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Abstract

The metallic effect powder coatings (MEPC), composed of regular powder coating materi-

als and metallic pigments, share an increasing market because they provide an aesthetic metal-

lic effect and also enhance protection. Mainstream industrial production employs a thermal

bonding technology to incorporate and immobilize the metallic pigments to coating particles.

However, a series of inherent shortcomings of the thermal technology have affected the promo-

tion and deployment of MEPC, such as mis-bonding, metallic flake deformation, inability for

high-temperature bonding, etc. To address these issues, cold, single-component-heating (SCH)

and microwave bonding methods have been proposed and tested in this thesis work.

The cold and SCH bonding methods both were shown to have enhanced bonding quality

and small Al-content relative difference of less than 5%, but could not compete with the mi-

crowave bonding method that has high heating rates and easy real-time control, and is more

readily for industrialization. A thorough study on the microwave bonding method from lab to

industrial experiments provided a comprehensive understanding of the process and mechanism

of microwave bonding including the bonding quality and color stability. Microwaves exhibited

significant advancements in heating rate (10-23◦C/min), which enabled a much higher produc-

tion efficiency and a lower energy consumption than the current bonding technology. In the

microwave bonding, the temperature of particles is easy to control. Furthermore, the bonding

quality increased by 100% and the color is much more stable compared to the current commer-

cial method. Based on solid experiments and reliable results, the microwave bonding devices

have been scaled up from lab-scale (0.05 kg/batch) to pilot-scale (10 kg/batch) and finally

to industrial-scale (100 kg/batch). The industrial microwave bonding machine successfully

overcame the shortcomings of the current commercial bonding machine, and achieved better

bonding quality and more stable color with higher productivity and less energy consumption.

In conclusion, the microwave bonding method shows obvious superiority over the current

bonding technology, as well as the cold and SCH bonding methods studied here. It avoids

the current shortcomings of bonding, provides better bonding quality and color stability, and

achieves higher production efficiency. The industrial-scale microwave bonding machines are

expected to replace the current bonding machines in the very near future.

Keywords: Microwave bonding, metallic pigment, powder coating, CFD simulation.
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Summary for Lay Audience

Powder coating is an environmentally friendly painting process that has 100% solid in-

gredients of resin, pigment, filler, and additives. The excluding of solvent avoids atmosphere

pollution. Metallic effect powder coating (MEPC) provides a finish with high protection and

sparkling (metal) effect that has been heavily applied in the fields of domestic appliances,

building materials, automobile parts, electronic instrumentation and other industrial products.

The most important production procedure for MEPC is the bonding treatment that aims to

bond the coating particle with metallic pigment to ensure the color stability of the final films.

The current commercial bonding technology employs high-speed stirring and water/oil jackets

to heat and bond the two components. However, there are several inherent shortcomings, such

as mis-bonding, bending and grinding of metallic pigments, high-temperature bonding, etc.

In this work, to overcome the above shortcomings and improve bonding quality, sev-

eral bonding methods have been proposed and tested. Cold bonding is using water-soluble

binders to bond the coating particles and metallic pigments at room temperature. In the single-

component-heating bonding, the metallic pigments are heated alone and then immediately dis-

persed into the fluidized coating particles to bond them. At last, the microwave bonding method

has been established and developed, which selectively heats the two materials and bonds them.

The microwave bonding device has been scaled up from lab-scale (0.05 kg/batch) to pilot-scale

(10 kg/batch) and finally to industrial-scale (100 kg/batch).

The bonding quality and color stability of the bonded samples were analyzed by a series

of characterizations, such as ash test, gas-volumetric analysis, FTIR, optical microscope, col-

orimeter, SEM, and EDS. The results show that the microwave bonding method obtains better

bonding quality and color stability than the cold, SCH and current commercial bonding meth-

ods. More specifically, the bonding rate increased from 35% to 72% and the color difference

decreased from 2.9 to 0.3. In addition, microwave bonding device provides higher productivity

with lower energy consumption compared to the commercial technology.

In summary, the microwave bonding method gains better bonding quality and higher color

stability than the current commercial bonding technology. The industrial microwave bonding

machine is expected to replace the current bonding machine and create enormous commercial

value in the near future.
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1 Introduction

1.1 General Introduction

Coating is applied to the surface of an object by different coating processes to form a solid

covering with strong adhesion, continuity, and sufficient strength. The covering formed in this

way is generally called film that mainly provides protection and decoration with the substrate.

Coatings are mainly composed of resins, solvents, pigments, fillers, and additives. There is

no agreement on the origin of coatings so far in academic circles. From 2003 to 2004, archaeol-

ogists in South Africa discovered a 100000-year-old mixture of artificial ochre in the Blombos

Cave, which can be used as a pigment [1]. In 2011, further excavation in the same cave led

to the discovery of the complete tool for grinding pigments and the material for manufactur-

ing the original pigments [2]. About 40000 years ago, some cave murals were painted with

primitive pigments (red or yellow ochre, hematite, manganese oxide, and charcoal) [3]. About

7000 BC, China began to use natural resins as film-forming materials called Daqi. This kind

of paint film is rare now due to produce a pungent and harmful odor. In the middle of the 18th

century, steam engine equipment began to be used to grind paint pigments, and people found an

approach to replace lead-based pigments in white zinc oxide derivatives. In the 19th century,

interior painting became increasingly popular because it could not only decorate the indoor

environment but also prevent the walls from rotting due to moisture. At this time, linseed oil

was increasingly used as a cheap solvent. Man-made resins or alcohols were invented to work

as a solvent because World War II affected the supply of linseed oil and caused a shortage of

linseed oil. Because of the low price, easy fabrication, abundant colors, and good durability,

these man-made solvents were quickly promoted to the market.

It was only in the middle of the 19th century that fast-drying coatings were made by dis-

solving solid natural resins with solvents. Among them, the most simple waterborne coating

is a lime emulsion. About one hundred years ago, some people added emulsified linseed oil to

modify the lime emulsion, which is probably the earliest latex paint. Since the 1970s, due to

the establishment of environmental protection law, lots of countries have restricted the emis-

sion of organic solvents and harmful substances, thus limiting the use of paint [4]. In addition,

1
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75% of the paint manufacturing raw materials come from the petrochemical industry. Due to

the economic crisis in western industrial countries and the adjustment of oil prices in the Third

World countries, more countries generally require energy and resource conservation, which

further limits the use of traditional organic paint.

Based on the above reasons, Gustin et al invented the powder coating in the 1960s [5]. It

is a 100%-solid powder coating composed of four components, solid resin, pigments, fillers,

and additives. Different from the traditional solvent-based coatings and waterborne coatings,

its dispersion medium is not solvent or water, but air. Hence, powder coating has no solvent

pollution, 100% film formation, low energy consumption, and is a very eco-friendly coating.

Powder coatings are fabricated by the steps shown in Fig. 1.1:

1. premix the four components and transfer them into an extruder;

2. extrude the powdered components into chips at a certain temperature;

3. grind the chips into powder with expected size;

4. obtain final products after sieving the powder.

Figure 1.1: The production process of powder coating [6].
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The spraying process of powder coating also differs from the liquid paints, which usually

employs an electrostatic system. A most general spraying process is given in Fig. 1.2. The

powder coating is first fluidized by the air and pneumatically transported to a electrostatic gun.

The coating particles capture electrons and ions when passing the nozzle and deposit onto

grounded substrates. The Most important advantage of this process is that the usage of powder

coating can reach almost 100% by reclaiming and re-spraying the over-sprayed particles.

Figure 1.2: The spraying process of powder coating.

According to the report of Global Market Forecast to 2025 [7], the market size for powder

coatings is projected to grow from USD 11.6 billion (2020) to USD 14.9 billion (2025). Strong

growth can be found in the powder coatings market in China, India, and South-East Asian

countries. Since the pigment, filler, and additives are similar to the traditional paint, this chapter

will introduce the powder coatings by resin types. In addition, some attentions will be put on

metallic effect powder coatings which is the main research object of this thesis.

1.1.1 Thermosetting powder coatings

At present, the main varieties of thermosetting powder coatings on the market are: polyester

powder coatings, epoxy powder coatings, epoxy-polyester powder coatings, polyurethane pow-

der coatings, acrylic powder coatings, fluororesin powder coatings, etc.

Polyester powder coatings
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Polyester powder coating is the most widely used weatherable powder coating on the mar-

ket, applied on many substrates, such as aluminum materials for doors and windows, road

marker posts, accessories or hubs of bicycle body, automobile and motorcycle, air conditioner

shell, handrail and fence, and agricultural equipment [8]. The polyester resin structural formula

is shown in Fig. 1.3:

Figure 1.3: The structural formula of polyester resin for powder coating.

The common curing agents of polyester powder coatings are TGIC (triglyceride isocyanu-

rate) and HAA (hydroxyalkyl amide) [9]. The curing reaction of TGIC and polyester resin is

shown in Fig. 1.4, which is an addition reaction between epoxy and carboxyl groups.

The advantages of TGIC polyester powder coatings are listed as below:

1. The film has strong weather resistance.

2. No byproducts such as water or ethanol in the curing reaction, so there are usually no
pinholes and pockmarks in the coating.

3. Polyester resin has a good heat resistance and is not easy to yellow when curing.

4. The adhesion between polyester resin and substrate is generally strong, so primer is not
necessary.

5. Good chemical resistance.

Figure 1.4: The cross-linking reaction of TGIC polyester powder coating.
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TGIC powder coatings also have some disadvantages:

1. The alkali resistance is slightly poor due to the carboxyl groups.

2. TGIC has a degree of irritation and will slowly absorb water in the air, so the powder

coating also has a little irritation and need to be stored drily.

Another commonly used curing agent, HAA [10], contains four hydroxyl groups, and its

structural formula is given in Fig. 1.5. The curing reaction is presented in Fig. 1.6. The hy-

droxyl and carboxyl groups condense and release water molecules during the curing. The

advantage of HAA polyester powder coating is that it has no irritating smell and is not harmful

to the skin. But the disadvantage is that the heat resistance is not as good as the TGIC type,

and pinholes tend to form in the film due to the byproduct of water, especially when the film is

thick.

Figure 1.5: The structural formula of HAA.

Figure 1.6: The cross-linking reaction of HAA polyester powder coating.

Epoxy powder coatings

Epoxy powder coating is the earliest thermosetting powder coating on the market, which

has a wide range of uses and a large number of varieties. It is mainly used in inner and outer

walls of pipes, agricultural machinery, kitchen supplies, marine equipment, building materials,

interior decoration, and electrical insulation coating [11]. The structural formula of epoxy resin

is exhibited in Fig. 1.7:

The main advantages of epoxy powder coatings:
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Figure 1.7: The structural formula of epoxy resin.

1. The film has good leveling property due to the low melt viscosity of the epoxy resin

and there are no small-molecule compounds generated during curing, so the coating is

generally smooth and even without pinholes and other problems.

2. The film has good adhesion to the substrate due to the existence of hydroxyl, thus primer

is not necessary generally.

3. The film has high scratch resistance as well as good chemical and corrosion resistance.

4. There are many kinds of curing agents for epoxy powder coating, enabling it is adaptable

for many fields.

The curing agents commonly used for epoxy powder coatings are dicyandiamide and its

derivatives. The curing reaction between them is shown in Fig. 1.8. The curing temperature

of dicyandiamide is as high as 200◦C and its compatibility with the resin is not good enough.

Thus, additional curing accelerators are necessary to help the curing, such as imidazole, guani-

dine, hydrazine, and guanidine [12]. One of the derivatives, substituted dicyandiamide, was

obtained by the following two steps: a) add ammonia to dicyandiamide; b) replace the alkyl

with aromatic organic compounds. This modified dicyandiamide has better compatibility with

epoxy resin and lower curing temperature.

Figure 1.8: The cross-linking reaction of dicyandiamide and epoxy resin.
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Another mostly used curing agent is dicarboxylic acid diacid hydrazine (DADH), and its

curing reaction is shown in Fig. 1.9. Group R could be alkane or aromatic hydrocarbon. Since

DADH is a long-chain aliphatic organic compound, the flexibility of this kind of paint film is

excellent. In addition, some curing agents, such as imidazole, phenolic resin, anhydride, etc,

are also frequently used in epoxy powder coatings.

Figure 1.9: The cross-linking reaction between DADH and epoxy resin.

Epoxy-polyester powder coatings

Epoxy-polyester resin is a mixture of polyester and epoxy resin, which are curing agents

for each other. The polyester resin used here is different from that of pure polyester powder

coating, for instance, substituent group and chain length. It was first popularized and used in

Europe as interior paint, and now it is also the most widely used powder coating with the largest

output in China. It is mainly used for the surfaces of the automobile, household appliances,

metal furniture, indoor fitness equipment, instrumentation, radiator, etc [13]. The curing is an

addition reaction between the carboxyl and epoxy groups, as shown in Fig. 1.10.

Figure 1.10: The cross-linking reaction of epoxy-polyester powder coating.

The advantages of epoxy-polyester powder coating:

1. The film has fewer pinholes and other defects due to no byproduct during curing reaction.
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2. It has a variety of characteristics due to the variety of epoxy and polyester resins.

3. Films are smooth and even due to the low melt viscosity of resins.

4. The film has good adhesion to the substrate, good mechanical properties, and does not

need a primer.

5. The alkali resistance is slightly poor, and the resistance to other chemicals is close to that

of epoxy powder coatings.

6. The film has super decoration performance, good resistance to over baking, and excellent

appearance fullness.

However, epoxy-polyester powder coating has an obvious disadvantage, bad weather resis-

tance, so it is usually used indoors. Although reducing the content of epoxy resin can improve

the weather resistance, it is still not as good as pure polyester powder coating.

Polyurethane powder coatings

Polyurethane powder coating is mainly composed of hydroxyl polyester resin, blocked iso-

cyanate resin, pigment, filler, and additives. It is known as one of the main weatherable powder

coatings, widely used in bicycles, motorcycles, street lamps, air conditioners, refrigerators,

doors and windows, washing machines and other household appliances, high-end furniture,

and automobile industries [14]. The reaction between hydroxyl polyester and blocked iso-

cyanate resin is shown in Fig. 1.11.

Figure 1.11: The cross-linking reaction of polyurethane powder coating.

The advantages of polyurethane powder coating:

1. The film has excellent leveling property because the sealant will not react with the

polyurethane resin before unsealing, which allows it has enough leveling time.
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2. Good adhesion to substrates and no primer is needed.

3. The film has good physical and mechanical properties and chemical resistance.

4. The formula range is wide, so the film with different performance requirements and

curing speed can achieve.

The biggest disadvantage of polyurethane powder coating is that air pollution due to the re-

lease of the sealant during the curing. This is also easy to cause pinholes or bubbles, especially

when the film is thick. Therefore, it is necessary to reduce the amount of sealants as much as

possible and consider the use of non-toxic sealants. At present, a new internal sealant (urea

diketone) was synthesized that will not release gases, which significantly avoids air pollution

and reduces the pinholes.

Acrylic powder coatings

Acrylic powder coating is also one type of weather-resistant powder coating, usually ap-

plied in the fields of automobile, high-end furniture, electronics, etc [15]. The main resin and

curing agent systems are as follows:

1. Glycidyl acrylic resin, polycarboxylic acid curing agent;

2. Hydroxyl acrylic resin, blocked isocyanate or amino resin curing agent;

3. Carboxylic acrylic resin, TGIC curing agent;

4. Acrylamide self-crosslinking system;

5. Acrylic resin, epoxy, or polyester resin curing agent.

The resin of acrylic powder coating is polymerized acrylic acid, whose structural formula

is shown in Fig. 1.12.

Figure 1.12: The structural formula of acrylic resin.
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Here, the first system is taken as an example. The curing agents of glycidyl acrylic resin

include polycarboxylic acid, polyanhydride, and polyphenol. Aliphatic dicarboxylic acid is one

of the most commonly used curing agents, and the curing reaction is illustrated in Fig. 1.13.

Figure 1.13: The cross-linking reaction of glycidyl acrylic resin.

The main advantages of acrylic powder coatings:

1. Excellent mechanical properties and good chemical resistance.

2. The exposure, stain, and weather resistance of the film are better than other thermosetting

powder coatings, so it is most suitable for outdoor high decorative coating.

However, acrylic powder coating also has several distinct disadvantages, such as high cost,

high melt viscosity, and poor film leveling.

Fluororesin powder coatings

Thermosetting FEVE fluorocarbon powder coating is a kind of heavy-duty anticorrosion

coating, which has superior protection performance in heavy pollution and strong corrosion [16].

It is broadly applied in the chemical industry, construction, machinery, household products

and other fields. FEVE fluorocarbon resin is a copolymer of fluoroolefins and alkyl vinyl

ethers/esters, whose fluorine content can reach 20-35%. The curing process is the reaction be-

tween the hydroxyl group from FEVE fluorocarbon resin and the blocked isocyanate resin as

shown in Fig. 1.14.

FEVE fluorocarbon powder coating has excellent weather, chemical, corrosion and pollu-

tion resistance, but poor surface gloss, high curing temperature and high cost.
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Figure 1.14: The cross-linking reaction of FEVE fluorocarbon powder coating.

1.1.2 Thermoplastic powder coatings

Currently, the frequently used thermoplastic powder coatings are polyethylene, polyvinyl

chloride, polyamide, fluororesin powder coatings, etc.

Polyethylene (PE) powder coatings

The structural formula of PE resin is shown in Fig. 1.15. PE powder coating has excellent

corrosion resistance and electrical insulation, good chemical and ultraviolet radiation resis-

tance. However, the film shows bad mechanical strength and poor adhesion to the substrate. It

can be used for impeller, chemical tank, pump, the inner wall of a pipe, inner net plates of a

refrigerator, metal plate, automobile parts, etc [17].

Figure 1.15: The structural formula of polyethylene resin.

Polyvinyl chloride (PVC) powder coatings

Fig. 1.16 presents the structural formula of PVC resin. PVC powder is one of the cheapest

polymers for industrial mass production. PVC film has excellent solvent resistance, impact

resistance, salt spray resistance, good corrosion resistance to water and acid, and has the ability

to prevent food pollution. Hence, PVC powder coatings are mainly used for painting steel

furniture, metal mesh, chemical equipment, etc [18].

Figure 1.16: The structural formula of polyvinyl chloride resin.

Polyamide powder coatings
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It is also known as nylon powder coating. The structural formula of polyamide resin is

shown in Fig. 1.17. The melting point of polyamide resin is generally high, mainly because

the N atom of the amino group in the resin molecule is easy to form hydrogen bonds with

an adjacent hydrogen atom. Nylon has the advantages of high impact resistance, mechanical

strength, wear resistance, low hardness and friction coefficient, and low dust absorption, which

can be used for spraying parts with special requirements, such as pump impeller, marine pro-

peller, textile machinery parts, motorcycle bracket, automobile wheels, etc. In addition, since

nylon would not be eroded by mold or promotes bacterial growth, and has excellent saltwater

resistance, it is very suitable for spraying objects immersed in or in contact with sea water [19].

At the same time, because nylon powder coating is nontoxic, tasteless, and inert to mold and

bacteria, it is also heavily used in the food industry, such as drinking water pipes and food

packaging.

Figure 1.17: The structural formula of polyamide resin.

Fluororesin powder coatings

Some structural formulas of fluororesins are shown in Fig. 1.18. Many kinds of fluoropoly-

mers can be used as powder coatings, such as polytetrafluoroethylene (PTFE), Polychlorotri-

fluoroethylene (PTFCE), polyvinylidene fluoride (PVDF), etc [20]. The melting point of PTFE

is 327 ◦C, and it is able to work for a long time in the range of −160 to 260 ◦C. It has excellent

corrosion resistance and does not dissolve even in aqua regia. It also has excellent dielectric

properties, a very low friction coefficient and self-lubrication. Although the price is high, it

has been widely applied in petroleum, sealing, chemical anticorrosion coating, electronic ma-

terials, ship launching guide rail and non-stick pot coating. PTFCE is cheaper than PTFE, and

the production temperature is also much lower. The coating is very stable when works below

130◦C. Its resistance to alkali and hydrogen fluoride is better than enamel, and the resistance

to sulfuric acid and chlorine is better than stainless steel. It can be applied on many fields,

such as anticorrosion equipment or reactors for chemical factories, pesticide plants, pharma-

ceutical manufactures. The main advantages of PVDF powder coatings are excellent weather
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resistance, dust resistance and lasting luster when used outdoors.

Figure 1.18: (a) PTFE; (b) PTFCE; (c) PVDF

1.1.3 Metallic effect powder coatings

Metallic effect powder coating, the main research object in this thesis, is a type of paint

that mainly consists of general powder coating and metallic pigments. The most important

production procedure for this type of coating is the bonding process, aiming to bond the two

materials to ensure the color stability of final films [21]. The bonding process starts with

making the surfaces of coating particles sticky by heating them to glass transition temperature

(Tg). The metallic pigments then adhere to the sticky surfaces and bonded particles will be

formed finally. Fig. 1.19 shows the diagram and picture of a commercial bonding machine,

which uses high-speed stirring and water/oil jacket as heating sources. Due to the heating

modes, there are many inherent drawbacks, such as low heating rate, bending or grinding of

metallic pigments, high-temperature bonding, mis-bonding, etc.

For powder coating that has been introduced in the above sections, metallic pigments will

be focused here. In industry, Aluminum, Copper, Zinc, Mica, and Pearlescent pigments are

frequently used in powder coatings.

Aluminum pigment

Aluminum pigment, also known as “silver pigment”, is in the shape of a flake with a diam-

eter of 5-70 µm as shown in Fig. 1.20. Al pigment is the most widely used metallic pigment

in powder coating because of its low price, wide use, and large demand. The Al pigment

is generally manufactured by ball milling the aluminum foil with the protection of inert gas

or petroleum solvent. Sometimes, for better protection or other purposes, the surfaces of Al

pigment are covered by specific materials, such as acrylic resin, silica, stearic acid, alumina

and oleic acid. Al pigmented powder coating has heavy applications in the fields of high-end
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Figure 1.19: The diagram (a) and picture (b) of the commercial bonding machine.

furniture, domestic appliances, automobile parts, bike parts, electronics, etc [22]. The charac-

teristics of Al pigment are listed below.

Figure 1.20: Images of aluminum pigment.

a. Covering

As stated that Al pigment is flake-like, and the ratio of the diameter and thickness of the

flake is in the range 40:1 to 100:1. Al pigments in powder coating tend to parallel with the

substrate during the curing. Many Al pigments connect with each other to form a continuous

metal film, covering the substrate and reflecting the light. The covering property of Al pig-
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ment largely depends on the value of the superficial area. The greater the ratio of diameter to

thickness, the better the covering property.

b. Shielding

As mentioned, Al pigments form continuous metal films inside the coating, which cut off

the capillary pores of the coating and impede water and gas to reach the bottom through these

pores. This is the physical shielding property of Al pigment in coatings.

c. Optical properties

The surface of Al pigment is smooth and bright, which has the ability to reflect 60% - 90%

of visible, ultraviolet and infrared lights. This property provides a film with a sparkle and shiny

appearance.

Copper pigment

The copper pigment is usually used to mimic gold color in powder coatings. It is produced

by ball milling the coarse copper powder and stearic acid or its esters into small and bright

flakes. The pigment made by copper-zinc alloy powder provides red- or green-light gold color,

and copper-tin alloy powder presents the color ranging from bronze to gold bronze.

Zinc pigment

At present, zinc pigment is mainly used in anticorrosion powder coating that is also called

zinc-rich powder coating. The zinc pigment concentration of this coating can be as high as 80

wt%. It is manufactured by evaporating zinc into vapor under nitrogen protection, followed

by rapid condensation to form spherical zinc particles. The faster the condensation rate, the

smaller the particle size. The oxygen content in the condenser should be strictly controlled to

ensure the purity of the product and the zinc oxide content should be controlled below 6 wt%.

Mica and pearlescent pigment

Mica powder is a kind of silicate with a layered structure, which mainly consists of three

layers. The top and bottom layers are silicon oxide tetrahedron and the middle layer are usually

aluminum oxide octahedron. The mica pigment is prepared by splitting the mica powder into

a very thin sheet, and the sheet thickness can be less than 1 µm. The pearlescent pigment is
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a layered composite, which is composed of a substrate and covering layer. The substrate is

usually natural muscovite, silica, aluminum, or mica, and the covering is titanium dioxide, iron

oxide, ferrocyanide, or carmine, etc. Compared to metallic luster, the mica and pearlescent

pigments both have a Flip-Flop or two-tone effect, which results from the alteration of the

luminance sensation during modification of the viewing angle. This mainly because these

layer structures of the two pigments enable them to have a multipath reflection of light.

1.2 Objectives

The overall objective of this research is to achieve high bonding quality and color stability

for the metallic effect powder coating. Some new bonding methods have been also established

and developed to avoid the drawbacks of the current commercial bonding technology. The final

goal of this work is to replace the existing commercial bonding machine by our self-designed

bonding device with better bonding quality.

1.2.1 Specific objectives

1. Establishments of the new bonding methods

(a) Cold bonding method by using adhesive polymers;

(b) Single-component-heating bonding method via heating the metallic pigment alone;

(c) Microwave bonding method based on the selective microwave heating.

2. Optimization of bonding parameters in different bonding methods

(a) Optimizing the usages of water and PVA/PA in cold bonding method;

(b) Adjusting the bonding temperature in the single-component-heating bonding method;

(c) Optimizing the motion mode, microwave power, stirring speed, rotating speed, and
bonding temperature of microwave bonding method;

(d) Applying microwave bonding to polyester, epoxy, PVDF powder coatings.

3. Industrialization of the microwave-bonding device

(a) Setting up a lab-scale microwave-bonding device with a two-directional rotating
drum;

(b) Design and construction of a pilot-scale device with a rotating drum;

(c) Modification of the pilot-scale device from the mode of rotation to agitation;

(d) Construction of an industrial-scale microwave bonding device with the mode of
agitation.
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1.3 Thesis structure

Chapter 1 The introductive chapter overviews the research background and specific

objectives of the thesis.

Chapter 2

Chapter 3

Chapter 3

In this chapter, the cold bonding method was established, which applies

PVA/PA to bond the coating particles and metallic pigments at room tem-

perature.

Chapter 3

Chapter 3

Chapter 3

To avoid mis-bonding, this chapter develops a new bonding method

(single-component-heating bonding method) which heating metallic pig-

ments alone to bond metallic effect powder coatings.

Chapter 4

Chapter 3

Chapter 3

The chapter includes the construction of a lab-scale microwave bonding

device and the preliminary exploration of using this device to bond a

polyester clear powder coating and aluminum pigments.

Chapter 5

Chapter 3

Chapter 3

This chapter reports on the expansion of the microwave bonding method to

bond other commercial powder coatings, such as polyester, epoxy, epoxy-

polyester, and PVDF powder coatings.

Chapter 6

Chapter 3

Chapter 3

In this chapter, the lab microwave bonding device (0.05 kg/batch) was

scaled up to pilot-scale one (10 kg/batch). This chapter summarizes the

optimizations of bonding conditions of the pilot-scale bonding device.

Chapter 7

Chapter 3

Chapter 3

To increase the bonding quality, the rotation of the pilot-scale microwave

bonding device was modified to agitation. The bonding conditions were

optimized and the bonding quality of samples was compared.

Chapter 8

Chapter 3

Chapter 3

The pilot-scale microwave bonding device (10 kg/batch) was scaled up to

industrial-scale one (100 kg/batch). The heating and bonding experiments

were conducted by this device.

Chapter 9 The agitator blade for the microwave bonding device was optimized by

CFD simulation to improve the uniformity of the stirring.

Chapter 10

Chapter 3

Chapter 3

To improve the flowability of fine powders and lower the curing temper-

ature of coatings, a bifunctional additive was prepared and then tested in

epoxy and epoxy-polyester powder coatings.

Chapter 11 This chapter summarizes the results from this research, and it provides

possible avenues for future work.
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2 Cold bonding method for metallic effect powder coating

2.1 Abstract

An efficient and simple method for preparing bonded metallic effect powder coating is in

high demand in the paint manufacturing and application industries. The bonding purpose is

to keep the content 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 (PA) 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 effects

were prepared. Finally, a good bonding quality with the lowest relative difference between

the contents of Al flakes in the original powder (before spray) and deposited powder (after

spray) 2.94% with PA 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

effect powder coating.1

Keywords: Powder coating; Metallic flakes; Bonding.

1With minor editorial changes to fulfill formatting requirements, this chapter is substantially as it appears in

the “Cold Bonding Method for metallic effect powder coatings.” Materials 11, no. 11 (2018): 2086, Wei Liu, Jing

Fu, Haiping Zhang, Yuanyuan Shao, Hui Zhang, and Jesse Zhu.
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2.2 Introduction

Metallic effect powder coating, which is a powder coating incorporated with metallic pig-

ment(s), has been gaining increased market share in recent years [1, 2, 3]. 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 alu-

minum, copper, nickel and zinc, are introduced for providing better aesthetic appearance and

protection. Metallic effect powder coatings are usually applied on premium products, for in-

stance, automotive, computer and high-end appliance parts etc. [4, 5, 6]. Their final films

exhibit extra shine and deepness to the color by introducing a metallic effect.

Initially, all metallic effect 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 [7, 8, 9]. 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 [10, 11]. This is one of the biggest advantages of powder coat-

ing [10]. 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 pig-

ment 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 [12, 13, 14]. This

difference of course leads to the inconsistency of the metallic pigment concentrations between

the over-sprayed powder (the part that fails to deposit onto the workpiece) and the original

coating powder, making the over-sprayed non-recyclable. Additionally, the electrostatic spray-

ing 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 the non-bonded product, such as metallic flakes accumulating on the head of the spray

gun, which has a high risk of discharging and burning [15]. On the contrary, a fully bonded

product can overcome all of these problems.
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Melt-extrusion and thermal bonding are the two methods used to produce bonded metal-

lic effect powder coating in current industries [16, 17]. The first approach follows the same

production process as 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 ef-

fect [18, 19]. 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 cham-

ber by high-speed stirring until the temperature precisely reaches the softening point (glass

transition temperature) of the coating powder [20]. Then, the sticky surface of the base parti-

cles 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 [20, 21]. If it is

under the softening temperature, there will be no bonding between metallic flakes and base

particles. 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 bond-

ing 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 [22]. Therefore, in order to ensure the quality of metallic

effect 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 effect powder coatings.

Thus, seeking an efficient, simple-operation and cost-saving bonding method is the objec-

tive of this paper, which is highly demanded expanding metallic effect powder coating to wider

applications, such as coatings for bikes, regular appliances, and decorative building materials.
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To achieve this objective, a novel cold bonding method through polymers by high-speed stir-

ring is proposed. If a polymers is water-soluble, adhesive as well as compatible with resin

(i.e., polyester in this paper), it can be the candidate binder. Based on previous work [23, 24],

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 a metallic pigment in all exper-

iments, 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 co-

hesive 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.

2.3 Materials and methods

2.3.1 Materials and equipment

The following materials were employed in this study: Aluminum flakes (SILBERCOTE PC

3101X, with inorganically treated surfaces) from Silberline Manufacturing Co., Inc. (Tamaqua,

PA, USA) was used as metallic pigments; Water-soluble polyacrylic acid (PA, A-725) from

Macklin Biochemical Co., Ltd. (Shanghai, China) and polyvinyl alcohol (PVA, 1788) 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.

Mixer (CBG100SC) from Applica Consumer Products, Inc. (Miramar, FL, USA) was per-

formed in Step 3 of the bonding process; Electrostatic powder coating system (Surecoat Man-

ual) 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 Mi-

croscope (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)
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and the final surfaces were characterized by an optical microscope (OT4975) from Mitutoyo

Inc. (Kawasaki, Japan).

2.3.2 Cold bonding process

The flow chart of the proposed cold bonding method for the metallic effect powder coating

is shown in Fig. 2.1. It started with the dissolving of the liquid binder (PA or PVA) by D.I.

water. Afterward, 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 the air for 24 h; the

final product was then collected.

Figure 2.1: The process of cold bonding method.

2.3.3 Analysis of bonding quality

At first, the non-bonded or obtained bonded coating powders were sprayed onto one side

of the Al panels (2 inch × 5 inch) by an electrostatic coating powder system at 30 kV and 30

µA. The spraying distance is 30 cm and the powder flow rate is approximately 50 g/min.

The bonded samples prepared by the cold bonding method were first analyzed by an ash

test [25], which aims at revealing the contents of Al flakes in the original powder (before spray)

and deposited powder (after spray). The sampling process of the ash test is shown in Fig. 2.2.
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Specifically, the original powder (bonded or non-bonded) was first sprayed onto a metal

panel through the electrostatic spraying system at different spray voltages (step 1). Then, the

deposited powder on the surface of the substrate was scraped off into a crucible, which was

labeled as “sample 2”; as illustrated in step 2. After weighing this sample, another sample with

almost the same mass as that of the “sample 2”; was directly taken out of the original powder

(step 3), and named “sample 1”. All powders and final films were treated by gold-sputtering

before SEM canning.

Original Powder

1. Electrostatic spray

Sample2Sample1

2
. Scrap

 o
ff

Figure 2.2: Sampling process for the ash test.

The ash test in this work is that burning samples at a high temperature (530°C) for 1.5 hours.

The polyester clear powder coating (which only contains polyester resin) in samples will be

burned into CO2, H2O, other gases and a trace amount of ash residual (0.02 wt%). However,

Al flakes are not affected by the high temperature except forming a micron-scale oxide film,

whose mass increase is negligible (0.04 wt%), on its surface. The equation for calculating the

content of Al flake in metallic effect powder coating is:

ω =
Mresidual

M0
× 100% (2.1)

where, ω is the Al content, Mresidual is the residual mass after the burning process. M0 is

the mass of the sample before burning. As a result, the Al content in the original powder

(before spray, ωori) and deposited powder (after spray, ωdep) can be calculated by Equation 2.1.

Obviously, a lower difference between ωori and ωdep means a better bonding.
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In order to have a better understanding on the results, the relative difference (∆ω) between

ωori and ωdep is defined by the following equation:

∆ω =
ωori − ωdep

ωori
× 100% (2.2)

where, ωori and ωdep are the contents of Al flake in the powder coatings before and after

spraying, respectively. It is clear that lower ∆ω represents a better bonding effect. To character-

ize the influence of the dosages of liquid binder (mb) and water (mw) on the relative difference

between ωori 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 particles and Al

flakes. Lastly, these samples were measured by a 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 a simple dry blending with no binder and water. The

final films were obtained from curing deposited powder and substrate at 180◦C for 15 minutes,

and the powder on the substrate was turned into a film after cross-linking reactions.

2.4 Results and discussion

2.4.1 Control samples

The particle size distribution of the non-bonded samples is shown in figure 2.3. The black

line is cumulative distribution (cumu%), which refers to the number or volume percentage

of particles larger or smaller than a certain diameter in unit volume; the dark gray area is

differential distribution (diff%), which is the number or volume percentage of particles in a

certain diameter range. The results show that the values of D10, D50 and D90 of the non-bonded

powders are 14.75, 39.16 and 95.91 µm, respectively. D10, D50, and D90 is the diameter value

of abscissa corresponding to the cumulative distribution of ordinate at 10%, 50% and 90%,

respectively. D50 is also known as the median size or the median particle size, which is often
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used to represent the average particle size of the powder. The physical meaning of D50 is that

particles larger than this size account for 50% and particles smaller than it also account for

50%.

Figure 2.3: Size distribution of the non-bonded sample.

Fig. 2.4 displays some of the Al flakes dispersed in the base particles, but no distinct bond-

ing is observed between these flakes and particles. An Al flake without any particle on its

surface is clearly seen at high magnification in Fig. 2.4B. This indicates there is no bonding

between the flake and particle. The aluminum scanning result (Fig. 2.4C) from EDS illustrates

the plate in Fig. 2.4B is an Al flake and those particles around the plate are coating powder. The

energy-dispersive spectrum observed in Fig. 2.4D further proves the flake is pure aluminum.

Table 2.1 presents the results of the ash test of Al content before and after spraying these

samples, where each experiment was repeated three times. It can be seen that the contents 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 particles.
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Figure 2.4: Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS)
images of control samples. A, B) SEM images of non-bonded sample; C) EDS scanning of aluminum
element; D) EDS spectrum of the rectangle area in B.

Table 2.1: Al content comparisons of non-bonded powder (30 kV).

ωori/wt% ωdep/wt%
# 1 2 3 Ave. 1 2 3 Ave.

Al% 2.14 2.17 2.15 2.15±0.02 5.05 5.10 5.08 5.08±0.03

2.4.2 bonded by PA

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 PA 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 2.2. All the values of

ωori 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 particles 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 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 content in the deposited powders is 5.08 ± 0.03 wt.%. After being
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bonded by 0.01 g PA, 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 PA 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 PA 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 PA, the values of ωdep

(2.25–2.10 wt.%) and ωori (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 effect powder coatings.

Table 2.2: Al contents (wt.%) of the samples before and after spraying tests (30 kV).

ωori/wt% ωdep/wt%

H2O/g
PA/g

0.01 0.03 0.06 0.01 0.03 0.06

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 relative difference between ωori

and ωdep (∆ω) was taken as a direct and quantitative judgment of bonding efficiency. Fig. 2.5

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 PA have the highest ∆ω,

exhibiting the worst bonding performance overall. As the amount of PA increases, the ∆ω

drastically decreases. The lowest ∆ω is obtained when the amount of PA is 0.06 g. This is

mainly because the bonding force increases with the dosage of the binder (PA). 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 abrasion from the base particles. It is evident that in the tested PA and water dosage

ranges, a higher amount of PA 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
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PA 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 PA with 0.2 g H2O is selected as the optimal formulation,

whose ∆ω is 2.94%. In summary, almost equal Al contents before and after spraying were

obtained using the cold bonding method with proper PA and water dosages, reflecting its great

potential to achieve a desirable bonding performance.

Figure 2.5: The relationship between ∆ω and the dosage of water and polyacrylic acid (PA)

The sample prepared by 0.06 g PA and 0.2 g H2O was further characterized. As shown

in Fig. 2.6, 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.

From the SEM images of Fig. 2.7, 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 a size increase.

This result also matches the conclusion of size distribution analysis. The EDS scanning for
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Figure 2.6: Size distribution of PA bonded sample.

aluminum reveals that there are some dark areas (blockage of aluminum scanning) on the Al

flake (Fig. 2.7C), which coincide with the locations of the small particles seen in Fig. 2.7B.

This proves that the bonding of small particles on the Al flake surfaces occurs. In addition,

the energy-dispersive spectra (Fig. 2.7D) of the rectangular area in Fig. 2.7B confirms that this

flake is comprised of aluminum. Small peaks of the elements of C and O are mainly caused

by PA. Above all, these images and element analysis verifies the ash test result that bonding is

indeed formed between Al flake and base particle.

2.4.3 Bonded by PVA

The previous results of PA have proved the potential of the cold bonding method for metal-

lic effect 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 PA when at the same concentrations (0.5–5 wt.%) [26, 27], 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 contents of PVA bonded samples

before (ωori) and after (ωdep) spraying. All the values ofωori 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
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Figure 2.7: SEM and EDS images of PA bonded samples. A, B) SEM images of cold bonded sample
by PA; C) EDS scanning of aluminum element; D) EDS spectrum of the rectangle area in B

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 effect

powder coating.

Table 2.3: Al contents (wt.%) of the samples before and after spraying tests (30 kV).

ωori/wt% ωdep/wt%

H2O/g
PVA/g

0.008 0.012 0.016 0.008 0.012 0.016

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

For further comprehending the relationship between ωdep and the dosages of PVA and wa-

ter, the results were calculated by Equation (2), as illustrated in Fig. 2.8. When bonded by

0.016 g PVA, all the relative differences are a little higher than 20%, which are much higher
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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 relative difference 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 relative difference increases from 0.56 to 5.62% with the

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 relative difference is 0.46%, which is gained

by 0.008 g PVA and 0.5 g water.

Figure 2.8: The relationship between ∆ω and the dosage of water and PVA

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 PA section (when

∆ω is 2.94%), the lowest ∆ω of PVA is a little lower than the one from PA. Overall, it is true

that PVA is also a strong liquid binder for the cold bonding method.

From the ∆ω analysis, the optimal sample is made by 0.008 g PVA and 0.5 g water. SEM
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and a size analyzer were applied to observe the bonding status of this bonded sample. The

results are shown in Fig. 2.9. 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.

Figure 2.9: Particle size distribution of PVA bonded sample.

Small particles bonding with large ones is also proved by the SEM images in Fig. 2.10A.

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 Fig. 2.10A.

This area was magnified in Fig. 2.10B, which clearly shows that both sides of Al flakes were

well-bonded with base particles. In addition, the EDS scanning result shown in Fig. 2.10C also

reveals there are some base particles bonded on its surface. Fig. 2.10D proves that the flake

in Fig. 2.10B is aluminum. The small peak in Fig. 2.10D around 2 keV was caused by gold

coating.

In order to visually prove the bonding effect, some final films were prepared. Because

the base coating powder is a 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 relative difference of Al content of the PVA sample (0.46%) is a little lower than

PA (2.94%), even with less dosage comparing to PA. Therefore, a final film, as shown in

Fig. 2.11C (thickness is 77.8 ± 6.1 µm), was obtained from a PVA bonded sample by spraying
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Figure 2.10: SEM and EDS images of PVA-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.

(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 Fig. 2.11A (75.5 ± 6.7

µm). The final film from non-bonded samples with 2 wt.% Al flakes is shown in Fig. 2.11B

(81.0 ± 5.6 µm). It can be seen that the original color of the substrate in Fig. 2.11B is less

exhibited than in Fig. 2.11C, that is to say, the Al content in the 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 shown in the top-right insert images found in Fig. 2.11.

These microscopic pictures further confirm the visual observation. This conclusion is also in

agreement with the ash test results, which show 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).

2.5 Conclusions

A cold bonding method using a water soluble resin binder for fabricating metallic effect

powder coating is proposed and tested. The results of the investigation suggest that: a) the

metallic effect powder coating can be well bonded by this cold method; b) the bonding effect
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Figure 2.11: Surface comparisons between final films from various samples. (A) Clear coat, (B) Non-
bonded sample, (C) Bonded sample.

is highly dependent on the dosages of binders (PA and PVA) and D.I. water; and c) the pro-

posed 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 confirma-

tion. By comparing the Al contents in the original coating powder and deposited powder, the

optimal formula in the tested ranges for PA (the lowest ∆ω is 2.94%) is 0.3 g Al flakes with

0.060 g PA 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 effect powder coating. Further studies are expected to find

other possible binders and establish a new approach for bonding the metallic effect powder

coating.
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3 Single-component-heating bonding for powder coatings

with metallic pigments

3.1 Abstract

With the increasing public focus on environmental protection and high-quality life, there

is a corresponding interest in metallic effect powder coating, owing to its zero VOC emission,

sparkling aesthetic appearance, and high protective property. Metallic effect powder coatings

are composed of two non-compatible ingredients: base powder coating(s) and metallic pig-

ment(s). In this work, a direct and quantitative characterization method, ash test, was first used

to analyze the powder utilization of the two components. Through this test, a comprehensive

investigation on dry-blending samples was performed at first, which aims at quantitatively re-

vealing the influence of non-compatibility on the utilization of metallic pigment. Furthermore,

to avoid production problems of the current industrial method (thermal bonding method), such

as pre-curing and metallic flake deformation, a novel bonding method—single-component-

heating bonding (SCHB)—was developed and assessed. The ash test shows these samples

were well-bonded when the heating temperature ranging from 75 to 150◦C. At last, a series of

surface comparisons suggest that the SCHB film has a similar surface quality to the commercial

one. This work investigated the utilization of metallic effect powder coating and demonstrated

SCHB has great potential in producing metallic effect powder coating, resulting in exploitation

of the powder paint industry.2

Keywords: Powder coating; Aluminum flakes; Bonding.

2With minor editorial changes to fulfill formatting requirements, this chapter is to be submitted to Coatings,

ISSN 2079-641, Wei Liu, Hui Zhang and Jesse Zhu.
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3.2 Introduction

Metallic effect powder coatings—powder coatings cooperated with metallic pigments—

have an increasing share of the powder paint market in the last few years, due to shiny metal-

effect surface and excellent protective performance [1]. Powder coatings have a similar formula

to traditional solvent-borne paints except for no solvents [2]. Metallic pigments are mostly

aluminum or copper flake for silver- or gold-color, respectively. Thus, metallic effect powder

coatings have the advantages of powder coatings and metallic coatings: no VOC emission and

aesthetic surface.

However, there is an inevitable problem in the production process that is the non-compatibility

between the two ingredients: coating particles and metallic pigments. This non-compatibility

comes from their huge distinctions in some physical properties, such as shape, resistance, den-

sity, and dielectric constant. This problem leads to different contents of metallic pigment in

original, deposited and over-sprayed powders, which will impede the recyclability of over-

sprayed powders when spraying by an electrostatic spraying system [3]. Recyclability of

metallic effect powder coatings is that over-sprayed powders (usually 10-40 wt% of the total

powder), which failed to deposit to a substrate at first spray, can be re-sprayed after recycled

by a collecting system. As a result of non-compatibility, the over-sprayed powder cannot be

re-sprayed, which contributes to high cost and material waste [2].

Although manufacturers and researchers know the non-compatibility is an annoying prob-

lem, there are few reports about how much impact this issue has on the content of metallic

pigment. Most manufacturers prefer to apply gloss and metallic travel angles to judge the

utilizations of metallic pigment [4], while these methods are indirect and inaccurate. Some re-

searchers also use SEM to make a direct observation [5], which is of course a direct approach,

but not quantitative. In this work, an ash test was carried out to have a direct and quantitative

characterization of the contents of metallic pigment.

Nowadays, there are two main production methods of metallic effect powder coatings. The

first one is dry-blending (small batch production): simply dry blending metallic pigments with

base powder coatings [6]. This process does not consider the influence of non-compatibility,

so the weight percentage of metallic pigments in the original and deposited powders would
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be different. In industry, workers usually evaluate the color difference by observation and

experience. Here, a new characterization method based on an ash test was established to quan-

titatively analyze the bonding quality. The precise analyses give some suggestions about the

application of dry-blending metallic effect powder coatings and also show a better understand-

ing of how the non-compatibility affects the utilization of metallic pigment.

The second one is the current commercial bonding method (thermal bonding technology),

which was invented to tackle the problem of non-compatibility by bonding coating particle

and metallic pigment [7]. In this approach, metallic pigments and coating powders are heated

in a chamber by high-speed stirring till the temperature exactly reaches the glass transition

temperature (Tg) of the coating powder [8, 9, 10]. Then the metallic pigments adhere to the

sticky surfaces of coating particles. After bonding, the bonded particles (metallic pigments +

base coating particles) will have similar physical properties (dielectric constant, density, and

resistance) with base coating particles. When spraying by an electrostatic gun, bonded and

base particles will carry a close number of electrons due to these similar properties [11], so the

content of the metallic pigment in the deposited powder would equal that in the original powder.

However, the temperature control of the blending process is critical within this method [5]. If

it was under the Tg, there will be no bonding between them. Once it exceeds this point by a

couple of degrees, coating particles are easily bonded with each other (mis-bonding) and may

even cause pre-curing. Moreover, the temperature is generally set slightly higher than the Tg to

ensure well bonding in industrial applications, which correspondingly increases the possibility

of mis-bonding and pre-curing of coating powders. These issues presenting in the thermal

bonding process limit the application level and field of the metallic effect powder coatings.

Therefore, in this paper, SCHB method was established to bond metallic pigments and coat-

ing particles. This method is just heating metallic pigments alone to bond rather than heating

coating powders and metallic pigments at the same time as mentioned in the thermal bonding

method. SCHB method avoids those disadvantages which exist in the current industrial bond-

ing method, such as mis-bonding between coating particles and metallic flake deformation. At

last, to assess the bonding quality from the SCHB method, a series of final surface comparisons

between SCHB and thermally bonded samples were proceeded.
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3.3 Materials and methods

3.3.1 Materials and equipment

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. High gloss polyester clear powder coating (D50 = 44

µm, with 7 wt% triglycidyl trimeric isocyanates as crossing linking catalyst, 9910-01289) from

TCI powder coating Co. (Ellaville, GA, USA) worked as base powder coating. Al panels (A-

2-3.5) from Q-Lab Co. (Westlake, OH, USA) were utilized as substrates. Commercial metallic

effect powder coating (HS-0460-S) from Prism Powder Coatings Ltd. (Concord, ON, Canada)

was used as thermal-bonded samples.

Ceramic electric heating sleeve (length: 129mm; internal diameter: 13mm; external diam-

eter: 17mm) from Yangling automation technology Co., Ltd (Shandong, China) performed as

a heater in the SCHB method. Electrostatic powder coating system (Surecoat Manual) from

Nordson Co., Ltd. (Westlake, OH, USA) was used for coating substrates. 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) with Energy dispersive X-ray (EDX) from Hitachi Limited (Tokyo, Japan) was em-

ployed 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. (NY,

USA). The final surfaces were characterized by an optical microscope (OT4975) from Mitu-

toyo Inc. (Kawasaki, Japan) and a 408 triple angle gloss & DOI meter from Elcometer Inc.

(Michigan, USA).

3.3.2 Single-component-heating bonding method

The device diagram of the SCHB method is shown in Fig. 3.1. Al flakes (∼1.0g) were first

heated to a certain temperature in a ceramic electric heater under the protection of nitrogen.

When the temperature was stable, the ultrasonic vibration for the sieve (140 mesh) was turned

on to help metallic pigments gradually disperse into the coating particles (∼49.0g) which were

minimum fluidized in an air-bed (internal diameter=8cm; height=25cm) [12, 13]. Stopping the
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flows of air and nitrogen after the metallic pigments are fed up, followed by the collection of

SCHB bonded samples from the fluidized bed.

Figure 3.1: Schematic diagram of the SCHB device. 1. Temperature sensor; 2. PTFE cylinder; 3.
Ceramic heating tube; 4. Vibrator; 5. Al flakes; 6. Ultrasonic sieve; 7. fluidized bed; 8.Coating powder.

3.3.3 Analysis of bonding quality

The bonding quality was analyzed by determining the Al content in original and deposited

powders via ash tests. The Al content in the original powder and deposited powder were

calculated by Eq. 3.1:

ω =
Mresidual

M0
× 100% (3.1)

where, ω is the Al content, Mresidual is the residual mass after the burning process, and M0 is

the mass of the sample before burning. The Al contents of original and deposited powders are

named ωori and ωdep, respectively. Obviously, a lower difference between ωori and ωdep means

a better bonding.

In order to have a better understanding on the results, the relative difference (∆ω) between

ωori and ωdep is defined by the following equation:
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∆ω =
ωori − ωdep

ωori
× 100% (3.2)

It is clear that lower ∆ω represents a better bonding effect. The selected powder samples

based on the ash test results were further characterized by SEM and EDS. These images can

directly show the bonding situation between Al flakes and coating particles. Secondly, the non-

nonded and bonded samples were tested by a laser particle size analyzer. After curing at 180◦C

for 15min, the deposited powders on the substrate were turned into films. These films were

measured by a triple-angle gloss & DOI meter to show their surface quality and then observed

by SEM (after gold-sputtering) and an optical microscope to analyze their microstructures.

3.4 Results and discussion

3.4.1 non-bonded samples

Film thickness is quite significant in the coating industry. It is directly proportional to the

mass of the deposited powder. When the mass of powder is 5.3 mg/cm2 and 11.6 mg/cm2,

the thicknesses are 39.5µm and 82.4µm, respectively. Generally, the thickness is between 60

to 80µm in the industrial application when the medium diameter of coating powder is around

40µm. The particle size distribution of the non-bonded powder is shown in Fig. 3.2, and the

medium diameter is 39.28 µm. To keep the film thickness around 60µm, the deposition mass is

kept at around 8.9 mg/cm2 during all these spraying processes.

Figure 3.2: The particle size distribution of the non-bonded powder
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At first, the non-bonded powder was sprayed at 90 kV and the Al contents were compared

in Table 3.1. The original Al content was 2.13%, but the deposited Al content largely reduces

to 1.03%. This means that the metallic effect was much less than it should be. As mentioned

in Chapter 2, the deposited Al content was about 5% when sprayed at 30 kV. The mechanism

for this difference will be discussed in Chapter 4.

Table 3.1: The original and deposited Al contents of non-bonded samples

ωori/wt% ωdep/wt%
# 1 2 3 Ave. 1 2 3 Ave.

Al% 2.10 2.15 2.14 2.13±0.03 1.02 1.05 1.04 1.03±0.02

3.4.2 SCHB bonded samples

Bonded samples were prepared by the self-designed bonding device shown in Fig. 3.1. To

find an optimal temperature to bond Al flakes and coating particles, various temperatures were

tested in this work. Based on former results on film thickness and spraying process, deposited

mass and spray voltage were kept unchanged at 60kV and 0.4g, respectively. The non-bonded

sample was obtained from the bonding device while there was no heating. The data in Fig. 3.3A

presents this sample contained 2.23 wt% of Al flake before spraying, but the Al content in the

deposited powder decreased to 1.08 wt%. The relative difference, depicted in Fig. 3.3B, is as

high as -51.57% calculated from Eq. (2). This means high content of Al flake added but less

metal effect was gained. Almost the same result was obtained when heating at 50◦C, which

means the coating particle is not softened or sticky at this temperature. While rising the tem-

perature to 75◦C, the ωori and ωdep are 2.25±0.01% and 2.26±0.08%, respectively. Precisely,

the relative difference (∆ω) is only around 0.38% from the results exhibited in Fig. 3.3B. It

implicates that the temperature at 75◦C is high enough to soften the surface of clear coating

particles (soften point is around 50◦C). After bonding temperature further increases from 75

to 150◦C, all the differences between ωori and ωdep are less than 0.16% (Fig. 3.3A) and the

values of ∆ω are lower than 15% (Fig. 3.3B), which are considered better when comparing

to the non-bonded samples. These results indicate that when the supplied heat is sufficient to

soften the clear coating particles, the SCHB method can gain good product. Meanwhile, this

approach is of no necessity for precise temperature control compared to the traditional thermal
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bonding method. No higher temperatures were tested given the higher cost and the protection

of Al flakes.

Figure 3.3: A) Comparisons between Al contents in the original and deposited powders; B) relative
differences of the Al contents in the original and deposited powders.

From previous results, the optimal bonded sample was obtained when bonding at 75◦C.

To directly observe the bonding effect in this sample, SEM and EDS were applied. The low-

resolution image in Fig. 3.4A shows some flakes disperse among plenty of coating particles.

And some obvious bonding can be found between flakes and particles, such as circled areas.

Meanwhile, much less separated Al flakes were found (dash circles). The blue and black dots

stand for the elements of Al and C, respectively. Fig. 3.4B and C present that about ten Al

flakes adhere to the surface of a big coating particle. The red spot in Fig. 3.4B was analyzed

by EDX, and it also shows the plate is almost totally composed of aluminum. The medium

diameter of the bonded powder, shown in Fig. 3.4E, is 39.47 µm, which is very close to that

of the non bonded sample (39.28 µm), indicating that the SCHB method will not significantly

increase the particle size. This benefits from the main advantage of the SCHB method—only

Al flakes are heated, but the coating particles are not at all. As a result, the formations of large

particles (a coating particle bonds other coating particles) will almost completely avoid. In one

word, effective bondings between Al flakes and coating particles were observed after SCHB.

Fig. 3.5 shows the visual and optical microscope images of different final films sprayed

at 90 kV. The final film is clear and only the color of the substrate can be seen when there

is no Al flake (Fig. 3.5A and D). In the visual images of the films from the non-bonded and

bonded powders (name them as non-bonded and bonded films), it is obvious that bonded film
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Figure 3.4: The characterizations of bonded powder prepared at 75◦C. A-C) SEM images; D) EDX
spectroscopy; E) particle size distribution. All the scale bars are 50 µm

(Fig. 3.5C) is shinier than the non-bonded one (Fig. 3.5B). In addition, the optical magnified

images represent that the bonded film (Fig. 3.5F) contains more aluminum than the non-bound

film (Fig. 3.5E). The above comparisons prove that the bonding effect of SCHB method is

significant.

Figure 3.5: The surface comparisons of final films, A,D) clear coat; B,E) non-bonded film; C,F) bonded
film. All the scale bars are 30 µm.
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3.4.3 Comparisons of SCHB and industrial bonding Methods

The above results suggest that the SCHB method is effective in clear powder coating. To

compare with the current industrial bonding method, a non-bonded sample was separately

bonded by the thermal bonding method in a company and SCHB method in our laboratory.

The visual and optical images of the thermal-bonded and SCHB-bonded films are compared

in Fig. 3.6. The visual appearances of the two films were shown in Fig. 3.6A and B, which

presents that both films are shiny and even. The shiny areas in Fig. 3.6C-F are the result of Al

flakes, which reflect light under optical observation. The sizes of the Al flakes in Fig. 3.6C are

slightly larger than that in figure Fig. 3.6E. In the magnified images (Fig. 3.6D and F), more

small Al flakes were found in thermal-bonded samples than that in SCHB one. This is mainly

due to the high-speed stirring in the process of the industrial bonding method. On the contrary,

SCHB does not use stirring, but fluidization, so the Al flakes maintain their original size.

Figure 3.6: Visual and optical images of thermal and SCHB bonded samples. A, C, E) thermal-bonded
film; B, D, F) SCHB-bonded film. All the scale bars are 20 µm.
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3.5 Conclusions

The SCHB is an effective method for producing metallic effect powder coatings. The heat-

ing temperature range of the SCHB method is much wider than that of the industrial bonding

method. High bonding quality can be obtained when heating from 75 to 150 ◦C, and the low-

est relative difference is 0.38%. The bondings between coating particles and Al flakes were

observed by SEM. The particle size of the Al flake in the SCHB film is larger than that in

the thermal-bonded one. The SCHB method is a simple and feasible preparation method for

metallic effect powder coatings, and the product quality is as good as the thermal-bonded one.



50 3. SINGLE-COMPONENT-HEATING BONDING FOR POWDER COATINGS

Bibliography
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4 Primary study on microwave bonding method

for metallic-effect clear powder coating

4.1 Abstract

This paper focuses on the preparation of metallic effect powder coatings with high color

stability via a self-designed microwave bonding device. With the increasing environmental

regulation on the use of traditional metallic paint, there has been a corresponding interest in

metallic effect powder coating, owing to its zero VOCs emission, high protective property as

well as sparkling aesthetic appearance. Metallic effect powder coatings are mainly composed

of two non-compatible ingredients: base powder coating(s) and metallic pigment(s). Bonding

the two kinds of materials together is an effective approach to eliminate their non-compatibility

problem and ensure color stability. Here, a self-designed bonding device based on microwave

heating was invented to bond metallic effect powder coatings. Furthermore, a direct and quan-

titative characterization method, ash test, was first used to reveal the bonding quality by an-

alyzing the content of metallic pigment in the powders. A comprehensive investigation on

non-bonded powder was performed as a control test. The microwave-bonded samples were

prepared with the device at various temperatures and rotating speeds followed by evaluation

with ash test. After microwave treatment, reliable bonding of base powder coating and metal-

lic pigment were proved via a series of characterizations, such as ash test, SEM, EDS, optical

observation and size analysis. Therefore, the microwave bonding method is trusted to be a

feasible and effective production method of metallic effect powder coatings.3

Keywords: Microwave bonding; Metallic pigment, Powder coating; Interface polarization.

3With minor editorial changes to fulfill formatting requirements, this chapter is substantially as it appears in

the “Preparation of aluminium metallic effect powder coatings with high color stability using a novel method:

Microwave bonding.” Progress in Organic Coatings 147 (2020): 105787. Wei Liu, Haiping Zhang, Yuanyuan

Shao, Hui Zhang, and Jesse Zhu.
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4.2 Introduction

Metallic effect powder coatings — powder coatings incorporated with metallic pigments

— have been widely applied in building materials, domestic appliances, automobile hubs,

electronic instrumentation and other industries [1, 2, 3]. As an upgraded product of metal-

lic solvent paint, they are able to provide excellent protection and metal-effect surfaces, like

the solvent one. More significantly, they emit few volatile organic compounds (VOCs) during

the film-forming, unlike the solvent one [4, 5]. The first component, base powder coating (30

to 45µm), has a similar formula to traditional solvent-borne paints with the exception of no

solvents [6, 7]. The second component, metallic pigments (4 to 70µm), are mostly aluminum

or copper flakes for producing silver- or gold-colored films, respectively. As a result of these

advantages, metallic effect powder coatings have a rising share of the paint market in the past

few years.

However, there are a few applications of metallic effect powder coating on high-end prod-

ucts, such as cellphones, automobiles, and laptops, because these products require extremely

high color stability and appearance quality [8, 9, 10]. When an electrostatic spraying system is

applied to spray metallic powder paint, ensuring the color stability of the final film is challeng-

ing, due to the poor compatibility of the two ingredients [11, 12]. This compatibility problem

mainly comes from their sharp distinction in some physical properties, such as density, electric

resistance, dielectric constant. As given in Fig. 4.1A, the contents of metallic pigment in the

deposited, over-sprayed, and original powders are inconsistent as a result of the problem [13].

Given that the over-sprayed powder is recycled without considering inconsistencies, the final

films will have apparent color differences, meaning that the product has inferior color consis-

tency and often leads to rejects. Or worse, discarding the over-sprayed powder will cause high

costs and material waste.

Thermal bonding was invented by Richart and coauthors in 1993 to improve the color sta-

bility of metallic effect powder coatings [14]. As presented in Fig. 4.1B, because the bonded

particles have similar electric properties to the base coating particles, especially in electric re-

sistance and the dielectric constant, the content of metallic pigment in the over-sprayed and

original powders would be equal. As a consequence, the over-sprayed powder can be readily
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Figure 4.1: The difference between non-bonded and bonded metallic effect powder coatings when
sprayed by an electrostatic system. The green patterns represent coating particles; the gold plates repre-
sent metallic pigments. A) Non-bonded powders; B) Effectively bonded powders.

recycled without a visual color difference. At the beginning of this bonding approach, metallic

pigments and coating powders are heated in a chamber by high-speed stirring and/or oil/water-

jacket until the temperature exactly reaches the glass transition temperature (Tg) of the base

coating powder [15, 16, 17]. Then, the resin part of coating particles becomes sticky and glues

metallic pigments on its surface. Lastly, bonded particles are prepared after rapid cooling.

However, the bonding quality of this method is highly sensitive to the bonding temperature

[14, 18]; if it is under the glass transition temperature, there will be no bonding between them.

Once it exceeds this point by a couple of degrees, the base coating particles are easily bonded

with each other (mis-bonding) and may even cause pre-curing. Moreover, the temperature is

generally set slightly higher than the Tg to guarantee good bonding in industrial applications,

but at the same time increasing the possibility of mis-bonding and pre-curing of coating pow-

ders [19]. Also, high-speed stirring tends to bend and even tear up the metal flakes that will

significantly reduce the metal effect. More importantly, the metallic effect powder coating

prepared by this method is not a product that completely meets the requirements of high-end

products. These issues being present in the thermal bonding process limit the application scope

of the metallic effect powder coatings.
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The powder coating industry highly demands an improved method for bonding metallic

effect powder coatings. There have been several attempts to improve bonding quality by us-

ing some adhesive materials or pre-treatment on the basis of the thermal bonding, such as

surface pre-treatment of aluminum [20], primer [21, 22], and metal nanoparticles [23]. How-

ever, these methods have limitations in many ways, for example, cost, industrialization, and

pollution. Microwave has been widely used over many fields, such as cooking, sterilization,

drying materials, medical treatments and so on [24, 25, 26]. Mistry and coauthors reported

that metallic powder paints could be bonded by a variable frequency microwave oven via mi-

crowave radiation in C-bands (5.8 to 7GHz) and X-bands (7.3 to 8.7GHz) [27], which are not

in the Industrial Scientific Medical (ISM) bands that are defined by the International Telecom-

munications Union-Radio communications (ITU-R) in 5.138, 5.150, and 5.280 of the Radio

Regulations [28]. Therefore, this technology has not ever been applied in industrial production

because of the inevitable radio frequency interference (RFI) and high cost. Microwave has

many advantages as a heating source, such as clean, pollution-free, efficient, safe and control-

lable. More importantly, Metaxas and coauthors reported a heat-selectivity phenomenon at the

metal/non-metal boundaries possibly attributable to a greater interfacial microwave absorption.

[29, 30]. This finding implies that a higher temperature will occur at the interface of metal and

nonmetal. Metallic effect powder coatings just consist of a nonmetal (base coating particle)

and metal (metal pigment), so a higher temperature is expected at the metal-to-nonmetal con-

tact area, which the bonding process exactly desires. This should be greatly helpful to reduce

the mis-bonding and enhance the color stability.

In this paper, an originally self-made microwave-heating device with a fixed center fre-

quency in 2.45GHz was built up at an economical cost and without RFI. Furthermore, a novel

bonding method was systematically established on the basis of the microwave as a heating

source instead of current-state-of-the-art, such as friction of high-speed stirring and hot jacket.

In addition, tumbling, a much more moderate motion, was employed to prevent metallic pig-

ment from breaking and bending. The present work aims at optimizing the operation conditions

and characterizing the bonding quality and color stability.
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4.3 Materials and methods

4.3.1 Materials and equipment

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) were used as a metallic pigment; High gloss polyester clear powder coating (D50

= 43 µm, with 7 wt% 1,3,5-Triglycidyl Isocyanurate as cross-linking catalyst, 9910-01289)

from TCI powder coating Co. (Ellaville, GA, USA) worked as base powder coating; Al panels

(A-2-3.5) from Q-Lab Co. (Westlake, OHe, USA) were utilized as substrates.

An Electrostatic powder coating system (Surecoat Manual) and a corona spray gun from

Nordson Co., Ltd. (Westlake, OH, USA) were used for coating substrates. A laser particle

size analyzer (BT-2000B) from Bettersize Instruments Ltd. (Niaoning, China) was utilized to

analyze the size distributions of powdered samples. A Scanning Electron Microscope (SEM)

(S-4800) with energy dispersive spectrometer (EDS) from Hitachi Limited (Tokyo, Japan) was

employed to observe the bonding situation between Al flakes and coating particles. The thick-

ness of the final films was measured by a thickness meter (Positector 6000) from Defeisko

Co. (Ogdensburg, NY, USA). The final surfaces were characterized by an optical microscope

(OT4975) from Mitutoyo Inc. (Kawasaki, Japan) and a 408 triple angle gloss & DOI meter

from Elcometer Inc. (Michigan, USA).

4.3.2 Microwave-heating bonding device

The diagram of the microwave bonding device is shown in Fig. 4.2. A self-made device

(50cm in length; 45cm in width; 40cm in height) with microwave radiation in the frequency

of 2.45±0.05GHz was used as a heating source. A drum (14cm in inner diameter; 1cm in

thickness; 5cm in width) made by polytetrafluoroethylene (PTFE) and glass worked as a con-

tainer for powders. Because PTFE and glass both have extremely low microwave-absorption

capacity, microwave is able to heat the loaded powder freely. Coating powders and aluminum

flakes were loaded inside the drum whose rotation was driven by a motor-reducer system out-

side the shell through a shaft. The two powdered components could be well mixed and heated

in this rotary drum without bending or grinding. The tumbling motion of the powdered mix-
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ture keeps the metal flakes from agglomerating. A thermocouple inside the drum bearing was

used to detect the real-time temperature of powders. Once a set temperature was reached, mi-

crowave radiation was shut down to stop heating, while rotation was maintained to cool the

powders to room temperature. At last, the microwave-bonded metallic effect powder coating

was discharged and collected from the drum.

Figure 4.2: Schematic diagram of the microwave bonding device. 1. Shell; 2. Drum; 3. baffles; 4.
Microwave transmitters; 5. Power; 6. Discharger; 7. Thermocouple; 8. Rotating shaft.

4.3.3 Preparation of samples

Non-bonded samples were prepared by dry blending 2000g of base powder coating and

45g of Al flakes. Microwave-bonded samples were made by the self-designed bonding device

under different temperatures (45-50◦C) and rotating speeds (30-60rpm). The sampling process

of the ash test is shown in Fig. 2.2.

4.3.4 Characterization of powders and final films

As discussed before, the better the bonding quality, the higher the color stability. The

change between the aluminum contents of the original and deposited powders, separately

named as original and deposited Al content for short, was used to evaluate the bonding quality

of metallic effect powder coating [31]. In this work, the ash test was applied to reveal the con-

tent of Al flake in the powders. In this test, samples were burned at a high temperature (530◦C)

for 1.5 hours. The polyester clear powder coating (which contains no fillers or pigments) in

samples would be burned into CO2, H2O, other gases and a trace amount of ash residual (0.02
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wt%). Meanwhile, Al flakes were not affected by the high temperature except forming a thin

oxide film on its surface, whose mass increase was negligible (0.04 wt%). Through this test,

the content of aluminum can be calculated by the equation:

ω =
Mr

Mo
× 100% (4.1)

Here, ω is the content of Al flake, Mr is the remaining mass after the burning process, and

Mo is the mass of original non-bonded or bonded powder. As a result, the original (ωori) or

deposited (ωdep) Al content can be calculated by Eq. 4.1. As such, a lower difference between

ωori and ωdep means a better bonding quality. For a clearer comparison, the relative difference

(∆ω) between ωori and ωdep was calculated:

∆ω =
ωori − ωdep

ωori
× 100% (4.2)

Integrating the previous discussion, a lower absolute value of ∆ω represents a better bonding

quality and color stability. In term of the ash test results, some of the samples with high

bonding qualities were characterized by SEM, EDS. The sizes of non-bounded and bonded

powders were detected by a laser particle size analyzer.

To examine the color stability of a sample, the following steps have been performed: a)

the sample was sprayed onto substrates at three different voltages (30, 60 and 90kV); b) the

deposited powders were cured into films; c) the numbers of Al flakes on the surfaces of these

films were compared by an optical microscope. The smaller the number change, the better the

color stability.

4.4 Results and discussion

4.4.1 Non-bonded samples

Film thickness is one of the most significant concerns in the coating industry, so the re-

lationship between the thickness of the final film and the mass of deposited powder was first

calibrated by using the non-bonded powder. The results show the thickness of the final film is

proportional to the mass of deposited powder when sprayed at 30kV. For the Al panels used in
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Figure 4.3: SEM images and size distribution of non-bonded sample. A) Low-magnification SEM
image; B) Zoomed-in SEM image; C) Size distribution; D) EDS spectrum of the black site in B.

this study, when the powder mass was 0.34g and 0.52g, the thickness was 62.5µm and 82.4µm,

respectively. Generally, the thickness is between 60 to 80µm in the industrial application when

the diameter of coating powder is around 40µm[32]; therefore, the deposited mass was con-

trolled in the range of 0.3 to 0.5g.

SEM was employed to observe the situation between Al flakes and coating particles, as

shown in Fig. 4.3. Two flakes lean on particles and the other two lie down alone as viewed in

these circle areas in Fig. 4.3A. Furthermore, a zoomed-in image (Fig. 4.3B) shows the surfaces

of the two flakes are clean and smooth, which indicates there are no smaller coating particles

bonded on these flakes. Thus, even though they are in touch with coating particles, it is deemed

that there is no bonding between them. Also, Energy dispersive spectroscopy of the black site

in Fig.4.3B confirms that the flake is almost entirely composed of aluminum, so the flakes

in these images are trusted to be the Al flakes. Additionally, the size analysis in Fig. 4.3C

indicates the medium size of this non-bonded sample is 39.19µm.

Based on previous knowledge, deposited mass and spray voltage are considered two vital

influencing factors on the deposited Al content [21]. In industry, the spray voltage is no more

than 90kV [33]. Accordingly, various deposited mass and voltages were studied as observed
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Figure 4.4: The deposited Al contents (A) and relative difference (B) at various mass and spray voltages

in Fig. 4.4. The non-bonded sample with Al flake addition of 2.2 wt% was prepared at the

beginning. Its accurate aluminum content turned out to be 2.15 wt% by ash test, as revealed

by the dashed line in Fig. 4.4. However, the deposited Al contents go over 5 wt% when the

non-bonded sample was sprayed at 30kV. The relative difference of Al content is as high as 150

% as shown in Fig. 4.4B. On the contrary, under a very high spray voltage of 90kV, all of the

deposited Al contents, around 1.2 wt%, are much lower than the original Al content. Fig. 4.4B

shows that the relative differences of Al content are around −40%.

At the medium spray voltage of 60kV, the deposited Al contents are higher than the original

one when the masses are 0.3 and 0.4g; however, it is a bit lower than the original one, as the

deposited mass increased to 0.5g. Also, the relative difference changes from a positive value

to a negative one as viewed in Fig. 4.4B. This means there is a possible spray condition, which

allows the deposited Al content to be equal to the original one. This possibility only occurs

under a narrow operation condition, which may be helpful for industrial applications. These

results prove that the deposited Al content dramatically fluctuates when the spray voltage and

deposited mass change. This certainly leads to final films with different metal effects and

colors, meaning that the paint is not a stable and qualified product. Of course, the over-sprayed

powder of non-bonded powder can not be recycled due to the distinct Al contents.

From previous results, the deposited mass and spray voltage shows great influence on the

deposited Al content. The main reason for these results is the difference between the two ma-

terials in dielectric constant and equivalent spherical radius. According to Pauthenier equation
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[34]:

Qmax = 4 π r2 ε0 E
3εr

εr + 2
(4.3)

where Qmax is the maximum charge accumulated by a particle passing through an electric field;

r is the equivalent spherical radius; ε0 is permittivity of vacuum; E is the electric field strength;

εr is the relative dielectric constant. The dielectric constant of Al flake (covered by alumina

on the skin) is around 7 F/m [35, 36], which is higher than that of the coating particle (∼1.6

F/m) [37, 38]. The equivalent spherical radius of Al flake and coating particle are ∼8µm

and ∼40µm, respectively. Calculating with Eq. 4.3, the maximum charge of coating particle

exceeds 10 times of that of Al flake. When moving in an electric field, a higher charge implies

a stronger driving force and more deposition.

At the low voltage of 30kV, Al flakes almost get the maximum charge while coating par-

ticles are less charged, which leads to a higher Al content (Fig. 4.5A). However, at the high

voltage of 90kV, coating particles carry much more electrons/anions than Al flakes and results

in a higher content of coating particles. In other words, the lower content of Al flake will be

found in the final film (Fig. 4.5C). At the medium voltage of 60kV, the two components are

supposed to have a similar driving force. However, the electrostatic repulsion between de-

posited particles and charged particles is growing higher when the deposition becomes thicker.

In addition, a coating particle has a great opportunity to get a heterogeneous distribution of

surface charges due to its high electric resistance, while an Al flake has a uniform charge dis-

tribution [39]. Thus, charged coating particles receive less repulsive force due to the fact that

they can be re-orientated when moving into the range adjacent to the already deposited powder

layer, which probably is the primary reason for the decline of Al content while the deposited

mass increased from 0.4 to 0.5g.

4.4.2 Microwave-bonded samples

The rotating speed of the drum and the heating temperature of the loaded powder are con-

sidered as two main factors in the microwave bonding process. The maximum rotating speed

(nmax) that allows powders to stay clear from compaction in a drum can be estimated through
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the following equation:

nmax =
30
π

√
g
r

(4.4)

where, r is the radius of the drum; g is the acceleration of gravity (m/s2). Theoretically, the

highest rotating speed calculated by Eq. 4.4 is 113rpm when the drum radius is 7cm. According

to Huang’s study, with the increasing rotating speed, the motion of powder in a drum will go

through five stages: slipping regime, avalanching-sliding regime, aerated regime, fluidization

regime, and re-compacted regime [40]. For the purpose of better bonding, the loaded pow-

ders must stay in the fluidization regime to ensure uniform heating. Huang also suggested that

installing baffles inside the drum could greatly help the loaded powder fluidizing at a slower

speed [40] and thus three rotating speeds, 30, 45, and 60rpm, were applied while the tempera-

ture was kept at 47◦C.

After mixing and bonding, the original Al content of each bonded sample turned out to be

around 2.2%. A small deviation from that of non-bonded samples (2.15%) is found because the

losses of the coating particle and Al flakes are different in every bonding process. Each sample

was sprayed at different voltages of 30, 60, and 90kV to a substrate with the same deposited

mass of 0.4g, aiming at examining its color stability. Table 4.1 summarizes the deposited Al

contents of non- and microwave-bonded samples. The three bonded samples have a smaller

change (1.55 to 3.78%) in the deposited Al contents than the non-bonded sample (1.16 to

5.18%). We know that the smaller the change the better the bonding quality. Thus, it can
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Figure 4.6: The relative differences of Al contents of bonded samples made at different rotating speeds.

be held that effective bonding between coating particles and Al flakes is truly formed after

microwave heating treatment.

Table 4.1: The deposited Al contents (wt%) of the samples prepared at different rotating speeds.
30kV 60kV 90kV Original

35 rpm 3.14 ± 0.10 2.72 ± 0.03 1.65 ± 0.02 2.13 ± 0.02
45 rpm 3.02 ± 0.06 2.70 ± 0.05 1.73 ± 0.05 2.17 ± 0.03
60 rpm 3.17 ± 0.07 2.77 ± 0.02 1.51 ± 0.04 2.25 ± 0.01

Non-bonded 5.18 ± 0.09 3.05 ± 0.03 1.16 ± 0.05 2.15 ± 0.02

For a more distinct comparison, the relative difference of Al content was calculated by

Eq. 4.2 and plotted in Fig. 4.6. It is found that bonded samples have lower relative differences

than the non-bonded samples at all voltages, especially at 30kV. When comparing these bonded

samples, it is found that although they have a close relative difference at the same voltage, the

sample prepared at 45rpm has a slightly lower one at 30 and 90kV. So, the speed of 45rpm

is considered to be the best among these three tests. From the experimental observation, the

loaded powders remained in the fluidization regime at all of these speeds. The reason for the

better bonding quality at the speed of 45rpm is that the slower speed can not provide a swift

motion for the loaded powder to receive uniform heating while high speed leads to an excessive

shear force which makes the bonding harder.

The optimal rotating speed in the tested samples is found to be 45rpm at the current drum

radius, and then the second factor that is also the most important one, heating temperature, was
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studied in this section. Here, five different heating temperatures were tested under this rotating

speed. Table 4.2 displays the original and deposited Al contents of these bonded samples. A

similar finding is that the deposited Al content decreases with the increase of spray voltage.

Besides, the largest decline is found at 50◦C, because this high temperature tends to make the

coating particle not only bond with Al flakes but also other coating particles. Moreover, a few

amount of small chunks of particles were formed at this condition. On the contrary, bonding at

48◦C has the smallest change in the deposited Al content.

Table 4.2: The deposited Al contents (wt%) of bonded powders prepared at various temperatures.
30kV 60kV 90kV Original

45 ◦C 3.19 ± 0.18 2.41 ± 0.08 1.35 ± 0.06 2.18 ± 0.02
47 ◦C 3.02 ± 0.06 2.70 ± 0.05 1.73 ± 0.05 2.17 ± 0.03
48 ◦C 2.71 ± 0.05 2.18 ± 0.03 1.61 ± 0.02 2.12 ± 0.02
49 ◦C 3.32 ± 0.10 2.09 ± 0.11 1.75 ± 0.03 2.23 ± 0.01
50 ◦C 3.90 ± 0.09 3.18 ± 0.06 1.60 ± 0.14 2.30 ± 0.02

In Fig. 4.7, the relative differences of non-bonded samples are always higher than that of

bonded samples, indicating that bonding at all of the five temperatures is helpful to get a stable

color. Among these bonded samples, the relative difference at 48◦C is apparently smaller than

that of the other four temperatures at 30 and 60kV. In particular, the relative difference at 48◦C

is very close to zero when the voltage is 60kV. Even though the relative difference at 48◦C is

slightly higher than that of 47 and 49◦C, it is considerably lower than that of 45 and 50◦C. In

short, it can be concluded that 48◦C is the best temperature for bonding coating particles and

Al flakes in the tested points. The lowest relative differences of Al contents were found to be

27.8%, 2.83%, and −24.0% when the spray voltages were 30, 60, and 90kV, respectively. These

values are much lower than that of the non-bonded sample (142.0%, 41.9%, and −45.8%),

indicating that a much higher color stability is obtained.

It is remarkable that the heating temperature (48◦C) of the microwave bonding method is

much lower than the Tg (52◦C) of the coating particle. This low bonding temperature is mainly

due to the heating-selectivity of microwave. In the analysis that follows, the radio frequency

power absorbed by materials per unit volume is given as below [41]:

P = 2 π f ε0 E2 ε
′′

e f f (4.5)
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Figure 4.7: The relative differences of Al contents of bonded powders prepared at various temperatures.

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
′′

e f f is

the effective dissipation factor of materials.

All the samples in this work are the mixtures of organic powders (base coating powders)

and conductive metal plates (Al flakes). In this situation, the main microwave absorption is

due to two distinct mechanisms: dipolar polarization of base particles and Maxwell-Wagner

polarization (interfacial relaxation) between the interface of coating particles and Al flakes

[29]. In order to figure out which one is the dominant mechanism, the same mass of base

coating powder and non-bonded powder were separately heated by microwave in the same

condition.

First, the base coating powder with no Al flakes was heated by microwave. The major

microwave absorption is believed to be dipolar polarization in this process. The effective dis-

sipation factor of dipolar polarization (ε
′′

dipolar) can be estimated by Eq. 4.6:

ε
′′

dipolar = ε
′

tanδ (4.6)

where, ε
′

is the dielectric constant of particle; tanδ is the loss tangent of particle. The cal-

culated ε
′

dipolar is about 0.017 by applying the data from some reported studies [42, 43]. The

experimental results show the heating rate of microwave at this condition is ∼5◦C/min.
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Second, when the non-bonded powder (mixture of base coating powders and Al flakes) was

heated by microwave, the effective dissipation factor of Maxwell-Wagner polarization (ε
′′

MW)

can be evaluated by Eq. 4.7 [30, 29] and 4.8 [44]:

ε
′′

MW =
9 v ε

′

1 fmax

1.8 × 1010 δ2

2π f τ
1 + (2π f τ)2 (4.7)

τ = ε0
ε
′

1 + ε
′

2

δ1 + δ2
(4.8)

where, v is the volume fraction of conductive material; fmax in Hz is the frequency of maximum

losses; δ is the conductivity in S m−1; τ is the relaxation time constant; the subscripts 1 and 2 re-

fer to non-conductive and conductive phase, respectively. After collecting data from published

articles [27, 43, 45, 46], ε
′′

MW turned out to be around 0.07 which is about four times greater that

of dipolar polarization. Experimentally, a much faster heating rate, ∼18◦C/min, of non-bonded

powder was observed when comparing to that of base coating powders(∼5◦C/min). These re-

sults prove that the interfacial polarization is the main absorption mechanism that allows the

interface to have a higher temperature than that of the non-touched surface and interior of each

particle. By taking this advantage, the heating temperature of the microwave bonding method

is not as sensitive as the thermal one. In addition, the heating rate of the current industrial

thermo-bonding machine generally ranges from 3 to 6◦C/min. Above all, bonding metallic

effect powder coating by microwave radiation is a rather fast and effective method.

The sample bonded at 48◦C and 45rpm (named as optimal sample for short) was further

analyzed by SEM, EDS and particle size analyzer as given in Fig. 4.8. In Fig. 4.8A, several

bondings between coating particles and flakes were observed (areas with solid line). Fig. 4.8B

magnified from the square area in 4.8A presents several coating particles taht stick on both

sides of a flake. A further element distribution of Al (white spots) and C (black spots) on the

observed area of 4.8B was analyzed by EDS as viewed in Fig. 4.8C. The element analysis

proves that the plate-like particle is an Al flake and these particles on its surface are coating

particles. The EDS spectroscopy also indicates that the flake is made of aluminum. In addition,

4.8E shows the medium size of this bonded sample (D50 = 43.44µm) is slightly higher than

that of the non-bonded sample (D50 = 39.19µm). The primary reason for this size increment
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Figure 4.8: SEM, EDS and size distribution of bonded sample. A) Low-magnification SEM image of
microwave-bonded sample; B) High-magnification SEM image; C) EDS scanning of the element of Al
and C; D) EDS spectrum of the black site in B; E) Size distribution.

is that some small coating particles bonded onto the surface of Al flakes as well as big coating

particles, as shown in the circle areas 4.8A. Above all, these results verified that effective

bonding between Al flakes and coating particles was achieved by microwave bonding.

The color stability of the final films were qualitatively compared by an optical microscope,

as shown in Fig. 4.9. It is hard to have an accurate analysis on the color change, such as color

difference and gloss because some areas of the film without Al flake are transparent. Thus, the

difference of the number of metallic pigments (Al flakes) on the final surfaces that prepared at

three voltages (30, 60, 90kV) is applied to imply the color stability in this work. These shiny

plates in Fig. 4.9 are believed to be Al flakes that reflect lights under the observation of the

optical microscope. The number of Al flakes fairly decreases in the non-bonded films with

the increase of spray voltage. Conversely, it is much more stable in the films prepared from

the optimal sample although there is still a slight decline. As presented in Table 4.1 and 4.2,

the deposited Al content of the non-bonded sample sprayed at the three voltages are 5.18%,

3.05%, and 1.16% separately as well as that of the optimal sample are 2.71%, 2.18%, and

1.61% respectively. The trends of amount change of Al flakes coincides with these previous

analysis. These images of final surfaces provide evidence to confirm that microwave bonding

method is able to reach a high color stability. Hence, the samples made by microwave bonding

method are trusted to have a smaller color change.
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Figure 4.9: Optical images of the surfaces of final films that cured from the non-bonded (A) and optimal
samples (B), and the spray voltages separately are: 1) 30kV; 2) 60kV; 3) 90kV. The scale bars are 50µm.

4.5 Conclusions

To accomplish high bonding quality and color stability of metallic effect powder coatings,

the microwave bonding method (with the center frequency of 2.45GHz) was performed and

tested. A completely self-designed microwave bonding device was set up for this study. The

best speed and temperature in the tested samples were proved to separately be 60rpm and 48◦C.

The microwave-bonded samples with the lowest relative differences in Al contents were found

to be 27.8%, 2.83%, and −24.0% when the spray voltages were 30, 60, and 90kV, respectively.

The coating particles and Al flakes were well-bonded according to SEM and EDS images.

With comparisons to the thermal bonding method, microwave bonding had a much higher

heating speed (∼18◦C/min), a lower bonding temperature (48◦C) and a high color stability.

The microwave bonding approach had a great possibility to overcome most of the problems

associated with the thermal bonding method, such as mis-bonding, pre-curing, and metallic

flake bending, without reducing bonding effectiveness. The microwave bonding method is

projected to be a promising technology to improve the color stability and bonding efficiency in

metallic effect powder coating manufacturing.
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Carretero-González, Elizabeth Castillo-Martı́nez, Mikhail E Kozlov, Jiyoung Oh, Neema
Rawat, et al. Biscrolling nanotube sheets and functional guests into yarns. Science,
331(6013):51–55, 2011.
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5 Lab-scale study on microwave bonding method for
powder coatings

5.1 Abstract

Metallic effect powder coating, composed of metallic pigments and coating particles, pro-

vides coatings with metal shine and functional protection, while causes much less emission of

organic solvents, unlike the traditional paint. The greatest challenge of the manufacturing step

is binding the two incompatible ingredients together. However, the present industrial binding

method, thermal bonding, has some inherent issues, such as pre-curing, pigment bending and

high-temperature bonding. Hence, in the present work, a novel approach, microwave bond-

ing, was studied and tested to address these shortcomings. Aluminum flakes were bonded

with three types of powder coatings: polyester, hybrid, and polyvinylidene fluoride (PVDF).

Microwave bonding shows a more stable metal shine over the non-bonding, obtains a lower

bonding temperature than the glass transition temperature, and has a much higher heating rate

(∼17◦C/min) over the thermal bonding method. Therefore, microwave bonding is trusted to

have great potential to produce coatings with highly stable metal shine efficiently.4

Keywords: Microwave; Bonding; Metallic pigment; Powder coating; Metal shine.

4With minor editorial changes to fulfill formatting requirements, this chapter is substantially as it appears in

”Produce various powder coated surfaces with stable metal shine via microwave energy”. Progress in Organic

Coatings. 2021 May 1;154:106199, Wei Liu, Haiping Zhang, Yuanyuan Shao, Hui Zhang, and Jesse Zhu.

72
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5.2 Introduction

Metallic effect coating is an established technology that uses metallic pigments in a coating

matrix to increase exclusivity and attractiveness. By mimicking a metal surface, it improves

the functional protection and toughens the coating [1, 2]. This coating has been heavily used

in a broad range of industrial fields, such as automobile and bicycle parts, construction ma-

terials, domestic appliances, electronic instrumentation and so on [3, 4, 5]. Metallic effect

coating is usually made of two ingredients: metallic pigment and base paint. The first compo-

nent is commonly in flake form and is composed of metals or metal-like materials for adding

various metal shines and functional protection to the finish, for example, aluminum for silver

color and copper for gold color [6, 7]. The second component is mostly traditional solvent

paint or powder coating. It is known that the emission of volatile organic compounds (VOC)

during the film-forming process of the solvent paint has done incalculable damage to the atmo-

spheric environment [8, 9]. Therefore, some authorities put increasing environmental pressure

on the solvent paint and even prohibit traditional solvent-borne paint. For environmental sus-

tainability, powder coatings containing 100% free flow solid particles have been invented and

developed [10, 11]. Nowadays, powder coating has gradually become the primary base paint

for producing metallic effect coating [12].

Nevertheless, a challenge that arises in the production process of the metallic effect pow-

der coating (made by metallic pigment and powder coating) is the color deviation that occurs

during electrostatic spraying [13]. As illustrated in Fig. 5.1a, the content of metallic pigment

will be different among the non-bonded, over-sprayed, and deposited powders. This problem

is mainly caused by the non-compatibility between the two components due to their distinct

physical natures, such as density, conductivity, shape, dielectric constant, etc. Bonding the two

incompatible ingredients together is an effective method to reduce the color deviation of the

powder coating. As shown in Fig. 5.1b, the content of metallic pigment among the three pow-

ders will be equal if the two materials are well bonded. Thus, the thermal bonding method, the

current industrial bonding approach, was invented in 1993 by Richart and coauthors [14]. This

method starts with heating the two components in a tank by high-speed stirring with or without

the assistance of a water or oil heating jacket. When the temperature reaches or slightly ex-
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ceeds the glass transition point (Tg) of coating particle, its surface will become soft and sticky,

allowing metallic pigment to adhere [15, 16]. Continuing to heat at this temperature for 2-3

minutes, then following up with a rapid cooling down of the mixture will allow the bonded

metallic effect powder coating to be obtained after screening. However, the thermal bonding
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Figure 5.1: The behaviors of metallic pigment of non-bonded (a) and bonded (b) powders during
the electrostatic spraying. The green flakes and gray spheres stand for metallic pigments and coating
particles, respectively.

method has several intrinsic drawbacks [17, 18]. First, pre-curing tends to happen when the

temperature is higher than the Tg. Second, flaky metallic pigments have to face the high risk

of bending and damage under high-speed stirring. Third, it is not easy to reach a high bonding

temperature, such as 110◦C, due to the involved heating mode(s). Finally and most importantly,

the thermal-bonded product does not completely meet the requirements of high-end products,

such as cell phones, laptops, and automobile body coats, because the bonding quality is not

good enough especially when the content of metallic pigment is high. Therefore, an improved

bonding method that overcomes the drawbacks mentioned above is highly demanded by man-

ufacturers and engineers.

In recent years, many studies have been conducted to improve the bonding quality. Gunde

et al. reported that tuning the bonding time and temperature helps to improve the bonding qual-

ity when using a thermal bonding machine [17]. Based on the present bonding method, some

researchers have proved that the surface modification of metallic pigment by adhesive materi-

als is also a practical approach, such as acrylic acid [19], polyethylene wax [20], C6-C8 fatty

acids [21]. Simultaneously, these modifiers increase the cost of metallic pigment and might

affect its metal effect. It is reported that the solutions of polyacrylic acid and polyvinyl alcohol
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are able to bond metallic pigment and coating particles at room temperature [22]. However,

this method is also restricted in many aspects, for instance, industrialization. Recently, Mis-

try and coauthors employed a variable frequency microwave oven, which used radio radiation

in C-bands (5.8 to 7GHz) and X-bands (7.3 to 8.7GHz), to bind metallic pigments and coat-

ing particles [18]. Unfortunately, these frequencies tend to cause radio frequency interference

(RFI) according to the 5.138, 5.150, and 5.280 of the Radio Regulation [23]. Therefore, no

development and commercialization of this technique has ever been reported, likely due to the

high cost of the oven and the RFI of the involved bands. Microwave, serving as a heat source,

has a series of advantages over the friction and jacket heating, such as the fact that it is easy

to control, safe, clean, efficient, and pollution-free [24, 25, 26]. Also, Metaxas and Meredith

pointed out that the interface between the nonmetal and metal particles could have a stronger

microwave absorption than other areas due to the selective heating of the microwave [27].

This theory suggests that the contact area between the coating particle (nonmetal) and metallic

pigment (metal) particle is expected to obtain a higher temperature, which will be highly ben-

eficial to the reduction of mis-bonding and the improvement of bonding quality. However, the

temperatures of coating particles and metal flakes during the traditional bonding process are

theoretically the same, which correspondingly increases mis-bonding and pre-curing risks.

In the present work, a fixed center frequency microwave band (2.45GHz) and a drum with

two-direction rotations were adopted to bond metallic pigments and coating particles. The

fixed band completely avoids the RFI and vastly reduces cost, and the motion of rotations

provide the loaded particles with good fluidization and uniform microwave absorption. Our

previous results have shown that the microwave bonding method is capable of bonding a clear

powder coating (pure organics, without fillers or pigments) and Al flake [28]. However, mostly

powder coatings applied in the paint industry contain inorganic filler (barium sulfate, calcium

carbonate, etc.) and pigments (titanium dioxide, carbon black, organic pigments, etc.). The

inclusion of a large amount of inorganic material in the coating system may impact the bonding

effect. Therefore, in this work, to meet the demand of the market and study the effect of

filler and pigments, microwave bonding was expanded to bind another three common powder

coatings, epoxy-polyester hybrid (indoor paint with normal Tg), polyester (outdoor paint with

normal Tg), and PVDF (weather-durable paint with high Tg) powder coatings.
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5.3 Materials and methods

5.3.1 Materials and equipment

Hybrid powder coating (white, HS-0460-S) from Prism Powder Coatings Ltd. (ON, Canada),

Polyester powder coating (avalanche white, PT922-9003) from Liffey Customer Coatings Inc.

(ON, Canada), and PVDF powder coating (grey, PF019051) from Huajiang Powder Coat-

ing Co. (Guangdong, China) worked as base powder coatings. Aluminum flakes (PCR 501,

D50=19µm, with a SiO2 treated surface) from ECKART America Corporation (KY, USA) were

used as metallic pigments. Al panels (A-2-3.5) from Q-Lab Co. (Westlake, OH, USA) were

utilized as substrates. Sodium hydroxide from Fisher scientific Co. (Massachusetts, USA)

served as a reacting agent for gas-volumetric analysis.

An electrostatic powder coating system (Surecoat manual, corona spray gun system) from

Nordson Co., Ltd. (OH, USA) was used to spray powders. A Scanning Electron Microscope

(SEM) (SU3500) with an energy dispersive spectrometer (EDS) from Hitachi Limited (Tokyo,

Japan) was employed to observe the bonding situation between Al flake and coating particle.

The final surfaces were characterized by an optical microscope (Keyence VHX-6000) from

Keyence Corporation of America (Itasca, USA).

5.3.2 Microwave bonding device

Fig. 5.2 presents a diagram (a) and a side view (b) of the self-designed microwave bonding

device, 60cm in length, 45cm in width, and 40cm in height. 1) One microwave transmitter

works as the heat source and the frequency and power rating is 2.45GHz±50Hz and 700W,

respectively. 2,7) Two variable-speed motors separately provide motive power for the vertical

and horizontal rotations of the drum. Their shafts are on the same line that is vertical to the

horizontal plane, allowing the drum to rotate at the vertical and horizontal directions at the

same time. 3) A drive belt is for the transmission of the vertical rotation. 4) Three baffles are

evenly distributed on the inner chambered surface of the drum to help the loaded powder have

more uniform movements. 5) A thermocouple is installed to monitor the temperature of loaded

materials. 6) A drum made by Polymethyl methacrylate (PMMA) serves as the container of

powders. 8) A door is used for sample discharging. This microwave bonding device has a
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processing capacity of about 50g at a time.
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Figure 5.2: The diagram of the microwave bonding device (a) and the picture of the drum (b). 1)
Microwave transmitter; 2) Motor for vertical rotation; 3) Drive belt; 4) Baffles; 5) Thermocouple; 6)
Drum; 7) Motor for horizontal rotation; 8) Door.

5.3.3 Preparation of samples

The non-bonded powders were prepared by dry blending the Al flakes and the three types of

powder coatings, respectively. The following steps fabricated the microwave-bonded powder

samples: a) loading the above non-bonded powder (50g) into the drum; b) turning on the two

motors and heating the loaded powder through the microwave with various powers (50%,70%,

and 100%) to different bonding temperatures (48-105◦C). Based on our previous results [28],

the vertical and horizontal rotations were set to 45rpm and 3rpm; c) turning off the microwave

transmitter while maintaining the rotating for cooling the loaded powder down; d) collecting

the bonded mixture from the drum and then sieving it by a 120 mesh screen. The microwave

bonding process was optimized by microwave power and bonding temperatures.

The deposited powder was obtained by the following steps: a) spraying the above non-

bonded or bonded powders onto one side of a substrate at a specific spray voltage; b) directly

scraping off the deposited powder to a weighing paper. Each powder was sprayed at three

voltages, 30, 60, and 90kV, to test its color stability, and these steps were repeated two more

times to secure the accuracy of measurement data. The spray current and distance respectively

remain unchanged at 30µA and 20cm. The final film was prepared via the following steps: a)

spraying a powder to a substrate at a certain spray voltage; b) heating the deposited powder and

the substrate in an oven at 180◦C for 15 minutes; c) cooling them down to room temperature in
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the open air. All of the specimens observed by the optical microscope were cut from the final

films that sprayed at 90kV.

5.3.4 Characterization of powders

The bonding quality of powders was characterized by analyzing the Al flake content of

powders. As stated in Introduction, the closer the Al content of deposited powder (shortly

named “deposited Al content”) to the original Al addition, the better the bonding quality. How-

ever, a quantitative analytical method for analyzing the content of the metallic pigment in the

field of powder paint has not been established so far. In the present study, since Al flakes were

used as metallic pigments, the gas-volumetric method was performed to analyze the Al content

accurately [29]. This analysis is dependent on the following chemical reaction:

2 Al + 2 NaOH + 2 H2O = 2 NaAlO2 + 3 H2 (5.1)

The Al content of a powdered sample could be deduced from Eq. 5.1:

ω =
2 VH2 MAl

3 Vm Msample
× 100% (5.2)

where ω is the Al content; VH2 is the volume of hydrogen; MAl is the relative atomic mass of

aluminum; Vm is the molar volume of hydrogen at 25◦C and 1atm; Msample is the total mass of

the powdered sample.

The deposited Al content was labeled as ωdep and the original Al addition was written as

ωori. Of course, the best bonding quality exists when the two contents are equal. The following

equation defined the relative difference of Al content (shortly named “relative difference”, ∆ω)

for a direct understanding:

∆ω =
ωdep − ωori

ωori
× 100% (5.3)

When the ∆ω is closer to 0, the sample has a better bonding quality. In detail, ∆ω < 0 means

that the final film has a lower metal effect than it should be. ∆ω = 0 indicates that the powder

has the best bonding quality and the final film will have no color deviation. ∆ω > 0 hints that

the final film has an enhanced metal shine, but the over-sprayed powder has less Al flakes and
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probably results in an unacceptable color deviation.

In addition, the chemical composition of three non-bonded and three optimal bonded pow-

ders were characterized by X fourier transform infrared spectroscopy (Perkim-Elmer TGA-

FTIR coupled system, MA, USA). These six powder samples were also gold-sputtered for

1.5min followed by SEM characterization. The three optimal microwave-bonded samples were

also analyzed by EDS under the modes of site and map scanning.

5.3.5 Characterization of films

The non-bonded and optimal bonded films were observed by an optical microscope for

analyzing the distribution of Al flakes. The top view of a film is able to reveal the intensity

of the metal effect directly. The cross-sectional view of a film could tell the approximate

number of Al flakes inside the film. The hardness of the non-bonded and bonded films was

measured by a 501 pencil hardness tester (Elcometer Inc., MI, USA) on a 6B to 6H scale

based on ASTM D3363. The lowest hardness value of the pencil, which marks the coating,

determines the hardness grade. The adhesion of the films was evaluated by an Elcometer 107

cross hatch cutter (Elcometer Inc., MI, USA) on the basis of ASTM D3359. According to the

percent of removed area after cross cutting, adhesion is assessed through the following five

grades: 0B (>65%), 1B (35-65%), 2B (35-65%), 3B (35-65%), 4B (<5%), and 5B (0%). The

reverse impact of the non-bonded and optimal microwave-bonded films were determined by an

Elcometer 1615 variable impact tester (Elcometer Inc., MI, USA) based on ASTM D2794-19.

5.4 Results and discussion

5.4.1 Epoxy-polyester hybrid powder coating system

At first, the influence of bonding temperature and microwave power on the bonding qual-

ity of hybrid powder coating was studied. A common addition of Al flake, 2.03±0.03 wt%,

was investigated considering that the addition is usually below 2.5 wt% in industry. Table 1

summarizes the deposited Al contents of the non-bonded and microwave-bonded samples that

were prepared at different bonding temperatures (48 and 50◦C) and microwave powers (700W

× 50%, 70%, and 100%). It is found that the deposited Al content decreases with the increase

of spray voltage. The deposited Al content of the non-bonded sample ranges from 1.53% to
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2.66% when the spray voltage decreases from 90 to 30kV, denoting a noticeable metal shine

change and poor color stability.

Table 5.1: The deposited Al contents (wt%) of hybrid powders obtained at different bonding tempera-
tures and microwave powers.

Non-bonded 48◦C-50% 48◦C-70% 48◦C-100% 50◦C-50% 50◦C-70% 50◦C-100%

30kV 2.66±0.07 2.69±0.08 2.64±0.02 2.60±0.05 2.27±0.06 2.26±0.01 2.46±0.04
60kV 2.18±0.03 2.51±0.00 2.31±0.01 2.21±0.03 2.21±0.01 2.07±0.05 2.12±0.00
90kV 1.53±0.02 1.67±0.03 1.68±0.08 1.71±0.02 1.71±0.05 1.72±0.03 1.80±0.02

This decline is mainly caused by a difference in charge capacity between Al flake and

coating particle. According to the following equation [30]:

Qmax = 4 π r2 ε0 E
3εr

εr + 2
(5.4)

where Qmax is the maximum charge accumulated by a particle passing through an electric field;

r is the equivalent spherical radius; ε0 is the permittivity of vacuum; E is the electric field

strength; εr is the relative dielectric constant. The dielectric constant of Al flake (covered by a

thin layer of alumina) is around 7 F/m [31, 32], which is higher than that of the coating particle

(∼1.6 F/m) [33, 34]. The equivalent spherical radius of Al flake and coating particle are ∼7µm

and ∼40µm, respectively. Calculating with Eq. 5.4, the maximum charge of coating particle is

almost twenty times over that of Al flakes. Al flakes almost reach the maximum charge even at

a low spray voltage of 30kV, while coating particles capture more electrons and/or ions when

the voltage increases. Hence, the deposited content of coating particles will increase with the

increase of spray voltage.

The relative differences were plotted for a clearer sense of bonding quality, shown in

Fig. 5.3. As previously mentioned, the closer the relative difference to zero, the better the

bonding quality. Mistry and coauthors determined the bonding quality by the gloss 20◦ and

60◦ and found that the lower the gloss, the better the bonding quality. However, the relation-

ship between gloss and bonding quality is indirect and qualitative [18], so relative difference

was performed to reveal the bonding quality. It is evident that bonding quality at 50◦C is higher

than that at 48◦C when comparing at the same microwave power. This is mainly because the

surfaces of coating particles are not soft or sticky enough at 48◦C to adhere to Al flakes. Exper-



5.4. RESULTS AND DISCUSSION 81

imental results also show that even higher temperatures, such as 52◦C, leads to small chunks,

which will cause material waste. When bonding at the same temperature, a higher power tends

to help obtain a better bonding quality. The probable reason for this is that high power results

in a higher heating rate and stronger selective-heating effect. Considering that the most used

spray voltage range in the industry is 55kV to 90kV and the relative differences of 60kV and 90

at 50◦C-100% separately are 4.6% and -15%, 50◦C-100% is considered as the best condition

in the present work.
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Figure 5.3: The ∆ω of hybrid samples at various bonding temperatures and microwave powers.

Another interesting finding is that the bonding temperature (50◦C) is lower than the Tg

(52◦C) of the hybrid coating particle, which is considered to be a result of the microwave

heating selectivity, as stated in Introduction. Microwave power absorbed by materials per unit

volume is given as follows [35]:

P = 2 π f ε0 E2 ε
′′

e f f (5.5)

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
′′

e f f is

the effective dissipation factor of material. In our work, f and E stay consistent, so a higher

ε
′′

e f f means a higher microwave absorption and temperature.

In the present study, metallic effect powder coatings are just composed of nonmetal (coat-

ing particles) and metal (Al flakes). According to Wagner’s study [36], the primary microwave

absorption of metallic effect powder coating is due to two distinct mechanisms: 1) dipolar
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polarization of coating particles; 2) interface polarization (Maxwell-Wagner polarization) be-

tween coating particle and Al flake. It is worth noting that the interface polarization takes

responsibility for the microwave heating selectivity instead of dipolar polarization. To deter-

mine which mechanism dominates, theoretical calculations and two comparative experiments

were both carried out.

First, the hybrid coating particles (without Al flakes) were heated alone by the microwave

bonding device. The major microwave absorption is the dipolar polarization in this trial, and

the corresponding effective dissipation factor (ε
′′

dipolar) can be calculated by the following equa-

tion [37]:

ε
′′

dipolar = ε
′

tanδ (5.6)

where ε
′

is the real part of dielectric constant of material; tanδ is the loss tangent of material.

The calculated ε
′′

dipolar is about 0.016 in the use of the data from some published studies [38, 39,

40]. It is found that the heating rate of base coating particles is ∼2◦C/min.

Second, the non-bonded powder, containing hybrid coating particles and Al flakes, was

heated by the same device. Wagner suggested that for the simplest model featuring this

type of polarization, consisting of conductive spheres distributed throughout a non-conductive

medium, the effective dissipation factor is given by Eq. 5.7 [41, 27, 36], and Sillars pointed

out that the τ in Eq. 5.7 can be estimated through Eq. 5.8 by using a double layer arrangement

model [42]:

ε
′′

MW =
9 v ε

′

1 fmax

1.8 × 1010 δ2

2π f τ
1 + (2π f τ)2 (5.7)

τ = ε0
ε
′

1 + ε
′

2

δ1 + δ2
(5.8)

where, v is the volume fraction of conductive material; fmax in Hz is the frequency of

maximum losses; δ is the conductivity in S m−1 of the conductive phase; τ is the relaxation time

constant; the subscripts 1 and 2 refer to the non-conductive and conductive phase, respectively.

Applying parameters from published articles [18, 39, 43], the approximate value of ε
′′

MW turned

out to be 0.06, which is relatively higher than that of the dipolar polarization. In addition, a

much faster heating rate, ∼17◦C/min, was found when heating the non-bonded powder by the

microwave.
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In summary, comparing the two effective dissipation factors and heating rates, the interface

polarization is trusted to be the dominant absorption mechanism and the heating selectivity of

the microwave indeed occurs during the bonding process. The heating rate of a present ther-

mal bonding machine generally ranges from 3 to 6◦C/min. Obviously, the rather high heating

rate of microwave bonding significantly improves bonding efficiency and reduces energy con-

sumption. Above all, microwave bonding is a considerably time-saving and effective method

for bonding metallic effect powder coating.

The crosslinking reaction (pre-curing) of resinous components often occurs during the tra-

ditional bonding process due to the high heating temperature [44]. In this work, FTIR spectra

of non-bonded and microwave-bonded samples were analyzed to judge whether the pre-curing

occurred during the microwave bonding, as shown in Fig 5.4. The profiles of the two spectra

are almost the same, which proves that the microwave bonding process does not cause pre-

curing. Meanwhile, the stretching of C–O and C–O–C of oxirane group are separately found

at 934 and 824 cm−1. The stretching of C=O and sutured C–H groups are observed at 1718 and

2969 cm−1, respectively. The stretching of C–N is seen at 1224 cm−1. In conclusion, the FTIR

analysis shows no pre-curing in the microwave-bonded hybrid sample.
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Figure 5.4: FTIR spectra of non-bonded and microwave-bonded hybrid powder samples.

The non-bonded and microwave-bonded (prepared at 50◦C-100%) samples were further

characterized by SEM and EDS, as presented in Fig. 5.5. For the non-bonded sample, there

are several Al flakes with clean and smooth surfaces in Fig. 5.5a and the zoomed-in image
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(Fig. 5.5b) shows an Al flake stands straight with clean sides, indicating there are no binds

between coating particles and Al flakes. However, some bonded particles are found in these

areas in circles in Fig. 5.5c after microwave bonding. The magnified image (Fig. 5.5d) exhibits

that three flakes stick on the top, side, and back of a coating particle. These bonded particles

are similar to the results of Gunde and coauthors’ work, but they found stacked Al flakes while

we did not [17]. The green and blue spots in Fig. 5.5 (the EDS scanning result of Fig. 5.5d)

represent aluminum and titanium, respectively. The element of titanium, resulting from the

titania that works as white pigments, is employed to represent the place of coating particle.

It is clear that these bonds are formed between a coating particle and three Al flakes. The

EDS spectroscopy of the white point in Fig. 5.5d also verifies the flake is mainly composed of

aluminum.
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Figure 5.5: The SEM and EDS images of non-bonded and microwave-bonded hybrid samples. a,b)
Non-bonded sample; c,d) bonded sample; e) EDS scanning of d, the green and blue spots represent
aluminum and titanium, respectively; f) EDS spectroscopy of the white point in d. All the scale bars are
10µm.

The optical images of the final films, which prepared from the non-bonded and microwave-

bonded (50◦C-100%) powders (simply named as “non-bonded film” and “microwave-bonded

film”), were gained to reveal the distribution of Al flakes in the top surface and coating, as

viewed in Fig. 5.6. The white areas in these images are Al flakes that reflect lights under optical

observation. Image J (a software) was utilized to analyze “Al area”, defined as the percentage
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of the white area to the observed area. The Al areas of the non-bonded and microwave-bonded

films are 9.82% and 11.01%, entailing that microwave-bonded film does have a stronger metal

shine compared to the non-bonded one when sprayed at 90kV. This conclusion is in line with

the result of the deposited Al contents as given in Table 5.1. The cross-sections imply that the

approximate numbers, per square millimeter, of Al flakes of the two films separately are 301

and 323, which also matches well with Al area results. These comparisons demonstrate that

microwave bonding obtains a more substantial metal shine over the non-bonding at 90kV.

Al area = 9.82% Al area = 11.01%a b

c d

substrate substrate

Figure 5.6: The optical images of top surfaces (a, b) and cross-sections (c, d) of the non-bonded and
microwave-bonded films.

To examine the applicability of the microwave bonding method, two more Al additions

were tested. First, hybrid powder coating with a rather low (0.31±0.02 wt%) Al addition was

bonded at 50◦C-100% and sprayed at the three voltages. Table 5.2 presents that deposited Al

contents (ωdep) and relative difference (∆ω) between non-bonded and microwave-bonded sam-

ples have a reasonably small difference at the same voltage, meaning that microwave bonding

has very limited color stability enhancement. Clearly, the relatively low Al addition is ex-

pected to lead to a small color deviation even without bonding, so a slight improvement is also

significant and reasonable.

Second, an extremely high Al addition (6.2±0.08 wt%) was tested and analyzed. Table 5.3

shows the range of the deposited Al contents is 5.54∼9.02% when there is no bonding, while

this range shrinks to 5.70∼7.24% after microwave bonding. Also, the comparison of the rela-

tive differences proves that microwave bonding gets better color stability when sprayed at the

same voltage, in particular at 30kV. In addition, compared to the samples with low Al content
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Table 5.2: The original (ωori / wt%) and deposited (ωdep / wt%) Al contents as well as the relative
difference (∆ω / %) of hybrid powders with low Al addition.

ωori ωdep-Non ωdep-Bonded ∆ω-Non ∆ω-Bonded

30kV
0.31±0.02

0.41±0.02 0.40±0.02 30.5±1.3 27.9±0.6
60kV 0.40±0.01 0.36±0.02 26.8±1.1 17.1±0.7
90kV 0.28±0.00 0.29±0.01 -11.5±0.9 -9.1±1.1

(∼17◦C/min), an even higher heating rate, ∼23◦C/min, was found when heating the powder

with 6.28% Al flake, which could be explained by Eq. 5.5 and 5.7. A higher volume fraction

of Al flake (v) leads to a greater ε
′′

MW as well as a larger microwave absorption (P). There-

fore, the loaded materials absorb more energy per unit of time and gain a higher heating rate.

According to the above comparisons, it can be deduced that a higher Al addition is helpful to

reduce the processing time of bonding. Conversely, when the Al addition is high, the process-

ing time of thermal bonding might be a bit extended to secure a high bonding quality. Above

all, microwave bonding has shown its ability to effectively bind metallic effect powder coating

with an extensive range of Al additions.

Table 5.3: The original (ωori / wt%) and deposited (ωdep / wt%) Al content as well as the relative
difference (∆ω / %) of hybrid powders with high Al addition.

ωori ωdep-Non ωdep-Bonded ∆ω-Non ∆ω-Bonded

30kV
6.28±0.08

9.02±0.15 7.24±0.11 43.5±2.1 15.3±1.5
60kV 7.17±0.20 6.81±0.14 14.1±2.3 8.5±0.9
90kV 5.54±0.11 5.70±0.13 -11.8±0.7 -9.2±0.6

5.4.2 Polyester powder coating system

It has been proved that microwave energy bonds Al flakes with hybrid powder coating well.

To expand its generality and adaptability, a polyester powder coating was also tested by the

microwave bonding method. The original Al content of this non-bonded sample turned out to

be 1.97±0.06 wt% via three paralleled gas-volumetric tests. At first, the deposited Al contents

of polyester powders prepared at different bonding temperatures were analyzed as shown in

Table 5.4. The non-bonded sample has the biggest range (1.50∼3.10%), meaning poor metallic

color stability. However, the range becomes narrower while the bonding temperature increases,
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indicating that microwave bonding greatly improves color stability.

Table 5.4: The deposited Al contents (ωdep / wt%) of polyester powders prepared at different tempera-
tures.

Non 62◦C 65◦C 68◦C

30kV 3.10±0.11 3.21±0.08 3.10±0.07 2.70±0.06
60kV 3.07±0.12 2.99±0.13 2.89±0.04 2.58±0.03
90kV 1.50±0.06 1.69±0.04 1.82±0.08 1.86±0.04

Fig. 5.7 shows a decline of the relative difference at 30 and 60kV with the increase of bond-

ing temperature. The lowest relative differences at 30 and 60kV in the tested range separately

are 37% and 31%, which respectively reduce by 20% and 25% compared to that of the non-

bonded sample. When spraying at 90kV, the relative difference apparently shrinks from -24%

to -5% with the increase of bonding temperature. In addition, similar to the Hybrid section,

the bonding temperature is lower than the Tg (72◦C) of the polyester powder coating and the

heating rate is as high as ∼16◦C/min. These results suggest that microwave bonding is also able

to efficiently provide high bonding quality and stable metal shine with the polyester powder

coating.
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Figure 5.7: The ∆ω of polyester samples at various bonding temperatures.

The FTIR results of the non-bonded and microwave-bonded (68◦C) polyester samples are

presented in Fig. 5.8. Their spectra are almost identical, suggesting that there is hardly any

pre-curing after the microwave bonding. In addition, several characteristic peaks of polyester
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are observed, such as the stretching frequencies of –OH and C=O at around 3455 and 1717

cm−1 separately, the rocking frequency of –CH2– at 1244 cm−1, the stretching frequencies of

sutured C–H and C–C at 2969 and 1099cm−1, respectively.
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Figure 5.8: FTIRspectra of non-bonded and microwave-bonded polyester powder samples.

Fig. 5.9 displays the SEM and EDS images of the non-bonded and bonded polyester sam-

ples (prepared at 68◦C). These flakes in Fig. 5.9a and b are believed to separate from the coating

particles, like the non-bonded sample in the Hybrid section. Some bonds are viewed in these

marked areas in Fig. 5.9c after microwave bonding at 68◦C. The zoomed-in image of Fig. 5.9c

shows that three flakes adhere to three particles, separately. In addition, EDS results shown

in Fig. 5.9e and 5.9f prove that these bonds are well formed between Al flakes and coating

particles.

The distribution of Al flakes in the surface and cross-sections (from the sample bonded at

68◦C) that sprayed at 90kV are shown in Fig 5.10. The Al areas of non-bonded and bonded

films are 9.7% and 11.5%, respectively. The approximate numbers, per millimeter, of Al flakes

of the two cross-sections separately are 290 and 359. As stated in Table 5.4, the deposited Al

content of the two films respectively are 1.50% and 1.86%. It is clear that the above results

match well with each other. In summary, microwave bonding is competent to bind polyester

powder coating and Al flakes effectively.
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Figure 5.9: The SEM and EDS images of non-bonded and microwave-bonded polyester samples. a,b)
Non-bonded sample; c,d) Bonded sample; e) EDS scanning of d, the green and blue spots represent
aluminum and titanium, respectively; f) EDS spectroscopy of the white point in d. All the scale bars are
10µm.
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Figure 5.10: The optical images of top surfaces (a, b) and cross-sections (c, d) of the non-bonded and
microwave-bonded polyester films (prepared at 68◦C).

5.4.3 PVDF powder coating system

To examine the binding quality of the microwave bonding method at high temperatures,

PVDF powder coating was bonded with Al flakes by microwave. It has a fairly high Tg of

114◦C and is mostly used as a weather-durable coating. The original Al content is determined

to be 1.84±0.05 wt% by the gas-volumetric method. Similar to the results of polyester, the

range of the Al contents shrinks with the increase of bonding temperature, as shown in Ta-
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ble 5.5. The smallest range is 1.78∼2.65%, which is much less than that of the non-bonded

sample (1.56∼3.75%), implying that the microwave-bonded sample has better color stability

than the non-bonded one.

Table 5.5: The deposited Al contents (ωdep / wt%) of PVDF powders bonded at different temperatures.

Non 95◦C 100◦C 105◦C

30kV 3.75±0.13 3.71±0.07 3.10±0.09 2.65±0.05
60kV 2.08±0.06 2.26±0.08 1.90±0.06 2.07±0.06
90kV 1.56±0.01 1.68±0.04 1.73±0.01 1.78±0.04

The analysis of the relative difference illustrated in Fig. 5.11 shows the non-bonded sam-

ple has an extremely large value, 104%, at 30kV. The PVDF powder was found to have a low

deposited rate of 5% (deposited rate = mass of deposited powder/mass of sprayed powder),

meaning it is challenging to capture electrons and (or) ions at this low voltage. Thus, the de-

posited content of the PVDF coating particles will be much less than its addition. In other

words, the deposited Al content will be much more than the Al addition. This possibly is the

reason for the dramatically large relative difference at 30kV. However, the relative difference at

30kV goes down to 44% after microwave bonding at 105◦C. The lowest relative difference at

90kV, -3.3%, also occurs at 105◦C, so this temperature is thought as the best bonding temper-

ature in the tested trials even though the relative difference is a little higher than that of 100◦C

at 60kV.
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Figure 5.11: The ∆ω of polyester samples at various bonding temperatures.
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Fig. 5.12 displays the FTIR spectra of the non-bonded and microwave-bonded (105◦C)

PVDF samples. The almost identical spectra illustrate that the microwave bonding process

rarely impacts the composition of PVDF powder. Some characteristic frequencies are found,

for example, the deformation bends frequency of –CH2– that bonded with –CF2 at 1401 cm−1,

and the stretching frequency of –CF2 at 1180 cm−1.
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Figure 5.12: FTIRspectra of non-bonded and microwave-bonded PVDF powder samples.

The morphologies of the non-bonded and microwave-bonded PVDF samples are described

in Fig. 5.13. These surfaces of the Al flakes in the non-bonded sample (Fig. 5.13a) are clean

and smooth, which indicates that there are no binds between them. In addition, the surfaces

of PVDF coating particles are shown to be rough and uneven because PVDF is a type of

thermoplastic resin that is difficult to be ground. After microwave bonding at 105◦C, some

bonded particles were observed in Fig. 5.13c (areas in circles). Fig. 5.13d clearly shows one

large and one small flake stuck to the top and right side of a coating particle, respectively.

Unlike the Hybrid and Polyester counterparts, the fluorine element (the red spots in Fig. 5.13e)

was employed to reveal the positions of PVDF coating particles. Both the EDS scanning and

spectroscopy provide evidence for the bonding formation between Al flakes and PVDF coating

particles.

Fig. 5.14 exhibits the optical images of the top surfaces and cross-sections of non-bonded

and bonded (prepared at 105◦C and sprayed at 90kV) PVDF films. The Al areas seem to be

considerably higher over those of the Hybrid and Polyester sections, mainly because the used
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Figure 5.13: The SEM and EDS images of non-bonded and microwave-bonded PVDF samples. a,b)
Non-bonded sample; c,d) bonded sample; e) EDS scanning of d, the green and blue spots represent
aluminum and titanium, respectively; f) EDS spectroscopy of the white point in d. The scale bars are
10µm.

PVDF powder coating is a type of half translucent paint that allows the inside Al flakes to

reflect lights. After microwave bonding, the Al area increases from 13.4% to 14.4% and the

approximate numbers (per millimeter) increase from 312 to 347. As mentioned in Table 5.5,

the deposited Al content increases from 1.56% to 1.78% after microwave bonding. Apparently,

these increments are consistent with each other. Above all, these optical images prove that

microwave bonding is able to improve the stability of metal shine even at an extremely high

bonding temperature.

5.4.4 Performance

The hardness, adhesion and impact resistance of non-bonded and bonded films were de-

termined and compared in Table 5.6. The microwave-bonded films have the same hardness

and adhesion grades as the non-bonded ones, implying that the microwave bonding process

shows very little influence on hardness and adhesion. However, the bonded films appear to

have inferior impact resistance. The main reason behind this is that the bonded films have

higher contents of Al flakes according to former results (Table 5.1, 5.4 and 5.5). In general,

Al flakes contained in films reduce the flexibility of the resinous matrix because they block
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Figure 5.14: The optical images of top surfaces (a, b) and cross-sections (c, d) of the non-bonded and
microwave-bonded PVDF films.

the interpenetrating network of the film. The more the Al flakes in films, the lower the impact

resistance. Overall, the microwave bonding process does influence the impact resistance but

rarely affect hardness and adhesion.

Table 5.6: The performances of hybrid, polyester and PVDF films sprayed at 90kV.

Hardness Adhesion Reverse Impact

Hybrid Non-bonded H 5B 411 N·cm
Bonded H 5B 392 N·cm

Polyester Non-bonded HB 4B 176 N·cm
Bonded HB 4B 147 N·cm

PVDF Non-bonded F 5B 245 N·cm
Bonded F 5B 186 N·cm

5.5 Conclusions

Metallic pigments and three types of powder coatings were effectively bonded by mi-

crowave energy via a self-designed bonding device that includes a two-directional rotating

drum. The Al content analysis indicates that bonded powders have a significantly smaller

change in deposited Al content than the non-bonded ones. The SEM and EDS images show

that a large number of bonds are formed between Al flakes and base coating particles. The op-

tical images testify that the bonded films have higher metal shine over the non-bonded ones at

the spray voltage of 90kV. To sum up, microwave bonding has the ability to fabricate metallic

effect powder coating with highly stable metal shine.
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The heating selectivity of the microwave plays a vital role in the bonding process. Two

positive effects were found: 1) The bonding temperature of the microwave bonding method is

lower than the Tg of coating particle; 2) The heating rate of microwave bonding is drastically

high, from ∼16◦C/min (low Al addition) to ∼23◦C/min (high Al addition). All in all, the

microwave bonding method has great potential to produce various types of powder coatings

with highly stable metal shine.
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6 Pilot-scale microwave bonding machine based on
rotating

6.1 Abstract

Metallic effect powder coating, as a unique methodology for coating powders and metallic

pigments, has been drawing more attention and occupying more market share with more strin-

gent environmental pressure on traditional metallic solvent paint. To overcome the shortcom-

ings of the thermal bonding method that aims at bonding the two non-compatible ingredients, a

self-designed microwave bonding machine was first developed and tested in the present work.

Taking advantage of the heating-selectivity of the microwave, a lower bonding temperature

was obtained when compared to the thermal bonding method. Also, through the analysis of

bonding rate and color difference, a higher bonding quality and enhanced color stability were

found. More bondings between coating particles and Al flakes were clearly observed by SEM

and EDS in the microwave-bonded samples. The microwave bonding is proved to be a feasible

and efficient method and thus the bonding machine has great potential to replace the present

bonding machine.5

Keywords: Microwave bonding; Metallic effect powder coating; Metallic pigment; Interface

polarization.

5With minor editorial changes to fulfill formatting requirements, this chapter is substantially appears as in

the “Applying microwave energy to fabricate powder coatings with strong and stable metal shine.” Progress in

Organic Coatings 149 (2020):105929, Wei Liu, Haiping Zhang, Yuanyuan Shao, Xinping Zhu, Yufu Wei, Hui

Zhang, and Jesse Zhu.
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6.2 Introduction

Metallic effect powder coating, as an upgraded product of metallic solvent paint, is not only

sparkling and highly protective but much more environmentally-benign and solvent-saving. It

has been heavily applied in the fields of domestic appliances, building materials, automobile

rims, electronic instrumentation and other industrial products [1, 2]. Metallic effect powder

coating is mainly manufactured from two non-compatible materials in the industry. The first is

the base powder coating (D50 = 30 to 45µm) usually composed of resin, regular pigment, filler,

and additives. The second is metallic pigments (D50 = 4 to 70µm) such as aluminum or copper

flakes with a thickness of 1 to 2µm to achieve silver- or gold-color metal shine, respectively[3].

The elimination of solvent is another major advance in the reduction of air pollution. In brief,

metallic effect powder coating is capable of providing excellent aesthetic appearance and more

durable protection, while generating far less VOCs emission during the film formation.

However, there is a rare application of metallic effect powder coating on high-end products,

such as cellphones, automobile bodies, and laptops, because these products require coatings to

have extremely high color stability and metal shine that metallic effect powder coating could

not completely accomplish up to date [4, 5]. The spray process of metallic effect powder coat-

ing always involves a powder recovery system to recycle the over-sprayed powder and an elec-

trostatic spray system to employ charged particles to more efficiently paint a workpiece[6, 7].

A challenge in the spraying process of metallic powder paint is the color change, which mostly

results from the poor compatibility of the two ingredients coming from their sharp differences

in some physical properties, such as shape, resistance, density, and dielectric constant. During

the spraying, the poor compatibility leads to different contents of metallic pigment among the

over-sprayed, deposited, and virgin powders (Fig. 6.1A). If this over-sprayed powders are re-

claimed for re-spraying, the final films will have significantly different colors owing to distinct

contents of metallic pigment. Or worse, discarding these over-sprayed powders will lead to

high cost and material waste.

The thermal bonding process, which is mainly employed in present industries, was invented

in 1993 to eliminate the non-compatible problem of the two ingredients [8]. The term ”ther-

mal” refers to the traditional heating modes, such as friction and jacket heating. The bonded
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particles (coating particles + metallic pigments) could have similar physical properties with

the coating particles, especially dielectric constant and electric resistance. It is universally

known that the similarity of electrical property is the prerequisite of the similarity of electrical

behavior[9]. As presented in Fig. 6.1B, the contents of metallic pigment in the over-sprayed,

deposited and virgin powders are supposed to be equal when all metallic pigments are well

bonded with coating particles. Consequently, the over-sprayed powders retain the consistent

color to be successfully re-sprayed. This process starts with heating metallic pigments and

coating particles in a chamber with high-speed stirring and/or oil/water-jacket, till the temper-

ature exactly reaches or slightly exceeds the glass transition temperature (Tg) of the coating

particles [10, 11, 12]. Then the resinous parts of coating particles become soft and adhesive,

which allows coating particles to cohere with metallic pigments, followed by a rapid cooling.

Lastly, bonded products are collected from the chamber.

√

Over-sprayed powder

Deposited powder

Non-bonded powder

XA

B

Bonded powder 

Electrostatic spray

Electrostatic spray

Virgin powders

Mixing & bonding

Virgin powders

Mixing

Over-sprayed powder

Deposited powder

Figure 6.1: The difference of non-bonded and bonded metallic powder paints sprayed by an electro-
static system. The black spheres stand for coating particles; the gold flakes represent metallic pigments.
A) Non-bonded powder; B) Effectively bonded powder.

However, there are some inherent issues in the thermal bonding process[13, 14, 15, 16].

The first one is mis-bonding, that a sticky coating particle bonds with another coating particle

instead of a metallic pigment. Secondly, the high-speed stirring tends to bend and grind metal-

lic pigments that the resultant films have a reduced metal shine. Thirdly, it is hard to reach high



102 6. PILOT-SCALE MICROWAVE BONDING MACHINE BASED ON ROTATING

bonding temperatures such as 120◦C owing to its heating modes. The last and most important

one is that metallic effect powder coating manufactured by this process is not a product that

completely meets the requirement of high-end goods. The color stability with a high addition

of metallic pigments, for example, 4 wt%, for a strong metal shine is still unsatisfactory. These

issues being present in the thermal bonding process limit the applicable scope of the metallic

effect powder coatings. Hence, solving these problems of the thermal bonding approach is

highly necessary for manufacturers and engineers nowadays.

There have been some attempts to solve these issues of thermal bonding method by adding

some adhesive materials or applying pretreatment on the basis of the thermal bonding, such

as surface treatment of aluminum[17], primers[3, 18], and metal nanoparticles[19]. However,

these methods have limitations in various aspects, for instance, pollution, cost, and industrial-

ization. Since Percy Spencer found microwave (MW) had heating capacity in 1945[20], this

property has been widely utilized over considerable fields, such as cooking, sterilization, dry-

ing materials, medical treatments and so on[21, 22, 23, 24]. Mistry and coauthors pointed out

that metallic powder paints could be bonded by a variable frequency microwave oven via using

radio radiation in C-bands (5.8 to 7GHz) and X-bands (7.3 to 8.7GHz)[16], which are not in

the Industrial Scientific Medical (ISM) bands, defined by the International Telecommunica-

tions Union-Radio communications (ITU-R), in 5.138, 5.150, and 5.280 of the Radio Regu-

lation [25]. Therefore, this technology has not ever been commercialized because of a huge

amount of cost and the inevitable radio frequency interference (RFI). As a heating source, mi-

crowave has many advantages, such as clean, efficient, safe, pollution-free, and easy to control.

More significantly, Metaxas and Meredith reported that the interface between the metal and

non-metallic materials has greater microwave absorption than other areas due to the heating-

selectivity of the microwave. [26, 27]. This theory suggests that the interface between metal

and nonmetal has a higher temperature than other areas. Metallic effect powder coatings are

just made by nonmetal (base coating particle) and metal (metallic pigment), so a higher temper-

ature is expected at the metal-to-nonmetal contact area, which is exactly desired in the bonding

process. This should be a great benefit to the reduction of mis-bonding and enhancement of

color stability.

In this work, a unique self-designed microwave-heating machine was first invented with
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a fixed center frequency of 2.45GHz to greatly reduce the cost and avoid RFI. Moreover, a

novel bonding approach was correspondingly established on the dependence of microwave as

a heating source instead of current-state-of-the-art such as hot jacket or friction of high-speed

stirring. In addition, tumbling motion, instead of high-speed stirring, was utilized to avoid the

breaking and bending of metallic pigment. In terms of our previous laboratory experiments,

microwave bonding was proved to be a feasible and effective method. Therefore, an advanced

microwave bonding machine was designed and constructed for a deeper investigation and in-

dustrialization.

6.3 Materials and methods

6.3.1 Materials and equipment

Aluminum flakes (ZPC 330, with stearic acid treated surface) from Zuxing New Mate-

rial Co., Ltd. (Changsha, China) was used as the metallic pigment; Polyester powder paint

(HS136419, Matte grey) from Huajiang Powder Coating Co. (Guangdong, China) served as

base powder coating; Al panels (15cm in length, 7.6cm in width) from Q-Lab Co. (OHe, USA)

were utilized as substrates; Sodium hydroxide from Xilong Chemical Co., Ltd. (Guangdong,

China) worked as a react agent for gas-volumetric analysis.

An electrostatic automatic spraying system with a corona spray gun from Gema Switzer-

land GmbH (St.Gallen, Switzerland) was applied to spray powders. A thermal bonding ma-

chine (SHTBD10) from Sun-hitech Technology Co., Ltd. (Xiamen, China) was used to pro-

duce thermal-bonded samples. A laser particle size analyzer (LS-POP6) from Omec Instru-

ments Ltd. (Zhuhai, China) was utilized to analyze the size distributions of powdered samples.

A Scanning Electron Microscope (SEM) (SU3500) with energy dispersive spectrometer (EDS)

from Hitachi Limited (Tokyo, Japan) was employed to observe the bonding situation between

Al flake and coating particle. A colorimeter (CI62) from X-rite Inc. (Michigan, USA) was

used to evaluate the color difference of final films.

6.3.2 Microwave bonding machine

The self-designed microwave bonding machine that is 130cm in length, 100cm in width,

and 170cm in height is shown in Fig. 6.2. Eight microwave transmitters of 2.45GHz±50Hz (the
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power of each one is 1kW) work as the heating source. The cylinder (38cm in inner diameter;

40cm in inner height) is made of polytetrafluoroethylene (PTFE) working as container for

coating powders and aluminum flakes. The rotation of the cylinder was driven by a motor

system outside the shell through a shaft. The two components to be bonded could be well

mixed by the motion and heated by the microwave.

For safety, a nitrogen atmosphere in the cylinder is required during the bonding process,

and a flowmeter was installed to control the flow rate of nitrogen and an oxygen concentration

detector was utilized to examine the oxygen volume ratio. There were two temperature sensors

in the shaft that could detect the real-time temperature of the loaded materials. Bonding tem-

perature and rotating speed can be monitored and adjusted via the control panel. It is worth to

know that the cylinder is made from PTFE that has extremely low microwave-absorption, so

the microwave could heat the loaded particles efficiently. In particular, this machine is able to

bond about 10kg powder at a time.
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Figure 6.2: The schematic diagram (A) and picture (B) of the microwave bonding machine. 1. Digital
display of nitrogen content; 2. Flowmeter of nitrogen; 3. Control panel; 4. Door; 5. Shell; 6. Microwave
transmitters; 7. PTFE cylinder; 8. Temperature sensor; 9. Loaded materials; 10. Power system.

6.3.3 Preparation of samples

The non-bonded powders with low and high additions of Al flakes were prepared by mixing

200kg base powder coatings with 4kg and 10kg Al flakes, respectively. The thermal-bonded

samples (commercial products) were prepared by Huajiang Powder Coating Co. using the

above non-bonded powders and processed by the Sun-hitech (SHTBD10) bonding machine.

The microwave-bonded samples were made from the same non-bonded powders by the
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following steps: a) loading the non-bonded powder into the cylinder; b) heating the loaded

powder with 8 microwave transmitters at various rotating speeds (30 to 50rpm) till the temper-

ature reaches the set value; c) stopping heating and keeping rotating for cooling the mixture to

room temperature; d) the discharged mixture was sieved by a 120 mesh screen.

The samples of deposited powders were collected by two steps: a) separately spraying a

powder onto six panels under a spray condition. Here four spray conditions of voltage and

air supply, 30/6.5, 60/6.5, 60/5.5, and 90/6.5 (kV)/(m3h−1), were adopted to spray powders

(in industry, the spray voltage and air supply are generally in the ranges of 30-90kV and 5.5-

6.5(m3h−1), respectively.); b) carefully scraping off the deposited powders from the surfaces of

three panels, the other three coated panels were cured into coating films. All powdered samples

were treated by gold-sputtering before SEM canning. All the coating films were prepared by

heating the deposited powders at 190◦C for 10 minutes. All of the specimens for optical obser-

vation were cut from the films that sprayed at 60kV/6.5m3h−1. Deposited powders were utilized

for bonding quality analysis and the films were performed for color stability characterizations.

6.3.4 Characterizations of powders and films

The morphology and size distribution of coating powders were characterized by SEM and

particle size analyzer, respectively. As stated before, the non-compatibility of the two compo-

nents will cause color change and an effective solution is bonding the two ingredients together.

Hence, the bonding quality of powders and color stability of films were studied in this work.

The bonding quality is able to be evaluated by the Al contents of virgin and deposited powders.

However, a quantitative analytical method has not been established so far to analyze the con-

tent of the metallic pigment in powder paint. In this work, aluminum flakes worked as metallic

pigments, so the gas-volumetric method was carried out to have an accurate analysis of the

content of the metallic pigment[28]. The involved chemical reaction in this analysis is given

as:

2 Al + 2 NaOH + 2 H2O = 2 NaAlO2 + 3 H2 (6.1)

Taking advantage of Eq. 6.1, the Al content of powdered samples could be deduced as:

ω =
2 VH2 MAl

3 Vm Msample
× 100% (6.2)
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where ω is the content of aluminum; VH2 is the volume of hydrogen; MAl is the relative atomic

mass of aluminum; Vm is the molar volume of hydrogen at 25◦C and 1atm; Msample is the total

mass of a powdered sample.

The original Al content of non-bonded powder was labeled as ωori and the Al content of

deposited coating powder was written as ωdep (abbreviated as deposited Al content). Of course,

the best bonding quality is when the two contents are equal. For a better understanding, the

bonding rate (γ) was defined by the following equation:

γ = |
ωdep bond − ωdep non

ωori − ωdep non
| × 100% (6.3)

where, ωdep bond and ωdep non are the deposited Al contents when spraying bonded and non-

bonded powders at the same condition, respectively. Since Al flakes are able to deposit onto

the substrate even without bonding, the difference between ωori and ωdep non stands for the total

amount of Al flakes that need to be bonded, and the gap betweenωdep bond andωdep non represents

the amount of Al flakes that have been bonded, so the ratio of the two differences could reveal

the bonding quality. Based on the definition, it is clear that the higher the bonding rate, the

better the binding quality.

The films were observed by an optical microscope to disclose the distribution of Al flakes

in the film. Specifically, the final films were also tested by a colorimeter, which was on the

basis of CIE-Lab color system [29], to discover the color stability of the paint. Total color

difference (∆E) with respect to the reference was calculated by the equation as follows:

∆E =
√

(∆L∗2 + ∆a∗2 + ∆b∗2) (6.4)

where, L∗ represents brightness varying from 0.0 for black to 100.0 for a diffuse white; a∗ de-

scribes the color change from red (+a∗) to green (−a∗); and b∗ implies the color change from

yellow (+b∗) to blue (−b∗). Accordingly, ∆L∗ = L∗re f erence − L∗sample, ∆a∗ = a∗re f erence − a∗sample,

∆b∗ = b∗re f erence − b∗sample. The film with the highest deposited Al content was selected as the

reference. In the paint industry, keeping a stable appearance of the film is critical in the sense

that any change of pigment or additive to the paint matrix should change the color of the film

only in the pre-established scope. As a result, for any produced powder coating to be in an ac-
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ceptable stable scale, the ∆E value was set to be between 0 and 1[30]. As is known, a smaller

color difference represents a better color stability.

6.4 Results and discussion

6.4.1 Microwave-bonded samples with low Al addition

At first, the accurate original Al content was turned out to be 1.81 ± 0.01 wt% after three

parallel tests through the gas-volumetric method. After bonding the non-bonded sample by

the thermal process, the size of the non-bonded sample increase from 11.85µm (D10), 32.85µm

(D50), and 63.86µm (D90) to 16.72µm (D10), 41.47µm (D50), and 74.11µm (D90). The size in-

crease of bonded sample is predictable and reasonable because the goal of the bonding process

is uniting two or more particles together. So these diameter increments prove that some bond-

ings are formed after the thermal treatment process, although mis-bondings are also taken into

consideration.

As the temperature is the most important influencing factor on the bonding quality, five

temperatures were set to bond the non-bonded powder with the microwave, while the rotating

speed maintained at 40rpm. To examine the bonding quality of the microwave-bonded pow-

ders, the deposited Al contents of these samples were measured and summarized in Table 6.1.

The deposited Al contents of the non-bonded sample are ∼1% which are far below the original

one (1.81%). This reduction of Al content suggests that the film has a much less metal shine

and shininess than what it should be. After the thermal bonding treatment at the temperature of

64◦C, the deposited Al contents increase by ∼0.35%, demonstrating that the thermal bonding

process indeed acquires some bondings. When bonding by the microwave, the deposited Al

content barely increases by around 0.1% after bonding at 54◦C, however, the samples made at

the other four temperatures have much higher increments, about 0.40%, which is a bit higher

than the increase of the thermal-bonded one. Another finding is that all the Al contents at 60/6.5

are slightly lower than that at 60/6.5. The main reason for this phenomenon is that high-speed

air is easy to blow Al flakes away on account of their light mass and high aspect ratio. It is

remarkable that all the deposited Al contents are lower than the original Al addition (1.81%).
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Also, there is a slight increase of the deposited Al content when the spray voltage goes up at

the same air supply.

Table 6.1: Deposited Al contents (/wt%) of microwave-bonded powders with low Al addition.
30/6.5* 60/6.5* 60/6.5* 90/6.5*

Non-bonded 0.92±0.00 1.04±0.01 1.03±0.02 1.01±0.07
Thermal 64◦C 1.23±0.01 1.38±0.02 1.36±0.02 1.42±0.01
54◦C 1.00±0.02 1.10±0.05 1.12±0.02 1.14±0.04
58◦C 1.25±0.02 1.41±0.04 1.46±0.07 1.47±0.03
59.5◦C 1.25±0.00 1.43±0.02 1.51±0.04 1.48±0.03
60.5◦C 1.25±0.01 1.43±0.02 1.46±0.04 1.49±0.04
61.5◦C 1.23±0.01 1.41±0.01 1.50±0.03 1.43±0.01

* The spray conditions are voltage (30-90kV) and air supply (5.5 and
6.5m3 h−1).

A predominant explanation for these results is that the charge capacity of the coating parti-

cle and Al flake are different. The maximum charge (Qmax) accumulated by a particle passing

through an electric field could be estimated by the following equation[31]:

Qmax = 4 π r2
e ε0 E

3εr

εr + 2
(6.5)

where re is the equivalent spherical radius; ε0 is the permittivity of vacuum; E is the electric

field strength; εr is the relative dielectric constant. The average equivalent spherical radius of

the involved Al flake and coating particle are ∼7.1µm and ∼32.9µm, respectively. Calculating

with reported data[32, 33, 34, 35], it is discovered that the maximum charge of the coating

particle is ten times more than that of Al flake. So it is believed that coating particles are easier

to capture electrons/anions in the process of electrostatic spraying, which results in a higher

content of coating particles in the deposited powder. Another reason is that the high aspect

ratio of Al flakes make themselves easy to be blown away. In other words, the Al content in

the deposited powder will be less than the original Al addition.

For a more direct understanding of bonding quality, the bonding rates of thermal-bonded

and microwave-bonded samples were calculated by Eq. 6.3 and plotted in Fig. 6.3. The sample

prepared at 54◦C has a much lower bonding rate than the others which means an inferior bond-

ing quality. This is mostly because the surface of the coating particle is not adhesive enough to

attach Al flake at this low temperature. With the exception of the sample prepared at 54◦C, all
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the bonding rates at evaluated temperatures are around 37% in the condition of 30/6.5. How-

ever, at the other three spray conditions, the samples prepared at 58 to 61.5◦C have greater

bonding rates than the thermal-bonded sample. In particular, the sample bonded at 59.5◦C

and sprayed at 60/6.5 reaches the highest value (60.68%) among these bonding rates which is

19% more than the thermal-bonded sample. Therefore, 59.5◦C was considered as the optimal

bonding temperature for this metallic powder paint among these five trials. In addition, there

is an obvious trend that the bonding rate gradually increases with the increase of spray voltage.

This is partly because the charges of the coating particle and Al flake become closer when the

voltage increases due to the fact that the lower electric resistance of the Al flake enables a faster

charge capture rate than the coating particle[36]. Also, the bonding rate is higher when the air

supply is lower, which is in line with the previous result of deposited Al content. Through

comparing the bonding rates of microwave- and thermal-bonded samples, it can be seen that

the microwave bonding method acquires a better bonding quality.
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Figure 6.3: The bonding rates of samples bonded at different temperatures.

Notably, the temperature of microwave bonding (59.5◦C) is much less than that of the

thermal bonding (64◦C). As described in Introduction, this finding is trusted to be the result

of the heating-selectivity of the microwave. Microwave power absorbed by materials per unit

volume is given as below[37]:

P = 2 π f ε0 E2 ε
′′

e f f (6.6)
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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
′′

e f f is

the effective dissipation factor of material.

In this work, all the to-be-heated samples were the mixtures of non-conductive particles

(base coating particles) and conductive plates (Al flakes). According to Wagner’s work[38],

the main microwave absorption is due to two distinct mechanisms: a) dipolar polarization of

base particles; b) interface polarization (Maxwell-Wagner polarization) of coating particles and

Al flakes. In order to figure out which one is the dominate mechanism, the same mass (10kg)

of base coating particles and non-bonded powders were separately heated by the microwave in

the same condition.

Firstly, the base coating particles without Al flakes were singly heated by the microwave

bonding machine. The major microwave absorption is believed to be dipolar polarization in this

process. And the effective dissipation factor of dipolar polarization (ε
′′

dipolar) can be estimated

by the equation as below:

ε
′′

dipolar = ε
′

tanδ (6.7)

where, ε
′

is the real part of dielectric constant of material; tanδ is the loss tangent of material.

The calculated ε
′′

dipolar is about 0.017 in the use of the data from some published studies[39, 40].

The experimental results show that the heating rate of base coating particles is ∼2◦C/min.

Secondly, the non-bonded powder, a mixture of base coating particles and Al flakes, was

heated by the microwave bonding machine. Wagner has indicated that for the simplest model

featuring this type of polarization, consisting of conducting spheres distributed throughout a

non-conducting medium, the effective dissipation factor is given by Eq. 6.8[27, 26, 38], and

Sillars has implied that the τ in Eq. 6.8 can be estimated by Eq. 6.9 according to a double layer

arrangement model[41]:

ε
′′

MW =
9 v ε

′

1 fmax

1.8 × 1010 δ2

2π f τ
1 + (2π f τ)2 (6.8)

τ = ε0
ε
′

1 + ε
′

2

δ1 + δ2
(6.9)

Where, v is the volume fraction of conductive material; fmax in Hz is the frequency of max-

imum losses; δ is the conductivity in S m−1 of the conductive phase; τ is the relaxation time
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constant; the subscripts 1 and 2 refer to non-conductive and conductive phase, respectively.

After collecting parameters from published articles[16, 40, 42], ε
′′

MW is turned out to be around

0.06 which is rather higher than that of the dipolar polarization. In Experiment, in contrast to

the heating rate of base coating powders (∼2◦C/min), a much faster heating rate (∼10◦C/min)

was found when heating the non-bonded powder. Therefore, the theoretic and experimental

results both illustrate that the interface polarization is the main absorption mechanism. Con-

sequently, the interface is able to have a higher temperature in contrast with non-touched and

mis-touched surfaces when heating by the microwave. In general, the heating rate of a thermal

bonding machine ranges from 3 to 6◦C/min. Apparently, the high heating rate of microwave

bonding is greatly beneficial for the improvement of bonding efficiency and reduction of power

cost. Above all, microwave bonding is a considerably time-saving and effective method for

producing metallic effect powder coating.

The color differences (∆E) of final films prepared from various samples (non-, thermal-

and microwave-bonded samples) and at different spray conditions, were measured and ana-

lyzed as seen in Fig. 6.4. There is no doubt that a smaller color difference in films signifies a

higher color stability of a coating. As stated before, the reference film was the one with the

highest deposited Al content, so one of the films cured from the sample bonded at 59.5◦C and

sprayed at 90kV was chosen as reference. As seen in Fig. 6.4, the films made by the non-

bonded sample have the biggest color difference in the tested range, which indicates it has the

worst color stability. Bonding at 54◦C has the second highest color difference, representing

that there are few bondings formed, which is consistent with the previous result of the bond-

ing rate. The color difference at 61.5◦C was apparently higher than that at 59.5 and 60.5◦C,

revealing the worsening of color stability and bonding quality, which does not agree with the

bonding rate analysis. A generally accepted reason probably is that the high temperature leads

to over-bonding and then causes uneven films. It is also noticed that all the color differences

at 64◦C (Thermal bonding), 59.5◦C and 60.5◦C are below 1, which are all within the range of

color change acceptable by the paint industry. Moreover, all of the color differences at 59.5◦C

are lower than 0.5, indicating that the color of this bonded powder is highly stable. So the

best bonding temperature is held as 59.5◦C in these performed tests, which is in line with the

conclusion of the bonding rate.
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Figure 6.4: Color differences of final films prepared from the samples bonded at different temperatures.

The influence of rotating speed on the bonding quality and color stability was investigated

because the motion of particles is largely impacted by the speed in the bonding process. Huang

and coauthors recognized that the motion of powder in a drum went through five regimes with

the increase of rotating speed: slipping regime, avalanching-sliding regime, aerated regime,

fluidization regime, and re-compacted regime[43]. The maximum rotating speed, nmax, that

allows powders to stay in the fluidization regime can be estimated by the following equation:

nmax =
30
π

√
g
r

(6.10)

Where, r is the radius of drum (m); g is the acceleration of gravity (m/s2). For obtaining

a high bonding quality, the loaded powder has to remain in the fluidization regime to secure

uniform heating. Thus, the theoretic highest rotating speed calculated by Eq. 6.10 is 68.6rpm at

the drum radius of 19cm. On the basis of the previous study, microwave-bonded samples were

prepared at 30, 40, and 50rpm while the temperature remained as 59.5◦C. It is seen that the

loaded powder always stays in the fluidization regime at the three rotating speeds. Table 6.2

gives the deposited Al contents of microwave-bonded samples prepared at various rotating

speeds. Bonding at 30 and 40rpm has close values, but slightly lower ones are found at the

high speed of 50rpm. A possible reason for this finding is that some weak bondings are ruined

by the greater shear created at a higher rotating speed.

Based on these Al contents, bonding rates were further computed as shown in Fig. 6.5A.
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Table 6.2: Deposited Al contents (/wt%) of bonded powders prepared at various rotating speeds.
30/6.5* 60/6.5* 60/6.5* 90/6.5*

30rpm 1.20±0.05 1.44±0.01 1.48±0.00 1.42±0.04
40rpm 1.25±0.00 1.43±0.02 1.51±0.04 1.48±0.03
50rpm 1.25±0.02 1.34±0.05 1.43±0.06 1.43±0.01

* The spray conditions are voltage (30-90kV) and air supply (5.5 and
6.5m3 h−1).

The bonding rates of 40rpm are not lower than that of 30 and 50rpm at 30/6.5 and 60/6.5.

Furthermore, the sample bonded at 40rpm has the highest bonding rates at 60/6.5 and 90/6.5

among the three samples. On the other hand, the color analysis in Fig. 6.5B tells that all the

color differences at 40rpm are below 0.5 while those at the other two speeds are above 0.5

(below 1). Altogether, it is deemed that 40rpm is the best rotating speed among the three tested

speeds. A greater bonding quality and color stability acquired at 40rpm is probably because

the loaded powder has a more favorable fluidized state making bonding easier to form.
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Figure 6.5: Bonding rates and color differences of bonded samples at various rotating speeds.

The morphology of non-bonded, thermal-bonded, and microwave-bonded powders was ob-

served by SEM as presented in Fig. 6.6. The surfaces of Al flakes in non-bonded powders are

clean and smooth (Fig. 6.6A and B), revealing that there is no bonding between coating par-

ticles and Al flakes. After thermal bonding, even though many Al flakes remain separated

from coating particles as presented in the circle areas with dash lines in Fig. 6.6C, some ef-

fective bondings are formed between Al flakes and coating particles (areas with yellow lines).

A small Al flake sticks to the surface of a large coating particle is seen in the zoomed-in im-

age (Fig. 6.6D). Additionally, some mis-bondings (coating particles bond with each other) are

found in these circle areas with solid dark lines. These mis-bondings could partly explain the
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size increase of thermal-bonded samples as discussed before. The SEM image (Fig. 6.6E) of

the microwave-bonded sample made at 59.5◦C and 40rpm shows a greater number of flakes

stick to the surfaces of coating particles. Unquestionably, there is still a small amount of clean

flakes found as exhibited in the dashed circle areas, hinting that the bonding rate is not 100%.

The square area in Fig. 6.6E is zoomed in and scanned by EDS as given in Fig. 6.6F and G,

respectively. Two flakes in diameter of around 30µm separately adhere to the front and back

sides of a big particle. The EDS scanning shows the flakes are mostly composed of the alu-

minum (green spots). The blue spots (titanium) coming from the titania that works as the white

inorganic pigment are used to represent the positions of coating particles. And the EDS spec-

troscopy (Fig. 6.6H) of the white point in 6.6F also testifies that the flake is almost made by

aluminum. Combining these analysis, the bondings in 6.6F are confirmed to happen between

two Al flakes and a coating particle. Fig. 6.6I presents the medium diameter of the bonded sam-

ple is 39.96µm which is also higher than that of the non-bonded sample (32.85µm). Similar to

the thermal bonding process, microwave bonding also results in size increase.

30μm
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H I D50=39.96μm

D10=17.51μm

D90=70.79μm

20μm100μm
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20μm100μm
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Figure 6.6: SEM, EDS and size distribution of the non-bonded, thermal-bonded and microwave-
bonded powders. A,B) non-bonded; C,D) thermal-bonded; E,F) microwave-bonded; G) EDS scanning
of F; H) EDS spectroscopy of the white point in F; I) Size distribution of the sample prepared at 59.5◦C
and 40rpm.
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The situation and shape of coating particles and Al flakes were tested by SEM and EDS

as discussed before. However, the distribution and state of Al flakes in the final films were

still not clear, so the surfaces and cross-sections of these films were characterized by an optical

microscope as illustrated in Fig. 6.7. The white areas in 6.7A, B and C are the results of the

light reflections of Al flakes when observing the surfaces by an optical microscope. The total

area of Al flakes in the film cured from the non-bonded powder (termed as non-bonded film),

as viewed in Fig. 6.7A, apparently is much less than that of the other two. A higher Al area

means that the film has a stronger metal shine and the powdered sample has a better bonding

quality and color stability. Here, for a more clear comparison, an image software (Image J)

was employed to have a statistical analysis on the total area of Al flakes as a percentage of the

observed area. The Al area fraction of non-, thermal-, and microwave-bonded films are 7.9,

12.1, and 12.7%, correspondingly. A near 5% increase of Al area is found after microwave

bonding treatments compared to the non-bonded one. The Al area analysis also illustrates

that the microwave bonding obtains a litter better bonding quality than the thermal bonding.

At the same time, the distributions of Al flakes inside these films are displayed in the images

of these cross-sections. The approximate numbers, per millimeter, of Al flakes of the three

films separately are 262, 519 and 579 as given in Fig. 6.7D, E and F. There is a good match

between the cross-sectional and top surface images. In addition, all of the thickness of the three

films were around 80µm. Moreover, these tendencies obtained from optical images coincide

well with the previous results of bonding rate and color difference. For instance, a film with

a higher deposited Al content generally has a higher Al area ratio of the surface as well as a

larger number of Al fakes in the film.

6.4.2 Microwave-bonded samples with high Al addition

The bonding quality and color stability of metallic powder paint with low Al addition have

been studied carefully and microwave bonding method has shown its advantages. For a stronger

metal shine and higher protection, a metallic effect powder coating with high original Al addi-

tion (4.66±0.04%) was studied and discussed as well. At first, the deposited Al contents were

obtained via the gas-volumetric method after spraying these powders at different voltages (30,

60 and 90kV) and air supplies (5.5 and 6.5m3h−1). The deposited Al contents of the non-bonded
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Figure 6.7: Optical images of top surface and cross-section of the final films obtained from non-bonded
and bonded samples. A,D) Non-bonded powder; B,E) Thermal-bonded powder; C,F) Microwave-
bonded powder prepared at 59.5◦C and 40rpm.

sample are ∼1.24% which are significantly lower than the original Al content, 4.66%. Compar-

ing with the sample with low Al addition (1.88%), the reduction of the deposited Al contents is

even grater. After the thermal bonding treatment, the deposited Al contents of thermal-bonded

samples increase to ∼2.36%. As stated before, it is always difficult to bond a metallic effect

powder coating with a high content of metallic pigment by the thermal bonding method. Since

the best rotating speed had been to be 40rpm among the tested points, the microwave-bonded

powders were also bonded under this speed, but the bonding temperatures were different (59 to

61◦C). Table 6.3 describes that the deposited Al content is increased with the increase of bond-

ing temperature at the same spray condition. An increment of deposited Al content is found

again when the spray voltage increases from 30 to 90kV. The highest deposited Al content in

the tested samples is around 3.07% when bonded at 61◦C and sprayed at 90/6.5, while that of

non-bonded and thermal-bonded samples are only about 1.28% and 2.43%, respectively.

Table 6.3: Deposited Al contents (/wt%) of bonded powders prepared at different temperatures.
30/6.5* 60/6.5* 60/6.5* 90/6.5*

Non-bonded 1.15±0.05 1.25±0.02 1.27±0.09 1.28±0.04
Thermal 65◦C 2.04±0.00 2.41±0.04 2.54±0.05 2.43±0.04
59◦C 1.99±0.14 2.61±0.06 2.53±0.13 2.87±0.04
60◦C 2.22±0.03 2.61±0.06 2.53±0.13 2.87±0.04
61◦C 2.79±0.02 2.84±0.03 3.03±0.00 3.07±0.07

* The spray conditions are voltage (30-90kV) and air supply (5.5 and
6.5m3 h−1).

In Fig. 6.8A, the bonding rates evaluated by Eq. 6.3 show that the sample bonded at a low
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temperature of 59◦C has close bonding rates with the thermal-bonded sample. It is clear that the

bonding rate raises from ∼35 to ∼50% when the temperature increases from 59 to 61◦C. The

highest rate is found to be 53.2% at 61◦C under the spray condition of 60/6.5. As discussed

before, the highest bonding rate is 60.68% at 59.5◦C when the Al addition is 1.81%. By

comparing these numbers, it is discovered that a higher temperature leads to a lower bonding

rate when the original Al addition increases from 1.81 to 4.66%, which demonstrates that

bonding the metallic powder paint with a high Al addition is rather a much more difficult task.

Unfortunately, a higher bonding quality is not found when the temperature reached 62◦C due to

the pre-curing and over-bonding of metallic effect powder coating. So it is believed that the best

bonding temperature is 61◦C among these trials. Meanwhile, the color differences of the films

made from these bonded powders are displayed in Fig. 6.8B. It seems that the thermal-bonded

sample has the highest color difference when compared in the same spray condition. All the

color differences of microwave-bonded samples are smaller than 0.5, suggesting that these

samples have a strong color stability. Comparing the color differences of 60◦C and 61◦C, it is

suggested that the sample bonded at 61◦C obtains a better bonding quality when considering

the fact that the most frequently used range of spray voltage is 55 to 90kV. A similar finding

is that the bonding temperature of microwave bonding is also lower than that of the thermal

bonding.

Importantly, the heating rate increased from ∼10 to ∼15◦C/min when the Al addition in-

creased from 1.81 to 4.66%. This rather high heating rate could be explained by Eq. 6.6 and

6.8. A higher volume fraction of Al flake (v) results in a bigger ε
′′

MW , about 0.17, as well as a

larger microwave absorption (P). Thus, the loaded materials absorb more energy per unit of

time and have a higher heating rate. From the foregoing discussion, it can be deduced that a

higher metal addition is conducive to cutting down the bonding time. Conversely, the process-

ing time of thermal bonding might be a bit extended to try to secure a high bonding quality

when the Al addition is high.

The non-bonded, thermal-bonded, and optimal microwave-bonded samples were further

investigated by SEM, EDS, and particle size analyzer as viewed in Fig. 6.9. The surfaces of Al

flakes in non-bonded powders (Fig. 6.9A and B) are smooth and clean. Some bonded particles

(areas with yellow line) are found in the Fig 6.9C and D after thermal bonding, but many flakes
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Figure 6.8: Bonding rates and color differences of the bonded samples prepared at various tempera-
tures.

stay apart from coating particles (areas with dash lines) and some mis-bonded particles (solid

circle areas) are also observed. After microwave bonding, many flakes adhere to the surfaces of

the coating particles as shown in these solid circle areas in Fig. 6.9E. Specifically, many of the

particles bond with more than one flake, which is mainly caused by the high weight percentage

of the Al flake. Fig. 6.9F magnified from the rectangle area in Fig. 6.9E clearly exhibits that

some flakes stick on the surfaces of particles. Besides, the EDS mapping (Fig. 6.9G) and

spectroscopy (Fig. 6.9H) testify that these flakes are made up of aluminum, which provides the

evidence for the existence of effective bonding between coating particles and Al flakes. The

D10, D50, and D90 of the non-bonded and thermal-bonded samples are 11.72, 32.36, 62.66µm

and 15.27, 39.28, 72.77µm, respectively. The size distribution of this sample (6.9I) suggests

that it has similar diameters with the one produced by the thermal bonding process. Above all,

microwave bonding method seems to obtain more effective bondings and fewer mis-bondings

than with thermal bonding.

By analyzing the optical images, the Al area ratio of the non-bonded film is found to be

about 10.3% which is higher than that of the former non-bonded one (6.6%). This illustrates

that the shininess of film can be improved to a certain degree by only adding more Al flake. The

Al area of thermal-bonded film is about 20.1%. However, the Al area dramatically increases

to around 22.5% after the microwave bonding. Additionally, the numbers of Al flake per

millimeter estimated from the sectional images approximately are 562, 1013 and 1242. Based

on these analyses, a similar conclusion with the former optical observation could be drawn:

microwave bonding has a better color stability quality compared to the thermal bonding when
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Figure 6.9: SEM, EDS and size distribution of the non-bonded, thermal-bonded and microwave-
bonded powders. A,B) non-bonded; C,D) thermal-bonded; E,F) microwave-bonded; G) EDS scanning;
H) EDS spectroscopy of the white point in F; I) Size distribution.

the Al addition is 4.66%.
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Figure 6.10: Optical images of top surface and cross-section of the final films obtained from
non-bonded and bonded samples. A,D) Non-bonded sample; B,E) Thermal-bonded sample; C,F)
Microwave-bonded sample prepared at 61◦C and 40rpm.
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6.5 Conclusions

An innovative microwave bonding method for metallic powder paint was developed and

tested in a self-designed bonding machine. Compared to the conventional thermal bonding, the

microwave bonding has higher bonding rate, less color difference, and more Al flakes shown

on the surfaces and in the coating film itself, rendering microwave bonding a more effective

method for the production of metallic effect powder coatings.

The heating-selectivity of the microwave resulting from interface polarization plays an es-

sential role in the microwave bonding process, hence much faster heating could be obtained

during the metallic effect powder coating bonding process: ∼10◦C/min (low Al addition) and

∼15◦C/min (high Al addition). As a result, the processing time of the microwave bonding is

also largely reduced comparing to that of the thermal bonding. On the whole, microwave bond-

ing method has a great potential to provide high bonding quality and stable metal shine for the

efficient production of metallic effect powder coatings.
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7 Pilot-scale microwave bonding machine based on
stirring

7.1 Abstract

Metallic effect powder coating studied in the present work is powder coating incorporated

with metallic pigment and provides a finish with metal shine and sparkle. Although metallic

effect powder coating confers environmental advantages over the liquid one by eliminating

the use of solvents, it presents the challenge of ensuring that the metal shine only changes in

an acceptable range during the electrostatic spraying process. Bonding the two components

together is a practical approach to stabilize the metal shine by reducing the incompatibility

between them. In the present work, to improve the bonding quality and avoid the inherent

drawbacks of the present industrial bonding method (thermal bonding), a unique microwave-

bonding machine was constructed and tested. The microwave bonding method was found

to have a lower bonding temperature and a much faster heating rate than thermal bonding.

Moreover, the analyses of bonding rates and color difference proved that the bonding quality

and color stability of microwave-bonded samples were far better than those of the thermal-

bonded ones. The optical images indicated that the microwave-bonded films had stronger metal

shine than the thermal-bonded ones. This study demonstrates that the microwave bonding

method has great potential to address the drawbacks of thermal bonding, such as mis-bonding

and high-temperature bonding, and providing higher bonding quality and better color stability

at the same time.6

Keywords: Microwave bonding; Powder coating; Metallic pigments; Metal shine.

6With minor editorial changes to fulfill formatting requirements, this chapter was submitted to Progress in

Organic Coatings with the title of “Prepare Powder Coated Surfaces with Stable and High Metal Shine via mi-

crowave bonding”, Wei Liu, Haiping Zhang, Yuanyuan Shao, Yufu Wei, Hui Zhang, and Jesse Zhu.
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7.2 Introduction

Metallic effect powder coating is a broad term and refers to, in this work, powder coating

with metallic pigments addition. The key advantage of this type of coating is that the ability to

provide a final finish that looks obviously glittery, shimmery, and subtly sparkly while emitting

almost zero VOCs during the film formation [1]. Nowadays, many end-use products have a

powder-coating metallic appearance, including guardrails, fences, windows, gates, appliances,

office furniture and more [2, 3]. Metallic pigments are usually flaky and special-effect pigments

made up of aluminum, copper, zinc, or metal-like materials [4, 5]. They have some essential

advantages over organic pigments, such as odorless, safe, stable, eco-friendly, and sustainable,

which enable them to gain popularity on the overall market. Metallic pigments have been

widely applied in some expanding end-use industries such as packaging, cosmetics and printing

inks, paint, particularly in powder coatings [6, 7]. These small metal flakes included in powder

coatings increase the attractiveness and exclusivity of products by creating a sparkling effect

and adding high protection.

In the beginning, the production method of the metallic effect powder coating is that merely

blending the two components. However, a problem arises in the spray process as shown in the

method A of Fig. 7.1: distinct metallic color change is found in the final finishes once the

over-sprayed powder reclaimed because the virgin, deposited, and over-sprayed powders have

considerably different contents of metallic pigments [8]. This color change mainly caused

by the poor compatibility of metallic pigment and coating particles from their too different

physical properties, such as conductivity, density, aspect ratio, and dielectric constant [9, 10].

In this case, the over-sprayed powder can not be reclaimed, resulting in high cost and material

waste. Bonding the two materials together is an effective method to address the problem of

compatibility, and then the color change will be much eliminated if the two ingredients are well

bonded, as shown in the method B of Fig. 7.1. The present industrial bonding method is thermal

bonding technology invented in 1993 by Richart et al [11]. This approach starts with heating

the two components in a tank by high-speed stirring (friction heat) with or without the help

of a water (or oil) jacket. Till the temperature reaches or slightly exceeds the glass transition

temperature (Tg) of the coating particle (the resinous part of the coating particle begins to
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become soft and adhesive at this particular temperature), maintaining the temperature at this

point for 2-3 minutes to allow the metallic pigments adhere to the sticky surfaces of coating

particles. Followed by rapid cooling, the bonded product can be collected from the tank.

Non-bonded powder
Metallic pigment

Coating powder

Bonded powder 

Over-sprayed powder

Deposited powder

Over-sprayed powder

Deposited powder

Cure Film

Discard

Cure Film

Figure 7.1: The diagram of the difference between non-bonded and bonded metallic effect powder
coatings when sprayed by an electrostatic system. The grey spheres and gold plates represent coating
particles and flaky metallic pigments, respectively.

As mentioned, metallic effect powder coating is used in numerous end-use products but

seldom on high-end ones, such as trains, automobile bodies, cellphones, and laptops. These

products have extremely high appearance requirements on the metallic coatings, for example,

high color stability and extensive metal shine [12, 13]. At present, metallic effect powder

coating is not a product that entirely meets these requirements due to several inherent issues

of the thermal bonding process [14, 15, 16]. First, mis-bonding (sticky coating particle bonds

other coating particles) easily occurs in this process. Second, high-speed stirring tends to

bend or grind metallic pigment quickly and reduce the metal shine. Third, high-temperature

bonding, such as 120◦C, is a very difficult task for the thermal bonding approach because

of the used heating modes—friction and jacket heating; Lastly, precise and fast temperature

control is also challenging for the thermal bonding technology due to these heating models.

The coexistence of these issues in the thermal bonding process restricts the applications of

metallic effect powder coatings. A vast paint market of high-end products awaits an improved

bonding process for metallic effect powder coatings.
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Some efforts have been made to enhance the bonding quality of metallic effect powder

coating in recent years. Gunde and coauthors reported that tuning the bonding time and the

temperature can improve the bonding quality based on the thermal bonding process[17]. Some

researchers suggested that modifying the surface of the metallic pigment with adhesive materi-

als is an effective method, such as acrylic acid [18], polyethylene wax [19], C6-C8 fatty acids

[20] and polyacrylic acid [9]. However, these methods have restrictions in various aspects, for

example, cost, pollution, and industrialization. Microwave is a well-known heat source and has

been successfully applied in a broad range of industrial applications, including cooking, steril-

ization, drying materials, medical treatments and more[21, 22, 23, 24]. Microwave heating has

a series of advantages over the friction and jacket heating used by the present bonding tech-

nology, for instance, easy to control, safe, clean, efficient, and pollution-free. Recently, Mistry

and coauthors employed a variable frequency microwave oven, which applied radio radiation

in C-bands (5.8 to 7GHz) and X-bands (7.3 to 8.7GHz), to bind metallic pigments and coating

particles [16]. However, these frequencies inevitably cause radio frequency interference (RFI)

because they are not in the Industrial Scientific Medical (ISM) bands defined by the Interna-

tional Telecommunications Union-Radio communications (ITU-R) in 5.138, 5.150, and 5.280

of the Radio Regulation [25]. Therefore, this technique has not ever been developed and com-

mercialized due to the high cost of the oven and the RFI of the involved bands. Metaxas and

Meredith also pointed out that the interface of nonmetal and metal particles, in some cases, can

have a higher microwave absorption than the other areas because of the heating-selectivity of

the microwave [26]. According to this theory, a higher temperature is expected at the contact

area of the coating particle (nonmetal) and metallic pigment (metal), which is deeply desired

in the bonding process of metallic effect powder coatings.

This study aims to solve the above drawbacks of the current technology and enhance the

bonding quality, so a self-designed microwave bonding machine, whose center frequency was

fixed at 2.45GHz, was constructed to bind the metal effect powder coatings. The use of the

fixed frequency of 2.45GHz that belongs to ISM bands avoids the RFI and reduces the cost

largely. To secure uniform heating, the loaded materials were under continuous stirring during

the microwave heating. Additionally, lower agitating speeds were used compared to the thermal

bonding because the microwave served as the heat source rather than friction heat, which is a
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substantial benefit in reducing the damage of the flaky metallic pigment. The bonding quality of

the microwave bonding method and the color stability of final finishes were detailedly analyzed

and discussed in the present work for further investigation and commercialization.

7.3 Materials and methods

7.3.1 Materials and equipment

High gloss polyester powder paint (bright white, HS144814) from Huajiang Powder Coat-

ing Co. (Guangdong, China) worked as base powder coating. Aluminum flakes (ZPC 330, with

a stearic acid treated surface) from Zuxing New Material Co., Ltd. (Changsha, China) were

used as laminar metallic pigments. Al panels (15cm in length, 7.6cm in width) from Q-Lab

Co. (OH, USA) were utilized as substrates. Sodium hydroxide from Xilong Chemical Co.,

Ltd. (Guangdong, China) served as a reacting agent for gas-volumetric analysis.

7.3.2 Microwave bonding machine

A self-made microwave bonding machine, 130cm in length, 100cm in width, and 170cm

in height, was built and tested. As seen in Fig. 7.2A, twelve microwave transmitters worked

as the heat sources, and the frequency and power rating of each one is 2.45GHz±50Hz and

1kW, respectively. A cylinder of 38cm in diameter, 40cm in height, and 2cm wall worked

as a container for the metallic pigments and coating particles. Since the cylinder is made

of polytetrafluoroethylene (PTFE) with minimal microwave absorption, the microwave could

effectively heat the loaded powders. A three-layer impeller driven by a motor outside the

shell was employed to mixing the two components. Two thermocouples were installed in

the cylinder wall to measure the real-time temperature of the loaded powder. A flowmeter

was applied to control the flowrate of nitrogen and a gas sensor was utilized to examine the

oxygen volume fraction. The goal of nitrogen flow is to secure the safety of the bonding

process by providing a low oxygen concentration in the cylinder. The control panel was used

to monitor and adjust the bonding temperature and stirring speed. Fig. 7.2B is the front view of

the machine and the top view of the three-layer impeller. To sum up, the microwave bonding

machine used in this work is a testing prototype with a processing capacity of about 10kg at a

time.
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Figure 7.2: The schematic diagram (A) and picture (B) of the microwave bonding machine. 1. Digital
display board of nitrogen content; 2. The flowmeter of nitrogen; 3. Control panel; 4. Door; 5. Shells;
6. Microwave transmitters; 7. PTFE cylinder; 8. Temperature sensors; 9. Three-layer impeller; 10.
Coating particles and Al flakes; 11. Protective system of cold air of microwave transmitters; 12. Power
system.

7.3.3 Preparation of samples

The non-bonded powders with low and high Al flake contents were prepared by dry blend-

ing 100kg base powder coatings with 2.5 and 5.5kg Al flakes, respectively. The thermal-bonded

samples (commercial products) were manufactured by Huajiang Powder Coating Co. with the

above non-bonded powders and via a thermal bonding machine (SHTBD10, Sun-hitech Tech-

nology Ltd., Xiamen, China).

The the microwave-bonded powder samples were prepared according to the following steps

sequentially: a) loading the non-bonded powder into the cylinder; b) heating the loaded pow-

der with nine microwave transmitters at the stirring speed of 500rpm to a set temperature (55-

60◦C); c) maintaining this temperature at a stirring speed (500-800rpm) for 120 seconds; d)

discharging the loaded powder to a container for cooling down; e) sieving the discharged pow-

der by a 120 mesh screen.

The deposited powders and final films were prepared as following: a) separately spraying

a powder onto six substrates at a specific spray condition of voltage (30, 60, or 90kV) and

air supply (5.5 or 6.5m3h−1) via an electrostatic automatic spraying system and a corona gun

(Gema Switzerland GmbH, St.Gallen, Switzerland), and four conditions were tested: 30/6.5,

60/6.5, 60/5.5, and 90/6.5; b) scraping off three of these deposited powders for bonding quality
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analysis and curing (190◦C, 10min) the other three into final films for surface comparison.

7.3.4 Characterization of powders

In this work, since Al flake served as metallic pigments, the bonding quality of powders

was studied by analyzing the Al flake content of powders. For simplicity, the Al content of

deposited powder was named as “deposited Al content”. As introduced, the smaller the dif-

ference between the deposited Al content and Al addition, the better the bonding quality. The

Al contents were precisely analyzed by a gas-volumetric test based on the reaction between Al

and NaOH [27, 28], and could be deduced as follows:

ω =
2 VH2 MAl

3 Vm msa
× 100% (7.1)

where ω is the Al content; VH2 (mL) is the volume of hydrogen; MAl (g/mol) is the relative

atomic mass of aluminum; Vm ( mL/mol) is the molar volume of hydrogen at 25◦C and 1atm;

msa (g) is the total mass of the powder sample.

The Al addition and deposited Al content were separately labeled as ωadd and ωdep. To

reveal the bonding quality quantitatively and directly, bonding rate (ηb) was defined by the

following equation:

ηb =

∣∣∣∣∣∣∣ ω
B
dep − ω

N
dep

ωadd − ω
N
dep

∣∣∣∣∣∣∣ × 100% (7.2)

where ωB
dep and ωN

dep are the deposited Al contents when spraying bonded and non-bonded

powders at the same condition, respectively. Here, the difference between ωadd and ωN
dep means

the total amount of Al flakes that is necessary to be bonded, and the difference between ωB
dep

and ωN
dep represents the content of Al flakes that has already been bonded. Consequently, the

ratio of the two differences could discover the bonding quality. From the definition, the bonding

rate of a non-bonded sample is 0%. When the deposited Al content of bonded-samples (ωB
dep)

equals the Al addition (ωadd), all Al flakes stick on the coating particles, and the bonding rate

is 100%. It is very obvious that the higher the bonding rate, the better the bonding quality.

To observe the bonding situation between coating particles and Al flakes, the non-bonded,

thermal-bonded and microwave-bonded powder samples were determined by a scanning elec-

tronic microscopy (SEM), equipped with energy dispersive spectrometer (EDS), (SU3500,
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Hitachi Ltd., Tokyo, Japan) after gold-sputtering for 1.5min. The size distributions of non-

bonded, thermal-bonded and microwave-bonded powder samples were characterized by a size

analyzer (LS-POP6, Omec Instruments Ltd., Zhuhai, China).

7.3.5 Characterization of films

At first, the final films were examined by a colorimeter (CI62, X-rite Inc., Michigan, USA),

on the basis of CIE-Lab color system [29], to reveal the color stability of a metallic effect

powder coating. The following equation evaluated total color difference (∆E) detected by the

colorimeter concerning the reference:

∆E =
√

(∆L∗2 + ∆a∗2 + ∆b∗2) (7.3)

where L∗ describes brightness varying from 0.0 for black to 100.0 for a diffuse white; a∗ is the

color change from red (+a∗) to green (−a∗); and b∗ represents the color change from yellow

(+b∗) to blue (−b∗). Accordingly, ∆X∗ = X∗re f erence − X∗sample (X∗ = L∗, a∗, b∗). The film with

the highest deposited Al content was selected as the reference. A coating with stable color is

critical in the paint industry, so any change of pigment to the paint matrix should change the

color of the film only in the pre-established range. For any qualified powder-coating product,

the ∆E value was set to be between 0 and 1[30].

In order to analyze the metal shine, the top and cross-sectional surfaces of the films that

prepared from non-bonded, thermal-bonded and microwave-bonded powders and sprayed at

60/6.5 were observed by a Keyence VHX-6000 optical microscope (Keyence Corporation,

Itasca, USA). These films were also characterized by a Zeiss Xradia 410 Versa Micro-CT

(Jena, Germany). The hardness, adhesion and impact resistance of these films were deter-

mined based on ASTM D3363, D3359 and D2794 via an Elcometer 501 pencil hardness tester,

an Elcometer 107 cross hatch cutter and an Elcometer 1615 variable impact tester (Elcometer

Inc., MI, USA), respectively.
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7.4 Results and discussion

7.4.1 Low addition of Al flakes

The addition of Al flakes in the powder paint is usually below 2.5wt%, so a non-bonded

powder with ∼2.4wt% Al flakes was first prepared. The accurate Al addition was confirmed to

be 2.33±0.03% after three paralleled gas-volumetric tests. Moreover, the size analysis shows

the D10, D50, and D90 of this non-bonded sample are 14.26µm, 36.38µm, and 67.04µm. These

diameters increase to 18.36µm, 45.04µm, and 81.17µm after the thermal bonding at 62◦C. The

size increment is expectable because the thermal bonding process aims to cohere Al flakes with

coating particles while accompanied by mis-bondings.

Optimization of stirring

To compare the thermal and microwave bonding methods, thermal-bonded and microwave-

bonded samples were prepared from the same non-bonded powder. Since stirring plays an

essential role in the microwave bonding process, four speeds were set to prepare microwave-

bonded samples at the same temperature of 57◦C. If the stirring speed is not high enough,

sticky particles tend to form chunks and agglomerations in the cylinder. As seen in Fig. 7.3,

the loaded powders became a giant solid bulk when the speed is 500rpm, resulting in a 100%

sieve residue rate (120 mesh). Around 40wt% stripe-shape chunks were found when the stirring

speed increased to 600rpm. This sieve residue rate is still too high for industrial production.

After the stirring speed rising to 700 and 800rpm, the sieve residue rates are merely 8% and

0.5%, respectively. A further increase speed is not tested because it tends to bend Al flakes and

break down bonded particles. Above all, considering to avoid material waste and reduce cost,

800rpm was adopted in the following microwave bonding processes.

Analysis of bonding quality

The influence of bonding temperature on the bonding and surface quality was studied after

optimizing the stirring speed. At first, the deposited Al contents of these samples prepared at

different conditions were determined as presented in Table 7.1. The deposited Al contents of

the non-bonded sample range from 0.57 to 1.04% that reduces by about 63% compared to the

original Al addition (2.33%), which reduces the metal shine obviously and causes a distinct
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Figure 7.3: The sieve residue rates and pictures of microwave-bonded samples prepared at different
temperatures. The scale bars are 10cm.

color change. After thermal bonding, the deposited Al contents increase by around 0.4% and

get a bit closer to the Al addition, meaning higher metal shine and smaller color changes.

However, after microwave bonding, the deposited Al contents raise by about 0.6% (55 and

57◦C) and 0.9% (59◦C). It is also found that the higher the microwave bonding temperature,

the greater the deposited Al contents in the tested range. The deposited Al content is as high

as 1.90% (59◦C) that is much closer to 2.33%. A further higher temperature, 60◦C, was tested,

but it led to over-bonding and caking. Remarkably, it is clear that all the deposited Al contents

are less than the original Al addition.

Table 7.1: Deposited Al contents (wt%) of non-, thermal- (TM), and microwave-bonded samples with
low Al addition.

Non TM 62◦C 55◦C 57◦C 59◦C

30/6.5a 0.57±0.06 1.20±0.01 1.57±0.02 1.58±0.02 1.86±0.01
60/6.5a 0.90±0.07 1.31±0.05 1.63±0.06 1.65±0.01 1.86±0.02
60/5.5a 1.04±0.00 1.46±0.03 1.75±0.07 1.65±0.02 1.90±0.05
90/6.5a 0.91±0.07 1.35±0.04 1.64±0.05 1.66±0.04 1.90±0.02

a The units for the voltage (30, 60, 90) and air supply (6.5, 5.5) are kV and m3 h−1,
separately.

A generally acceptable reason for this reduction of Al content after spraying is the differ-

ence of charge capacity between coating particle and Al flake. The maximum charge (Qmax)
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accumulated by a particle passing through an electric field could be estimated by the following

equation [31]:

Qmax = 4 π r2
e ε0 E

3εr

εr + 2
(7.4)

where re is the equivalent spherical radius; ε0 is the permittivity of vacuum; E is the electric

field strength; εr is the relative dielectric constant. The average equivalent spherical radius of

adopted Al flake and coating particle approximately are 7µm and 33µm, respectively. Calculat-

ing with published data[32, 33, 34, 35], it is found that the maximum charge of coating particle

is about ten times more than that of Al flake. Thus, the coating particles capture more electrons

or anions in the electrostatic spraying process, resulting in a high mass percentage of coating

particles in the deposited powder. Meanwhile, the high aspect ratio of Al flake makes itself

easy to be blown away during spraying. In brief, these reasons cause a lower deposited Al

content than the original Al addition.

Bonding rates calculated with Eq. 7.2 are shown in Fig. 7.4. All the three microwave-

bonded samples have higher bonding rates at the four spray conditions than the thermal-bonded

sample (∼32%). This means that microwave bonding is so efficient that it has relatively higher

bonding quality, even at a much lower temperature. The samples bonded at 55 and 57◦C seem

to have similar bonding rates of around 54%, but the one prepared at a higher temperature of

59◦C obtains the highest bonding rates, ∼71%. As mentioned that 60◦C led to powder caking

and a high sieve residual rate, so 59◦C was considered the optimal bonding temperature in the

tested range. Overall, microwave bonding reaches an exceedingly high bonding rate of 71%

which increases by 39% in contrast to that of thermal bonding (∼32%). These results prove

that microwave bonding obtains much better bonding quality over the present thermal bonding

technology.

The bonding quality of powder samples have been investigated, so their SEM images were

observed to analyze the microstructures and morphology of bondings, as illustrated in Fig. 7.5.

The images of the non-bonded sample (Fig. 7.5A) describe the surfaces of the Al flakes are

clean and smooth, meaning no bonding. As shown in Fig. 7.5B1, though several effective

bondings are viewed in these yellow-circle areas, some separated Al flakes (dash-circle areas)

and mis-bondings (black-circle areas) are also found. Fig. 7.5B2 exhibits the bondings of two
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Figure 7.4: The bonding rates of microwave-bonded samples made at various temperatures.

Al flakes and a coating particle, but some small coating particles also stick on the surface of

the big particle, indicating the existence of mis-bondings. The SEM images of the microwave-

bonded sample (prepared at 59◦C) shown in Fig. 7.5C1 presents a large number of effective

bondings in these solid-circle areas and few separated flakes are found in these dash-circle

areas. The zoomed-in image from the square area in Fig. 7.5C1 displays that three flakes adhere

to the top, front, and back sides of a big particle, separately. To confirm the composition in

Fig. 7.5C2, map and site EDS scanning have been conducted, and the results are displayed

in Fig. 7.5D and E, respectively. The green and blue points separately stand for Aluminum

and Titanium. The Titanium comes from the Titania that works as the inorganic pigment in

the coating particle. EDS results prove that these bondings indeed form between Al flakes and

coating particles. The D50 of the microwave-bonded powder (Fig. 7.5F) is found to be 46.14µm

which is close to that of thermal-bonded samples (45.04µm).

Discussion of bonding temperature and composition

It is noted that the temperature of the microwave bonding (59◦C) is relatively lower than

that of the thermal bonding (62◦C, close to Tg). As described in Introduction, this is believed

to be the result of the heating-selectivity of the microwave. The ability of a material to absorb

microwave can be described by the following equation [36]:

P = 2 π f ε0 E2 ε
′′

e f f (7.5)
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Figure 7.5: SEM, EDS and size distribution of the powder samples with low Al addition. A,B,C)
SEM images of the non-bonded, thermal-bonded, and microwave-bonded powders, respectively; D)
EDS canning; E) EDS spectrum of the white point in C2 ; F) Size distribution.

where P is the microwave absorbing power per unit volume (W/m3); f is the frequency of mi-

crowave (Hz); E is the electric field intensity (V/m); ε0 is the permittivity of vacuum; ε
′′

e f f is

the effective dissipation factor of material. E and f can be regarded as constant when the mi-

crowave heating condition is the same, so a bigger value of ε
′′

e f f will lead to a greater microwave

absorption as well as a higher temperature.

When heating the mixture of nonmetal and metal particles, two main effects, interface and

dipolar polarizations, contribute to the effective dissipation factor. The interface polarization

occurs at the contacted surfaces of nonmetal and metal, while the dipolar polarization entirely

comes from the nonmetal because metal reflects microwave (almost no absorption) [26]. Com-

putations and experiments were both conducted to compare the two effects in the microwave

bonding process.

According to Wagner’s work, the effective dissipation factor of interface polarization be-

tween metal and nonmetal particles can be evaluated by Eq. 7.6 [37]. Sillars reported that the
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relaxation time constant is able to estimated by Eq. 7.7 [38].

ε
′′

inter f ace =
9 v ε

′

1 fmax

1.8 × 1010 δ2

2π f τ
1 + (2π f τ)2 (7.6)

τ = ε0
ε
′

1 + ε
′

2

δ1 + δ2
(7.7)

where v is the volume fraction of conductive material; fmax in Hz is the frequency of maximum

losses; δ is the conductivity in S m−1 of the conductive phase; τ is the relaxation time con-

stant; the subscripts 1 and 2 refer to non-conductive and conductive phase, respectively. After

collecting parameter from published articles[39, 16, 40], ε
′′

inter f ace is turned out to be around

0.08.

The effective dissipation factor for the dipolar polarization (ε
′′

dipolar) of coating particle can

be estimated by the equation as follows [41]:

ε
′′

dipolar = ε
′

tanδ (7.8)

where ε
′

is the real part of dielectric constant of material; tanδ is the loss tangent of material.

By using the data from some reported researches [40, 42], the calculated ε
′

dipolar is about 0.017

which is much smaller than the value of ε
′′

inter f ace (0.08). Based on the Eq. 7.5, one can conclude

that the interfaces will have a far faster microwave absorption and also a much higher heating

rate.

Two comparative experiments were proceeded to study the effects of dipolar and interface

polarizations on the heating rate. The same mass (10kg) of non-bonded powders and base

coating particles were separately heated by microwave in the same condition. First, the non-

bonded powder (a mixture of base coating particles and Al flakes) was heated by the microwave

bonding machine. A fairly fast heating rate, around 11◦C/min, was found. The microwave

absorption mainly results from both interface and dipolar polarization in this trial. Second,

the base coating particles (without Al flakes) were heated by the microwave bonding machine.

The major microwave absorption is believed to be from dipolar polarization in this process,

and the heating rate was only about 2◦C/min. From the results of the above two experiments,

the approximate heating rate only contributed by the interface polarization should be around
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9◦C/min, calculated by subtracting 2◦C/min from 11◦C/min. The heating rate from interface

polarization is four times higher than that from the dipolar polarization, indicating that the

dominant microwave absorption is from the interface polarization.

In summary, theoretic and experimental results manifest that the interfaces have a much

higher heating rate over the other areas, such as non-touched and mis-touched areas (contacted

surfaces between coating particles). Hence, It can be concluded that the interfaces already

reach and exceed the Tg, but the other areas just achieve a much lower temperature (<Tg)

in the microwave bonding process. The average temperature measured by the thermocouple

is lower than the Tg consequently. This is the most crucial reason why microwave bonding

has a lower bonding temperature than thermal bonding. Meanwhile, higher temperatures at

the interfaces (≥ Tg) make the surfaces of coating particles sticky enough to firmly adhere

to Al flakes and lead to better bonding quality. It is also worth to know that the heating rate

of the thermal bonding machine ranges from 3 to 6◦C/min. Compared to the thermal bonding

method, the high heating rate of microwave bonding (11◦C/min) has several key advances to the

bonding process, such as improve bonding efficiency, reducing power cost, and achieving the

high-temperature bonding easily. In a word, microwave bonding is a time-saving and effective

method for producing metallic effect powder coating.

In order to study the effect of bonding processes on the compositions of powder coatings,

the non-bonded (control), thermal-bonded and microwave-bonded (59◦C) samples were char-

acterized by FTIR, as seen in Fig. 7.6. The three spectra profiles are almost identical, proving

that the two bonding processes cause little composition changes. Meanwhile, several char-

acteristic transmittance peaks of polyester are observed, such as the stretching and bending

frequencies of –OH at 3430 and 1171 cm−1 separately, the stretching frequency of C=O at

1718 cm−1, the rocking frequency of –CH2– at 1263 cm−1, and the stretching frequencies of

C–C and sutured C–H at 1101cm−1 and 2955cm−1, respectively.

Analysis of stability of metal shine

After comparing the bonding quality of powders, the stability of metal shine of the films

prepared from the non-bonded, thermal-bonded, and microwave-bonded powders was analyzed

via color difference, as exhibited in Fig. 7.7. For simplicity, these films were separately called
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Figure 7.6: TIR spectra of non-bonded and microwave-bonded hybrid powder samples.

“non-bonded film”, “thermal-bonded film”, and “microwave-bonded film”. Table 7.1 shows

the films with the highest deposited Al contents are the ones prepared at 59◦C and sprayed

at 90/6.5, so one of these films was chosen as the reference, and the color differences were

then estimated, as seen in Fig. 7.7A. The non-bonded films have the highest color differences

in the range of 5-6 and show inferior color stability. The color differences of thermal-bonded

films reduce to 3-4 and exhibit a bit better color stability over the non-bonded film. The color

differences of the microwave-bonded films at 55 and 57◦C are both between 1.5-3. Moreover,

the lowest color differences, 0-0.5, are viewed at the microwave-bonded sample prepared at

59◦C. To summarize, the microwave-bonded films, especially bonded at 59◦, have better color

stability than the thermal-bonded ones. Also, the trend of color stability of films is in line with

that of the bonding quality of powders, and a better bonding quality brings about a higher color

stability.

To directly disclose the metal shine on the surfaces, the top and cross-sectional surfaces of

the films were observed by an optical microscope as viewed in Fig. 7.8. These bright areas are

the results of the light reflection by Al flakes under the observation of the optical microscope.

It is evident that the Al flakes on the surface of the non-bonded film (7.8A1) are less than

that of the thermal-bonded (7.8B1) and microwave-bonded (7.8C1) films. For a more accurate

analysis, an image software (Image J) was adopted to evaluate the “Al area” defined as the

percentage of Al flake area to the observed area. The result shows that the Al area of the non-
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Figure 7.7: The color difference of the final films cured from different samples.

bonded film is as low as 6.6%, but it greatly increases to 12.5% after the thermal bonding.

This increment implies that thermal bonding does obtain some effective binds. However, the

Al area of the microwave-bonded film dramatically rises to 14.7% that is even 2.2% more than

that of the thermal-bonded one. Meanwhile, the approximate numbers, per square millimeter,

of Al flakes of the three films separately are 238, 468, and 664 as given in Fig. 7.8A2, B2

and C2. These results show a good match between the cross-sectional and top surface images.

The images of the top and cross-sectional surfaces both indicate that microwave bonding has a

higher metal shine over the thermal bonding.

A1 B1 C1

A2 B2

Al area: 6.6% Al area: 12.5% Al area: 14.7%

Substrate Substrate Substrate

82μm 82μm

Al #:238Ps./mm2

79μm 81μm
Al #:468Ps./mm2

96μm 97μm
Al #:664Ps./mm2

100μm 100μm 100μm

C2

Figure 7.8: Optical images of the top surface (1) and cross-section (2) of the final films heat-cured
from different powders. A) Non-bonded powder; B) Thermal-bonded powder; C) Microwave-bonded
powder prepared at 59.5◦C and 800rpm.
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7.4.2 High addition of Al flakes

The bonding quality, color stability, and metal shine of the samples with low Al addition

have been carefully analyzed, thus metallic effect powder coatings with relatively high addition

of Al flake, aiming to produce an intense metal shine and high sparkling coating, were studied

and discussed in this section. The precise Al addition is confirmed to be 4.94±0.07% after

three-parallel tests. The D10, D50, and D90 of this non-bonded sample is 13.86µm, 34.88µm,

and 63.86µm, respectively. Similar to the one with low Al addition, the thermal-bonded sample

has a larger size, D10=15.38µm, D50=39.47µm, and D90=73.03µm.

Analysis of bonding quality

The deposited Al contents of non-bonded, thermal-bonded, and microwave-bonded sam-

ples are compared in Table 7.2. The Al addition is 4.94%, but the deposited Al content merely

are 0.82-1.51% after spraying. The Al content decreases by around 75% that is even 12%

more than the reduction with low Al addition (63%), indicating that more Al flakes needed

to be bonded when the Al addition is high. This large reduction means that the metal shine

is much less than it should be. The deposited Al contents of the thermal-bonded sample are

around 3.0% that arises by around 1.6% with comparison to the non-bonded one. Similarly, the

deposited Al contents of the three microwave-bonded samples increase when the bonding tem-

perature is elevated. The highest deposited Al content is 3.51% when the bonding temperature

and spray conditions are 60◦C and 60/5.5.

Table 7.2: Deposited Al contents (wt%) of non-, thermal- (TM), and microwave-bonded powders with
high Al addition.

Non TM 62◦C 55◦C 58◦C 60◦C

30/6.5a 0.82±0.07 2.89±0.34 2.11±0.13 2.99±0.04 3.36±0.10
60/6.5a 1.20±0.21 2.85±0.23 2.64±0.03 3.16±0.01 3.36±0.03
60/5.5a 1.51±0.20 3.03±0.10 2.70±0.04 3.29±0.12 3.51±0.00
90/6.5a 1.45±0.14 3.14±0.06 2.57±0.06 3.23±0.02 3.40±0.05

a The units for the voltage (30, 60, 90) and air supply (6.5, 5.5) are kV and m3 h−1,
separately.

On the basis of these deposited and original Al content, bonding rates were evaluated and

exhibited in Fig. 7.9. The bonding rates of the thermal-bonded sample are around 46%. When
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bonding at 55◦C by the microwave, the bonding rates are about 34% that is lower than the

thermal bonding rates. The main reason is that this temperature is too low to attain enough

adhesiveness and form effective bondings. However, two higher temperatures, 58 and 60◦C,

both have higher bonding rates over the thermal bonding. Furthermore, the highest bonding

rate of these microwave-bonded samples is 62% (at 60◦C) which is 16% higher than that of the

thermal-bonded sample (46%). This implies that microwave bonding obtains a higher bonding

quality over thermal bonding even when the Al addition is high. As discussed, the bonding

rate increases by 39% after using microwave bonding when the Al addition is 2.33%, but there

is just 16% increase when the Al addition is high. These numbers also suggest that bonding

metallic effect powder coating with high Al addition is a much more difficult task than that

with low Al dosage. Although it is a challenging work, microwave bonding still achieves

better bonding quality over the thermal bonding. To sum up, the bonding temperature at 60◦C

is held as the best bonding condition in the tested range when the Al addition is high.

Figure 7.9: The bonding rates of microwave-bonded samples prepared at various temperatures.

Significantly, the heating rate approximately increased from 11 to 16◦C/min as the Al ad-

dition increased from 2.33 to 4.94%. This dramatic high heating rate is mainly caused by the

increased volume fraction of Al flakes. According to Eq. 7.5 and 7.6, a greater volume fraction

(v) leads to bigger ε
′′

inter f ace (∼0.17) and P (microwave absorption). Therefore, the powders with

high Al addition absorb more energy per unit of time and have a faster heating rate. This find-

ing hints that the higher the Al addition, the faster the heating rate, and the less the processing

time. On the contrary, when the Al addition is high, the processing time of the thermal bonding



144 7. PILOT-SCALE MICROWAVE BONDING MACHINE BASED ON STIRRING

might be a bit prolonged to try to ensure a high bonding quality.

SEM characterized the non-bonded, thermal-bonded, and microwave-bonded (at 60◦C)

powders, as shown in Fig. 7.10. More separated Al flakes are found in the images of the

non-bonded sample compared to Fig. 7.5A. After thermal bonding treatment, some sepa-

rated Al flakes (dash-circle areas) and effective bondings (solid-circle areas) are both found

in Fig. 7.10B1. The magnified image shows that four small coating particles adhere to the

front side of an Al flake. However, after microwave bonding, much more effective bondings

are observable in these solid-circle areas in Fig. 7.10C1. The zoomed-in image (Fig. 7.10C2)

from the squared area of 7.10C1 displays that several flakes stick on the surface of a big par-

ticle. And EDS results (Fig. 7.10 D and E) verify that these bondings indeed form between

coating particles and Al flakes. In addition, the medium diameter of the microwave-bonded

powder, 43.25µm given in Fig. 7.10F, is slightly larger than that of the thermal-bonded one

(39.47µm).

F D50=43.25μm
D10=23.45μm
D90=71.37μm

C1 C2 D

E
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100μm100μm 20μm 20μm
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Figure 7.10: SEM, EDS and size distribution of the powder samples with high Al addition. A,B,C)
SEM images of the non-bonded, thermal-bonded, and microwave-bonded powders, respectively; D)
EDS canning; E) EDS spectrum of the white point in C2 ; F) Size distribution.

Analysis of stability of metal shine
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The color stability of the final films prepared from the non-bonded and bonded powders

was estimated and analyzed as seen in Fig. 7.11. The reference for the color difference anal-

ysis is one of the microwave-bonded films prepared at 60◦C and sprayed at 60kV/5.5 m3 h−1.

The non-bonded film has the biggest color difference because there are no binds. The color

differences of the thermal-bonded films are around 2.5. However, the color differences of the

three microwave-bonded films decrease from about 2.9 to 0.3 when the bonding temperature

increases from 55 to 60◦C. As it is known, a smaller color difference represents better color

stability. Hence, it is believed that the microwave-bonded powder (made at 60◦C) has the best

color stability among these tested powders.

Figure 7.11: The color difference of the films prepared from various samples.

Fig. 7.12 presents the optical images of the top and cross-sectional surfaces of non-bonded,

thermal-bonded, and microwave-bonded (60◦C) films. The Al areas of the three films sepa-

rately are 11.2%, 19.0%, and 22.8%, which increase by 5.6%, 6.5%, and 8.1% compared to

those with low Al additions, respectively. The microwave-bonded sample owns a higher Al

area over the thermal-bonded one, meaning microwave bonding obtains more intensive metal

shine than thermal bonding. Moreover, the numbers of Al flakes, per square millimeter, in the

cross-sections separately are 443, 825, and 1142. To summarize, these optical images testify

that the microwave bonding method acquires higher metal shine over the thermal bonding.
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70μm 72μm 70μm 68μm

A1 B1 C1

A2 B2 C2

Al area: 11.2% Al area: 19.0% Al area: 22.8%

Al #:443Ps./mm2 Al #:825Ps./mm2 Al #:1142Ps./mm2

100μm 100μm

85μm 84μm

100μm

Figure 7.12: Optical images of top surfaces (1) and cross-sections (2) of the final films cured from
different powders. A) Non-bonded powder; B) Thermal-bonded powder; C) Microwave-bonded powder
prepared at 60◦C and 800rpm.

7.4.3 Performances of films

The hardness, adhesion and impact resistance of non-bonded , thermal-bonded and microwave-

bonded films were determined and compared in Table 5.6. No difference was found in the

hardness and adhesion of these films except for the one prepared by microwave bonding with

high Al addition (4.94wt%). Its hardness is one grade higher than the others, but its adhesion is

one grade lower. The primary reason behind these changes is that this film contains a relatively

higher content of Al flakes than the other one. The high content of Al flake enhances the film

hardness by providing metal properties, but it correspondingly reduces the flexibility of the

films because Al flakes block the interpenetrating resinous network. Besides, a declining trend

was observed in the impact resistance after bonding treatments, which agrees with the changes

of the Al content in these films. Accordingly, It is deduced that a film contains a higher Al

content leads to lower impact resistance.

Table 7.3: The performances of non-bonded and bonded films with low and high Al additions.

Hardness Adhesion Direct Impact

2.23wt% Al
Non-bonded HB 5B 392 N·cm
Thermal-bonded a HB 5B 343 N·cm
Microwave-bonded b HB 5B 323 N·cm

4.94wt% Al
Non-bonded HB 5B 352 N·cm
Thermal-bonded c HB 5B 157 N·cm
Microwave-bonded d F 4B 128 N·cm

Bonding temperatures separately are: a) 62◦C, b) 59◦C, c) 63◦C, d) 60◦C.
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7.5 Conclusions

A novel preparation method, microwave bonding, for metallic effect powder coatings was

investigated and discussed via a self-designed machine. The microwave bonding method shows

great superiority over the present thermal bonding one. At both the low and high Al additions,

microwave-bonded powder samples have better bonding quality over the thermal-bonded ones,

and microwave-bonded films have higher color stability and metal shine than the thermal-

bonded samples.

Taking advantage of the heating-selectivity of the microwave, the bind temperature of mi-

crowave bonding is 2-3◦C lower than that of thermal bonding, and the heating rate of mi-

crowave bonding raises with the increase of the addition of Al flake. The heating rate of the

metallic pigmented powder with low (2.33%) and high (4.96%) Al addition separately are about

11 and 16◦C/min which are much higher than that of the thermal bonding. In conclusion, the

microwave bonding method shows great potential to efficiently prepare metallic effect powder

coatings with high and stable metal shine.
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8 The industrial-scale microwave bonding machine

for metallic effect powder coating

8.1 Abstract

The lab-scale and pilot-scale data have proved that microwave bonding is feasible and ef-

fective. It can not only solve the inherent problems of the current commercial bonding tech-

nology but also provide better bonding quality and higher stability of metal color. Based on

the previous work, an industrial microwave bonding machine, which is able to bond 100 kg

metal effect powder coating in a single batch, was designed and manufactured with the help of

Donghui powder equipment Co., Ltd. (Shandong, China). Some basic experiments have been

done to optimize some parameters of the microwave bonding method in industrial production.

The experimental results show that the heating rate of the powder is stable and can reach about

18 ◦C/min, and the metal color stability is better than that of the current commercial bonding

machine.7

Keywords: Industrial-scale machine; Microwave bonding; Powder coating; Metal effect

7With minor editorial changes to fulfill formatting requirements, this chapter is to be submitted to Coatings

with the title of “Industrial investigation on microwave bonding for metallic effect powder coatings”, Wei Liu,

Yufu Wei, Hui Zhang, and Jesse Zhu.
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8.2 Introduction

At present, the commercial bonding machine mainly relies on high-speed stirring to heat

and bond metallic effect powder coatings, supplemented with water or oil jacket. When the

temperature of powder loaded in the bonding tank reaches or close to the glass transition tem-

perature (Tg) of coating particles, the temperature is maintained for 1-3 minutes. Bonded

products will be obtained after the rapid cooling by transferring the heated powder to the cool-

ing tank. Due to the design, the current commercial bonding machine mainly has the following

problems [1, 2]: first, sticky coating particles are easy to bond with each other, forming mis-

bonded particles; second, the high-speed stirring tends to bend and grind metallic pigments,

which reduces metal shine; third, since the heating rate is relatively slow, it is difficult to real-

ize high-temperature bonding, such as 120◦C; fourth, it is hard to achieve high bonding quality

when the content of the metallic pigment is high (5-10 wt%); fifth, the temperature control

system of high-speed stirring and jacket heating is too complex.

In view of the above problems, an industrial microwave-bonding machine was developed

to solve the above problems. Compared to the current commercial bonding machines, it uses

microwave as a heating source instead of friction heating. First, it will reduce mis-bonding by

taking the advantage of selective heating of the microwave [3]. Our previous data have con-

firmed that there is a stronger microwave absorption at the interface between metallic pigment

and coating particles than other areas, which means that the interface between them has a rela-

tively higher temperature [4, 5]. As shown in Fig. 8.1, the contact areas of coating particles or

metal pigments have less microwave absorption, but the interfaces between metallic pigments

and coating particles have more absorption. Meanwhile, A higher temperature between coating

particles and the metal pigment is exactly what the bonding process needs, so the mis-bonding

can be greatly reduced.

When using the microwave to heat, the bending and breakage of metallic pigment can be

reduced by decreasing the speed of stirring. However, the current commercial bonding machine

requires high-speed stirring to heat. The reduction of the stirring speed of this machine protects

metallic pigment from bending and damage but lowers down the heating rate at the same time.

Especially when bonding coating particles with high Tg [6, 7], it needs an even higher heating
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Metallic pigments Coating particles

Figure 8.1: The selective heating of microwave bonding method.

rate to save production time. This of course leads to more bending and breakage of metallic

pigment. Lots of present commercial machines equipped with water or oil jackets to help

to heat, however, which increases the machine cost and complicates the temperature control

system.

Microwave bonding machine is easy to reach high temperature by using the property of

selective heating, such as 120◦C. Moreover, the heating rate is quite even, fast and controllable.

On the contrary, the current bonding technology must heat with the help of an oil jacket to reach

such a high temperature. The heating rate is not only unstable but hard to control, and the oil

jacket needs pre-heating. Microwave bonding machines avoid the above problems intrinsically

by design.

Nowadays, the metallic effect powder coating usually contains less than 2 wt% metallic

pigments to ensure bonding quality when produced by the current bonding machine. Once

the content of the metallic pigment is too high, such as 5-10 wt%, it will largely increase the

difficulty of bonding. The color difference will more likely happen when it comes to the high

addition of metallic pigment. For instance, when the metallic pigment is only 1 wt%, the color

difference is inapparent even if the bonding quality is not high. Conversely, when the metallic

pigment increases to 5 wt%, the color difference will be very clear if the bonding quality is not

high enough. Our previous results prove that microwave bonding can obtain higher bonding

quality at both low and high content of metallic pigment.

The temperature control system of the commercial bonding machine is complex due to the

mixed heating mode (high-stirring and jacket heating). The partial reason behind the high cost
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of bonding machines is the software and hardware for the temperature control. Oppositely,

one of the biggest advantages of the microwave bonding machine is the easy control of the

temperature via tuning the power of the microwave. In addition, microwave heating can be

stopped and started at any time.

In this work, the primary study of an industrial microwave bonding machine was conducted,

such as the heating test, bonding quality, and color difference. The goal of this work is to

optimize the bonding parameters of the industrial microwave bonding machine for metallic

effect powder coatings.

8.3 Materials and methods

8.3.1 Materials and equipment

Aluminum flakes (PCU 3500 and PCU 1000) from Eckart ECKART GmbH (Germany) was

used as the metallic pigment; Polyester and PVDF powder paint and from Huajiang Powder

Coating Co. (Guangdong, China) served as base powder coating; Nano alumina oxide (AluC)

from Evonik Resource Efficiency GmbH (Germany) worked as flow promoter; An electrostatic

automatic spraying system with a corona spray gun from Gema Switzerland GmbH (St.Gallen,

Switzerland) was applied to spray powders. Al panels (15cm in length, 7.6cm in width) from

Huajiang Powder Coating Co. (Guangdong, China) were utilized as substrates.

An electrostatic automatic spraying system with a corona spray gun from Gema Switzer-

land GmbH (St.Gallen, Switzerland) was applied to spray powders. A commercial bonding

machine (SHT-500/1000) from Sun-hitech Technology Co., Ltd. (Xiamen, China) was used to

produce thermal-bonded samples. A laser particle size analyzer (LS-POP6) from Omec Instru-

ments Ltd. (Zhuhai, China) was utilized to analyze the size distributions of powdered samples.

A Scanning Electron Microscope (SEM) (SU3500) with energy dispersive spectrometer (EDS)

from Hitachi Limited (Tokyo, Japan) was employed to observe the bonding situation between

Al flake and coating particle. A colorimeter (CI62) from X-rite Inc. (Michigan, USA) was

used to evaluate the color difference of final films.

The precise color difference between the films prepared at spraying gas pressures of 1 and

3 bar was analyzed by the following steps: (a) take the color at central area of film prepared at

1 bar as the reference; (b) determine the color difference of the film prepared at 3 bar by testing
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four areas as shown in 8.2. The color difference can be calculated by 6.4:

Figure 8.2: The tested area of the films prepared at 1 and 3 bar.

8.3.2 Industrial microwave bonding machine

The self-designed industrial microwave bonding machine is shown in Fig. 8.3, which is

capable of bonding 100 kg metallic effect powder coating per batch. The machine is mainly

composed of a feeding port (1), 30 microwave transmitters (2, under the shell), a heating tank

(3), a cooling tank (4), and a discharging port (5). In addition, it also includes a heating tank

motor, cooling system for microwave transmitters, pneumatic valve, mixing blade, automatic

temperature control system, control box, water cooling jacket, nitrogen protection, oxygen con-

tent detector, cold air system, etc. The power of each microwave transmitter is adjustable in the

range of 10-1000 W. The operation mode is divided into automatic and manual modes. In the

automatic mode, the machine automatically performs heating, heat preservation, discharging,

and cooling operations according to the set temperature and preservation time. The machine is

equipped with a temperature control system, which will automatically reduce the power of the

microwave generator when it is close to the set bonding temperature.

A four-layer agitator was installed inside the bonding tank to mixing powder as presented

in Fig. 8.4. There is a nitrogen inlet at the bottom of the agitator. The nitrogen goes through

the whole bonding chamber and exits from the top outlet, and then the oxygen content of the

exhaust gas is measured. Microwaves can only be turned on when the oxygen content is less

than 5 vol%. In order to prevent the blade from overheating during bonding, there is a cooling

system inside the agitator. To clean the bonding tank easily, the agitator blades are detach-

able. Two temperature probes are applied to (red circle) monitor the real-time temperature of
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Figure 8.3: The picture of the industrial microwave bonding machine.

the powder inside the chamber with an accuracy of 0.1 ◦C. Microwave generators are evenly

distributed on the outer wall of the mixing tank, and then a cylindrical metal shell is put on the

outer layer of the microwave transmitters to prevent microwave leakage.

Figure 8.4: The four-layer agitator inside the bonding tank.

The control panel, shown in Fig. 8.5, monitors and adjusts the whole bonding process. A

touch-sensitive screen makes the bonding operation easy. The upper side of the panel is the
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display of current, voltage, and temperature inside the chamber; the right side of the control

panel is the controller of stirring speed; the bottom ones are a series of instrument switches and

an emergency stop button.

Figure 8.5: The control panel of the industrial microwave bonding machine.

8.4 Results and discussion

8.4.1 Heating test

Heating of PVDF metallic effect powder coating

At first, some basic functions of the industrial-scale microwave bonding machine were

tested, such as heating property, stirring speed, nitrogen protection system, temperature mea-

surement, etc. Here, a type of powder coating with high Tg of around 115◦C, PVDF, was

heated by the machine. Due to the consumption of powder is as high as about 100 kg for one

test, only limited tests have proceeded. The non-bonded PVDF metallic effect powder coat-

ing (90kg PVDF and 2kg PCU3500 Al flakes) was heated by the machine through the manual

model. The effect of stirring speed and microwave power on the heating rate were analyzed

and discussed.

The heating process:
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1. Add the non-bonded PVDF metallic effect powder coating into the bonding tank until

the powder just covers the top blade and close the lid;

2. Introduce nitrogen into the bonding tank from the bottom and adjust the stirring speed to

200 rpm;

3. Switch on microwave transmitters when the oxygen content is reduced to below 5 vol%,

and then raise the stirring speed to 502 or 837 rpm

4. Record the temperature and current during the heating process and the total time needed

to reach targeted temperature;

5. Turn off microwave when reaching the targeted temperature and discharge the powder to

the cooling tank.

As shown in Table 8.1, the heating rate is 1.2 ◦C/min without microwave radiation. This

temperature rise is mainly caused by the friction heat from the stirring. The heating rate in-

creases along with the increase of microwave power. When the power is kept at 0.8 kW, the

heating rate of the two tests (40-65 and 40-90◦C) are both around 6.2 ◦C/min, indicating that

the heating rate of the machine is relatively stable at different temperatures. In addition, the

heating rate can be as high as 8.3 ◦C/min, which is much higher than that of pure stirring.

Table 8.1: The heating data of PVDF metallic effect powder coating.
Stirring speed/rpm 502 837
Power/kW 0 0.3 0.5 0.8 0.8 1.0

Current/A ∼34 ∼34 ∼35 ∼35 ≤40 ≤60
Initial temperature/◦C 33 39 40 40 40 34
Final temperature/◦C 41 64.5 65 65 90 100
Heating duration/min 5 12.5 5 4 8.5 8
heating rate/( ◦C/min) 1.2 2.0 5.0 6.3 6.1 8.3

To further analyze the accurate relationship between microwave power and heating rate, the

curves of them at the same stirring speed (502 rpm) were drawn in Fig. 8.6. The test at 0.3 kW

was excluded due to some technical problems. The total heating rate, coming from microwave

and friction heat, is proportional to the microwave power (blue patterns). Excluding the friction

heat, the heating rate of the microwave is about 6.72 times the power of the microwave (red
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line). To further enhance the heating rate, increase the microwave power and the number of

microwave transmitters are both effective options.

Figure 8.6: The relationship between power and heating rate of the machine.

After the test, there was almost no residual powder on the inner wall of the bonding cylinder,

and no agglomerated powder was found, but some small agglomerates are found at the end

of the mixing blade and temperature probes. This means that the powder is stirred evenly

and uniformly. These slight agglomerations may be caused by the heat accumulation due to

the restricted local heat transfer of the powder. In the low-temperature stage (25-60◦C), the

temperature difference between the two probes is small, about 1-3◦C. When the temperature

rises to 100◦C, the temperature difference has reached 10◦C, which is mainly due to the fewer

up-down and internal-external circulations of the loaded powder. Above all, these results show

that the main performances of the machine, such as heating and stirring, meet our expectations,

and the heating rate is significantly higher than that of the current bonding machine. At the

same time, the machine also has some minor problems, which need to be further improved.

Heating of polyester metallic effect powder coating

Based on the above results, the cooling water system and stirring blades of the machine

were improved. Specifically, the stirring blades were modified according to CFD simulation

results in Chapter 9. Two-thirds of the blades were reversely folded. After the modification,

the temperature difference of the two probes reduced to <5◦C, which is much lower than the
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original gap (10◦C), implying the blade modification improves the stirring uniformity effec-

tively. Then, the second heating test was carried out by using about 100 kg polyester powder

coating (Tg is 66◦C), 0.4 kg PCU1000 and 0.6 kg PCU3500 Al flakes. According to the heating

results, the power of a single microwave transmitter was set to 0.8 kW, and the heating data of

the machine are given in Table 8.2.

Table 8.2: The heating data of polyester powder coating.
Stirring speed/rpm 285 71 126 258 335
Power/kW 0 0.8 0.8 0.8 0.8

Current/A ∼41 ∼25.1 ∼21.9 ∼36.4 ∼37.1
Initial temperature/◦C 30.3 28 29.8 41.1 38.8
Final temperature/◦C 45 53.7 45.1 50.4 55.8
Heating duration/min 9 1.5 1 1 0.5
Heating rate/( ◦C/min) 1.6 17.1 15.3 18.6 17.0

When there is no microwave, the heating rate is only 1.6 ◦C/min, which is slightly lower

than that of the first test at 502 rpm due to the lower stirring speed (285 rpm). The heating

power was fixed at 0.8 kW, and the effect of different stirring speeds on the heating rate was

investigated. The results show that the heating rate of microwave is much higher than that of

pure stirring. Moreover, stirring speed has a small impact on microwave heating. The average

heating rate of the powder coating is 16.1 ◦C/min, and the maximum heating rate from the

microwave is about 17 ◦C/min. Compared to the first heating data of PVDF, the heating rate

of polyester is much faster. This might due to the improvement of the machine and different

effective dissipation coefficients between the two powder coatings. Such a fast heating rate is

very helpful to shorten the bonding process time and improve production efficiency.

8.4.2 Bonding test

Because of the large consumption of powder, the experiment was carried out in the way

of industrial production and experiment. The non-bonded powder contains 98 kg polyester

powder coating and 2 kg PCU3500 Al flakes. Additionally, 0.15 wt% (5013) of bonding agent

was added before bonding, and 0.2 wt% (AluC) was introduced after bonding.

Comparison of bonding machine parameters

The non-bonded powder was simultaneously bonded by a commercial machine (SHT-500/

1000) and a microwave bonding machine. The difference in bonding quality between the two
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machines can be directly compared in this way. Table 8.3 shows the basic parameters of the

two bonding machines. To cool down powder rapidly, the volume of the cooling tank is usually

two times that of the bonding tank. The production capacity of the commercial machine is 200

kg that is two times that of the microwave bonding machine. The capacity and power can be

used to calculate the energy consumption.

Table 8.3: Some basic parameter comparisons between the commercial and microwave bonding ma-
chines.

Parameters Commercial Microwave

Volume of bonding tank/L 500 260
Volume of cooling tank/L 1000 475
Capacity/(kg/batch) 200 100
Power of stirring (bonding)/kW 37 37
Power of stirring (cooling)/kW 11 5.5

Bonding conditions

The commercial and microwave bonding processes both start with heating powder to a cer-

tain temperature, then keep at this temperature for several minutes, and end with rapid cooling

down. The operation conditions of the two bonding machines are listed in Table 8.4. The

bonding temperature of the commercial machine is 66◦C, but that of the microwave machine

is only 59.5◦C. The reason behind this is the selective heating of microwaves on the interface

of coating particles and Al flakes. Since the bonding temperature of microwave machines is

lower, the stirring speeds of microwave machines are slightly lower than that of the commercial

machine.

Table 8.4: Comparisons of bonding parameters between commercial and microwave machines.
Conditions Commercial Micorwave

Bonding temperature/◦C 66 59.5
Stirring speed of heating/(rpm) 636 602
Stirring speed of holding/(rpm) 636 602
Stirring speed of cooling/(rpm) 70 70

Bonding temperature vs. process time

Bonding temperature is the most important factor during the bonding process. Fig. 8.7

presents the powder temperature change over time of the two machines. The blue curve (com-

mercial) shows that the heating phase lasts about 11 minutes and the average heating rate is 3.7
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◦C/min, and the temperature of the holding phase slightly fluctuates around 66◦C for 5 minutes,

and the cooling phase is about 9 minutes. The red curve (microwave-0.5kW) indicates that the

heating rate is about 8.8 ◦C/min, and the holding phase lasts 8 minutes and the cooling phase

is just 3 minutes. Comparing the two curves, it is easy to find that the microwave machine has

a much higher heating rate at the heating phase and a shorter process time than the commercial

machine.

Figure 8.7: The real-time temperature in commercial and microwave bonding machines along with
process time.

Productivity and energy consumption

At first, the productivity of the two bonding machines is calculated according to the above

parameters. Although the capacity of the microwave machine is 100 kg that is less than the

commercial one, the bonding time is only 11 minutes. The productivity of the microwave

machine is 0.52 t/h. Meanwhile, the capacity of the commercial machine is 200 kg and the

bonding duration is 24.5 minutes, and the productivity is about 0.49 t/h. The energy consump-

tion is evaluated by the current and power presented in Table 8.5. The energy consumption of

stirring (Estir, kWh/t) can be calculated by the following equation:

Estir =
UIt

1000m
(8.1)
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where, U is the voltage of motor (both are 380 V); I is current, unit is A; t is time, unit is h; m

is powder mass , unit is ton.

The energy consumption of microwave (EMW , kW) can be estimated by the following equa-

tion:

EMW =
nPt
m

(8.2)

where, n is the number of microwave transmitters; P is the power of each microwave trans-

mitter, unit is kW. The total energy consumption (Estir+EMW) of commercial and microwave

machines are 41 and 37 (kWh/t), respectively. The energy consumption of microwave bonding

machine can be further reduced if the capacity increase to 200 kg.

Table 8.5: Parameters of heating, holding and cooling.

Commercial bonding Microwave bonding
Heating Holding Cooling Heating Holding Cooling

Current/A 59 46 50 45 31 35
Stirring duration/min 11 4.5 9 4.5 5 1.5
Power/kW 0 0 0 2.6 5 0
MW heating duration/min 0 0 0 0.8 0.01 0
Energy consumption/(kWh/t) 41 37

Comparison of particle size distributions of bonded samples

Fig. 8.8 shows the particle size distributions of non-bonded, commercial-bonded, and microwave-

bonded samples. The medium diameter of the non-bonded powder is 28.35 µm. The medium

size slightly increases to 29.51 and 30.03 µm after commercial and microwave bonding, re-

spectively. The medium size of the two bonded powders is very close, but the D10 and D90

of the two bonded samples are quite different. The D10 of the non-bonded sample is 11.15

µm, which increases by 0.6 µm after commercial bonding. Remarkably, the D10 largely raises

by 3.5 µm after microwave bonding. This big D10 means small particles are highly reduced

after microwave bonding, which effectively improves the flowability and spraying of the pow-

der coating. While the D90 of the microwave-bonded sample (52.71 µm) is less than that of

commercial-bonded one (54.06 µm), illustrating that there are fewer mis-bonded particles in

the microwave-bonded sample.

The span of particle size distribution can be calculated by Eq. 8.3. The smaller the span,
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Figure 8.8: The particle size distribution of non-bonded and bonded samples. A) non-bonded; B)
commercial-bonded; C) microwave-bonded.

the better the powder flowability, and the smoother the final film.

S pan =
D90 − D10

D50
(8.3)

The span of the non-bonded powder is 1.36, which increases to 1.44 after commercial

bonding. This is mainly because commercial bonding leads to more mis-bonded particles.

Reversely, the span of the microwave-bonded powder reduces to 1.27, meaning that the particle

size distribution is more narrow than the other two samples. Overall, the span increases after

commercial bonding but decreases after microwave bonding.

Bonding quality
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After analyzing the particle size distributions of the three samples, the final films were

prepared after spraying and curing as viewed in Fig. 8.9. Each sample was sprayed at 1 and

3 bar to judge the bonding quality. The final films show a sparkling effect after adding Al

flakes. As the color of the base powder is gray, the more Al flake on the surface, the less gray

the surface. The color of the films prepared from non-bonded powder (A1 and A2) is slightly

darker, indicating that the Al contents in the films are less than those of the other four films.

Figure 8.9: The images of films prepared at 1 and 3 bar from different powders. A) non-bonded; B)
commercial bonded; C) microwave bonded.

The color differences of the films prepared at 1 and 3 bar are summarized in Table 8.6.

When spraying metallic effect powder coating, the color difference is required to be less than

1.5 (1.5 is usually the lowest level that can be distinguished by the naked eye). Furthermore,

the color difference should be less than 1.0 when coming to more strict requirements. Without

bonding, the color difference of the two films is 2.07. After commercial bonding, the color

difference unexpectedly increases to 3.87. However, after microwave bonding, the color differ-

ence is only about 0.96, proving that the color stability is very high. This small color difference

(<1) also provides side evidence for qualified bonding quality.

Table 8.6: The color difference between films prepared at 1 and 3 bar.
1 2 3 4 Ave.

Non-bonded 1.44 2.20 2.90 1.77 2.07±0.63
Commercial 3.17 4.51 3.67 4.11 3.87±0.58
Microwave 1.14 0.77 1.10 0.85 0.96±0.18
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8.5 Conclusions

The industrial microwave bonding machine meets the expected requirements. The heating

rates of PVDF and polyester metallic effect powder coating are about 8.3 and 18 ◦C/min,

respectively. The heating rate is proportional to the microwave power and is almost not affected

by the stirring speed. The heating rate is stable in the whole temperature range and can be

easily controlled within the allowable range. The energy consumption of microwave bonding

machines is slightly lower than that of the commercial machine, and the productivity is slightly

higher. After microwave bonding, the particle size distribution of powder becomes narrow. The

color difference of the films obtained from the microwave-bonded sample meets the industrial

requirements. In conclusion, microwave bonding machine obtains better bonding quality and

consumes less energy as well as provides higher productivity.
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9 The optimization of impeller blade by CFD simulation

9.1 Abstract

In this work, CFD simulation is used to optimize the shape of the impeller blades in mi-

crowave bonding machines. The powder coating tends to agglomerate due to uneven and

nonuniform stirring during the microwave bonding process, resulting in many wastes of raw

materials. Therefore, modifications (parts of the blades were reversely angled in different sec-

tions on each blade arm) on these blades were made and CFD simulation was applied to find

an impeller configuration that can provide better stirring uniformity. The results show that

the blade with reversely angled sections obtains higher average, radial, and axial velocity than

the unmodified one, which leads to better internal circulation of powders in the bonding tank.

This new type of blade can provide better stirring efficiency and reduce powder agglomeration

during bonding.8

Keywords: CFD simulation; Impeller modification; Powder coating; Stirring.

8With minor editorial changes to fulfill formatting requirements, this chapter is to be submitted to Surface and

Coatings Technology with the title of “Optimization of impeller blades by CFD numerical simulation”, Wei Liu,

Zhengyuan Deng, Hui Zhang, and Jesse Zhu.
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9.2 Introduction

At the beginning of the pilot-scale bonding research, it was found that the powder tends to

agglomerate possibly related to unsatisfactory impeller design. Many hard lumps of powder

were found at the bottom of the bonding tank due to uneven stirring. As a result, significant

amount of raw materials was wasted and much time was consumed to clean the machine.

This problem becomes pronounced in the pilot-scale and industrial experiments. Considering

the large consumption of powders, it is difficult to optimize the impeller blade by physical

experiments for each test. Therefore, this work proposes to optimize the blade shape by CFD

simulation to save materials and time. The calculated results were then testified by experiments.

The main purpose of the blade is to strengthen the internal circulation of the powder, which

ensures the powder absorbs microwave uniformly [1]. Although the microwave has certain pen-

etrability to heat the inside powder, the outside powder still has a higher microwave absorption,

causing temperature differences between the outside and inside powders [2, 3]. Therefore, the

powder needs to circulate rapidly in the bonding tank during microwave bonding.

An proper impeller blade configuration is very important to the motion of powders in in-

dustry, but most of the simulation is focused on the optimization of a liquid stirrer [4, 5]. Some

works for simulating the stirring of coarse particles (>1000 µm) were reported, while very few

work on the optimization of blades for small particles (<50 µm) were reported [6, 7]. Micale

and coauthors designed a small and one-stage impeller to mix particles (100-1000 µm) with

a turbine impeller. The comparison between the experimental data and the fluent simulation

results shows that the modeling technology can precisely predict the formation of the trans-

parent layer on the upper layer of the vessel, and the simulation results almost quantitatively

reproduced the expansion process of the layer [8].

In this study, some modifications, such as reverse angling and different inclination angles

of the blade, were made on the conventional blade to improve the stirring ability. Six impellers

with different blade configurations were simulated and calculated. The blade stirred the air and

powder in a sealed tank at a certain speed. The movement of powders was analyzed by the

particle concentration and velocity distribution in the tank. The numerical results illustrate that

the internal circulation is relatively better after the modification. Also, the physical experiments
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found that the modified impeller led to a more uniform temperature distribution during the

microwave bonding.

9.3 Numerical simulation

9.3.1 Geometry and mesh

The DesignModeler was used to build the three-dimensional configurations of the im-

pellers. The diameters of the bottom, middle, and top blades are 300, 312, and 312 mm,

and their distances to the tank bottom are 6, 100, and 190 mm, respectively. The thickness

and width of these blades are 5 and 20 mm. Every blade is detachable and the height of these

shaft sleeves is 5 mm. The height and radius of the tank are 300 and 172 mm. The diameter of

the shaft is 40 mm. The impeller and tank are combined by Boolean operations, and the tank

is formed by Sweep. The top blades are not inclined, and the inclination angle of the middle

blades is always 10 degrees, while the bottom blade has two inclination angles of 10 and 20◦.

In addition, a part of the bottom and mid blades were reversely angled. The unmodified (10d-0

and 20d-0) and the modified impellers are shown in Fig. 9.1.

Three rotational regions were defined as given in Fig. 9.2. The rotation type of the three

regions is meshed motion during the solving. The height of each area is 20 mm and the diam-

eters (from top to bottom) are 164, 164, and 160 mm, respectively. These regions just cover

the three blades as exhibited in Fig. 9.2. Five lines are marked, as viewed in Fig. 9.2b, near the

blades for analyzing the particle velocity and volume fraction.

The finite element of the above models was built in Mesh via the automatic tetrahedron

method. The main grid size is 0.010 m, and the grid size of the interface of the rotational and

static regions is set to 0.0073 m. The total number of the grid is about 500,000. The mesh of

the tank and rotational regions are presented in Fig. 9.3.

9.3.2 CFD model

RNG k-ε model

In this study, CFD software Fluent is used for performing 3D two-fluid model (TFM) simu-

lations closed by the kinetic theory of granular flow (KTGF). The governing equations listed in
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Figure 9.1: Six impellers: 10d-0) inclination angle is 10◦; 10d-33) inclination angle is 10◦, reverse-
angling ratio is 1/3; 10d-66) inclination angle is 10◦, reverse-angling ratio is 2/3; 20d-0) inclination
angle is 20◦; 20d-33) inclination angle is 20◦, reverse-angling ratio is 1/3; 20d-66) inclination angle is
20◦, reverse-angling ratio is 2/3.

Figure 9.2: Three rotational regions (a) and five marked lines (b).
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Figure 9.3: The images of the meshes of tank (a,b) and rotational regions (c)

Gidaspow’s book are well developed and known, so no further modification is made on these

equations [9].

The RNG k-ε turbulent model is developed using Re-Normalisation Group (RNG) by

Yakhot et al to account for the effects of smaller scales of motion [10]. When neglecting

bouyancy, Eq. 9.1 and 9.2 are the k equation and the ε equation , respectively.

∂

∂t
(ρg kg) +

∂

∂xi
(ρg kg ug,i) =

∂

∂x j

[(
µg +

µg,t

σkg

)
∂kg

∂x j

]
+ Pkg − ρg εg (9.1)

∂

∂t
(ρg εg) +

∂

∂xi
(ρg εg ug,i) =

∂

∂x j

[(
µg +

µg,t

σε

)
∂εg

∂x j

]
+ C1εg

εg

kg
Pkg −C∗2εg

ρg
ε2

g

kg
(9.2)

where the turbulent viscosity, µg,t = ρg Cµg k2
g/εg, C∗2εg

= C2εg +
[
Cµgη

3(1 − η/η0)
]
/(1 + β η3),

and η = kg/εg (2 S i j S i j)0.5. The constants are listed as follow: Cµg = 0.0845, C1εg = 1.42,

C2εg = 1.68, η0 = 4.38, and β = 0.012.

Gidaspow drag model

The Gidaspow model is a combination of the Wen and Yu model and the Ergun equa-

tion [11]. In this model, the drag coefficient can be calculated by the following equations.

Ksg =
3αs αg ρg |~vs − ~vg|

4 ds
CD α

−2.65
g For αg > 0.8 (9.3)

Ksg =
150αs (1 − αg) µg

αg d2
s

+
1.75αs ρg |~vs − ~vg|

ds
For αg ≤ 0.8 (9.4)

CD =
24

[
1 + 0.15(αg Res)0.687

]
αg Res

, (9.5)
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Res =
ρg ds |~vs − ~vg|

µg
. (9.6)

9.3.3 Boundary conditions and solver

The setting of boundary conditions are: 1) The rotation mode of the rotational region is

set as mesh motion, and the rotation speed at 500 rpm, and the rotation direction as x = 0, y

= 0, z = 1 (clockwise rotation at the top view); 2) The interface near the rotational region is

set as relative to advanced cell zone with the velocity of 0 and the direction is the same as the

rotational regions; 4) The tank and the shell are set as the static region; 5) The interface near

the static region is set as absolute motion, and the rotation speed is 500 rpm, and the direction

is the same as that of the rotational region; 6) The shaft is set as absolute motion with the speed

at 500 rpm, and the direction is the same as the rotational region.

Table 9.1 summarizes some numerical values and settings of the computational model.

All of the cases are solved by pressure-based and transit equations. Mesh motion rather than

frame motion was used to obtain higher precision. Because there are a tremendous amount

of swirls during the stirring, RNG with the swirl-dominated flow was applied. The second-

order equations were utilized to ensure computational accuracy. The converged residuals of

continuity, volume faction, energy, etc during the calculation were 10−4. The stirring speed of

the impeller maintains at a constant of 500 rpm.

9.4 Results and discussion

9.4.1 Volume fraction of particle

At first, the volume fraction distribution of the case 10d-0 changes over time was analyzed

as seen in Fig. 9.4. The volume fraction of the bottom and top sections are 0.3 and 0.1 at the

beginning, respectively. With the increase of stirring time, the top boundary of the powder

fluctuates (0.5-1.0 second) and finally turns into a cone shape (2.0-3.9 seconds). The powder

volume fraction at the bottom section is about 0.17 except for the rotational regions. The

volume fractions at these rotational regions will be discussed later. In view of volume fraction,

the movement of the powder stabilizes after 2.0 seconds.

Here, the volume fraction distributions of the six cases at 3.9 seconds are compared in
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Table 9.1: Computational model parameters

Parameter/Model Numerical value/Case setting

Solver type Pressure-based
Solver time Transit
Cell zone condition Mesh motion
Turbulence multiphase model RNG with swirl dominated flow
Turbulence model Standard wall functions
Operating pressure 101325 Pa
Pressure-velocity coupling SIMPLE algorithm
Spatial discretisation - gradient Green-Gauss cell based
Spatial discretisation - pressure Presto!
Spatial discretisation - volume fraction QUICK
Spatial discretization - momentum Second order upwind
Spatial discretization - turbulent kinetic energy Second order upwind
Spatial discretisation - turbulent dissipation rate Second order upwind
Transit formulation Second-order implicit
All of residuals 10−4

Timestep 2.5×10−5

Solids packing limit 0.2
Particle diameter 40µm
Frictional pressure (pascal) based-ktgf
Frictional viscosity schaeffer
Granular viscosity Gidaspow
Granular temperature Algebraic
Radial distribution Lun et al.
Solids pressure Lun et al.
Granular bulk viscosity Lun et al.
Angle of internal friction 30.00007◦

Drag model Gidaspow
Sepcularity coefficient 0.1
Coefficient of restitution 0.5
Gravitational acceleration 9.81m/s2

Rotational speed 500 rpm
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Figure 9.4: The volume fraction change along with time in the case of 10d-0.

Fig. 9.5. It is found that the volume fraction distributions of 10d-0, 10d-66, 20-0, and 20d-66

are quite close. However, 10d-33 and 20d-33 have slightly larger cone-shaped top boundaries

than the others. This is mainly because one-third of the reverse-angled blades enhance the

downward movement of the powder near the shaft. When increasing the reverse-angling ratio

to two-thirds, the top boundary of volume fractions becomes almost the same as the unmodified

blades. The reason behind this is that more reverse angling enhances the downward velocity of

a much larger region of the powder, weakening the central swirl near the shaft.

The volume fraction distributions of the six cases at the five lines (shown in Fig. 9.2b)

are compared in Fig. 9.6. The six cases have similar volume fractions in lines 2, 3, and 5.

When the inclination angle is 20◦, fluctuations at X=0.13m are observed probably because of

the turbulence of powder. As mentioned, the inclination angle of the mid-blade is 10◦ which

does not match the bottom blade, bringing out significant turbulence. Near the shaft (X=0.02-

0.04m), 10d-33 and 20d-33 have much lower volume fractions than the other four. This is in

line with the volume fraction distributions in Fig. 9.5. In all, the six cases obtain considerably

similar volume fractions with few differences.
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Figure 9.5: The volume fractions of different cases at 3.9 seconds.

9.4.2 Average velocity

The average velocities in the static regions of the six cases with respect to time were pre-

sented in Fig. 9.7. The six cases have almost the same trend: fast increase at the start and then

a slight decrease, followed by a gradual rise to a stable state. From the magnified area, it is

found that the blades with 20◦ inclination gain higher average velocities than those with 10◦.

It is clear that a higher inclination provides a stronger thrust to powder and leads to a higher

velocity. In addition, a bigger reverse-angling ratio seems to achieve a higher average veloc-

ity in the tested range recently viewed because the reverse-angled blades increase the powder

circulation. On the whole, a higher inclination angle and reverse-angling ratio both help to

improve the average velocity of the powder.

To further compare the velocity of the six cases, the velocity distributions at the XY planes

are given in Fig. 9.8. The area closer to the shaft appears to have a smaller velocity. The

maximum values of the blades with 20◦ inclination are bigger than those with 10◦. Also, the

greater reverse-angling ratio leads to more yellow and red areas (near the wall). These findings

are consistent with the result in Fig. 9.7.

To compare the average velocity near the blades, the relationship between v and X at the five

lines is plotted in Fig. 9.9. It is obvious that the curves of average velocities along with X (0.02-
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Figure 9.6: The volume fractions at the five lines in different cases. a) line 1; c) line 2; d) line 3; e) line
4; f) line 5.
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Figure 9.7: The average velocities of the six cases with respect to time.

Figure 9.8: The average velocity distributions of the six cases at 3.9 seconds.
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0.172m) have a similar trend that decreases at the beginning, and then gradually increases, and

finally declines to zero at the wall. In line 2, one-third and two-thirds reverse angling show

some reductions at the X= 0.7m and X=0.11m, respectively. This is caused by the junctions of

angled and reverse-angled sections of the blades. In summary, the average velocity above and

below the blade gradually increases from the inside to the outside.

Figure 9.9: The average velocities at the five lines of the six cases (3.9 seconds). a) line 1; c) line 2; d)
line 3; e) line 4; f) line 5.
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9.4.3 Radial velocity

The radial velocity indicates the state of the inward and outward motions of the powder.

Positive and negative values stand for outward and inward movements, respectively. Fig. 9.10

shows that the curves of radial velocity (in the static region) vs. time soar to about 0.02 m/s

and then fluctuate to stable values. 10d-0 and 10-33 gain similar radial velocities, about -0.006

m/s, indicating particles move inward overall. After increasing the reverse-angling ratio to 2/3,

the velocity is a positive value, 0.01 m/s, meaning that the two-thirds reverse angling changes

the motion direction of the powder and also improve the radial velocity. When the inclination

angle is 20◦, the radial velocities are all above zero. Also, the velocity decreases slightly to

0.006 m/s with one-third reverse angling but greatly increases to 0.022 m/s after two-thirds

reverse angling. The above results imply that two-thirds reverse angling can largely improve

the radial velocity.

Figure 9.10: The radial velocities of the six cases along with time.

To have an overall sense of the inward and outward movements of the powder, the radial

velocity distributions of the six cases at 3.9 seconds were given in Fig. 9.11. Compared to
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the conventional impellers (10d-0 and 20d-0), there are small yellow areas (outward motion)

underneath the junctions of angled and reverse-angled blades. Also, the maximum values of

10d-66 and 20d-66 are much larger than those of conventional ones, which agrees with the

previous results.

Figure 9.11: The radial velocity distributions of the six cases at 3.9 seconds.

Quantitative analysis on the radial velocity at the five lines is shown in Fig. 9.12. In line

1 (Fig. 9.12a), some fluctuations are found at the junctions of one-third (green and purple,

X=0.07) and two-thirds (blue and gray, X=0.11m) reverse angling. Also, larger outward ve-

locities are observed at X=0.15m (the front part of the blades) with two-thirds reverse angling.

In line 2, greater outward velocities are seen at the junction (blue and gray, X=0.11m) which

is in line with the result in Fig. 9.11. Only 20d-66 has an inward velocity at X=0.13-0.17m

due to the enforcement of internal circulation. The trend in line 3 (Fig. 9.12d) is the same as

that in line 1 because their positions are both just above the blades. In addition, there is no big

difference in lines 4 and 5 because the top blades are not inclined. In a word, reverse angling

exerts a positive influence on the enhancement of radial velocity.

9.4.4 Axial velocity

The axial velocity, standing for the upward (positive value) and downward (negative value)

motions, is used to analyze the upward-downward circulation of powder. The axial velocities
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Figure 9.12: The radial velocities at the five lines of the six cases (3.9 seconds). a) line 1; c) line 2; d)
line 3; e) line 4; f) line 5.
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in the static regions of the six cases with respect to time were drawn in Fig. 9.13. All of the

axial velocities at 3.9 seconds are negative, suggesting that particles in the static region move

downward during the stirring. The axial velocities of 10d-0, 10d-33, 20d-0 and 20d-33 are

all close to -0.03 m/s. However, the axial velocities substantially increase to -0.033 m/s after

two-thirds reverse angling.

Figure 9.13: The axial velocities of the six cases along with time.

The axial velocity distributions at the XY plane of the six cases are shown in Fig. 9.14.

Here, the yellow and red areas represent downward velocity, and the green and blue areas

stand for upward velocity. With reverse angling, it is found that the downward movement of

the area near the shaft is enhanced, while the upward motion is inhibited especially at the area

above the bottom blade. The changing trend of the minimum values is consistent with the

average axial velocity described in Fig. 9.13.

The numerical analysis on the axial velocity of the six cases at the five lines is shown in

Fig. 9.15. In lines 1 and 3, 10d-0 and 20d-0 gain upward velocity at all spots. The velocity

direction change from upward to downward at the reverse-angled section after one-third reverse
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Figure 9.14: The axial velocity distributions of the six cases at 3.9 seconds.

angling (green and purple curves). With two-thirds reverse angling, the velocity at the reverse-

angled section decreases a little bit but increases to a larger value at the angled section. In

line 2, the one-third reverse angling exerts less impact on the axial velocity, but the two-thirds

reverse angling enhances the downward motion at the junction. There is no such distinction of

the axial velocity among the six cases in lines 4 and 5 due to no modification on the top blade.

On the whole, the modification of reverse angling shows a clear effect on the axial velocity

distribution.

To have a comprehensive understanding of the effect of reverse angling on the internal

circulation of powder, the average, radial, and axial velocities of the six cases are summarized

in Table 9.2. The average velocity rise with the increase of inclination angle and reverse-

angling ratio. The one-third reverse angling obtains similar average radial and axial velocities

with the unmodified case. However, the two-thirds reverse angling leads to much higher radial

and axial velocities compared to the unmodified blades.

Table 9.2: The summary of average, radial and axial velocity

10d-0 10d-33 10d-66 20d-0 20d-33 20d-66

Average velocity (m/s) 1.28213 1.29031 1.30918 1.36191 1.37983 1.41957
Radial velocity (m/s) -0.00578 -0.00618 0.01052 0.00237 0.00127 0.02224
Axial velocity (m/s) -0.02995 -0.02981 -0.03305 -0.02989 -0.02950 -0.03251
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Figure 9.15: The axial velocities at the five lines of the six cases (3.9 seconds). a) line 1; c) line 2; d)
line 3; e) line 4; f) line 5.
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9.5 Conclusions

The modifications of reverse angling and inclination angle of blades achieve better internal

powder circulation in the stirring tank. In the calculated range, a greater reverse-angling ratios

and a larger inclination angle both result in a higher average particle velocity. The two-thirds

reverse angling gains better internal circulation than the one-third. In contrast to the unmodified

case, the two-thirds reverse angling increases the average velocity by 1 cm/s (inclination angle

is 10◦) and 6 cm/s% (inclination angle is 20◦). Specifically, the axial velocity increases by

about 10%, and the axial velocity by 50-90%. All in all, 20d-66 is considered as the case that

can provide the best internal powder circulation in the tested range.
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10 Applying fine powder coatings to plastic substrates

via a bifunctional additive

10.1 Abstract

A fine-powder-coating process is a promising approach for tackling the drawbacks of present

powder-coating technology, such as the inability to achieve thin coatings. In recent years, the

progress in fine powder coatings mainly focus on painting metal articles. As plastic materials

gradually increase in high-end products, such as automotive parts and laptops, a big market is

awaiting a fine-powder-coating process to replace present solvent-paint technology. Hence, it

is necessary to find a viable fine-powder-coating process for providing thin and aesthetic films

on these plastic components. In the present work, a bifunctional additive was prepared and

employed to simultaneously improve the flowability and lower the curing temperature of fine

powder coatings, enabling the fine powder coatings to succeed in painting plastic substrates.

The lowest additive content and curing temperature for the epoxy fine powder coating were

0.5 wt% and 140◦C and for the fine hybrid one were 0.3 wt% and 130◦C, respectively. By

using the fine powder coatings, the film thickness was declined by around 50%, the defects of

pinhole and blister were apparently reduced, the surface roughness was primarily decreased,

and the thin films had comparable or even better water resistance than the thick ones. The uti-

lization of the bifunctional additive was demonstrated to be a feasible and practical approach

for providing thin and smooth powder-coating surfaces on plastic substrates.9

Keywords: Fine powder coatings; Plastic; Bifunctional additive; Roughness; Thin film.

9With minor editorial changes to fulfill formatting requirements, this chapter was submitted to Progress in

Organic Coatings with the title of “Application of fine powder coatings to plastic substrates via a bifunctional

additive”, Wei Liu, Yufu Wei, Hui Zhang, and Jesse Zhu.
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10.2 Introduction

Powder coating, usually composed of resin, pigment, filler and additives, is a type of paint

applied as a free-flowing and 100%-solid powder [1]. Its high performance and low environ-

mental impact make itself attractive for a wide range of markets, such as automotive clear top

coatings [2], appliance coatings [3], bike coatings [4], coatings for construction materials [5],

coatings for woods and plastics [6], etc. Powder coating technology takes advantage of flu-

idization by using air to encourage powders to behave in a liquid-like way instead of using a

solvent like traditional solvent-borne paint. As a result, powder coatings confer environmental

advantages by preventing VOC emissions associated with solvent use from the film formation

process [7, 8].

However, since the inability of present powder coatings to provide very thin and smooth

finish surfaces like traditional solvent paints, powder coatings have so far been just applied to

low and middle-end products. One main reason behind this is that the present powder coatings

are using 35-45 µm (“coarse”) particles that belong to Geldart Group A powders [9]. This type

of particles have been proved to have excellent flowability but brings about some unavoidable

drawbacks, such as thick films and orange peels [10]. These inherent drawbacks impede the use

of present powder coatings to some high-end products, such as automotive (topcoat), laptops,

cellphones, etc. Fabricating the Geldart Group A powders Group C powders [11, 12], whose

medium diameter is 10-20 µm (“fine”), is a promising method to address these issues of present

powder coatings [13].

The challenge of using fine powder coating is securing the powder flows smoothly during

the spraying process since the attractive forces between particles increase significantly with

decreasing particle size. Some attempts have been made to improve the flowability of fine

powders. For instance, some solvents, such as water [14] and supercritical fluid [15], were

used to help the fine powders flow smoothly and attain thin films. To eliminate solvents, Jesse

et al. employed SiO2, Al2O3, TiO2, etc., nanoparticles that work as fluidization additives to

separate the fine powder particles and reduce interparticle forces allowing the flowability of

the fine powder to be increased [16]. Some experimental and simulation works also suggested

that composite nanoparticles are capable of enhancing the flowability of fine particles [17, 18].
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Jesse et al. also presented that the above approach enables fine and ultrafine powder coatings

to paint metal workpieces [19].

In recent years, more and more metal parts have been replaced by plastic parts in some

high-end products to reduce weights and costs, for example, plastic covers for laptops and

cellphones [20, 21], fibre-reinforced plastic (FRP) automotive hood [22]. A vast market of

plastic parts awaits a feasible fine-powder-coating approach. As mentioned, the use of fine

powder coating to metal substrates has been realized with nanoscale fluidization additives.

However, the utilizations of fine powder coatings on the above plastic parts have been seldom

reported so far. Hence, this work aims to establish a method to achieve thin and smooth powder-

coating finish surfaces on these plastic parts.

Generally, due to the poor high-temperature resistance of plastic substrates, low-temperature

curatives, such as imidazole and its derivatives [23, 24], choline chloride [25], benzyltrimethy-

lammonium halides [26], bisphenol A-amine adduct [24], etc., have to be melted or blended

into powder coatings to reduce the curing temperature. Also, as stated before, fluidization ad-

ditives have to be added to enhance the flowability of fine powders. Based on these concepts,

a bifunctional additive in nanoscale was prepared in the present work that aims to improve the

flowability and lower the curing temperature at the same time. This study tested the self-made

additive in an epoxy-polyester (hybrid) and an epoxy fine powder coatings. It is found that the

addition of a small amount of this additive enables the fine powder coating to coat plastic sub-

strates with glossy and thin films at low curing temperatures, 130◦C and 140◦C for fine hybrid

and epoxy powder coatings, respectively.

10.3 Materials and methods

Epoxy-polyester (TCI6920-9000) and epoxy (TCI7380-9000) powder coatings from TCI

Powder Coatings Inc. (GA, USA) served as coarse powder paints. Glass long fibre-reinforced

polyamide panels (7 cm×5 cm×0.5 cm) from the Fraunhofer Project Centre (ON, Canada)

worked as substrates. Aluminum oxide nanoparticles (D50=13 nm) from Evonik Industries

(Essen, Germany) and 2-methylimidazole from Sigma-Aldrich (MI, USA) were utilized to

prepare the composite additive. Methyl ethyl ketone (MEK) from Fisher Scientific (MA, USA)

was used to test the degrees of cure of coatings.
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10.3.1 Preparation of bifunctional additive and powder-coating surfaces

The following steps obtained the bifunctional additive: (a) disperse 2 g 2-methylimi -dazole

and 8 g aluminum oxide nanoparticles into 1L DI water; (b) dry the slurry by the spray dryer

(B-290, Buchi Labortechnik AG, Switzerland) at temperature of 130◦C and pump speed of

2.5mL/min; (c) collect the dried nanoparticles after cooling down to room temperature. The

following steps gained the powder-coating surfaces on plastic panels: (a) Add a certain amount

of the prepared bifunctional additive (0.1, 0.3, or 0.5 wt%) into the 100 g fine powder coating;

(b) mixing the two materials well by a mixer; (c) preheat the plastic panels at 140◦C for 30min;

(d) electrostatically spray the prepared fine powder coatings of step b onto the surface of the

heated substrates via an electrostatic spraying system with a corona spray gun (Gema Switzer-

land GmbH); (e) heat both the deposited powders and plastic panels at a certain temperature

(120 to 160◦C) for 15min; (f) cooldown the coated plastic panels in the air.

10.3.2 Characterizations of powder samples

At first, the chemical composition of the bifunctional additive was characterized by X-

ray diffraction (Rigaku MiniFlex, Tokyo, Janpan) and fourier transform infraredm (Perkim-

Elmer TGA-FTIR coupled system, MA, USA). X-ray diffraction (XRD) measurements were

operated in the reflection mode with Cu-Kα radiation (35 kV, 15 mA) and diffracted beam

monochromator,using a step scan mode with the step of 0.02◦(2θ). In the KBr-FTIR analysis

process, each sample was analyzed directly with a universal ATR accessory in the range of

3500-1000 cm−1 with attenuated total reflectance.

The size distributions of powders were also analyzed via a laser particle size analyzer (BT-

2000B, Bettersize Instruments Ltd., Liaoning, China). The flowability of powders was repre-

sented by the angle of repose (AOR) which were determined by a powder tester (Hosok Awa

Micron Corporation, Tokoyo, Japan) in terms of ASTM C1444-00. A smaller AOR indicates

a better flowability. AOR less than 40◦ is the minimum requirement of the flowability for

a powder to have good pneumatic transportation [27]. Coarse and fine epoxy powders were

treated by gold-sputtering, followed by SEM and EDS analysis (SU3500, Hitachi Limited,

Tokyo, Japan). At last, thermal properties and degrees of cure of epoxy and hybrid powders

were measured by differential scanning colorimeter (DSC, Mettler Toledo, Chicago, USA).



10.3. MATERIALS AND METHODS 193

The samples (5-10mg) were placed in a 40 µL aluminum crucible with a pierced lid and then

heated at 180◦C for 16min (isothermal scanning), and from 25 to 275◦C at a heating rate of

10◦C/min (dynamic scanning) under nitrogen purge at a flow rate of 40mL/min. According the

DSC results of heating at 180◦C, the following equation calculate the degree of cure of a film

at time t:

Degree o f cure(t) =
∆Ht

∆H0
× 100% (10.1)

where ∆H0 is the total heat of reaction for full cure, ∆Ht is the amount of heat released up to

time t.

10.3.3 Characterizations of films.

The degrees of cure of powder-coating films were determined through MEK-rubbing test

according to ASTM D5402. Rubbing the film with a swab dipped with MEK till the coating

starts to dissolve. One forward and back motion is one double rub. Typically, the minimum

number of double rubs for a coating is usually fifty in industry [28].

The top and cross-sectional surfaces of qualified films were observed by an optical micro-

scope (Keyence VHX-6000, IT, USA). Three surface characters, Gloss 60◦, Distinctness of

Image (DOI), and Haze, of films were measured via a 408 triple glossmeter (Elcometer Inc.,

MI, USA) at six uniformly distributed sites. Higher Gloss 60◦ and DOI, and a lower Haze

mean better surface-coating quality for the involved powder coatings. The surface roughness

of a film at three different areas (each area is 1.2×1.2 mm) were assessed by a confocal laser

scanning microscope (Zeiss LSM800, Jena, Germany). Three height parameters, S a, S z and

Ra, were used to evaluate surface roughness in this work according to ISO 25178.

The water resistance of films was measured by testing the increased weight percentage

after 24-hour water immersion in the light of ASTM D570-98(2018). Each film was tested

three times. A higher water absorption indicates inferior water resistance. The hardness of

the films was measured by a 501 pencil hardness tester (Elcometer Inc., MI, USA) based on

ASTM D3363. The lowest hardness value of the pencil, which marks the coating, determines

the hardness grade. The hardness is estimated on a 6B to 6H scale. The adhesion of the films

was evaluated by an Elcometer 107 cross hatch cutter (Elcometer Inc., MI, USA) on the basis

of ASTM D3359. According to the percent of removed area after cross cutting, adhesion is
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assessed by the following five grades: 0B (>65%), 1B (35-65%), 2B (35-65%), 3B (35-65%),

4B (<5%), and 5B (0%).

10.4 Results and discussion

10.4.1 Characterizations of the bifunctional additive

X-ray diffraction and FTIR study were conducted on the bifunctional additive and its

diffract diffractograms and infrared spectroscopy are shown in Fig. 10.1. As both 2-methylimidazole

(2-MI) and Al2O3 were crystalline in nature so they exhibited very sharp peaks in their respec-

tive X-ray diffractograms. Fig. 10.1a shows peaks at 2θ equals to 17.86◦, 21.78◦, and 26.08◦,

resulting from 2-MI according to Mahendra and coauthor’s work [29], whereas peaks at 2θ

equals to 19.90◦, 32.12◦, 37.66◦, 39.50◦, 45.50◦ are the result of γ-Al2O3 based on JCPDS 50-

741 (Fig. 10.1). Beside, some tiny peaks caused by trace amount of α-Al2O3 were also found

by comparing with JCPDS 71-1123 (Fig. 10.1c). FTIR spectrum of the additive is presented

in Fig. 10.1d. The broad absorption peaks were seen in the range of 3300-2500 cm−1 assigned

to bonding vibration of water molecules due to moisture absorption [30]. Secondary amine

N-H stretching and bending frequency was present at 3018 cm−1. Whereas C-H stretching and

deformation bends frequency were respectively found at 2653 cm−1 and 1303 cm−1. The vibra-

tions of C-N bonds were observed at 1365 cm−1, 1217 cm−1, 1154cm−1 and 1114 cm−1. Also,

C=N and C=C stretching were seen at 1742cm−1, 1593cm−1 and 1441cm−1. Meantime, these

absorption are consistent with the reported IR spectra of 2-MI [29]. The characterizations of

XRD and FTIR verify that the bifunctional additive consists of 2-methylimidazole, γ-Al2O3

and a small amount of α-Al2O3.

The morphology of the additive and its distribution in the powder coating system were

observed by SEM, and the compositions of marked sites were analyzed by EDS, as shown in

Fig 10.2. A great number of agglomerations in the diameter of about 4 µm were found in the

additive (Fig. 10.2). And the EDS results show that the additive consists of three main elements,

Al, C and O, which agrees with its ingredients, Al2O3 and 2-dimethylimidazole. The traces of

Na and Cl might come from the extensive usage of DI water (1L). The particle surface is clean

when excluding the bifunctional additive (Fig. 10.2c). However, after mixing the additive and

epoxy powder coating, plenty of nanoparticles are found on the surface of the coating particle
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Figure 10.1: XRD patterns of as prepared bifunctional additive (a) along with the stick patterns for the
JCPDS files No. 50-741 (b) and 71-1123 (c). d) FTIR spectrum of the bifunctional additive.

(Fig. 10.2e). By comparing Fig. 10.2d and f, a much higher peak at the aluminum element (red

arrows) was seen at the powder sample that contains the bifunctional additive. This proves that

these nanoparticles are the bifunctional additive because the additive owns a very high peak at

aluminum (Fig. 10.2a). On the whole, the mixing process breaks down the agglomerations of

the bifunctional additive and enables the additive to reach uniform distributions on the surfaces

of coating particles.

10.4.2 Epoxy powder coating

The coarse and fine epoxy powder coatings were prepared and studied. First of all, the

morphology and size distributions of the two types of epoxy powders were determined as

given in Fig. 10.3. It is easy to find that most particles in Fig. 10.3a are much larger than

those in Fig. 10.3b. Also, Fig. 10.3c and d show the medium sizes of the coarse and fine

powder coatings are 42.34 and 19.98 µm, respectively. These values are quite in line with the

SEM observation.

On the one hand, the dosage of the bifunctional additive needs to be as low as possible

because it leads to the reduction of surface-coating quality [24, 31], but on the other hand, suf-

ficient addition is needed to ensure good flowability and low curing temperature. Consequently,

the balance of the above concerns requires an appropriate content of the bifunctional additive.
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Figure 10.2: SEM and EDS characterizations of different powders, (a, b) the bifunctional additive; (c,
d) the epoxy coating powder; (e, f) the epoxy coating powder added the additive.

At first, the effect of the additive dosages on the flowability of fine epoxy powder coating was

studied as shown in Fig. 10.4. The coarse epoxy powder coating (D50=42.34 µm) with a small

AOR of around 36.8◦ owns a good flowability. Oppositely, the AOR of the fine powder coating

(D50=19.98 µm) dramatically increase to 44.8◦ (>40◦), indicating the fine powder coating has a

poor flowability. The flowability of fine powders improves obviously when the additive content

increase from 0.1 to 0.5 wt%. The main reason behind this is that the nanoscale bifunctional

additive increases the distances between fine particles and leads to the decline of the interparti-

cle forces, such as van der Waals force and electrostatic attraction [32]. The AOR at 0.3 and 0.5
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Figure 10.3: SEM images and size distributions of the coarse (a,c) and fine (b,d) epoxy powder coat-
ings.

wt%, in particular, are both less than 40◦, implying that these fine powders meet the minimum

requirement of flowability for the powder-coating spray process.

C o a r s e - 0 % F i n e - 0 % F i n e - 0 . 1 % F i n e - 0 . 3 % F i n e - 0 . 5 %
3 0
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4 5

5 0
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Figure 10.4: The flowability of the fine epoxy powder coatings with various contents of the bifunctional
additive (wt%).

The influence of the additive content on the degree of cure was estimated in Table 10.1.
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The degree of cure for a coating system, which highly depends on the curing temperature,

is often measured by MEK-rubbing tests. Larger double rubs indeed suggest higher degrees

of cure. In the present work, fifty-time double rubs were used as the minimum requirement

for a qualified film. Epoxy powders with various content of additives were cured at different

temperatures. It is found that the cure degree increases with the increases in curing temperature

and additive content. This majorly because higher temperatures and additive contents result in

faster crosslinking-reaction rates [33, 34]. In detail, the lowest curing temperature to have a

qualified degree of cure is 160◦C for the coarse epoxy powder coating. The curing temperature

still has to be as high as 160◦C when merely adding 0.1 wt% additive. The respective lowest

curing temperatures are 150◦C and 140◦C when the additive content rises to 0.3 wt% and 0.5

wt%. To sum up, the lowest curing temperature for the fine epoxy powder coating is 140◦C,

and the proper content of the bifunctional additive is 0.5 wt%.

Table 10.1: The double rubs of epoxy films prepared at different curing temperatures and additive
contents.

120◦C 130◦C 140◦C 150◦C 160◦C

Coarse-0 wt% 1 1 6 43 >50
Fine-0.1 wt% 1 1 1 41 >50
Fine-0.3 wt% 2 5 7 >50 >50
Fine-0.5 wt% 20 29 >50 >50 >50

More than 50 double rubs means the film has a qualified degree of cure.

The effect of the bifunctional additive on the degree of cure of epoxy film was further an-

alyzed by the dynamic and isothermal DSC quantitatively as given in Fig. 10.5. As heat is

applied, the epoxy resin gradually melts following by the onset of crosslinking (oligomers in-

terconnections) and then reaches the peak reaction rate before full cure (a tridimensional and

interpenetrating polymeric network). The coarse (0wt% additive) and fine (0.5wt% additive)

epoxy powders were dynamically heated from 25 to 275◦C at the heating rate of 10◦C/min, and

the heat flows were exhibited in Fig. 10.5a. The grinding process rarely impacts the cure of a

powder coating [13], so the coarse and fine epoxy powder have the same cure properties theo-

retically when excluding the bifunctional additive. After adding 0.5wt% bifunctional additive,

it is found that the melting point decreases from 74.3 to 72.7◦C, and the curing onset and peak

exothermic temperatures reduce from 98.3 to 90.3 and 192.0 to 182.7◦C, respectively. From the
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isothermal DSC analysis at 180◦C (Fig. 10.5b), the fine epoxy powder with 0.5wt% additive

reaches 100% of degree of cure at 8.8min, while the coarse one needs 15.2min to complete the

cure. The above DSC comparisons provide evidence for the ability of the bifunctional additive

to accelerate the curing reaction and lower the curing temperature of the epoxy sample.
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Figure 10.5: The DSC analyses of coarse and fine epoxy powders. a) Dynamic scanning of heat flow;
b) Isothermal scanning for determining the degree of cure.

From the above results, the conditions (curing temperature / additive content) for coarse

and fine powder coatings to achieve qualified powder-coating films are 160◦C / 0wt% and

140◦C / 0.5wt%, respectively. The macroscopic surface-coating quality and microstructure of

these films were further analyzed, as shown in Fig. 10.6. The left (Fig. 10.6a) and right films
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(Fig. 10.6b) are separately named as “coarse film” and “fine film” for simplicity. The reflections

of a beam of light on the coarse and fine films are given in Fig. 10.6a and b, and the light spot on

the fine film seems to have a more uniform and smooth boundary. The marks at the bottom-right

corners of the two surfaces result from the MEK-rubbing test. In addition, the macroscopic

surface-coating quality of fine and coarse films was represented by three surface characters

(Gloss 60◦, DOI and Haze) as shown in the top-right tables of Fig. 10.6a and b, respectively.

The fine film obsesses similar gloss, DOI and haziness compared to the coarse film. The above

analyses prove that the coarse and fine films have comparable visual appearances. Fig. 10.6c

and d present the magnified images of the central areas of the coarse and fine films, respectively.

A large number of pinholes with diameters of 5-10 µm are seen on the top surface of the coarse

film (Fig. 10.6c). Notwithstanding, the pinhole sizes of the fine film decrease to 1-5 µm as

presented in Fig. 10.6d. An acceptable reason for the occurrence of pinholes is the degassing

of plastic substrates at high temperatures. Also, the size reduction of the pinholes is mainly the

result of the lower curing temperature of the fine powder coating, which allows the substrate to

release a smaller amount of gases. The cross-sectional images clearly show that the thicknesses

of coarse and fine films are 89±4 µm and 41±5 µm, respectively. In summary, the fine film

has smaller pinholes, comparable surface-coating quality, and a much thinner thickness with

comparison to the coarse film.

The surface roughness of the above films (Fig. 10.6) was further assessed on surfaces (ar-

eas) and profiles (lines) to compare their smoothness, as shown in Fig. 10.7. The two areas

have the same legend in Fig 10.7a and b, and the color varies from blue to pink, representing

the height increasing from 0 to 3.8 µm. More elevated areas (red and pink areas) are observed

in the coarse film, and almost no pink or red areas are found in the fine film. In detail, the

two height parameters (S a and S z) of the fine film separately are 0.45±0.03 and 3.60±0.20 µm,

which are both smaller than those of the coarse film. The profiles of the diagonal lines (AC and

BD) of the presented areas were further analyzed, and the results of the AC lines in Fig. 10.7a

and b are described in Fig. 10.7c and d, respectively. The fine film profile appears to be closer

to zero over the coarse film, and the Ra of the fine film is confirmed to be smaller. Conclusively,

both area and profile height parameters testify that the fine epoxy film has a smoother surface

than the coarse film.
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Figure 10.6: The top and cross-sectional surfaces of qualified epoxy films. a, c, e) Coarse powder
coating (160◦C / 0wt%); b, d, f) fine powder coating (140◦C / 0.5wt%).

10.4.3 Epoxy-polyester powder coating

Since the feasibility of applying the fine epoxy powder coating to plastic substrates via the

functional additive has been detailedly analyzed and discussed, the additive was extendedly

tested in a fine epoxy-polyester (hybrid) powder coating system. First of all, the flowability

of coarse and fine hybrid powders was determined as seen in Fig. 10.8. The medium size

of the coarse and fine powder coatings separately are 43.54 µm and 21.06 µm. The coarse

powder exhibits a good flowability due to the small AOR of 35.9◦. The increasing dosage

of the additive apparently improve the flowability of fine powders. After adding just 0.1wt%

additive, the AOR of the fine hybrid powder is about 39.6◦, which already meets the minimum
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Figure 10.7: The surface roughness of the coarse and fine epoxy powder-coating films, a) coarse film;
b) fine film; c) the profile of AC line in a; d) the profile of AC line in b.

requirement of flowability (<40◦). Above all, the minimum additive content is figured out to

be 0.1 wt% for the fine hybrid powder coating.
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Figure 10.8: The flowability of the fine hybrid powder coatings with various contents of the bifunc-
tional additive.

To find the lowest curing temperature for the coarse and fine hybrid powder coatings, the

degrees of cure of films prepared at different temperatures and additive contents were examined

by the MEK-rubbing test and illustrated in Table 10.2. The films prepared from the coarse
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powder coating attains a qualified cure when the curing temperature is 150◦C. The lowest

curing temperature for the fine powder coatings is turned out to be 130◦C after testing different

conditions. Compared to the epoxy powder coatings, both the coarse and fine hybrid powder

coatings have smaller lowest curing temperatures. A probable reason behind this is that the

crosslinking reaction rate of the hybrid powder coating is moderately faster than that of the

epoxy one at the same condition. By combining the results of flowability and degree of cure,

the appropriate content of the bifunctional additive is found to be 0.3 wt%. In summary, the

lowest curing temperature and additive content for the fine hybrid powder coating to obtain a

qualified film are 130◦C and 0.3 wt%, respectively.

Table 10.2: The double rubs of hybrid films prepared at different curing temperatures and additive
contents.

120◦C 130◦C 140◦C 150◦C 160◦C

Coarse-0 wt% 1 3 30 >50 >50
Fine-0.1 wt% 3 10 38 >50 >50
Fine-0.3 wt% 35 >50 >50 >50 >50
Fine-0.5 wt% 45 >50 >50 >50 >50

More than 50 double rubs means the film has a qualified degree of cure.

The dynamic and isothermal DSC analyses of hybrid powders were illustrated in Fig. 10.9.

By dosing 0.3wt% bifunctional additive, the melting point slightly declines from 70.0 to 68.9◦C,

and the curing onset and peak temperatures separately decrease from 103.1 to 101.8◦C and from

174.8 to 169.0◦C. Also, the isothermal results in Fig. 10.9b show that the heating time for the

full cure at 180◦C reduces from 14.1 to 7.8 after using 0.3wt% additive. These comparisons

prove that the bifunctional additive accelerates the crosslinking reaction of the hybrid powder.

In other words, the bifunctional additive has the ability to lower the curing temperature of the

hybrid powder coating.

The surface-coating quality of the above qualified films prepared from the coarse and fine

powder coatings have been compared in Fig. 10.10. From the visual observations of coarse

(Fig. 10.10a) and fine (Fig. 10.10b) films, some small bulges are seen at the edge of the coarse

film, and uneven boundaries are found at the light spots on both the coarse and fine films.

The surface-coating quality of the films was also quantitatively presented by Gloss 60◦, DOI

and Haze as displayed in the top-right tables of Fig 10.10a and b. The fine film shows a
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Figure 10.9: The DSC analyses of coarse and fine hybrid powders. a) Dynamic scanning of heat flow;
b) Isothermal scanning for determining the degree of cure.

slightly higher gloss but a lower DOI and a higher haziness. The magnified image of the

coarse (Fig. 10.10c) and fine (Fig. 10.10d) films were employed to reveal the difference in

microstructure. Plenty of tiny blisters in the diameters of 0.5-2 µm are observed on the surface

of the coarse film because of the degassing of the plastic substrate during curing. On the

contrary, no apparent blisters are found on the surface of the fine film. A possible reason

behind this that the plastic panel releases a minimal amount of gases at this relatively low

curing temperature of 130◦C. Fig. 10.10e and f respectively present the cross-sectional surface

of the coarse and fine films. In industry, to guarantee the surface-coating quality, the thickness
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of powder-coating film is generally 1.5 to 2 times of the medium size of powder. Hence, by

using the fine hybrid powder coating, the film thickness reduces from 78±6 µm to 39±6 µm.
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Figure 10.10: The top and cross-sectional surfaces of qualified hybrid films. a, c, e) Coarse powder
coating (150◦C / 0wt%); b, d, f) fine powder coating (130◦C / 0.3wt%).

To compare the smoothness of the above hybrid films, the surface roughness was analyzed

in Fig. 10.11. The surface of the coarse film (Fig. 10.11a) has much more yellow and red

areas than that of the fine film, meaning that the coarse film obsesses more elevated structures

than the fine film. The surface and profile roughness parameters of S a, S z and Ra of the fine

film (0.21, 1.93 and 0.16 µm) are considerably lower than those of the coarse film (0.35, 3.00

and 0.10 µm). With comparison to the previous epoxy films (Fig. 10.7), the fine hybrid film

attains the smallest values of the three parameters, hinting that it has the lowest roughness.

The main reason probably is that the fine hybrid film almost does not have blisters or pinholes



206 10. APPLYING FINE POWDER COATINGS TO PLASTIC SUBSTRATES

(Fig. 10.10d). In a word, the fine hybrid film obtains a much better smoothness than the coarse

film.
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Figure 10.11: The surface roughness of the coarse and fine hybrid powder-coating films, a) coarse
film; b) fine film; c) the profile of AC line in a; d) the profile of AC line in b.

10.4.4 Properties and performances of films

The hardness and adhesion, as two essential properties of coatings, of the above epoxy and

hybrid films were measured as summarized in Table 10.3. The hardness of the fine/thin epoxy

film (H) is one grade higher than that of the coarse/thick film (F), while their adhesion is at the

same level of 2B. The fine/thin and coarse/thick hybrid films present the same hardness, but the

fine/thin film has one grade lower adhesion than the coarse/thick hybrid one. By comparing the

epoxy and hybrid coatings, it can be concluded that the epoxy coatings have higher hardness,

but the hybrid films own better adhesion.

In addition, the mechanical performance of some fibre-reinforced plastics, for example

polyamides, will vastly reduce after absorbing water [35], so the water resistance of these

coatings was assessed by the water absorption. The involved plastic panels without coatings

absorbed about 1.0 wt% water after 24-hour water immersions. However, the water absorption

markedly decreases to a deficient level of 0.12-0.14 wt% after covered by coating, illustrating

that these coatings have considerably high water resistance. The coarse (thick) and fine (thin)
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epoxy films appear to own similar water resistance, indicating that the thin film (∼41 µm)

is capable of providing similar protection as the thick film (∼89 µm). Remarkably, the thin

hybrid film prepared from fine powders shows even better water resistance. A mostly possible

explanation is that they contain no obvious blister or pinhole (Fig. 10.10d), which efficiently

block the permeation of water molecules. In conclusion, the fine/thin coatings can provide

comparable or even better protection to the plastic substrate from water.

Table 10.3: The comparisons of hardness, adhesion and water absorption of films.

Coating type Conditions a Hardness Adhesion Water Ab./wt%

No coating N/A N/A N/A 1.027±0.005
Coarse/thick epoxy 160 / 0 F 2B 0.138± 0.005
Fine/thin epoxy 140 / 0.5 H 2B 0.141± 0.007
Coarse/thick hybrid 150 / 0 HB 4B 0.137± 0.004
Fine/thin hybrid 130 / 0.3 HB 3B 0.120± 0.005

a The units of conditions for curing temperature and additive content are ◦C and wt%, respec-
tively.

10.5 Conclusions

With the assistance of the bifunctional additive, the fibre-reinforced plastic substrates were

successfully coated by the fine epoxy and hybrid powder coatings. The thicknesses of the films

prepared from fine powders were only about half of those made from coarse powders. The thin

films made from fine powders had similar macroscopic surface-coating quality with thick films

prepared from coarse powders. Meanwhile, the utilization of the bifunctional additive to fine

powder coatings significantly attenuated the impacts of blister and pinhole in the films. The

surface roughness of the thin films was smaller than those of the thick films. The thin films

provided similar or even better protection to the plastic substrates from water penetration. The

application of the bifunctional additive is a feasible method to expand fine epoxy and hybrid

powder coatings to plastic substrates.
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[20] Arnaud L Amadjikpè, Debabani Choudhury, George E Ponchak, Bo Pan, Yuan Li, and
John Papapolymerou. Proximity effects of plastic laptop covers on radiation character-
istics of 60-ghz antennas. IEEE Antennas and Wireless Propagation Letters, 8:763–766,
2009.

[21] Wang Qiang. Mould design of front cover of double-cover cellphone. Forging & Stamp-
ing Technology, 2, 2006.

[22] Akshat Patil, Arun Patel, and Rajesh Purohit. An overview of polymeric materials for
automotive applications. Materials Today: Proceedings, 4(2):3807–3815, 2017.

[23] Moonhyun Choi, Maeng Gi Kim, Kevin Injoe Jung, Tae Hee Lee, Miran Ha, Woochan
Hyung, Hyun Wook Jung, and Seung Man Noh. Reactivity and curing efficiency of iso-
cyanate cross-linkers with imidazole-based blocking agents for low-temperature curing
of automotive clearcoats. Coatings, 10(10):974, 2020.

[24] Sang Sun Lee, Jung Hee Koo, Sung Soo Lee, Soo Gyum Chai, and Jong Chan Lim.
Gloss reduction in low temperature curable hybrid powder coatings. Progress in organic
coatings, 46(4):266–272, 2003.

[25] Glen Merfeld, Steve Mordhorst, Rainer Koeniger, A Ersin Acar, Chris Molaison, Joe
Suriano, Pat Irwin, Ron Singh Warner, Ken Gray, Mark Smith, et al. Development of low
temperature curing, 120 c, durable, corrosion protection powder coatings for temperature
sensitive substrates. Journal of Coatings Technology and Research, 2(8):661–668, 2005.

[26] Glen Merfeld, Chris Molaison, Rainer Koeniger, A Ersin Acar, Steve Mordhorst, Joe
Suriano, Pat Irwin, Ron Singh Warner, Ken Gray, Mark Smith, et al. Acid/epoxy reaction
catalyst screening for low temperature (120 c) powder coatings. Progress in organic
coatings, 52(2):98–109, 2005.

[27] United states pharmacopeia, powder flow, 2002. page 618 of PF 28(2).

[28] National coil coating association, using solvent resistance to measure the cure of a coating
system, 2012. page 1-2.

[29] MK Trivedi, A Branton, D Trivedi, G Nayak, G Saikia, et al. Physical and structural
characterization of biofield treated imidazole derivatives. Nat Prod Chem Res, 3(187):2,
2015.



210 10. APPLYING FINE POWDER COATINGS TO PLASTIC SUBSTRATES

[30] Mahendra Trivedi, Gopal Nayak, Shrikant Patil, Rama Mohan Tallapragada, Omprakash
Latiyal, and Snehasis Jana. The potential impact of biofield treatment on physical, struc-
tural and mechanical properties of stainless steel powder. Journal of Applied Mechanical
Engineering, 4(4), 2015.

[31] Mohammadreza Kalaee, Shahin Akhlaghi, Ali Nouri, Saeedeh Mazinani, Mehrzad
Mortezaei, Mehdi Afshari, Dariush Mostafanezhad, Ahmad Allahbakhsh,
Hamidreza Aliasgari Dehaghi, Ali Amirsadri, et al. Effect of nano-sized calcium
carbonate on cure kinetics and properties of polyester/epoxy blend powder coatings.
Progress in Organic Coatings, 71(2):173–180, 2011.

[32] Matthew Krantz, Hui Zhang, and Jesse Zhu. Characterization of powder flow: Static and
dynamic testing. Powder Technology, 194(3):239–245, 2009.

[33] Can Li, Shuxuan Li, Li Lv, Baowei Su, and Michael Z Hu. High solvent-resistant and
integrally crosslinked polyimide-based composite membranes for organic solvent nanofil-
tration. Journal of Membrane Science, 564:10–21, 2018.

[34] Scott D Kelman, Scott Matteucci, Christopher W Bielawski, and BD Freeman. Crosslink-
ing poly (1-trimethylsilyl-1-propyne) and its effect on solvent resistance and transport
properties. Polymer, 48(23):6881–6892, 2007.

[35] MA Shazed, AR Suraya, S Rahmanian, and MA Mohd Salleh. Effect of fibre coating
and geometry on the tensile properties of hybrid carbon nanotube coated carbon fibre
reinforced composite. Materials & Design (1980-2015), 54:660–669, 2014.



11 Conclusions

11.1 Conclusions

Metallic effect powder coatings (MEPC), made by bonding metallic pigments onto regu-

lar powder coating materials, have become increasingly popular around the world due to their

sparkling metallic effects and protection enhancements. Mainstream industrial production of

MEPC applies a thermal bonding technology to bind the two components. However, some

intrinsic drawbacks of the current commercial thermal bonding technology hinder the devel-

opment and promotion of MEPC. In this thesis work, three new bonding methods for MEPC

have been established and assessed.

The first investigated one was the cold bonding method. Low relative differences of the

aluminum content (∆ω) were achieved which implies that cold bonding can readily realize

stable and high bonding quality at room temperature. The bonding quality of this method is

found to be highly related to the dosages of binders (PA and PVA) and D.I. water. The second

one studied was the SCHB method. Unlike commercial bonding, SCHB does not damage

the metallic pigment and keeps the Al flakes intact, which greatly improves retainment of the

metallic effect. High bonding quality can be acquired when the bonding temperature is in a

wide range, 75-150 ◦C.

As the third but most investigated method in this study, microwave bonding was considered

to give the perceived advantage of fast, controllable and selective heating of microwave. At

first, the feasibility and possibility of the microwave bonding method for MEPC were tested

and analyzed via a series of lab experiments. The microwave bonding (with a center frequency

of 2.45GHz) of the clear polyester powder coating shows that microwave bonding is an un-

expectedly effective method to bond Al flakes to coating particles. It was also found that the

selective heating of the microwave plays a vital role in the bonding process, which makes heat-

ing rates (around 16 to 23◦C/min) dramatically higher than that of the thermal bonding (3 to

5◦C/min) and the bonding temperature lower than the Tg of powder coating. Secondly, the

applicability and generality of microwave bonding for MEPC were examined by applying it to

more types of MEPCs, such as epoxy-polyester and PVDF. The lab experiment results prove

211
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that microwave bonding is also able to achieve high bonding quality for these MEPCs, proving

that it is an adaptable and applicable method for the production of MEPC.

Upon successfully demonstrating its feasibility and applicability by lab experiments, the

microwave bonding method was thoroughly investigated and compared to current commer-

cial thermal bonding technology via pilot-scale tests (10 kg/batch). The results show that

microwave bonding achieves a higher bonding rate (58%) and smaller color differences (0.1-

0.5) compared to commercial thermal bonding (0.3-0.6), confirming that microwave bonding

is a more effective and better method for the production of MEPCs. The selective heating of

the microwave leads to much faster heating rates, about 10 to 15◦C/min, which significantly

reduces the processing time and improves bonding efficiency. By changing the powder mo-

tion from rotation to agitation, an even higher bonding rate was gained (72%). Above all, the

pilot-scale results demonstrate that the microwave bonding method is superior to commercial

thermal bonding.

Since the pilot-scale data proved that microwave bonding provided higher bonding quality

and better color stability than commercial thermal bonding, the color stability, productivity and

energy consumption of the two methods were further tested and compared by industrial-scale

tests (100 kg/batch). The results re-confirmed that microwave bonding is capable of providing

better quality products with lower costs and larger productivity compared to current thermal

bonding. The color difference of the microwave-bonded films (0.96) is much lower than those

of non-bonded (2.07) and thermal-bonded (3.87) samples. Overall, microwave bonding can

produce more and better MEPCs at a lower cost in contrast to current commercial bonding.

In conclusion, the microwave bonding method, given its incomparable advantages, has

achieved superior bonding quality and higher color stability than the thermal bonding method

currently used commercially. Moreover, based on the solid experiments and reliable results,

the microwave bonding apparatus has been scaled up from a lab-scale device (0.05 kg/batch)

to a pilot-scale (10 kg/batch) and finally to an industrial-scale (100 kg/batch) machine that is

expected to create enormous commercial value in the foreseeable future.

11.2 Contributions

Several contributions of this work were brought to the scientific community.
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Firstly, developing several new bonding methods for metallic powder coatings, such as cold

bonding, SCHB bonding, and microwave bonding.

Secondly, a quantitative and direct analysis method for bonding quality was firstly estab-

lished, which uses Al contents that determined by the gas-volumetric method.

Thirdly, scaling up the microwave bonding machine from lab-scale to pilot-scale and finally

to industrial-scale.

Fourthly, the reverse-folded blade of the agitator was firstly proved to be able to improve

the internal circulation of powders.

Lastly, preparing a new bi-functional additive for fine powder coatings that not only lowers

the curing temperature but also improves the powder flowability.

11.3 Future Work

The scale-up theory of microwave bonding device should be further explored and discussed,

which was not discussed in this thesis to avoid releasing business information. In addition, the

durability of the prepared metallic powder coatings should be determined. There are still lots of

work about the industrial microwave bonding machine in the future. First, the current cooling

system is using air to cool down the powder, which is too slow to reach room temperature. This

prolongs the processing time and also makes the color adjusting hard. Second, The optimiza-

tion of the heating rate still needs to be further investigated. As mentioned, the heating rate

of the machine is controllable and can be as high as 18 ◦C/min. For obtaining a high bonding

quality, there is a heating rate being optimized for each type of powder coating. Third, the

number of microwave transmitters should be further adjusted. At present, the power of each

transmitter is 1 kW, and the total number of transmitters is 30. However, it seems the power of

microwave radiation (30 kW) is too high for the current capacity (100 kg). To reduce the cost

of the machine, the number of transmitters should be further optimized.



Appendix A Original data for the figures in each chapter

A.1 Chapter 2

Table A.1: The original data for Fig. 2.5
0.01g 0.03g 0.06g

0.1 247.03 35.16 0.9
0.2 242.86 48.17 2.94
0.3 249.75 93.94 17.12
0.5 292.72 180.37 57.94

Table A.2: The original data for Fig. 2.8
0.01g 0.03g 0.06g

0.1 247.03 35.16 0.9
0.2 242.86 48.17 2.94
0.3 249.75 93.94 17.12
0.5 292.72 180.37 57.94

A.2 Chapter 3

Table A.3: The original data for Fig. 3.3
before srpaying after spraying
Al% std Al% std

non-bonded 2.23 0 1.085 0.06
50 2.15 0 1.12 0.05
75 2.25 0.01 2.26 0.08

100 2.3 0 2.17 0.06
125 1.86 0 2.02 0.1
150 2.25 0 2.37 0.08
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A.3 Chapter 4

Table A.4: The original data for Fig. 4.4A
30 60 90

Ave. std Ave. std Ave. std
0.3g 5.36 0.11 3.14 0.08 1.28 0.02
0.4g 5.18 0.09 1.49 0.01 1.16 0.05
0.5g 5.17 0.15 1.47 0.02 1.28 0.04

Table A.5: The original data for Fig. 4.4B
30 60 90

Ave. std Ave. std Ave. std
0.3g 149.30 5.33 140.93 3.12 140.47 6.67
0.4g 46.05 2.55 41.86 1.71 -31.63 2.10
0.5g -40.47 2.07 -46.05 3.93 -40.47 3.10

Table A.6: The original data for Fig. 4.6
Non 30rpm 45rpm 60rpm

Ave. std Ave. std Ave. std Ave. std
30kV 140.93 3.12 47.52 5.19 39.17 2.22 40.69 3.37
60kV 41.86 1.71 27.67 2.09 24.42 2.89 22.89 1.23
90kV -46.05 3.93 -22.51 2.09 -20.28 2.12 -33.06 1.92

Table A.7: The original data for Fig. 4.7
Non 45 47 48 49 50

Ave. std Ave. std Ave. std Ave. std Ave. std Ave. std
30kV 142.06 3.62 46.33 8.75 39.17 3.41 27.83 3.04 48.88 4.71 69.57 4.18
60kV 41.86 2.29 10.55 4.49 24.42 2.87 2.83 2.33 -6.28 5.41 -6.28 5.41
90kV -45.79 4.38 -38.07 1.72 -20.28 3.58 -24.06 2.11 -21.53 1.89 -30.44 7.22
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A.4 Chapter 5

Table A.8: The original data for Fig. 5.7
30 60 90

Ave. std Ave. std Ave. std
non 0.31209 0.01316 0.07265 0.01392 -0.24866 -0.00878

48◦C-50% 0.32414 0.0124 0.23853 0.00149 -0.17558 -0.01263
48◦C-70% 0.2994 0.00859 0.13572 0.00125 -0.16995 -0.03957

48◦C-100% 0.27992 0.00812 0.08641 0.01584 -0.15684 -0.00822
50◦C-50% 0.11754 0.01013 0.08647 0.00537 -0.1599 -0.0135
50◦C-70% 0.11564 0.00431 0.01899 0.00385 -0.15723 -0.01621

50◦C-100% 0.21316 0.01257 0.04673 0.00164 -0.11382 -0.00819

Table A.9: The original data for Fig. 5.3
30 60 90

Ave. std Ave. std Ave. std
non 0.57401 0.05686 0.55693 0.05947 -0.23644 0.03892

62◦C 0.62991 0.07963 0.51773 0.06455 -0.14056 0.01931
65◦C 0.57488 0.0377 0.46929 0.01759 -0.07801 0.04043
68◦C 0.37208 0.03087 0.31071 0.01586 -0.05734 0.00212

Table A.10: The original data for Fig. 5.11
30 60 90

Ave. std Ave. std Ave. std
non 1.03804 0.14 0.13225 0.03 -0.15217 0.06

62◦C 1.0163 0.1 0.22666 0.05 -0.0846 0.02
65◦C 0.68478 0.099 0.03231 0.02 -0.05827 0.005
68◦C 0.44022 0.081 0.12568 0.05 -0.03268 0.015
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A.5 Chapter 6

Table A.11: The original data for Fig. 6.3
Thermal MW 54°C MW 58°C MW 59.5°C MW 60.5°C MW 61.5°C

30/6.5 34.14% 9.20% 36.55% 36.69% 36.55% 35.10%
60/6.5 44.38% 7.74% 48.30% 50.91% 49.92% 47.33%
60/5.5 41.46% 11.15% 54.60% 60.68% 54.84% 60.30%
90/6.5 51.25% 15.96% 57.13% 58.48% 59.58% 52.53%

std 0.56% 1.87% 1.80% 0.03% 1.07% 1.43%
2.78% 6.16% 4.87% 3.01% 2.14% 1.48%
2.67% 2.46% 8.47% 4.58% 4.74% 3.69%
1.64% 4.90% 3.37% 3.91% 4.99% 1.59%

Table A.12: The original data for Fig. 6.4
Non-bonded Thermal MW 54°C MW 58°C MW 59.5°C MW 60.5°C MW 61.5°C

30/6.5 2.242266 0.499244 1.60815 0.88606 0.331424 0.376467 0.842985
60/6.5 1.954738 0.238834 1.39893 0.581179 0.3511 0.220567 0.845746
60/5.5 2.137965 0.262711 1.549994 0.409127 0.165512 0.218456 0.943638
90/6.5 2.00979 0.25314 1.477 0.451334 0.05244 0.180736 0.839661

std 0.383604 0.139164 0.327143 0.18994 0.136639 0.144662 0.173064
0.262447 0.150831 0.065225 0.11566 0.053984 0.141351 0.073595

0.39921 0.14953 0.401775 0.156774 0.092342 0.133912 0.183839
0.199471 0.133941 0.04943 0.111784 0.074162 0.049687 0.354033

Table A.13: The original data for Fig. 6.5A
30r/min 40r/min 50r/min

30/6.5 31.61% 36.69% 37.08%
60/6.5 51.81% 50.91% 38.62%
60/5.5 57.02% 60.68% 50.39%
90/6.5 51.60% 58.48% 52.89%

std 5.06% 0.03% 2.50%
1.55% 3.01% 5.94%
0.37% 4.58% 7.92%
4.63% 3.91% 0.63%
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Table A.14: The original data for Fig. 6.5B
30r/min 40r/min 50r/min

30kV 0.465569 0.331424 0.508006
60kV 0.171939 0.3511 0.472677

60kV/5.5 0.420919 0.165512 0.599802
90kV 0.365 0.05244 0.39152

std 0.363585 0.136639 0.172441
0.097079 0.053984 0.138101
0.169389 0.092342 0.273614
0.219203 0.074162 0.306307

Table A.15: The original data for Fig. 6.8A
Thermal 65°C MW 59°C MW 60°C MW 61°C

30/6.5 25.25% 23.90% 30.33% 46.77%
60/6.5 34.08% 41.31% 39.77% 46.54%
60/5.5 37.52% 38.64% 47.22% 53.21%
90/6.5 33.88% 35.57% 36.86% 51.72%

std 0.02% 3.90% 0.86% 0.69%
1.28% 1.94% 1.67% 0.77%
1.61% 0.10% 1.08% 2.05%
1.26% 0.51% 3.78% 0.15%

Table A.16: The original data for Fig. 6.8B
Thermal 65°C MW 59°C MW 60°C MW 61°C

30/6.5 0.487729 0.328359 0.214539 0.36273
60/6.5 0.283062 0.226654 0.203466 0.228079
60/5.5 0.248632 0.184544 0.184786 0.193738
90/6.5 0.438049 0.327843 0.203989 0.01

std 0.114999 0.069689 0.04059 0.054705
0.047869 0.07908 0.084034 0.112676
0.025657 0.053405 0.124679 0.103917
0.011219 0.020921 0.074008 0.014142

A.6 Chapter 7

Table A.17: The original data for Fig. 7.3
speed 500 600 700 800

sieve residue 100 37 8 0.5
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Table A.18: The original data for Fig. 7.4
Thermal 65°C MW 59°C MW 60°C MW 61°C

30/6.5 0.35758778 0.56913738 0.57184601 0.73469817
60/6.5 0.28764236 0.50936866 0.52410708 0.67093391
60/5.5 0.30648623 0.51550222 0.5312696 0.69464366
90/6.5 0.33144542 0.55218956 0.47882732 0.6719378

std 0.01442536 0.00179711 0.00404053 0.00471048
0.00116708 0.01909174 0.01779596 0.00248797
0.00938296 0.0118224 0.00282131 0.00350575
0.02290542 0.05607399 0.01256795 0.03524434

Table A.19: The original data for Fig. 7.7
30/6.5 60/6.5 60/5.5 90/6.5

Non 6.00 5.33 5.14 5.00
Thermal 62◦C 3.79 3.55 3.72 3.29

55◦C 2.47 2.37 2.45 2.39
57◦C 2.18 2.11 1.77 1.68
59◦C 0.24 0.07 0.07 0.02

std 0.16 0.27 0.41 0.06
0.25 0.35 0.23 0.11
0.03 0.21 0.28 0.27
0.02 0.04 0.08 0.09
0.07 0.01 0.04 0.00

Table A.20: The original data for Fig. 7.9
Non Thermal 62◦C 55◦C 57◦C 59◦C

30/6.5 78.95 69.1625 64.675 61.525 57.625
60/6.5 77.325 68.5625 67.025 62.0875 59.2
60/5.5 76.7625 69.2625 64 62.5 58.975
90/6.5 76.6625 67.1875 64.925 62.4125 59.55

std 0.994269 1.048724 0.712641 1.005343 1.785457
0.808438 1.3564 1.482999 0.75297 1.128843
0.48679 2.423656 1.091526 0.498569 1.081996
0.61861 1.503745 1.841389 0.923406 1.228239
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Table A.21: The original data for Fig. 7.11
30/6.5 60/6.5 60/5.5 90/6.5

Non 5.12 5.2275 4.4725 4.41
Thermal 63◦C 2.785 2.4025 2.2925 2.48

MW 55◦C 3.2675 2.6325 2.83 2.5475
MW 57◦C 1.4175 1.4025 1.345 1.28
MW 59◦C 0.195 0.165 0.1375 0.05

std 0.17 0.19 0.17 0.13
0.22 0.44 0.1 0.2
0.13 0.05 0.14 0.19
0.08 0.06 0.03 0.08
0.1 0.04 0.07 0.03

A.7 Chapter 8

Table A.22: The original data for Fig. 8.6
kW heat speed heat speed
0 1.2 0

0.5 5 3.8
0.8 6.3 5.1
0.8 6.1 4.9
1 8.3 7.1

Table A.23: The original data for the red curve in Fig. 8.7
time 0.00 1.00 1.17 1.67 2.17 2.67 3.17 3.67 4.17 4.33 4.50 5.00
temp. 30.00 57.00 60.00 51.00 40.00 52.00 60.00 50.00 60.00 58.00 60.00 60.50
time 5.83 6.67 7.50 8.33 9.50 9.75 9.92 10.42 10.92 10.42 10.92
temp. 60.10 59.50 59.80 60.20 60.00 52.00 44.00 39.00 36.00 39.00 36.00
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Table A.24: The original data for the blue curve in Fig. 8.7
time 0.14 0.22 0.30 0.39 0.47 0.55 0.64 0.72 0.81 0.89 0.97 1.06 1.14
temp. 34.70 34.70 34.70 34.70 34.70 34.90 35.00 35.20 35.50 35.90 36.20 36.60 37.00
time 1.22 1.31 1.39 1.47 1.56 1.64 1.73 1.81 1.88 1.97 2.05 2.14 2.21
temp. 37.30 37.60 38.00 38.30 38.70 39.00 39.40 39.70 40.00 40.30 40.50 40.90 41.20
time 2.30 2.39 2.47 2.56 2.63 2.72 2.79 2.89 2.97 3.05 3.14 3.21 3.30
temp. 41.50 41.80 42.10 42.40 42.60 42.90 43.20 43.50 43.90 44.10 44.40 44.60 44.90
time 3.39 3.47 3.56 3.63 3.72 3.79 3.88 3.97 4.05 4.14 4.21 4.30 4.39
temp. 45.20 45.40 45.80 46.00 46.20 46.50 46.70 47.00 47.20 47.50 47.70 48.00 48.20
time 4.46 4.55 4.63 4.72 4.81 4.88 4.97 5.05 5.14 5.21 5.30 5.39 5.46
temp. 48.40 48.70 48.90 49.10 49.40 49.60 49.80 50.00 50.30 50.50 50.70 51.00 51.20
time 5.55 5.64 5.72 5.81 5.88 5.97 6.04 6.13 6.22 6.30 6.39 6.46 6.55
temp. 51.50 51.70 52.00 52.20 52.40 52.70 52.90 53.10 53.40 53.60 53.90 54.10 54.40
time 6.64 6.72 6.81 6.88 6.97 7.05 7.14 7.22 7.30 7.39 7.46 7.55 7.64
temp. 54.70 54.90 55.20 55.40 55.70 55.90 56.20 56.50 56.70 57.00 57.30 57.50 57.80
time 7.72 7.81 7.88 7.97 8.04 8.14 8.22 8.30 8.39 8.46 8.55 8.64 8.72
temp. 58.10 58.40 58.60 58.90 59.20 59.50 59.80 60.00 60.30 60.60 60.90 61.20 61.40
time 8.81 8.88 8.97 9.05 9.13 9.22 9.30 9.39 9.47 9.55 9.64 9.72 9.81
temp. 61.70 62.00 62.30 62.50 62.90 63.20 63.40 63.80 64.00 64.30 64.70 64.90 65.20
time 9.88 9.97 10.05 10.14 10.21 10.30 10.39 10.47 10.55 10.64 10.72 10.80 10.88
temp. 65.50 65.80 66.00 66.40 66.70 67.00 67.30 67.60 68.00 68.40 68.70 68.90 69.20
time 10.98 11.05 11.14 11.22 11.31 11.38 11.47 11.54 11.63 11.72 11.80 11.89 11.96
temp. 69.40 69.50 69.50 69.40 69.30 69.20 69.10 69.10 69.00 69.00 68.90 68.90 68.80
time 12.05 12.14 12.22 12.31 12.38 12.47 12.55 12.64 12.71 12.80 12.89 12.97 13.06
temp. 68.70 68.60 68.60 68.50 68.40 68.40 68.30 68.20 68.10 68.10 68.10 68.10 68.10
time 13.13 13.22 13.30 13.38 13.47 13.55 13.64 13.71 13.80 13.89 13.97 14.06 14.13
temp. 68.10 68.10 68.10 68.10 68.10 68.00 68.00 68.00 68.00 68.10 68.10 68.20 68.20
time 14.22 14.30 14.38 14.47 14.55 14.64 14.71 14.80 14.89 14.97 15.06 15.14 15.22
temp. 68.20 68.20 68.30 68.30 68.30 68.30 68.30 68.20 68.10 67.90 67.70 67.40 67.00
time 15.31 15.38 15.47 15.55 15.63 15.72 15.80 15.89 15.96 16.05 16.14 16.22 16.30
temp. 66.50 66.00 65.40 65.00 64.60 64.20 63.80 63.30 62.90 62.30 61.90 61.60 61.30
time 16.38 16.47 16.56 16.63 16.72 16.80 16.89 16.96 17.05 17.14 17.22 17.30 17.39
temp. 61.10 60.80 60.50 60.30 60.10 59.90 59.70 59.50 59.30 59.10 58.90 58.60 58.40
time 17.47 17.56 17.63 17.72 17.79 17.88 17.97 18.05 18.14 18.21 18.30 18.39 18.47
temp. 58.20 58.00 57.70 57.60 57.50 57.40 57.20 57.10 57.00 56.80 56.70 56.50 56.30
time 18.56 18.63 18.72 18.79 18.88 20.22 21.56 22.35 23.65 24.33
temp. 56.20 56.10 55.90 55.70 55.60 54.30 53.20 52.10 51.00 49.80

A.8 Chapter 10

Table A.25: The original data for Fig. 10.4
Additive content/% 0 0.1 0.3 0.5

AOR/◦ 44.8 42.1 39 37.8
std 0.3 0.4 0.3 0.1
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Table A.26: The original data for Fig. 10.8
Additive content/% 0 0.1 0.3 0.5

AOR/◦ 43 39.6 38.2 36.5
std 0.3 0.2 0.1 0.3
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Figure B.1: The turbulence model

Figure B.2: Cell zone conditions of rotor areas.
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Figure B.3: Cell zone conditions of static area.

Figure B.4: Boundary conditions of rotor areas.

Figure B.5: Boundary conditions of the surface close to the rotor area.
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Figure B.6: Boundary conditions of the surface close to the static area.

Figure B.7: Boundary conditions of the tank wall.
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Figure B.8: Properties of the particle phase.
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Figure B.9: Parts of the residuals.
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Figure B.10: Parts of the residuals.
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Figure B.11: Parts of the residuals.
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