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Abstract: Powder coatings are a green alternative to conventional solvent-borne liquid coatings,
but they have the intrinsic drawback of color-matching and adjustment in production with the
conventional extrusion process. In this study, an industrially applicable approach to formulate
color powder coatings utilizing ultrafine powders, i.e., a powdery blending and pressing method,
was invented. This novel method was validated by comparing samples prepared by the Method
1 conventional extrusion method with an extra ultramarine pigment at 3%; Method 2 powdery
blending and pressing of the original coatings and the same coating with 6% ultramarine pigment
utilizing regular (coarse) powder coatings; and Method 3 utilizing ultrafine powder coatings for
the two coatings with the same formulations as Method 2. The coating powders were prepared to
have similar particle sizes and particle size distributions, with three commonly used coating binders,
namely polyester-epoxy hybrid, polyester/TGIC (triglycidyl isocyanurate), and polyurethane (PU).
The powders prepared by Methods 1 and 3 had similar flow abilities in terms of angle of repose
(AOR) and avalanche angle (AVA). The performance of the new coatings by Method 3 was close to or
better than the ones prepared by Method 1 in terms of the specular gloss, DOI (distinctness-of-image),
reflection haze and color values, being superior to Method 2. The coatings via ultrafine powders
also exhibited a comparable ultramarine particle distribution in the coating cross-sections as the
conventional ones, whereas the ones via regular powders had an inferior pigment dispersion. The
new method can greatly enhance the production efficiency and reduce the cost of powder coatings
with compound colors, especially for small batch manufacturing.

Keywords: powder coatings; pigment; powdery blending; pressing; ultrafine powder; flow abilities;
color-matching

1. Introduction

Powder coatings are a green alternative to conventional solvent-borne liquid coatings.
Known for their “Four E’s”, namely excellence of finish, economical, energy-saving, and
ecological benefits, powder coatings eliminate the use of volatile organic solvents (VOCs)
that are environmentally unfriendly [1,2]. Powder coatings can achieve high film thickness
by one pass of spray, as is difficult for low solid content liquid coatings. Being superior to
liquid coatings, reclaimed powder coatings during spraying can be reused, achieving an
overall material usage of above 90% [3].

Despite the many benefits of powder coatings, they have the drawback of difficulty
with adjusting and controlling the color during production. This issue intrinsically comes
from the manufacturing process, in which all coating raw materials (resins, curing agents,
pigments, and various additives) are blended and homogenized in an extruder [2]. The
viscous fluid is then cooled to form coating chips and then pulverized by an air classifying
mill (ACM). Once the formulation is determined and the raw materials are pre-mixed, there
is no viable way to fine-tune the color by changing the content and ratio of the pigments
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in the chips once they are formed. Another drawback of powder coatings comes with
producing small batches, as the entire production system must be thoroughly cleaned for
each color change. So, there is an urgent need to develop a fast and cost-effective method
to produce pigmented powder coatings without extrusion.

This study aims to develop a powdery blending and pressing method to produce
compound colors. To validate the new method, an ultramarine blue pigment was added to
three existing powder coatings to tune the colors. After going through different manufac-
turing processes, the produced powder coatings were evaluated and compared to the ones
produced by the conventional extrusion method, by means of powder flow abilities and
coating qualities.

In the industry, powder coatings are classified into three categories by their median
diameters (D50, Volume), namely regular (referred to as “coarse” in industry, D50 ≥ 30 µm),
fine (D50 between 25 and 30 µm), and ultrafine (D50 ≤ 25 µm) powders [4]. Each category
of powder has its own characteristics, such as the flow ability during coating application
and the ultimate film quality after curing [5]. Ultrafine powders were advantageous for
obtaining coating with higher surface quality [6], and their performance in the new method
was compared with the other two types of powders.

2. Experimental
2.1. Materials and Coating Formulations

In this study, three types of commonly used powder coatings, namely polyester-epoxy
hybrid, polyester/TGIC (triglycidyl isocyanurate), and polyurethane (PU), were prepared.
These coatings were in orange, black, and grey colors numbered 1, 2, and 3, respectively.
Their properties and performances have been evaluated and optimized in separate studies
and large-scale industrial productions. The formulations of the coatings are listed in
Tables 1–3, respectively.

Table 1. Formula 1—orange hybrid powder coating.

Component Trade Name Supplier wt. %

Polyester resin CRYLCOAT 1701-0 Allnex 38.0
Epoxy resin DER 663U Olin Epoxy 18.4

Curing accelerator VESTAGON B 68 Evonik 0.2
Flow and leveling agent Resiflow PL-200 Estron Chemical 0.8

Degassing agent Benzoin Sigma-Aldrich 0.2
Filler barium sulfate Sparwite W-10 Maha Chemicals 30.0
Organic pigment 1 Irgalite Red D 3773 DIC 1.6
Organic pigment 2 Irgalite Orange L 2970 DIC 4.2

Titanium dioxide pigment CR880 Tronox 6.6

Table 2. Formula 2—black polyester/TGIC powder coating.

Component Trade Name Supplier wt. %

Polyester resin CRYLCOAT 2440-2 Allnex 72.1

Curing agent Triglycidyl isocyanurate
(TGIC) Huntsman 5.6

Degassing agent Benzoin Sigma-Aldrich 0.2

Filler barium sulfate Sparwite W-10 Maha Chemicals 20.0

Carbon black pigment Raven 5000 Ultra II Birla Carbon 1.4

Flow and leveling agent Acrylic polymer, Lanco P10 Lubrizol 0.7
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Table 3. Formula 3—grey polyurethane powder coating.

Component Trade Name Supplier wt. %

Polyester resin 1 Polymac 3220 Polynt Composites 36.0
Polyester resin 2 Polymac 3110 Polynt Composites 8.0

Curing agent Alcure 4400 Polynt Composites 20.0
Flow and leveling agent Acrylic polymer, Lanco P10 Lubrizol 0.8

Degassing agent Benzoin Sigma-Aldrich 0.2
Filler barium sulfate Sparwite W-10 Maha Chemicals 23.8

Carbon black pigment BLACK PEARLS 1000 Cabot 0.8
Titanium dioxide pigment CR880 Tronox 10.4

An additional pigment, Ultramarine Blue 08 (Venator Materials PLC, Stockton-on-Tees,
U.K.), was added to change the colors of the formulations. The distinct elements of Al and
Si in this pigment were used to observe the quality of pigment dispersion by scanning
electron microscopy (SEM).

2.2. Workflow and Procedures

The procedure is shown as the flowchart in Figure 1. The powders were named using a
combination of a letter and a number (denoting the base formulations 1, 2, or 3) for each step
in the procedure. For example, A1 denotes Powder A prepared by Formula 1 (orange hybrid
powder coating), and H3 means Powder H prepared by Formula 3 (grey polyurethane
powder coating). For Powder F prepared from Chip 2, 6% of the ultramarine blue was
mixed with 94% of the original coating raw materials. For Powder G prepared from Chip 3,
3% of the ultramarine blue was mixed with 97% of the original coating raw materials.
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The raw materials were pre-mixed and extruded in a laboratory-scale powder coating
extruder (Yantai Donghui Powder Coating Equipment Co., Yantai, China). The tempera-
tures of the infeed, plastification, and homogenizing zones were set at 75, 90, and 100 ◦C,
respectively. The twin-screw rotation speed of 300 rpm, screw feeder speed of 10 rpm, and
rolling chiller speed of 10 rpm remained constant for processing all the extrudates. The
chips were pulverized to regular (coarse) powders (A, F, and G), ultrafine powders (B and
D), and fine powders (I and J).

The ultrafine powders B and D were dry blended by a bench-top mixer and sieved
through a 106 µm ultrasonic sieve for thorough mixing. The mixture was pressed into
Tablet 1 (diameter 50 mm, packed thickness 10 mm) using a manual bench-top hydraulic
press (Carver, Inc., Wabash, IN, USA) with a clamping force of 100 kN for 2 min. The press
and load cell are shown in Figure 2. Subsequently, the tablets were pulverized to Powder E,
which contained 3% ultramarine blue.
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Regular Powders A and F were dry blended by a bench-top mixer and sieved through
the same 106 µm ultrasonic sieve for thorough mixing to prepare Powder H.

For each powder category (ultrafine, fine and regular), the particle diameters in terms
of the D10, D50, and D90 values were maintained within a highly consistent narrow range
for comparison of the coating properties.

Subsequently, Powders A, C, E, G, and H were electrostatically sprayed using a Gema
OptiSelect corona gun and an OptiStar manual gun control unit (Gema Switzerland Gmbh,
St. Gallen, Switzerland) at a constant voltage of –35 kV. Standard A-23.5 aluminum panels
(Q-Lab Corporation, Westlake, OH, USA) were used as the substrates, and all the coating
film thicknesses were controlled to be 75 ± 2.5 µm. Three panels were sprayed for each
coating, and the means were recorded as the measurement results.

2.3. Measruments, Evaluation and Characterization Technieques

The measurements and evaluations were conducted in five groups, i.e., powder
particle sizes, powder flow ability, coating colors, coating surface qualities, powder particle
morphologies, and the morphologies and compositions of coatings.

The particle sizes and particle size distributions (represented by D10, D50, and D90) of
the powders were measured by a laser diffraction particle size analyzer BT-9300s (Bettersize
Instruments, Dandong, China).

The flow abilities of Powders A and C, E and G, and J and I were characterized by
means of the angle of repose (AOR) by a Hosokawa powder tester (Hosokawa Micron B.V.,
Doetinchem, The Netherlands), and the avalanche angle (AVA), by a revolution powder
analyzer, (Mercury Scientific Inc., Newtown, CT, USA).
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The colors of coatings prepared by Powders E, G, and H were measured by a Datacolor
650 colorimeter (Datacolor, Inc., Lawrenceville, NJ, USA) using a D65 light source, with
the specular included. In the CIE (International Commission on Illumination) CIELAB
color space, ∆L* (perceptual lightness), ∆a* (red and green), ∆b* (blue and yellow), and
the calculated ∆Ecmc values denote the color differences [7]. A small color difference ∆Ecmc
between the coatings prepared by the new and conventional methods was favorable.

The specular gloss at 20◦ and 60◦, distinctness-of-image (DOI), and reflection haze
values were measured as per ASTM D523–14, D5767–18 and D4039–09 (Reapproved 2015),
using an integrated Rhopoint IQ gloss, haze and DOI meter (Rhopoint Instruments Ltd, St.
Leonards-on-Sea, UK). High specular gloss, high DOI, and low reflection haze values are
preferable for these high to medium gloss powder coatings, as they show good flow and
leveling during curing and lower surface roughness [8,9].

The scanning electron microscopy (SEM) imaging and energy dispersive X-ray (EDX)
mapping were conducted in secondary electron mode on a SU3900 (Hitachi High-Technologies
Corporation, Tokyo, Japan) scanning electron microscope coupled with an Oxford Ultim Max65
SDD X-ray analyzer (Oxford Instruments plc, Abingdon, UK). The SEM was used to compare
the morphology of powder particles A and C, E and G, and the EDX was performed to compare
the dispersion of ultramarine pigment in the coatings prepared by Powders E, G, and H.

3. Results and Discussion
3.1. Particle Sizes and Particle Size Distributions of Powders

The particle sizes and particle size distributions of the powders are listed in Tables 4–6.

Table 4. The particle sizes (D10, D50 and D90) of powders prepared by Formula 1.

Formula 1 A1 B1 C1 D1 E1 F1 G1 H1 I1 J1

D10/µm 11.30 2.88 11.38 2.79 11.32 11.23 11.63 11.55 9.06 9.18
D50/µm 37.16 10.77 38.27 11.35 38.75 37.69 37.76 37.23 27.69 28.23
D90/µm 80.73 30.80 82.13 31.01 83.28 81.21 81.15 81.02 60.02 61.22
Category regular ultrafine regular ultrafine regular regular regular regular fine fine

Table 5. The particle sizes (D10, D50 and D90) of powders prepared by Formula 2.

Formula 2 A2 B2 C2 D2 E2 F2 G2 H2 I2 J2

D10/µm 11.17 2.76 11.55 2.82 11.23 11.75 11.45 11.25 9.68 9.58
D50/µm 37.44 10.23 38.45 10.79 38.31 38.01 37.74 37.62 27.80 27.89
D90/µm 82.44 29.56 84.07 30.30 83.66 82.03 83.29 83.01 64.06 65.31
Category regular ultrafine regular ultrafine regular regular regular regular fine fine

Table 6. The particle sizes (D10, D50 and D90) of powders prepared by Formula 3.

Formula 3 A3 B3 C3 D3 E3 F3 G3 H3 I3 J3

D10/µm 11.70 2.81 11.13 2.78 11.06 11.23 11.16 11.57 9.32 9.21
D50/µm 38.16 10.62 38.50 10.65 37.84 38.36 38.43 37.96 27.44 28.66
D90/µm 83.55 30.31 84.05 29.72 82.71 83.21 83.56 83.21 62.23 64.27
Category regular ultrafine regular ultrafine regular regular regular regular fine fine

3.2. Flow Abilities of Powders

The flow abilities of Powders A and C, E and G, J and K were compared, and the
results are listed in Tables 7–9. The results show that the flow abilities of Powder E prepared
by the new method were similar to that of Powders A, C, G, J, and I, which were produced
by the conventional extrusion method.
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Table 7. The flow ability of powders prepared by Formula 1.

Formula 1 AOR AVA

A1 47.2 53.6
C1 47.7 53.4
E1 45.5 54.0
G1 46.2 53.3
J1 45.3 53.1
I1 44.9 53.4

Table 8. The flow ability of powders prepared by Formula 2.

Formula 2 AOR AVA

A2 45.2 55.2
C2 43.9 54.7
E2 44.6 54.1
G2 45.1 52.1
J2 44.5 71.1
I2 43.6 54.8

Table 9. The flow ability of powders prepared by Formula 3.

Formula 3 AOR AVA

A3 46.8 56.2
C3 47.5 55.9
E3 46.6 55.7
G3 46.4 56.2
J3 47.3 55.1
I3 46.6 55.4

Fine powders such as Powder J2 had an inferior flow property in terms of the AVA
value, indicating the cohesive nature of powder with a reduced particle size. Due to this
shortcoming, fine Powders J1, J2 and J3 were not sprayed as coatings.

3.3. Coating Colors

The color readings of the coated panels prepared by Powder G were used as mea-
suring standards, and the results are listed in Tables 10–12. The slight color differences
(∆Ecmc ≤ 0.4) of the coated panels prepared by Powder E versus the ones prepared by
Powder G indicated that this new method of ultrafine powder mixing and pressing of-
fered adequate color-matching accuracy, and that a good mixing and dispersion of the
ultramarine pigment was achieved. However, the panels prepared by Powders H1 and H3
(by blending of regular Powders A and F) had significant color differences (∆Ecmc ≥ 1.0)
compared to the ones prepared by Powders E and G, indicating an insufficient dispersion
of the ultramarine blue.

Table 10. The coating color differences of coated panels prepared by Formula 1.

Formula 1 CIE ∆L* CIE ∆a* CIE ∆b* CIE ∆ECMC

E1 47.60 24.76 25.45 0.53
G1 47.68 23.93 25.01 0.00
H1 48.06 25.9 26.73 1.25
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Table 11. The coating color differences of coated panels prepared by Formula 2.

Formula 2 CIE ∆L* CIE ∆a* CIE ∆b* CIE ∆ECMC

E2 25.89 –0.67 –0.67 0.02
G2 25.87 0.00 –0.67 0.00
H2 26.03 –0.01 –0.73 0.15

Table 12. The coating color differences of coated panels prepared by Formula 3.

Formula 3 CIE ∆L* CIE ∆a* CIE ∆b* CIE ∆ECMC

E3 46.92 –1.10 –4.48 0.21
G3 47.32 –1.16 –4.53 0.00
H3 45.94 –1.13 –5.51 1.26

3.4. Coating Surface Qualities

The surface qualities of coatings, in terms of the specular gloss, DOI and reflection
haze, prepared by Powders A and C (both without the ultramarine blue), E, G, and H (all
with 3% ultramarine blue) were compared, and the results are listed in Tables 13–15.

Table 13. The coating surface quality results of coatings prepared by Formula 1.

Formula 1 20◦ Specular Gloss 60◦ Specular Gloss DOI Reflection Haze

A1 42.08 80.55 16.17 26.94
C1 35.35 74.89 13.76 27.67
E1 35.81 77.00 10.28 26.43
G1 42.86 81.96 15.62 27.52
H1 34.27 74.90 4.67 30.50

Table 14. The coating surface quality results of coatings prepared by Formula 2.

Formula 2 20◦ Specular Gloss 60◦ Specular Gloss DOI Reflection Haze

A2 76.03 93.23 85.27 5.80
C2 74.57 91.97 61.33 7.77
E2 80.2 91.63 55.20 8.83
G2 84.3 92.87 69.67 6.43
H2 76.9 91.80 38.77 11.53

Table 15. The coating surface quality results of coatings prepared by Formula 3.

Formula 3 20◦ Specular Gloss 60◦ Specular Gloss DOI Reflection Haze

A3 57.55 82.75 56.05 12.65
C3 48.65 80.45 44.25 14.85
E3 63.95 86.10 70.45 8.95
G3 68.95 89.15 76.10 6.50
H3 43.70 77.90 25.40 16.30

The results demonstrate that the surface qualities of the coatings prepared by Powder E
were close to those of coatings prepared by Powder G, and the qualities of the coatings pre-
pared by Powder H using the mixing of regular powders exhibited the lowest performance.

3.5. Morphology of Powder Particles

Figure 3 shows the SEM images of Powders G1, G2, G3, E1, E2 and E3. The raspberry-
like particles of Powder G prepared by the pressing method have a similar particle size
distribution as Powder E prepared by the conventional extrusion and pulverization method.
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3.6. Morphology and Composition Analyses of Coated Panels

Figure 4 shows the SEM images and EDS mapping of the coating cross-sections. Com-
paring the distribution of Al, the ultramarine pigment had a similar degree of distribution
in Coatings E (E1, E2, and E3) and G (G1, G2, and G3), whereas the distributions in Coatings
H (H1, H2, and H3) were significantly inferior. Larger amounts of voids and filler agglomer-
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ations were present in Coatings H2 and H3 compared to E2, G2, E3, and G3. A comparable
dispersion of the pigment and filler demonstrated applicability of the new method.
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4. Conclusions

To solve the intrinsic shortcoming of color-matching and adjustment of powder coat-
ings, a novel method comprised of the mixing, pressing and grinding of ultrafine powders
was invented in this study. Every aspect of Powder E, produced by mixing two ultrafine
powders, was close to the conventionally produced Powder G, demonstrating that this
method is feasible for the color matching of powder coatings, especially for small batches
which require the thorough cleaning of equipment. Such as in liquid coatings, color pastes
(concentrated pigment dispersion in binders and solvents) can be manufactured with single
pigments, such as DPP red, phthalocyanine blue, carbon black, isoindolinone yellow, etc.,
and these pastes can be blended to match compound colors to cover almost the entire color
space. These single pigment color powders can have the same function in powder coating
manufacturing. This method can save energy and worktime involved in extrusion, and
remove the workload of cleaning an entire production system for small batches.
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