained after a
short curing of only 15 min, ultimately increasing production efficiency
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outdoor facilities [1,5,10].

Specific challenges exist that hinder the broader application of
powder coatings. One of the challenges is the relatively lower surface
smoothness and excessive film thickness [5], which can prevent powder
coatings from being applied to high-end products such as car bodies,
personal electronics and other articles with high aesthetic requirements.
Decreasing the average particle size or eliminating large particles in the
regular coarse powder coatings (medium particles size, D50 is above 30
pm) have been shown to provide a smooth surface [5,11]. However,
decreased particle size can also cause problems in fluidization, which is
a basic operation in powder coating application. Fine (D50 is between
25 and 30 pm) and ultrafine powder coatings (D50 is smaller than 25
pm) [11] have a higher content of small particles, which have strong
inter-particle forces resulting from van der Waal’s forces [12,13]. This
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results in these smaller particles tending to form agglomerates and
clumps in fluidization [14]. To overcome this issue, flow additives can
be incorporated to enhance the fluidization of ultrafine powders
[13-20]. Zhu and Zhang [11,14] have successfully applied powders with
an average size of about 20 pm by adding a small dose of nanoparticles
as flow additives. These additives are characterized by low-bulk-density,
amorphous nano metal oxides in branched, chainlike, three-dimensional
morphology. Once incorporated into an ultrafine coating powder (the
host particles) by dry blending, the sub-micrometer size agglomerates of
the additive adhere to the host particles and effectively increase the
inter-particle distance, reduce the inter-particle forces and subse-
quently, enhance the flowability of the ultrafine powder. With the use of
ultrafine powder, high aesthetic surface quality and thin film finishing
were achieved [11]. Subsequently, more investigations were carried out
on the manufacturing [21,22], fluidization [17,23-29], electrostatic
spraying and recycling of ultrafine powder [30-34]. For example, the
studies by Meng et al. and Li et al. on the charging and deposition of
ultrafine particles revealed that finer particles have higher powder
packing uniformity [30,35]. These fundamental studies boosted the
development of functional finishes, such as superhydrophobic coatings
[36,37], antimicrobial coatings [17,24,38] and their applications for
general purposes [38-41], biomedical [42-44], and pharmaceutical
uses [45].

However, the formation mechanism of smoother surface, the effects
of the ultrafine powders on the coating film structure and on coating
properties such as corrosion performance are poorly understood. In
particular, protection against corrosion is one of the main roles of a
coating and is closely related to the film structure [46,47]. Coating films
with more voids and channels usually lead to a lower barrier effect and
protection against corrosion than the ones with a denser structure
[9,48].

This study includes preparation of both coarse and ultrafine powder
coatings to compare their film surface qualities, inner structures,
leveling of powder during curing and corrosion protection abilities.
Polyester powder coatings can be used for both indoor and outdoor
applications and are occupying the majority of general use powder
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coating market. Therefore, a general use polyester powder coating was
selected as the model. In addition, the mechanisms behind the improved
performances were a focus. The results could benefit coating manufac-
turers and applicators to produce thin film finishing with higher surface
quality and enhanced corrosion performance and expand the applica-
tions of powder coatings to the high-end industrial sectors such as
electronics and automotive industries.

2. Experimental
2.1. Materials

Polyester (PE) powder coating was procured from TCI Powder
Coatings Co., Ltd., (USA). This coating includes carboxyl-terminated
polyester as base resin, triglycidyl isocyanuate as curing agent, barium
sulphate as filler, carbon black as pigment, benzoin as degassing agent,
and other additives such as leveling agent. Powder flow additive Aerosil
200 (fumed silica) was purchased from Evonik Industries AG (Germany).
Standard Q-panel steel substrates (S-36-I phosphated steel substrate)
were purchased from Q-Lab Corporation (USA).

2.2. Preparation of ultrafine coating powders and coated panels

As shown in Fig. 1, 100 g polyester coating powder with a D50 of
35.0 um was mixed with 0.6 g of Aerosil 200 (fumed silica) [17]. The
mixture was further pulverized into ultrafine particles (D50 of about
22.0 ym) with a laboratory superfine grinder (FDV grinder, Yougqi, Co.,
1td, China). The detailed particle size distribution and SEM images were
shown Fig. S1. The obtained powder was sprayed onto a steel substrate
with an electrostatic spraying gun (ITW Gema, Switzerland) in a powder
coating spraying booth (N902, Nordson Corporation, USA) at —30 kV
and at 20 cm away from the substrate. During spraying, the particles
became charged and flew towards the steel substrate with airflow and
deposited on the substrate surface. All coated panels were cured at
200 °C for 15 min. During curing, the particles were melted and leveled
under heat, which caused the resin and hardening agent to become
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Fig. 1. Fabrication process of ultrafine powder coatings.
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cross-linked. In comparison, regular coarse powder coatings were
sprayed at —50 kV, a commonly used voltage for coarse coatings. The
obtained coatings had film thickness of about 40 pm.

2.3. Surface and cross-sectional morphologies

The surface morphology was characterized using multiple tech-
niques including optical microscopy (VHX-950F, Keyence, Japan) and
confocal laser scanning microscopy (CLSM 900 for Materials, Carl Zeiss
Microscopy, Germany). The acquired confocal data were processed
through ConfoMap version 7.4.8341, which provided 3D images on
microstructures and quantitative analysis on surface waviness and
roughness. The specular gloss of the obtained coating films was
measured with a Rhopoint IQ 20/60 gloss meter (Rhopoint Instruments
Ltd., UK) as per ASTM D523-14.

To characterize the cross-sectional structures of the powder coatings
on the substrate, the coated panels were mounted in epoxy, sectioned,
and polished to a mirror like finish using standard techniques. The
polished cross-sections were analyzed by scanning electron microscopy
(SEM, SU3900, Hitachi, Japan) with an accelerating voltage of 10 kV.
The cross-sectional SEM images were processed with the software Image
J to obtain the area ratio of voids inside the coating films. The processing
was implemented in a three steps procedure: converting the images into
greyscales, adjusting threshold to obtain areas representing voids, and
calculating the area ratios. Calculations on at least three images gave an
average value.

2.4. Powder deposition during spray and leveling during curing

As there is no in line method to monitor real-time leveling of powder
during curing, an offline method was proposed. It was implemented by
preparing identical powder-deposited panels, having these panels cured
for 0, 10, 15, 30, 60, 180 and 900 s, respectively, and characterizing the
surface morphologies and inner structures of the obtained coating films.

The deposition behaviors of ultrafine and coarse particles on metallic
substrate before curing were characterized on the samples cured for O s
using X-ray Micro Computed Tomography (Zeiss Xradia 410 Versa
Micro-CT, Germany) at 80 kV and 10 W. The obtained images were
processed with ORSI’s Dragonfly and the software Image J to produce 3
dimensional images of the powder deposition layer and to assess the air
content inside the deposited powder.

The changes in surface morphologies and gloss as the powder leveled
during curing were characterized using optical microscopy, CLSM and a
gloss meter on the samples cured for 10, 15, 30, 60, 180 and 900 s,
respectively. The changes in inner structures during curing were char-
acterized using SEM. To avoid melting of the insufficiently cured coat-
ings, the samples were sputtered with gold before mounting.

To investigate the formation of local hills and valleys on the film
surfaces, an integrated study using optical microscopy, CLSM and Micro
CT was undertaken. Artificial fiducial marks were made for positioning
and alignment between these techniques.

2.5. Salt spray and corrosion tests

Two 0.5 mm intersecting scribes were made on the coating panels
before neutral salt spray tests were conducted, as per ASTM B117-16 in a
salt spray chamber (MX-9204, Associated Environmental Systems, USA).
The performances of the coatings after salt spray tests were evaluated
after 500 h as per ISO 4628-8. The corrosion progression was measured
normal to scribe direction, and at least 12 measurements yielded an
average value of corrosion width. The average creepage was calculated
by subtracting the average value of corrosion width by the scribe width
(0.5 mm) and dividing by two.

To investigate the corrosion behaviors of the ultrafine and coarse
powder coatings under immersion, EIS measurements were carried out
with an integrated potentiostat, (Solartron Analytical Modulab XM
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CHAS 08, AMETEK Scientific Instruments, Oak Ridge, TN, USA). The
electrochemical experiments were performed in 3.5 wt% NaCl solution
in a three-electrode system. A saturated calomel electrode (SCE) worked
as the reference electrode, a platinum foil as the counter electrode and
the coated panel as the working electrode. The exposed area of the
coated panel was 20.25 cm?. EIS measurements were conducted from
10° Hz to 0.01 Hz. The sinusoidal voltage signal amplitude was set as 70
mV due to relatively high resistance (higher than 10MQ cm?) at low
frequency range [49].

3. Results and discussion
3.1. Surface qualities

A coating film’s decoration, which is related to its surface qualities
such as gloss and roughness, is one of the most important features. The
60-degree gloss and surface roughness were measured, and topograph-
ical microstructure was characterized to evaluate these surface qualities.
Optical microscopy images presented in Fig. 2a and b, show that the
coarse powder coating film has larger topography, including many
larger hills and valleys that are ~1000 um wide and some smaller bits
(local seeds like protuberances) and pits (local craters) of ~50 um on the
surface, while the ultrafine coating films possess much smaller hills and
valleys and fewer bits and pits. As a result, the ultrafine coating films
show a higher gloss than the coarse one. The gloss increases from 86.9 to
89.3. The gloss increased from 86.9 to 89.3. This increase is significant
because enhancing the gloss of a high gloss coatings is not easy due to its
high leveling ability. A small increase in gloss usually requires apparent
increase in leveling ability.

As opposed to the 60-degree gloss and optical microscopy methods,
CLSM is an efficient optical device for characterizing surface
morphology and is often applied in material and coatings studies
[37,50]. It provides quantitative information such as surface waviness
and roughness. As shown in Fig. 2c and g, for a relatively large area (9.6
mm x 9.6 mm) including hills and valleys, bits and pits, the coarse
coating film shows more and higher hills than the ultrafine film. The
arithmetic average surface roughness (Sa) of the coarse coating is 0.79
um, while Sa for the ultrafine one is 0.57 ym. The maximum height (Sz,
the sum of the largest peak height and the largest valley), is 5.90 um and
4.80 um for the coarse and ultrafine, respectively. When a surface profile
(the yellow horizontal line) was extracted from the 3D surface, it was
further separated into long-range waviness and short-range roughness
(Fig. 2d-f, h and i), corresponding to ~1000 pm wide large hills and
valleys, and the ~50 pm wide smaller bits and pits. It is found that the
lower particle size led to decreased waviness and roughness, indicating
that decreasing the particle size to ~20 pm is an effective method to
improve surface qualities.

3.2. Inner structures of the coating films

The ability of a coating film to protect the underlying substrate is
another very important attribute, and its protection abilities are closely
related to the coating’s inner structures. Fig. 4 presents a series of cross-
sectional SEM images showing the inner structures of the PE coating
films. Generally, the coating films display voids of ~1 pm inside the film.
However, the coating film prepared from ultrafine powders (Fig. 3b)
demonstrates smaller and fewer voids than those from coarse powder
(Fig. 3a), as indicated by the red arrows. This dense structure could
bring better barrier properties for these films, which will be discussed in
the anti-corrosion section below.

3.3. Deposition of powder during spray and leveling during curing
Ultrafine powder offers smoother surfaces and denser inner structure

than the coarse powder, which is possibly due to how the powders were
deposited during spray and leveled during curing. Fig. 4a and b show the
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Fig. 2. Optical images of (a) coarse and (b) ultrafine powder coating films; 3D CLSM images of coating films prepared with (c) coarse and (g) ultrafine powders; (d)
profile along the yellow line in (c) and the corresponding (e) waviness and (f) roughness; (h) profile of the yellow line in (g) and the corresponding (i) waviness and

(j) roughness.
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Fig. 3. SEM images of coarse (a) and ultrafine (b) powder coating films. (c) magnification of (a), (d) magnification of (b). Red arrows point to voids.

3D Micro CT block model images of the ultrafine and coarse powder
deposited on the substrate, which are generally loose and in a uniform
packing pattern. At the top of the deposition layers, individual particles
and the spaces around them formed local microscale roughness, and
their aggregates of hundreds of micrometers could be observed as hills
and valleys. The ultrafine particles packed more evenly with smaller
hills and shallower valleys than the coarse ones. These behaviors of

ultrafine powder agree well with previous report and simulation on the
deposition behavior of ultrafine powder coatings [30,35,51]. Fig. 4c and
d show that the air content for the ultrafine powder in the deposited
layer is higher (49.6 %) than that of the coarse powder (36.6 %), and the
overall packing thickness is also higher for the ultrafine powder (93 pm)
than the coarse powder (72 pm) for obtaining the same film thickness.
However, the average diameter of the air pockets among the ultrafine
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Fig. 4. Micro CT 3D block model images of deposited layer prepared form high gloss PE coarse (a) and ultrafine (b) coating powder. Micro CT 2D cross sectional
images of high gloss (c) coarse and (d) ultrafine powder deposits. Air pocket size distribution measured with Image J for (e) coarse and (f) ultrafine powder deposits

from (c) and (d), respectively.

particles is much smaller (4.7 pm) than that for coarse particles (9.0 pm)
as shown in Fig. 4e and f. In addition, the largest air pocket among ul-
trafine particles is about 13 pm, while for the coarse particles, it is about
25 pm.

The differences in deposition are attributed to the charging behaviors
of coating particles. Coating particles picked up negative ions when
passing through the charged zone [52], repelled each other under
electrostatic forces in flying [53], and adhered to the substrate with
image charges [54,55]. However, smaller particles have a higher charge
to mass ratio and a higher charging efficiency [52,56,57], and are
determined more by electrostatic forces instead of the gravity during

coarse

spraying. As a result, the coarse particles with a size ranging from 2 pm
to over 100 um (Fig. S1) are deposited on the substrate closely with each
other, but cause porosity in between the particles, resulting in a high
packing density and a large average size of air pockets. The smaller
particles with a size ranging from 1 pm to 60 pm (Fig. S1) tend to repel
each other due to strong electrostatic forces, causing looser and more
uniform deposition structures, but with a smaller average air pocket.
The air sparces in between the particles dissipate during curing when
the individual particles melted, and then merged and levelled to form a
continuous coating film [1]. Benzoin, as the degassing agent, can facil-
itate the removal of gas bubbles by accelerating the rate of bubble

ultrafine
7 coating film

Fig. 5. SEM images of cross sections of coating films made with (a) coarse and (b) ultrafine powder at 10 s, 15 s, 30 s, 60 s and 180 s, respectively; (c) magnification

of (a); (d) magnification of (b) after leveling for 10 s.
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shrinkage [58]. But the relatively large air pockets cannot fully dissolve
and escape during curing and therefore cause voids. As can be seen from
Fig. 5a, the melting finished in the first 10 s. The trapped air mainly
escaped during this stage, leaving few voids inside the coating film as
shown by the red arrows in Fig. 5c. As merging and leveling continued,
the top surface became flatter while the inner structure formed fewer
voids. (Fig. 5c and 5d, Fig. S2). The ultrafine powder coating films
demonstrate fewer surface variations after melting and fewer inner
voids throughout the curing process than the coarse ones (Fig. 5b and d).
Optical microscopy images of the coating films show that the coating
films first became flat and then rough during successive curing (Fig. 6a
and ¢). From 10 s to 60 s, the hills merged and became broader but lower
hills, resulting in an apparent orange peel effect. After 60 s, there formed
more and more microscale bits and pits, which made the surface rough.
The maximum height, Sz, dramatically decreases from 50.0 ym to 5.8
um during curing, while the average roughness, Sa, decreases from
16.00 um to its lowest, 0.72 um, at 180 s before rising again as shown in
the inset of Fig. 7a. Meanwhile, the ultrafine powder coating film ex-
hibits a flatter surface (Fig. 6b and d) and lower roughness (Fig. 7a) than
the one prepared with the coarse powder throughout the curing. As can
be noticed, the surfaces prepared with the ultrafine powder at 15 s and
30 s look similar to the one prepared with coarse powder at 30 s and 60's,
respectively. This finding indicates that the ultrafine powder coating
films level and degas faster than the ones with the coarse powder. It is
because the loose packing of particles and smaller average air pockets
among particles induced from the smaller particle size enable the par-
ticles to be heated evenly, to coalesce quickly and to release air easily
[1]. On the contrary, the larger particles have larger average air pockets
among particles. Especially, the relatively large air pockets larger than
15 pm, could severely impair the coalesce of the melted particles and
result in more voids inside the coating films.

Leveling of the coating films causes a change to the coating’s gloss as
well. As can be seen from Fig. 7b, the gloss increases dramatically at the
beginning of the curing, reaches the peak at about 60 s, and then
gradually decreases. The initial increase of the gloss is likely caused by
leveling of the melt, and the subsequent decrease is attributed to the
formation of micro bits and pits. It is very impressive that the ultrafine
coating film achieves a gloss of 96.1, while the coarse one reaches 91.2
at 60 s. This is mainly because leveling of the melt almost finishes during
the first 60 s, but the crosslinking reactions just start, and the decrease of
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gloss caused by the crosslinking and formation of micro bits and pits is
still inapparent. Coatings prepared with ultrafine particles demonstrate
faster leveling and therefore higher gloss than that of coatings prepared
with coarse particles. Both the decrease of gloss after 60 s and the for-
mation of micro bits and pits could occur for three reasons. The first is
the local vortex, the flow direction of which is opposite to that of the
melt, and therefore preventing its further leveling. The second is the
ongoing degassing which removes residual air from inner structure
(Fig. 5 and Fig. S2), but the melt, due to the cross-linked polymeric
structure, could not fully recover its surface. The third is the uneven
distribution of fillers. The integrated optical microscopy, Micro-CT and
CLSM study characterized the distribution of filler and surface
morphology at the same site, and as can be seen from Fig. 8, microscale
variations on the coating surface are closely related to the presence of
large particles under the coating. Bits usually appeared in filler-rich
areas while pits are in filler-poor areas. In general, these three reasons
contribute to the rougher surfaces at the later stage of curing.

3.4. Anti-corrosion performance

Salt spray is the most commonly used method in the coating industry
to measure corrosion resistance. Fig. 9 illustrates the salt spray results
after 500 h exposure in salt fog. It is observed that the ultrafine powder
coating panels demonstrate narrower corrosion creepage. By utilizing
ultrafine powder, the creepage decrease from about 1.06 mm to about
0.68 mm, an ~30 % decrease.

Electrochemical Impedance Spectroscopy (EIS) has been proven
effective in estimating the corrosion protection behavior of organic
coatings films [49,59-61]. Generally, a larger modulus of resistance at
0.01 Hz, and a closer to —90° phase angle at high frequency domain
indicate better corrosion protection for barrier type coating films. In
particular, a higher impedance at the early stage of immersion, usually
after ~10 days, foretells a better long-term coating performance
[49,62-64].

The Bode-modulus and Bode-phase plots are shown in Fig. 10a—d.
The ultrafine powder coating panel demonstrates larger modulus of
resistance at 0.01 Hz (8.0x 101°0 cm2) than the coarse one (1.4 x 101°0
em?), and boarder plateau of phase angle close to —90° at high fre-
quency domain, which indicate that ultrafine powder coatings have
better barrier effect and corrosion protection for the steel than the coarse
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Fig. 6. Optical images of the (a) coarse and (b) ultrafine powder cured for different time. 3D CLSM images of the coating films made with (c) coarse and (d) ultrafine

powder cured for different time.
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spray tests for 500 h. The insets are optical images for coarse and ultrafine
coating panels after salt spray tests.

one [65].

The obtained fitting results for Ryore and Re; are shown in Fig. 10e
and f. At the beginning of immersion, the Ryore for the ultrafine
(1.1x10" Q cm?) is about one order of magnitude larger than that for
the coarse (1.5x10'° Q cm?). Even after 54 days of immersion, the Rpore
for the ultrafine is still about one order of magnitude larger than that for
the coarse. This larger Rpore indicates that the amount of corrosive
species such as Cl~, HyO and O; penetrated the coatings is significantly

decreased, indicating better barrier effects provided by the ultrafine
powder coatings. In addition, the value of R for the ultrafine powder
coating is about half to one order of magnitude larger than that for the
coarse throughout the immersion period. R is normally inversely pro-
portional to the corrosion rate of the specimen. This higher R.; value
means that the charge transfer reaction is sluggish, inferring the denser
ultrafine powder coating film can retard the penetration of corrosion
species, and therefore improving the anticorrosion performance [66].

The narrower creepage during salt spray tests and higher barrier
effects in electrochemical tests confirm that the ultrafine powder coating
films have better corrosion resistance than do the coarse ones. The
mechanisms for the enhanced corrosion performance are shown in
Fig. 11. One reason is that the ultrafine particles demonstrate looser
packing (Fig. 5d) with smaller average air pockets (Fig. 5f) during spray
(Fig. 11a and b) and faster degassing and leveling during curing
(Fig. 6b). These two aspects offer denser structure for the obtained
coating films (Fig. 3b, Fig. 11c and d). As a result, the enhanced barrier
effect (Fig. 10) prevents the rapid ingress of electrolytes (Fig. 11e and f).
The other is that the ultrafine particles have more uniform deposition
(Fig. 5b) and faster leveling during curing, which induce lower surface
roughness (Fig. 2b and g, Fig. 11d), and therefore result in higher
effective dry film thickness of ultrafine powder coating films with the
same measured film thickness. These two aspects of reasons contribute
to the smooth surface, dense structure, and enhanced corrosion resis-
tance of the ultrafine powder coatings.

4. Conclusions

This is the first report to investigate the formation mechanisms of
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smoother surfaces created by ultrafine powders in terms of deposition
during spray and leveling during curing, and to analyze the impacts of
ultrafine powders on film structures and corrosion performance. The
ultrafine powder, due to the smaller particle size and larger charge to
mass ratio, demonstrates looser and more uniform packing with smaller
average air pockets during spray, and accelerated leveling and degassing
during curing when compared to the coarse powder. This deposition and
leveling behavior results in a lower surface roughness, higher gloss,
denser structure, and higher corrosion resistance, i.e., higher barrier
properties and narrower salt spray creepage. Coatings that utilizing ul-
trafine powders show remarkable improvements over their coarse
counterparts in terms of surface qualities and corrosion performances.
The improved coating properties would benefit coating manufacturers
by producing thin film finishing with enhanced decoration and protec-
tion and would expend the applications of powder coatings in many
industries such as electronics and automotive industries.
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