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Abstract. The results of the influence of film formers of different types on the formation of
the properties of powder paints and coatings based on them was showed. Powder coating are one of
the most promising types of paints and varnishes for industrial use. Their main advantages are the
absence of solvents, virtually waste-free coating technology (the degree of utilization of the powder
in the application is close to 100 %), relative simplicity and efficiency in the production process of
the coating. As a result of study it has been revealed that the use of powder coating systems of
different chemical nature provides higher physical and mechanical characteristics of coatings in
comparison with traditional systems based on liquid acrylic resin, which in its turn allows to
consider such systems as an alternative for protection of construction metal products and structures
against the mechanical influences. At the same time, it has been shown that a change in the film
former and crosslinking agent in the composition of powder systems differently influences the
formation of powder coating properties depending on the type of the film former and its
characteristics (viscosity, glass transition temperature) as well as the type of the crosslinking agent.
The use of systems "polyester film forming — TGIC", "polyester film forming — HAA" provide high
physical and mechanical properties of coatings without deterioration of technological properties of
systems, when using film forming with dynamic Brookfield viscosity values within 30°C). In turn,
the decrease of the glass transition temperature index and the increase of the resin viscosity index
negatively affect the formation of the technological properties of the powder systems and,
accordingly, the physical and mechanical characteristics of the coating.

Keywords: powder coating, film forming, crosslinking agent, coating, adhesion, bending
strength, impact strength, pulling strength.

Introduction. The formation of quality coating coatings with a long service life without
environmental degradation during their application is largely determined by the composition and
physical and mechanical properties of coating materials [1].

Paint-and-varnishes materials differ fundamentally from typical products on the Ukrainian
market by the content of solvents up to 40 %, which inevitably leads to their emission during the
production and application of coating as well as to the environmental pollution [2]. In this case, the
reasonability of reduction in using paint-and-varnishes materials based on solvents in Europe was
caused by the Directive 1999/13/EC that does not allow producing materials with emissions of
organic solvents exceeding set limits and Directive 2004/42/EC concerning paint-and-varnishes
products that imposes new restrictions on the content of volatile organic substances in certain
products and materials such as paint-and-varnishes coatings.

The actual direction from the practical and scientific point of view is the increase in the use of
coating compositions that do not contain any organic solvents, heavy metals and other harmful
substances. The most promising coating material for the protection of metal building products and
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structures is the use of powder paints [2]. High prospects for the use of powder coating materials are
explained by their ecological completeness and attractiveness in terms of the legislative strictness of
environmental protection to reduce emissions of volatile organic compounds (VOC), as well as their
high efficiency associated with the possibility of obtaining high quality decorative and protective
coatings with high weathering and chemical resistance when applied in a single layer [3, 4].

The introduction of powder coating materials for the protection of building metal products and
structures with a long service life requires the study of the features of the formation of powder coating
properties, taking into account the influence of film-forming components and cross-linking agents.

Analysis of recent research and publications. Chemically there are two groups of raw
materials for the production of powder coatings: thermoplastic-based and thermosetting film-
forming [5]. Thermoplastic film-forming form coatings without chemical transformations, mainly
due to melting of powder particles and cooling of melts — thermoplastic. During curing of powder
coatings based on thermosetting film-forming a cross-linking reaction of the coating system occurs
in the presence of catalysts, which leads to the use of polymers with significantly lower molecular
weight and accordingly lower melt viscosity. As a result, the high content of pigments and fillers
can be successfully dispersed and included in the system of thermosetting coating material,
contributing to the high quality of the product at its low cost [6, 7].

At the current stage of development, the volume of world production of thermosetting powder
coatings is about 80% of the total output of powder coating materials, which proves their efficiency [8].
Materials of this group are made on the basis of film-forming oligomers promoting the obtaining of
high-quality coatings with thickness of 30...80 microns which has determined their high
competitiveness in comparison with coatings on the basis of liquid paints [9].

The formulation of a thermosetting powder coating consists of five basic components:
thermosetting oligomer (film-forming agent), crosslinking agent, pigments, fillers and functional
additives [10, 11]. In general, the film-forming agent and the crosslinking agent play the main role in
providing the necessary mechanical characteristics and durability of the powder coating. At the same
time the question of the influence of film-forming on the formation of physical-mechanical and
operational properties of the powder coating depending on the type, chemical structure and main
characteristics (viscosity, glass transition temperature) remains open.

Taking into account the large volume of thermosetting powder coatings production in the world
it is reasonable to study the influence of film-forming of different types on the formation of properties
of powder coatings and coatings based on them.

The purpose of this paper is to investigate the influence of film-forming on the formation of
powder coating properties.

Research materials and methods. Rationale for selection of raw materials for obtaining powder
coatings based on them.

When carrying out the research, the heat-curing oligomers of various types, chemical structures
and basic characteristics (Table 1) in the form of epoxy, saturated carboxylic polyester and hybrid
resins, which are the most common representatives of binders for the possibility of obtaining powder
coating systems, were used as film-forming substances, namely:

— carboxylic term polyester resins Crylcoat 2441-3, Crylcoat E04484 by Allnex, EP-2105 by
KHUA, to produce polyester systems using the TGIC crosslinking agent;

— carboxylic polyester resins Crylcoat 2618-3T by Allnex, GP 95518/T by Ciech, EP-3126T by
KHUA, Alymers PC2812T by Inopol to obtain polyester systems using the HAA crosslinking agent;

— carboxylic functional polyester resins Crylcoat 1771-3T by Allnex, GS 7371/T by Ciech to
obtain hybrid systems;

— epoxy resins Epidian 033A from Ciech; D.E.R. 663 EU by Dow, CHS 130 by Spolchemie to
obtain epoxy and hybrid systems.

The following substances were selected as crosslinking agents depending on the type of film
former: for carboxyl-containing polyester resins forming the polymer matrix by step polymerization,
crosslinking agents in the form of Triglycidyl isocyanurate (TGIC) and Hydroxyalkyl Amide were used;
for epoxy resins, a typical representative crosslinking agent among aliphatic solid amines in the form of
Dicyandiamide (DICY) was used; for carboxylic polyester resins, Bisphenol A epoxy resin was used.
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Table 1 — Properties of the film-forming component

Indicators
Type of the resin |Glass transition Br.OOkf'.EId Acid value (mg Curing
temperature, °C viscosity p value KOH/g) schedule
> 7| 200°C, mPa.s
Polyester film-forming with TGIC
Crylcoat 2441-3T 67 4200 15 34 200C 10xB
Crylcoat E04484 65 5500 10 37 200C 10xB
EP-2105 68 4500 12 30 200C 10xB
Polyester film-forming with HAA
GP 9518/T 61 3200 13 35 180C 10xB
Crylcoat 2618-3 61 3400 10 35 180C 10xB
EP-3126 61 3000 12 28 180C 10xB
PC2812T 58 3100 11 31 180C 10xB
Polyester film-forming for hybrid systems 70/30
Crylcoat 1771-3 56 4500 15 35 180C 10xB
GS 7371T 57 5500 16 32 180C 10xB
Epoxy film-forming
CHS 130 — 800 32 10 200C 10xB
Epidian-033A — 1200 31 13 180C 10xB
D.E.R. 663UE — 900 30 11 180C 10xB

The compositions of the studied systems using the selected film-forming substances and
crosslinking agents are given in Table 2. A liquid paint system based on alkyd resin (Urakyd) was used
as a control composition.

In general, the following systems were used:

— "Polyester film former — Triglycidyl isocyanurate”;

— "Polyester film former — Hydroxyalkyl Amide";

— "Polyester-epoxy film former™;

— "Epoxy film former — Dicyandiamide" (control);

—"Alkyd film former" (control).

The study of the properties of decorative and protective powder coatings using different groups
of modifying additives was carried out in the following sequence:

1. Powder coating systems were applied to plates (size 150 x 60 mm) made of St3 steel. The
systems were applied electrostatically according to ISO 1514:2016 using a Start 50 spray gun.

2. Curing of powder coating on samples-plates based on the known data regarding polymerization
modes [12] was carried out in a curing chamber at 180°C, 10 min for the systems: "Polyester film
former — Hydroxyalkyl Amide"”, "Polyester-epoxy film former"; 200°C, 10 min for the systems:
"Polyester film former— Triglycidyl isocyanurate”; "Epoxy film former — Dicyandiamide™ systems.

3. Determination of the resistance of coatings to return impact is performed according to DSTU
ISO 6272-2:2015 [13]. The purpose of this test is to test the rapid deformation of powder coatings and
evaluate their resistance to cracking and/or peeling from the painted surface when they are subjected to
deformation under the influence of falling load of a given weight with a spherical striking edge.

4. Determination of bending strength of coatings was performed according to DSTU 1SO
1519:2015 [14]. The purpose of this test is to evaluate the resistance of powder coatings to cracking
and (or) peeling from the substrate to bending, by bending the tested coating plates around a cylindrical
rod using a test instrument equipped with a set of hinges, each of which is connected to a cylindrical
rod of appropriate diameter.

5. Determination of coating drawing strength was determined according to DSTU ISO
1520:2015 [15], according to which the resistance of powder coating to cracking and/or peeling from
the metal surface at a constant punch indentation under standard conditions was evaluated.
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6. Adhesion of the coating by pull-off test is defined according to DSTU ISO 4624:2019 "Paints
and varnishes. Determination of adhesion by pull-off test” [16].

Table 2 — Composition of powder coating system

Compo Content of raw materials,%

S'Jt\}fn Name Film-forming | Crosslinking agents
Polyester film-forming with TGIC
1 Crylcoat 2441-3T 93 7
2 Crylcoat E04484 93 7
3 EP-2105 93 7
Polyester film-forming with HAA
4 Crylcoat 2618-3 94 6
5 GP 95518/T 94 6
6 EP-3126 94 6
7 PC2812T 94 6
Polyester film-forming for hybrid systems 70/30
8 Crylcoat 1771-3 — Epidian 033A 70 30
9 GS 7371/T — Epidian 033A 70 30
10 GS 7371/T — D.E.R. 663EU 70 30
11 Crylcoat 1771-3 — D.E.R. 663EU 70 30
Epoxy film-forming
12 | CHS130-DICY \ 94 \ 6
Liquid alkyd system (control composition)
13 | Urakyd

Note: The additive of rheological action in the form of filling agent Resiflow PV88 by Estron chemical in the amount
of 1% and a degasser in the form of benzoin by Estron chemical in the amount of 0.6% were introduced into the systems (over
100% by weight of components).

Research results. According to the results of the study, it was found that the physical-
mechanical and decorative characteristics of the coating systems under study change significantly
depending on the type of film formulation and its main characteristics, as well as on the crosslinking
agent. Thus, the coating based on the liquid alkyd system (control composition) is characterized by the
following properties: back-impact strength is 20 cm/kg (Fig. 1), bending strength around a cylindrical
rod is 12 mm (Fig. 2), drawing strength is 4.6 mm (Fig. 3), adhesion by the lattice notch method is
class 0, adhesion by the tear-off method is 9 MPa (Fig. 4). At the same time, the coating based on
powder epoxy system (CHS 130 + DYCY) is characterized by a reverse impact strength of 60 cm/Kkg,
which is 200% higher compared to the alkyd system, while there is a 33% increase in the bending
strength around the cylindrical rod, and a 13% increase in the drawing strength. The tear-off adhesion
of epoxy systems is 15 MPa, which is also 65% higher. This may be due to the fact that in the process
of film formation of epoxy systems under the influence of high temperatures, from the melt as a result
of physical sorption and chemisorption of macromolecules on the active centers of the substrate surface
are formed strong interphase connections on the border of the film — metal turn contributes to obtain
high physical and mechanical coating properties [5].

In general, the physical and mechanical characteristics of coatings on polyester film-forming are
higher compared to the traditional liquid system. However, compared to the epoxy system, the
feasibility of their use varies depending on the basic characteristics of the film former and the type of
crosslinking agent. Therefore, application of the system based on KHUA EP-2105 and TGIC helps to
get strength to the return stroke (60 cm/kg) and bending strength (8 mm) at the level of powder epoxy
system. At the same time, the drawing strength of the coating increases by 20%. In its turn the use of
Crylcoat E04484 leads to a significant decrease of physical and mechanical properties of the coating,
according to the following indexes: strength to the return stroke (40 cm/kg), bending strength (10 mm)
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and drawing strength (5.6 mm) in comparison with the abovementioned system on the base of KHUA
EP-2105 polyester resin. This effect may be explained by the fact that Crylcoat E04484 polyester resin
is characterized by higher viscosity indexes in comparison with KHUA EP-2105 (Table 1), which in its
turn leads to the decrease of efficiency of model system film spreading over the substrate surface
during coating curing process. In this case, the interaction of functional groups of polymer with active
centers of the substrate deteriorated and, correspondingly, the physical and mechanical properties of
the material decreased.

The use of Crylcoat 2441-3T polyester resin with reduced viscosity (Table 1) contributes to an
increase in the coating’s return impact strength to 80 cm/kg (Fig. 1.) compared to the control
composition (20 cm/kg), and also provides high bending strength (8 mm) and recovery strength (7.4
mm). At the same time, the adhesion of the coating by the tear-off method is 15 MPa (Fig. 4), which is
71% compared to the control system based on the traditional liquid coating.

A similar tendency persists when using the system "polyester film-forming — HAA". Thus, the
use of Crylcoat 2618-3 T polyester resin (viscosity — 3600 mPa-s) and HAA contributes to an increase
in the return strength (80 cm/kg) and bending strength (6 mm), which is 33 % and 30 %, respectively,
more compared to the epoxy powder system. At the same time, the coating adhesion (15 MPa) by the
tear-off method remains at the level of the control composition (CHS 130 — DICY) and is significantly
higher compared to the traditional liquid system (9 MPa).

A decrease in the viscosity index of polyester film-forming (according to Table 1) contributes to
an increase in the physical and mechanical properties of the coating (Fig. 1...Fig. 4). Thus, the system
based on Alymers PC2812T resin (viscosity — 3100 mPa-s) is characterized by higher indices of impact
strength — 95 cm/kg and adhesion of 18 MPa, which is 15 % and 16 % higher, respectively, compared
to Crylcoat 2618-3 analogue. At the same time, there is an increase in the extraction strength of the
system (by 5.7%) and bending strength (by 25%). A similar pattern is observed when using the KHUA
EP-3126 polyester resin with reduced viscosity (3000 mPa-s). The coating’s return-impact strength is
the highest of the systems examined, being >100 cm/kg, adhesion is 19 MPa, gloss is 86°, and bending
strength is 8 mm. The drawing strength of 7.1 mm also increases.

The main disadvantage of application of polyester resins (Alymers PC2812T and KHUA EP-
3126) which are characterized by the lowest viscosity index (3000...3100 mPa-s) of the studied film-
forming is deterioration of technological properties of the obtained powder. This is related to the fact
that the glass transition temperature (Tg) of the powder system decreases with a significant decrease in
the viscosity index of the polyester resin, which in turn leads to increased sensitivity of the system to
changes in the ambient temperature during application and storage of the finished product.

Therefore, in order to ensure high physical and mechanical characteristics of polyester powder
coating without deterioration of the technological properties of the system it is advisable to use the
film-forming with dynamic Brookfield viscosity values in the range of 3600...4200 mPa-s (at t=200°C).

According to the results of study of the "polyester-epoxy film former (70/30)" system it was
revealed that the effect of the complex of resins polyester-epoxy on the formation of coating properties
is less effective compared to the polyester ones. Thus, the use of the system based on Crylcoat 1771-3
polyester resin and Epidian 033A epoxy polyester-epoxy provides coating resistance to the return
stroke at the level of 60 cm/kg, which is 25% lower in comparison with the abovementioned polyester
systems. At the same time, the coating’s drawing strength of 5.1 mm and bending strength of 10 mm
are reduced. It should be noted that the obtained physical and mechanical characteristics of the
"polyester-epoxy film former" system are higher compared to the control composition based on alkyd
resin (Fig.1...Fig.4), but lower compared to the epoxy system. The use of a combination of GS 7371/T
and Epidian 033A resins shows a 50 percent reduction in strength to backfill compared to Crylcoat
1771-3 and Epidian 033A and is 30 cm/kg, a drawing strength of 4.8 cm — 12 mm, adhesion of 12 MPa,
which are the lowest physical and mechanical characteristics among all the systems studied. It is due to
the fact that the GS 7371/T and Epidian 033A resins are characterized by high viscosity values
(Table 1), which in turn leads to a deterioration in the mechanical properties of the coating.

In turn, the combination of the Crylcoat 1771-3 and D.E.R. 663 EU (with low viscosity values)
resins show the highest physical and mechanical characteristics among the "polyester-epoxy film
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former" coating systems, which confirms the influence of the viscosity values of the resins on the
properties of coatings. Thus, the coating’s strength to the action of the reverse impact is 70 cm/kg,
gloss of 90°, drawing (pull-off) strength of 5.9 mm, with these indicators being higher in comparison
with the control composition based on the epoxy resin (Fig.1...Fig.4).

= Control system

100
100 95 Urakyd
90 ]5 CHS 130 —-DICY
80 80 Crosslinking agents TGIC:

80 70 ® Crylcoat 2441-3 T
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30 40 m Ciech GP 95518/T
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Fig. 1. Impact resistance of the powder coating
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Fig. 2. Bend resistance of the powder coating
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Fig. 3. Cupping test of the powder coating
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Fig. 4. Adhesion of the powder coating
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Conclusions. As a result of study it has been revealed that the use of powder systems of different
chemical nature provides higher physical and mechanical characteristics of coatings in comparison
with traditional systems based on liquid acrylic resin, which in its turn allows to consider such systems
as an alternative for protection of construction metal products and structures against the mechanical
influences. At the same time, it has been shown that a change in the film former and crosslinking agent
in the composition of powder systems differently influences the formation of powder coating
properties depending on the type of the film former and its characteristics (viscosity, glass transition
temperature) as well as the type of the crosslinking agent. The use of systems "polyester film-forming
— TGIC", "polyester film-forming — HAA™ provide high physical and mechanical properties of
coatings without deterioration of technological properties of systems, when using film-forming with
dynamic Brookfield viscosity values in the range of 3600...4200 mPa-s (at t=200 °C). In turn, the
decrease of the glass transition temperature index and the increase of the resin viscosity index
negatively affect the formation of the technological properties of the powder systems and, accordingly,
the physical and mechanical characteristics of the coating.

The use of the "polyester-epoxy film-forming" system is less efficient compared to polyester
film-forming, but the use of film-forming with low viscosity values contributes to obtaining the
physical and mechanical properties of coatings at the level of the powder epoxy system.
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AHorauis. Iloka3zaHo pe3ynbTaTy BIUIMBY IUIIBKOYTBOPIOBAUiB Pi3HOTO TUIY Ha (hOpMyBaHHS
BJIACTUBOCTEH MOpOIIKOBUX (hap0d Ta MOKPUTTIB iX ocHOBI. [lopomikoBi ¢apOu — o1uH 3 HAWOUIBII
TepCIEKTUBHUX BUMIB Tako(apOoOBMX MaTepiaiiB s NPOMHCIOBOTO BUKOPUCTAHHS. 1X OCHOBHUMU
repeBaraMu €: BiJICYTHICTh PO3YMHHHUKIB, MPAKTUYHO OE3BIIXOJHA TEXHOJIOTISI HAHECEHHS TTOKPUTTS
(cTymiHp yTHII3allii HOPOLIKY NMPH 3acTocyBaHHI HaOmkaerbess 10 100 %), BiTHOCHA mpocToTa Ta
€KOHOMIYHICTh B IpOIeCi BUPOOHUIITBA MOKPUTTS. 3a pe3yibTaTaMH JOCIIPKEHb BCTAaHOBIJIEHO, IO
(b13MKO-MEXaHIYHI Ta JEKOPAaTUBHI XapaKTEPUCTUKU JOCHIDKYBAHUX CHCTEM IOKPHUTTS CYTTEBO
3MIHIOIOTBCS 3aJIEKHO BiJl BUly IUTIBKOYTBOPIOBada Ta HOro OCHOBHUX XapaKTEPUCTHK, & TAKOXK BiJ
BUJIy 3IIMBAIOYOTO areHTa. B 3araibHOMY, BUKOPHCTAHHS ITOPOIIKOBUX CHUCTEM, Pi3HOI XiMiYHOI
NpUPOJIH 3a0e3neuye BUI (Pi3UKO-MEXaHIYHI XapaKTEePUCTUKK OKPUTTIB OPIBHSAHO 3 TPAAULIHHUMU
CHCTEMaMH Ha OCHOBI PIAKOI aKpHJIOBOI CMOJIM, IO B CBOIO YEpry Jla€ MiJICTaBy PO3IJIaTH Taki
CHCTEMH SIK aJIbTEPHATUBY 3aXUCTy OYIIBEIbHUX METAIEBUX BUPOOIB Ta KOHCTPYKIIHM Bl MEXaHIUHUX
BIUMBIB. O/IHAK, B MOPIBHSHHI 3 €MOKCUIHOK CHCTEMOIO JOIUTBHICTh 1X BUKOPUCTAHHS 3MIHIOETHCS
3aJIeKHO BlJl OCHOBHHMX XapaKTEPUCTHK IUTIBKOYTBOpIOBaYa (B’SI3KOCTI, TEMIIEPATYpH CKIIYBAaHHS) Ta
BU/y 3IIMBAIOYOr0 areHTa. BukopucraHHs cucreM «aomiedipHuii ruiBkoyrBoproBau — TGICy,
«momedipauit mwiiBkoyTBoproBad — HAA)» 3a0e3meuyroTh OTpUMaHHSI BUCOKHX (PI3MKO-MEXaHIYHUX
BJIACTMBOCTEH MOKPHUTTIB 0€3 MOTIPIIEHHS TEXHOJIOTTYHUX BJIACTUBOCTEH CHCTEM NpPU BHUKOPHUCTAHHI
IUTIBKOYTBOPIOBAUIB 13 MOKa3HUKaMU JWHaMi4HOi B’si3kocTi 1o bpykdinpay B mexax 3600...4200
MIa-c (mpu t = 200 °C). 3MeHIIEHHS TOKA3HMKA B’A3KOCTi IUIIBKOYTBOPIOBAYIB MPHM3BOAMTH [0
MOTIPIIEHHS TEXHOJOTTYHUX BJIACTUBOCTI MOPOIIKOBUX CHCTEM. B CBOIO wepry, 3MeHIICHH:
TMOKA3HMKA TEMIIEPATYpH CKIYBAHHA Ta MiIBMIICHHS IOKa3HMKY B’S3KOCTi IUIIBKOYTBOPIOBAYa,
HEraTUBHO BIUIMBa€ Ha (HOPMYBAHHS TEXHOJOTIYHUX BJIACTHBOCTEH IOPOIIKOBUX CHCTEM 1,
BIMOBITHO, (Di3HKO-MEXaHIYHUX XaPAKTEPUCTHK IOKPUTTL.

Knio4osi cnosa: mopomkosa ¢apba, MIiBKOYTBOPIOBAY, 3IIMBAIOYHHA ArCHT, IOKDHTTS,
azresis, MilHICTb Ha 3T'MH, MILHICTH J10 Jii 3BOPOTHOTO yJapy, MIIIHICTh HA BUTATYBaHHS.

Cratta Haaidnua o penakuii 9.05.2022
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