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WYKAZ SKROTOW

AO acetone oxime oksym acetonu

bPIC blocked polyisocyanane blokowany poliizocyjanian

DBTL dibutyltin dilaurate dilaurynian dibutylocyny

DMA dynamic mechanical analysis dynamiczna analiza mechaniczna

DSC differential scanning calorimetry r6znicowa kalorymetria scaningowa

EIS electrochemical Impedance elektrochemiczna spektroskopiia
Spectroscopy impedancyjna

FT-IR Fourier-transform infrared spektroskopia ~ w  podczerwieni = z
spectroscopy transformacjg Fouriera

GPC gel permeation chromatography  chromatografia zelowa

Hi:MDI  4,4'-dicyclohexylmethane diizocyjanian 4,4'-dicyklohesylometanu
diisocyanate

HDI hexamethylene diisocyanate diizocyjanian heksametylenu

HEA 2-hydroxyethyl acrylate akrylan 2-hydroksyetylu

HEMA 2-hydroxyethyl methacrylate metakrylan 2-hydroksyetylu

IPDI isophorone diisocyanate diizocyjanian izoforonu

MEKO methyl ethyl ketoxime oksym ketonu etylowo-metylowego, oksym

2-butanonu

-NCO isocyanate group grupa izocyjanianowa

NMR nuclear magnetic resonance spektroskopia magnetycznego rezonansu
spectroscopy jadrowego

-OH hydroxyl group grupa hydroksylowa

PIC polyisocyanate poliizocyjanian
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PU polyurethane poliuretan

TDI toluene diisocyanate diizocjanian toluilenu

TG thermogravimetric analysis analiza termograwimetryczna

TMXDI  tetramethylxylylene diisocyanate diizocyjanianu tetrametyloksylilenu

uv ultraviolet radiation promieniowanie ultrafioletowe

VOC, volatile organic compounds lotne zwigzki organiczne

LZO

XPS X-ray Photoelectron spektroskopia fotoelektronow w zakresie
Spectroscopy promieniowania X
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1. WPROWADZENIE

Tematyka podjeta w ramach pracy doktorskiej dotyczy modyfikacji farb i lakieréw
proszkowych a w szczegdlnosci badan nad synteza nowych s$rodkéw sieciujacych do

niskotemperaturowych lakieréw proszkowych.

Rynek farb i lakieréw proszkowych jest szybko rozwijajaca si¢ branza, ktéra wedtug
prognoz w najblizszych latach bedzie si¢ nadal pr¢znie rozwija¢. Na podstawie raportu Markets
and Markets, wielko$¢ globalnego rynku farb i lakierow proszkowych zostala wyceniona na
14,70 mld USD w 2022 roku i przewiduje si¢, ze bedzie rosta az w 2028 roku osiggnie wielkos¢
19,90 mld USD [1]. Wzrost rynku farb i lakieréw proszkowych jest napgdzany przez szereg
czynnikdw w tym: rosnagcy popyt ze strony odbiorcow takich jak przemyst motoryzacyjny,
budowlany i meblarski oraz postgp w rozwoju technologii w szczeg6lnosci zrownowazonych
1 przyjaznych dla $rodowiska wyrobdéw proszkowych o szerokim spektrum znakomitych
wlasciwosci. Region Azji 1 Pacyfiku jest najwigkszym rynkiem dla farb i lakierow
proszkowych, przy czym Chiny i Indie s3 kluczowymi krajami napgdzajagcymi wzrost w tym
regionie. Rynek Ameryki Pétnocnej i Europy jest rowniez znaczacy i charakteryzuje sie¢
rosngcym zapotrzebowaniem w sektorze wyrobow lakierowych bardziej ekologicznych dla
srodowiska [2,3]. Obecnie na §wiecie widoczny jest trend, polegajacy na dazeniu do rozwijania
technologii przyjaznych $rodowisku i1 wytwarzania produktéw bardziej ekologicznych.
Zwiazane to jest z rosngcg §wiadomoscia proekologiczng spoleczenstwa oraz polityka ochrony
srodowiska krajéw wysokorozwinietych (m.in. dyrektywa 2004/42/WE Parlamentu
Europejskiego z dnia 21 kwietnia 2004 r. w sprawie ograniczen emisji lotnych zwigzkow

organicznych).

Farby i lakiery proszkowe okreslane s3 jako bardziej ekologiczna alternatywa dla
cieklych wyrobow lakierowych, szczegdlnie rozpuszczalnikowych. Wyroby proszkowe to
produkty bezrozpuszczalnikowe, nie emitujace lotnych zwigzkéw organicznych (LZO).
Podczas produkcji i aplikacji farb i lakierow proszkowych powstaje mniej niebezpiecznych
odpadow dla srodowiska w poroéwnaniu z konwencjonalnymi wyrobami cieklymi np. nie ma
mozliwosci pdzniejszego wykorzystania niezuzytego produktu dwusktadnikowego po
zmieszaniu reaktywnych sktadnikow. Ponadto wyroby proszkowe podczas aplikacji
w przeciwienstwie do produktéw ciektych, generuja mniej odpadow, poniewaz proszek, ktory

nie osadzi si¢ na malowanym detalu, moze zosta¢ ponownie wykorzystany [4].
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Na podstawie doniesien literaturowych i trendéw panujacych na rynku farb i lakierow
proszkowych mozna zauwazyé, ze obecnie dazy si¢ do rozwoju technologii
niskotemperaturowych oraz stosowania surowcOw pochodzenia naturalnego zamiast

petrochemicznych.

Wprowadzenie na rynek niskotemperaturowych wyrobow proszkowych stato sie¢
alternatywa dla produktow konwencjonalnych utwardzalnych w wysokiej temperaturze.
Klasyczne wyroby proszkowe utwardzane sg w temperaturze powyzej 160°C, co ogranicza ich
mozliwo$¢ stosowania jedynie do zabezpieczania powierzchni odpornych na wysoka
temperature, gtownie metali. Opracowanie wyrobow sieciujacych w temperaturze ponizej
160°C pozwala na rozszerzenie ich aplikacji na podtoza o nizszej odpornosci termicznej takie
jak drewno, ptyty MDF czy kompozyty. Materialy te ze wzgledu na niska odpornos¢ termiczng
1 mozliwo$¢ ich uszkodzenia w wysokiej temperaturze, obecnie powlekane sg wyrobami
ciektymi. Dodatkowo nizsza temperatura utwardzania pozwala na oszcz¢dno$¢ energii
potrzebnej do ogrzania pomalowanych detali w celu uzyskania, w petni usieciowanej powtoki,
co przy obecnym kryzysie energetycznym jest rowniez bardzo waznym aspektem
ekologicznym 1 ekonomicznym. W przypadku wyrobow proszkowych poliuretanowych,
obnizenie temperatury utwardzania moze by¢ osiagnigte poprzez zastosowanie specjalnych
srodkéw  sieciujacych o nizszej temperaturze odblokowania. Do  technologii
niskotemperaturowych zalicza si¢ rowniez produkty utwardzalne za pomocg promieniowania
UV. Dodatkowa zaleta utwardzania powlok za pomoca promieniowania UV jest krotszy czas
przebiegu reakcji sieciowania w poroéwnaniu z procesami zachodzacymi podczas utwardzania

termicznego [5].

Ze wzgledow ekologicznych w sektorze farb i lakieréw proszkowych rowniez dazy sie
do ograniczenia stosowania surowcOéw pochodzenia petrochemicznego. Monomery
pochodzenia ro$linnego otrzymywane np. ze skrobi, celulozy czy soi, z powodzeniem moga
by¢ wykorzystane do produkcji zywic lub $rodkéw sieciujacych do farb 1 lakieréw
proszkowych. Zastapienie surowcoOw petrochemicznych przez substraty pochodzace ze zrodet
odnawialnych, pozwala na otrzymanie powlok, ktérych wlasciwosci mechaniczne sa
zachowane na podobnym poziomie w poréwnaniu do otrzymanych z wykorzystaniem

konwencjonalnych poétproduktow [6].

Tematyka badan podjeta w ramach niniejszej pracy doktorskiej odpowiada na obecne

zapotrzebowania rynku wyznaczajacego kierunki rozwoju technologii farb i lakierow
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proszkowych. W celu rozwigzania problemu zwigzanego ze staba adhezjg i wytrzymatoscia
mechaniczng, bedacego skutkiem zbyt niskiej gesto$ci usieciowania, pojawiajacych si¢ na
rynku pierwszych produktow komercyjnych na bazie nienasyconych zywic poliestrowych
W niniejszej pracy, skoncentrowatam si¢ na badaniach nad synteza dedykowanych do nich
wielofunkcyjnych $rodkow sieciujacych, ktorych funkcyjno$¢ zwigckszatam wykorzystujac
surowce pochodzace ze zrodet odnawialnych. Badania prowadzitam na uktadach sieciowanych
termicznie oraz z wykorzystaniem technologii utwardzania za pomocg promieniowania UV.
Zaproponowatam takze sposob modyfikacji srodkoéw sieciujacych, skutkujacy poprawag
wiasciwosci mechanicznych powlok oraz zwigkszeniem odpornosci na wode, rozszerzajac

badania takze o uktady poliuretanowe.

2. PODSTAWY TEORETYCZNE PODJETEJ TEMATYKI
BADAWCZEJ

2.1. Charakterystyka farb i lakierow proszkowych
Technologia malowania proszkowego to przyjazny dla srodowiska, proces powlekania
powierzchni detali, prowadzacy do uzyskania powlok o bardzo dobrych parametrach

mechanicznych oraz wysokich walorach uzytkowych i dekoracyjnych.

Farby i lakiery proszkowe zalicza si¢ do kategorii jednosktadnikowych wyrobow
powtokotworczych. Termoutwardzalny wyrob lakierowy proszkowy jest to mieszanina
sktadnikoéw w postaci statej, w ktorych sktad wchodzi zywica, $rodek sieciujacy oraz dodatki
tzw. konieczne i funkcyjne. Do dodatkéw koniecznych zalicza si¢ $rodki zwigkszajace
rozlewnos$¢ oraz $rodki utatwiajace odgazowanie. W przypadku lakierow pigmentowanych
(farb) stosuje si¢ pigmenty i napelniacze. Dodatki funkcyjne to np. zwiazki zwigkszajace
hydrofobowos¢, przewodnictwo elektryczne czy odporno$¢ na korozje [7-10]. Ze wzgledu na
mechanizm utwardzania, farby i lakiery proszkowe mozna podzieli¢ na termoplastyczne,
termoutwardzalne lub utwardzalne za pomoca promieniowania UV (Blad! Nie mozna o
dnalezé zrodla odwolania.). Wigkszo$¢ farb proszkowych to wyroby termoutwardzalne, ktore
stanowig blisko 95% wielko$ci rynku. Do produktéw termoutwardzalnych zaliczamy farby
epoksydowe, poliestrowe, poliestrowo-epoksydowe, poliuretanowe, akrylowe oraz zawierajace
nienasycone zywice poliestrowe [11,12]. Zywice, ktore sg stosowane w termoutwardzalnych
kompozycjach to zazwyczaj amorficzne oligomery, ktérych temperatura zeszklenia (T,)

powinna miesci¢ si¢ w zakresie. 45-70°C.
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Wyroby lakierowe

Termoplastyczne Termoutwardzalne Utwardzalne UV

Winylowe Epoksydowe Poliestry nienasycone
Nienasycone zywice

Poliolefiny (PE, PP) Poliestrowe akrylowe

Poliamidy Poliestrowo-epoksydowe Uretano-akrylany
Nienasycone

Poliestry Poliuretanowe poliweglany z grupami
metakrylowymi

Poliakrylowe

Rysunek 1. Podziat wyrobow lakierowych proszkowych ze wzgledu na mechanizm utwardzania.

W latach 50-tych XX w. pojawity sie¢ pierwsze farby proszkowe wprowadzone przez
niemieckiego fizyka Erwina Gemmer’a. Na przestrzeni lat proces ich wytwarzania byt
optymalizowany i modernizowany [13]. Na rysunku 2 przedstawiono uproszczony schemat
procesu wytwarzania wyrobow lakierowych proszkowych. Pierwszy etap wytwarzania polega
na zmieszaniu wszystkich sktadnikéw (tj. zywicy 1 $rodka sieciujacego oraz dodatkdéw)
w odpowiednim stosunku wagowym. Surowce s3 nastgpnie wstgpnie mielone i kolejno
wytlaczane. Podczas wytlaczania skladniki kompozycji ulegaja stopieniu i homogenizacji.
Temperature wytlaczania dobiera si¢ tak, aby byla wyzsza od temperatury zeszklenia
1 topnienia sktadnikow, ale nizsza niz temperatura, w ktorej zachodzi reakcja sieciowania.
Nastepnie wytloczyny sa chtodzone, kruszone na ,,chips” i mielone. Drobno zmielony proszek
jest nastepnie klasyfikowany przez sito o odpowiedniej srednicy oczek (najczgsciej ponizej 150
um), aby uzyska¢ proszek odpowiedni do aplikacji natryskowej. Do najwazniejszych metod
natrysku proszku na podloze naleza: metoda fluidyzacyjna, elektrostatyczna (Corona),
elektrokinetyczna (Tribo), technika EMB oraz kompstat. Najpopularniejsza metoda aplikacji
jest technika elektrostatyczna Corona, w ktorej czastki proszku sg tadowane za pomoca
elektrody umieszczonej w pistolecie i osadzane na uziemionym podiozu przewodzacym

[14,15]. Ostatnim etapem jest sieciowanie powtoki, ktore w produktach termoutwardzalnych
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zachodzi pod wplywem podwyzszonej temperatury. W przypadku utwardzania za pomoca
promieniowania UV, powloka najpierw ulega stopieniu pod wplywem promieniowania
podczerwonego lub temperatury, a nastepnie zostaje usieciowana w obecnosci promieniowania

ultrafioletowego [16,17].

Srodek sieciujacy
Zywica
dodatki

Sy
H .

ﬁr‘h Q wyréb proszkowy

wyttaczanie

napylanie

mielenie & przesiewanie

Rysunek 2. Proces wytwarzania i aplikacji wyrobu lakierowego proszkowego.

Farby i lakiery proszkowe nie zawieraja w recepturze lotnych rozpuszczalnikow
organicznych, dzigki czemu nie emituja lotnych zwigzkéw organicznych (LZO) i zaliczaja si¢
do wyrobow przyjaznych dla srodowiska. Duzg zaleta technologii proszkowych jest ponowne
wykorzystanie nieosadzonego na malowanym elemencie proszku (do 98%), co zmniejsza ilos¢
odpadow generowanych w tym procesie. Ponadto proces malowania proszkowego umozliwia
projektowanie ciaglych i zautomatyzowanych linii technologicznych. W trakcie malowania
proszkowego uzyskuje si¢ powloke o bardzo dobrych parametrach fizyko-mechanicznych
powstata w wyniku natozenia tylko jednej warstwy. Proces ten umozliwia rowniez otrzymanie
grubych powlok bez wad. Utwardzone powloki moga mie¢ gladka powierzchni¢ Iub
charakteryzowaé si¢ odpowiednig teksturg [18]. W poréwnaniu z klasycznymi powtokami
z wyrobow cieklych, farby proszkowe oferuja szereg korzysci. Powltoki utworzone z farb
proszkowych wykazuja dluzsza trwato$¢ oraz wicksza odpornos$¢ na Scieranie, zarysowanie,
korozje i chemikalia. Dodatkowo proces malowania proszkowego nie wymaga suszenia

powtoki i naktadania wielu warstw, dlatego jest znacznie szybszy i bardziej ekonomiczny.

Technologie proszkowe roéwniez posiadaja pewne wady, ktére ograniczaja ich

stosowanie w niektorych przypadkach. Moga wystapi¢ trudnosci pokrywaniu ostrych krawedzi
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1 wewnetrznych czesci przedmiotow o skomplikowanych ksztaltach, co spowodowane jest
charakterystycznym dla malowania elektrostatycznego efektem klatki Faradaya. W takim
przypadku korzysta si¢ z aplikacji elektrokinetycznej TRIBO, ktéra umozliwia malowanie
skomplikowanych ksztattéw. Zle oczyszczona powierzchnia powlekanego materiatu lub
zanieczyszczona farba moga by¢ przyczyna stabej adhezji do podioza oraz wad na powierzchni
powtoki. Przechowywanie i aplikacja proszku wymagaja specjalnej kontroli temperatury
i wilgotnosci w pomieszczeniu, szczegdlnie w przypadku wyrobow niskotemperaturowych.
Najwigkszym ograniczeniem jest wysoka temperatura utwardzania niektorych wyrobow
proszkowych, w ktorej moze nastapi¢ uszkodzenie malowanego podtoza w przypadku dla
materialdw o stabszej odpornos$ci termicznej (np. tworzywa sztuczne, drewno, ptyty MDF). Pod
wplywem wysokiej temperatury tworzywa sztuczne mogg ulega¢ deformacji a ptyty MDF
rozwarstwieniu. W przeciwienstwie do metali, tworzywa sztuczne oraz drewno nie przewodza
pradu, wigc napylany proszek trudno osadza si¢ na tych materiatach, dlatego tez wazne jest
odpowiednie przygotowanie przed malowaniem tych powierzchni. W przypadku drewna
1 materiatow drewnopochodnych istotna jest odpowiednia zawarto$¢ wilgoci w zakresie 4-8%,
ktora pozwala na osiagnigcie odpowiedniego przewodnictwa, co gwarantuje przyleganie
proszku podczas procesu napylania. Do tworzyw sztucznych natomiast dodaje si¢ dodatki
zwigkszajace przewodnictwo elektryczne (np. nanorurki, grafen, Zn) lub pokrywa si¢ cienka
warstwg podktadu przewodzacego [18]. Ze wzgledu na te ograniczenia konieczne jest
zaprojektowanie  odpowiedniej niskotemperaturowej formulacji  farby proszkowe;j
i odpowiednie przygotowanie malowanego podloza. Rozwoj proszkowych wyrobow
lakierowych niskotemperaturowych pozwala na rozszerzenie stosowania ich w kolejnych

sektorach przemyshu tam, gdzie wczesniej to bylo niemozliwe.

2.2. Poliuretanowe wyroby lakierowe proszkowe

Dekade po rozpoczeciu ery malowania proszkowego, w latach 70-tych, duzym
zainteresowaniem zaczgly cieszy¢ si¢ takze poliuretanowe wyroby lakierowe proszkowe.
Wysokiej jakosci powtoki poliuretanowe utworzone z farb i lakieréw proszkowych
charakteryzuja si¢ znakomitymi wlasciwosciami uzytkowymi takimi jak: wysoka odporno$¢ na
czynniki atmosferyczne (w szczego6lnosci na wode i promieniowanie UV), doskonata
rozlewno$¢, wysoka twardo$¢ powtoki w potaczeniu z dobrg elastycznos$cia, dobra odpornos¢
na rozpuszczalniki i substancje chemiczne, wysoka temperatura zeszklenia, a takze mozliwo$¢
uzyskiwania wielu efektow dekoracyjnych w tym takze skory weza, co nie jest mozliwe

w przypadku innych rodzajow farb proszkowych [19-23]. Poliuretanowe wyroby lakierowe
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proszkowe maja réwniez swoje ograniczenia. Jednym z nich jest stosunkowo wysoka
temperatura utwardzania (~180°C), ktora jest konieczna, aby podczas tego procesu nastgpito
catkowite usieciowanie powtoki, zapewniajace uzyskanie dobrych wtasciwosci mechanicznych

[24,25].

Do podstawowych skladnikéw poliuretanowych farb i lakieréw proszkowych zalicza
si¢ zywice poliestrowg lub poliakrylowa zawierajaca grupy hydroksylowe oraz blokowany PIC
petniacy role $rodka sieciujacego [26]. Komercyjne poliuretanowe farby i lakiery proszkowe
zawieraja jako S$rodki sieciujagce zewngtrznie lub wewnetrznie blokowane poliizocyjaniany.
W ramach pracy doktorskiej szczegdlng uwage zwrdcono na zewnetrznie blokowane
poliizocyjaniany, poniewaz maja one wigkszy potencjat modyfikacji w kierunku uzyskania tzw.

wyrobow niskotemperaturowych.

Na wtasciwosci poliuretanowych farb i lakierow proszkowych duzy wpltyw ma struktura
chemiczna uzytych surowcow. Powloki usieciowane poliizocyjanianami na bazie
diizocyjanianéw alifatycznych charakteryzuja si¢ wigkszag odpornoscia na warunki
atmosferyczne niz ich aromatyczne odpowiedniki. Z tego powodu diizocyjanian heksametylenu
(HDI) i diizocyjanian izoforonu (IPDI) sg najczgsciej wykorzystywane do produkcji wyrobow
lakierowych. Produkowane s3 takze Ilakiery =z wykorzystaniem diizocyjanianow
aromatycznych, gtownie diizocjanianu toluilenu (TDI) lub jego pochodnych, ze wzgledu na
nizszg cene tego surowca oraz jego wieksza reaktywno$¢, co przektada si¢ na wiekszg szybkos¢
reakcji sieciowania i otrzymanie powlok przy nizszych kosztach. Jednak zastosowanie
diizocyjanianéw aromatycznych do otrzymywania powltok mimo nizszej ceny, jest ograniczone
ze wzgledu na mniejszg odporno$¢ na czynniki atmosferyczne. Podczas ekspozycji na swiatto
powtoki otrzymane z aromatycznych diizocyjaniandw wykazuja tendencj¢ do zotknigcia,

dlatego nadajg si¢ tylko do zastosowan wewnetrznych [27].

Poliuretanowe farby i lakiery proszkowe znalazly szereg zastosowan zaréwno
zewnetrznych jak i wewnetrznych. Przyktadem moze by¢ zabezpieczanie cze$ci pojazdow
mechanicznych, oku¢ metalowych, ram rowerowych, metalowych mebli ogrodowych, maszyn
rolniczych czy tez budek telefonicznych, ktore z powodzeniem wykorzystuje si¢ przez wiele

lat [28-30].

2.2.1. Blokowane poliizocyjaniany
Jedng z metod obnizenia temperatury utwardzania powlok proszkowych jest

zastosowanie blokowanych poliizocyjanianéw (bPIC) o nizszej temperaturze odblokowania.
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Po raz pierwszy blokowany poliizocyjanian do wyrobdéw proszkowych zostal zastosowany

w 1974 roku [31].

W syntezie blokowanych poliizocyjanianéw dedykowanych jako $rodki sieciujace do
farb i lakierow proszkowych, najczesciej stosowanymi surowcami s diizocyjaniany
cykloalifatyczne 1 alifatyczne tj. diizocyjanian izoforonu (IPDI), diizocyjanian
dicyklohesylometanu (Hi2MDI), diizocyjanian heksametylenu (HDI) oraz aromatyczne
tj. diizocyjanian toluilenu (TDI), diizocyjanian difenylometanu (MDI) (Rysunek 3) [32-34].
W  celu zwigkszenia funkcyjnos$ci diizocyjanianiu, syntezuje si¢ poliizocyjaniany.
Poliizocyjanian  najcze$ciej wytwarza w reakcji  diizocyjanianu ze zwigzkami
matoczasteczkowymi zawierajagcymi dwie, trzy lub cztery grupy hydroksylowe (np. glikolem
etylenowym, gliceryna, trimetylolopropanem, pentaerytrytolem lub cukrolami), lub grupy

aminowe, a takze w wyniku dimeryzacji, trimeryzacji lub biuretyzacji.

HaC N=C=0
HaC
3 0=C=N N=C=0
HsC N=C=0
IPDI MDI
H3
N=C=0
P
N 20
?C N
N=C=0 0
TDI HDI

Rysunek 3. Wzory strukturalne diizocyjanianow.

Reaktywnos$¢ diizocyjanianu wpltywa na reaktywno$¢ catej czasteczki blokowanego
poliizocyjanianu. Wysoka reaktywno$¢ grup izocyjanianowych (—N = C = 0) wynika
z obecnosci czastkowego tadunku dodatkiego na atomie C i skumulowanego uktadu wigzan
nienasyconych. Grupa izocyjanianowa moze wystgpowaé w 4 strukturach rezonansowych,
w ktorych zawsze dodatki tadunek znajduje si¢ na atomie weggla (Rysunek 4). Wieksza

reaktywno$cig charakteryzuja si¢ diizocyjaniany aromatyczne w poréwnaniu z alifatycznymi,
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co wynika z mozliwos$ci delokalizacji ujemnego tadunku w pier§cieniu aromatycznym, gdy do

grupy izocyjanianowej zostanie dotaczona grupa fenylowa [35-37].

~ - GO ©® © ©
R—N=—C=—0 -—=—> R—N:C_Q|<—> R—N—™C=0 =—> R=N—"C=0O
1 2 3 4

Rysunek 4. Struktury rezonansowe grupy izocyjanianowej.

Poliizocyjaniany ulegaja reakcji ze $rodkiem blokujacym w celu utworzenia
blokowanego poliizocyjanianu, petnigcego role srodka sieciujacego w proszkowej kompozycji
lakierniczej [38,39]. Jako s$rodki blokujace najczesciej stosuje si¢ m.in. alkohole, fenole,
oksymy, pochodne pirazolu, imidy oraz malonian dietylu [40]. Aby blokowany poliizocyjanian
moégl by¢ z powodzeniem zastosowany jako srodek sieciujacy w lakierach proszkowych wazne
jest, aby jego temperatura zeszklenia i temperatura topnienia miescily si¢ w zakresie
Te= 55-90°C 1 Tn=80-110°C [41]. Odpowiednio wysoka temperatura zeszklenia pozwala
unikng¢ niepozadanego zjawiska jakim jest aglomeracja ziaren proszku prowadzaca do utraty

stabilno$ci podczas przechowywania.

Blokowanie poliizocyjanianéw prowadzi si¢ w celu zapobiegnigcia niekontrolowane;
reakcji grup —NCO z wilgocig oraz ze znajdujacymi si¢ w kompozycji proszkowej zwigzkami,
ktore zawieraja reaktywne atomy wodoru na przyktad z grupami —OH zywicy, podczas procesu
przetworstwa oraz przechowywania gotowego lakieru proszkowego. W temperaturze
utwardzania bPIC ulegaja reakcji odblokowania do wolnych grup izocyjanianowych, ktore
nastepnie reaguja z grupami hydroksylowymi zywicy. Przebieg reakcji odblokowania bPIC
oraz sieciowania polegajacego na reakcji z zywicag zawierajaca grupy hydroksylowe
przedstawiono na rysunku 5. Temperatura wytlaczania podczas procesu wytwarzania
kompozycji proszkowych zawierajacych jako $rodki sieciujace bPIC, powinna by¢ nizsza niz

temperatura odblokowania grup - NCO 1 wyzsza od temperatury topnienia sktadnikow lakieru.
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Rysunek 5. Schemat reakcji odblokowania bPIC oraz sieciowania powloki polegajgcego na reakcji
PIC z zywicq zawierajgcq grupy hydroksylowe.

2.2.2. Wplyw struktury diizocyjanianu i Srodka blokujacego na temperature
odblokowania bPIC

Jednym z czynnikéw wpltywajacych na temperature utwardzania lakieru jest struktura
diizocyjanianu. W badaniach potwierdzono, ze pierscien aromatyczny, w przeciwienstwie do
grupy alkilowej w diizocyjanianach alifatycznych, ma wpltyw na obnizenie temperatury
odblokowania, co jest skutkiem ostabienia wigzania pomigdzy atomem wegla grupy
izocyjanianowej 1 $rodkiem blokujacym w wyniku sprzezenia elektronow m pierscienia
aromatycznego i1 wigzania —N = C = 0. Z grupy testowanych izocyjanianow tj. Hi>-MDI,
TDI 1 MDI, stwierdzono, ze Hi>-MDI ma najwyzsza temperatur¢ odblokowania ze wzgledu na
brak pier§cienia aromatycznego, nastepnie ulega odblokowaniu MDI, a potem TDI. Elektrony
T pier§cienia aromatycznego przyciagaja wolng pare¢ elektronowa od atomu azotu, co skutkuje
zwigkszeniem tadunku dodatniego na atomie azotu i tym samym zwickszenie odpychania
pomiedzy azotem, a przytaczonym do niego atomem wodoru (Rysunek 6). W rezultacie atom
wodoru staje si¢ bardziej labilny, co przyczynia si¢ do obnizenia temperatury odblokowania
[42]. Ponadto na obnizenie temperatury odblokowania blokowanych poliizocyjanianéw
zawierajacych TDI wplywaja efekty steryczne, ktoére w tym przypadku sa stabe ze wzgledu na

asymetri¢ diizocyjanianu.
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Rysunek 6. Wplyw struktury izocyjanianu na temperature odblokowania.

W literaturze opisano rowniez, ze zablokowany przez MEKO diizocyjanian izoforonu
ulega odblokowaniu w nizszej temperaturze niz diizocyjanian heksametylenu. Nizsza
temperatura odblokowania tego bPIC wiaze si¢ z silniejszym efektem sterycznym pierscienia
cykloheksylowego w czasteczce IPDI. Stwierdzono takze, ze blokowany poliizocyjanian na
bazie diizocyjanianu tetrametyloksylilenu (TMXDI) ma jeszcze nizsza temperaturg
odblokowania niz zawierajacy IPDI ze wzgledu na wigksza zawade steryczng [43]. Reakcja
blokowania i odblokowania MDI przebiega szybciej niz IPDI. Reaktywno$¢ grup —NCO
w diizocyjanianach ro6zni si¢ roéwniez wzgledem siebie w zalezno$ci od rzedowosci.
Przyktadowo wicksza reaktywnos¢ w IPDI wykazuje drugorzedowa grupa izocyjanianowa
przytaczona do pierScienia cykloalifatycznego niz pierwszorzedowa sgsiadujaca
z ugrupowaniem alifatycznym [44,45]. W literaturze opisano réwniez przebieg procesu
odblokowania monomerycznych diizocyjanianow, takich jak MDI, TDI, IPDI, HMDI, ktére
zostaly zablokowane N-metyloaniling. Wyniki tych badan wykazaty rowniez, ze podobnie jak
w przypadku zwigzkéw zawierajacych grupy hydroksylowe, diizocyjaniany aromatyczne
ulegaja reakcji blokowania i odblokowania latwiej niz diizocyjaniany alifatyczne. Ponadto
wykazano, ze poliizocyjaniany charakteryzuja si¢ wicksza szybko$cia odblokowania

w poroOwnaniu z monomerycznymi diizocyjanianami [46].

Temperatura blokowania i odblokowania nie zalezy tylko od struktury diizocyjanianu,
ale rowniez od zastosowanego $rodka blokujacego. Srodki blokujace w zaleznosci do struktury
chemicznej ulegaja odblokowaniu w innej temperaturze, w zwiazku z czym mozliwe jest,
obnizenie temperatury odblokowania bPIC poprzez dobdr odpowiedniego blokera.
Temperatura odblokowania zalezy takze od rodzaju grupy funkcyjnej ulegajacej reakcji z grupa
izocyjanianowa. W przypadku pochodnych fenolu zalezy takze od rodzaju podstawnikéw przy
pierscieniu aromatycznym. Wykazano takze, ze takie same grupy funkcyjne mogg mie¢ inny
wptyw w przypadku roéznych podstawnikow aromatycznych. Podstawniki przyciagajace

elektrony obecne przy pier§cieniu pirazolowym $rodka blokujacego, wptywaja na zmniejszenie
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szybkosci odblokowania, natomiast w przypadku grup oddajacych elektrony szybkos¢
odblokowania zwigksza si¢. Sytuacja jest odwrotna w przypadku takich samych grup
funkcyjnych przylaczonych do pierscienia fenolowego obecnego w strukturze $rodkéw
blokujacych [47—-49]. Istnieje réwniez zwigzek pomiedzy temperaturg topnienia blokowanych
poliizocyjaniandw a temperaturg ich odblokowania. Temperatura odblokowania maleje wraz

ze wzrostem temperatury topnienia bPIC [50].

Okreslenie temperatury odblokowania bPIC zalezy takZze od obecnosci innych
reaktywnych zwigzkéw w ukladzie np. zywicy, dlatego wazne jest, aby badania byly
prowadzone w takich samych warunkach. Do wyznaczenia temperatury odblokowania bPIC
najczesciej stosuje si¢ analizg termograwimetryczng (TG), roznicowa kalorymetri¢ skaningowa
(DSC) oraz FT-IR z mozliwo$cia ogrzewania probki [51,52].

2.3. Wyroby lakierowe sieciowane za pomoca promieniowania UV

Obnizenie temperatury utwardzania powloki mozna rdwniez osiggnaé poprzez
zastosowanie technologii UV do sieciowania powlok proszkowych. Wyroby lakierowe
proszkowe sieciowane za pomocag promieniowania ultrafioletowego zostaly opracowane
w latach 70-tych i 80-tych XX wieku, a skomercjalizowane na skale migdzynarodowa pod
koniec lat 90-tych [53,54]. Sieciowanie wyrobow lakierowych pod wptywem promieniowania
ultrafioletowego jest szybka i przyjazna dla srodowiska technikg o wielu zaletach, takich jak
duza szybko$¢ procesu oraz dobre wlasciwosci mechaniczne utworzonych powtok [55-58].
Proces polimeryzacji inicjowany za pomocg promieniowania UV jest najczesciej
wykorzystywany w sektorze farb i lakierow do ochrony wielu rodzajow materialow np. drewna,

tworzyw sztucznych, metali, szkta, widkien czy skory [59-61].

Pierwsze lakiery proszkowe sieciowane za pomocg promieniowania UV wprowadzone
na rynek przez SMC Corporation zawieraly zywice epoksydowe i poliestrowe z grupami
akrylowymi. Usieciowane powtoki charakteryzowaty si¢ stosunkowo dobrymi wtasciwosciami
mechanicznymi jak na 6wczesny stan techniki i nie wykazywaly efektu skorki pomaranczowej
[62]. W miar¢ rozwoju badan opracowano i wprowadzono na rynek roézne rodzaje zywic,
w tym uretano-akrylany [63,64], nienasycone poliestry [65,66], zywice (met)akrylowe [67,68],
zywice epoksydowe [69] a takze polimery hiperrozgalezione [70—72] ulegajace polimeryzacji

pod wptywem promieniowania ultrafioletowego.
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Podczas tworzenia formulacji proszkowej sieciowanej pod wptywem promieniowania
UV istotny jest odpowiedni dobor substancji powlokotworczych, rodzaju fotoinicjatora oraz
dodatkow w szczegdlnosci pigmentdw. Proces utwardzania farb proszkowych pod wplywem
promieniowania ultrafioletowego sktada si¢ z dwoch etapéw. Najpierw napylony proszek musi
zosta¢ stopiony za pomocg promieniowania IR lub w piecu konwekcyjnym nagrzanym do
temperatury topnienia substancji powlokotworczych wchodzacych w jego sktad. W kolejnym
etapie stopiong powloke umieszcza si¢ pod odpowiednig lampa UV [11]. Najczesciej
stosowane rodzaje lamp UV to:
e H - rteciowa emitujgca promieniowanie o zakresie dlugosci fali 300-365 nm,
e D —rteciowa z dodatkiem zelaza emitujaca promieniowanie o zakresie dtugosci
fali 350-400 nm,
e V —rtgciowa z dodatkiem galu emitujgca promieniowanie o zakresie dtugos$ci
fali 400-450 nm [73].
W zalezno$ci od sktadu farby lub lakieru proszkowego dobiera si¢ odpowiednig lampe.
Lampe typu H stosuje si¢ w przypadku lakierow proszkowych niepigmentowanych tzw. clear
coat, natomiast do utwardzania farb proszkowych zawierajacych pigmenty stosuje si¢

najczesciej lampe typu V, rzadziej typu D.

Podczas utwardzania farb i lakieréw proszkowych za pomocg promieniowania UV
zachodzi reakcja fotopolimeryzacji. Najczgsciej reakcja fotopolimeryzacji przebiega
wg mechanizmu kationowego np. w przypadku polimeryzacji zywic epoksydowych lub eterow
winylowych [74,75] lub wolnorodnikowego np. podczas sieciowania poliestrow zawierajacych
grupy metakrylowe lub uretano-akrylanéw [76]. Proces fotopolimeryzacji wolnorodnikowe;j

dominuje ze wzgledu na niski koszt monomerow i ich duza dostgpnos¢ na rynku.

Wyroby proszkowe sieciowane pod wptywem promieniowania UV z powodzeniem sg
stosowane w obszarach, gdzie produkty utwardzane termicznie nie moga by¢ aplikowane.
Najwazniejszg ich zaletg jest nizsza temperatura procesu sieciowania powtoki. Z tego powodu
powloki proszkowe sieciowane za pomocg promieniowania UV mogg by¢ stosowane do
powlekania podtozy wrazliwych na wysoka temperature, ktorych nie mozna malowac
wyrobami termoutwardzalnymi np. do malowania drewna, ptyt MDF i tworzyw sztucznych.
Istotny z punktu aplikacyjnego jest rowniez czas utwardzania, ktory jest znacznie krotszy
w przypadku inicjowania procesu sieciowania za pomocg promieniowania UV. Wada
produktéw utwardzanych pod wplywem promieniowania UV jest mozliwo$¢ wystapienia

inhibicji tlenowej podczas procesu sieciowania, obserwowanej gltownie na powierzchni
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powloki. Inhibicja tlenowa w przypadku sieciowania za pomocg promieniowania UV powlok
proszkowych jest nieznaczna. Problem ten nie wystepuje podczas sieciowania
termoutwardzalnych powtok proszkowych ze wzgledu na inny mechanizm reakcji (najczesciej
poliaddycji lub polikondensacji). W przypadku produktéw termoutwardzalnych odpowiednio
dobrana temperatura pozwala na utwardzenie powtoki réwnomiernie na catym obszarze
pomalowanego elementu, natomiast w procesie inicjowanym za pomocg UV obszary, do
ktorych nie dociera promieniowanie, moga nie zosta¢ utwardzone (tzw. obszary zacienione),
zwlaszcza gdy proces sieciowania przebiega wg mechanizmu polimeryzacji wolnorodnikowe;.
Poréwnanie procesu utwardzania pod wplywem temperatury oraz pod wpltywem

promieniowania UV przedstawiono na Rysunek 7.

10 do 20 min.
°C
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SN 1s do 2 min. 3do5s
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gotowy

topnienie powtoki utwardzanie powtoki produkt

Rysunek 7. Schemat przedstawiajqcy proces utwardzania pod wptywem temperatury oraz pod
wplywem promieniowania UV.

Podczas utwardzania termicznego, probke umieszcza si¢ w piecu ogrzanym do temperatury
zapewniajacej stopienie a nastgpnie utwardzenie powtoki. Podczas tego procesu proszek
najpierw ulega stopieniu i bezposrednio po stopieniu rozpoczyna si¢ sieciowanie powtoki.
W przypadku utwardzania powtoki za pomocg promieniowania UV, etap topnienia proszku jest
etapem niezaleznym od procesu sieciowania, dlatego probke ogrzewa si¢ tylko do temperatury
zapewniajacej jej stopienie (najczesciej 110-120°C). Proces ten moze odbywac si¢ w piecu,
gdzie ogrzewany jest caly pomalowany element lub w wyniku oddziatywania promieniowania
IR tylko powierzchniowo. Po stopieniu proszku inicjowany jest proces sieciowania za pomocg
lampy UV. Proces utwardzania powtoki pod wptywem promieniowania UV jest szybszy oraz

wymaga nizszej temperatury.

28



3. CELE NAUKOWE PRACY

W ramach prezentowanej pracy postawiono nastgpujace cele naukowe:

1. Opracowanie metodyki 1 optymalizacja warunkow syntezy nowych $rodkéw
sieciujgcych o strukturze blokowanych poliizocyjanianéw oraz uretano-akrylanow do

niskotemperaturowych lakieréw proszkowych.

2. Opracowanie metodyki modyfikacji struktury s$rodkéw sieciujacych w kierunku
zwigkszenia funkcyjnosci z wykorzystaniem surowcoOw pochodzacych ze zrodet
odnawialnych oraz nadania powlokom nowych Ilub lepszych wlasciwosci np.

hydrofobowych.

3. Zbadanie mozliwo$ci  zastosowania  otrzymanych  $rodkéw  sieciujacych
w niskotemperaturowych lakierach proszkowych, obejmujace opracowanie receptur

oraz optymalizacj¢ parametroOw procesu ich wytwarzania.

4. Zbadanie wplywu zalezno$ci warunkéw procesu utwardzania lakieréw metoda
termiczng oraz za pomocg promieniowania UV na wilasciwosci powtok. Opracowanie
warunkéw procesu utwardzania powlok na podlozach wrazliwych na wysoka

temperature tj. ptyty MDF oraz drewno.
5. Zbadanie zaleznosci wptywu struktury chemicznej $rodkéw sieciujacych na

wlasciwo$ci wytworzonych lakierow i powtok oraz ich analiza pod katem spetniania

wymagan technicznych.
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4. CZESC BADAWCZA ROZPRAWY DOKTORSKIEJ

Prace naukowe sktadajace si¢ na monotematyczny cykl, bedacy przedmiotem tej
rozprawy doktorskiej, obejmuja opracowanie nowych S$rodkéow sieciujacych do
niskotemperaturowych lakierow proszkowych i ich charakterystyke, a takze dobdr sktadu
formulacji lakierow i warunkow ich aplikacji oraz utwardzania na podtozach o niskiej
odporno$ci termicznej. W celu wytworzenia wyrobdéw lakierowych proszkowych
utwardzanych w temperaturze nizszej niz 160°C, wybrano dwie $ciezki badawcze, ktdre zostaty
opisane w prezentowanym cyklu prac. Pierwsza z nich polegala na zastosowaniu nowych
blokowanych poliizocyjanianéw o nizszej temperaturze odblokowania [P1, P2, P3, P4], druga
dotyczyta opracowania nowych uretano-akrylanéw do lakieréw proszkowych utwardzanych za
pomoca promieniowania UV [P5, P6]. W celu zwigkszenia funkcyjnosci srodkow sieciujacych
wykorzystano m. in. surowce pochodzenia naturalnego zgodnie z obecnym trendem
ekologicznym dazacym do zastgpowania surowcoOw petrochemicznych. Mozliwosci
wykorzystania surowcoOw naturalnych w wyrobach lakierowych proszkowych opisano
w artykule przegladowym [P7], ktory w trakcie pisania tej pracy pozytywnie przeszedt
pierwszy etap recenzji z sugestia wprowadzenia niewielkich zmian. Artykul opisuje badania
prowadzone zardwno w $rodowisku akademickim jak i przez firmy z branzy farb i lakierow
proszkowych. Obszar ten szybko si¢ rozwija ze wzgledu na coraz wigksza §wiadomosé
konsumentow 1  producentdéw dotyczaca oddzialywania surowcow  pochodzenia
petrochemicznego na srodowisko. Zrdwnowazony rozwoj technologii farb proszkowych staje
si¢ coraz bardziej istotny. Zywice lub $rodki sieciujace oparte na naturalnych surowcach musza
spelnia¢ takie same wymagania jak produkty na bazie ropy naftowej, tworzac powloki
o odpowiedniej twardo$ci, trwatos$ci, odpornosci chemicznej, elastyczno$ci. Surowce
naturalne, oprécz zastosowania jako monomery do syntezy zywic lub §rodkow sieciujacych,
moga by¢ rowniez wykorzystywane jako dodatki funkcyjne, aby nadaé¢ powloce nowe
wlasciwo$ci np. antybakteryjne lub odporno$¢ na ptomien. Trend ten jest priorytetowym
wyzwaniem dla wielu bardzo duzych firm takich jak AkzoNobel, PPG, Allnex czy Sherwin-
Williams.

W celu scharakteryzowania otrzymanych $rodkow sieciujacych, farb i lakieréw
proszkowych oraz powtok, podczas prowadzenia badan w ramach rozprawy doktorskiej
wykorzystano szereg technik badawczych. Do scharakteryzowania struktury S$rodkow
sieciujagcych wykorzystano spektroskopie w podczerwieni z transformata Fouriera,
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spektroskopi¢ magnetycznego rezonansu jadrowego oraz chromatografi¢ zelowa. Wiasciwosci
termiczne farb i lakierow proszkowych oraz charakterystyka procesu sieciowania zostaly
scharakteryzowane za pomoca techniki DSC, TGA oraz DMA. Usieciowane powloki na
blaszkach testowych (Q-panele) byly oceniane wedlug obowigzujacych norm oraz wymagan
technicznych znaku jako$sci QUALICOAT dla farb, lakieréw i1 powlok proszkowych.
Charakterystyki wilasciwosci powlok dokonano m. in. poprzez pomiar chropowato$ci wg
PN-EN ISO 12085, potysku wg PN-EN ISO 2813, przyczepnosci do podtoza wg PN-EN ISO
2409, twardos$ci metoda wahadta Koniga wg PN - EN ISO 1522:2008, odpornosci na
zarysowanie wg PN-EN ISO 1518, kata zwilzania wg EN 828:2000, odpornosci na starzenie
(przyspieszony test klimatyczny) wg PN-EN ISO 16474-2 Metoda A, barwy wg
PN-ISO 7724-1, PN-ISO-7724-2 oraz odporno$ci na MEK (test polimeryzacji). Wykorzystane
metody badawcze oraz uzyskane wyniki badan szczegdélowo zostaly opisane w artykutach

naukowych sktadajacych si¢ na rozprawe doktorska.

4.1. Badania nad syntezg Srodkow  sieciujacych  dedykowanych do

niskotemperaturowych lakierow poliuretanowych

Pierwsze dwie publikacje [P1], [P2] wchodzace w sktad monotematycznego cyklu
rozprawy doktorskiej, dotycza syntezy blokowanych poliizocyjanianéw dedykowanych jako
srodki sieciujagce do poliuretanowych lakieréw proszkowych. Synteza poliizocyjanianow
przebiegala w dwoch etapach. Pierwszy etap obejmowal syntezg rozgatezionego
poliizocyjanianu, drugi jego zablokowanie za pomoca $rodka blokujacego. W pierwszej serii
syntez [P1] zastosowano diizocyjanian izoforonu oraz wielofunkcyjne zwiazki zawierajace
grupy hydroksylowe (gliceryna, ksylitol) w celu wytworzenia rozgatezionego PIC.
Poliizocyjaniany wytworzone z udziatem IPDI oraz gliceryny i ksylitolu, miaty zbyt duza
lepko$¢ w stanie stopionym, a wytworzone z nich powtloki byly zbyt kruche. Problem ten
rozwigzano poprzez dodatek glikolu polietylenowego o $redniej masie czasteczkowe;j
300 g/mol o gietkim tancuchu alifatycznym. Jeszcze lepszym modyfikatorem okazal si¢
polisiloksan KF-6000 o masie 1000 g/mol zawierajacy reaktywne grupy hydroksyalkoksylowe,
ktory oprocz nadania elastyczno$ci, korzystnie wplynat na zwigkszenie hydrofobowosci
powlok. Zastosowanie tanszego, tatwiej dostepnego polisiloksanu MV-0 zawierajacego grupy

silanolowe, nie prowadzito do uzyskania powtok o dobrych wtasciwosciach, ze wzgledu na
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zbyt slabg reaktywno$¢ tych grup z diizocyjanianem. Diizocyjanian izoforonu zostat
wytypowany ze wzgledu na jego tatwa dostgpno$¢ na rynku oraz szerokie zastosowanie
w powtlokach poliuretanowych, zaréwno ciektych jak i proszkowych z uwagi na wysoka
odporno$¢ na czynniki atmosferyczne. Bardzo czesto do syntezy poliizocyjanianow
wykorzystuje  si¢  wielohydroksylowe  alkohole  pochodzenia  petrochemicznego
tj. pentaerytrytol czy trimetylolopropan. W ramach przeprowadzonych badan udato si¢ je mi
zastapi¢ zwigzkami pochodzenia naturalnego tj. gliceryna i ksylitol. Dzigki temu, Ze gliceryna
penita w poczatkowym etapie role rozpuszczalnika ksylitolu i zarazem reaktywnego surowca
trojfunkcyjnego, mozna bylo unikng¢ stosowania w procesie syntezy innego rozpuszczalnika
pochodzenia petrochemicznego, takiego jak THF, MEK czy DMF. Poniewaz surowce do
wyrobow proszkowych musza by¢ w postaci statej, uzycie dodatkowego rozpuszczalnika
wigzatoby sie z konieczno$cig jego odparowania, co ze wzgledu na duza lepkos¢ wymaga
zastosowania np. specjalnych wyparek cienkowarstwowych. Na rysunku 8 przedstawiono jedng
z reakcji zachodzacych podczas procesu syntezy bPIC, natomiast pozostate, przebiegajace

analogicznie oraz szczegotowa analiza strukturalna zostata omowiona w artykule.

NCO
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Rysunek 8. Rownanie reakcji zachodzqcej pomiedzy IPDI i polisiloksanem KF-6000 podczas syntezy
bPIC.

—_—

Do drugiego etapu syntezy, zgodnie z doniesieniami literaturowymi wytypowano
oksym 2-butanonu (MEKO) oraz oksym acetonu (AO). Podczas prowadzenia syntez kluczowe
okazato si¢ kontrolowanie temperatury reakcji oraz jej odpowiedni dobér. Zbyt szybki wzrost
temperatury podczas reakcji powodowat bardzo duzy wzrost lepko$ci mieszaniny reakcyjnej,
co uniemozliwiato proces mieszania. Zbyt dlugi czas prowadzenia reakcji i zbyt wysoka

temperatura skutkowaly otrzymaniem produktu o brunatnym zabarwieniu, co w przypadku
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zastosowania do otrzymywania lakiero6w jest niedopuszczalne ze wzgledu na niespetnianie
wymagan dotyczacych barwy 1 transparentnosci. Dobdr odpowiednich surowcow oraz
temperatury prowadzenia reakcji pozwolil na otrzymanie blokowanych poliizocyjanianow

w odpowiednio krotkim czasie, przezroczystych i o jasnym zabarwieniu (Rysunek 9).

Rysunek 9. Wyglgd produktow syntez: A- blokowany poliizocyjanian otrzymany z udziatem IPDI,
gliceryny, polisiloksanu KF-6000, ksylitolu i MEKO (IGKFX/MEKO) oraz B- blokowany
poliizocyjanian TDI, gliceryny, polisiloksanu KF-6000 i MEKO (TGKF/MEKO).

Otrzymane poliizocyjaniany w kolejnym etapie badan, postuzyty jako srodki sieciujace do
wytworzenia poliuretanowych farb i1 lakieréw proszkowych. Na podstawie analiz DSC, TG
i DTG okre$lono temperatur¢ odblokowania, warunki wyttaczania i utwardzania powtok.
Proces otrzymywania farb i lakierow proszkowych szczegétowo zostat opisany w zataczonych
artykutach. Tworzenie si¢ wysoko usieciowanej struktury powlok podczas utwardzania
potwierdzono metoda DMA. W celu wykonania analiz metoda DMA opracowano specjalng
metod¢ przygotowania probki, polegajaca na napylaniu proszku na folie teflonowsa
1 utwardzaniu. Usieciowane powloki mozna bylo z tatwoscia oddzieli¢ od folii i nadac jej

odpowiedni ksztatt, aby umiesci¢ w uchwycie do rozciggania do analizy DMA (Rysunek 10).
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Rysunek 10. Powloka proszkowa przygotowana do analizy DMA.

Lakiery proszkowe zawierajace poliizocyjaniany otrzymane z udzialem IPDI
utwardzaty si¢ w temperaturze 150°C, w przypadku, gdy PIC zostat zablokowany oksymem
acetonu, natomiast w przypadku wytworzonych z PIC zablokowanych za pomoca MEKO
konieczne byto podwyzszenie temperatury do 160°C. W obu przypadkach temperatura
sieciowania powtok jest odpowiednia do zastosowania ich na materialy o niskiej odpornosci
termicznej, takich jak MDF czy drewno, poniewaz nie nastgpuje uszkodzenie ich struktury
podczas procesu utwardzania. Ponadto otrzymane powtoki charakteryzowaty si¢ dobrymi
wlasciwosciami uzytkowymi: wysoka hydrofobowos$cia, polyskiem 1 odpornosciag na

zarysowanie.

Po otrzymaniu lakier6w o niskiej temp. utwardzania z udzialem blokowanych
poliizocyjanianéw opartych na IPDI w kolejnych badaniach [P2] zastosowano diizocyjanian
toluilenu ze wzgledu na jego wigkszg reaktywnos¢. TDI wykorzystywany jest czesciej w
syntezie poliuretandw ze wzgledu na jego nizsza ceng¢ oraz wigksza reaktywnos¢, jednak
zastosowanie go do celow lakierniczych jest ograniczone, poniewaz powoduje on zotknigcie
powlok. Syntezy blokowanych poliizocyjanianéw z udziatem TDI prowadzono w analogiczny
sposob jak w przypadku IPDI z ta roznica, ze nie dodawano katalizatora DBTL. Dodatek
katalizatora powodowat bardzo gwaltowny wzrost temperatury reakcji, wzrost lepkos$ci oraz
zmiany koloru mieszaniny na z6tto-bragzowa. Syntezy PIC ze wzglgdu na wicksza reaktywnos¢

TDI trwaty krocej niz z IPDI, co pozwalato na skrdcenie procesu i zwigzang z tym oszczgdnos¢
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energii. Poniewaz lepko$¢ mieszanin reakcyjnych byta wigksza, z tego wzgledu blokowanie w
masie poliizocyjanianéw opartych na TDI mozliwe bylo tylko za pomoca MEKO. Préba
dodawania acetonu oksymu, ktory jest ciatem statym do bardzo lepkiej mieszaniny PIC
skutkowata dalszym wzrostem lepko$ci i problemami z mieszaniem. Proces wytlaczania
lakierow zawierajacych $rodki sieciujace oparte na TDI ze wzgledu na nizsza temperaturg
odblokowania, ktdrg wyznaczono za pomocg analiz TGA, prowadzono w nizszej temperaturze
niz w przypadku lakierow wytworzonych z wudzialem bPIC na bazie IPDI.
W ramach tych badan udowodniono, ze bPIC na bazie TDI odblokowuja w nizszej
temperaturze, do zapewnienia catkowitego usieciowania powloki wystarczajaca jest temp.
140°C. Nizsza o 20°C temperatura utwardzania lakierow w pordwnaniu do probek
o analogicznym skladzie zawierajacych IPDI, pozwala na zastosowanie tych powtok do
podtozy o stabej odpornosci termicznej. Wprowadzenie sztywnej struktury TDI do szkieletu
poliuretanu spowodowato wzrost modutu Tg powlok, potysku, twardosci i kata zwilzania woda.
Oprocz przezroczystych lakierow, wytworzono i przebadano réwniez farby proszkowe w
kolorze biatym, ktore wykorzystano do przeprowadzenia przyspieszonego testu klimatycznego
[P2]. Obecnos¢ pierscieni aromatycznych w powlokach na bazie TDI wptywa na zmniejszenie
ich odpornosci na warunki atmosferyczne w poréwnaniu do wytworzonych na bazie IPDI, co
dyskwalifikuje je do zastosowan zewnetrznych, np. architektonicznych. W ramach pracy [P2]
potwierdzono rowniez obecnos$¢ struktur chinonoimidowych, ktore sa przyczyna zotknigcia
powtok oraz zaproponowano mechanizm ich tworzenia. Powloki na bazie TDI oferuja jednak
dobre wlasciwosci mechaniczne przy stosunkowo nizszych kosztach. Pomimo gorszej
odpornosci na warunki atmosferyczne, dobre wtasciwosci mechaniczne sprawiaja, ze sg one
dobrym kandydatem do stosowania wewnatrz pomieszczen, gdzie nat¢zenie promieniowania
UV jest znacznie stabsze. Wykazano rdéwniez, ze obecno$¢ polisiloksanu KF-6000
wbudowanego w struktur¢ poliizocyjanianu zawierajagcego TDI, korzystnie wpltywa na
zachowanie potysku powlok po przyspieszonym tescie klimatycznym, jednak jego obecno$é¢

w powtloce nie przyczynia si¢ do zwigkszenia odpornosci powtoki na zoétknigcie.

W toku dalszych badan przeprowadzono testy majace na celu ocen¢ wiasciwosci
antykorozyjnych powlok, pod katem mozliwosci zastosowania ich do ochrony metali jako
energooszczedna alternatywa do klasycznych rozwigzan [P4], [P5]. Dobra ochrong przed
korozja zapewnia powloka bardzo dobrze przylegajaca do podtoza, nieprzepuszczalna
i szczelna, co stanowi bariere przed przedostawaniem si¢ czynnikdw wywotujacych korozje do

powierzchni metalu. Skuteczno$¢ ochrony barierowej mozna rowniez zwigkszy¢ nadajac

36



powloce wiasciwosci hydrofobowe. Wszystkie uzyskane powloki poliuretanowe zawierajace
zywice poliestrowg Sirales PE 6110 1 blokowany poliizocyjanian oparty na IPDI
charakteryzowaty si¢ bardzo dobra adhezja do podtoza (0 w skali 0-5, gdzie 0 — oznacza
najlepszy) oraz zwigkszong hydrofobowoscia (IGKF oraz IGKFX). Wlasciwosci ochronne
powlok zbadano poprzez przeprowadzenie testow zanurzeniowych w medium korozyjnym
(NaCl) oraz metoda elektrochemicznej spektroskopii impedancyjnej (EIS). Jako probke
referencyjng wykonano lakier utwardzany w standardowej temperaturze 180°C zawierajacy
komercyjnie dostepny poliizocyjanian Vestagon B1530 (wytworzony z udziatem IPDI
i zablokowany e-kaprolaktamem). Na podstawie uzyskanych wynikéw mozna byto zauwazy¢
brak skorodowania wokot rysy w przypadku powlok zawierajacych w swojej strukturze
polisiloksan KF-6000. Zwigkszenie ochrony antykorozyjnej tych powtlok jest skutkiem
wiegkszej ich hydrofobowo$ci niz usieciowanych za pomoca komercyjnego srodka sieciujagcego
(Vestagon B 1530) lub bPIC syntezowanych z udzialem glikolu polietylenowego (IGGX oraz
IGG) zamiast polisiloksanu KF-6000. Powtoki zawierajace w swojej strukturze ksylitol, takze
wykazywaly mniejsze odwarstwienie wokoét rysy co jest konsekwencja jego rozgal¢zionej
struktury, ktora przyczynita si¢ do zwigkszenia gestosci usieciowania i adhezji do podtoza
skutkujacych zwigkszeniem zdolno$ci ochrony barierowej. Badania za pomoca EIS
potwierdzity zalezno$ci uzyskane podczas badan zanurzeniowych, wskazujace na pozytywny
wplyw wbudowania ksylitolu i polisiloksanu w strukture blokowanych poliizocyjanianéw na
wlasciwos$ci ochronne powtok. Syntezowane blokowane poliizocyjaniany przebadano réwniez
pod katem mozliwo$ci wykorzystania ich jako $rodki sieciujace w lakierach wytworzonych
z udziatem zywicy akrylowej [P4]. Okazalo si¢, Zze usieciowane powloki poliuretanowo-
akrylowe wykazywaty wieksza twardo$¢ i odporno$¢ na zarysowanie niz zawierajace zywice
poliestrowa Sirales PE 6110 ze wzgledu na wigksza sztywno$¢ zywicy akrylowej wynikajaca
z usztywniajagcego dziatania grup metylowych pochodzacych od metakrylanu metylu.
Obecno$¢ zywicy akrylowej korzystnie wptyneta takze na zmniejszenie stopnia skorodowania
i odwarstwienia wokot rysy. Podobnie jak w przypadku powtok wytworzonych z udziatem
zywicy poliestrowej, potwierdzono rowniez korzystny wpltyw polisiloksanu KF-6000 na

wiasciwosci ochronne powlok.
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4.2. Badania nad synteza Srodkow sieciujacych dedykowanych do lakierow

niskotemperaturowych sieciowanych za pomoca promieniowania UV

Z wykorzystaniem promieniowania UV, mozliwe jest takze sieciowanie powtok
proszkowych w nizszej temperaturze. Na ten temat dokonatam przegladu literatury
i opublikowatam artykut przegladowy dotyczacy zastosowania tej techniki do utwardzania
wyrobow powltokowych proszkowych [P5]. Dzigki powlokom proszkowym utwardzalnych
pod wpltywem promieniowania UV mozliwe jest powlekanie nimi powierzchnio niskiej
odporno$ci termicznej tj. tworzywa sztuczne, kompozyty, ptyty MDF, HDF czy drewno.
W publikacji zostaly zawarte podstawy teoretyczne oraz reakcje zachodzace podczas
sieciowania powltok pod wplywem promieniowania UV, przebiegajace najczesciej wedtug
mechanizmu polimeryzacji wolnorodnikowej oraz kationowej. W artykule zostal opisany
rowniez wptyw poszczegdlnych mechanizméw reakcji, fotoinicjatoréw, czasu naswietlania,
temperatury procesu oraz innych czynnikéw na proces utwardzania powtoki. Szczegdlowo
zostal takze scharakteryzowany proces wytwarzania powlok proszkowych, jego wady i zalety,

a takze poréwnanie do klasycznych produktéw utwardzalnych termicznie.

W tym rozdziale zawartam réwniez dodatkowe informacje na temat powlok
proszkowych utwardzalnych pod wptywem UV, ktére pozyskatam dzigki przebywaniu na
stypendium naukowym NAWA Bekker, ktore realizowatam na Uniwersytecie w Akron, OH,
USA w grupie profesora Marka Soucek’a oraz szkolac si¢ pod okiem $wiatowej stawy
doswiadczonego specjalisty i praktyka w dziedzinie farb i lakierow proszkowych Kevina
Biller’a z firmy ChemQuest Powder Coating Research. Na podstawie zdobytej podczas stazu
wiedzy dokonatam optymalizacji procesu wytwarzania lakieréw oraz opracowatam warunki
malowania proszkowego materiatow o niskiej odpornosci termicznej obejmujace:
przygotowanie powierzchni, aplikacje proszku, topienie oraz sieciowanie za pomoca

promieniowania UV.

Proces otrzymywania niskotemperaturowych lakieréw proszkowych utwardzanych pod
wplywem promieniowania UV wigze si¢ z odpowiednim dostosowaniem receptury. Juz na
etapie wyboru surowcow istotny jest m.in. dobdr odpowiedniego fotoinicjatora, a takze jego
zawarto$ci w mieszance proszkowej. Kolejny etap obejmuje mielenie wstepne mieszanki, ktére
czesto wykonywane jest w mlynach z chtodzeniem, aby nie dopusci¢ do ogrzania mieszanki

podczas mielenia i do przedwczesnej polimeryzacji wigzan nienasyconych. Rowniez proces
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wytlaczania bardzo czgsto prowadzi si¢ w nizszej temperaturze niz w przypadku produktow
wysokotemperaturowych. Po wyprodukowaniu gotowego wyrobu proszkowego istotne jest
réwniez odpowiednie przygotowanie malowanej powierzchni. Jest to jeden z waznych
czynnikow decydujacych o jakosci otrzymanej powtloki, w szczegdlnosci jej adhezji do
podtoza. Odpowiednie przygotowanie nieprzewodzacego podtoza takiego jak tworzywa
sztuczne, kompozyty, ptyty MDF czy drewno stanowi wyzwanie w procesach natryskiwania
elektrostatycznego wykorzystywanego podczas malowania proszkowego. Osadzanie proszku
opiera si¢ na przyciaganiu naladowanych czastek do podtoza. W zwigzku z tym do podtoza
nieprzewodzacego nalezy wprowadzi¢ substancje o wlasciwos$ciach przewodzacych lub pokry¢
go roztworem przewodzacym. Przykladem moze by¢ sadza przewodzaca lub inne dodatki takie
jak nanorurki weglowe lub grafen, ktére moga by¢ wprowadzane do podtozy z tworzyw
sztucznych w celu nadania im przewodnictwa elektrycznego. Dodatki te jednak sg drogie, co
zwigksza znaczaco koszty produkcji. Inne rozwigzanie polega na natozeniu przewodzacego
wodnego lub alkoholowego roztworu zawierajacego np. czwartorzedowe sole amoniowe na
nieprzewodzaca powierzchnig, co takze zapewnia odpowiednie przewodnictwo do
elektrostatycznego osadzania powtoki proszkowej [77]. Roztwor jest naktadany na powlekany
element 1 po odparowaniu rozpuszczalnika, pozostaje na jego powierzchni przewodzaca
warstwa soli. Inna metoda malowania proszkowego elementéw nieprzewodzacych polega na
natryskiwaniu plomieniowym. Plomien topi chmure proszku, ktéry osadza si¢ na podtozu
W postaci stopionej masy. Przy napylaniu za pomoc3 tej techniki trudna do kontrolowania jest
grubo$¢ powtoki. Ponadto wyroby niskotemperaturowe, moga niekontrolowanie sieciowaé
podczas ogrzewania ptomieniem przed utworzeniem ciaglej powloki. Aby odpowiednio
przygotowa¢ powierzchnie nieprzewodzace do malowania proszkowego wykorzystywana jest
réwniez obrobka plazmowa, ktdrej celem jest fizyczne oczyszczenie i wytrawienie powierzchni
materialu oraz zapewnienie przewodnictwa. Powierzchnie takich materiatéw jak ptyty MDF,
HDF czy drewno po wysuszeniu do zawarto$ci wilgoci na poziomie od 4-8%, poddaje si¢
szlifowaniu oraz wstepnie podgrzewa do 120°C. Na tak przygotowang powierzchni¢ napyla si¢
proszek w konwencjonalnym procesie elektrostatycznym. Rysunek 11 przedstawia wyniki testu
przyczepnosci do podioza z tworzywa sztucznego, ktdre zostato pomalowane farba proszkowa
usieciowang pod wptywem promieniowania UV. Czg§¢ A przedstawia element z tworzywa
ABS, ktory zostat pomalowany plazmowo, natomiast w cze$ci B umieszczono probke pokryta
farba napylona elektrostatycznie, ktorej powierzchnia przed malowaniem zostala pokryta
roztworem przewodzacym, jednak nie zapewnito to wystarczajacej adhezji do podtoza.

Napylanie plazmowe pozwolito na uzyskanie pokrycia powierzchni o dobrej przyczepnosci
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powloki do podtoza. Proces ten ma jednak swoje wady, oprocz tego, ze jest dos¢ kosztowny, to

elementy z tworzywa sztucznego moga ulega¢ deformacji.

Rysunek 11. Wyglad powlok po badaniu przyczepnosci do podtoza napylanych za pomocg A - plazmy,
B — standardowej techniki elektrostatycznej

Rysunek 12 przedstawia powloki natozone i utwardzone na ptycie MDF. Probka A zostata
odpowiednio wysuszona w piecu do zawarto$ci wilgoci 7%, aby zapewni¢ odpowiednie
przewodnictwo niezbgdne do napylenia farby metoda elektrostatyczng, natomiast element B
zostal wyjety z pieca, gdy zawarto$¢ wilgoci byta na poziomie 15%. Krawedzie elementu B nie
zostaly odpowiednio pokryte farba proszkowa. Rezultat ten widoczny jest rowniez na tylnej
stronie probki MDF, ktéra podczas malowania proszkowego powinna by¢ pomalowana takze
z tej strony, ze wzgledu przyciaganie natadowanych czasteczek proszku przez malowany
element zgodnie z prawidlowym rozkltadem linii sil pola elektrycznego. Na podstawie
przeprowadzonych badan okazato si¢, ze bardzo waznym elementem podczas procesu
malowania proszkowego podlozy nieprzewodzacych i wrazliwych na wysoka temperature,

w szczeg6lnosci materiatdéw drewnopochodnych, jest etap przygotowania powierzchni.
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Kolejnym etapem procesu malowania proszkowego w technologii UV jest stopienie
powtoki proszkowej na powierzchni, ktore moze odbywaé si¢ w piecu nagrzanym do
temperatury topnienia farby proszkowej lub za pomocg promieniowania IR. Zastosowanie
podczerwieni ma t¢ zalete, ze promieniowanie IR kierowane jest na powierzchni¢ powlekanego
elementu, koncentrujac emitowang energi¢ tylko na samej powtoce, a nie na calym malowanym

przedmiocie. Rozwigzanie to umozliwia stopienie proszku bez ryzyka uszkodzenia podtoza.

°

zawartosci wilgoci, B - ptytka MDF

7 ) \’: 1l | il ‘
Rysunek 12. Pomalowana farbg proszkowg A - ptytka MDF o 7%
o 15% zawartosci wilgoci.
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Nastepnie stopiona, ciekta powloka poddawana jest dziataniu promieniowania UV w celu
inicjacji procesu sieciowania. Zaleta tej technologii utwardzania jest to, ze caly proces mozna
przeprowadzi¢ w ciggu 1-5 minut. Proces ten wymaga podgrzania probki tylko do zapewnienia
stopienia powloki, a nie do zapoczatkowania przebiegu reakcji sieciowania, co odbywa si¢
zazwycza] w stosunkowo niskiej temperaturze (105-125°C). Nalezy jednak pamigtaé, aby
wszystkie powlekane powierzchnie byly wystawione na dziatanie promieniowania UV.
W miejscach, gdzie nie dociera promieniowanie UV powtoka moze nie zosta¢ w pehni
usieciowana. Wplyw na jakos$¢ otrzymanej powtoki ma rowniez odpowiedni dobor lampy do
utwardzania w zalezno$ci od tego czy proszek zawiera pigmenty czy nie. Rysunek 13
przedstawia réznice przyczepnosci powtoki do MDF przy zastosowaniu dwoch typow lamp.
Lepsza przyczepno$¢ farby do podtoza MDF uzyskuje si¢, w przypadku usieciowania za
pomoca lampy typu V, ktora dedykowana jest dla powtok pigmentowanych. W przypadku
zastosowania lampy typu H, przyczepno$¢ powloki do podioza jest gorsza, poniewaz lampa ta
przeznaczona jest dla lakier6w niepigmentowanych. Pigmenty lub dodatki moga pochtaniaé
lub odbija¢ promieniowanie UV, co moze skutkowaé niecatkowitym usieciowaniem powloki,
dlatego istotny jest odpowiedni dobor lampy, aby emitowane przez nig promieniowanie byto

w jak najmniejszym stopniu pochtaniane przez sktadniki farby.

e L R VI U W N

Rysunek 13. Pro'bki' farby usieciowane za pomocg lampy typu Hi V na MDF po badaniu |
przyczepnosci do podioza
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Po zapoznaniu si¢ z wyzwaniami jakie stawiane sg obecnie na rynku farb i lakierow
proszkowych utwardzanych za pomoca promieniowania UV, w celu rozwigzania problemu ze
stabym usieciowaniem tego typu powtlok, opracowalam specjalne $rodki sieciujace, ktore
w potaczeniu z nienasycong zywicg poliestrowa ulegaja polimeryzacji wolnorodnikowej,
zwigkszajac gestos¢ usieciowania powloki [P6]. W badaniach zastosowatam PIC o takiej samej
strukturze, jak w przypadku lakierow poliuretanowych utwardzalnych termicznie. Jednak
w tym przypadku w drugim etapie syntezy zamiast blokowania PIC zostal poddany reakcji ze
zwigzkami zawierajacymi wigzania nienasycone tj. akrylan 2-hydroksyetylu lub metakrylan
2-hydroksyetylu. Podczas drugiego etapu syntezy kluczowa byla kontrola temperatury, aby nie
przekroczyta wartosci powyzej 80°C, co mogloby spowodowaé przedwczesng polimeryzacje
wigzan podwdjnych. W celu wytworzenia lakieréw proszkowych utwardzanych za pomoca
promieniowania UV otrzymane $rodki sieciujace zmieszano z nienasycong zywicg poliestrowa
wytworzong przez firme Sarzyna Chemicals, fotoinicjatorem Irgacure 651 oraz dodatkami tzw.
koniecznymi. Nastepnie dobrano odpowiednie parametry wyttaczania: temperatur¢ w zakresie
od 95 do 107°C oraz predkos¢ wyttaczania na poziomie 125 rpm. Otrzymany lakier proszkowy
napylono na Q-panele testowe, ktore umieszczono w piecu o temp. 110°C, w celu stopienia
powloki a nastgpnie utwardzono za pomocg urzadzenia Dymax UVC-5 Compact Light-Curing
Conveyor System wyposazonego w standardowa lampe rteciowg o mocy 850 W. Aby otrzymac
w pelni usieciowang powtoke poddano ja dziataniu 5 cykli nas$wietlania. Zadaniem
wprowadzonego $rodka sieciujacego byto zwigkszenie gestosci usieciowania oraz poprawa
wlasciwo$ci mechanicznych powlok proszkowych wytwarzanych z zastosowaniem
nienasyconej zywicy poliestrowej. Gesto$¢ usieciowania powlok wyznaczono na podstawie
analiz DMA. Otrzymane powtoki zawierajace akrylan 2-hydroksyetylu (HEA) lub metakrylan
2-hydroksyetylu (HEMA) poroéwnano z probka referencyjng wytworzong bez udziatu $rodka
sieciujgcego. Powloki utworzone z udzialem S$rodka sieciujacego zawierajacego HEA
charakteryzowaly si¢ wyzsza gesto$cig usieciowania niz usieciowane w wyniku reakcji
z HEMA. Zwiazane jest to z wigksza reaktywno$cig grup akrylowych niz metakrylowych.
Powloki zawierajace HEA charakteryzuja si¢ rowniez wyzsza gesto$cig usieciowania
w porownaniu do probki referencyjnej. Najwigksze warto$ci gestosci usieciowania mialy
probki IGGX/HEMA i IGGX/HEA, co jest skutkiem obecno$ci w tych prébkach glikolu
polietylenowego o nizszej masie molowej (300 g/mol) w porownaniu do powlok zawierajacych
polisiloksan KF-6000 o masie molowej 1000 g/mol. Dhuzsze tancuchy polisiloksanu tworza
segmenty liniowe o wigkszej dtugosci niz glikol polietylenowy o krotszych tancuchach, czego

skutkiem jest roznica wilasciwosci. Powtoki zawierajace glikol polietylenowy wykazywaty
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wysoka sztywno$¢ 1 krucho$¢ w poroéwnaniu do powltok zawierajacych polisiloksan. Dodatek
polisiloksanu przyczynil si¢ do zwigkszenia elastyczno$ci powtok. Probki usieciowane
z dodatkiem $rodka sieciujacego charakteryzowaty si¢ lepszymi wlasciwo$ciami
mechanicznymi w poréwnaniu z powtloka referencyjng wytworzong tylko z udziatem
nienasyconej zywicy. Zaobserwowano wzrost twardos$ci, odpornosci na zarysowanie oraz
przyczepnosci do podiloza probek zawierajacych $rodek sieciujacy. Otrzymane lakiery
wykorzystano do malowania plyty MDF oraz drewna. Z sukcesem otrzymano powtoki

usieciowane za pomoca promieniowania UV na podtozach wrazliwych na wysoka temperature.

Oprocz wynikéw badan przedstawionych w artykule [P6] zbadano takze przebieg
procesu fotopolimeryzacji UV za pomoca foto-DSC. Badania polegaly na wykonaniu
pomiarow technika réznicowej kalorymetrii skaningowej z przystawka UV. Do analizy
wybrano lakiery IGKFX/HEA oraz IGKFX/HEMA, ktére ogrzewano izotermicznie
w temperaturze 110°C przez 10 minut po czym wilaczano Zrédlo $wiatta i naswietlano probki
przez 5 minut w zakresie dlugosci fali promieniowania ultrafioletowego 280-400 nm
i natezeniu $wiatla padajacego Io= 400 mW/cm?, zgodnie z charakterystyka lampy UV
stosowanej podczas utwardzania powtok.

Tabela 1. Charakterystyczne parametry procesu fotopolimeryzacji dla lakierow proszkowych
sieciowanych pod wptywem promieniowania UV.

Symbol probki AH (J/g) t max (S) t caik. ()
IGKFX/HEA 29,20 0,60 88
IGKFX/HEMA 26,30 0,60 oraz 6 120

AH- ciepto wydzielone podczas reakcji; tmax- czas potrzebny do osiagnigcia maksymalnej szybkosci reakeji; teatk.-
catkowity czas trwania procesu;

Wyniki analizy przedstawiono w tabeli 1. Dla probki IGKFX/HEA oraz IGKFX/HEMA
odnotowano szczyt reakcji fotochemicznej po 0,6 s naswietlania, a ciepto wydzielone podczas
tej reakcji dla probki zawierajacej akrylan 2-hydroksyetylu bylo wyzsze, niz dla probki
zawierajacej metakrylan 2-hydroksyetylu. Wynik ten potwierdza juz wczesniej wspomniang
wigksza reaktywnos$¢ grup akrylowych niz metakrylowych. W przypadku probki z HEMA
charakterystyczne jest wystepowanie dwoch pikow, przy czym pierwszy pojawia si¢ po 0,6 s

naswietlania, a drugi odpowiednio po 6 s. Reakcja fotopolimeryzacji w tych uktadach biegnie
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jeszcze przez kilkadziesigt sekund, jednakze efekty energetyczne tych proceséw sa mate.
Skrécenie czasu ogrzewania izotermicznego z 10 min do 3 min nie wplywa na zwigkszenie

efektu egzotermicznego reakcji sieciowania podczas naswietlania lampg UV (rysunek 14).
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Rysunek 14. Krzywe kinetyczne procesu fotopolimeryzacji prowadzonego w roznych warunkach dla
probki IGKFX/HEA (2=280-480 nm; 1)=400mW/cm2; N>= 10 ml/min., izotermicznie 110°C/10 min).

5. PODSUMOWANIE

W ramach niniejszej rozprawy doktorskiej opracowalam metodyke i warunki syntezy
nowych §rodkow sieciujacych do niskotemperaturowych lakieréw proszkowych. Otrzymane
srodki sieciujace to blokowane poliizocyjaniany dedykowane do wyrobow utwardzanych
termicznie oraz uretano-akrylany przeznaczone do lakierow sieciowanych pod wptywem
promieniowania UV.

Do opracowania $rodkéw sieciujacych po raz pierwszy wykorzystatam surowce
pochodzace ze zrdédet odnawialnych tj. gliceryna oraz ksylitol w kierunku zwigkszenia
funkcyjnosci PIC, co skutkowalo poprawa wlasciwosci fizyko-mechanicznych powlok.
Zastosowanie surowcoéw pochodzenia naturalnego sprawito, ze wytworzone lakiery proszkowe
byly bardziej ekologiczne. Poprzez dodatek glikolu polietylenowego zwigkszono elastycznosé

powtok, natomiast polisiloksan KF-6000 oprocz zwigkszenia elastycznosci nada powtokom
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charakter hydrofobowy. Odpowiedni dobor $rodka blokujacego w przypadku blokowanych PIC
wplynat na obnizenie temperatury rozpoczecia si¢ procesu odblokowania. Zoptymalizowatam
takze prowadzenie syntez srodkow sieciujacych metoda w masie poprzez kontrole temperatury,
lepkosci, zawartosci grup funkcyjnych, kolejnos¢ dodawania surowcoéw do mieszaniny
reakcyjnej oraz wylewanie gotowego produktu na goraco po zakonczeniu procesu. Otrzymane
srodki sieciujace po ochtodzeniu zestalaly si¢ i z powodzeniem mogly zosta¢ uzyte jako
sktadnik do farb i lakierow proszkowych. Opracowalam takze unikalne receptury farb
i lakierow proszkowych poprzez odpowiedni dobor stosunkdéw wagowych substancji
powlokotworczych ($rodek sieciujacy oraz zywica) a takze dodatkow tj. srodek zwigkszajacy
rozlewnos¢, srodek odgazowujacy, fotoinicjator. Dokonatam takze optymalizacji parametrow
procesu wytwarzania nowych wyrobow proszkowych niskotemperaturowych, gtéwnie poprzez
dobor temperatury w procesie wytlaczania, przygotowania powierzchni powlekanych
elementow oraz sieciowania powltok, w szczegdlno$ci opracowania warunkdéw procesu
utwardzania farb i lakier6w na podtozach wrazliwych na wysoka temperaturg tj. ptyty MDF
oraz drewno.

Mozliwo$¢ zastosowania otrzymanych $rodkéw sieciujagcych w lakierach proszkowych
oceniano glownie na podstawie ich zachowania si¢ podczas kontrolowanego ogrzewania
metoda DSC, TGA oraz DMA. Metoda TGA potwierdzitam, ze proces odblokowania si¢
blokowanych poliizocyjaniandw przebiega w nizszej temperaturze i pozytywnie wptywa na
obnizenie temperatury utwardzania powlok. W przypadku zastosowania bPIC wytworzonych
z udzialem IPDI temperatura utwardzania powtloki wynosita 150°C, gdy jako s$rodka
blokujacego uzytam oksymu acetonu lub 160°C gdy PIC zablokowatam oksymem 2-butanonu,
natomiast catkowite usieciowanie powtoki zawierajacej $rodek sieciujacy oparty na TDI
i MEKO nastgpowato w 140°C. W wyniku dodatku opracowanych $§rodkow sieciujacych
otrzymalam niskotemperaturowe lakiery proszkowe, ktére tworzyly powloki o wigkszej
gestosci usieciowania, co pozytywnie wplyneto na uzyskanie witasciwosci mechanicznych
powlok na dobrym poziomie, spetniajacych wymagania techniczne Qualicoat.

Dzigki opracowaniu uretano-akrylanéw dedykowanych do zastosowania w technologii UV,
udato si¢ obnizy¢ temp. procesu do 110°C, co umozliwito utwardzanie powlok na drewnie oraz
MDF. Zoptymalizowalam takze proces utwardzania powlok poprzez dobdr odpowiedniej
temperatury i czasu potrzebnego na stopienie proszku, a takze typu lampy UV i czasu

naswietlania.
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W ramach prezentowanej pracy udowodnitam, ze wytworzone przeze mnie $rodki
sieciujace i lakiery proszkowe z powodzeniem moga zosta¢ zaklasyfikowane jako wyroby
niskotemperaturowe. Odpowiedni dobor surowcéw oraz zoptymalizowanie procesu syntezy
srodkéw sieciujacych pozwolito na wykorzystanie ich do wytwarzania niskotemperaturowych
wyrobow proszkowych. Opracowanie odpowiednich warunkéw procesu przygotowania
podtoza oraz utwardzania wyrobow lakierowych pozwolito z sukcesem zastosowaé je na
materialy o niskiej odpornos$ci termicznej z utworzeniem powtok charakteryzujacych si¢ dobra

przyczepnoscia do podtoza, zwigkszong hydrofobowoscia 1 odpornoscia na zarysowanie.
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STRESZCZENIE W JEZYKU POLSKIM

Niniejsza rozprawa doktorska dotyczy modyfikacji farb i lakierow proszkowych,
w kierunku obnizenia temperatury utwardzania. Zaproponowane w ramach niniejszej pracy
rozwigzanie polegato na opracowaniu nowych s$rodkéw sieciujacych, ktore umozliwity

otrzymanie produktow niskotemperaturowych.

Farby i lakiery proszkowe okreslane sg jako ekologiczna alternatywa dla ciektych
wyrobow lakierowych, szczeg6lnie rozpuszczalnikowych, poniewaz w przeciwienstwie do

nich nie emitujg lotnych zwiazkéw organicznych (LZO).

Obecnie wyzwaniem technologicznym w dziedzinie wyrobéw powlokowych
proszkowych jest zbyt wysoka temperatura utwardzania standardowych farb i lakierow
proszkowych, ktora uniemozliwia zastosowanie ich do pokrywania podtozy wrazliwych na
wysokg temperature takich jak tworzywa sztuczne, kompozyty, ptyty MDF czy drewno.
Ponadto pojawiajace si¢ na rynku pierwsze produkty charakteryzuja si¢ niska gestoscig
usieciowania, co skutkuje stabg odpornoscia powtok na czynniki mechaniczne. Odpowiedzig
na to wyzwanie jest opracowanie wyrobow powlokowych proszkowych utwardzanych
termicznie w nizszej temperaturze lub utwardzanych pod wplywem promieniowania UV

o dobrych wlasciwosciach mechanicznych.

W ramach prezentowanej pracy opracowano nowe $rodki sieciujace, dedykowane do
niskotemperaturowych wyrobow proszkowych oraz utwardzalnych za pomocg promieniowania
UV, dokonano ich charakterystyki, a takze dobrano sktad receptur farb i lakieréw oraz
warunkow ich aplikacji 1 utwardzania na podlozach o stabej odpornosci termicznej. W celu
opracowania wyrobow lakierowych proszkowych utwardzanych w temperaturze nizszej niz
160°C oraz za pomoca promieniowania UV, wybrano dwie $ciezki badawcze. Pierwsza z nich
polegata na zastosowaniu specjalnie opracowanych blokowanych poliizocyjaniandéw o nizszej
temperaturze odblokowania z wykorzystaniem jako srodki blokujace dwéch oksymow (oksymu
2-butanonu oraz oksymu acetonu), doborze receptury i wytworzeniu niskotemperaturowych
lakierow proszkowych. Sieciowanie lakierow polegalo na odblokowaniu blokowanego
poliizocyjanianiu i reakcji odblokowanych grup izocyjanianowych z zywicg poliestrowa
z utworzeniem wigzan uretanowych. Drugie rozwigzanie dotyczyto opracowania nowych
uretano-akrylanéw zawierajacych w swojej strukturze wigzania nienasycone pochodzace od

akrylanu 2-hydroksyetylu oraz metakrylanu 2-hydroksyetylu, ktore braty udzial w reakcji
59



sieciowania inicjowanej za pomocg promieniowania UV. W celu rozwigzania problemu
zwigzanego z niskg gestos$cig usieciowania produktow komercyjnych, w ramach niniejszej
pracy po raz pierwszy do zwigkszenia funkcyjnosci srodkow sieciujacych wykorzystano m. in.
surowce pochodzenia naturalnego tj. gliceryna i1 ksylitol zgodnie z obecnym trendem

ekologicznym dazacym do zastgpowania surowcow petrochemicznych.

W ramach rozprawy doktorskiej opublikowano sze$¢ artykutéw naukowych, w ktorych
przedstawione wyniki badan znaczaco wzbogacaja obecny stan wiedzy dotyczacej tematyki
niskotemperaturowych farb 1 lakierow proszkowych. Dzigki nowym specjalnie
zaprojektowanym $rodkom sieciujagcym otrzymano lakiery proszkowe utwardzalne w niskiej
temperaturze tj. 140 oraz 150°C oraz pod wptywem promieniowania UV o duzej gestosci
usieciowania 1 wigkszej hydrofobowosci, ktore z powodzeniem moga zosta¢ zastosowane do
pokrywania podlozy wrazliwych na wysoka temperature. Nizsza temperatura utwardzania
oprocz poszerzenia mozliwosci zastosowania produktu, wplywa rowniez korzystnie na
oszczedno$¢ energii potrzebnej do zapewnienia usieciowania powloki, co przy obecnym
kryzysie energetycznym jest réwniez bardzo waznym aspektem ekologicznym

i ekonomicznym.
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STRESZCZENIE W JEZYKU ANGIELSKIM

This PhD dissertation details modifications to lower the curing temperature of powder
coatings. The solution proposed within the scope of this dissertation involves the development

of novel crosslinking agents that enable low-temperature cure of powder coatings.

Powder coatings are an environmentally friendly alternative to liquid paint products,
especially solvent-based ones, because unlike them they do not emit volatile organic

compounds (VOCs).

Currently, the challenge in the field of powder coating technology is that the curing
temperatures of conventional powder coatings are too high to use them to coat heat-sensitive
substrates such as plastics, composites, MDF or wood. One solution is to develop powder

coating products that are either thermally cured at lower temperatures or with UV energy.

In these studies, new crosslinking agents were developed for low-temperature and UV-
curable powder coatings. The compositions of powder coatings developed were characterized
for their application and curing on heat-sensitive substrates. Two research paths were chosen
to develop powder coatings capable of curing at temperatures lower than 160°C and/or by UV

radiation.

The first approach was to synthesize novel blocked polyisocyanates using two different
oximes (2-butanone oxime and acetone oxime) as blocking agents, then formulating and
producing low-temperature cure powder coatings based on these blocking agents. The
crosslinking of the coatings was accomplished by deblocking the blocked polyisocyanates and

reacting them with hydroxyl functional polyester resin to form urethane bonds.

The second approach involved the development of novel urethane-acrylates oligomers
containing unsaturated bonds derived from either 2-hydroxyethyl acrylate or 2-hydroxyethyl
methacrylate. These unsaturated bonds are designed for UV-initiated crosslinking. As a means
to overcome the issue associated with the low crosslink density of commercial products, the
present work, for the first time, utilized naturally occurring raw materials, i.e. glycerin and
xylitol, to increase the functionality of crosslinking agents. This is consistent with current trends

seeking to replace petrochemical raw materials with bio-based feedstocks.

61



In addition, six scientific articles were published as part of the dissertation, of which the
presented research significantly enriches the current state of the art of low-temperature curing
powder coatings. The novel crosslinking agents developed yielded powder coatings curable at
low temperatures, i.e. 140 and 150°C, or with UV radiation producing powder coatings with
high crosslink density and excellent hydrophobicity. These coatings can be successfully used
to coat heat-sensitive substrates. Besides expanding the product's application possibilities, the
lower curing temperature also has a positive effect on reducing the energy needed to provide
crosslinking of the coating, which, in the current energy crisis, is a very important

environmental and economic benefit.
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ARTICLE INFO ABSTRACT

Keywords:

Powder coatings
Blocked polyisocyanates
Low temperature curing
Hydrophobicity

MDF coating

The method of the synthesis of blocked polyisocyanates (bPIC) used as a crosslinking agent for hydrophobic and
low temperature curing powder coatings was developed. In the synthesis of polyisocyanates (PIC) isophorone
diisocyanate, glycerine, xylitol, polyethylene glycol and polysiloxane KF-6000 as well as two different blocking
agents, i.e. acetone oxime and butanone oxime were used. The chemical structure of the obtained blocked
polyisocyanates was confirmed by IR and NMR spectroscopy and the molecular mass distribution was investi-

gated using gel permeation chromatography (GPC). The thermal behavior and the deblocking process were
investigated by means of TG, DSC and DMA. The obtained coatings were evaluated by performing the following
tests: roughness, gloss, scratch resistance, hardness, adhesion to the steel and water contact angle. As part of this
research, the hydrophobic and high scratch resistance coatings cured at 150 °C were developed.

1. Introduction

Polyurethanes (PU) were described as a very large and diverse family
of engineering materials, which are extremely versatile and useful.
Rapid reaction of the isocyanate with a hydroxyl terminated oligomer
leads to the formation of a urethane bond (-NH-CO-O-). Modifications of
polyurethanes lead to the production of a wide range of products,
namely elastomers, fibres, foams, adhesives and coatings, including
powder coatings [1-4]. In recent years, there has been significant
progress in the production of powder coatings due to numerous ad-
vantages such as their better properties, environmentally friendly
application because they contain 100% solids, are VOC-free and do not
require the use of in-can biocides. Furthermore, powder products
generate very small amounts sewage or waste (below 10%), the powder
discharged during application can be reused. Polyurethane (PU) powder
coatings are based on blocked polyisocyanates (bPICs) and hydroxyl
terminated resins. PU powder coatings have good properties such as
very good elasticity, adhesion to metal surface, abrasion and scratch
resistance and also excellent chemical as well as UV resistance [5-7]. In
order to prevent reactions between -NCO and -OH groups during
extrusion and storage of the powder coating, -NCO groups derived from

* Corresponding author.
E-mail address: barbpi@prz.edu.pl (B. Pilch-Pitera).

https://doi.org/10.1016/j.porgcoat.2021.106402

polyisocyanate (PIC) should be blocked. A blocked polyisocyanate
(bPIC) is an adduct which contains a relatively weak bond formed by the
reaction between the di- or polyisocyanate and a compound containing
an active hydrogen atom. While the coating is curing at higher tem-
perature the unblocking reaction takes place and the isocyanate regen-
erate. Then the regenerated di- or polyisocyanate (PIC) react with the
resin containing hydroxyl functional groups, creating a urethane bond,
which is thermally more stable. The general external blocking and
deblocking reaction is shown in Fig. 1 [8,9]. The structure of poly-
isocyanate and the blocking agent has a significant impact on the
unblocking temperature. The most widely chosen blocking agents are
phenols, oximes, amides, imides, imidazoles, pyrazoles, 1,2,4-triazoles,
hydroxamic acid esters, and active methylene compounds [10,11]. In
thermally cured polyurethane coating the deblocking temperature of the
bPIC is an important factor. If a deblocking temperature is below 160 °C
then these bPICs can be used as a cross-linking agent for powder coatings
suitable for painting heat-sensitive substrates e.g. MDF (medium density
fibreboards), composites or wood.

In 1974 a blocked isocyanate prepolymer was used for the first time.
In U.S. Patent 3 857 818 Frizelle et al. used methyl ethyl ketoxime
(MEKO) as a blocking agent. According to this patent, in cases where
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Fig. 1. The scheme of blocking/deblocking reaction of polyisocyanate.

ketoxime-blocked prepolymer is not a solid, the addition of amine is
necessary. Hydroxyl-functional resin is used for PU powder coating
composition in combination with ketoxime-blocked isocyanate prepol-
ymer. Composition was cured for 15 min in 175-190 °C [12]. Shen et al.
presented a series of water dispersible blocked polyisocyanates in which
methyl ethyl ketoxime (MEKO) was also used as a blocking agent. The
very popular e-caprolactam was also used as a blocking agent. The au-
thors also characterized the deblocking temperature using DSC and TG
[13]. Sankar and Nasar described the deblocking mechanism of series N-
methylaniline-blocked isocyanates based on monomeric diisocyanates
such as MDI, TDI, IPDI, HMDI and their -NCO terminated polyurethane
prepolymer [8,14]. Kothandaraman et al. used cyclohexanone oxime to
block isophorone diisocyanate and toluene diisocyanate. It was found
that the aromatic blocked polyisocyanate adduct decomposed at a lower
temperature than the alicyclic one [15]. However, the use of aromatic
diisocyanates is limited because of their tendency to yellowing when are
exposed to light.

It is also worth mentioning the work of Gedan-Smolka et al., who
presented the effect of various blocking agents on the deblocking tem-
perature of blocked isocyanates. To this purpose, they used simulta-
neous thermal analysis and quadrupole mass spectrometry system (STA/
QMS) and compared the results with DSC and temperature-dependent
FTIR data to determine the deblocking temperature [16]. Recently
blocked polyisocyanates as components for PU powder coatings were
widely described in a review article by Farshchi et al. [17].

In order to effectively protect heat-sensitive substrates e.g. MDF,
composites or wood, except to the lower curing temperature, which will
protect the substrate from deformation, it is important that the coatings
have high resistance to external factors, e.g. light, water, moisture.

The polyurethane powder coatings with increased hydrophobicity
can be obtained in a reaction of blocked polyisocyanates with resins
contained siloxane or fluorinealkyl segments [18,19].

Another way leading to obtain hydrophobic surface of cured poly-
urethane powder coatings consisted of the use of allophanate or biuret
polyisocyanates with incorporated fluorinealkyl or siloxane chains
[20-24]. However, the curing temperature of modified coatings dis-
closed in the patents was higher than 170 °C.

Our previous work has also been dedicated to the modification of
polyisocyanates towards increasing their hydrophobicity [3,25,26]. The
increase in PIC functionality was achieved due to the presence of biuret
or allophanate groups, while the increase in hydrophobicity occurred as
a result of incorporation of perfluorinated alkohols or hydroxyl func-
tional polysiloxane into the polyisocyanate molecule. The obtained clear
coatings were curing at 170 °C for 20 min.

The aim of this work was to develop a way of synthesis of new
blocked polyisocyanates with lower deblocking temperature as a
crosslinkers for hydrophobic thermosetting polyurethane powder clear
coatings dedicated for MDF or wood. The increase in PIC functionality
was achieved by using the mixture of glycerine and xylitol, for their
synthesis while the increase in hydrophobicity was achieved by incor-
porating hydroxyl terminated polysiloxane into their structure. Addi-
tionally, acetone or butanone oxime was used as a blocking agent to
decrease their deblocking temperature.

2. Experimental
2.1. Materials

Isophorone diisocyanate (IPDI) from Evonic Industries (Germany),
dibutyltin dilaurate (DTB) from Sigma Aldrich (Switzerland) glycerine

from Chempur (Poland), polyethylene glycol (Mw = 300 g/mol) from
POCH-Gliwice S.A. (Poland), a,0-(hydroxyethyleneoxypropylene)poly-
dimethylsiloxane (KF-6000), hydroxyl value: 120 mg KOH/g from Shin-
Etsu (Japan), xylitol from J&K Scientific (China), blocking agent:
acetone oxime (AO), methyl ethyl ketoxime (MEKO) from TCI (Japan).
For powder coatings: polyester resin Sirales PE 6110 based on iso-
phthalic acid and neopentyl glycol (acid value: 4-8 mg KOH/g, hydroxyl
value: 30-45 mg KOH/g) was supplied by Sir Industriale (Italy), flow
control agent Resiflow PV 88 was supplied by Worlee Chemie GmbH
(Germany), benzoin as degassing agent was purchased from Sigma
Aldrich (Switzerland).

2.2. Synthesis of polyisocyanates

IPDI and dibutyltin dilaurate as a catalyst (0.1 wt% with respect to
diisocyanate) were placed in a three-necked flask equipped with a reflux
condenser, thermometer, glass stirrer, nitrogen inlet and dropping fun-
nel. In the meantime, a mixture of glycerine and xylitol was prepared,
the beaker with the mixture was placed on a magnetic stirrer at 90 °C in
order to dissolve the sugar alcohol. After dissolving of xylitol, poly-
ethylene glycol or KF-6000 was subsequently added to the mixture.
Next, the successive mixture was introduced dropwise to diisocyanate in
flask. The reaction mixture was then maintained at the temperature of
90 °C, stirred and refluxed for 1,5 h.

2.3. Blocking reaction

Acetone oxime or methyl ethyl ketoxime was added to obtained
polyisocyanate in ratio -NCO to -OH 1:1. The synthesis was stirred for
about 1 h at 110 °C. The reaction was monitored with the FT-IR. After
the absorption of the -NCO group in the FT-IR spectrum had completely
disappeared, the reaction was completed. The obtained blocked poly-
isocyanates were named according to the letters derived from the names
of the substrates, e.g. IGKFX/AO means a bPIC made of IPDI, poly-
ethylene glycol, KF-6000, xylitol and blocked with oxime acetone.

2.4. Preparing powder coating compositions and coatings

The polyurethane powder coating compositions consisted of a
blocked polyisocyanate, polyester resin in the molar ratio of -NCO to
-OH group equal to 1:1, degassing agents (1 wt%) and leveling agent (1
wt%). Prepared mixture was milled and extruded in a co-rotating twin
screw mini extruder EHP 2 x 12 Slime from Zamak (Poland). Temper-
ature distribution in the extruder was as follows: zone 1-95 °C, zone II-
110 °C, zone I1I-120 °C, adapter-125 °C. Screw rotational speed was 100
rpm. After extrusion, the mixture was cooled, pulverized and then sieved
on a 100 pm sieve. The final powder coatings were applied by electro-
static gun PEM X-1 controlled by EPG Sprint X (CORONA) from Wagner
(Switzerland) to previously prepared steel panels. The used voltage of an
electrode was 30 kV. In the gun, the powder particles were transported
from a tank using compressed air and electrified by the electrode located
in a gun nozzle. Then the charged particles were moved to the grounded
steel panels. The steel plates were first degreased with acetone and then
immersed in 1.5% aqueous solution of ESKAPHOR Z 2000C with pH =
5.5 for 4 min in order to apply a phosphate-zirconium conversion
coating. After removing from the solution, the plates were rinsed with
distilled water and dried. The obtained coatings were named according
to the name of the bPIC used as crosslinking agent, e.g. L-IGKFX/AO
means a coating with IGKFX/AO.
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3. Measurements
3.1. Characterization of blocked poliisocyanates

3.1.1. Gel permeation chromatography (GPC)

The GPC apparatus used was a Viscotec T60A equipped with a triple
detector: RI, light scattering (LS) and viscosity (DV) detector. Tetrahy-
drofuran was used as an eluent. The flow rate of the eluent was 1 cm®/
min. The separation was done using the PLgel MIXED-C and PLgel 100A
columns. The interpretation of the results was based on the conventional
calibration of columns with polystyrene standards.

3.1.2. FT-IR measurements
The IR spectra were taken by means of Thermo Scientific Nicolet
6700 FT-IR spectrophotometer.

3.1.3. INMR spectroscopy

The NMR spectra were recorded using Bruker Avancel 500 MHz
unit. Deuterated chloroform, CDCl3 was used as a solvent. The values for
chemical shifts are given in ppm.

3.2. Characterizations of powder compositions

3.2.1. Differential scanning calorimetry (DSC)

A Mettler Toledo type 822e differential scanning calorimeter with
Stare System software was employed to analyze thermal properties of
powder compositions. The samples (0.015 g) were placed in 40 pl
standard aluminum crucibles. These were weighed to the nearest
0.00001 g and placed in the measuring chamber. The measurements
were taken in the temperature range from —20 to 180 °C, in the atmo-
sphere of nitrogen with the flow rate of 60 cm®/min. The heating rate
was 10 °C/min.

3.2.2. Thermogravimetric analysis (TG)

Thermogravimetric analysis was performed using Mettler Toledo
TGA/DSC thermobalance with the Star® System software. The TG ex-
periments were carried out in nitrogen from 25 to 600 °C, at heating rate
of 10 °C/min. The measurement conditions were as follows: sample
weight ~5 mg, gas flow 50 cm®/min, and 150 yl open alumina pan.

3.2.3. Dynamic mechanical analysis (DMA)

The dynamic mechanical analysis was performed using the DMA/
SDTA861e apparatus from Mettler Toledo, in the tension mode at a
constant frequency of 1 Hz, at a heating rate of 2 °C/min, with
displacement amplitude of max. 10 pm and force amplitude reaching
max. 0,1 N registering the Storage Modulus E’, Loss Modulus E” and the
mechanical loss coefficient tan 8. The temperature range in which the
analyzes were carried out was 45-190 °C, and the samples had a
cuboidal shape of about 0,03 x 6,50 x 5,50 mm.

3.3. Characterizations of cured coatings

3.3.1. X-ray photoelectron spectroscopy (XPS)

The samples were analyzed using a Thermo Electron Microlab 350
XPS/AES spectrometer. N non-monochromatic X-ray source (Al Ka) with
an energy of 1486.6 eV and a power of 300 W was used. Measurements
were carried out in the vacuum range 10~°-1078 mbar. The measure-
ment was carried out on thermally cured powder coatings on steel
substrate. Steel plates with dimensions of 1 x 1 cm were used.

3.3.2. Polymerization test

Polymerization test was performed according to Qualicoat [27]. A
swab of cotton wool was saturated with solvent. The solvent used was
methylethylketone (MEK). Within 30 s, powder coating was rubbed
lightly back and forth 30 times in each direction. After 30 min, the
polymerization quality was assessed according to the following ratings:
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1. The coating is very dull and quite soft

2. The coating is very dull and can be scratched with a finger-nail
3. Slight loss of gloss (less than 5 units)

4. No perceptible change. Cannot be scratched with a finger-nail

3.3.3. Viscosity

Viscosity of the uncured coating compositions was measured at
150 °C using a cone-plate CAP 2000+ viscometer (Brookfield, USA)
equipped with a cone no. 4 (cone rotation speed in the range of 10-170
rpm was applied).

3.3.4. Flow test

According to the standard ISO 8130-11, recesses 6.5 mm deep were
made in the test plates. A powder coating sample of 0.4 g was placed in
the hollow. The test plates with the powder coating samples were placed
in an oven at 140 °C, 150 °C or 160 °C for 20 min at an angle of 60° from
the horizontal. After cooling, the flowability of the powder coating was
determined. Flowability was determined as the distance between the
bottom edge of the hollow and the farthest point to which the molten
powder coating flowed.

3.3.5. Roughness

Roughness of cured powder coatings was performed with the use of a
Mar Surf PSI profilometer according to PN-EN ISO 12085. The
measuring needle was placed on the cured coating and the profilometer
was leveled. The device automatically carried out the measurement,
which consisted in moving the measuring needle along the surface of the
coating. Measurements were made in several places of the coating. The
values characterizing roughness were obtained by means of the R,
parameter (arithmetic mean of the roughness profile deviated from the
base line) and R, parameter (arithmetic mean of the 5 highest profile
hills decreased by the arithmetic mean of the 5 lowest profile depths).

3.3.6. Gloss

The gloss of the cured powder coatings was measured according to
PN-EN ISO 2813 with the use of micro- TRI-gloss tester (BYK-Gardner
GmbH) at angles of 20, 60 and 85°.

3.3.7. Adhesion to steel

Coatings were assessed for their surface adhesion by means of cross-
cut test in accordance with PN-EN ISO 2409. The coatings were incised
into the substrate with a multi-cut tool equipped with six cutters with
the spacing of 2 mm, manufactured by Byk Gardner. The surface of
incision network was examined with naked eye and classified on 0-5 six-
point scale. The best surface adhesion was in the case of coatings clas-
sified with 0 score, whose incision edges were completely smooth, and
the worst adhesion was marked with 5, in this case the damaged surface
of the incision network exceeded 65%.

3.3.8. Hardness

Relative hardness of the cured powder coatings was studied using
Konig Pendulum tester (BYK-Gardner GmbH), in accordance with PN —
EN ISO 1522:2008. Relative hardness value was determined as the ratio
of the damping time of an oscillating pendulum supported on the coating
surface to the time noted for pendulum supported on a glass plate.

3.3.9. Scratch resistance

The scratch resistance was determined using Clemen Tester from
Elcometer in accordance with EN ISO 1518. The sample was placed on
the test panel with the cured coating upwards. A tool with no load
applied, was placed on the coating, and the test panel was moved out-
wards, at the speed of 30 mm/s. Scratch resistance is defined as the
lowest load applied to the tool, at which a scratch appears on the cured
coating.
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Table 1
Qualitative/quantitative composition of the blocked polyisocyanates.
Symbol of bPIC IPDI Glycerine KF6000 Propylene glycol 300 Xylitol MEKO AO Symbol of coating
[mol] [mol] [mol] [mol] [mol] [mol] [mol]
IGG/MEKO 0,25 0,0767 0,01 0,28 L-IGG/MEKO
IGGX/MEKO 0,25 0,0667 0,01 0,0059 0,28 L-IGGX/MEKO
IGKF/MEKO 0,25 0,0767 0,01 0,31 L-IGKF/MEKO
IGKFX/MEKO 0,25 0,0667 0,01 0,0059 0,29 L-IGKFX/MEKO
IGG/AO 0,25 0,0767 0,01 0,29 L-IGG/AO
IGGX/AO 0,25 0,0667 0,01 0,0059 0,28 L-IGGX/AO
IGKF/AO 0,25 0,0767 0,01 0,27 L-IGKF/AO
IGKFX/AO 0,25 0,0667 0,01 0,0059 0,32 L-IGKFX/AO
H,C CH
OCN, 3 3
—OH NCO OCN
0l ITIH CH;
H——OH 3 c=0 H,C CH,
I
HO——H + HC cH, ——» 0
Il
H——OH H,C NH—ﬁ—O—CHZ—?H-CH—CH—CHZ-O—C—NH
—OH NCO o (I) (IJ CH,
O=(Ij ?:O
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H3C 3 NH HN
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OCN CH
H3C 3
CH3
H3C
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3 OCN

b. Reaction of IPDI with glycerine

NCO OCN OCN CH,
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H——OH + HC CH;, ———» 0
H——OH H,C HN— ”—O—CHz—CH—CHz-O—C—NH
NCO O
H,C
3
CH,
H,C
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c. Reaction of IPDI with polyethylene glycol
NCO
CH,
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NCO CH,
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A H CHy, ——— > —cFo—cu-— —
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n H,C o "
NCO e
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d. Reaction of IPDI with polysiloxane KF 6000

Fig. 2. The reaction scheme of the synthesis of blocked polyisocyanates.
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Stage 2: The blocking reaction of PIC using acetone oxime
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where -R is mixture of polyisocyanate (a,b,c,d) obtained in the first step of synthesis.

Fig. 2. (continued).

3.3.10. Water contact angle

Water contact angle (CA) was determined according to the standard
EN 828:2000 using optical goniometer OCA15 EC (DataPhysics), con-
taining a digital camera.

4. Results and discussion

Alicyclic diisocyanate (IPDI) was used to obtain bPIC, because the
produced coatings have less tendency to yellowing (Table 1). Succes-
sively, xylitol was chosen as components to branch the polyisocyanate
structure, which was easily soluble in glycerine. As a result of using
glycerine as a solvent, the use of another solvent such as acetone, MEK or
DMSO could be avoided. These solvents would be difficult to evaporate
due to the high viscosity of the PIC mixture. On the other hand, glycerine
was reacted with IPDI to form a polyisocyanate. Xylitol was also chosen
as an easily available ingredient derived from renewable sources.
Polyethylene glycol with M,, = 300 g/mol provide suitable flexibility to
the PIC. Polysiloxane KF-6000 were also incorporated into the PIC
structure in order to increase the flexibility of the coating and addi-
tionally to make the coatings hydrophobic. The polysiloxane KF-6000

modifier was linear structure and contained hydroxyethyleneox-
ypropylene groups at the ends of the chain. These groups are more
reactive than the silanol ones [3], which made it possible to incorporate
the modifier into the polyisocyanate chain relatively easier. MECO and
AO oximes were selected as the blocking agents because they deblock at
low temperature. The deblocking temperature of these compounds has a
decisive influence on the curing conditions of powder coatings. Azoles
also have low deblocking temperatures and could potentially be used in
this study. However azole compounds (imidazole, 3,4-dimethylpyra-
zole, 1,2,4-trazole) investigated in our previous works [28-31] were
more toxicity.

The synthesis of blocked polyisocyanates consisted of 2 steps (Fig. 2).
In the first step, a double excess of -NCO groups over -OH groups were
used. With the reaction of -NCO and -OH groups, the viscosity of the
reaction mixture in the flask was increased during the synthesis. In order
to check the progress of the reaction during the synthesis, isocyanate
groups were determined at 20-minute intervals using the acidimetric
method. The first reaction step was carried out until half of the isocya-
nate groups (19-20%) were reacted. The branched PIC with higher
functionality was obtained. For the second step two oximes (acetone
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Fig. 4. '"H NMR spectra of blocked polyisocyanates.

oxime or methyl ethyl ketoxime) were selected, because they have
relatively low deblocking temperatures. The amount of oxime for further
reaction was calculated from the percentage of isocyanate groups. In the
second step, it was important to increase the reaction temperature due to
the increasing viscosity of the mixture related to the reaction of isocy-
anate groups. It was also important to prevent the uncontrolled tem-
perature increase during the reaction so that the unblocking reaction
would not start. In addition, hydroxyl groups derived from oximes,
easily react with -NCO groups and form a stable urethane bond at
ambient temperature. Obtained bPICs were white solids and they can be
easily powdered and used as a crosslinking agent in polyurethane
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Table 2
Distribution of molecular weight of blocked poliisocyanates.

Symbol Of Molecular weight Molecular weight
bPIC distribution
Mn Mw Mz p P
[Da] [Da] [Da] [Da]
IGG/MEKO 1128 2444 4131 544 2,17
IGGX/MEKO 1058 2157 3671 1509 2,04
IGKF/MEKO 1062 1866 2861 1507 1,75
IGKFX/ 980 1865 3000 1568 1,90
MEKO
IGG/AO 1078 2245 3693 1472 2,08
IGGX/AO 985 1861 3001 1436 1,88
IGKF/AO 1100 2134 3362 1520 1,94
IGKFX/AO 923 1700 2711 480 1,84
6.00E-01
— - IGG/AO
5.00E-01 f
£ IGGX/AO
4.00E-01 1 6K /A
s
Qo : H 1
S A F \
5 3.00E-01 4 _./ : o NN eeeeees IGKFX/AO
= gy : LR
= ! ] "', T,
2.00€-01 1 /% [ \
1.00E-01 i \ ! \
0.00E+00 Zan ‘ ‘ RSN
2 25 3 35 4 4.5
Log Molecular Weight
6.00E-01
— - IGG/MEKO
5.00E-01 4 IGGX/MEKO
IGKF/MEKO
4.00E-01 - i\ % o
s BT e IGKFX/MEKO
@ 7.0\
= 3.00E-01 4 B N
2 / T\
= 4 1 T
2.00E-01 R b v\
/ k. W\
1.00E-01 A / \
.....
0.00E+00 s ; ; AN
2 2.5 4 4.5

3 3.5
Log Molecular Weight

Fig. 5. GPC chromatograms for blocked polyisocyanates.

powder clear coatings.

The structure of the obtained blocked PICs was confirmed using
FTIR. The spectra are shown in Fig. 3. FTIR spectra of all blocked PICs
showed no absorption in the range of 2250-2270 cm ™! from asymmetric
C—N stretching vibration in -NCO group of diisocyanate. The absence of
this signal indicates complete blocking of -NCO groups derived from
polyisocyanate (PIC) by the blocking agent MEKO or AO. Both spectra
are substantially identical and show urethane -NH stretching absorption
at 3330 cm™!, urethane -NH bending absorption at 1521 cm™! and
valence vibrations of carbonyl groups C=0 at 1700 cm™’. Si-O-Si for-
mation of polysiloxane absorbs at the range of 1020 and 1100 em ™},
while Si-CH; at 1220 cm™! and at 800 cm ™.

In order to further confirm the structure of the new blocked poly-
isocyanates, 'H NMR (Figs. 4 and 5) analysis was performed. The signals
at 6,1 and at 6.4 ppm (assigned at “a” and “b”) were characteristic for
urethane group protons formed by reaction of polysiloxane KF-6000 or
glycerin with NCO groups of IPDL The occurrence of double signals
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Sample: L-IGKFX/AO, 16,3800 mg
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Method: -20-180, 10 °C/min, 5 segm.
[1]-20,0..180,0 °C, 10,00 °C/min
[2] 180,0..-20,0 °C, 10,00 °C/min
[3]-20,0..180,0 °C, 10,00 °C/min
[4] 180,0..-20,0 °C, -10,00 °C/min

Integral -91,40 mJ ° ° :
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Fig. 6. DSC curves of L-

originating from urethane groups results from the fact that they can be
formed by both the primary (at 6,4 ppm) and the secondary (at 6,1 ppm)
isocyanate group present in IPDI [32]. Hydrogen atoms of the methylene
group adjacent to the urethane bond formed by the primary NCO group
of IPDI are seen at 2.9-3.1 ppm (assigned at “c”). The signal at 3.6-3.77
ppm (assigned at “d”) came from proton at a cycloaliphatic carbon
adjacent to a urethane bond formed by the secondary NCO group of
IPDL. In the case of our study, on the basis of NMR spectrum of blocked
PIC, was unable to determine which NCO group of IPDI reacted first.
From the data in the literature, it appears that the secondary cycloali-
phatic isocyanate groups have higher reactivity when using DBTL
catalyst. The isocyanatomethyl primary group, due to its neighborhood
of the methyl group, the cyclohexane ring and the fp-situated methyl
substituent is effectively covered [32,33].

At 4.20 ppm the signals (assigned at “e”) from the CH2 groups of
polysiloxane or glycerine which were neighbors to urethane bonds were

STAR® SW 16.20

IGKFX/AO sample.

present. Signals of the methyl and methylene groups of IPDI were found
within the range of 0.9-1.9 ppm (assigned at “f”). The absence of signals
from the hydrogen atoms of the hydroxyl group of oximes at 9.3 ppm
(AO) and 9.0 ppm (MEKO) indicates that the reaction between oximes
and -NCO groups has occurred.

The molecular weight distribution (MWD) of the synthesized bPICs
was analyzed using gel permeantion chromatography (GPC). The
resulting molecular weights and polydispersity index are included in the
Table 2. The composition of the obtained blocked polyisocyanates is
more complicated than it follows from the assumed stoichiometry. Fig. 5
shows that bPICs have a similar molecular weight distribution. The ex-
pected products were obtained as a mixture of oligomers with gradually
increasing molecular weights. Polyisocyanates blocked with methyl
ethyl ketoxime characterized by higher molecular weights. The values
for molecular weights of individual components of polyisocyanates are
lower than shown by the results of theoretical calculations. This is

Sample: L-IGKFX/MEKO, 8,4900 mg
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Fig. 7. DSC curves of L-IGKFX/MEKO sample.
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E',MPa] IGKFX-MEKO, Length 5,5000 mm, Width 7,5600 mm, Thickness 30,0000e-03 mm, Geometry factor 24,2504e+03
| IGKFX-AO, Length 5,5000 mm, Width 6,3500 mm, Thickness 30,0000e-03 mm, Geometry factor 28,8714e+03 1/m
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Fig. 8. DMA curves of L-IGKFX/MEKO and L-IGKFX/AO samples.

caused by the calibration of chromatography columns using polystyrene
standards.

A commercially available polyester resin containing hydroxyl groups
(Sirales PE 6110) was used in combination with synthesized crosslinking
agents (bPICs) to prepare the polyurethane powder clear coatings
compositions. Furthermore, in order to obtain a coating with good
properties, additives specific to powder coatings were used, that is:
Resiflow PV 88 to improved leveling, and benzoin to eliminated gas
bubbles. Homogenization of all coating components occurred during the
extrusion process. The new modified blocked polyisocyanate did not
show any negative effect on the extrusion and curing process and the
storage stability of the polyurethane powder clear coatings. The thermal
behavior of the powder coatings composition has been studied by TG
and DSC. The DSC analysis was performed in 5 cycles at —20 to 180 °C
(Figs. 6-7). A broad exothermic signal is visible in the first heating cycle
characteristic for the coating crosslinking process. This signal is over-
lapped by the endothermic one responsible for deblocking of PIC. The
first cycle shows an endothermic signal in the range of 45-65 °C
responsible for the melting of the powder composition components. The
3rd and 5th cycles were performed to evaluate in the glass transition
temperatures changes. A difference below 2 °C between the glass tran-
sition temperatures in subsequent cycles suggests that the coating was
completely crosslinked. The L-IGKFX/MEKO sample has higher glass
transition temperatures in the 3rd and 5th cycles compared to L-IGKFX/
AO. The higher T, value of the L-IGKFX/MEKO sample may be result
from the cross-linking process at a higher temperature. The higher cross-
linking temperature, the lower melt viscosity, and the easier contact of
functional groups, resulting in the higher cross-linking density [33].
With the increase of cross-linking density, the coating becomes stiffened,
and the Tg increases. Taking into account analyses of DSC thermograms,
the temperature for homogenization of powder coatings during extru-
sion was selected, so that it was higher than the temperature in which
the area of glass transition state ends for specific components, and lower
than the temperature in which deblocking of polyisocyanate begins.

In order to examine the curing behavior of obtained powder for-
mulations, an dynamic mechanical analysis (DMA) was performed. In-
formation on the crosslink density of the final powder coating can be
determined from the storage modulus E’ in the rubbery plateau. The
crosslinking density can be calculated using Eq. (1):

/

E

= 1
D= 3RT. @

In this equation v is the concentration of elastically effective chains
(mol/m®), E/ is the storage modulus at the rubbery plateau (MPa), R is
the gas constant (8.314 J/mol-K) and T, is the temperature at which E, is
measured. The DMA curves of L-IGKFX/MEKO and L-IGKFX/AO samples
were presented on Fig. 8. Sample L-IGKFX has higher E,/ (2.35 MPa) than
sample L-IGKFX/AO which has E;/ (1.12 MPa). Using Eq. (1) the cross-
linking densities can be calculated using T, = 398 K. The crosslinking
density obviously is higher for L-IGKFX/MEKO (236.73 mol/m>) than
for L-IGKFX/AO (112.86 mol/m®). The higher value of crosslinking
density indicates that a denser polymer network was formed. The
crosslinking density of the coatings obtained in this work was higher
than conventional polyurethane coatings cured at 200 °C reported in the
literature [34,35]. In addition, the higher crosslinking density of the
coating was confirmed by the higher T, temperature for the L-IGKFX/
MEKO samples. Tg was determined from the storage modulus and for the
L-IGKFX/MEKO sample was 68.07 °C and for the L-IGKFX/AO sample
was 64.21 °C. It can be concluded that network formation during curing
occurs much slower and to lesser extent in the L-IGKFX/AO than in the L-
IGKFX/MEKO sample.

The cured coatings show three main stages of degradation (Fig. 9).
The first stage is related to release of blocking agent (AO or MEKO) and
occurs in the range of 140-230 °C. This range is characteristic of oxime
release as shown in other works [2,13,36]. However, the release tem-
perature of the oxime depends on the chemical structure of the poly-
isocyanate. At this stage the temperature of maximum mass loss (Tmax)
of L-IGKFX/AO and L-IGKFX/MEKO was 198.52 and 207.05 °C.
Therefore, it can be concluded that the acetone oxime was released from
coating at the lower temperature. The weight loss at this stage of L-
IGKFX/AO was 6.28% and of L-IGKFX/MEKO was 7.28%. These values
are slightly higher than the theoretical content of oximes in the powder
coating composition (the theoretical content of AO in L-IGKFX/AO is
4.72 wt% and MEKO in L-IGKFX/MEKO is 6.67 wt%), which indicates
that at this stage, in addition to the oximes, moisture evaporated. Deg-
radations of urethane bonds can be observed in the second stage in the
temperature range of 280-360 °C. The last stage takes place above
400 °C and is related to the degradation of the polyester resin and
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polysiloxane KF-6000. Fig. 9 also shows the DTG curve (the first de-
rivative of the TG), which represents the rate of material mass change
during heating and is used for easier reading of mass changes in the form
of peaks for more accurate interpretation.

Using X-ray photoelectron spectroscopy (XPS) the chemical compo-
sition of the coating surface was investigated. The coating surface
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includes atoms derived from the polyurethane structure (N, O, C), as
well as silicon atoms derived from the polysiloxane KF-6000 (Fig. 10).
The test was performed on the surface of the coating at a distance of 300
nm in depth. As the distance of measurement was reduced, an increased
concentration of silicon atoms on the coating surface was observed. The
increase in content was observed at a distance of 75 nm. From this
distance to 0 nm a 5% increase in Si atoms content was noticed. The
silicon content of the L-IGKFX/AO coating according to stoichiometric
calculations is 0.7%, while XPS analysis indicates that the content of
atoms near the surface at a distance of 0.5 nm is 12% (Fig. 11). This fact
indicates the migration of the polysiloxane chain segments towards the
surface. This observation fully confirmed our earlier findings concerning
on polyurethane powder coatings modified using polysiloxane con-
taining silanol groups [3]. The reason of this migration is greater hy-
drophobicity of CHs groups present in polysiloxane, which leads to
thermodynamic incompatibility with polyurethane segments and in-
crease in interfacial energy. A decrease in interfacial energy is a result of
the migration of polysiloxane segments towards the surface. The higher
the concentration of the polysiloxane on the surface, the surface more
shows silicone-like features. However, this migration is inhibited by the
presence of covalent urethane bonds at the ends of the polysiloxane
chains.

The polymerization test was performed to confirm that the coating is
fully cured at a particular temperature. The curing temperature of
powder coatings was selected based on TG analysis. For both of the used
blocking agents, this deblocking process begins at 140 °C. The sprayed
coatings on steel plates were first placed in an oven at 140 °C for 20 min.
One hour after curing, a test was conducted on the coatings. After 30
double rubs using MEK, all coatings were damaged. After curing in an
oven at 150 °C for 20 min., only coatings containing MEKO-blocked
polyisocyanate were damaged after 30 double rubs using MEK. The
coatings containing AO-blocked polyisocyanate showed very good MEK
resistance and the surface of coating didn't change. Coating assessment
was performed 30 min after the test. It was found that the coatings
containing acetone oxime fully crosslinked at 150 °C, while the coatings
containing methyl ethyl ketoxime need to be cured at a higher tem-
perature. Therefore, the coatings were placed at 160 °C for 20 min and
then the polymerization test was repeated. Higher curing temperature
resulted in fully crosslinked coatings containing MEKO-blocked poly-
isocyanates. Performance tests such as roughness, gloss, scratch resis-
tance, hardness, adhesion to the steel and water contact angle were
performed on the fully crosslinked coatings. The properties of the
powder coatings are shown in the Table 4.

The surface of the coating containing KF-6000 was smooth with no
visible damage, but coatings containing polyethylene glycol exhibited
poorer properties, and had visible coating defects. The coating defects
were due to the inferior flowability of the powder coatings, which was
confirmed by a flowability test and by conducting viscosity measure-
ments of the obtained powder coatings. The recorded viscosity curves of
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Table 3
Flowability at curing temperature of powder coatings containing MEKO (160 °C) and AO (150 °C).
Symbol of coatings L-IGG/MEKO L-IGGX/MEKO L-IGKF/MEKO L-IGKFX/MEKO L-IGG/AO L-IGGX/AO L-IGKF/AO L-IGKFX/AO
Curing temperature [°C] 160 150
Distance [mm] 38 33 52 66 22 15 40 36
Table 4
Specifications of the coatings properties.
Symbol of coating L-IGG/MEKO L-IGGX/MEKO L-IGKF/MEKO L-IGKFX/MEKO L-IGG/AO L-IGGX/AO L-IGKF/AO L-IGKFX/AO
Roughness Ra 2.19 0.81 0.43 0.33 3.18 1.38 0.22 0.28
PN-EN ISO 12085 Rz 8.29 3.18 2.21 1.55 11.26 5.32 1.23 1.23
Gloss for the angle of 60° GU 47.50 87.31 90.52 93.57 39.47 61.75 101.5 94.7
PN-EN ISO 2813
Adhesion to the steel surface 0-best 0 0 0 0 0 0 0 0
PN-EN ISO 2409 5-worst
Hardness - 0.25 0.85 0.88 0.93 0.3 0.9 0.96 0.95
PN - EN ISO 1522
Scratch resistance g 400 400 450 500 400 450 500 500
PN-EN ISO 1518
Water contact angle deg 85.5 93.6 97.8 94.9 89.5 91.5 96.2 98.3

EN 828

powder compositions (as a function of shear rate at 150 °C) show higher
viscosity values for coatings containing polyethylene glycol (Fig. 12). An
increase in viscosity is an undesirable because it has a negative effect on
the leveling of coatings and complicates manufacturing process. The
increase in viscosity is due to the structure of the synthesized cross-
linking agents incorporated into the powder compositions. The incor-
poration of KF-6000 flexible chain into the structure of polyisocyanate
(PIC) allowed to obtain more flexible structures, which contribute to
decrease of the viscosity of powder compositions. Presented in Fig. 12
results are for compositions containing polyisocyanate blocking with
acetone oxime, since the results for bPIC with MEKO were analogous.
However, these results were not plotted together with the AO bPIC,
because these samples were characterized by a higher viscosity and
measurements in the same geometry using a No. 4 cone were not
possible. Viscosity measurements of MEKO bPIC were made in a
different geometry using a No. 5 cone.

Additional confirmation for the increase in viscosity is the results of
the flow test. The test results are shown in Table 3. Flowability is defined
as the distance between the bottom edge of the hollow and the furthest
point to which the molten powder composition flowed. This distance is
smaller for coatings containing polyethylene glycol than for coatings
containing KF-6000. This result also confirms the higher viscosity of the
powder compositions containing polyethylene glycol, so coatings made
from them have visible defects on the coating due to poor leveling.
Coating defects have contributed to an increase in coating roughness
and a decrease in gloss. The samples of coatings containing polyethylene
glycol (IGG/MEKO, IGGX/MEKO, IGG/AO, IGGX/AO) exhibited lower
gloss values measured at 60° in comparison to those with KF-6000
(IGKF/MEKO, IGKFX/MEKO, IGKF/AO, IGKFX/AO). It is concluded
that the low gloss values are caused by the higher roughness of the
coatings.

In order to provide good protection for the substrate against external
environment and to ensure good decorative properties, it is necessary to
provide proper adhesion of the coating to the substrate. On a scale of 0-5
(best to worst), the tested coatings showed an adhesion level in the range
of 0. This confirms good adhesion of the coating to the substrate and
good cross-linking of the coating during the curing process. The relative
hardness of the tested coatings was very good. Only the IGG/MEKO and
IGG/AO samples, which had the highest coating defects, are charac-
terized by low hardness values. All coatings show good scratch resis-
tance, but coatings containing crosslinking agent modified with KF-6000
exhibit higher scratch resistance than coatings crosslinked poly-
isocyanate based on polyethylene glycol. The value of Si—O bond

10

energy (452 kJ/mol) in polysiloxane structure, is higher than poly-
ethylene glycol molecules bond energy (C—O bond energy: 358 kJ/mol,
C-C: 347 kJ/mol). The higher energy bonds are more difficult to break,
which contributes to increased scratch resistance in compositions con-
taining a crosslinking agent with polysiloxane.

Also the use of polysiloxane KF 6000 for the synthesis of crosslinking
agents has contributed to an increase in the water contact angle of
powder coatings. The increase in the contact angle for water indicates an
increase in water resistance of the coating. Hydrophobic coatings enable
better protection of the substrate against moisture, easier removal of
pollutants from the coat's surface, which allows to extend the life of the
protected object. Also in comparison with our previous work, powder
coatings crosslinked using e-caprolactam blocked biuret poly-
isocyanates modified poly(dimethylsiloxane) contained silanol groups,
achieved lower values of water contact angle [3]. However, powder
coatings crosslinked fluorinated polyol modified e-caprolactam blocked
biuret polyisocyanate, characterized higher values of water contact
angle [25]. In both cases, polyisocyanates and modifiers with a different
chemical structure were used, which resulted in the differences in the
obtained values of the contact angle of the powder coatings. In addition,
cross-linking agents available on the market, e.g. IPDI trimer called
74470 from Covestro, after blocking, they can be used for low-
temperature powder coatings, however this compound does not
contain a polysiloxane modifier, so the hydrophobicity and scratch
resistance of the cured coatings, will be on a similar level to the
polysiloxane-free samples synthesized in this work.

5. Conclusion

As aresult of this research, a method of synthesis crosslinking agents
for polyurethane powder coatings was developed. The use of raw ma-
terials from renewable sources, such as glycerol and xylitol, for this
synthesis contributed to obtaining a product with appropriate branch-
ing, ensuring good coating properties. It gives a possibility to replace
petroleum-derived feedstocks. Based on the DSC, TG and DTG analyses,
the deblocking temperature, the manufacturing and hardening condi-
tions of the coatings were determined. The formation of the high
crosslinked structure of the coatings during curing was confirmed by
DMA method. The beginning of the deblocking of PICs determined by
TG method and the cross-linking process of the coating were experi-
mentally confirmed in laboratory conditions. The investigated coatings
were completely cross-linked at 150° or 160 °C depending on used
blocking agent. Such cross-linking temperature of the coatings is
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adequate to protect materials with low thermal resistance, such as MDF
or wood, without damaging their structure. Moreover, the obtained
coatings were characterized by good performance properties: high hy-
drophobicity, gloss and scratch resistance. These features are very
important in protecting the surface of the material against environ-
mental factors such as moisture or mechanical damage. The use of the
developed powder coatings can also be extended to other types of ma-
terials with low thermal resistance, such as plastics and composites.
They can also be used to protect metals, e.g., steel or aluminum, where
the so-called high temperature systems were used, gaining economic
benefits in the form of lower energy consumption.
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This research presents the effect of the chemical structure of new crosslinking agent on the properties of powder
coatings. A method of synthesis of blocked polyisocyanates and the formation of powder coatings with low
curing temperature are presented. In the synthesis of blocked polyisocyanates (bPIC) TDI, glycerine, xylitol,
polyethylene glycol, polysiloxane KF-6000 and butanone oxime were used. By using FT-IR, the chemical

structure of the obtained blocked polyisocyanates was confirmed. The thermal behavior and the deblocking
process were investigated by means of TGA, DSC and DMA. Performance tests were performed on the obtained
coatings to assess their hardness, adhesion to steel, roughness, gloss, scratch resistance, and water contact angle.
An accelerated weathering test was also conducted to examine the coatings' resistance to weather conditions (UV

radiation, water).

1. Introduction

The current trend is towards sustainability in the chemical industry.
Sustainability can be achieved, for example, by replacing petroleum-
based substances with substances from renewable sources, as well as
adapting efficient paint manufacturing methods to reduce energy con-
sumption [1-4]. In the area of powder coatings, this approach involves
developing new resins and crosslinking agents to achieve lower curing
temperatures. Low-temperature cure products use less energy and
therefore create a smaller carbon footprint. Also important is the
research and development of new products that will be produced in a
less energy-consuming process, that is, the process of synthesizing a
compound will take less time [5-7].

PU coatings are based on hydroxyl-terminated resins and blocked
polyisocyanates (bPIC). Polyurethane (PU) powder coatings are known
for good adhesion to metal substrates, abrasion, scratch resistance and
superior chemical and UV resistance [8-10].

Fig. 1 shows a basic schematic of the powder coating manufacturing
process. The first step in generating a powder coating composition is to
combine the basic ingredients (i.e., resin and crosslinking agent) in the
correct ratio. Popular thermosetting powder coatings are based on
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epoxy, polyester, polyurethane, or acrylic resins. The powder coating
composition also includes pigments, fillers, and additives (such as a flow
agent and degassing agent). The raw materials are then pre-mixed and
then extruded. During extrusion, the resin components are melted and
combined with all other dry components. The extrudate is cooled and
then ground. The finely ground powder is then sorted through a sieve
with the appropriate mesh diameter to produce a powder suitable for
spray application. The most common application method is the elec-
trostatic corona technique, in which powder particles are charged and
deposited on a grounded conductive substrate. The final step involves
the thermal curing in special ovens [11,12].

The type and structure of both the isocyanate and the polyol deter-
mine the course of the PU formation reaction, as well as their final
properties and applications. Study shows that aromatic diisocyanates
have high rate of reaction as compared to aliphatic and cycloaliphatic
diisocyanates [13]. Polyisocyanate components in a crosslinking agent
can easily react with moisture or other molecules and are usually
blocked by blocking agents containing active hydrogen, making it into a
blocked polyisocyanate (bPIC) crosslinker. In this way, reactions be-
tween -NCO and -OH groups during the extrusion processes can be
avoided, and the obtained powders show good storage stability [14].

Received 17 March 2023; Received in revised form 18 April 2023; Accepted 2 May 2023

Available online 20 May 2023
0300-9440/© 2023 Elsevier B.V. All rights reserved.


mailto:d440@stud.prz.edu.pl
www.sciencedirect.com/science/journal/03009440
https://www.elsevier.com/locate/porgcoat
https://doi.org/10.1016/j.porgcoat.2023.107662
https://doi.org/10.1016/j.porgcoat.2023.107662
https://doi.org/10.1016/j.porgcoat.2023.107662
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2023.107662&domain=pdf

D. Czachor-Jadacka et al.

During the manufacture of powder coatings, these blocking agents are
usually detached from the bPIC at high temperatures. The deblocking
reaction is the main requirement for starting the curing reaction. The
lower the deblocking temperature of the blocked polyisocyanates, the
crosslinking process of the coating will start at a lower temperature.
However, in the case of powder coatings, lowering the deblocking
temperature of the bPIC can result in uncontrolled crosslinking of the
composition during processing, particularly during extrusion, resulting
in poor quality coatings. In addition, sometimes the deblocking of the
bPIC can already occur at room temperature, which can lead to un-
controlled reaction with the resin and loss of stability of the powder
coating during storage. The lower the deblocking temperature of the
bPIC, the faster the process can occur.

The first application of a blocked isocyanate prepolymer dates to
1974. Methyl ethyl ketoxime (MEKO) was used by Frizelle et al. as a
blocking agent in U.S. Patent 3 857 818. This patent states that the
addition of amine is required when the ketoxime-blocked prepolymer is
not a solid. For PU powder coating composition, hydroxyl-functional
resin was combined with ketoxime-blocked isocyanate prepolymer. PU
formulation was cured in 175-190 °C for 15-30 min [15]. In another
research, Gedan-Smolka et al. presented thermal deblocking of low
molecular weight isocyanates using FTIR. Study showed that hexam-
ethylene diisocyanate (HDI) has lower deblocking temperatures than
IPDI when used with the same blocking agent [16]. Farshchi et al.
presented a literature review on polyurethane powder coatings. The
review includes a detailed description of powder compositions and their
characteristics [17]. Sankar and Nasar described the unblocking mech-
anism of several isocyanates based on monomeric diisocyanates, such as
MDI, TDI, IPDI, HMDI and blocked with N-methylaniline. The study
results indicated that aromatic isocyanates deblock more easily than
aliphatic isocyanates. Moreover, adducts of polyisocyanates had a
higher deblocking rate compared to monomeric diisocyanates [18]. Li
et al. presented a study in which they analyzed the relationship between
the melting point and the deblocking behaviors of the blocked poly-
isocyanates. The study used toluene-2,4-diisocyanate trimer grafted
with different mass ratios of methoxypolyethylene glycol (MPEG) and
blocked with MEKO. The obtained compounds had different melting
points. The study was carried out using FTIR spectroscopy, DSC, scan-
ning electron microscopy and TG analysis. The results indicate that the
deblocking temperature decreases as the melting point increases. In
addition, polyacrylic resins cured with blocked polyisocyanates with
low melting points show improved properties compared to those with
high melting points. Improvement of these properties may help achieve
lower curing temperatures in coating technologies [19].

In the case of powder coatings, the glass transition and melting point
should be as high as possible, because otherwise when the melting point
is close to the ambient temperature, the powder particles may stick
together and form agglomerates [20]. This process can be prevented by
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storing the powder under refrigeration; however, this requires the
consumption of additional energy.

As reported in the literature, the use of aromatic diisocyanates leads
to bPICs that unlock at lower temps and can provide Tg and melting
point at the appropriate level due to the stiffening effect of the aromatic
ring [21]. However, coatings based on aromatic diisocyanates have
weaker resistance to light, which is observed as yellowing and loss of
gloss of the coating [22]. For this reason, coatings based on aromatic
diisocyanates are used indoors. Light resistance can be increased by
appropriate chemical modification, e.g. by adding additives such as a
benzotriazole-based UV absorbers (Tinuvin P or Tinuvin 900), a hin-
dered amine light stabilizer (Tinuvin 292) or a phenolic antioxidant
(Irganox 1010) [23]. However, there are reports that UV stabilizers are
washed out by water and contribute to environmental pollution [24].
The coating can be protected from the effects of light by applying an
external protective layer, i.e. a top coat with greater resistance to light
[25]. The Soucek group has investigated that the introduction of an
inorganic polysiloxane component into the sol-gel polyurethane coat-
ings increases their weather resistance [26]. The method of increasing
the weather resistance proposed by Soucek through the chemical
introduction of inorganic polysiloxane is safe for the environment,
because it does not lead to leaching of the modifier, as is the case with
the addition of UV absorbers, HALS (hindered amine lights stabilizers)
or antioxidants. For this reason, as part of this work, an attempt was
made to modify TDI-based powder coatings by incorporating poly-
siloxane into their structure to increase weather resistance.

The aim of this work was to investigate the impact of the structure of
new blocked polyisocyanates modified by inorganic polysiloxane on the
process of deblocking, cross-linking and on selected coating properties:
visual, mechanical, thermal, and weathering resistance. New blocked
polyisocyanates were synthesized on the basis of TDI and IPDI, and
additionally chemically modified by incorporating KF-6000 poly-
siloxane into their structure. Specially designed structure of crosslinking
agents provides lower curing temperature and by adding KF-6000 hy-
drophobicity has been increased. A raw material from renewable sour-
ces was carried out, i.e. xylitol to increase the functionality of the PIC
and as a hydroxyl component instead of petrochemical alcohol. The
chemical incorporation of modifier into bPIC prevents it from entering
to the environment. The synthesized bPICs were used to produce a
powder clear coating based on polyester resin Sirales 6110. The study
presents the effect of isocyanate reactivity on the synthesis process and
deblocking temperature of bPIC as well as on cross-linking density of the
cured coatings. Polarized optical microscopy (POM), differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA) were
applied to study the deblocking process and thermal behavior. Dynamic
mechanical analysis (DMA) was used to determine the viscoelastic
properties and crosslinking density of the coatings. Then, an accelerated
weather test was conducted to compare weathering resistance between

spraying

J:wder coating

grinding & sieving

Fig. 1. Basic scheme of powder coating process.
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TDI and IPDI-based coatings, so a white pigment was added to the
formulation to better evaluate the color change. Fourier transform
infrared spectroscopy (FTIR) was employed to monitor the chemical
structure of the coatings after weathering. A spectrophotometer and
glossmeter were used to measure the color and gloss retention of the
coatings.

2. Experimental
2.1. Materials

Toluene 2,4-diisocyanate (TDI) was supplied from Aldrich Chemistry
(Germany), glycerine was purchased from Chempur (Poland), poly-
ethylene glycol (Mw = 300 g/mol) was obtained from POCH-Gliwice S.
A. (Poland), a,0-(hydroxyethyleneoxypropylene)polydimethylsiloxane
(KF-6000, hydroxyl value: 120 mg KOH/g) was supplied from Shin-Etsu
(Japan), xylitol for purchased from J&K Scientific (China), blocking
agent (methyl ethyl ketoxime -MEKO) was supplied from TCI Japan.

For powder coatings, polyester resin Sirales PE 6110 based on iso-
phthalic acid and neopentyl glycol (acid value: 4-8 mg KOH/g, hydroxyl
value: 30-45 mg KOH/g) was supplied by Sir Industriale (Italy), tita-
nium dioxide Kronos 2310 was purchased from Krahn Chemie GmbH
(Germany), flow control agent Resiflow PV 88 was supplied by Worlee
Chemie GmbH (Germany) and benzoin as degassing agent was pur-
chased from Sigma Aldrich (Switzerland).

2.2. Synthesis of blocked polyisocyanates

The synthesis of the blocked polyisocyanate was carried out ac-
cording to the same steps as described in our previous article [27]. The
reaction was carried out at a lower temperature, in the range of
70-80 °C, stirred and refluxed for 90 min. The end step was to block PIC,
and methyl ethyl ketoxime was used for this process. Methyl ethyl
ketoxime was added to obtain polyisocyanate in molar ratio -NCO to
-OH 1:1. The mixture was stirred for about 30 min at 95 °C. Reactions
were conducted under Ny atmosphere. The reaction progress was
monitored using FT-IR technique and acidimetric method. The typical
dibutylamine method was employed. Excess of unreacted dibutylamine
was titrated with aqueous HCl against bromophenol blue. The reaction
was considered completed when the -NCO group's absorption at 2260
cm ! in the FT-IR spectrum totally disappeared. The obtained blocked
polyisocyanates were named according to the letters derived from the
names of the substrates, e.g. TGKFX/MEKO means a bPIC made of TDI,
polyethylene glycol, KF-6000, xylitol and blocked with methyl ethyl
ketoxime.

2.3. Preparing powder coating compositions and coatings

The formulations of the polyurethane powder coatings included a
blocked polyisocyanate, a polyester resin with a molar ratio of 1:1 be-
tween the -NCO and -OH groups, degassing agents (1 wt%), and leveling
agents (1 wt%). An EHP 2 x 12 Sline co-rotating twin screw mini
extruder from Zamak (Poland) was used to mix and extrude the prepared
mixture. Temperature distribution in the extruder was as follows: zone I-
90 °C, zone II-100 °C, zone III-105 °C, adapter-105 °C. The rotating
speed of the screw was kept at 100 rpm. The mixture was cooled after
extrusion, ground, and then sieved on a 100 pm sieve. The final powder
coatings were applied by electrostatic gun PEM X-1 controlled by EPG
Sprint X (CORONA) from Wagner (Switzerland) to previously prepared
steel panels. Compressed air was used to transfer the powder particles
into the gun from a tank, where they were then electrified by an elec-
trode. The charged particles were then transferred to the steel panels
that were grounded. In order to apply a phosphate-zirconium conver-
sion coating, the steel plates were first degreased with acetone and then
submerged for 4 min in a 1.5 % aqueous solution of ESKAPHOR Z 2000C
with a pH of 5.5. The plates were removed out of the solution, washed
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with distilled water, and dried. The resulting coatings were given names
based on the type of bPIC that was used as the crosslinking agent, for
example, L-TGKFX/MEKO indicates a coating that contains TGKFX/
MEKO.

3. Measurements
3.1. Characterization of blocked poliisocyanates

A Nicolet 6700 FT-IR spectrophotometer from Thermo Scientific was
used to record the IR spectra.

Microscopic imagings were carried out with the use of a Lab40 Opta-
Tech Microscope equipped with a MI20 digital camera and a Linkam
LTS420 heating stage. Imaging was made within the temperature range
of 25-200 °C, with an alternating heating rate ranging from 2 to 5 °C per
minute depending on the intensity of the observed processes. Measure-
ments were made in transmitted light mode with magnifications of 50
and 100x.

3.2. Characterizations of powder coatings

Differential scanning calorimetry with using the Mettler Toledo type
822e differential scanning calorimeter with Star® System software was
employed to analyze thermal properties of powder compositions. The
samples (0.015 g) were placed in 40 pl standard aluminum crucibles.
These were weighed to the nearest 0.00001 g and placed in the
measuring chamber. The measurements were taken in the temperature
range from —20 to 180 °C, in the atmosphere of nitrogen with the flow
rate of 60 cm®/min. The heating rate was 10 °C/min.

By using a Mettler Toledo TGA/DSC thermobalance and the Stare
System software, thermogravimetric analysis was carried out. The TGA
tests were carried out in nitrogen at a heating rate of 10 °C/min from 25
to 600 °C. Sample weight of 5 mg, gas flow of 50 cm®/min and a 150 1
open alumina pan were the measurement settings.

Dynamic mechanical analysis (DMA) was performed using the DMA/
SDTA861e apparatus from Mettler Toledo, in the tension mode at a
constant frequency of 1 Hz, at a heating rate of 2 °C/min, with
displacement amplitude of max. 10 pm and force amplitude reaching
max. 0,1 N registering the Storage Modulus E’, Loss Modulus E” and the
mechanical loss coefficient tan 6. The temperature range in which the
analyses were carried out was 45-190 °C, and the samples had a
cuboidal shape of about 0,03 x 6,50 x 5,50 mm.

For flowability tests, the test panels had 6.5 mm-deep recesses in
accordance with ISO 8130-11. The hollow was filled with a 0.4 g sample
of powder coating. The test plates containing the powder coating sam-
ples were positioned 60° off from the horizontal and heated to 140 —150
—160 °C for 20 min. The flowability of the powder coating was assessed
after cooling. The distance between the bottom border of the hollow and
the furthest point the molten powder coating flowed was used to mea-
sure flowability.

Polymerization tests were done in accordance with Qualicoat [27]. A
swab of cotton wool was saturated with methylethylketone (MEK) sol-
vent. The powder coating was softly rubbed 30 times in each direction in
a 30-second period. After 30 min, the polymerization quality was
assessed according to the following ratings:

. The coating is very dull and quite soft.

. The coating is very dull and can be scratched with a finger-nail.
. Slight loss of gloss (less than 5 units).

. No perceptible change. Cannot be scratched with a finger-nail.

A WN R

The viscosity of the powder compositions was measured at 100 °C
using a cone-plate CAP 2000+ viscometer (Brookfield, USA) equipped
with a cone no. 5 according to PN-EN ISO 2884-1. A cone rotation speed
in the range of 10-170 rpm was applied.

A Mar Surf PSI profilometer was used to measure the roughness of
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cured powder coatings in accordance with PN-EN ISO 12085. The pro-
filometer was leveled when the measuring needle was placed on the
cured coating. The measurement, which involved moving the measuring
needle along the coating's surface, was completed automatically by the
instrument. On the coating, measurements were taken in a number of
places. The values characterizing roughness were obtained by means of
the R, parameter (arithmetic mean of the roughness profile deviated
from the base line) and R, parameter (arithmetic mean of the 5 highest
profile hills decreased by the arithmetic mean of the 5 lowest profile
depths).

With the use of a micro-TRI-glossp tester (BYK-Gardner GmbH), the
gloss of the cured powder coatings was evaluated in accordance with PN-
EN ISO 2813 at 20, 60 and 85° angles.

According to PN-EN ISO 2409, the coatings' surface adherence was
evaluated by a cross-cut test. Using a multi-cut tool made by Byk
Gardner that has six cutters spaced 2 mm apart, the coatings were
incised into the substrate. With the naked eye, the incision network's
surface was inspected and assessed on a scale of 0 to 5. The coatings with
a score of 0 had the best surface adherence because their incision edges
were fully smooth, while those with a score of 5 had the worst adhesion
since more than 65 % of the incision network's surface was damaged.

According to PN - EN ISO 1522:2008, a Konig Pendulum tester (BYK-
Gardner GmbH) was used to measure the relative hardness of the cured
powder coatings. The ratio of the damping time of an oscillating
pendulum supported on the coated surface to the time noted for
pendulum supported on a glass plate was used to calculate the relative
hardness value.

According to EN ISO 1518, the scratch resistance was assessed using
the Clemen Tester from Elcometer. The sample was placed on the test
panel with the cured coating upwards. A tool with no load applied was
placed on the coating, and the test panel was moved outwards, at the
speed of 30 mm/s. The smallest load at which a scratch appears on the
hardened coating is the scratch resistance.

Using an optical goniometer with a built-in digital camera, the water
contact angle (CA) was measured in accordance with the EN 828:2000
standard.

Coated panels were exposed to the accelerated weather test in a Xenon
Test Chamber (Xentest 2200) by TestAn (Poland). In this test, a series of
powder coatings with an additive of 30 % titanium dioxide Kronos 2310
were prepared. Samples were tested according to a procedure described
in PN-EN ISO 16474-2 Method A. Panels were rotated on a weekly basis.
All samples were tested for a total of 1000 h. Gloss and color change
measurements were taken before and after the chamber test. The high-
quality spectrophotometer NS8000 (TestAn, Poland) was used to
quantify the color change (AE) observed on the coatings after test ac-
cording to the standards PN-ISO 7724-1 and PN-ISO-7724-2. Color was
characterized by CIE coordinates in the color space 1979 (L*, a*, b*).
The horizontal axes a* and b* are perpendicular to each other, and their
intersection is a point of achromatic color. The vertical L* axis describes
the brightness level of the color and ranges from 0 to 100. The a* and b*
coordinates can be negative.

4. Results and discussion
4.1. Synthesis and characterization of blocked polyisocyanates

A series of branched blocked polyisocyanates were synthesized and
characterized. In the study an aromatic diisocyanate - toluene diiso-
cyanate (TDI) was used instead of the commonly used, more expensive
cycloaliphatic IPDI. TDI is a clear, pale-yellow liquid with a sharp,
pungent odor, which is insoluble in water and miscible with most
common organic solvents. TDI has been broadly applied in the manu-
facture of polyurethanes because it is a highly reactive, bifunctional
aromatic isocyanate. To compare the effect of crosslinking agents on the
properties of powder coatings for producing blocked polyisocyanates,
the same compounds and methodology were used as in our previous
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studies. Xylitol, glycerol and polyethylene glycol with M,, = 300 g/mol
were used as the hydroxyl components containing the -OH group
necessary to form the urethane bond. During the synthesis with TDI, the
viscosity increased very quickly, but also as with syntheses with IPDI, it
was decided not to add solvent. In the synthesis of crosslinking agents for
powder coatings, it is important that the final product is a solid. Addi-
tionally, xylitol was selected as a readily available component generated
from renewable sources. Polyethylene glycol with M,, = 300 g/mol
provides the PIC with adequate flexibility. Polysiloxane KF-6000 was
also included into the PIC structure in order to enhance the coating's
flexibility and create the coatings hydrophobic. The polysiloxane KF-
6000 modifier was linear structure and contained hydroxyethyleneox-
ypropylene groups at the ends of the chain. These groups are more
reactive than the silanol ones present in typical hydroxyl terminated
polysiloxanes [28], which made it possible to incorporate the modifier
into the polyisocyanate chain relatively easier.

The synthesis of blocked polyisocyanates was carried out in two
stages (Fig. 2). The qualitative and quantitative composition of the
blocked polyisocyanates is shown in Table 1. In the first stage of the
reaction, the excess of -NCO groups to hydroxyl groups was twofold. In
the case of the synthesis with TDI, no DBTL catalyst was used for the
reaction. The addition of a catalyst to the mixture of TDI and hydroxyl
components caused a rapid increase in temperature and viscosity, which
could lead to side reactions such as the formation of uretdione or iso-
cyanurate rings or carbodiimide bonds and uncontrolled cross-linking of
the product. Due to the higher reactivity of TDI to prevent side reactions,
the reaction was carried out at lower temperatures than previous syn-
theses of IPDI-based polyisocyanates. Using the acidimetric method,
isocyanate groups were determined at 20-minute intervals to track the
progress of the reaction during synthesis. After half of the -NCO groups
reacted, the second stage of the reaction was initiated. The second stage
was to block the -NCO groups through oxime. In the case of the TDI-
based PIC, only MEKO was chosen as the oxime. Due to the high vis-
cosity of the mixture, acetone oxime was not used because of issues with
mixing the components in the reaction flask. It was also essential to
prevent an uncontrolled temperature increase during the reaction, so
that the unblocking reaction would not begin. The obtained TDI-based
blocked polyisocyanates were pale yellow solids. The duration of the
syntheses of TDI-based bPICs was about 120-140 min while IPDI-based
about 150-180 min. The shorter synthesis time of TDI-based bPICs is
due to the greater reactivity of this diisocyanate. The difference between
the reactivity of diisocyanates is due to their different structures. TDI
contains an aromatic ring in its structure, which makes this molecule
more reactive. During the reaction with a hydroxyl group, the electro-
philic carbon of the isocyanate group (N=C=0) of TDI was attacked by
nucleophilic oxygen (O—H) from the alcohol. The benzene ring acts as
an electron-withdrawing group through an inductive effect. The nega-
tive charge in the benzene was then delocalized in the n-ring structure.
This increases the positive charge on the carbon of the isocyanate group
(N=C=0), which helps the nucleophilic addition reaction of the oxygen
(O—H) derived from alcohol. This mechanism affects the increased
reactivity of TDI, which explains the higher rate of its reaction with
hydroxyl groups compared to IPDI. In addition, the decrease in the rate
of the IPDI diisocyanate addition reaction is due to the higher amount of
deactivating alkyl substituents in IPDI molecules [29-32]. Other
aliphatic diisocyanates like MDI, H-MDI or HDI have been studied in
earlier work. HDI reacts faster than IPDI, indicating that it could be
successfully used in low-temperature powder coatings, but due to the
low viscosity of PIC, agglomeration of coating particles occurs, leading
to lack of stability during storage. Similar results were obtained when
HDI trimer was used. Hi2-MDI reacts more slowly than IPDI, so it may be
suitable for high-temperature powder coatings only [30].

The structure of the obtained TDI-based crosslinking agent was
confirmed using FT-IR [33,34]. The spectrum is shown in Fig. 3. FT-IR
spectrum of blocked PIC showed no absorption from asymmetric C—N
stretching vibration in -NCO group of diisocyanate in the range of
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Stage 1: The synthesis of polyisocyanate
a. Reaction of TDI with xylitol
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Fig. 2. The reaction scheme of the synthesis of blocked polyisocyanates.
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d. Reaction of TDI with polysiloxane KF 6000

NCO
CH CH,
+ HO—CH;—0—C3Hy—Si—0 C3Hg—O—C,H,—OH
NGO CHy | CHy CH,
CH, OCN
HsC
—_—
CH CH,
OCN NH—|C|:—O—CZH4—O—C3H8 $i—0 C3Hg—0O—C,H,—O—C—NH

CHj CHy

Stage 2: The blocking reaction of PIC using MEKO.

(? 0
I
OCN—R—O—C—NI;| /NH—C—O—R—NCO H3C\ N—OH
AN + CH,—C -
OCN—R—O—C—NH NH—C—O—R—NCO CH
| | 3
H3C_C{"|2 (0] (0] 0] CHZ—CH3

I I
C——N—O—g—NH—R—O—g—NH NH—C—O0—R—NH-C-O—N=C
/

H,C \ / CHj

R
HiC—CH <|3| CH,—CH,
C=N—0—C—NH-R—0—C—NH NH—ﬁ—O—R—NH-ﬁ—O—NIC\
H3C g o) (] CH3

where -R is mixture of polyisocyanate (a,b,c,d) obtained in the first step of synthesis.

Fig. 2. (continued).

Table 1

Qualitative/quantitative composition of the blocked polyisocyanates.
Symbol of bPIC TDI/IPDI Glycerine KF-6000 PEG Xylitol MEKO Symbol of coating

[mol] [mol] [mol] [mol] [mol] [mol]

TGGX/MEKO 0.25 0.07 0.01 0.0057 0.33 L-TGGX/MEKO
TGKF/MEKO 0.25 0.07 0.01 0.34 L-TGKF/MEKO
TGKFX/MEKO 0.25 0.07 0.01 0.0057 0.36 L-TGKFX/MEKO
IGGX/MEKO" 0.25 0.066 0.01 0.0059 0.28 L-IGGX/MEKO
IGKF/MEKO" 0.25 0.066 0.01 0.31 L-IGKF/MEKO
IGKFX/MEKO" 0.25 0.066 0.01 0.0059 0.29 L-IGKFX/MEKO

@ Samples from previous article Hydrophobic polyurethane powder clear coatings with lower curing temperature: Study on the synthesis of new blocked poly-
isocyanates, Prog Org Coat. 159 (2021) 106402.

2250-2270 cm ™. The absence of this signal indicates that -NCO groups
derived from TDI are completely blocked by the blocking agent MEKO.
The FT-IR spectrum indicates urethane -NH stretching absorption at
3330 cm ™}, urethane -NH bending absorption at 1521 cm™!, valence
vibrations of carbonyl groups C=0 at 1700 cm ! and -CH asymmetric

groups at 2847 cm L. Si-O-Si formation of polysiloxane absorbs at the
range of 1020 and 1100 cm™!, while Si-CHs at 1220 cm™! and at 800
em L.

In addition, no occurrence of a band at 2120 cm™ - was observed,
which confirming no formation of by-products containing carbodiimide

1
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Fig. 3. FT-IR spectra of TDI based blocked polyisocyanates.

bonds. There were also no bands in the spectra at 1415 cm™! which are
specific for the isocyanurate ring. The absence of these bands confirms
the proposed route for the reaction.

Fig. 4 shows the behavior of the blocked polyisocyanate during
controlled heating at different temperatures. At room temperature, the
crosslinking agent is a brittle solid. At increased temperatures, the bPIC
melts and at 105 °C bubbles begin to appear, which are responsible for
the release of oxime. During further heating, more and more gas bubbles
are released until complete disappearance at 145 °C.

Progress in Organic Coatings 182 (2023) 107662

4.2. Thermal properties of powder coatings composition and its
preparation

For the preparation of polyurethane powder clear coatings, a
commercially available polyester resin containing hydroxyl groups
(Sirales PE 6110) was combined with synthesized crosslinking agents
based on TDI. In addition, to obtain a coating with good properties,
powder coating additives were used, namely Resiflow PV 88 to improve
leveling and benzoin to eliminate gas bubbles. All coating components
were homogenized during the extrusion process. The extrusion process
took place at lower temperatures than for standard polyester powder
coatings.

The temperature in the extruder was set in zones I and II for 90 °C
and 100 °Crespectively. The temperature in zone III and the adapter was
105 °C. Since the deblocking process starts at this temperature, this
temperature was set only in the end zones (zone III and the adapter) so
that the mixture would remain there for a very short time (a few sec-
onds) and the deblocking process would not have time to start yet. For
this purpose, the screw speed was also set high, that is, 100 rpm. No
increase in pressure was observed during the extrusion process, which
would indicate an increase in viscosity and unblocking of the bPIC. The
extrusion process load always remained at a low 20 % throughout the
process. The new modified blocked polyisocyanate had no detrimental
effect on the extrusion, curing, or storage stability of polyurethane
powder coatings.

The thermal properties of the powder coating composition had been
examined by TGA and DSC. Specifying the thermal properties of the
powder coating formulation is highly dependent on the test method,
heating rate and other factors. So, we characterized samples using the
same equipment and method and under the same test conditions to

Fig. 4. Pictures of blocked poliisocyanate (TGKF/MEKO) at different temperatures (magn. 100x).
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accurately compare thermal properties.

The DSC analysis was performed in 5 cycles at 0 to 200 °C (Fig. 5).
During the first heating cycle, there is no visible exothermic signal,
which is responsible for the crosslinking of the sample, because it is
overlapped by the endothermic signal responsible for the unblocking
process of the bPIC. The first cycle shows an endothermic signal in the
range of 45-65 °C responsible for the melting of the powder composition
components. To assess changes in glass transition temperatures, the
third and fifth cycles were performed. A change in the glass transition
temperatures between cycles that is less than 2 °C indicates that the
coating has fully crosslinked. The L-IGKFX/MEKO sample has higher
glass transition temperatures in the 3rd and 5th cycles compared to L-
TGKFX/MEKO. An increase in the glass transition temperature is related
to an increase in the stiffness of the sample, which is associated with a
higher crosslink density, which was confirmed during the DMA analysis.

The temperature for homogenization powder coatings during
extrusion was chosen based on analyses of DSC thermograms. DSC
thermograms made it possible to determine the melting temperature of
the composition and the glass transition temperature after crosslinking.
By determining the melting temperature of the composition, it was
possible to set the minimum extrusion temperature necessary to ensure
melting and homogenization of all composition components during the
extrusion process. However, setting the minimum temperature during
extrusion is not beneficial due to the high viscosity of the melt and the
resulting poor homogenization. In order to reduce the viscosity of the
melt, it is preferable to set a higher temperature, close to the tempera-
ture of the beginning of the deblocking process.

The deblocking temperature on DSC thermograms is very poorly
visible in the 105-110 °C range as a very weak endothermic peak. This is
because almost simultaneously with the deblocking process, cross-
linking of the coating occurs, which produces an exothermic effect. The
heats of the two reactions compensate each other, which makes the
thermogram course of DSC almost flat. Thus, the determination of the
deblocking temperature in DSC thermogram in this case is affected by a
large error. For this reason, the deblocking temperature from the TGA
thermograms was determined with greater accuracy, as the weight loss
of the sample due to MEKO evaporation.

A dynamic mechanical analysis (DMA) was performed in order to
assess the curing behavior of powder compositions. Information about
the crosslink density of the cured powder coating can be determined
from the storage modulus E’ in the rubbery plateau. The crosslinking
density can be calculated using Eq. (1):

/

E
=L 1
D= 2R, 1
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In this equation, v is the concentration of elastically effective chains
(mol/m®), E/ is the storage modulus at the rubbery plateau (MPa), R is
the gas constant (8.314 J/mol-K) and T, is the temperature at which E, is
measured. The DMA curves of TDI-based powder coatings (L-TGKFX/
MEKO, L-TGKF/MEKO, L-TGGX/MEKO) samples were presented on
Fig. 6. Sample L-TGKF has the highest E/ (2.70 MPa) compared to
sample L-TKFX/MEKO (E/ 1.12 MPa) and L-TGXX/MEKO (E/ 0.45
MPa). Using Eq. (1), the crosslinking densities can be calculated. The
crosslinking density is higher for L-TGKF/MEKO (275.5 mol/m®) than
for L-TGKFX/MEKO (198.97 mol/m>). The higher value of crosslinking
density indicates that a denser polymer network was formed. The L-
TGGX/MEKO coating has a very low degree of crosslinking density
(45.85 mol/m>), which was also evident when preparing the coating for
the DMA test. The coating was brittle. Comparing TDI coatings with
IPDI-based coatings, the L-TGKF/MEKO coating shows a higher cross-
linking density, which can be confirmed by the presence of an aromatic
ring in the TDI structure. The relationship between the values of cross-
link density is also confirmed in the values of glass transition tempera-
ture determined by DMA analysis. The L-TGKF/MEKO sample has the
highest glass transition temperature value (91.70 °C), L-IGKFX/MEKO
(88.20 °C), L-TGKFX/MEKO (86.40 °C), and the lowest value for L-
TGGX/MEKO (83.90 °C). The L-IGKFX/MEKO coating, despite the
cycloaliphatic structure of IPDI, has a higher glass transition tempera-
ture than L-TGKFX/MEKO, which is crosslinked with bPIC based on the
more rigid TDI, which contains an aromatic ring in the structure. In this
case, the higher glass transition temperature for the L-IGKFX/MEKO
sample is more affected by the stiffening effect of cross-linking bonds,
which are more present in the L-IGKFX/MEKO sample (236.73 mol/m?%)
than in L-TGKFX/MEKO (198.97 mol/m?).

The cured powder coatings show three main stages of degradation
(Fig. 7). At first stage, the MEKO blocking agent is volatilized, which
causes mass loss when deblocking the blocked polyisocyanates. This
process occurs in the range of 120-230 °C and is characteristic of oxime
release as shown in other works [19,35,36]. However, the release tem-
perature of the oxime depends on the chemical structure of the poly-
isocyanate. At this stage, the temperature of 5 % mass loss (Tgso) of L-
TGGX/MEKO is 145 °C and is lower than of L-IGGX/MEKO which is
154 °C. Also, the temperature of 10 % mass loss (Tggy) of TDI-based
powder coating is lower (259 °C) than of IPDI-based powder coating
(275 °C). These results indicate that the volatilization of MEKO from
TDI-based bPIC started at a lower temperature and the entire process of
oxime deblocking occurred at lower temperature. This is related to the
TDI-based bPIC structure. The = electrons of the aromatic ring attract a
free electron pair from the nitrogen atom, which increases the positive

Sample: L-TGKFX/MEKO, 15,5800 mg

Glass Transition

Onset 51,43 °C

——ﬁwdpoint 1SO 50,20 °C

Method: 0-200, 10 °C/min,

[1] 0,0..200,0 °C, 10,00 °C/min
[2] 200,0..0,0 °C, -20,00 °C/min
[3] 0,0..200,0 °C, 10,00 °C/min
[4] 200,0..0,0 °C, -20,00 °C/min
[5] 0,0..200,0 °C, 10,00 °C/min

o

Glass Transition
Onset 44,30 °C

Heat flow1
WgA-1

Glass Transition

exot
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3
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1
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Fig. 5. DSC curves of L-TGKFX/MEKO sample.
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Fig. 6. DMA curves of TDI based powder coating samples.
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Fig. 7. TGA curves of TDI and IPDI-based samples.

charge on the nitrogen atom and thus increases the repulsion between
the nitrogen and the hydrogen atom attached to it. As a result, the
hydrogen atom becomes more labile, which contributes to a lower
unblocking temperature.

Starting the deblocking process at a lower temperature allows the
coating to cure at a lower temperature. Thus, TDI-based coatings were
cured at 150 °C and IPDI-based coatings were cured at 160 °C. The TGA
results allowed the selection of an appropriate curing temperature,
which was successively confirmed by performing the MEK test on the
cured coatings. In the second stage, degradation of urethane bonds can
be observed in the temperature range of 280-360 °C. The last stage takes
a place above 400 °C and is related to the degradation of the polyester
resin and polysiloxane KF-6000 [37].

4.3. Characteristics of powder coatings and mechanical and surface
properties of the cured coatings

The polymerization test was performed to confirm that the coating is

fully cured at a particular temperature. The curing temperature of the
powder coatings was selected based on previous study. The polymeri-
zation test of TDI powder coatings was performed on coatings cured at
140 and 150 °C for 20 min. The coatings cured at 140 °C dissolved after
15 rubs, which is why the curing time was first extended to 40 min. The
coatings after this time were still not fully cross-linked and in addition
they started to yellow. The coatings that were cured at higher temper-
atures successfully passed the polymerization test after 20 min of curing
in the oven.

Coatings with KF-6000 had smooth and undamaged surface, whereas
the coatings containing only polyethylene glycol had inferior charac-
teristics and evident coating defects. The coating problems were caused
by the poor flowability of the powder coatings, as was verified by a
flowability test and viscosity measurements of the powder coatings.
Table 2 shows the test results. The distance between the bottom border
of the hole and the farthest point to which the molten powder compo-
sition flowed defines flowability. Coatings with TDI curing at 140 °C had
a defect called orange peel due to the lowest flowability. In addition, the
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Table 2
Flowability at curing temperature of powder coatings containing IPDI (160 °C) and TDI (140-150 °C).
Symbol of coatings L-IGGX/ L-IGKF/ L-IGKFX/ L-TGGX/ L-TGKF/ L-TGKFX/ L-TGGX/ L-TGKF/ L-TGKFX/
MEKO MEKO MEKO MEKO MEKO MEKO MEKO MEKO MEKO
Curing temperature 160 150 140
[°cl
Distance [mm] 33 52 66 18 36 12 15 32 10

coatings after the test of adhesion to the steel were characterized by the
parameter 1-2. TDI-based coatings exhibited lower flowability than
coatings with IPDI. This phenomenon is related to the higher viscosity of
crosslinking agents based on the more reactive TDI.

The same relationships between samples of powder coatings were
observed during the viscosity test. Higher viscosity values (Fig. 8) were
observed for coatings containing polyethylene glycol in the recorded
viscosity curves of powder compositions (as a function of shear rate at
100 °C). An increase in viscosity is unwanted since it affects the leveling
of coatings and the manufacturing process. Coating defects have
contributed to an increase in coating roughness and a decrease in gloss.

On the fully crosslinked coatings, performance tests including
roughness, gloss, scratch resistance, hardness, steel adhesion, and water
contact angle were conducted. Table 3 shows the characteristics of the
powder clear coatings.

The samples of coatings containing TDI-based crosslinking agents
exhibited higher gloss values measured at 60° and lower roughness in
comparison to those with IPDI. This is due to the presence of a hydro-
phobic benzene ring in the TDI molecule [22]. It can also be observed
that coatings containing KF-6000 polysiloxane have higher gloss values.
In addition, the use of polysiloxane KF 6000 in the synthesis of cross-
linking agents led to a rise in the water contact angle of powder clear
coatings. The rise in the water contact angle shows an improvement in
the coating's water resistance. Hydrophobic coatings provide a way for
the substrate to be better protected against moisture and simplify the
process to remove contaminants from the coat's surface, which allows to
prolong the life of the protected object.

Regarding adhesion to the substrate, on a scale of 0-5 (from best to
worst), the tested coatings showed an adhesion level in the range of 0.
Adhesion to the substrate is important to ensure good protection of the
substrate from the external environment and to ensure good decorative
properties. The tested coatings were characterized by very good relative
hardness. Due to the presence of an aromatic structure, TDI-based
coatings reported higher hardness values. Unfortunately, due to the
presence of a benzene ring and the formation of hard segments, TDI-
based coatings were more rigid and more brittle compared to those
with IPDI [13,22,38].

4.4. Accelerated weather test

The accelerated weather test was conducted to examine the coatings'
resistance to weather conditions (xenon lamp radiation, water). The
coatings prepared for this test were named in the same way as the clear
powder coating only the letter ‘W’ was added to indicate the addition of
a white pigment, titanium dioxide. For example, LW-TGKFX/MEKO
indicates a coating that contains blocked polyisocyanate bPIC-TGKFX/
MEKO and 30 % titanium dioxide.

In order to assess the impact of weather conditions on the properties
of coatings, changes in gloss (Table 4) and changes in color (Table 5)
were assessed and a structural analysis was carried out using FT-IR ATR
technique. Color change AE was calculated according to Eq. (2):

1/2

AE" = ((AL)* + (Aa)* + (Ab)*) 2

The gloss retention was calculated according to Eq. (3):
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Fig. 8. The viscosity curves as a function of shear rate at 100 °C.
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Table 3
Specifications of the clear powder coatings properties.

Symbol of coating L-IGGX/MEKO L-IGKF/MEKO L-IGKFX/MEKO L-TGGX/MEKO L-TGKF/MEKO L-TGKFX/MEKO

Roughness Ra 0.81 + 0.10 0.43 £ 0.05 0.33 +0.12 0.62 + 0.11 0.42 + 0.07 0.50 =+ 0.09
PN-EN ISO 12085 Rz 3.18 £ 0.21 2.21 +0.13 1.55 + 0.19 2.22 £ 0.15 2.10 £ 0.19 2.20 + 0.014

Gloss for the angle of 60° GU 87.31 +1.12 90.52 + 0.61 93.57 + 0.60 89.60 + 0.75 96.20 + 0.90 94.10 + 0.63
PN-EN ISO 2813

Adhesion to the steel surface 0-best 0 0 0 0 0 0
PN-EN ISO 2409 5-worst

Hardness - 0.85 0.88 0.93 0.89 0.92 0.96
PN - EN ISO 1522

Scratch resistance g 400 450 500 300 300 300
PN-EN ISO 1518

Water contact angle deg 93.60 + 2.35 97.80 £ 0.70 94.90 + 1.35 95.70 £ 1.12 99.77 + 0.84 98.20 + 1.02
EN 828

IGKF/MEKO and LW-TGKF/MEKO samples. Samples containing xylitol
Table 4 . .
al £ th d tings bef d aft lerated weathering test are more susceptible to gloss loss even when containing KF-6000.

0SS O: € powder coatings berore and arter accelerated weathering test. ore . .

P g § Although the addition of KF-6000 increases gloss retention, the value

Symbolof — LW- Lw- Lw- Lw- Lw- Lw- of 28.10 GU for the LW-TGKF/MEKO sample is too low to meet the

coating IGGX/  IGKF/  IGKFX/  TGGX/  TGKF/  TGKFX/ . . . . .

MEKO MEKO  MEKO MEKO MEKO MEKO Quahcoat techmce.ﬂ requirements for arch1tectura.11 coatings. The .col(?r
difference after aging between IPDI-based sample is less than 2, which is

PN-EN 150 2813 Gloss for the angle of 60° [GU] in accordance with Qualicoat for white coatings. The color difference

Before test  56.10 61.50 47.90 32.16 16.40 44.30 L. .
ohin between TDI-based samples is higher than 2, which proves that these
uv samples are more susceptible to weather conditions. The IPDI-based
chamber powder coating yellowed less than the TDI-based powder coatings, as

Aftertest - 36.70  46.8 27.40 4.76 4.60 8.70 evidenced by the positive increase in the b* value [39]. Contrary to gloss
3}(3?0 hin retention, no effect of KF-6000 and xylitol on color difference is
chamber observed.

Apart from changes in gloss retention and color difference, changes
) in the chemical structure of the coatings can also be observed (Figs. 9

Gloss retention [%] . )

After test —  65.40 76.50 57.20 14.80 28.10 19.60 and 10). To compare changes in chemical structure before and after
1000 h in weathering test, FT-IR spectra was also used to study the effects of
uv weathering on the coatings. All FT-IR spectra show differences in the
chamber intensity of the characteristic bands for TDI-based and IPDI-based

coatings after 1000 h weathering test. However, in the case of IPDI-
based coatings these changes are smaller. These results correlated well
Table 5

Color of the powder coatings before and after accelerated weathering test.

Symbol of Before test — 0 hin UV chamber  After test — 1000 h in UV
coating chamber
L* a* b* AE  L* a* b* AE

LW-IGGX/ 96.83 —0.87 1.66 - 97.76 —0.68 2.47 1.24
MEKO

LW-IGKE/ 97.51 —-0.69 2.31 - 97.91 -0.89 1.12 1.27
MEKO

LW-IGKFX/ 97.18 -0.79 1.98 - 97.60 -0.79 3.18 1.27
MEKO

LW-TGGX/ 95.35 -1.11 3.00 - 95.43 —0.51 5.33 2.41
MEKO

LW-TGKF/ 96.27 —1.01 2.69 - 95.86 0.15 6.20 3.64
MEKO

LW-TGKFX/ 96.80 -1.00 2.60 - 96.51 —0.50 4.38 3.71
MEKO

gloss retention = gloss after test 3

gloss before test

After testing in an aging chamber with a xenon lamp, only IPDI-based
coatings were characterized by a gloss retention above 50 %, which
indicates that they meet the Qualicoat technical requirements for
architectural coatings. The gloss retention of TDI-based coatings was
lower. Samples with the addition of only the KF-6000 modifier are
characterized by higher gloss retention compared to those containing
xylitol. KF-6000 modifier, due to its different chemical structure, mi-
grates towards the surface of the coating, forming a silicone-like thin
layer, which was confirmed in our earlier works [27]. The KF-6000-
enriched coating surface may result in higher gloss retention for LW-

11

the 60° gloss-retention and color measurements and reinforce that IPDI-
based polyurethane powder coatings provide superior exterior dura-
bility than TDI-based. According to the FT-IR spectra, changes in band
intensity at 3300 cm ™! and at 1540 cm™! coming from stretching and
deformation vibrations of the imine group, as well as the band at 1720
em ! characteristic of the stretching vibrations of the carbonyl group
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Fig. 9. FT-IR spectra before and after accelerated weathering test of TDI-based
powder coatings.



D. Czachor-Jadacka et al.

100
__ 951 W
O\O
3
€ 90
]
IS
(72}
§ 85
'_
80 -
| — Before_LW_IGKFX_MEKO
— After_LW_IGKFX_MEKO
75 T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 10. FT-IR spectra before and after accelerated weathering test of IPDI-
based powder coatings.

forming the urethane moieties, indicate the breakdown of urethane
bonds during exposure to accelerated weathering. Additionally, in the
carbonyl region (~1720 cm™!) a band extension was observed between
~1650 and 1800 cm ! and an increase in the absorption band between
~3050 and 3600 cm™!. Changing the intensity and widening of these
bands corresponds to the newly formed hydroxyl and carboxyl groups
[40]. A decrease in the —C—O—C— ether bond around 1070 cm ™! and in
the —CO—O—C— ester region at 1250 cm™! was also observed. This
corresponds to the ether and ester groups forming urethane moieties and
present in polyester resin, which started to hydrolyze during the
weathering test. Maetens described that the photoinduced degradation
of powder coatings contain polyester resin run through formation of
anhydride groups in the polymer backbone, and then in the presence of
water, ring-open to form carboxylic acids [41]. This process results in
main-chain scission and degradation of the polymeric binder.

After weathering test, in the FT-IR spectra of TDI-based coatings, a
significant decrease in band intensity can be observed at approx. 1600
crn’l, 1570 cm’l, 1500 cm~! and 1400 cm’l, originating from the
stretching vibrations of the atomic ring. On the other hand, the intensity
of the band in the range of 1610-1650 cm-1 increases, which is char-
acteristic of the stretching vibrations of the ArC—=C groups, which in-
dicates the formation of quinoneimide groups as a result of oxidation

f
NH——C—0—
]
[l hv
—O0—C—NH CHy, —=
i
NH—C—0O—
0
|
—0—C—N CH,
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initiated by UV radiation [23,26,42]. In the FT-IR spectra of IPDI-based
coatings, there are no bands in the range of 1610-1650 cm™'. An
additional confirmation of the formation of the quinoneimide structure
in TDI-based coatings is the reduction in the intensity of the bands in the
range of 3300 cm™! and 1530 cm™! coming from the stretching and
deformation vibrations of imine groups -NHCOO- forming urethane
moieties, which indicates their transformation into the groups =NCOO.
The formation of quinoneimide groups in TDI based coatings is shown in
Fig. 11.

As can be seen from the presented on Fig. 11 reaction scheme, it is
not possible to form a quinoneimide moiety by an aliphatic ring derived
from isophorone diisocyanate. The presence of quinoneimide groups is
manifested as yellowing of the coating, which was confirmed by the
higher positive increase in the b* value for TDI-based coatings.

5. Conclusion

As a result of this research, a method of synthesis of polysiloxane
modified TDI and IPDI-based polyisocyanates as a crosslinking agent for
polyurethane powder coatings were successfully developed. The syn-
thesis of TDI-based polyisocyanates, due to the higher reactivity of TDI,
is faster, which allows for shortening its duration time and the energy
savings. In addition, it has been proven that TDI-based bPICs deblock
faster and the powder coatings crosslink faster, which allows them to be
used on materials with lower heat resistance.

The introduction of the TDI monomer into the polyurethane back-
bone resulted in an increase in the Tg modulus, gloss, hardness and water
contact angle. Based on these relationships, it can be concluded that the
synthesized TDI-based polyisocyanate are suitable for low temperature
powder coating applications. The presence of aromatic rings in the TDI-
based coatings induces a weaker weathering resistance than IPDI-based
powder coatings, which disqualifies them for outdoor applications, e.g.
architectural. However, TDI-based coatings offered good mechanical
properties at a relatively lower cost. Despite poorer weatherability, the
good mechanical properties make them a good candidate for indoors
coating usage, where UV radiation is weaker.

It was also shown that the presence of KF-6000 polysiloxane incor-
porated into the polyisocyanate structure favorably affects the gloss
retention of the coatings after the accelerated aging test. However, the
presence of KF 6000 polysiloxane in the coating does not increase the
yellowing resistance of the coating. This phenomenon was explained by
the migration of polysiloxane segments towards the surface of the
coating and the formation of a thin silicone-like microlayer on its sur-
face, which protects it from gloss loss. Because polysiloxane migration is
limited by the chemical bonds between the polysiloxane and TDI mol-
ecules, the chain segments derived from TDI are located near to the

i
NH——C—0—
[l : hv
—O0—C—NH CH, .
(0]
[l
N c—0—
o /4
Il
—O0—C—NH CH,

Fig. 11. Reaction scheme for the formation of quinoneimide groups in the case of TDI-based coatings.
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polysiloxane below the surface, therefore the yellowing process of the
coating is not inhibited.
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Wiasciwosci ochronne niskotemperaturowych poliuretanowych
lakierow proszkowych o zwiekszonej hydrofobowosci

Protective properties of low temperature polyurethane powder coatings with improved

hydrophobicity

W ramach badan opracowano nowe sSrodki sieciujgce o strukturze
rozgatezionych  blokowanych poliizocyjanianéw, zawierajqce
gliceryne, ksylitol, glikol polietylenowy lub polisiloksan KF 6000 do
niskotemperaturowych poliuretanowych lakieréw proszkowych.
Jako srodek blokujqgcy zastosowano oksym acetonu. Wytworzone
zich udziatem lakiery utwardzajq sie w temperaturze 150°C. Zbada-
no wplyw struktury chemicznej blokowanych poliizocyjanianéw na
wtasciwosci fizyko-mechaniczne (potysk, chropowatos¢, odpornos¢
na zarysowanie, twardos¢, pomiar kqta zwilzania) i ochronne po-
liuretanowych powtok proszkowych. Wykonano pomiary EIS oraz
badania odpornosci na korozje w 3,5 % roztworze NaCl.

Stowa kluczowe: hydrofobowe Srodki sieciujqce, poliuretany, nis-
kotemperaturowe lakiery proszkowe, ochrona przed korozjq, EIS

In this study, new crosslinking agents were developed with a struc-
ture branched blocked polyisocyanates composed of glycerol, xylitol,
polyethylene glycols or KF 6000 polysiloxane for low temperature
polyurethane powder coatings. Acetone oxime was chosen as the
blocking agent. The coatings were cured at 150°C. The influence of
the chemical structure of the blocked polyisocyanates on the phys-
ical-mechanical properties (gloss, roughness, scratch resistance,
hardness, contact angle measurement) and protective properties of
the polyurethane powder coatings was investigated. EIS measure-
ments and corrosion resistance tests in 3,5 % NaCl solution were
performed.

Keywords: hydrophobic curing agents, polyurethane, low-tempera-
ture powder coatings corrosion resistance, EIS
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1. Wprowadzenie

Poliuretany (PU) to bardzo réznorodna grupa materiatéw inzy-
nierskich, ktére sa niezwykle uniwersalne i uzyteczne. Otrzymuje
sie je najczesciej w reakgji diizocyjanianéw z oligomerami zakon-
czonymi grupami hydroksylowymi, ktéra prowadzi do utworzenia
wigzania uretanowego (-NH-CO-O-). Modyfikacje poliuretanéw
prowadza do wytworzenia szerokiej gamy produktéw w posta-
ci elastomeréw, wtékien, pianek, klejéw i powtok, w tym powtok
proszkowych [1-4]. W ostatnich latach nastapit znaczny postep
w produkgji farb i lakierow proszkowych ze wzgledu na liczne zale-
ty, takie jak bardzo dobre wiasciwosci fizyko-chemiczne oraz brak
emisji podczas utwardzania, poniewaz zawieraja 100% surowcow
w postaci statej i w zwigzku z tym nie emituja lotnych zwiazkéw or-
ganicznych (VOC). Ponadto, wyroby lakierowe proszkowe generuja
bardzo mate ilosci odpaddéw (ponizej 5%), poniewaz proszek, kto-
ry opada na dno komory podczas aplikacji moze zosta¢ ponownie
wykorzystany. Poliuretanowe (PU) wyroby proszkowe najczesciej
oparte s3 na zablokowanych poliizocyjanianach (bPIC) i zywicach
zakonczonych grupami hydroksylowymi. Posiadajg bardzo dobre
wiasciwosci mechaniczne, takie jak elastycznos¢, przyczepnosc do
powierzchni metalowych, odporno$¢ na scieranie i zarysowanie,
a takze doskonata odpornos¢ chemiczna oraz na promieniowanie
UV w przypadku gdy jako sktadnik izocyjanianowy zastosuje sie
zwigzek o strukturze alifatycznej lub cykloalifatycznej [5-7]. Obec-
nie jednym z kierunkéw badan nad wyrobami proszkowymi jest
opracowywanie produktéw o nizszej temperaturze utwardzania,
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Tabela. 1. Jakosciowo-ilosciowy sktad syntezowanych blokowanych poliizocyjanianéw.

Table 1. Qualitative/quantitative composition of the blocked polyisocyanates.

Symbol bPIC | IPDI | Gliceryna | KF6000 polipril:)l;::nowy Ksylitol | Oksym acetonu Symbol powtoki
[mol] [mol] [mol] [mol] [mol] [mol]

IGG/AO 0,25 0,0767 0,01 0,29 L-IGG/AO
IGGX/AO 0,25 0,0667 0,01 0,0059 0,28 L-IGGX/AO
IGKF/AO 0,25 0,0767 0,01 0,27 L-IGKF/AO

IGKFX/AO 0,25 0,0667 0,01 0,0059 0,32 L-IGKFX/AO

ktéra pozwala na przeprowadzenie tego procesu na podtozach
o niskiej odpornosci termicznej takich jak: ptyty MDF, drewno czy
kompozyty, a ponadto nie wymaga tak duzego naktadu energii jak
w przypadku produktéw klasycznych. Malowanie proszkowe kla-
sycznymi lakierami utwardzanymi w wysokiej temperaturze (180-
200°C) ma przede wszystkim zastosowanie przy zabezpieczaniu
powierzchni detali wykonanych ze stali surowej, kwasoodpornej
oraz ocynkowanej ogniowo lub galwanicznie, a takze elementéw
z aluminium i jego stopéw. Innym z kierunkéw modyfikacji farb
i lakierow proszkowych jest nadawanie powtokom wiasciwosci
ochronnych, m.in. antykorozyjnych, hydrofobowych, antystatycz-
nych oraz odpornych na $wiatto. Ochrona przed korozja nastepuje
poprzez natozenie na zabezpieczana powierzchnie warstwy mate-
riatu, ktory stanowi powtoke ochronna. Nieprzepuszczalna i szczel-
na powtoka stanowi bariere przed przedostawaniem sie czynnikow
wywotujacych korozje do powierzchni metalu [8,9]. Skutecznos¢
ochrony barierowej mozna zwiekszy¢ nadajac powtoce wiasciwo-
$ci hydrofobowe. Celem naszych badan byto opracowanie poliure-
tanowych lakieréw proszkowych o zwiekszonej hydrofobowosci
i nizszej temperaturze utwardzania. Obnizenie temperatury utwar-
dzania osiggnieto poprzez zastosowanie oksymu acetonu jako
srodka blokujacego poliizocyjanian, ktéry stanowit srodek sieciuja-
cy lakieréw. Hydrofobowos¢ powtok zostata zwiekszona w wyniku
wbudowania polisiloksanu KF 6000 i ksylitolu w strukture bloko-
wanego poliizocyjanianu. Whasciwosci ochronne powtok zbadano
poprzez wykonanie pomiaréw parametréw fizyko-mechanicznych,
przeprowadzenie testéw zanurzeniowych w medium korozyjnym
oraz metoda elektrochemicznej spektroskopii impedancyjnej (EIS).

2. Materiaty i metodyka badan

2.1. Surowce

Surowce uzyte do syntezy blokowanych poliizocyjanianéw (bPIC):
diizocyjanian izoforonu (IPDI), (Evonik Industries, Niemcy), dilaury-
nian dibutylocyny (Sigma Aldrich, Szwajcaria,) gliceryna (Chempur,
Polska), glikol polietylenowy o Mw = 300 g/mol (Avantor Performan-
ce Materials Poland, Polska), a,w-bis(hydroksyetylenooksypropyleno)
polidimetylosiloksan (KF-6000) o LOH=120 mgKOH/g (Shin- Etsu, Ja-
ponia), ksylitol (J&K Scientific, Chiny), srodek blokujacy: oksym ace-
tonu (AO), (TCI, Japonia). Surowce uzyte do lakieréw proszkowych:
zywica poliestrowa Sirales PE 6110 (LK: 4-8 mg KOH/g, LOH: 30-45
mg KOH/qg), (Sir Industriale, Wtochy), srodek zwiekszajacy rozlew-
nos¢ Resiflow PV 88 (Worlee Chemie GmbH, Niemcy), benzoina jako
srodek utatwiajacy odgazowanie (Sigma Aldrich, Szwajcaria).

2.2. Sposdb syntezy blokowanych poliizocyjanianéw

IPDI i dilaurynian dibutylocyny jako katalizator (0,1% mas. w sto-
sunku do diizocyjanianu) umieszczono w kolbie tréjszyjnej wypo-
sazonej w chtodnice zwrotng, termometr, mieszadto mechaniczne,
rurke doprowadzajaca azot i wkraplacz a nastepnie ogrzano do
temperatury 90°C. W zlewce przygotowano mieszanine glicery-
ny i ksylitolu, ktéra umieszczono na mieszadle magnetycznym

w temperaturze 90°C i mieszano do catkowitego rozpuszczenia
cukrolu. Mieszanine ksylitolu i gliceryny wraz z dodatkiem gliko-
lu polietylenowego lub KF-6000 wkraplano do kolby zawierajacej
IPDI i katalizator. Po zakoriczeniu wkraplania mieszanine reakcyj-
na utrzymywano w temperaturze 90°C przez ok. 1,5 h kontynu-
ujac mieszanie do momentu az zawarto$¢ grup izocyjanianowych
obnizy sie do 19%. Na tym etapie prowadzono blokowanie grup
izocyjanianowych. W tym celu do powstatego poliizocyjanianu do-
zowano oksym acetonu w takiej ilosci aby stosunek molowy grup
-NCO poliizocyjanianu do -OH oksymu wynosit 1:1. Po zakoriczeniu
dozowania $rodka blokujacego, mieszanie kontynuowano jeszcze
przez ok. T h w temp. 110°C do catkowitego zaniku grup —-NCO. Po-
step reakcji monitorowano za pomoca FT-IR. Catkowity zanik pa-
sma absorpcji pochodzacego od grup -NCO w widmie FT-IR ozna-
czat zakonczenie reakgcji blokowania. Blokowane poliizocyjaniany
oznaczono symbolami, w ktérych poszczegdlne litery pochodza od
nazw substratéow np. IGKFX/AO oznacza bPIC syntezowany z IPDI,
gliceryny, KF-6000 i ksylitolu, ktéry zostat zablokowany oksymem
acetonu. W tabeli 1 przedstawiono skfad chemiczny blokowanych
poliizocyjanianéw.

Blokowane poliizocyjaniany réznity sie miedzy soba obecnoscia
ksylitolu, glikolu polietylenowego oraz polisiloksanu KF 6000.

2.3. Wytworzenie lakieréw proszkowych i powfok

W skfad lakieréw proszkowych wchodzit zablokowany poliizo-
cyjanian oraz zywica poliestrowa zawierajaca grupy hydroksylowe
w stosunku molowym grup -NCO do grup -OH réwnym 1:1 a takze
dodatki utatwiajace odgazowanie (1% mas.) oraz zwiekszajace roz-
lewnosc¢ (1% mas.). Probka poréwnawcza sktadata sie z tej samej
zywicy poliestrowej, a jako Srodek sieciujacy zastosowano komer-
cyjnie dostepny poliizocyjanian VESTAGON B1530 wytworzony
z udziatem IPDI zablokowany e-kaprolaktamem. Przygotowang
mieszanine wstepnie zmielono, a nastepnie wyttoczono za pomo-
cg dwuslimakowej wyttaczarki wspétbieznej EHP 2x12 Slime firmy
Zamak. Wartosci temperatur w wyttaczarce byty nastepujace: strefa
1-95°C, strefa Il-110°C, strefa l1I-120°C, f3cznik-125°C. Szybkos¢ obro-
toéw slimakéw wynosita 100 obr/min. Wyttoczony lakier schtodzo-
no, sproszkowano, a nastepnie przesiano na sicie o Srednicy oczek
100 um. W celu wytworzenia powtok proszek nanoszono metoda
Corona za pomocg pistoletu elektrostatycznego PEM X-1 stero-
wanego urzadzeniem EPG Sprint X firmy Wagner (Szwajcaria) na
Q-panele testowe R-36 o wymiarach 155mmx76mm. W pistolecie
czastki proszku byty transportowane ze zbiornika za pomoca spre-
zonego powietrza i elektryzowane przez elektrode umieszczong
w dyszy pistoletu o napieciu 60kV. Q-panele stalowe najpierw prze-
myto acetonem, a nastepnie zanurzono w 1,5% wodnym roztworze
ESKAPHORU Z 2000C o pH = 5,5 na 4 min w celu naniesienia kon-
wersyjnej powtoki fosforanowo-cyrkonianowej. Po wyjeciu z roz-
tworu pasywacyjnego ptytki sptukano woda destylowang i osu-
szono. Powtoki zostaty utwardzone w temperaturze 150°C w cza-
sie 20 minut. Prébka referencyjna zawierajaca komercyjny srodek
sieciujacy zostata utwardzona w temperaturze 180°C w czasie 20

Ochrona przed Korozja, ISSN 0473-7733, e-ISSN 2449-9501, vol. 64, nr 11/2021

327



ARTYKUL NAUKOWY / RESEARCH ARTICLE

Tabela 2. Zestawienie wtasciwosci fizyko-mechanicznych powlok
Table 2. Specifications of the coatings properties.

Symbol powtoki L-B1530 L-IGG/AO L-IGGX/AO L-IGKF/AO L-IGKFX/AO

Chropowatodé R, 0,38 3,18 1,38 0,22 0,28

P R, 3,65 11,26 5,32 1,23 1,23
Potysk 60° GU 69,68 3947 61,75 101,50 94,70

Liczba oscylacji/ ) 115 48 144 154 152
Twardos¢ wzgledna 0,72 0,30 0,90 0,96 0,95
Odpornos¢ na zarysowanie e} 400 400 450 500 500
Kat zwilzania woda deg 82,80 89,50 91,50 96,20 98,30

Tabela 3. Charakterystyka uszkodzen powtok po 168 h ekspozycji w roztworze 3,5% wag NaCl.
Table 3. Characteristics of the coating damage after 168 h of exposure in 3.5% wt NaCl solution.

L-B1530 523 3,70

L-IGG/AO 8,85 2,85

L-IGGX/AO 7,10 1,10
L-IGKF/AO powyzej 20 Brak korozji
L-IGKFX/AO Brak odwarstwienia Brak korozji

minut. Wytworzone powtoki oznaczono symbolami zawierajgcymi
symbol bPIC uzytego jako srodek sieciujacy poprzedzony literg L,
np. L-IGKFX/AO oznacza powtoke usieciowang blokowanym polii-
zocyjanianem IGKFX/AOQ.

2.4. Charakterystyka wtasciwosci powtok

2.4.1. Badanie odpornosci na zanurzenie w roztworze NaCl

Na utwardzonych powtokach wykonano naciecia zgodnie z nor-
ma PN-EN ISO 17872. Naciecia wykonano w ksztatcie litery X przez
powtoke az do metalu przy uzyciu specjalnego noza, tak aby kon-
ce nacie¢ znajdowaty sie 20 mm od krawedzi ptytki. Przygotowane
probki umieszczono w 3,5 % roztworze NaCl na 168 h (7 dni) wg
wytycznych normy PN-EN ISO 2812-1. Oceny zniszczen po ekspo-
zycji na roztwér NaCl dokonano wg normy PN-EN ISO 4428 1-10.
2.4.2. Elektrochemiczna spektroskopia impedancyjna (EIS)

Badania metoda elektrochemicznej spektroskopii impedancyj-
nej (EIS) prowadzono w roztworze 3,5% wag. NaCl, w temperaturze
pokojowej przez 7 dni (168 h). Elektrode robocza (WE) stanowit wy-
izolowany fragment powierzchni prébki o $rednicy 35 mm (pow.
9,62 cm’), elektrode odniesienia (RE) nasycona elektroda chlorosre-
browa (Ag|AgCI|KCl(,,s) +0,197 V wzgl. NEW), a elektrode pomoc-
nicza (CE) siatka platynowa o pow. 20 cm’. Stosowano napieciowy
sygnat wzbudzania o amplitudzie 10 mV (rms) i czestotliwosci od
100 kHz do 10 mHz. Dopasowanie uktadu zastepczego do otrzy-
manych danych pomiarowych wykonano w programie ZSimp Win
3.21 (Echem Software, USA).

2.4.3. Badanie wtasciwosci fizyko-mechanicznych powtok.

Pomiary chropowatosci wykonano przy uzyciu profilometru
MarSurf PS1 firmy MAHR zgodnie z norma PN-EN ISO 12085
wyznaczajac parametry R, i R, ktore oznaczaja odpowiednio
$redniag arytmetyczna profilu chropowatosci oraz réznice $red-

niej arytmetycznej 5 najwyzszych wzniesien profilu chropowa-
tosci i sredniej arytmetycznej 5 najnizszych gtebokosci profilu.
Potysk zmierzono za pomoca potyskomierza micro-Tri-gloss-p
firmy BYK- Gardner zgodnie z wytycznymi normy PN-EN ISO
2813. Pomiar potysku opierat sie na zmierzeniu intensywnosci
odbitego swiatta w zakresie kata odbicia 20°, 60° i 85°. Twardos¢
oznaczono metoda wahadta Kéniga zgodnie z normg PN-EN ISO
1522. Badanie polegato na oznaczeniu stosunku czasu zanikania
wahan wahadta opartego na badanej powtoce do czasu zanika-
nia wahan wahadta opartego na ptytce szklanej. Liczba oscylacji
wahadta opartego na ptytce szklanej wynosita 160. Odpornos¢
na zarysowanie oznaczono za pomocg testera Clemena zgod-
nie z normg PN-EN ISO 1518. Pomiar polegat na wyznaczeniu
najmniejszego obcigzenia, przy ktédrym nastapito uszkodzenie
badanej powtoki. Aby oceni¢ charakter hydrofobowy powtoki
wykonano pomiary kata zwilzania woda za pomoca goniome-
tru optycznego OCA15 firmy DataPhysics. Kat zwilzania jest to
kat, jaki tworzy styczna do powierzchni kropli pomiarowej osa-
dzonej na powierzchni ciata statego, w punkcie styku trzech faz:
statej, ciektej i gazowe;j.

3. Wyniki badan i dyskusja

W ramach badan opracowano nowe blokowane poliizocyjaniany,
ktdre zastosowano jako srodki sieciujace do lakieréw proszkowych
o temperaturze utwardzania 150°C. Do otrzymania blokowanych
poliizocyjanianéw uzyto cykloalifatyczny diizocyjanian izoforonu
(IPDI), poniewaz wytworzone z jego udziatem powtoki w poréwna-
niu do zawierajacych poliizocyjaniany aromatyczne, nie maja ten-
dencji do z6tkniecia pod wptywem swiatta i w zwigzku z tym moga
by¢ stosowane na zewnatrz podczas bezposredniej ekspozycji na
warunki atmosferyczne. Jako sktadnik rozgateziajacy strukture po-
liizocyjanianu wybrano ksylitol, ktéry ze wzgledu na brak rozpusz-
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Rys. 1. Wykresy Bode dla powtoki: a) L-IGG/AO, b) L-IGGX/AOQ, c) L-IGKF/AQ, d) L-IGKFX/AO, e) L-B1530, w czasie ekspozycji w 3,5% wag. NaCl.
Fig. 1. Bode plots for coating (a) L-IGG/AOQ, (b) LIGGX/AOQ, (c) L-IGKF/AQ, (d) L-IGKFX/AQ, (e) L-B1530, after exposure in 3.5% wt. NaCl.

czalnosci w diizocyjanianie, rozpuszczano w glicerynie, a nastepnie
w postaci roztworu dozowano do IPDI. Dzieki zastosowaniu glice-
ryny jako rozpuszczalnika ksylitolu i zarazem reaktywnego surowca
tréjfunkcyjnego, mozna byto unikna¢ stosowania w procesie syn-
tezy innego rozpuszczalnika, takiego jak aceton, THF, MEK czy DMF.
Rozpuszczalniki te bytyby trudne do odparowania ze wzgledu na
zestalanie sie poliizocyjanianu podczas chtodzenia do temp. poko-
jowej. Ksylitol zostat wybrany jako tatwo dostepny sktadnik pocho-
dzacy ze zrédet odnawialnych. Glikol polietylenowy o Mw = 300
g/mol zastosowano, aby zapewni¢ odpowiednia elastycznos¢ po-
liizocyjanianu. Do struktury poliizocyjanianu wbudowano réwniez
polisiloksan KF-6000, w celu zwiekszenia hydrofobowosci powtok.
Modyfikator polisiloksanowy KF-6000 ma budowe liniowa i zawie-
ra na koncach tancucha grupy hydroksyetylenooksypropylenowe.
Grupy te s bardziej reaktywne niz grupy silanolowe wystepujace
w typowych polisiloksanach funkcjonalizowanych [10], co pozwala
na stosunkowo fatwiejsze wbudowanie modyfikatora w faricuch

poliizocyjanianowy. Jako $rodek blokujacy wybrano oksym ace-
tonu, poniewaz odblokowuje sie on w nizszej temperaturze niz
klasycznie stosowane srodki blokujace takie jak e-kaprolaktam,
ktérego odblokowanie rozpoczyna sie dopiero w temp. ok. 170°C
[11]. Temperatura odblokowania poliizocyjanianu ma decydujacy
wplyw na przebieg procesu utwardzania powtok. Dla poréwnania
probke referencyjna wytworzono z udziatem komercyjnego wyso-
kotemperaturowego srodka sieciujgcego VESTAGON B1530 zablo-
kowanego &-kaprolaktamem.

Jako zywice zastosowano komercyjnie dostepny poliester SI-
RALES PE 6110 zawierajacy grupy hydroksylowe. llo$¢ srodkéw
sieciujgcych dobrano tak, aby stosunek molowy grup -NCO po
odblokowaniu bPIC do grup -OH pochodzacych od zywicy polie-
strowej byt réwny 1:1. Homogenizacja na poziomie molekularnym
skfadnikow lakieru nastepowata podczas procesu wytfaczania.
Blokowane poliizocyjaniany nie wykazywaty negatywnego wpty-
wu na proces wyttaczania, przechowywania i utwardzania lakie-
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réow. Wytworzone powtoki po 24 h sezonowania zostaty poddane
badaniom wtasciwosci fizyko-mechanicznych, ktérych wyniki
zestawiono w tabeli 2. Powstate w wyniku utwardzania lakieréw
powtoki byty przezroczyste. Powtoki zawierajace glikol polietyle-
nowy charakteryzowaty sie wyzszymi wartosciami parametréw
chropowatosci R, i R, w poréwnaniu do wytworzonych z udzia-
tem polisiloksanu KF 6000 ze wzgledu na mniejszg rozlewnos¢,
ktdra jest skutkiem wiekszej lepkosci blokowanych poliizocyja-
nianéw otrzymanych z udziatem tego glikolu. Powtoki charakte-
ryzujace sie wieksza chropowatoscia posiadaty mniejszy potysk.
Prébki zawierajace polisiloksan KF 6000 charakteryzowaty sie naj-
mniejsza chropowatoscig oraz najwyzszym potyskiem (wartos¢
potysku powyzej 90GU). Wszystkie prébki oprécz L-IGG/AO cha-
rakteryzowaty sie wysoka twardoscia, co zapewnito im spetnianie
wymagan znaku jakosci Qualisteelcoat, poniewaz ilos¢ oscylacji
wahadta dla kazdej z nich wynosita powyzej 80. Nizsza twardos¢
(0,30) probki L-IGG/AO wynika ze zbyt stabej rozlewnosci lakieru,
co przyczynito sie do powstania powtoki o duzej chropowatosci.
Wszystkie otrzymane powtoki wykazujg bardzo dobrg odpornos¢
na zarysowanie. Probki zawierajgce polisiloksan KF6000 cechujg
sie wyzszg odpornoscig na zarysowanie niz otrzymane z udzia-
tem glikolu polietylenowego i Vestagonu B1530. Zwigzane jest
to z wyzsza wartoscig energii wigzan Si-O (452 kJ/mol), ktére sa
obecne w strukturze polisiloksanu, w poréwnaniu do energii wig-
zan obecnych w czasteczkach glikolu polietylenowego i Vesta-
gonu B1530 (energia wigzan C-O: 358 kJ/mol, C-C: 347 kJ/mol).
Wiazania o wyzszej energii sg trudniejsze do rozerwania, co przy-
czynito sie do zwiekszenia odpornosci na zarysowanie powtok
L-IGKF/AO oraz L-IGKFX/AO zawierajacych polisiloksan. Hydro-
fobowos¢, ktdérej miara jest kat zwilzania wodg jest jedng z cech
charakteryzujacych wiasciwosci ochronne powtoki. Wbudowanie
polisiloksanu w strukture bPIC przyczynito sie do zwiekszenia
kata zwilzania woda powtok lakierniczych. Powtoka o charakterze
hydrofobowym zapewnia lepsza ochrone podtoza przed kontak-
tem z wodg, zawilgoceniem oraz utawia usuwanie zanieczyszczen
z powierzchni, co pozwala na wydtuzenie czasu eksploatacji za-
bezpieczonego przedmiotu. Obserwowany wzrost hydrofobowo-
$ci powtok zawierajgcych polisiloksan wynika z obecnosci w jego
strukturze hydrofobowych grup metylowych rozmieszczonych
wzdtuz tancucha, ktére ekranuja hydrofilowe atomy tlenu taczace
atomy krzemu. W przypadku prébek zawierajacych glikol poliety-
lenowy oraz Vestagon B-1530, atomy tlenu nie s3 ostaniane przez
grupy o charakterze hydrofobowym, co jest przyczyna nizszej ich
hydrofobowosci.

W celu petniejszej charakterystyki wtasciwosci ochronnych
otrzymanych powtok, wykonano badanie odpornosci na ekspo-
zycje w 3,5% roztworze NaCl oraz analize EIS. Obydwie metody
sa powszechnie wykorzystywane w celu oceny zdolnosci ochrony
antykorozyjnej powtok. W obu przypadkach zastosowano 3,5%
roztwér NaCl i taki sam czas trwania badania (7 dni/168 h). Po za-
konczeniu testéw zanurzeniowych, prébki oczyszczono, usunieto
odwarstwiong powtoke oraz dokonano oceny uszkodzer powtoki
wg normy PN-EN ISO 4628 1-10. Opis uszkodzen, ktére zaobserwo-
wano na powtokach zestawiono w tabeli 3. Wg normy PN-EN ISO
4628-8 okreslono stopier odwarstwienia powtoki, ktéry obliczono
z wzoru (1) oraz stopien skorodowania wokét rysy, ktéry obliczono
zwzoru (2).

T M
Gdzie:
d, $rednia szeroko$¢ strefy odwarstwienia, [mm];
w szeroko$¢ pierwotnej rysy, [mm], 0,3 mm;

c = We—w (2)

Gdzie:
w, $rednia szerokosc strefy korozji, [mm];
w szeroko$¢ pierwotnej rysy, [mm], 0,3;

Po zakonczeniu testu zanurzeniowego, na badanych powto-
kach nie zauwazono spekania, specherzenia ani korozji nitkowej.
Na podstawie przedstawionych wynikéw badan w tabeli 3 mozna
zauwazy¢ brak skorodowania wokét rysy w przypadku powtok za-
wierajacych polisiloksan KF 6000. Wynik ten jest skutkiem wiekszej
hydrofobowosci tych powtok w poréwnaniu do zawierajacych
w swojej strukturze glikol polietylenowy czy Vestagon B 1530.
Mniejsze odwarstwienie wokot rysy wykazuja powtoki zawierajace
ksylitol, co jest konsekwencja jego rozgatezionej struktury zawie-
rajacej grupy polarne, ktéra przyczynita sie do zwiekszenia gesto-
$ci usieciowania i adhezji do podtoza skutkujacych zwiekszeniem
zdolnosci ochrony barierowe;j.

Wyniki analiz uzyskanych metoda elektrochemicznej spektro-
skopii impedancyjnej w postaci wykreséw Bode'go (zaleznos¢
modutu impedancji w funkgji czestotliwosci) przedstawiono na ry-
sunku 1. Na ich podstawie mozna stwierdzi¢, ze obecnos¢ polisilok-
sanu KF 6000 (L-IGKFX/AO oraz L-IGKF/AO) spowodowata znaczne
zwiekszenie wiasciwosci ochronnych powtok na podtozu stalowym
(Q-panelu). Przez pierwsze 24 godziny powtoki te wykazywaty cha-
rakter czysto pojemnosciowy (jedna stata czasowa). Po tym czasie
na widmie w zakresie niskich czestotliwosci mozna byto zaobser-
wowac wystepowanie drugiej statej czasowej, zwigzanej z zacho-
dzacymi procesami korozji. W przypadku powtok wytworzonych
bez polisiloksanu, a jedynie z dodatkiem glikolu polietylenowego
(L-IGGX/AO oraz L-IGG/AO) juz po 1 godzinie od zanurzenia prébek
w medium korozyjnym na widmach impedancyjnych widoczne
sg dwie state czasowe, co Swiadczy o zachodzeniu procesow fara-
dayowskich. Obecnos¢ ksylitolu réwniez wptyneta pozytywnie na
wiasciwosci antykorozyjne badanych powtok zwiekszajac wartosci
impedancji. Prébka referencyjna usieciowana Vestagonem B 1530
w poczatkowym okresie kondycjonowania w medium korozyjnym
charakteryzuje sie impedancjg w zakresie 10" Q-cm?, poréwny-
walng do powtok zawierajacych polisiloksan KF 6000, natomiast
wiekszg od wytworzonych z udziatem glikolu polietylenowego.
Impedancja prébek L-IGGX/AO oraz L-IGG/AO miesci sie w zakresie
10°-10° Q-cm’.

W celu wyznaczenia wartosci rezystancji powtok (Rc), przeprowa-
dzono symulacje z zastosowaniem dwdch typowych uktadéw za-
stepczych opisujacych impedancje powtok przed i po wystapieniu
proceséw korozji podioza (rys. 2). Zbudowane sg one z elementu
opisujacego rezystancje elektrolitu (Rs), powtoki organicznej (R¢) oraz
oporu przeniesienia tadunku pomiedzy metalem, a elektrolitem (R,,)
[12-14]. Ponadto, w uktadzie znalazly sie elementy statofazowe Qc
i Qq charakteryzujace pojemnos$¢ powtoki oraz warstwy podwdjne;j.
Impedancje zastosowanych w obwodach zastepczych elementéw
statofazowych (Q) mozna wyrazi¢ jako:

1
20 = ygar 3

gdzie:Y,-stataadmitancja,j-liczbaurojona, w-czestotliwos¢ katowa
(w = 2nf), f- czestotliwos¢ wyrazona w Hz, n - wykfadnik Q (w za-
kresie 0 + 1) [15].

Uzyskane wartosci rezystancji dla badanych prébek zaprezento-
wano na rysunku 3. Wartosci te potwierdzaja barierowe dziatanie
powtok z dodatkiem polisiloksanu KF 6000 w ciagu pierwszych 24
godzin kondycjonowania w medium korozyjnym. Wprowadzenie
ksylitolu wptyneto na zwiekszenie poczatkowej wartosci rezystan-
cji powtoki z 66 do 424 GQ-cm’ dla powtok zawierajacych polisi-
loksan KF 6000 i z ok. 4 do 577 MQ-cm” wytworzonych z udziatem
glikolu polietylenowego. Po kilku dniach od zanurzenia prébek
w 3,5% wag. NaCl wartos¢ rezystancji powtok ulegta ustabilizo-
waniu, a po 7 dniach osiagnefa wartos¢ 18 kQ-cm’, 4 MQ-cm?,
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Rys. 2. Schematy zastepcze opisujgce badane uktady powtoka organiczna - metal: a) z jedng, b) z dwoma statymi czasowymi.

Fig. 2. Equivalent diagrams which describe organic coating-metal systems: a) with one, b) with two time constants.
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Rys. 3. Zaleznos¢ rezystancji powtok (R¢) od czasu ekspozycji w 3,5% wag. NaCl.

Fig. 3. Relationship of coating resistance (R.) to exposure time in 3.5% wt. NaCl.

0,2 GQ-cm” i 20,6 GQ-cm’ odpowiednio dla préobek L-IGG/AO, L-
-IGGX/AOQ, L-IGKF/AO oraz L-IGKFX/AO. W przypadku prébki refe-
rencyjnej rezystancja powtoki z poczatkowego poziomu ok. 2,5
GQ-cm’, po ustabilizowaniu uktadu uksztattowata sie na poziomie
67 MQ-cm’, co jest wartoscig plasujaca sie pomiedzy seriami pro-
bek wytworzonych z i bez dodatku polisiloksanu KF 6000.

Zdjecia prébek po zakonczeniu testu zanurzeniowego przed-
stawiono na rysunku 4. Na powtokach zawierajacych glikol poli-
etylenowy pojawity sie wyrazne uszkodzenia w postaci pecherzy,
natomiast prébki wytworzone z udziatem polisiloksanu KF 6000 nie
ulegty widocznym zmianom po 7 dniowej ekspozycji w rozworze
NaCl, co swiadczy o ich dtugotrwatych wtasciwosciach ochronnych.
Na prébce referencyjnej mozna zaobserwowac niewielkie, punkto-
we $lady korozji, ktére sg jednak znacznie mniejsze w poréwnaniu
do obecnych na powtokach wytworzonych bez dodatku polisilok-
sanu KF 6000.

Wyniki uzyskane z testéw zanurzeniowych oraz metoda EIS
wykazujg tg sama tendencje, potwierdzajacg pozytywny wplyw
ksylitolu oraz polisiloksanu na wtasciwosci ochronne powtok. Test
zanurzeniowy nie pozwala jednak w tak doktadny sposéb zbadac
odpornosci korozyjnej materiatu jak technika EIS. Wyniki tego testu
moga sie nieznacznie rézni¢ w zaleznosci od interpretacji osoby
oceniajacej zniszczenia. Technika EIS pozwala na wyeliminowanie
czynnika ludzkiego oraz ilosciowe scharakteryzowanie przebiegu
proceséw elektrochemicznych zachodzacych w trakcie eksploata-
¢ji powtok.

4. Podsumowanie

W ramach przeprowadzonych badan oceniono zdolnos¢
ochronng powtok otrzymanych z niskotemperaturowych poli-
uretanowych lakieréw proszkowych, ktére zostaty usieciowane

Rys. 4. Wyglad prébek: a) LIGG/AO, b) LIGGX/AO, c) L-IGKF/AO, d) L-IGKFX/AQ, e)
L-B1530, po 7 dniowej (168 h) ekspozycji w 3,5% wag. NaCl

Fig. 4. Surface appearance of (a) L-IGG/AO, (b) L-IGGX/AO, (c) L-IGKF/AQ,
(d) LIGKFX/AOQ, (e) L-B1530 samples, after 7 days (168 h) exposure in 3.5% wt. NaCl.

opracowanymi, nowymi srodkami sieciujgcymi zawierajagcymi ksy-
litol, zwiekszajacy stopien rozgatezienia oraz polisiloksan KF 6000
o wilasciwosciach hydrofobowych. Pomiary wtasciwosci fizyko-
mechanicznych powtok potwierdzajg ich bardzo dobrg odpornos¢
na uszkodzenia mechaniczne oraz charakter hydrofobowy. Wiek-
sza hydrofobowos¢ powtok zwierajagcych polisiloksan przyczynita
sie do zwiekszenia zdolnosci ochronnych stali przed korozja, co
zostato potwierdzone w testach zanurzeniowych oraz za pomoca
analiz metoda EIS. Zwiekszona zdolnos¢ ochrony przed media-
mi korozyjnymi opracowanych niskotemperaturowych lakieréow
proszkowych zawierajacych polisiloksan w poréwnaniu do prébek
wytworzonych bez udziatu tego modyfikatora oraz proébki lakie-
ru wysokotemperaturowego wytworzonego na bazie surowcow
komercyjnych, pozwala na zastosowanie ich do zabezpieczania
podtozy stalowych narazonych na wilgo¢ lub kontakt z woda np.
morska. Dodatkowym atutem jest nizsza temperatura utwardza-
nia opracowanych lakieréw proszkowych (150°C) pozwalajgca na
zmniejszenie kosztéw energetycznych zabezpieczenia powierzch-
ni, poniewaz malowane elementy nie musza by¢ nagrzewane do
tak wysokiej temperatury jak w przypadku klasycznych lakieréw
proszkowych (180-200°C), co ma szczegélne znaczenie w przy-
padku zabezpieczania przedmiotéw o grubych metalowych $cian-
kach. Na podstawie przeprowadzonych badan mozna stwierdzi¢,
ze systemy sktadajace sie z opracowanych powtok w potaczeniu
z podktadowa antykorozyjna powtoka konwersyjng fosforanowo-
-cyrkonianowg s w stanie zapewnic¢ ochrone antykorozyjna stali
eksploatowanej w srodowisku o klasie korozyjnosci C5 przez okres
2-5 lat. W celu sprawdzenia czy ochrona w takim srodowisku by-
taby mozliwa przez dtuzszy czas np. 15-25lat, nalezatoby przepro-
wadzi¢ badania w srodowisku obojetnej solanki w komorze solnej
oraz testy w komorze wilgotnosciowej [16]. Jednak w tak wysoce
korozyjnym srodowisku, ochrona wytacznie barierowa przez okres
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czasu 15-25 lat moze okazac¢ sie niewystarczajaca. W takim przy-
padku moze by¢ konieczne zastosowanie antykorozyjnej powtoki
podktadowej dodatkowo inhibitujacej proces korozji w sposéb
elektrochemiczny.

(1]
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Wiasciwosci ochronne niskotemperaturowych poliuretanowych lakierow
proszkowych na bazie zywic akrylowych

Protective properties of low temperature polyurethane powder coatings based on acrylic resins

Opracowano niskotemperaturowe powtoki proszkowe na bazie zywicy ~ Inthis study, low temperature powder coatings based on acrylic resin

akrylowej, ktdrq zsyntezowano przy uzyciu metakrylanu 2-hydroksyety-
lu (HEMA), metakrylanu metylu (MMA) i akrylanu n-butylu (BA). Jako srod-
kow sieciujgcych do otrzymania niskotemperaturowych lakieréw prosz-
kowych utwardzalnych w temperaturze 160°C uzyto poliizocyjanianéw
blokowanych oksymem butanonu (MEKO). Oceniono wplyw struktury
chemicznej zywicy akrylowej na witasciwosci fizyko-mechaniczne usie-
ciowanych powtok oraz poréwnano otrzymane parametry z wynikami
badan prébek wytworzonych na bazie komercyjnej Zywicy poliestrowej
Sirales PE6110. Zbadano wtasciwosci powtok, takie jak: chropowatosé,
polysk, przyczepnos¢ do podfoza stalowego, twardos¢, odpornos¢ na
zarysowanie, kqt zwilzania oraz odpornos¢ na ciecze. W celu zbadania
odpornosci na media korozyjne wykonano testy zanurzeniowe w 3,5%
roztworze NaCl oraz pomiary metodq elektrochemicznej spektroskopii
impedancyjnej (EIS). Powtoki wytworzone na bazie zywicy akrylowej cha-
rakteryzowaty sie lepszq odpornosciq na wode, uszkodzenia mechaniczne

were developed. Acrylic resins were synthesized using 2-hydroxyethy!
methacrylate (HEMA), methyl methacrylate (MMA) and n-butyl
acrylate (BA). Butanone oxime (MEKO) blocked polyisocyanates
was chosen as crosslinking agents. The coatings were cured at
160°C. The influence of the acrylic resin structure on the physical-
-mechanical properties such as roughness, gloss, adhesion to steel
surface, hardness, scratch resistance, contact angle and liquid
resistance was investigated. These results were compared with the
polyurethane powder coatings based on polyester resin Sirales
PE 6110 was investigated. The protective properties of polyurethane
powder coatings based on acrylic resin were tested by the immersion
in a 3.5% NaCl solution and by the electrochemical impedance
spectroscopy (EIS) method. The coatings manufactured based on the
acrylic resin had better resistance to water, mechanical damage and
corrosive media than those produced using commercial polyester

i media korozyjne niz powstate z wykorzystaniem komercyjnej zywicy po-  resin.

liestrowej. Stowa kluczowe: acrylic resins, low-temperature powder coatings,

Keywords: zywice akrylowe, niskotemperaturowe lakiery proszkowe, ~ protective properties

witasciwosci ochronne
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1. Wprowadzenie

Rynek farb i lakierow stoi przed wyzwaniem koniecznosci opra-
cowywania nowych materiatéw powtokotwdrczych, spetniajacych
nie tylko coraz wieksze wymagania klientéw, ale takze obecnie obo-
wigzujace normy, wymagania techniczne, zgodnych z regulacjami
prawnymi i dyrektywami. Jedna z nich jest Dyrektywa Parlamentu
Europejskiego i Rady 2004/42/WE z dnia 21 kwietnia 2004 r. doty-
czaca ograniczen emisji lotnych zwigzkéw organicznych w wyniku
stosowania rozpuszczalnikéw organicznych w niektérych farbach
i lakierach (lotne zwiazki organiczne - LZO, ang. volatile organic
compounds — VOC) [1]. Lakiery proszkowe ze wzgledu na wcho-
dzace w ich sktad wytacznie wysokowrzace zwiazki state (o tem-
peraturze wrzenia powyzej 250°C) nie emitujg lotnych zwiazkéw
organicznych [2]. Nie wymagajg ponadto zabezpieczania przed
rozwojem mikroorganizméw w opakowaniach przez dodawanie
substancji biobdjczych (tzw. biocyddw in can), co jest konieczne
w przypadku wyrobéw wodorozcieficzalnych. Biocydy moga mi-
growac na powierzchnie powtok, a wyptukiwane przez wode prze-
dostajg sie do srodowiska, zatruwajgc wody. Ochrona wod jest ob-
jeta Dyrektywa Parlamentu Europejskiego i Rady 2000/60/WE [3].
Spetnianie przez lakiery proszkowe wymagan ujetych w obecnych
regulacjach prawnych i dyrektywach, a takze wymagan technicz-
nych zwigzanych z konkretnymi zastosowaniami przyczynia sie do
coraz szybszego rozwoju w tym zakresie oraz poszerzania mozli-
wosci zastosowania tam, gdzie dotychczas stosowano wytacznie
wyroby ciekte.

Pierwsze termoutwardzalne powioki proszkowe, stosowane
w celu ochrony metali przed korozja, byly oparte na zywicach
epoksydowych [4]. Oprécz bardzo dobrej adhezji do podtoza
wykazuja one jednak stabg odpornoé¢ na swiatto, co ogranicza
ich zastosowanie do miejsc o malym dostepie Swiatta, np. we-
wnatrz pomieszczen [5]. Powtoki proszkowe oparte na zywicach
poliestrowych sieciowane za pomocg izocyjanuranu triglicydy-
lu (TGIC), pomimo Zze wykazywaty znakomite witasciwosci me-
chaniczne, wysoka stabilno$¢ termiczna oraz bardzo dobra od-
pornos¢ na czynniki atmosferyczne, zostaty wycofane w Europie,
Japonii i USA ze wzgledu na duzg toksycznos¢ TGIC [3, 6]. Z tego
powodu coraz wiecej badan prowadzonych jest w celu opraco-
wywania nowych, nietoksycznych srodkéw sieciujacych do wy-
robéw na bazie zywic poliestrowych [7]. Oprécz opracowanych
juz srodkoéw sieciujacych, zawierajacych grupy epoksydowe czy
hydroksylowe, jednym z rozwigzan sa blokowane poliizocyjania-
ny. Ich istotng zaletg jest mozliwos¢ sieciowania powtok w tem-
peraturze ponizej 160°C, co pozwala na zastosowanie tego typu
powtok na materiatach o stabszej odpornosci termicznej, takich
jak tworzywa sztuczne, ptyty MDF czy kompozyty. W zaleznosci
od struktury chemicznej $rodka blokujacego poliizocyjanian pro-
ces odblokowania moze przebiega¢ w temperaturze od 130 do
200°C [8-9]. Typowe wyroby proszkowe sieciowane za pomoca
blokowanych poliizocyjanianéw moga zawierac¢ zywice poliestro-
w3 lub akrylowa z grupami hydroksylowymi. Podczas utwardza-
nia powtoki pod wptywem ogrzewania nastepuje odblokowanie
poliizocyjanianu i zachodzi reakcja sieciowania pomiedzy grupa-
mi izocyjanianowymi poliizocyjanianu i hydroksylowymi pocho-
dzacymi od zywicy, w wyniku ktérej tworzg sie wigzania uretano-
we (-NH-CO-0-). Od powstajacych uretanowych wigzan sieciu-
jacych pochodzi nazwa tego typu lakieréw. Poliuretanowe lakiery
proszkowe charakteryzuja sie dobrymi wiasciwosciami uzytko-
wymi: dobra elastycznoscia, przyczepnoscia do réznego typu po-
wierzchni, odpornoscia na $cieranie i zarysowanie, a takze dosko-
nata odpornoscia na promieniowanie UV [8]. Zywice akrylowe,
w odrdznieniu od poliestrowych, maja grupy funkcyjne rozmiesz-
czone na catej dtugosci tancucha, a nie tylko na jego koncach, co
w konsekwencji prowadzi do uzyskania powtok o wiekszej gesto-

sci usieciowania [10]. Ze wzgledu na brak wigzan podatnych na
hydrolize sq bardziej odporne na wode oraz kwasy i zasady niz
zywice poliestrowe. Poliuretanowe powtoki proszkowe na bazie
zywic akrylowych charakteryzujg sie wysoka odpornoscia na wa-
runki atmosferyczne oraz dobrymi wtasciwosciami mechaniczny-
mi. Estetyczny wyglad, wysoka odporno$¢ na zarysowanie oraz
uderzenia piasku i kamieni sprawiaja, ze sa one stosowane jako
bezbarwne lakiery samochodowe (jako transparentna warstwa
nawierzchniowa) oraz do zabezpieczania zewnetrznych konstruk-
¢ji architektonicznych [11].

Powtoki poliuretanowo-akrylowe majg réwniez pewne wady,
ktére wynikaja ze stosunkowo duzej sztywnosci zywic akrylowych.
Odpowiednia modyfikacja zywic moze przyczynic sie do zwiek-
szenia elastycznosci powtok, a takze polepszenia innych wtasci-
wosci, takich jak: odpornos¢ na czynniki atmosferyczne i wode,
stabilnos¢ termiczna czy ochrona przed korozja. Jednym z roz-
wigzan jest wbudowanie w strukture powtoki segmentéw faricu-
cha zawierajacych atomy krzemu, np. polisiloksanowych. Wyzsza
energia wigzan Si—O (452 kJ/mol) w poréwnaniu z energia innych
wigzan wystepujacych w strukturze akrylanéw: C—C (347 kJ/mol),
C—H (415 kJ/mol) i C-0 (360 kJ/mol) przyczynia sie do zwiekszenia
odpornosci termicznej, wytrzymatosci mechanicznej i odpornosci
na czynniki atmosferyczne [12]. Modyfikatory zawierajace krzem
charakteryzuja sie niska wartosciag swobodnej energii powierzch-
niowej (SEP), mieszczacej sie w zakresie 21-22 mJ/m’, w porow-
naniu z poliuretanami, w wypadku ktérych SEP przyjmuje wartosc¢
40-42 mJ/m’ [11-13]. Im warto$¢ SEP modyfikatora jest nizsza, tym
silniejszy jest wzrost hydrofobowosci powtoki.

W celu polepszenia wiasciwosci powtok powstatych w wyniku
usieciowania niskotemperaturowych lakieréw proszkowych na
bazie zywic poliestrowych w ramach wczesniejszych badan autor-
skich opracowano srodki sieciujgce zawierajgce wbudowane seg-
menty polisiloksanowe [14]. Niemniej jednak nie tylko $rodki sie-
ciujace maja decydujacy wpltyw na whasciwosci ochronne powtok.
Istotny jest takze dobdr odpowiedniej zywicy. Celem badan prze-
prowadzonych w ramach prezentowanej pracy byto opracowanie
niskotemperaturowych lakieréw proszkowych na bazie zywicy
akrylowej zawierajacej grupy hydroksylowe, ktére ulegajg usiecio-
waniu za pomocg blokowanych poliizocyjanianéw. Wiasciwosci
ochronne powtok oceniono, wykonujac pomiary parametréw fi-
zyko-mechanicznych, badania odpornosci na ciecze i zanurzenie
w 3,5% roztworze NaCl oraz metodg elektrochemicznej spektrosko-
pii impedancyjnej (EIS). W celu poréwnania wiasciwosci ochronnych
niskotemperaturowych powtok poliuretanowych na bazie zywicy
akrylowej z wytworzonymi z udziatem zywicy poliestrowej jako
srodkéw sieciujacych do badan uzyto blokowanych poliizocyjania-
néw o takiej samej strukturze chemiczne;j.

2. Charakterystyka surowcéw i metodyka prowadzenia badan

2.1. Surowce

Surowcami uzytymi do syntezy zywicy akrylowej byly: metakry-
lan 2-hydroksyetylu (HEMA; Merck, Niemcy), metakrylan metylu
(MMA; Sigma Aldrich, Niemcy), akrylan n-butylu (BA; Sigma Aldrich,
Niemcy) oraz azoisisobutyronitryl (AIBN; Sigma Aldrich, Niemcy).
Do syntezy blokowanych poliizocyjanianéw uzyto nastepujacych
surowcéw: diizocyjanianu izoforonu (IPDI; Evonik Industries,
Niemcy), dilaurynianu dibutylocyny (Sigma Aldrich, Szwajcaria),
gliceryny (Chempur, Polska), glikolu polioksyetylenowego o Mn
= 300g/mol (Avantor Performance Materials Poland, Polska), a,w-
bis(hydroksyetylenooksypropyleno)polidimetylosiloksanu (KF-
6000) o Ly, = 120 mg KOH/g (Shin-Etsu, Japonia), srodka blokujace-
go — oksymu butanonu (MEKO; TCl, Japonia). Zastosowano takze:
blokowany poliizocyjanian Vestagon B 1530 (Evonik Industries,
Niemcy), zywice poliestrowg Sirales PE 6110 (Ly: 4-8 mg KOH/g,
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Low: 30-45 mg KOH/g; Sir Industriale, Wtochy),
srodek zwiekszajacy rozlewnos¢ Resiflow PV

Tabela 1. Sktad chemiczny blokowanych poliizocyjanianéw
Table 1. Chemical composition of blocked polyisocyanates

88 (Worlee Chemie GmbH, Niemcy), benzoine Symbol Surowiec
jako srodek utatwiajacy odgazowanie (Sigma blgkow:jme.go IPDI gliceryna | KF-6000 | glikol polioksyetyleno- | oksym butanonu
Aldrich, Szwajcaria). poliizocyjanianu [mol] [mol] [mol] wy (Mn = 300g/mol) [mol]
[mol]
2.2. Metodyka prowadzenia syntez zywic IGGE 025 00767 - 0,01 0.29
akrylowych IGKF 0,25 00767 | 0,01 - 027

Reakcje prowadzono w kolbie tréjszyjnej
o pojemnosci 250 ml, wyposazonej w chtodni-
ce zwrotng, termometr, mieszadto magnetyczne z ogrzewaniem
oraz rurke z wlotem azotu (reakcja jest wrazliwa na inhibicje tle-
nowa). Do syntezy zywicy akrylowej uzyto: 1 mola metakrylanu
2-hydroksyetylu, 5 moli metakrylanu metylu (MMA), 2 moli akry-
lanu n-butylu (BA) oraz azoisisobutyronitrylu (AIBN) jako inicjato-
ra reakcji polimeryzacji rodnikowej w ilosci 0,14 mola. Mieszanine
reakcyjng intensywnie mieszano i utrzymywano w temperaturze
80°C przez godzine. Po tym czasie zaobserwowano gwattowny
wzrost lepkosci, Swiadczacy o przebiegu reakgji polimeryzacji. Lep-
ka mieszanine wylano do formy teflonowej, szczelnie zamknieto
i umieszczono w piecu w temperaturze 80°C w celu zakonczenia
procesu polimeryzacji. Czas polimeryzacji w formie wynosit 1 h.
Nastepnie forme schtodzono, wyjeto zestalong zywice i zmielono.
Zywice oznaczono symbolem HEMA/5MMA/2BA, ktérego poszcze-
golne cztony pochodza od nazw i zawartosci monomerdéw uzytych
do jej syntezy.

2.3. Sktad chemiczny blokowanych poliizocyjanianéw

Jako s$rodkéw sieciujacych uzyto poliizocyjanianéw  zablo-
kowanych oksymem butanonu (PIC). Metodyke ich syntezy
opisano we wczedniejszej pracy [13]. Poliizocyjaniany ozna-
czono symbolami IGGE lub IGKF, utworzonymi od pierwszych
liter nazw substratéow wchodzacych w ich sktad: ,I” od IPDI, ,G"
od gliceryny, ,GE” od glikolu polioksyetylenowego, zas ,KF” od
a,w-bis(hydroksyetylenooksypropyleno)polidimetylosiloksan
(KF-6000). Jakosciowo-ilosciowy sktad blokowanych poliizocyjania-
néw przedstawiono w tabeli 1.

2.4. Wytworzenie lakieréw proszkowych i powtok

Do wytworzenia lakieréw proszkowych uzyto: zsyntezowanej
zywicy akrylowej (Lo = 40 mg KOH/g) HEMA/5MMA/2BA lub
komercyjnej zywicy poliestrowej Sirales PE 6110 i blokowanych
poliizocyjanianéw jako $rodkéw sieciujacych, ktérych sktad opi-
sano w podrozdziale 2.3, oraz standardowego, wysokotempera-
turowego poliizocyjanianu Vestagon B 1530. Uzyto dodatkowo
srodka zwiekszajgcego rozlewnos¢ Resiflow PV 88 oraz benzoiny
jako srodka utatwiajacego odgazowanie. llo$¢ uzytych srodkéw
sieciujacych obliczono na podstawie wartosci L, zywicy akrylo-
wej lub poliestrowej tak, aby stosunek molowy grup —NCO do
grup —OH wynosit 1 : 1. Wszystkie sktadniki zmieszano i wstep-
nie zmielono, a nastepnie wytfaczano za pomoca dwuslima-
kowej wyttaczarki wspotbieznej EHP 2 x 12 Sline firmy Zamak
(Polska). Temperatura poszczegélnych stref w wyttaczarce byta
nastepujaca: strefa I: 95°C, strefa ll: 110°C, strefa Ill: 120°C, tacznik:
125°C. Predkos$¢ obrotowa Slimakéw wynosita 100 obr./min. Po
wyttaczaniu mieszanine schtodzono, zmielono i przesiano przez
sito o Srednicy oczek 100 um. Powierzchnie metalowych ptytek
oczyszczono, odttuszczono i poddano konwersji fosforanowo-
-cyrkonowej w 1,5% roztworze Eskaphor Z 2000 C. Wytworzo-
ne lakiery proszkowe nanoszono na wysuszone ptytki stalowe
metoda elektrostatyczng Corona przy uzyciu pistoletu PEM X1
firmy Wagner (Alstatten, Szwajcaria). Parametry napylania byty
nastepujace: napiecie na elektrodzie wynosito 60 kV, a natezenie
pradu - 30 pA. Powtoki utwardzano w temperaturze 160°C przez

20 min. Wytworzone lakiery proszkowe oznaczono symbolami
rozpoczynajacymi sie od litery L, natomiast ich kolejne cztony
pochodza od symbolu $rodka sieciujgcego (IGGE lub IGKF) oraz
rodzaju uzytej zywicy: akrylowej (HEMA/5MMA/2BA) lub polie-
strowej (Sirales PE 6110).

2.5. Charakterystyka otrzymanych lakieréw i powtok lakierniczych

Test polimeryzacji

Test polegat na lekkim pocieraniu powtok wacikiem nasgczo-
nym ketonem metylowo-etylowym (MEK): tam i z powrotem po
30 razy w kazdym kierunku. Powtoki oceniano na podstawie wy-
tycznych zawartych w wymaganiach technicznych znaku jakosci
Qualisteelcoat [15]. Po 30 minutach od wykonania potar¢ doko-
nano oceny prébek, ktére sklasyfikowano wedtug nastepujacych
kryteridw:
1. powtoka jest matowa i miekka,
2. powtoka jest matowa i daje sie zarysowac paznokciem,
3. niewielka utrata potysku,
4. brak zauwazalnych zmian.

Test polimeryzacji przeprowadzono dwukrotnie dla kazdej z po-
wiok.

Rozlewnos¢

Zgodnie z norma PN-EN ISO 8130-11 w stalowych ptytkach te-
stowych wyttoczono wgtebienia o gtebokosci 6,5 mm i $rednicy
25 mm. Prébke lakieru proszkowego o masie 0,5 g umieszczono
w zagtebieniu. Plytki testowe z prébkami lakieréw trzymano przez
20 min w piecu w temperaturze 160°C pod katem 60° od poziomu.
Po schtodzeniu okreslono rozlewnos¢ lakierow jako odlegtosc¢ po-
miedzy dolng krawedzig otworu a najdalej potozonym punktem,
do ktérego doptynat stopiony lakier proszkowy.

Chropowatosc

Badanie przeprowadzono metoda profilowg za pomoca mier-
nika Mar SurfPS1 firmy Mahr GmbH Géttingen, zgodnie z norma
PN-EN ISO 12085. Pomiary wykonano w temperaturze 21 + 0,1°C,
Ly = 5600 mm, L- = 0,800 x 5N. Za pomoca gtowicy przesuwajacej
sie po powierzchni powtoki mierzono dwa podstawowe parame-
try chropowatosci: Ra (Srednie arytmetyczne odchylenie od linii
bazowej, wyrazone w um) oraz Rz (Srednig arytmetyczna pieciu naj-
wyzszych wzniesien profilu pomniejszong o sredniag arytmetyczna
pieciu najnizszych gtebokosci profilu, wyrazong w um). Pomiary
przeprowadzono w dziesieciu réznych miejscach na powierzchni
tej samej powtoki. Wynik koricowy stanowit srednia arytmetyczna
tych pomiarow.

Potysk

Pomiaru potysku dokonano przy uzyciu potyskomierza micro-
Tri-gloss-p firmy BYK-Gardner, zgodnie z wytycznymi normy
PN-EN ISO 2813. Pod uwage wzieto pomiary intensywnosci odbite-
go od powtoki Swiatta padajacego pod katem 60°. Dla kazdej préb-
ki wykonano po dziesie¢ pomiaréw. Za wynik koncowy przyjeto
Srednig arytmetyczna uzyskanych wynikow.
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Rys. 1. Schemat reakcji polimeryzacji zywicy akrylowej

Fig. 1. Schematic of the acrylic resin polymerization reaction

Odpornos¢ na zarysowanie

Probki powtok poddano prébie zarysowania obcigzong sta-
lowa igta za pomoca manualnego testera Clemena firmy Elco-
meter, zgodnie z normg PN-EN ISO 1518. Badanie polegato na
przesuwaniu prébki umieszczonej na stoliku pomiarowym pod
stalowgq igta. Podczas przesuwania prébki igta poruszata sie po
jej powierzchni ze statym naciskiem. Gdy igfa nie pozostawita
$ladu zarysowania na powtoce, zwiekszano jej obcigzenie 0 50 g
i powtarzano badanie az do momentu zarysowania powtoki.
Za wynik koncowy przyjeto najmniejsze obciagzenie igty, przy
ktérym nastapito zarysowanie powtoki. Pomiaru dokonano na
trzech prébkach kazdego rodzaju. Jesli wyniki dla tych trzech
prébek sie nie réznity, przyjmowano uzyskana wartos¢ jako wy-
nik korcowy.

Przyczepnos¢ do podtoza stalowego

Badanie przyczepnosci do podtoza stalowego przeprowadzono
metoda siatki nacie¢, zgodnie z normg PN-EN ISO 2409. Naciecia
wykonywano prostopadle do siebie specjalnym nozem wyposa-
zonym w sze$¢ okragtych ostrzy o rozstawie 2 mm, tak aby utwo-
rzyty siatke kwadratéw. Powierzchnie oczyszczono szczotka w celu
usuniecia drobnych odtamkéw powstatych podczas wykonywania
nacie¢. Nastepnie przyklejono tasme samoprzylepng o szerokosci
50 mm i znormalizowanej sile odrywania. Po 5 min zrywano tasme
i oceniano wyglad siatki, ktéry klasyfikowano w skali od 0 do 5,
gdzie 0 oznaczato brak sladéw innych niz $lady noza, natomiast 5 —
prawie catkowite lub zupetne oderwanie powtoki. Test powtdrzono
dwukrotnie dla kazdego rodzaju powtoki.

Twardos¢

Twardos¢ powtok badano za pomoca wahadta Kéniga firmy BYK-
-Gardner, zgodnie z wytycznymi normy PN-EN ISO 1522. Obliczano
ja na podstawie czasu zaniku oscylacji wahadta umieszczonego na
badanej prébce w odniesieniu do statej szklanej, zgodnie ze wzo-
rem:

X = czas zaniku oscylacji wahadta dla badanej prébki (1)
stata szklana ’

Stata szklana wynosita 171 s. Dla kazdej serii powtok wykonano
po trzy pomiary. Za wynik koricowy przyjeto srednig arytmetyczna
uzyskanych wynikéw.

Kgt zwilzania

Kat zwilzania jest to kat utworzony pomiedzy powierzchnia bada-
nej powtoki a styczng do powierzchni kropli pomiarowej osadzonej
na powtoce, w miejscu styku trzech faz: statej, ciektej i gazowej. Kat
zwilzania zmierzono przy uzyciu goniometru optycznego OCA 15
wyposazonego w modut do automatycznego dozowania kropli fir-
my Data Physics, zgodnie z norma PN-EN 828. Pomiary przeprowa-
dzono w temperaturze pokojowej. Kontury kropli i kat zwilzania wy-

i |
HoC AIBN C C C
0 +z Y—o —ABN PR P P
o o o cl) o o o o ¢}
\
CHj 2 CH3 . " \\‘
le) OH

CHg3

H3C

Znaczono przy uzyciu oprogramowania komputerowego SCA20U.
Dla kazdej badanej powtoki wykonano po dziesie¢ pomiaréw. Jako
wynik koricowy przyjeto $rednig arytmetyczna tych pomiaréw.

Odpornos¢ na ciecze

Za pomoca pipety naniesiono na pomalowane ptytki krople na-
stepujacych cieczy: oleju napedowego, biodiesla, etanolu, izopro-
panolu, 5% roztworu wodorotlenku sodu oraz 10% roztworu kwasu
siarkowego (VI). Po naniesieniu kropli cieczy badane prébki przy-
kryto szalkami Petriego. Po uptywie 10 min krople wytarto do sucha
recznikiem papierowym, zgodnie z norma PN-EN ISO 2812-4. Oce-
niono wizualnie réznice pomiedzy obszarem nieeksponowanym
i narazonym na dziatanie cieczy.

Odpornos¢ na zanurzenie w roztworze NaCl

Na badanych powtokach, zgodnie z normag PN-EN ISO 17872,
wykonano naciecia w ksztalcie litery X przez powtoke az do me-
talu przy uzyciu specjalnego noza, tak aby konce nacie¢ znajdo-
waty sie 20 mm od krawedzi ptytki. Nastepnie probki umieszcza-
no w 3,5% roztworze NaCl na 720 h, zgodnie z wytycznymi normy
PN-EN ISO 2812-1. Oceny zniszczen po ekspozycji na roztwoér NaCl
dokonano wedtug normy PN-EN ISO 4428 1-10.

Elektrochemiczna spektroskopia impedancyjna (EIS)

Badania elektrochemicznej spektroskopii impedancyjnej (EIS)
prowadzono w roztworze 3,5% wag. NaCl, w temperaturze pokojo-
wej przez siedem dni. Elektrode robocza (WE) stanowit wyizolowa-
ny fragment powierzchni prébki o srednicy 35 mm (pow. 9,62 cm?),
elektrode odniesienia (RE) — nasycona elektroda chlorosrebrowa
(Ag|AgCl|KCl(nas.), +0,197 V wzgl. NEW), a elektrode pomocnicza
(CE) - siatka platynowa o pow. 20 cm’. Stosowano napieciowy sy-
gnat wzbudzania o amplitudzie 10 mV (rms) i czestotliwosci w za-
kresie od 100 kHz do 100 mHz. Dopasowanie uktadu zastepczego
do otrzymanych danych pomiarowych wykonano w programie
ZSimp Win 3.21 (Echem Software, USA).

3. Wyniki przeprowadzonych badan i dyskusja

Celem badan byto opracowanie syntezy zywicy akrylowej i wy-
tworzenie z jej udziatem niskotemperaturowych lakieréw prosz-
kowych. Jako srodkéw sieciujacych uzyto poliizocyjaniandw, ktére
zostaty zablokowane oksymem butanonu (MEKO). W celu poréw-
nania wptywu struktury zywicy akrylowej na wiasciwosci ochronne
wytworzonych powtok wykonano lakiery proszkowe na bazie ko-
mercyjnej zywicy poliestrowej o takiej samej zawartosci grup hy-
droksylowych. Lakiery napylono na blaszki testowe i utwardzono
w temperaturze 160°C. Dokonano oceny wiasciwosci lakierow oraz
parametrow fizyko-mechanicznych powtok, takich jak: rozlewnosg,
kat zwilzania, odpornos¢ na wybrane ciecze oraz zdolnos¢ ochrony
przed korozja.
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Zywice akrylowe otrzymano w reakgcji polimeryzacji wybranych
monomerow akrylowych. Jako sktadnika podstawowego uzy-
to metakrylanu 2-hydroksyetylu (HEMA), ktéry byt Zzrédtem grup
hydroksylowych. Podczas procesu utwardzania grupy hydroksy-
lowe reagowaty z grupami izocyjanianowymi $rodka sieciujace-
go, tworzac usieciowang strukture powtoki. Liczba hydroksylowa
komercyjnych zywic akrylowych lub poliestrowych stosowanych
do poliuretanowych farb proszkowych miesci sie w zakresie
30-70 mg KOH/g [16, 171. llos¢ HEMA dobrano tak, aby liczba hy-
droksylowa zywicy wynosita 40 mg KOH/g. Do badan poréwnaw-
czych wytypowano zywice poliestrowa Sirales PE 6110 o liczbie hy-
droksylowej mieszczacej sie w zakresie 30-45 mg KOH/g, w ktérym
zawierata sie takze wartos¢ liczby hydroksylowej zywicy akrylowe;j.
W celu zapewnienia odpowiedniej elastycznosci zywicy jako je-
den z monomeréw do syntezy zastosowano akrylan n-butylu (BA).
Odpowiednia sztywnos¢ zywicy uzyskano dzieki obecnosci grup
metylowych w tancuchu gtéwnym, pochodzacych od metakrylanu
metylu (MMA). Schemat reakcji zachodzacej podczas syntezy zywi-
cy akrylowej przedstawiono narys. 1.

W kolejnym etapie na bazie zsyntezowanej zywicy akrylowej HE-
MA/5MMA/2BA lub poliestrowej Sirales PE 6110 i poliizocyjaniano-
wych $rodkéw sieciujacych (IGGE lub IGKF) wykonano proszkowe
kompozycje lakiernicze. W sktad blokowanych poliizocyjanianéw
wchodgzity: cykloalifatyczny diizocyjanian izoforonu (IPDI), gliceryna
oraz glikol polioksyetylenowy lub polisiloksan KF6000. Powtoki usie-
ciowane poliizocyjanianami na bazie IPDI maja mniejszg tendencje
do zétkniecia pod wpltywem $wiatta niz wytworzone z udziatem di-
izocyjanianéw aromatycznych, w zwigzku z tym moga by¢ stosowa-
ne na zewnatrz, przy bezposredniej ekspozycji na warunki atmos-
feryczne. W celu zwiekszenia funkcyjnosci poliizocyjanianéw uzyto
gliceryny. Polisiloksan KF-6000 petit funkcje modyfikatora wptywa-
jacego na poprawe wiasciwosci fizyko-chemicznych powtok. Jako
srodek blokujacy PIC zastosowano oksym butanonu (MEKO), ktéry
podczas pierwszego etapu utwardzania powtoki w temperaturze

S :‘N NH ©,
ST \[r\/\o o

Rys. 2. Schemat reakcji zachodzacych
podczas procesu sieciowania powiok:
a) etap | - odblokowanie poliizocyja-
nianu z utworzeniem poliizocyjanianu
zawierajgcego wolne grupy izocyjania-
nowe, b) etap Il - reakcja odblokowa-
nych grup izocyjanianowych z grupami
hydroksylowymi zywicy akrylowej

CHgy Fig. 2. Scheme of reactions occurring
during crosslinking of coatings: a) stage |
- deblocking of the polyisocyanate
with the formation of a polyisocyanate
containing free isocyanate groups,
b) stage Il - reaction of the unblocked
isocyanate groups with hydroxyl groups
of acrylic resin

160°C ulegat odblokowaniu, zgodnie z reakcja przedstawiong na
rys. 2a (etap I). Po odblokowaniu grupy hydroksylowe zywicy reago-
waty z grupami izocyjanianowymi (-NCO) powstatymi w wyniku od-
blokowania poliizocyjanianu (rys. 2b, etap I).

W przypadku standardowych poliuretanowych lakieréw prosz-
kowych wytworzonych z udziatem komercyjnych poliizocyjania-
néw jako srodkéw sieciujacych temperatura utwardzania powtoki
miesci sie w zakresie od 170 do 210°C, natomiast czas utwardzania
wynosiod 5 do 25 min w zaleznosci od struktury chemicznej poliizo-
cyjanianu i srodka blokujacego (tabela 2) [18, 19].

Tabela 2. Temperatura i czas utwardzania przy zastosowaniu komercyjnych
Srodkow sieciujacych
Table 2. Temperature and curing time using commercial crosslinking agents

$rodek sieciujacy Temperail:urﬁ Czas utw_ardzania
utwardzania [°C] [min]
Vestagon B 1530 180 20
200 10
Vestagon B 1400 170 25
210 6
Vestagon BF 1320 170 20
210 5
Vestagon BF 1540 170 25
210 8

W podobnych warunkach utwardzaja sie powtoki usieciowane
poliizocyjanianami otrzymanymi w wyniku biuretyzacji IPDI za-
blokowane e-kaprolaktamem (czas utwardzania: 15-20 min, tem-
peratura utwardzania: 180-200°C), opracowane w ramach wcze-
sniejszych prac autorskich [20, 21]. Zastosowanie oksymu acetonu
lub oksymu 2-butanonu jako srodkéw blokujacych skutkuje ob-
nizeniem temperatury odblokowania poliizocyjanianéw [13, 22].
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Tabela 3. Zestawienie parametréw fizyko-mechanicznych wytworzonych powlok

Table 3. Summary of physical-mechanical parameters of the powder coatings

Powtoka
Parametr fizyko-mechaniczny R
L_B1530/SIRALES® | L_IGGE/SIRALES | L_IGGE/HEMA/5MMA/2BA | L_IGKF/SIRALES | L_IGKF/HEMA/5MMA/2BA

Rozlewnos¢ [mm] 7,0 0 0 10 15

. 0,20 2,19 2,01 0,43 0,63
Chropowatos¢: Ra i Rz

1,06 8,29 8,09 2,21 3,92

Potysk 60° [GU] 88,2 47,5 50,2 90,5 741
Przyczepnos¢ do podtoza
[0 - dobra, 5 - zia] 0 ! ! 0 0
Liczba oscylacji i twardos¢ 150 43 89 140 150
wzgledna 0,88 0.25 0,52 0,82 0,88
Odpornos¢ na zarysowanie [g] 350 400 450 450 500
Kat zwilzania [stopni] 82,9 85,9 83,8 97,8 102,35

° Wyniki uzyskane w ramach wcze$niejszych badan [9].

L_IGGE/SIRALES L_IGGE/HEMA/

5MMA/2BA

L_IGKF/SIRALES

L_IGKF/HEMA/

5MMA/2BA

Rys. 3. Prébki lakierow po przeprowadzeniu testu rozlewnosci

Fig. 3. Powder clear coatings samples after flowability test

W wypadku stosowania oksymu acetonu lub oksymu 2-butanonu
jako srodkéw blokujacych powtoka utwardza sie w temperaturze
odpowiednio 150 lub 160°C w czasie 20 min. Lakiery, ktérych tem-
peratura utwardzania nie przekracza 160°C, kwalifikowane sg jako
niskotemperaturowe — mozna nimi zabezpiecza¢ materiaty wrazli-
we na dziatanie wysokiej temperatury, takie jak ptyty MDF czy two-
rzywa sztuczne [20-23].

W wyniku stopienia i usieciowania lakieréw otrzymano przezro-
czyste powtoki, ktére sezonowano przez 24 h, a nastepnie zbadano
ich parametry fizyko-mechaniczne. W tabeli 3 zestawiono uzyskane
wyniki. W celu oceny stopnia usieciowania powtoki przeprowadzo-
no test polimeryzacji, zgodnie z wymaganiami technicznymi Quali-
steelcoat [14]. Nie wykazano zauwazalnych zmian po przetarciu
prébek tam i z powrotem po 30 razy w kazdym kierunku wacikiem
nasaczonym ketonem metylowo-etylowym (MEK), co $wiadczy
o catkowitym usieciowaniu wszystkich prébek.

Najnizsze parametry Ra i Rz chropowatosci oraz najwyzsze war-
tosci potysku (90 GU) uzyskano w wypadku powtoki L_IGKF/SI-
RALES. Lakiery zawierajace glikol polioksyetylenowy w strukturze
poliizocyjanianu maja stabg rozlewnos¢, co doprowadzito do uzy-
skania powtok o wyzszej chropowatosci. Ze wzrostem chropowato-
$ci maleje potysk, co skutkuje otrzymaniem powtok charakteryzu-
jacych sie pétpotyskiem o drobnej strukturze. Mniejsza rozlewnos¢

lakieréw zawierajacych poliizocyjaniany zsyntezowane z udziatem
glikolu polioksyetylenowego jest konsekwencjg wiekszej lepkosci
tych poliizocyjanianéw w poréwnaniu z otrzymanymi z dodatkiem
polisiloksanu KF-6000. Uzywajac jako srodka sieciujacego IGKF,
otrzymano gtadkie powtoki o wysokim potysku. Wyniki badania
rozlewnosci lakieréw przedstawiono na rys. 3.

Wykonujac badania przyczepnosci powtok do podtoza stalowe-
go, na powierzchni probek L_IGGE/HEMA/5MMA/2BA i L_IGGE/
SIRALES zaobserwowano niewielkie odprysniecia powtoki na
krawedziach siatki nacie¢, jednak catkowita powierzchnia uszko-
dzen nie byfa wieksza niz 5%, co pozwolito przypisa¢ im stopien
Gt = 1 w skali od 0-5. Powtoki usieciowane poliizocyjanianem Ve-
stagon B1530 oraz zawierajagcym polisiloksan KF-6000 charakte-
ryzowaty sie bardzo dobrg przyczepnosciag do podtoza stalowego
(Gt = 0). Stabsza przyczepnos¢ powtok usieciowanych poliizocyja-
nianami zawierajacymi glikol polioksyetylenowy byta skutkiem ich
wiekszej lepkosci, ktéra utrudniata penetracje i zakotwiczenie farby
w mikronieréwnosciach powierzchni podtoza, co w konsekwencji
doprowadzito do zmniejszenia sit oddziatywan pomiedzy powto-
ka i podtozem. Powtoki wytworzone z udziatem zywicy akrylowe;j
charakteryzowaty sie wyzsza twardoscia i odpornoscia na zaryso-
wanie niz te zawierajace zywice poliestrowa ze wzgledu na usztyw-
niajace dziatanie grup metylowych pochodzacych od metakrylanu
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Tabela 4. Charakterystyka powtok po ekspozycji na ciecze
Table 4. Characteristics powder coatings after exposure to liquids

Powtoka
Rodzaj cieczy
L_B1530/SIRALES | L_IGGE/SIRALES | L_IGGE/HEMA/5MMA/2BA | L_IGKF/SIRALES | L_IGKF/HEMA/5MMA/2BA
Olej napedowy + + + + +
Biodiesel + + + + +
Etanol + + +
Izopropanol + + - + _
5% roztwér NaOH + + + + +
10% roztwor H,SO,, + + + + +

Objasnienia: — brak odpornosci, + brak sladow.

L_B1530/SIRALES L_IGGE/SIRALES

L_IGGE/HEMA/
5MMA/2BA

L_IGKF/SIRALES L_IGKF/HEMA/

5MMA/2BA

Rys. 4. Wyglad powtok po 720 h testu zanurzeniowego w 3,5% roztworze NaCl

Fig. 4. Appearance of coatings after 720 h immersion test in 3.5% NaCl solution

metylu (MMA). Taka sama twardo$¢ powtok L_B1530/SIRALES i L_
IGKF/HEMA/5MMA/2BA moze by¢ konsekwencja innej struktury
chemicznej srodka sieciujacego Vestagon B1530, uzytego do usie-
ciowania lakieru wysokotemperaturowego. Zgodnie z wymagania-
mi technicznymi znaku jakosci Qualisteelcoat dla powtok proszko-
wych [14] liczba oscylacji wahadta nie powinna by¢ mniejsza niz
80. Warunku tego nie spetnia powtoka L_IGGE/SIRALES. Prébki
usieciowane poliizocyjanianem IGKF charakteryzuja sie wieksza
odpornoscig na zarysowanie ze wzgledu na obecnos¢ w ich struk-
turze wigzan Si—O o wiekszej energii (452 kJ/mol) w poréwnaniu
z energig innych wiazan wystepujacych w powtokach L_IGGE/SI-
RALES i L_IGGE/SIRALES: C—C (347 kJ/mol), C—H (415 kJ/mol) i C-O
(360 kJ/mol). Miarg hydrofobowosci powtok jest kat zwilzania
woda. Im kat pomiedzy kroplg wody a powtoka jest wigkszy, tym
wieksza jest hydrofobowos¢ materiatu. Powtoki usieciowane polii-
zocyjanianem IGKF charakteryzowaty sie wiekszg hydrofobowoscig
niz prébki wytworzone z uzyciem IGGE oraz Vestagonu B1530. Po-
wioki na bazie zywicy poliestrowej wykazywaty nizsze wartosci kata
zwilzania woda niz powtoki wytworzone z udziatem zywicy akrylo-
wej. Wyzsza hydrofobowos¢ powtok wynikata z obecnosci hydrofo-
bowych grup metylowych obecnych w taricuchu zywicy akrylowej
oraz polisiloksanu KF 6000 - rozmieszczone wzdtuz taricucha gtéw-
nego, ostaniaja one ugrupowania o charakterze hydrofilowym, co
korzystnie wptywa na zwiekszenie kata zwilzania woda [24].

Oprdcz whasciwosci fizyko-mechanicznych zbadano odpornos¢ po-
wiok na wybrane ciecze. Ocene powierzchni powtok po ekspozycji na
poszczegdlne ciecze scharakteryzowano zgodnie z wytycznymi normy
PN-EN ISO 4628-1. Oceny dokonano, poréwnujac miejsce, z ktérego
zostata usunieta ciecz, z obszarem powtoki nieeksponowanym na jej
dziatanie. Uzyskane wyniki zamieszczono w tabeli 4.

Jako cieczy do badan uzyto: oleju napedowego, biodiesla, etano-
lu, izopropanolu, 5% roztworu NaOH i 10% roztworu H,SO,. Powto-
ki, w ktdérych skfad wchodzita zywica akrylowa, charakteryzowaty
sie stabg odpornoscia na alkohole (etanol i izopropanol). W wyniku
ekspozycji na krople etanolu i izopropanolu na powtokach zawie-
rajacych zywice akrylowe pojawito sie zmatowienie powierzchni.
Zmian takich nie zauwazono w przypadku powtok wytworzonych
na bazie komercyjnej zywicy poliestrowej Sirales PE 6110.

W celu oceny zdolnosci ochronnych powtok w srodowisku silnie
korozyjnym wykonano badania zanurzeniowe w 3,5% roztworze
NaCl. Po 720 h ekspozycji w roztworze NaCl prébki doktadnie sptu-
kano wodg zdemineralizowang i usunieto odwarstwiona powtoke
wokét rysy. Obliczono stopien odwarstwienia (wzér 2) i skorodowa-
nia wokot rysy (wzor 3):

d = 4%, 2)

gdzie:
d, - $rednia szerokos¢ strefy odwarstwienia [mm],
w — pierwotna szerokos¢ rysy [mm];
c ==, 3)
gdzie: 2
w; — Srednia szerokos¢ strefy korozji [mm],
w — pierwotna szerokos¢ rysy [mml].

Uzyskane wyniki zestawiono w tabeli 4. Wyglad powtok po wy-
konaniu testu zanurzeniowego w roztworze NaCl przedstawiono
narys. 4.

Powtoki na bazie zywicy akrylowej w poréwnaniu z powtokami
wytworzonymi z uzyciem zywicy poliestrowej charakteryzuja sie
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Tabela 5. Zestawienie informacji dotyczacych zniszczen powstatych w wyniku dziatania 3,5% roztworu NaCl

Table 5. Summary of damage caused by 3.5% NaCl solution

Powloka

Rodzaj zniszczenia

L_B1530/SIRALES® | L_IGGE/SIRALES

L_IGGE/HEMA/5MMA/2BA

L_IGKF/SIRALES | L_IGKF/HEMA/5MMA/2BA

Stopien odwarstwienia wokot

rysy (PN-EN ISO 4628-8) 17,60 >0

4,90 2,85 1,80

Stopien skorodowania wokot

rysy (PN-EN 1SO 4628-8) 1.0 11

0,6 brak korozji brak korozji

° Wyniki uzyskane we wczes$niejszych badaniach [9].

Rys. 5. Wykresy Bodego dla po-

wiok: a) L_IGGE/SIRALES,

b) L_IGGE/HEMA/5MMA/2BA,

c) L_IGKF/SIRALES,

d) L_IGKF/HEMA/5MMA/2BA

w czasie ekspozycji w 3,5% wag.
NaCl

Fig. 5. Bode plots for coatings:
a) L_IGGE/SIRALES,

E b) L_IGGE/HEMA/5MMA/2BA,
1 c) L_IGKF/SIRALES,

d) L_IGKF/HEMA/5MMA/2BA
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mniejszym stopniem skorodowania i odwarstwienia wokét rysy.
Gorsze wiasciwosci ochronne powtok uretanowo-poliestrowych
sg skutkiem obecnosci w zywicy podatnych na hydrolize grup
estrowych. Z danych zawartych w tabeli 5 wynika, ze mniejsze
skorodowanie wokét rysy wykazuja powtoki usieciowane poliizo-
cyjanianem zawierajagcym polisiloksan KF-6000. Korzystny wptyw
na ochrone podtoza przed obcigzeniem korozyjnym ma w tym
przypadku obecnos¢ hydrofobowych grup metylowych rozmiesz-
czonych wzdtuz tancucha polisiloksanu KF-6000. Najstabsza zdol-
noscia ochronng charakteryzuje sie powtoka wysokotemperatu-
rowa wytworzona wyfacznie na bazie surowcéw komercyjnych.
Niemniej jednak na zadnej z badanych powtok nie zaobserwowano
innego rodzaju uszkodzen, takich jak: specherzenie, zardzewienie,
zluszczenie czy korozja nitkowa, ocenianych zgodnie z norma PN-
-EN'1SO 4628 1-10.

W celu opracowania petniejszej charakterystyki zdolnosci
ochrony antykorozyjnej powtok wykonano badania technika
elektrochemicznej spektroskopii impedancyjnej (EIS). Wyniki
pomiaréw EIS w postaci wykreséw Bodego (modutu impedancji
w funkcji czestotliwosci) przedstawiono na rys. 5. Na ich pod-
stawie mozna stwierdzi¢, ze powtoki wytworzone na podtozu
stalowym, w ktérych sktad wchodzit polisiloksan KF-6000, wy-
kazywaty znacznie wiekszg impedancje niz powtoki zawierajace
w strukturze glikol polioksyetylenowy. Po jednym dniu od zanu-

10" 10" 10* 10° coating when exposed in

3.5% wt. NaCl

rzenia wartosci impedancji przy niskich czestotliwos$ciach (mo-
d|Z|y; 1) dla powtok zawierajacych w strukturze $rodek sieciujacy
IGGE byty rzedu 10° [Q-cm’], zas$ dla powtok na bazie IGKF wy-
nosity 10° [Q-em’]. W poréwnaniu z powtokami na bazie zywicy
poliestrowej powtoki poliuretanowe na bazie zywic akrylowych
charakteryzowaty sie ponadto wieksza odpornoscig na medium
korozyjne, o czym $wiadcza mniejsze zmiany w wartosciach im-
pedancji. Najwieksza odpornoscig korozyjng odznaczata sie po-
wioka L_IGKF/HEMA/5MMA/2BA, ktéra jako jedyna zachowata
charakter czysto pojemnosciowy (jedna stata czasowa) przez trzy
dni od zanurzenia w roztworze chlorku sodu. Po tym czasie na
widmie w zakresie niskich czestotliwosci mozna zaobserwowac
wystepowanie drugiej statej czasowej, zwigzanej z zachodzacymi
procesami korozji podtoza. W przypadku pozostatych powtok juz
po jednym dniu od zanurzenia préobek w medium korozyjnym na
widmach impedancyjnych widoczne byty dwie state czasowe.
Wartosci rezystancji powtok (R) w badanych ukfadach wyzna-
czono na podstawie serii symulacji opartych na powszechnie stoso-
wanych w tym celu uktadach zastepczych opisujacych zachodzace
procesy (rys. 6). Pierwszy z ukladéw zastepczych ztozony byt z ele-
mentu opisujacego rezystancje elektrolitu (Rs) oraz rezystancje i po-
jemnosé¢ powtoki organicznej (R Qo). Drugi dodatkowo zawierat
element opisujacy opdr przeniesienia tadunku pomiedzy metalem
a elektrolitem (R,) oraz pojemnos¢ warstwy podwadjnej (Q,) [25].
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Rys. 6. Schematy zastepcze opisujace badane uktady powtoka organiczna-me-
tal: a) z jedna stalg czasowa, b) zdwoma statymi czasowymi

b)

Fig. 6. Equivalent diagrams which describe organic coating-metal systems:
a) with one time constant, b) with two time constants

W celu lepszego dopasowania wynikéw symulacji do danych do-
$wiadczalnych do opisu elementéw pojemnosciowych w dobranych
uktadach zastepczych zastosowano elementy statofazowe (Q), kto-
rych impedancje mozna wyrazi¢ wzorem:
1

= , )
¢ 7 Yo

gdzie:

Y, — stata admitancja,

j - liczba urojona (=D,

w — czestotliwos¢ katowa (w = 27f),

f - czestotliwosc¢ [Hz],

n - wyktadnik Q (w zakresie 0+1) [18].

Wyznaczone wartosci rezystancji powtok w funkcji czasu dla
badanych prébek zaprezentowano na rys. 7. We wszystkich przy-
padkach pojemnos¢ powtok malata z czasem ekspozycji w me-
dium korozyjnym. Po siedmiu dniach od zanurzenia w 3,5% wag.
NaCl wartosci R, powtok wytworzonych z dodatkiem polisiloksa-
nu KF-6000 wynosity 7,5 i 1,2 MQ-cm?, odpowiednio dla prébek
wytworzonych na bazie zywicy akrylowej (L_IGKF/HEMA/5MMA
/2BA) i poliestrowej (L_IGKF/SIRALES). Analogiczna zaleznos¢ za-
obserwowano w przypadku powtok zawierajacych glikol polioksy-
etylenowy zamiast polisiloksanu w $rodku sieciujgcym. Powto-
ki poliuretanowe zawierajace zywice akrylowag wykazaty wiek-
sza rezystancje niz wytworzone z udziatem zywicy poliestrowej
(R. wynosito odpowiednio 151 i 40 kQ-cm’).

Zdjecia prébek po zakonczeniu testu zanurzeniowego przedsta-
wiono na rys. 8. Na ich podstawie mozna stwierdzi¢ wystepowanie
widocznych sladéw korozji na powtokach, w sktad ktérych wcho-
dzity IGGE jako $rodek sieciujacy oraz zywica poliestrowa. W przy-
padku powtok zawierajacych polisiloksan nie zaobserwowano
zadnych widocznych sladéw korozji, co $wiadczy o ich dtugotrwa-
tych wtasciwosciach ochronnych.

3. Podsumowanie

W wyniku przeprowadzonych badain oceniono wtasciwosci
ochronne powtok utworzonych z niskotemperaturowych lakieréw
proszkowych wytworzonych na bazie zywicy akrylowej zawieraja-
cej grupy hydroksylowe i blokowanych poliizocyjanianéw. W celu
poréwnania ich wiasciwosci ochronnych z wtasciwosciami innych
powtok proszkowych utwardzalnych w niskiej temperaturze wy-
tworzono lakiery z udziatem komercyjnej zywicy poliestrowej,
uzywajac jako srodkéw sieciujacych poliizocyjanianéw o takiej
samej strukturze chemicznej oraz komercyjnego poliizocyjania-
nu wysokotemperaturowego. Wihasciwosci fizyko-mechaniczne
powtok oceniano na podstawie norm oraz wytycznych zawar-
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Rys. 7. Rezystancja badanych powtok (R¢) w czasie ekspozycji préobek w 3,5% wag.
NacCl

Fig. 7. Resistance of the tested coatings (R.) during exposure of the samples in
3.5% wt. NaCl

a) e d)

Rys. 8. Wyglad prébek po siedmiodniowej ekspozycji w 3,5% wag. NaCl:
a) L_IGGE/SIRALES, b) L_IGGE/HEMA/5MMA/2BA, c) L_IGKF/SIRALES, d) L_IGKF/HE-
MA/5MMA/2BA

Fig. 8. Appearance for coatings samples after seven days exposure in 3.5% wt.
NaCl: a) L_IGGE/SIRALES, b) L_IGGE/HEMA/5MMA/2BA, c) L_IGKF/SIRALES,
d) L_IGKF/HEMA/5MMA/2BA

tych w wymaganiach technicznych znaku jakosci Qualisteel-
coat [14]. Powtoki z lakieréw proszkowych wytworzone na bazie
zywicy akrylowej i blokowanych poliizocyjanianéw charaktery-
zujq sie lepszg odpornoscig na wode, uszkodzenia mechaniczne
i media korozyjne, jednak ich powierzchnia tatwiej ulega uszko-
dzeniu w wyniku kontaktu z rozpuszczalnikami organicznymi
w poréwnaniu z powtokami zawierajagcymi komercyjna zywice
poliestrowg Sirales PE 6110.

Odpornos¢ na media korozyjne oceniono przez wykonanie te-
stu zanurzeniowego w 3,5% roztworze NaCl oraz metodg elektro-
chemicznej spektroskopii impedancyjnej (EIS) podczas obcigzenia
korozyjnego roztworem NaCl o takim samym stezeniu. Technika EIS
pozwolita na bardziej precyzyjna charakterystyke przebiegu proce-
séw korozyjnych na badanych powtokach. Podczas gdy w przypad-
ku testu zanurzeniowego w 3,5% roztworze NaCl po 720 h oznaki
korozji byty niewidoczne lub niewielkie, to w przypadku metody
EIS réznice mozna byto zarejestrowac juz po kilku dniach. Prosto-
ta metody zanurzeniowej, pomimo ze wymagany jest diuzszy czas
ekspozycji, aby oceni¢ wtasciwosci ochronne powtoki, moze jednak
okazac sie atutem w przypadku braku dostepu do zaawansowane-
go sprzetu.

Niskotemperaturowe poliuretanowe lakiery proszkowe na ba-
zie zywic akrylowych usieciowane poliizocyjanianami zawieraja-
cymi segmenty polisiloksanowe zapewniajg lepsza ochrone an-
tykorozyjna stali eksploatowanej w srodowisku silnie korozyjnym
niz powtoki na bazie poliestrouretanéw. Niemniej jednak w po-
réwnaniu z systemami komercyjnymi stosowanymi do ochrony
przed korozja ich wiasciwosci ochronne moga by¢ niewystar-
czajace. Komercyjne systemy powtokowe zazwyczaj skfadaja sie
z powtoki podkfadowej, najczesciej epoksydowej, zawierajacej
inhibitory korozji, oraz nawierzchniowej o wysokiej odpornosci
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na uszkodzenia mechaniczne oraz promieniowanie UV [26-27].
Lakiery opracowane w ramach prezentowanych badan z uwagi
na duza odpornos¢ na wode, zarysowanie oraz promieniowanie
UV moga zosta¢ wykorzystane do opracowania niskotemperatu-
rowych farb nawierzchniowych do dwupowtokowych systemoéw
antykorozyjnych, ktére w przypadku dtugotrwatej eksploatacji
w $rodowisku silnie korozyjnym moga wymagac dodania elek-
trochemicznych inhibitoréw korozji do warstwy podkfadowej. Ich
atutem jest takze nizsza temperatura utwardzania (160°C) w po-
réwnaniu ze standardowymi zabezpieczeniami proszkowymi
(180-200°C), co pozwala zaoszczedzi¢ energie podczas tego pro-
cesu, a takze unikng¢ zmian geometrii malowanych elementéw
i niekontrolowanych proceséw utleniania podczas zabezpiecza-
nia metali bardziej podatnych na dziatanie wysokiej temperatury,
np. stopébw magnezu [26].

Badane lakiery na bazie zywicy akrylowej sieciowanej poliizocy-
janianem zawierajgcym segmenty polisiloksanowe moga ponadto
zosta¢ wykorzystane do opracowania niskotemperaturowych farb
przeznaczonych do malowania czesci samochoddéw, o podobnych
wiasciwosciach jak dostepne na rynku produkty wysokotempera-
turowe na bazie zywicy akrylowej GA-003 [28]. Oprdcz tego, ze sg
utwardzane w procesie energooszczednym, ich dodatkowa zaleta
jest wysoka hydrofobowos$¢, co utatwia usuwanie zanieczyszczen
z powierzchni powtok oraz zapewnia lepsza ochrone podfoza
przed wilgocia i przyczynia sie do wydtuzenia okresu uzytkowania
zabezpieczonego detalu.
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ABSTRACT

Powder coating systems are becoming more and more popular due to their unique properties. Nowadays, the
ecological aspect is important and powder systems meet the following requirements. Powder systems do not
contain VOC, they are more productive than liquid systems. Modifications of old powder systems and devel-
opment of new ones stem from the need to replace liquid systems and extend the application of powder systems.
UV-curable powder coatings present some new possibilities for the curing of heat sensitive substrates and offers
more advantages compared to thermally cured powder coatings. UV-curing can be performed at lower tem-
peratures than possible by thermally activated systems. This paper reviews the most recent advances in the field
of ultraviolet cured powder coatings. The selected chemical structures of the resins (unsaturated polyester,
urethane acrylates, acrylate and methacrylate resins, epoxy oligomers, polyamides and hyperbranched polymers)
photoinitiators and additives used in formulation of UV-curable powder coatings were presented. The physical
properties and rheological behavior of the resin depending on their chemical structure, molecular weight,
amorphous and crystalline structure as well as their influence on properties of crosslinked coatings were
described. The curing conditions used in UV curing technology and its advantages such as fast curing and high
efficiency, low capital investment, solvent elimination, low cost and energy consumption were also presented.

1. Introduction

Photopolymerization and powder coatings are actively investigated
areas of investigation due to its wide industrial applications and huge
potential. In recent years there has been a noticeable increase in interest
in powder coatings [1], primarily owing to its various properties such as:
high resistance to corrosion, abrasion and good elasticity that are su-
perior to those of conventional paints. Rising applications in numerous
sectors including automotive, industrial, and construction will make
market growth over the next years. Currently produced and used powder
coatings are divided into thermoplastic, thermosetting systems due to
their curing properties. Thermoplastic powders were the first to emerge
in the early 1950s due to the availability of suitably polymers. Progress
in resins production towards the end of the 1950s contributed to the
development of thermosetting powder related technology [2,3].

Currently, due to the large range of raw materials, powder coatings
have a wide range of beneficial properties. Depending on the composi-
tion they can be very hard or flexible, have excellent corrosion and
abrasion resistance, resistance to chemicals (including oils) and oxida-
tion as well as excellent adhesion to the substrate that ensure long-term
protection of the substrate [4-6]. They are available on a full scale from
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high gloss to deep matt and in a whole range of colors. They can be also
used in water [7,8]. One of the reasons for the increased interest in
powder coatings is the introduction of directives e.g. by the European
Union regarding the limitation of Volatile Organic Compounds (VOCs)
in solvent-based and water-based products. In water-based products, it
concerns mainly formaldehyde, which is used as an in-can biocide.
Powder coatings have met new challenges because they are environ-
mentally friendly: they contain 100% solids, do not contain VOC and do
not require the use of in-can biocides. In addition, powder products do
not generate sewage or waste [9-11]. The powder dropped during
application can be reused. The powder curing process and application on
the surface is very fast, the finished coating is formed as a result of single
painting and all process takes about 10-20 min [12-14]. However, the
technology of powder coatings also has some disadvantages, which
include energy consumption, high requirements for surface preparation
and thermal resistance of the surface protected by this technique. Nor-
mally, they are cured in special furnaces at a temperature above 180 °C
[15,16]. This temperature limits the range of their application for sub-
strates with high thermal resistance, for example, metals, ceramics or
glass. The development of UV-curing powder coatings significantly ex-
pands their area of application.
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UV-curing powder coatings and applications were first developed
and commercialized in the late 1990s and 2000s. From the application
point of view, UV curing systems are primarily used in those applications
where thermal curing is almost impossible, such as the temperature-
sensitive substrates e.g. wood, wood-based panels and plastics. Ultra-
violet (UV) curing has become a fast and environmentally friendly
curing technique with many advantages such as high curing rate and
good mechanical properties of crosslinked coatings [17-20]. The
application of light-induced polymerization technology is most often
used in the coating sector to protect many types of materials e.g. wood,
plastics, metals, glass, optical fibers or leather [21-23]. Adhesives are
another area in which radiation curing is used. First of all, they are used
for joining the parts of laminate, acting as a quick-setting adhesive and
for the production of pressure-sensitive adhesives as well as release
coatings. Photosetting polymers are also used in microelectronics,
dental repairs, inks and fast 3D prototyping [20,23-28].

Currently, medium density fibreboards (MDF) are painted with
solvent-based products, which are then sanded after each layer is fully
dried. The full painting is achieved after applying several layers. In
addition to the fact that the process is high-emission, painting takes a
long time approx. a few days. For comparison, complete painting of
MDFs using UV-curing powder coatings is achieved by applying only one
layer within 1-5 min. The development of reactive photoinitiators,
curing agents, functionalized resins has allowed to faster progress in UV
curing powder coatings technology [29,30]. This technology opens the
way to new potential applications for UV-curing polymers, in particular,
to protect heat-sensitive materials. Due to its unique characteristics, this
advanced technology can be expected to continue to develop [31-33].

The purpose of this review is to introduce the reader to the most
recent advances in the field of UV curable powder coatings, its chemistry
and composition developments. Further on in this review work, two
photopolymerization mechanisms will be presented: free radical and
cationic. Describing each mechanism, appropriate chemical structures
of the resins and photoinitiators will be presented. Progress in the pro-
duction of UV-curable powder coatings is also described. A review of the
work of scientific teams on the synthesis of appropriate resins and for-
mulations to obtain UV-curable powder coatings is also presented.

2. Reaction mechanisms during the UV curing process

Photopolymerization technique mainly consists of the conversion of
a liquid monomer mixture into a solid three-dimensional polymer
network. The conversion of multifunctional monomers into a cross-
linked polymer occurs as a result of a chain reaction initiated by reactive
species of photoinitiator generated by UV irradiation. It is essential to
use photoinitiators in this process because most monomers are not able
to effectively create reactive particles under UV radiation [34-37]. Free
radical and cation-initiated chain-growth polymerization are two types
of polymerization reactions that are mainly occurred in the UV curing
process [31,38-40]. The advantage of using UV to initiate the chain
reaction is the possibility of obtaining a very high polymerization rate.
Due to the high degree of crosslinking during polymerization, the pho-
tocrosslinked polymers have excellent mechanical and thermal proper-
ties, inertness to solvents and abrasion resistance. Finally, the process
uses only little energy by operating at the room temperature [41,42].
Powder coatings cured in the presence of UV light offer increased ben-
efits over thermosetting coatings such as faster curing cycles with lower
temperature requirements (Table 1).

2.1. Free radical UV curing

Free radical photopolymerization occurs according to a typical
radical polymerization mechanism and includes initiation, propagation
and termination stage (Fig. 1). Termination can be achieved by means of
several mechanisms e.g. re-combination or disproportionation [43-45].

During the free radical process, the photoinitiator under UV

Progress in Organic Coatings 158 (2021) 106355

Table 1
Free radical type photoinitiators.

Group name Chemical structure

Benzoine derivatives ?R
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Hydroxyalkyl phenones F‘Q
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O OH
a~Amino ketones R
SN T | ~CHs
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L/ N\ 7 I L ers

Acylphosphine oxides

Benzophenone derivatives

Thioxanthone derivatives

radiation forms free radicals through the homolytic breakdown of the
C—C bond, resulting in two different radicals capable of initiating the
polymerization process (type I photoinitiators) (Fig. 2).

Type II photoinitiator forms radicals by the reaction of a hydrogen
donor co-initiator e.g. an amine or alcohol (Fig. 3).

The radicals react with double bonds present in the monomers, resins
and cross-linking molecules. The chemical structures of radical photo-
initiators are shown in Table 1.

Irgacure 907 is an example of a type I photoinitiator, which gener-
ates free radicals by the breakdown of the C - C bond (Fig. 4). A char-
acteristic feature of this initiator is the presence of a tertiary amine
group, which limits the inhibition of the crosslinking reaction by oxygen
[47]. The most often used in research and industry photoinitiators are
shown in Table 2.

The monomers used in this type of polymerization are limited to
those which contain double olefin bonds. Acrylates, methacrylates,
maleates and all their types resin dominate in the industry. Nowadays,
this type of photopolymerization dominates due to low cost and large
range amount of suitable monomers and free radical photoinitiators
available on the market, which can be combined into various photoc-
urable compositions [48-50]. Unfortunately, free radical systems have a
disadvantage which is inhibition of the curing process by oxygen a
known free radical scavenger. During the reaction, atmospheric oxygen
can either react with the photoinitiator in the excited state and deacti-
vate it, or react with in-growing chains to form peroxyl radicals which
are not reactive enough to reproduce polymerization. This leads to lower
conversion and, as a result, a reduction in mechanical performance, an
increase in residual monomers, tacky surfaces and a decrease in gloss. In
order to eliminate the problems associated with oxygen inhibition, there
are numerous strategies in the literature [51]. Several strategies are
based on the modification of polymerization conditions to prevent ox-
ygen from reaching the surface of the coating. Gas inerting (usually with
nitrogen or carbon dioxide), the use of a physical barrier such as wax
additives that can migrate to the surface of the coating, or the applica-
tion of a UV-nanoabsorbent layer to the surface. K. Studer et al. has
successfully overcome this problem by performing UV radiation in CO4
atmosphere. It was found that UV curing in an inert CO5 atmosphere will
have the greatest potential for thin layers made of resins to be cured at
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Initiator + hv - 2R*

R*+M - RM~*

Propagation

RM* + M, > RM;,.,

Termination

Recombination (new bond is formed)

RM;, + M;,R » RM, MR

Disproportionation (double bond is formed)

RM,, — CH, — CHj + RM,, — CH, — CH; » RM,, — CH = CH, + RM,, — CH, — CH;

Fig. 1. Reaction scheme of free radical polymerization mechanism.
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Fig. 2. Scheme of type I photoinitiator breakdown into radicals [46].
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Fig. 3. Scheme of radicals forming by type II photoinitiator [46].

ambient or higher temperatures [52]. Other strategies are based on
modifications of monomers or chemical additives, which are described
as chemical methods. Amines are one of the most common additives that
prevent the inhibition of oxygen supply. They react as hydrogen donors.
The use of amine by Husar [53], allowed for an increase in conversion of
40% (from 27% to 38%), or by Lalevée [54] who achieved an overall
60% of conversion. The addition of amine to the formulation may lead to
yellowing. Thiols also react with peroxide radicals through hydrogen
donation. Thiols also react with peroxide dioxins by dosing hydrogen.
Unlike amines, hydrogen is directly transferred from the S—H bond.
Silanes are also compounds that can be used in various ways for free

3@

H3C

radical polymerization. The first polysilanes can be used as photo-
initiator with Si—Si photocomplexing bonds. Si—H silane bonds can
react as hydrogen donors in the same way as thiols. As a result of this
reaction silane radicals are formed which are highly reactive to molec-
ular oxygen and form new silyl radicals capable of re-initiating poly-
merization after rearrangement [55-57].

High molecular weight photoinitiators are considered, among others,
as a promising solution to the problem of migration of photoinitiator
molecules from the cured coating. Among them there are polymeric
photoinitiators (PPIs). The idea of grafting photoinitiators on high
molecules is to anchor odorous or toxic photoproducts. PPIs are
distributed according their molecular structure into three classes: linear
polymeric photoinitiator (LPPI), hyperbranched or cross-linked poly-
meric photoinitiator (HCPPI), and multifunctional photoinitiator
(MFPI). In the case of PPI synthesis, it is convenient to separate the
photoinitiator molecule, which quite often based on well known low
molecular weight photoinitiators, and the polymer backbone, which
does not influence light absorption and reaction mechanism. LPPI in-
cludes “in-chain LPPIs”, which includes PI as part of the linear chain,
and “side- chain LPPIs”, where PI is connected to the polymer backbone
as a pending group. LPIs are formed by introducing photoinitiators (type
I or type II) into linear polymers, for example by polymerization of
monomers with PI groups. The structural character of linear polymers is
beneficial for the properties and application of LPPI. Highly cross-linked
polymeric photoinitiator (HCPPI) refers to countless PI groups grafted
either on a hyperbranched polymer or on a cross-linked polymer
network, while multifunctional polymeric photoinitiator (MFPI) refers
to a specific number of PI groups located on a relatively low molecular
weight core or dendrimer. In general, hyperbranched polymers con-
taining groups of photoinitiators are prepared by means of grafting
routes, which can also be used in a cross-linked network. In order to
prepare an MFPI with a high degree of functionality, a dendrimer was
used as a basic part. The synthesis methodology of MFPI is similar to the

b E;’J

C
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Fig. 4. Irgacure 907 radical breakdown reaction.
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Table 2
Most commonly used photoinitiators.

Common Producer Chemical structure
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Darocur 1173 Ciba Specialty Chemical CH,

\
Inc. @ﬁi(\:icm

O OH
Irgacure 651 Ciba Specialty Chemical (‘)CH3
" @ﬁ’?@
O OCH,

Lucirin TPO BASF

Irgacure 907

Ciba Specialty Chemical 0\\
Inc. C—Qs
HyC_ / \
M CH,

Ciba Specialty Chemical (0]
Inc. o@cﬂ cH
\
ad i
HO

~
\
HsC oH

Irgacure 2959

one used for the synthesis of hyperbranched PPI, but they are distin-
guished by the structural regularity and countability of MFPI function-
ality [58,59].

The production of PPIs allows to achieve higher photoinitiating ac-
tivity, and also lower migration behavior. The following research work
can be mentioned as examples: X. Li et al. prepared novel PI through a
chemically bonding thioxanthone photoinitiator CTX (2-chlorothiox-
anthone) on the silica surface using a silane coupling agent acting as a
bridge between the silica and CTX. The novel PI is characterized by
higher photoinitiation efficiency and conversion of double bonds, as
well as improved dispersion of the filler in the curing resin matrix
resulting in higher mechanical properties compared with the traditional
CTX system [60]; B. Cesur et al. synthesized a series of polymerizable
benzophenone containing photoinitiators derived from alkyl a-hydrox-
ymethacrylates. Studies show that these polymerizable photoinitiators
and their polymeric counterparts with an amine coinitiator have higher
efficiency than benzophenone; with polymeric ones much more reactive
than monomeric ones [61]. In their next work they presented the first
methacrylate monomers with two photoinitiating groups. Two photo-
initiating units (benzophenone, acetophenone or Irgacure 2959) were
included in the monomer, which was also polymerized to ensure high
functionality even for low molecular weight polymers [62]. Hyper-
branched poly(ether amine) (hPEA) can be used as a new backbone for
the development of a type II one-component photoinitiator due to its
flexible, amphiphilic and hyperbranched structure containing amine
groups as co-initiator. PPIs were produced by the introduction of thio-
xanthone (TX) and benzophenone (BP) molecules to the hPEA periphery
by means of an epoxy-amine click reaction. The formed PPIs could
dissolve very well not only in many organic systems, including acrylate
monomers, but also in water. These advantages of hPEA as backbone
will make hPEA-TX and hPEA-BP find enormous commercial potential
applications in fields such as the photo-curing ink, 3D printing, photo-
cured food package and photo-curing coatings [63].

2.2. Cationic UV curing

Another type of photopolymerization mechanism is cationic poly-
merization, which is also becoming more popular due to similar ad-
vantages as free-radical polymerization and additional specific features.
In cationic UV curing reaction, cations do not react with each other,
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which is opposite to free radical curing. In the absence of nucleophilic
anions, crosslinking may be continued after exposure to a radiation
source. The reaction with water and alcohol terminates the growth of
the polymer. In addition, the absence of oxygen inhibition also distin-
guishes these two types of polymerization from each other [38,48].

Typically, photoinitiators for cationic polymerization are onium salts
of very strong acids, exemplified by iodonium, sulfonium, phospho-
nium, pyridinium salts (Table 3). This type of photoinitiators is
composed of an organic cation paired with an inorganic anion. The
irradiation of diaryliodone and triarylsulfonium salt gives strong acids
with corresponding counter-anions, as well as radical cations; both
initiate cationic polymerization [64,65]. The cationic part of the pho-
toinitiator is the light-absorbing component and determines the thermal
stability of the onium salt. The anionic part also determines the char-
acter and reactivity of the propagating ion pair in the polymerization
and has a direct impact on the polymerization kinetics. These salts
contain inorganic parts such as PF g, BF 4, SbF ¢, AsF 4. Their reac-
tivity into the photopolymerization process is related to the nucleophi-
licity and size of their respective anions and decreases in order: SbF ¢ >
AsF ¢ > PF ¢ > BF 4 [65]. Different types of iodonium, pyridinium,
sulfonium, phosphonium and numerous other types of onium salt pho-
toinitiators were developed and applied successfully for cationic poly-
merization. The scheme of the breakdown is presented in Fig. 5.

The primary type of cationic polymerization used commercially is
the homopolymerization of epoxy groups (Fig. 6). This is due to their
highest photopolymerization rates and the obtained epoxy polymers are
characterized by excellent thermal-mechanical properties, solvent
resistance and good adhesion to various type of materials The anions of
very strong acids are used as counter-ions, e.g. hexafluoroantimonate,
hexafluorophosphates, and borate derivatives are very effective [66,67].
The initiation process and the first step of cationic polymerizations of
epoxy resin are shown in Fig. 6.

In addition to epoxides, vinyl ethers are characteristic of the cationic
mechanism. Vinyl ethers have higher curing rate than epoxy monomers
under UV light and their reactivity is often comparable to that of acry-
late monomers. The high reactivity of vinyl ethers in cationic poly-
merization is due to the electron-rich double bonds [68,69].

2.3. Coating additives

The basic components of UV-curable powder coatings formulations i.
e. resins and photoinitiators alone hardly ever produce a coating of
acceptable quality. Inappropriate formulation leads to defects such as
orange peel, pinholing or outgassing. Therefore it is important to use
appropriate additives. Additives used are mainly flow additives (Acronal
4F, Modaflow, BYK Powderflow) and degassing or anti-popping agents
(benzoine or benzoine ethers). UV stabilizers are also commonly used to
improve weathering, such as UV absorbers and hindered amine or hin-
dered phenol-like stabilizers. For clear coatings can be used a small
amount of silica as a matting agent. Pigments can also be used as an
additive, as a standard pigment for white powder coating titanium di-
oxide is used (Kronos 2160). Other pigments are chromium oxide green,
zinc oxide, iron oxide yellows, reds, browns and blacks, such as ferrite
yellow oxide, ferric oxides. Pigments can absorb and/or scatter UV ra-
diation and inhibit UV curing. For this reason, too high a concentration
of pigment can cause problems in curing the coating [70].

2.4. Influence of curing conditions on coatings properties

Incomplete curing of the coating can lead to inappropriate coating
properties such as adhesion, resistance, appearance, migration of vola-
tile components to the environment, etc. Both the thickness and the
conversion of the layer have a crucial influence on the quality of the
coating. Particularly thick pigmented coatings pose a significant chal-
lenge to UV curing, since pigments strongly limit the penetration of UV
light into the coating. Light cannot penetrate deep layers to initiate
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Table 3
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Onium salt photoinitiators for cationic polymerization.
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Fig. 5. Scheme of the breakdown of cationic type photoinitiator [46].
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Fig. 6. Initiation process and the first step of cationic polymerization of epoxides.

photocuring and the migration of initiating radicals is limited by the
matrix viscosity. For example, titanium dioxide (TiO3) scatters light due
to its high refractive index and absorbs light from the UV area, which is
visible through a sharp edge of about 400 nm in the remission spectrum
given in the supplementary information. Barium sulphate has a lower
refractive index and the radiation in the visible range can penetrate
deeper layers but absorbs light below 380 nm [71]. In order to ensure a
good conversion in the coating depending on the thickness, the combi-
nation of photoinitiators is a good solution. C. Schmitz et al. used a
combination of photoinitiators such as Irgacure 819, Irgacure 651 and
Ivocerin. The initiating systems presented in the study work well in the
range around 395 nm. It is recommended to use initiator systems which
also provide absorption in the visible area and do not tend to yellow the
photopolymer. Inhibition of oxygen can be prevented by a higher con-
centration, which counteracts sufficient curing of pigmented and/or
thick coatings. The use of several emission bands, including UV-A, UV-B
and UV-C LEDs, can lead to deep layer curing by UV-A light penetrating
deeper into the material and faster generation of radicals on the surface
of the layers by completely absorbed UV-C radiation [72]. Park et al.
introduced a hybrid curing system, which made it possible to reduce the
uncured part and increase the overall curing rate. During UV curing, a
very clear effect of oxygen inhibition was visible on a surface of about
10 pm. The studies also showed the effect of initiator concentration on
the cross-linking of the coating. With the increase of initiator content,
the UV radiation transmission decreased and thus a high curing density
on the surface and an irregular curing structure in the deep part were

obtained. Increasing the initiator content is effective in supplementing
the surface effect of oxygen inhibition in the UV coating, but it can also
act as a negative factor in curing of the deep area. It is therefore
important to control the initiator content and the change in coating
thickness. If the coating is thin and there is no problem with UV pene-
tration, changing the initiator content is the most effective approach.
However, if the coating is thick, it would be effective to introduce a
method that can complement UV curing, such as a hybrid curing system
[73].

The factor that affects the quality of the coating is also the curing
temperature and time. It turns out that the conversion is higher at a
higher curing temperature when the process takes place in a carbon
dioxide atmosphere. Curing in oxygen atmosphere gives the opposite
effect, but at a lower temperature the conversion is higher. The influence
of temperature must be discussed in correlation with the coating vis-
cosity. At higher temperatures, the viscosity of the monomer decreases,
which causes a faster diffusion of oxygen into the film and intensifies its
inhibitory effect. At lower temperatures, where the sample is solid, the
diffusion of oxygen is significantly reduced, thus making photo-
polymerization relatively fast. Polymerization begins when the induc-
tion time, i.e. the time needed for the initiating radicals to absorb the
stabilizer and reach their steady state concentration, is reached. In the
presence of air, this time is four times less than in an inert atmosphere.
Polymerization into an inert gas atmosphere starts to slow down only
above 40% of the conversion when the limitations of molecular mobility
caused by increased viscosity and progressive gelation of the sample
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become significant. In an oxygen atmosphere the reaction starts to slow
down much faster due to the continuous diffusion of air into the sample.
Also worth mentioning is the influence of the UV irradiance on the
crosslinking of the coating. Curing coatings with high-performance UV
lamps not only speeds up the curing process and increases productivity,
but also gives tacky-free surfaces. By using high irradiance lamps to
generate large amounts of free radicals in a short time, it is possible to
overcome Os inhibition during coating curing. However, when UV
curing is performed in an Ny or CO; atmosphere, it is possible to achieve
effective polymerization with low-intensity UV lamps. In addition to
shortening the curing time and reducing the number of lamps by using
an inert gas atmosphere, it is also possible to increase the distance be-
tween the lamp and the substrate [52,70].

3. UV coating process and curing technology

The process of UV initiated curing of powder coatings consists of two
stages. First, the powder coatings must be melted by means of IR radi-
ation or in an appropriate convection oven. The IR section is equipped
with medium wavelength IR lamps (600 W) to which a pyrometer is
connected in order to achieve good melting temperature control. The
next step is to place the sample under a suitable UV lamp [74]. A scheme
of technological line for UV curing of powder coatings is presented in
Fig. 7. Before the curing process, the substrate must be properly pre-
pared and the powder is applied to the substrate. Substrate preparation
techniques vary depending on the substrate that is chosen. In order to
achieve good results with powder coating on MDF it is necessary to get
the proper concentration of water in the board, which should be be-
tween 4 and 8%. Because water concentration affects electrostatic spray
efficiency and possible outgassing at temperatures above 100 °C. Too
high a water concentration can also lead to cracking of the board edges
during heating. The roughness of the surface of the wood composite has
a significant effect on the final appearance of the coating, so the surfaces
can be smoothed using sandpaper. However, when the surface of the
object is non-conductive, indicating that the object cannot be grounded
or supplied with a charge of opposite polarity to the powder charge,
difficulties arise in allowing the powder to adhere to the surface of the
object during spraying. This case occurs during coating non-conductive
surfaces of plastic materials. To overcome this problem, a low conduc-
tivity surface preparation emulsion dedicated to powder coating that
contains an emulsified solution of organofunctional silane can be used.
This emulsion is used to pre-coat the surface before powder coating
provides a surface conductive properties [75]. For steel plates, the first
step is to degrease e.g. with acetone or detergent solution and then dip in
the solution to apply phosphate or phosphate-zirconium conversion
coating. After the surface preparation, the powder coating process fol-
lows. Powder coatings are applied using a Corona electrostatic gun or an
electrokinetic method using a tribo gun. In the Corona gun, powder
particles are transported from the tank by compressed air and electrified
by an electrode placed in the gun nozzle. In the tribo gun the charging of
the paint particles takes place by friction of the paint particles against
each other and against the barrel of the gun. After these steps, the curing
process begins [76].

A UV-cured powder system can produce more material in a given
time compared to thermally cured powder system; increasing operating
capacity, lowering the cost of quality and using less energy per part

IR lamp

Coated part
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produced. The most significant advantages and disadvantages are shown
in Table 4. There are few commercial systems available on the market:
Dymax, whose conveyor systems consist of a moving belt that passes
through a chamber area containing multi-spectral lamps mounted above
and/or on each side for fast curing of parts, AETEK UV Systems to suc-
cessfully curing UV inks, lacquers, laminating adhesives and coatings,
Electro-Lite Corporation which is major suppliers of ultraviolet light
curing equipment and systems and also Fusion UV system, Inc. a global
manufacturer of Industrial UV System.

An important condition for UV curing is the UV source that generates
high intensity UV radiation at low cost [38]. The most common UV
lamps available on the market are mercury lamps. Mercury is excited by
electrodes (arcs) or microwaves. Mercury is used in UV technology
because about 35% of the emitted radiation is in the UV range. The most
popular type of lamp is the medium pressure mercury vapour arc lamp
which works at the pressure of ~1 bar and intensity of ~80 W/cm?2.
There exist variants with either low or high pressure (values), respec-
tively. Standard mercury lamps are used for most applications, but for
specific applications, e.g. coatings with UV absorbers or pigments, lamps
with the addition of Fe or Ga were used. The wavelength of different
mercury lamps is presented in Table 5. The properties and appearance of
powder coating are determined by the curing conditions and the
appropriate type of UV lamp [18,70,77,78].

As mentioned before, atmospheric oxygen inhibits the curing of the
coating. To overcome this problem an innovative UV curing process
called “Larolux® process” was developed. This process has been devel-
oped by Beck and overcomes the need for high-intensity lamps associ-
ated with ozone production and short wavelength UV emissions,
allowing the use of inexpensive equipment and reducing material costs
(low photoinitiator content). The process uses carbon dioxide as an
easily accessible, non-polluting, non-toxic, transparent inert gas which is
heavier than air. The gas consumption is much lower than, for example,
nitrogen [80]. Studies have shown that a reduction of oxygen content
below 15% is already sufficient to lead to a significant improvement in
coating quality. In an atmosphere with a reduced oxygen content, a
lower radiation intensity is enough to cure the coating. In addition to
shortening the curing time and reducing the number of lamps - which
has rarely been considered before - it is also possible to use less powerful
UV lamps or to increase the distance between the lamp and the substrate
[701.

Table 4
Advantages and disadvantages of UV curing technology.

Advantages Disadvantages

Restricted to certain substrates,

UV cured coatings are sensitive to
oxygen inhibition,

UV light must “see” the photoinitiator
to initiate the curing process, therefore
curing of complex geometries must be

e Excellent performance properties:
smooth finish, high gloss, image
clarity, abrasion resistance, hardness
and chemical resistance,

e Environment friendly, energy saving,
reduced waste generation,

e Low temperature, difficult,

e Very fast production rates, space High capital equipment and materials
saving installations, costs,

UV lamp

' |

Cured part

G el

Fig. 7. Scheme of technological line for UV curing of powder coatings.
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Table 5
The emission spectra of different mercury bulbs (13 mm). Reprinted with
permission from reference [79].

Lamp type Wavelength [nm] Emission spectrum

Standard Hg bulb <300 and 365 100 Emission 4

90

jﬁ.—xLlL.\ .!] , I k’

200 225 250 275 300 325 350 375 400 425 450

Fe-additive bulb 350-400 Emission (%)

100

0
200 225 250 275 300 325 350 375 400 425 450 475 500

Ga-additive bulb 400-450 Emission (%)

20

10 favelength

0
200 225 250 275 300 325 350 375 400 425 450 475 500

3.1. Comparison of UV-curable powder coatings with thermosetting
powder coatings

The most environmentally friendly coatings are powder and radia-
tion curable systems. The advantages and drawbacks of these coating
systems are related to their curing process. The most important advan-
tage of UV-curable powder coatings is lower temperature, which is only
needed to ensure the powder is melted. Thereafter, the heating process
to melt the powder may be superficial. Heating only the surface itself
prevents damage to the internal structure of the painted material. For
this reason, UV-curable powder coatings can be used to coat heat-
sensitive substrates for which thermosetting powders cannot be used
e.g. for painting wood, MDF and plastic materials. Curing time is also
important and is much shorter when using UV curing. Details of curing
time and temperature are shown in Table 6. During UV-curing, the
problem of oxygen inhibition can occur, mainly on the surface of the
coating. This problem is eliminated when using thermosetting powder
coatings. Also pigmented UV-curable powders have a problem with
throught-curing, while pigmented thermosetting powders cross-link
evenly throughout the entire coating volume, if the appropriate tem-
perature is ensured. The use of heat in the oven allows the coating to
cure in any area of the heated part, while during UV curing, the areas
that are not reached by the radiation will not be cured (shadow area).

Table 6
Comparison of curing parameter in thermosetting and UV curing powder coat-
ings [81].

Heating/curing Curing Curing Substrate
temperature time
Thermosetting powder coating
Temperature convection 130-220 °C 15-30 Metal
min
IR 130-250 °C 2-15min  Metal
UV curing powder coating
Heating Curing
IR/temperature uv 90-130 °C 1-3 min Metal, wood,
convection plastic.
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3.2. Application fields of UV-curable powder coatings

UV-curable powder coatings are suitable for many heat sensitive
materials such as wood, MDF, composites, plastics and can also be used
for standard powder coating materials like steel and aluminum. Low
temperatures and high UV cure rates create ideal conditions for using
UV-curable powder coatings for heat-sensitive substrates. Plastics have
low melting points, limiting the amount of heat a part can withstand
before physical deformation occurs. Low conductivity materials i.e.
plastics, wood, MDF require a substrate pretreatment step to provide a
conductive surface for electrostatic powder application. Surface acti-
vation may be essential to improve adhesion. For MDF to obtain con-
ductivity it is necessary to achieve a substrate moisture content of 4-8%
by preheating in IR ovens. These ovens allow for rapid heating of the
surface protecting the core of the board from overheating and cracking
the material. MDF is a readily available product of the wood industry
and provides a uniform, highly durable substrate used in a variety of
finishing processes, such as the furniture industry. Europe's first powder
coating line for MDF furniture has been installed at Stilexo Industrial
(UK) Ltd. Stilexo manufactures TV tables and other components for the
furniture industry. The UV method proves product quality and produc-
tion at an incomparably low cost to previous methods using PVC and
lamination or liquid painting. Additionally UV-cured powder coatings
can be matched to Pantone and RAL color systems. The powder coatings
described herein are well suited for coating pre-assembled components
containing heat sensitive materials. For example, for automotive or
electronic parts that contain electrical wiring and other plastic compo-
nents. Coating composites using UV-curing coatings will avoid painting
with liquid systems, eliminating emission of organic solvents. Addi-
tionally, powder coatings allow for thinner coatings obtained during a
single painting which will save material and may provide a lighter
weight of product. An important industry using such composites could
be aviation, which tends to achieve the lowest possible aircraft weight.

3.3. Commercial UV systems presently employed at the industries

The UV curable powder coatings market is growing at a faster rate
due to the process benefits and good coating properties. Commercially
available resins for UV-curable powder coatings are offered by Allnex.
The UV product series is called UVECOAT. This series includes products
based on amorphous unsaturated polyester resin and semi-crystalline
polyester resin. These resins can be used for painting metal, MDF and
wood. Depending on the resin, coatings with good resistance to
weathering, good flexibility as well as corrosion resistance can be ob-
tained. A special resin dedicated to UV curable powder coatings is pre-
sented by ARKEMA. The product is called REAFREE UV 2130 and is an
epoxy acrylated polyester resin. This resin is specially designed to
formulate clear coatings and pigmented paints for MDF. In 2003 DuPont
introduced the new RAY-TEC UV powder coatings. RAY-TEC UV powder
coatings can be cured at 100-120 °C, which makes it possible to coat
heat-sensitive substrates such as engineered woods (e.g. MDF), plastics
or pre-assembled parts as well as high-mass metal products. Also Key-
land Polymer from USA developed, formulated, and manufactured UV
curable powder coatings. The products are called UVMax and can be
used for MDF, as well as other substrates including plastic, composites,
metal and other materials. The UVMax products are available in wide
range of colors, glosses, and textures with custom color matching.
AkzoNobel provides Interpon W powder coating product ranges for
heat-sensitive substrates to be used for indoor and outdoor application.
The range includes the Interpon W UV system, which contains a primer
and powder top coat that is UV curable. This product can be used for
substrates such as wooden materials, plastic materials, assembled metal
components and natural wood. Technical properties can also be adjusted
to meet end user demands such as chemical and scratch resistance,
hardness and flexibility. Pulverwood products are introduced by PUL-
VERIT, which enables a variety of surface finishes for heat sensitive
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products. They are used to paint MDF and plastic materials with a
thermal stability of >150 °C. Polymerization occurs in UV cycles com-
bined with thermal curing at low temperatures or by using infrared. It is
possible to obtain smooth or structured surfaces and also in matt or
gloss.

4. Developments in UV technology for powder coatings systems

In 1978 the first UV curable powder coatings based on acrylated
epoxies and acrylated polyesters has been developed by SMC Corpora-
tion. This formulation offered comparatively good properties for that
state of the art and assured no orange peel effect [82]. As research
progressed, various types of resins were developed and introduced to the
market, including urethane acrylates, unsaturated polyester, (meth)
acrylic resins, epoxy resins, polyamides, poly(limonene carbonate)s and
hyperbranched polymers. For the synthesis of some of them, raw ma-
terials derived from renewable sources were used. On their basis, paint
formulations containing various photoinitiators as well as various ad-
ditives limiting oxygen inhibition have been developed. Depending on
the composition of the formulation, coatings with good internal or
external durability can be obtained after UV curing. In order to present
the development of UV curable powder coatings, this chapter presents
studies describing the formulations of powder coatings by resin and
binder types, curing conditions and properties of the resulting coatings.

4.1. Urethane acrylates

In 2002 Andreas Wenning proposed urethane acrylates as a new
resin system for light-induced powder clear coatings. They used a
combination of amorphous and three (semi)crystalline urethane acry-
lates as the binder. By mixing them in the appropriate ratio, the glass
transition temperature and viscosity could be adjusted. The ratio of
amorphous to (semi)crystalline resin in powder clear coating formula-
tions was 85:15 or 80:20. It was shown that by the appropriate selection
of resin ratio it is possible to obtain powder clear coatings with a high to
very low transparency. Also, cured coatings showed good weathering
performance [83].

Wenning et al. in 2003 described a radiation-curable powder
composition that contains amorphous urethane acrylate. Amorphous
urethane acrylate was obtained by reacting: amorphous polyester con-
taining OH groups and having a Ty of 35-80 °C (prepared by poly-
condensation of proper dicarboxylic acids and diols); polyisocyanate
(IPDI is especially preferred); a compound that contains OH groups and
polymerizable acrylate group (hydroxy-ethyl acrylate is especially
preferred). This composition can be cured by electron beams or UV light.
In the case of UV curing the special UV initiator is necessary e.g.
commercially accessible Irgacure 184 or Degacure 1173. The obtained
coatings according to this invention are stable to light and weathering,

HO—CH,CH,0

s
CH2~ﬁ—C|:—OH
O CH,
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flexible and hard, and also possess good adhesion to steel panels [84].
Wenning et al. in 2004 presented another UV curable powder coating
composition. The compositions consist of 60-90% by weight amorphous
urethane acrylate and 10-40% by weight crystalline urethane acrylate.
Obtained mixture has T at least 35 °C [85].

Maurin with other authors presented a study about the incorporation
of silver into UV powder formulation in order to achieve antibacterial
coatings for wood-based panels [86]. For this research urethane dia-
crylate was selected for the UV powder resin. UA is an amorphous solid
and has a glass transition temperature (Tg) close to 56 °C (determined by
DSC); the molecular weight (Mn) is estimated to be 2000 g/mol
(determined by SEC). Its melt viscosity was determined rheometrically
and the value at 110 °C was close to 25 Pa-s for a shear rate of 205"
Irgacure 2959 was selected as it acts both as a photoinitiator and as a
reductant of Ag™ into Ag® under UV irradiation (Fig. 8).

The obtained UV cured coatings could be used as protective and
decorative coatings for wood. Antibacterial activity was achieved
against both negative Gram bacteria (E. coli) and positive Gram bacteria
(S. aureus).

Hammer et al. presented urethane methacrylates as reactive diluents
for UV-curable polyester powder coatings. Most UV curable powder
coatings consist of several basic raw materials such as a UV curable
resin, photoinitiator (s) and additives including leveling agents and
degassing agents. The authors in this work additionally used small solid
particles as reactive diluents. These compounds were added to the
formulation to adjust the melt viscosity, and when will build in the
network, modulated the coating properties. The methacrylated poly-
ester resin (MPE resin) was prepared in a two-step. The first step relied
on conventional melt polycondensation of TPA with a stoichiometric
excess of NPG. The second step followed acylation of the hydroxyl-
terminated polyester with methacrylic anhydride. In this study, ure-
thane methacrylates were obtained by the non-isocyanate route.
Ethylene carbonate aminolysis was used to form urethane alcohols,
which was acylated by methacrylic anhydride to form urethane meth-
acrylates. The UV curable powder coatings formulation consist of the
MPE resin, the reactive diluent, photoinitiators (Irgacure 184 and
Irgacure 819), benzoin and Modaflow 6000. The powder coatings were
prepared according to the basic powder coating manufacturing tech-
nique. The sprayed powder coating on aluminum panels was placed in
the oven for 5 min at 125 °C in order to melt the coating and then cured
with a UV/IR curing line equipped with a Heraeus Noblelight Fusion
mercury bulb. The belt speed was set at 5.0 m/min and IR temperature
zones were maintained at 100 °C. The authors noted that the incorpo-
ration of reactive diluents into the formulation resulted in a significant
reduction in melt viscosity. In general, bifunctional derivatives
increased Tg, modulus, crosslink density and impact resistance while
monofunctional derivatives increased impact resistance and % elonga-
tion at break but decrease Tg and crosslink density [87].
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Fig. 8. The formation of benzoyl and ketyl radicals from the photocleavage of the photoinitiator.
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4.2. Unsaturated polyester

In the US patent, 5,877,231 Biller et al. described the invention
related to powder coatings curable by means of free radical curing
mechanism in which pigmented additives may be used. The prepared UV
curable composition consists of a mixture of unsaturated polyester and
acrylourethane resins (Table 7), a photoinitiator and a plasticizer.
Choosing the right photoinitiator and co-photoinitiator was an impor-
tant part of this invention. The photoinitiator should be in the range
from 0,8-7,5% and co-photoinitiator range up 6% of the total weight of
the resin mixture. Photoinitiators were chosen from the group consisting
of morpholino containing photoinitiators (Irgacure 369, Irgacure 907),
phenol containing photoinitiators (Darocur 2959), phosphine contain-
ing photoinitiators (Lucirin TPO) and ketal containing photoinitiators
(Irgacure 651). The combination of two photoinitiators such as Irgacure
651 and Lucirin TPO was applied to mixtures containing pigment [88].

For powder formulation, Maurin et al. used two difunctional resins,
one urethane acrylate (UA), and one unsaturated polyester methacrylate
(PEMA). Supplementary acrylate monomers with different functionality
degrees were used in some formulation: hexanediol diacrylate, trime-
thylolpropane triacrylate, and pentaerythritol tetra-acrylate. The two
solid resins UA and PEMA are amorphous materials and their glass
transition (Tg) was determined by DSC around 50 °C. Number average
molecular weight (Mn) of UA and PEMA was evaluated by SEC at 2000
and 6000 g/mol respectively. As photoinitiator Irgacure 2959 was
selected. In this experiment, the photopolymerization process of UV
powders was studied. By incorporating multifunctional monomers, the
reactivity of the system has been improved, resulting in a lower curing
temperature. The reactivity of the PEMA-based formula is significantly
lower than UA in terms of polymerization rate and final conversion. This
is due to the difference in molecular weight of the resins, because for UA
M, is 2000 g/mol and for PEMA M, is 6000 g/mol, the molar concen-
tration in reactive function is significantly lower for PEMA. This leads to
a less effective propagation stage in the polymerization process. In
addition, the difference in molecular weight also changes the viscosity in
the molten state. The viscosity will be much higher for PEMA based
preparations containing longer chains and thus showing less mobility.
PEMA ends up with methacrylate functions which are generally less
reactive due to the presence of methyl, while UA ends up with acrylic
groups which are more reactive. Differences in coating properties
occurred depending on the type of incorporated acrylic monomers. High
polymerization rate and final conversion were achieved with a

Table 7
The structure of resins used in free radical curable powder composition [88].
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temperature increase of up to 110 °C [89,90].

Alcon et al. presented the development of photoluminescent powder
coating by a UV curing process. Powder coating formulation consisted of
unsaturated polyester resin (Tg = 52,7 °C, viscosity at 200 °C is 3650 m
Pa-s), photoluminescent pigment based on strontium aluminate
(SrAl»04) and the photoinitiator 1-4-[(2-hydroxyethoxy)-phenyl]-2-hy-
droxy-2-methyl-1-propan-1-one. Previously, photoluminescent pig-
ments were used in liquid coatings. In the case of powder coatings, the
main problem was to determine the parameters of the extruder and mill,
mainly the temperature, to prevent the loss of photoluminescent prop-
erties. After optimization of the processing conditions, new photo-
luminescent UV-curing powder coatings were obtained. Their advantage
was that they were ecological and could be used for coating heat-
sensitive substrates [91].

4.3. Dendritic polymers

One of the paths to lower the curing temperature is the use of den-
dritic polymers, comprising dendrimers and hyperbranched polymers.
By dendritic polymers we mean highly branched macromolecules based
on ABy-monomers, introducing a potential branch point in each repeti-
tive unit. Dendritic polymers can have unique properties such as low
melt viscosity as a function of molar mass and high solubility in different
solvents compared to their linear analogues. In addition, hyperbranched
polymers can act as scaffold for functional groups. It has also been
shown that crystal chains are grafted into hyperbranched polymers,
resulting in semi-finished products between star and hyperbranched
polymers. The research paper review shows some successes in this area.

In order to synthesize semi-crystalline polyester resins for UV-
curable powder coating two stages were performed: grafting of e-cap-
rolactone onto hydroxy-functional hyperbranched polyester and then
ending of poly(e-caprolactone)-chains (PCL-chains) with methacrylate
groups. Boltorn™-H20 (theoretical molecular weight of 1750 g/mol and
an average of 16 hydroxyl end groups per molecule) and Boltorn™-H40
(theoretical molecular weight of 7300 g/mol and an average of 64 hy-
droxyl end groups per molecule) were used as hyperbranched polyester
(Fig. 9). Modification of the end groups of the hyperbranched polymer is
carried out in order to change the physical properties. The size of the
hyperbranched polyester and the length of the PCL-chains are two pa-
rameters that can be altered to obtain changes in the properties.
Crosslinking was conducted by introducing methacrylate groups. The
study shows that before curing Ty, is lower for polymers containing
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Fig. 9. Boltorn™ Regular H40 (https://www.polymerfactory.com/product-page/boltorn-regular-h40).

shorter PCL segments. Also overall degree of crystallinity is lower since
the weight fraction of the amorphous core is larger. Using the DMTA
method after curing, it was found that resins, having short PCL chains,
did not crystallize at all in the crosslinked state, while resins, having
longer PCL chains, crystallized to some extent. The obtained results
indicate that the resins have suitable rheological properties for use in
low-temperature systems and that the resin structure has a significant
influence on the properties of the obtained coating [92].

Another work using a hydroxy-functional, hyperbranched, aliphatic
polyester (Boltorn™-H30) also presents rheological behavior during UV-
curing of a semi-crystalline star branched polyester. Study result shows
that the gel time increase linearly with increasing molecular weight and
the rubber plateau modulus decreases with increasing length of PCL-
chains. Crystallization can also be avoided by using shorter grafts. The
appropriate selection of the length of PLC-chains allows a certain degree
of tailoring of properties such as gel time, final module and final degree
of crystallization [93].

The use of dendritic polymers and other branched polymers as
binders for low-temperature curing powder coatings has been used in
many scientific studies. P. Lowenhielm et al. synthesized and then
characterized thermosetting resins based on semi-crystalline poly
(dimethyl trimethylene carbonate) (PDTC). Functionalization of the end
groups of the chain was accomplished with methacrylic anhydride. To
determine the possibility of using the resin in powder systems, thermal
and rheological properties must be specified. DSC measurements carried
out on uncrosslinked polycarbonate resins show a Tg around 30 °C and
melting temperatures between 85 °C and 120 °C. The melting point
increased with chain length was decreased by the introduction of

branching. The obtained melting points are close to the processing
temperatures that allow the application of a powder coating on a heat
sensitive substrate such as MDF. Also the prepared powder characterized
by good storage stability. During rheological studies the melting point
changed with chain length and architecture in the same way as observed
in the DSC analysis, the melting point decreased with decreasing chain
length and branching. It was also shown that architecture has a signif-
icant influence on the melt viscosity. The viscosity decreased with the
introduction of branching. Methacrylated polycarbonate was mixed
with Irgacure 184 as photoinitiator to achieve UV-curable powder
coatings compositions. Cross-linked films were obtained after UV irra-
diation in the molten state. Cured coatings showed 1-2H pencil hard-
ness, good adhesion, good chemical resistance and leveling on metal
substrate was achieved at 120 °C in 3-4 min [94].

Cheng and al. used semi-crystalline grafted poly(ester-amide) with
long alkyl chains for the UV-curable powder system. The authors syn-
thesized semi-crystalline hyperbranched poly(ester-amide) contained
hydroxyl end groups (HP) and mixed it with IPDI-C18 (isophorone dii-
socyanate/octadecyl alcohol) and IPDI-HEA (isophorone diisocyanate/
2-hydroxyethylacrylate) in different ratios. 1-Hydroxycyclohexyl
phenyl ketone (Irgacure 184) was chosen as a suitable photoinitiator.
In this study, the long alkyl chains for forming the semi-crystalline
polymer, was introduced to maintain storage stability, and the hyper-
branched structure as a “core” provided a rapid drop in the viscosity at a
desired temperature. It can be noticed that T of HP increases after
grafting with long alkyl chains and is in the range 38-42 °C. It was also
found that Tm is about 120 °C, which means that resins can be used on
heat sensitive substrates. Studies on photopolymerization kinetics show

10



D. Czachor-Jadacka and B. Pilch-Pitera

that synthesized compounds provide a good basis for further develop-
ment of these UV formulations due to the high photopolymerization rate
and final unsaturation conversion. It was also shown that the higher
concentration of the terminal double bond results in the higher hardness
of coating due to the higher crosslinking density [95].

The hyperbranched polymer was also used by Pirozhnikov et al. to
the formulation of a UV-curable powder coating. They synthesized new
fluorinated reactive derivatives of a hyperbranched polyester polyol of
second-generation Boltorn™H20. These synthesized products were used
as modifiers for a UV-curable powder mixture based on unsaturated
oligoester dimethacrylates. The obtained coatings were characterized by
improved hydrophobicity, due to increasing the contact angle from 60°
to 90°-102° [96].

UV-curable powder coatings may also be based on dendritic poly
(ether-amide). These prepolymers were synthesized by modifying hy-
droxyl end-groups of dendritic poly(ether-amide) with aromatic ure-
thane acrylate and octadecyl isocyanate. To cure the coating, Irgacure
184 was added. The obtained resins have the Ty of above 40 °C and the
Tm of approximately 120 °C. Both semi-crystalline products can be
molten at the temperature of 140 °C. The synthesized products can be
successfully used as a resin for UV-curable powder coatings suitable for
heat-sensitive substrates [97].

Patent CN 111647348A discloses the invention of a low-
temperature, ultraviolet-curable powder coating based on the hyper-
branched polyurethane oligomer containing porous biomass carbon.
The glass transition temperature of the used hyperbranched poly-
urethane oligomer is in the range of 50-65 °C, and the melting tem-
perature is in the range of 70-100 °C. According to the invention, a low
temperature ultraviolet curable powder coating comprises the following
components by weight: 100 parts hyperbranched polyurethane olig-
omer; 5-15 parts porous biomass carbon; 3-7 parts photoinitiator;
0.5-1.2 parts leveling agent; and 0.3 defoaming agent. The authors
presented raw materials specially selected and proportioned, addition-
ally porous biomass carbon is introduced as an ingredient from renew-
able sources to fill and modify a hyperbranched polyurethane oligomer
resin matrix. The resulting low-temperature UV-cured powder coating
has excellent hardness, abrasion resistance, acid and alkali resistance,
and is suitable for conventional powder coating preparation process, so
that the stringent coating requirements of the wood product coating can
be met [98].

4.4. (Meth)acrylic resins

In 1998 Johansson et al. presented a study on UV-curing low-tem-
perature powder coatings. In low-temperature formulations it is
important to achieve appropriate rheological properties, one way to
improve the rheological properties is to change the physical properties
of the resin itself. For this purpose a mixture consisting of amorphous
and crystalline parts in the appropriate molar ratio was used. Unfortu-
nately, a crystalline compound often causes sagging, but the combina-
tion with an amorphous compound gives good flow properties of
mixture. In the research as amorphous methacrylate functional prepol-
ymers the structure based on a hydroxyfunctional copolymer of methyl
methacrylate (MMA) and hydroxyethyl methacrylate (HEMA) on which
the hydroxyl groups were methacrylate was chosen. As crystalline part
of formulation the crystalline acrylate with melting point of 106 °C and
methacrylate monomers with melting point of 72-74 °C was selected.
The studies show viscosity measurement as a function of temperature.
For amorphous resin the decrease in viscosity is so extended above Tg
that the temperature had to be raised well above 120 °C in order to
obtain a sufficiently low viscosity for good film formation. For a mixture
containing amorphous resin and crystalline acrylate with melting point
of 106 °C, it can be seen that above the crystalline melting point, a
noticeable decrease in viscosity is achieved, which gives good flow
properties. Mixtures were cured thermally or under UV influence. The
results show that the combination of amorphous resin with crystalline
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monomers in the powder coating formulation allows for good storage
stability below Tg combined with good flow properties above the
melting point. For crystalline acrylate the melting point is quite high,
therefore a monomer with a lower melting point must be used to obtain
a system that can be cured at low temperatures (80-110 °C). Mixture
was thermally or UV cured. During thermal curing it was noticed that
polymerization starts immediately after the end of the melting process,
limiting the polymer flow, i.e. films with poor surface properties (orange
peel) are formed. Polymerization can be delayed by adding inhibitors
that absorb the initially formed free radicals. Problems with oxygen
inhibitors occurred to a much higher degree during thermosetting than
during photo curing. UV-curing is much faster and reduces problems
with oxygen inhibition. The study shows that the curing of films from a
mixture containing a crystalline methacrylate monomer has been
completely inhibited by atmospheric oxygen, while the curing of a
mixture containing a crystalline acrylate monomer has been inhibited
only on the film surface. This showed that methacrylates are much more
sensitive to oxygen inhibition than acrylic monomers. Both systems
were fully cured when the resins were placed between two glass plates,
limiting access to atmospheric oxygen. In the case of photocuring, the
powders were melted on glass plates and cured with UV rays immedi-
ately after the coating was formed. Compared to thermosetting the flow
and formation of the coating was not affected by premature curing, the
effect of oxygen inhibition was reduced. A small amount of oxygen in-
hibition giving a slightly sticky surface was visible, but the films were
hard and smooth [99].

In 2008 Ratliff et al. in US patent 2008/0255319 A1 presented the
invention about powder coating binders consist of polyurethane con-
tained (meth)acrylate groups. The obtained binders comprising react-
ing: one or more di- or polyisocyanates or mixtures thereof, one or more
monofunctional isocyanate-reactive compounds (hydroxy-ethyl acrylate
and the isomeric hydroxypropyl acrylates are preferred); and an
aliphatic polycarbonate polyester having between 2 and 12 methylene
groups in the repeating unit. According to the invention, the mixture can
be cured by UV irradiation or in two steps combined with thermal curing
[100].

In 2018, patent CN 108659684A disclosed an invention of a UV-
curable powder coating based on crystalized and semi-crystallized
type acrylate polymer, a photoinitiator composition, filling powder, ti-
tanium dioxide, leveling agent, a loose additive and a polymerization
inhibitor [101].

4.5. Epoxy oligomers

K. Biller et al. in US patent 5,789,039 and 5,935,661 presented in-
vention about powder coatings curable by means of exposure to ultra-
violet radiation, based upon cationic curing. The invention relates to
with chemical compositions leading to improved powder coatings and
the possibility of using them to cover heat sensitive substrate. They
demonstrated that for powder coating composition the most useful
epoxy resin is a modified bisphenol A diglycidyl ether (Fig. 10).

Besides bisphenol epoxides, epoxides derived from novolacs or epoxy
cresol novolac can also be used in this invention (Fig. 11).

These chemical compounds are based on aromatic groups however it
is possible to used aliphatic type epoxy resins e.g. hydrogenated
bisphenol, glycidyl acrylate, glycidyl methacrylate. All presented com-
pounds are liquid, so they must be dried or solvents must be evaporated
to achieve solid form. Listed compounds are successfully used in liquid
systems, nevertheless, their application in the powder system is a nov-
elty. The typical resins are subsequently blended with the appropriate
photoinitiator. If epoxides and vinyl ethers both undergo cationic curing
mechanism it is possible to combine them in appropriate ratios. In
addition, cationic curing resins can be combined with acrylourethane
type resins or unsaturated polyester type resins. The appropriate pho-
toinitiators include sulfonium type photoinitiators, ferrocenium type
photoinitiators, benzil dimethyl ketal. An important aspect of this
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invention is the addition of hydroxyl-containing compounds to epoxide
resins. It is found that the addition of hydroxyl polyester or hydroxyl
acrylic compounds have a positive effect on the final coating. These
compounds increase the flexibility of the coating. In addition, hydroxyl
polyester compounds (hydroxyl number in range 290-310 mgKOH/g)
lead to increased curing speed and increases chemical resistance. In
general, the addition of hydroxyl polyester contains a terminal hydroxyl
group results in better properties of the final cured coatings. The com-
bination of epoxy cresol novolac and bisphenol A epoxy diglycidyl ether
and sulfonium-type photoinitiator resulted in a good shell. Addition of
hydroxyl-terminated polyester to the mixture allowed to obtain a good
powder coating, which is cured by UV radiation having a wavelength in
the range of 250-280 nm and exposure in the range of 2-4 J/cm? of
coating area [102,103].

4.6. Other resins

Bastani and Moradian presented UV-curable powder coatings con-
taining interpenetrating polymer networks (IPNs). An IPN is a mixture of
two or more polymer networks in which at least one of them has been
synthesized and/or crosslinked in the presence of the other. To prepare
the IPN mixture, the authors combined two types of UV-curable powder
coatings. A mixture of free radical UV-curable powder coating and
cationic UV-curable powder coating were used for this preparation,
which was then mixed in appropriate molar ratios. Coatings were cured
under UV exposure (7 m/min at 2 x 80 W/cm? medium pressure Hg
lamp) and then post-cured in a 100 °C oven for 5 h. All of the IPN UV-
curable powder coatings exhibited only one Tg. The existence of only
one single Tg indicates the formation of an IPN and rules out phase
separation possibilities. Some properties such as adhesion, hardness,
impact strength, solvent resistance (MEK) and salt spray resistance were
better when the IPN mixture was used than separate inert UV-curing
powder coatings [104].

Polyamides are not currently used as a component of UV powder
systems, but can be an alternative to existing ones. They are commonly
used in thermal powder systems. Polyamides are characterized by spe-
cific properties such as high tensile strength at break, good resistance to
creep and abrasion and also are very resistant to solvents, bases, oils and
fats. To use these unique properties Minsta et al. have synthesized
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a,0-unsaturated copolyamide 6/11/12 having low molecular weight
and melting point. In this study, two photoinitiators were chosen: the
benzophenone and the 4-phenylbenzophenone. The copolyamide is the
hydrogen donor. The photocuring study of the copolyamide in the
presence of this to photoinitiator has shown that covalent links between
polyamide chains can be established under UV irradiation, even at the
solid state. Changes in temperature and irradiation time lead to differ-
ences in crystalline and amorphous fractions but this has little effect on
the resistance of cured materials to swelling in water, acetone and
acetonitrile. Studies show that the best properties of the coating result
from a compromise between crystallinity and crosslinking [105].

The synthesis of a special copolyamide is also presented by Rejaibi
et al. In their research series of partially or fully renewable copolyamides
of Mn around 7000 g/mol and exhibiting carbon-carbon double bonds
was obtained. The (11-aminoundecanoic acid, octadec-9-en-1,18-dioic
acid, dodecan-1,12-diamine) and ((9Z)-octadecene-1,12-diamine) were
used as co-monomers. The relative composition of monomers and/or the
amount of side chains and/or the amount of unsaturated repeating units
were changed in the study. This resulted in copolyamides exhibiting low
glass transition temperature from —31 to 3 °C and low melting point
from 60 to 143 °C. This obtained copolyamides could be considered as
new bio-based UV-curable powder coatings [106].

In 2018, patent CN 108659684A disclosed an invention of a UV-
curable powder coating based on crystalized and semi-crystallized
type acrylate polymer, a photoinitiator composition, filling powder, ti-
tanium dioxide, leveling agent, a loose additive and a polymerization
inhibitor [106].

Mutiah et al. in 1999 presented the invention about dual thermal and
UV curable powder coatings. The patent presents a combination of two
initiators, a thermal and a photo initiator, where UV initiators cures the
surface, while the thermal initiator cures the lower layers near the
substrate. The compositions of dual thermal and UV curable powder
coatings includes: a) an unsaturated resin selected from unsaturated
polyesters, unsaturated polyacrylates, unsaturated polymethacrylates,
b) optional second co-polymerizable resin crosslinker having a func-
tional group selected from vinyl ether, acrylate, methacrylate, and allyl
ester groups c) a photoinitiator selected from photolytically activated
free radical generating compounds d) a thermal initiator selected from
thermally activated free radical generating compound such as peroxides,
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Table 8
Formulation of powder coating presented in invention.

Formulation of powder coatings Type of curing

Example 1 Pigmented polyester/vinyl ether Thermal and UV
Comparative example 1 Pigmented polyester/vinyl ether uv

Example 2 Pigmented polyester/allyl ester Thermal and UV
Comparative example 2 Pigmented polyester/allyl ester Peroxide
Example 3 Pigmented acrylated epoxy Thermal and UV
Comparative example 3 Pigmented acrylated epoxy Peroxide

azo compounds e) an opacifier selected from pigments, filers. The au-
thors presented and compared dual thermal and UV cured powder
compositions with UV cure only and peroxide cure only compositions
(Table 8). In addition the powder coating composition may also contain
conventional powder coating additives, such as gloss control aids,
powder flow aids, leveling agents, dispersants, anticratering agents,
stabilizers and other standard materials.

The powder coatings were prepared by griding all ingredients and
then melt blended in extruder. Melt blending was carried out in the
temperature range of between about 80°C and about 120°C. It is
important to control of the extruder temperature in order to minimize
any curing and gelation from taking place in the extruder. After that
extruded composition is ground in the mill to powder and then screened
to achieve the powder particle size about 30 pm. Subsequently obtained
powder coatings are sprayed onto the substrate by electrostatic powder
spray techniques, such as corona discharge or triboelectric electrostatic
spray techniques. The powder coating is then melted at a suitable tem-
perature in a convection or IR oven and then the molten. The examples
shows that dual thermal and UV curable powder coatings are charac-
terized by the following properties: long shelf life at temperatures
preferably up to about 30°C; ability to flow out at relatively low tem-
peratures preferably between about 70°C and about 120°C; relatively
low flow viscosity between 100 and 4000 cone and plate; rapid cure;
good flexibility, adhesion, hardness, scratch resistance, etc. The sur-
prising finding is that the thermal initiator, such as a peroxide, improves
through cure and adhesion to the substrate without impairing the flow
out behavior and without detracting from the smoothness and desired
glossiness of the cured film. It was important to achieve dual thermal
and UV curable powder coatings that have relatively low cure temper-
atures and/or rapid cure speeds for safe curing on heat sensitive sub-
strates without damaging or worsening the substrate [107].

C. Li et al. presented study about poly(limonene carbonate)s (PLCs)
as UV-curable powder coating binders. The resins were developed using
limonene oxide, which is a bio-based epoxide derived from limonene
that is found in orange or turpentine oil. MW of the resins was in the
range of 2.8-6.0 kDa and Tg was in the range of 71-85 °C. The powder
coating containing PLC polymer, TMPMP curing agent and photo-
initiator Irgacure 819, heated for 2 min at 120 °C under IR and cured
under UV light, formed a glossy, low color and transparent clearcoat
with good external durability (due to the aliphatic backbone) and good
chemical resistance. Increasing the temperature to 130 °C resulted in
coatings with a better appearance than the 120 °C due to better flow and
leveling [108].

5. Conclusion

In this paper, we have reviewed the UV curable powder coatings,
describing the basics of the curing process and the application possi-
bilities. The UV curing technology is increasingly seen as the future
technology for industrial coatings. This technology is one of the fastest
growing segments of the coating industry and responds to growing
environmental concerns and stringent regulations.

UV curable coatings struggle with reactions of inhibition of oxygen
polymerization caused by radicals, mainly on the surface. In addition,
UV absorbing components that are present in the formulation, such as
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pigments, additives or UV absorbers, can cause problems with through
curing. Curing in an atmosphere of carbon dioxide and nitrogen elimi-
nates the inhibitory effect of oxygen and accelerates the speed of curing.
Recently, significant progress has been achieved in UV curable powder
coatings, thanks to the development of highly efficient photoinitiators
and highly reactive monomers and functionalized oligomers, which
allow the production of tailor-made high molecular weight materials.
This has opened the way to new potential applications such as thin
coatings and the coating of complex shapes. Also the use of UV radiation
allows for lowering the crosslinking temperature, allowing for covering
substrates with low thermal resistance, which was previously a problem.

UV curable powder formulations described in patents and journal
publications provide the basis for further development. Further research
on UV curable powder coatings is still needed to produce tailor-made
monomers and improve the properties of the resulting coatings. Due
to the variety of monomers, further research should focus on making of
functional UV curable powder coatings e.g. high hydrophobic coatings
to achieve surfaces easy to clean; flame retardant coatings and high
anticorrosion protective coatings. To promote the environment, the raw
materials from renewable sources for obtaining of coatings components
should be used. In addition to research on improving the properties of
the coating, it is important to carry out the investigation on the kinetics
of UV initiated reaction polymerization, to consider more deeply the
influence of Tg, the molecular mass of the resin and its viscosity or an
atmosphere and curing conditions on the curing process, which could
contribute to the development of even better process solutions in the
future.
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Abstract: Methods for the synthesis of urethane acrylates used as new crosslinking agents for
hydrophobic UV-curable powder clear coatings were developed. In the synthesis of urethane
acrylates, isophorone diisocyanate, glycerin, xylitol, polyethylene glycol and polysiloxane KF-6000,
as well as 2-hydroxyethyl acrylate or 2-hydroxyethyl methacrylate, were used. In order to increase
the functionality of urethane acrylates, glycerin and xylitol derived from renewable sources were
introduced. The chemical structure of the urethane acrylates was verified by IR spectroscopy. UV-
curable powder clear coatings were obtained through a combination of urethane acrylates with
unsaturated polyester resins. The thermal behavior and crosslinking density were examined using
DMA. The obtained coatings were evaluated by performing the following tests: roughness, gloss,
scratch resistance, hardness, adhesion to steel and water contact angle. As part of this research, high
hydrophobicity and scratch resistance of UV-curable powder clear coatings were developed, which
are a VOC-free and economically attractive alternative method for low thermal resistance surface
protection, such as for composites, wood and wood-based materials.

Keywords: UV-curable powder coatings; crosslinking agent; urethane acrylates; xylitol; DMA

1. Introduction

Recent years have shown a growing interest in ecological, environmentally friendly
coatings which will still offer various functionalities, and thus meet consumers’
requirements in furniture, civil engineering and anti-corrosion applications. Powder
coatings are among the products that are environmentally friendly. They are
characterized by a very low level of VOC (Volatile Organic Compound) emissions, high
product performance and low waste generation. Research has shown that VOC emissions
from powder coatings are in the range of 0.4-3.0% depending on the chemical
composition of the resin [1]. Such a low VOC emission of powder coatings is due to the
lack of a liquid vehicle, compared to conventional liquid paints. In the case of liquid
paints, most often toxic organic solvents or water are used as the vehicle. In solvent-borne
products, compounds composed of 6-10 carbon atoms are mainly emitted, such as
toluene, ethylbenzene and xylene [2]. In the case of solvent-based products, VOC emission
can reach up to 83.0%, while in water-based products it is much lower, e.g., in latex paints
it is 6.6% [3]. In latex paints, the main emission source can be toxic formaldehyde, which
is added as an in-can biocide, as well as other additives such as ammonia and coalescent
agents, e.g., texanol. Powder coatings are mostly used only for coating substrates resistant

Materials 2021, 14, 4710. https://doi.org/10.3390/ma14164710

www.mdpi.com/journal/materials



Materials 2021, 14, 4710

2 of 16

to high temperatures, i.e., metal, ceramics or glass. High temperatures in the range of 160-
200 °C for a period 5-20 min must be ensured during their curing. However, with the
passing of time, changes and requirements in this area, a lot of research has been carried
out on powder coatings for heat-sensitive substrates such as MDF (Medium-density
fibreboard), wood panels or plastic [3-7]. For this purpose, one possibility is to use UV
light. Due to advantages such as high curing speed and good mechanical properties of the
crosslinked coatings, ultraviolet (UV) curing has become a fast and environmentally
friendly curing technique [7-10].

SMC Corporation developed the first UV-curable powder coating based on acrylated
epoxy and acrylated polyester in 1978. At the time, this formulation offered relatively
good, state of the art properties and provided no orange peel effect [11]. Research on UV-
curable coatings has developed at an increasingly rapid rate. Various types of resins have
emerged, including urethane acrylates (UAs), unsaturated polyester resins [12-15],
(meth)acrylic resins [16,17], epoxy resins [18,19], polyamides [20,21], poly (limonene
carbonates) and hyperbranched polymers [3,5,21-24].

Wenning presented urethane acrylates as a new type of resin for producing light-
induced transparent powder coatings. A combination of amorphous and three (semi)
crystalline urethane acrylates was selected as the binder. By mixing them in appropriate
proportions, the glass transition temperature and viscosity can be controlled [25]. In a
subsequent study in 2003, Wenning et al. described a radiation-curable powder
composition containing amorphous urethane acrylate, which was obtained by reacting a
polyisocyanate (IPDI (isophorone diisocyanate) is preferred) with a compound containing
OH groups and a polymerizable acrylate group (hydroxyethyl acrylate is preferred). The
coatings were light, weather stable, flexible, hard and had good adhesion to steel panels
[26]. Maurin et al. described a study on the incorporation of silver into a UV powder
formulation to develop an antimicrobial coating for wood-based panels. Urethane
diacrylate was also chosen as the UV-curable powder resin for the study. UA is an
amorphous solid and has a glass transition temperature (Tg) close to 56 °C and the molar
mass (Mn) was estimated to be 2000 g/mol. The obtained UV-curable powder coatings
could be used as protective and decorative coatings for wood [27].

UV-curable powder coatings give the possibility to replace liquid lacquers in the
furniture industry for coating wood or MDF. In addition, a hydrophobic coating ensures
better protection of the substrate from moisture and dirt. Moreover, using natural
ingredients results in less environmental pollution because they come from renewable
sources whose production has less impact on the environment. Li et al. used limonene
derivatives for the synthesis of biobased epoxides and obtained UV-curable coatings [28].

The main objective of this study was to develop a method for the synthesis of new
urethane acrylates as crosslinkers for hydrophobic UV-curable powder clear coatings for
wood-based materials such as MDF or wood. The increase in functionality of
polyisocyanates (PICs) was obtained by using a mixture of glycerol and xylitol for their
synthesis, and a more hydrophobic characteristic was achieved by introducing a hydroxyl
terminated polysiloxane into their structure. Moreover, 2-hydroxyethyl acrylate and 2-
hydroxyethyl methacrylate were used as the components containing unsaturated bonds
that polymerize during crosslinking under UV light.

2. Experimental
2.1. Raw Materials and Reagents

Materials included isophorone diisocyanate (IPDI) from Evonic Industries (Essen,
Germany), dibutyltin dilaurate (DTBL) from Sigma-Aldrich (Buchs, Switzerland) glycerin
from Chempur (Piekary Slaskie, Poland), polyethylene glycol (Mw = 300 g/mol) from
POCH-Gliwice  S.A.  (Gliwice, Poland), a,w-(hydroxyethyleneoxypropylene)
polydimethylsiloxane (KF-6000), hydroxyl value: 120 mg KOH/g from Shin-Etsu (Tokyo,
Japan), xylitol from J&K Scientific (Beijing, China), 2-hydroxyethyl acrylate (HEA) and 2-
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hydroxyethyl methacrylate (HEMA) from Merck (Darmstadt, Germany) and
hydroquinone from Alfa Aesar (Haverhill, MA, USA). For powder coatings, hydroxyl
terminated unsaturated polyester resin (hydroxyl value: 54.7 mg KOH/g, 165 = 6390 Pa:s,
Tg =75 °C (DMA)) from Ciech (Nowa Sarzyna, Poland), photoinitiator Irgacure 651, flow
control agent Resiflow PV 88 supplied by Worlee Chemie GmbH (Lauenburg, Germany)
and benzoin as degassing agent purchased from Sigma-Aldrich (Buchs, Switzerland) were
used.

2.2. A Method for the Synthesis of Crosslinking Agents

The synthesis can be divided into two steps: a polyisocyanate (PIC) was produced in
the first step and acrylate or methacrylate containing hydroxyl groups reacted with the
isocyanate groups of the polyisocyanate in the second step. Isophorone diisocyanate
(IPDI)-and dibutyltin dilaurate as a catalyst (0.1 wt% with respect to diisocyanate) were
placed in a glass reactor fitted with a reflux condenser, temperature control, steel agitator,
nitrogen inlet and dropping funnel. Meanwhile, a mixture of hydroxyl component,
glycerin and xylitol, was made. A beaker with the mixture was placed on a magnetic
stirrer at 80 °C and 900 rpm to dissolve the sugar alcohol. After dissolving the xylitol,
polyethylene glycol or KF-6000 was then added to the mixture. The mixture was then
introduced dropwise into the diisocyanate in the glass reactor. The reaction was carried
out at 95 °C for two hours. Then, the reaction mixture was cooled to 80 °C. A calculated
amount of 2-hydroxyethyl acrylate or 2-hydroxyethyl methacrylate with hydroquinone
(0.1 wt% with respect to 2-hydroxyethyl acrylate or 2-hydroxyethyl methacrylate) was
added to the reaction mixture in each case (the molar ratio of -NCO group to -OH at 1:1).
The reaction progress was monitored with FT-IR. After the absorption band derived from
the -NCO group in the FT-IR spectrum at 2264 cm™ had completely disappeared, the
reaction was terminated. The crosslinking agents were named after the first letters of the
names of the substrates, e.g., IGKFX/HEA means a PIC made from IPDI, glycerin, KF-
6000, xylitol combined with 2-hydroxyethyl acrylate; IGKFX/HEMA means a PIC made
of IPD], glycerin, KF-6000, xylitol combined with 2-hydroxyethyl methacrylate.

2.3. Preparation of Powder Compositions and Coatings

The UV-curable powder clear coating compositions consisted of the crosslinking
agent, unsaturated polyester resin, photoinitiator Irgacure 651 (2.5 wt%), degassing agent
(0.8 wt%) and leveling agent (1 wt%). The prepared mixture was milled and extruded in
a co-rotating twin screw mini extruder EHP 2 x 12 Sline from Zamak (Skawina, Poland).
Temperature distribution in the extruder was as follows: zone I—95 °C, zone II—102 °C,
zone III—107 °C, adapter—115 °C. Screw rotational speed was 125 rpm. The next step
after the extrusion process was to cool the mixture, powder it and then sieve it through a
100 um sieve. The final powder coatings were treated with a PEM X-1 electrostatic gun,
which was controlled with an EPG Sprint X (CORONA) device made by Wagner
(Altstatten, Switzerland). Powder coatings were applied to previously prepared steel
panels, MDF and wood panels. The applied electrode voltage was 30 kV. In this gun-
spraying method, powder particles were transported from the tank by compressed air and
electrified by an electrode placed in the gun nozzle. The charged particles were then
transferred to grounded steel plates, MDF and wood panels. To prepare the steel plates,
they first needed to be degreased with acetone and then immersed in a 1.5% aqueous
solution of ESKAPHOR Z 2000C with pH = 5.5 for 4 min to apply the conversion
phosphate—zirconium coating. After being removed from the solution, the plates were
then washed with distilled water and dried. The MDF panel was cleaned with sandpaper
and then dried in an oven to obtain a moisture content in the range of 4-8%. The following
step was the curing stage. First, the coatings were melted in an oven at 110 °C for 5 min
and then cured using a Dymax UVC-5 Compact Light-Curing Conveyor System equipped
with a mercury lamp (high-power lamp 850 W). The obtained coatings were named after
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the PIC used as the crosslinking agent, e.g., L-IGKFX/HEMA means a coating cured with
IGKFX/HEMA.

3. Measurements
3.1. Characterization of Crosslinking Agents
FT-IR Structural Analysis

The Thermo Scientific Nicolet 6700 FT-IR (Thermo Fisher Scientific, Waltham, MA,
USA) spectrophotometer was applied for recording of crosslinking agents’ IR spectra.

3.2. Characterizations of Cured Coatings
3.2.1. DMA Measurements

The DMA/SDTAS861e unit from Mettler Toledo (Mettler-Toledo, Columbus, OH,
USA) was used for analysis. The analysis conditions were as follows:
- tension mode at a constant frequency: 1 Hz,
- heating rate: 3 °C/min,
- displacement amplitude: max. 10 um,
- force amplitude: max. 0.1 N,
- temperature range: 0-200 °C,
- sample dimensions: 0.15 x 6.50 x 5.50 mm.

3.2.2. XPS Analysis

A K-Alpha™ X-ray Photoelectron Spectrometer (XPS) from Thermo Scientific™
(Waltham, MA, USA) was used for analysis. The analysis conditions were as follows:

- X-ray source: monochromatic Al K-alpha,
- energy of X-ray source: 1486.68 eV,

- power of X-ray source: 360 W,

- vacuum range: 10--10-% mbar,

- sample dimensions: 1 x 1 cm,

- sample substrate: steel.

3.2.3. Polymerization Test

The test was performed according to the Qualicoat technical requirements [29]. A
cotton wool swab was soaked in methyl ethyl ketone (MEK). The coatings were rubbed
back and forth with a soaked cotton swab 30 times. Then, 30 min after rubbing, the coating
was assessed on a four-point scale. The best (fourth) degree means no noticeable change.
Degree 3 is assigned when the coating has a gloss loss of less than 5 units. If the coating
becomes matte and it is possible to scratch it with a fingernail, it is classified as the second
degree of damage. The first degree is assigned when the coating is deep matte and soft.

3.2.4. Roughness

A Mar Surf PSI profilometer (Mahr GmbH, Gottingen, Germany) was used to
measure coating roughness according to standard PN-EN ISO 12085.

Measurements of the surface roughness of the coatings were carried out with a Mahr
GmbH Gottingen profilometer (Mahr GmbH, Goéttingen, Germany) of the Mar Surf PS1
type according to standard PN-EN ISO 12085. Measurements were taken in different parts
of the sample with a measuring length equal to LT = 5.600 mm. The measurement results
were presented in the form of roughness parameters Ra and Rz.

3.2.5. Gloss

The coating gloss was measured by means of a micro-TRI-gloss p gloss meter from
Byk-Gardner (Geretsried, Germany) according to standard PN-EN ISO 2813.
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3.2.6. Adhesion to Steel

The cross-cut test was performed according to standard PN-EN ISO 2409. Six cutters
knife from Byk-Gardner (Geretsried, Germany) were used in order to make an incision
through the coating into the substrate. The spacing between of cutters was 2 mm.

The incisions were classified on a six-degree scale from 0 to 5. Degree 0 means the
best adhesion to the substrate, while degree 5 means the worst adhesion.

3.2.7. Hardness

A Konig Pendulum tester from Byk-Gardner (Geretsried, Germany) was used to
determine the hardness of the coatings, in accordance with standard PN-EN ISO 1522.
Relative hardness was calculated as the quotient of the pendulum oscillation time on the
investigated coating to pendulum oscillation time on glass.

3.2.8. Scratch Resistance

The scratch resistance test was carried out using the Clemen tester (Elcometer,
Manchester, UK) according to PN-EN ISO 1518-1. The measurement consisted in
determining the smallest load at which the coating was scratched with a semicircular tip
needle.

3.2.9. Water Contact Angle

The water contact angle of the coatings was determined by the “sitting drop” method
with the use of an OCA15 EC optical goniometer by Data Physics according to standard
EN 828:2000. The volume of the measuring drop was 1 pL and the measurement
temperature was 24 + 1 °C. The drop images were recorded with a camera. The contact
angle was determined by means of a control program, after prior determination of the
baseline and the drop contour. The arithmetic mean of 10 determinations was adopted as
the final result.

4. Results and Discussion

Cycloaliphatic isocyanate (IPDI) was used to obtain the PIC, because the produced
coatings have a reduced tendency for yellowing. Additionally, coatings containing IPDI
typically exhibit excellent light and weather stability and are usually used for outdoor
applications. Xylitol, which was readily soluble in glycerol, was chosen to branch the
polyisocyanate structure. By using glycerin as a solvent, another solvent, such as acetone,
MEK or DMSO, could be eliminated. Due to the high viscosity of urethane acrylate, these
solvents would be challenging to vaporize. In this study, glycerin was attached to IPDI to
produce polyisocyanate. Xylitol, which is a readily available ingredient from renewable
sources, was also selected as the polyalcohol. Polyethylene glycol with Mw = 300 g/mol
ensures adequate flexibility of the PIC. Polysiloxane KF-6000 was also incorporated into
the PIC structure to make the coating more flexible and additionally to make the coating
hydrophobic. The used polysiloxane had the ends of the chain hydroxyl groups linked to
silicon through an ethyleneoxypropylene moiety. These groups are more reactive than the
silanol groups present in classic polysiloxanes. The composition of the prepared urethane
acrylates in this study is shown in Table 1. The table shows the optimized composition of
the urethane acrylate compositions. The molar ratio of glycerin:xylitol was optimized
experimentally. The amount of xylitol used was limited by its limited solubility in glycerol
and the viscosity of the reaction mixture. The amount of these components had a
significant effect on increasing the crosslinking density of the coatings, but the use of more
xylitol caused problems with its miscibility with other components of the reaction mixture
and deterioration of the mechanical properties of the coatings. In this manuscript, the
largest possible amount of xylitol was used, with which the mechanical properties of the
coatings are the best.
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Table 1. Qualitative/quantitative composition of the urethane acrylates.
Name of PIC IPDI  Glycerin KF6000 Eﬁ‘;ﬁﬁiﬁﬁ Xylitl ~ HEMA  HEA Name of Coating
(mol) (mol)  (mol) (mol) (mol) (mol) (mol)
IGGX/HEMA 0.23 0.058 0.01 0.0057 0.25 L-IGGX/HEMA
IGKFX/HEMA 0.23 0.058  0.005 0.0057 0.29 L-IGKFX/HEMA
IG2KFX/HEMA 023 0062 001 0.0057 0.26 L-IG2KFX/HEMA
IGGX/HEA 0.23 0.058 0.01 0.0057 0.27 L-IGGX/HEA
IGKFX/HEA 0.23 0.058  0.005 0.0057 0.26 L-IGKFX/HEA
IG2KFX/HEA 023 0062  0.01 0.0057 0.28 L-IG2KFX/HEA

—OH
H—1—OH
HO——H
H—1—OH
——OH

The synthesis of urethane acrylates included two steps (Figure 1). In the first step, a
double excess of -NCO groups derived from IPDI over -OH groups derived from a
mixture of glycerin, xylitol, propylene glycol or polysiloxane was used. The use of DBTL
catalyst enabled the hydroxyl groups to attach to the secondary cycloaliphatic -NCO
groups. Literature data show that the secondary cycloaliphatic isocyanate groups have a
higher reactivity when DBTL catalyst is used. The primary isocyanatomethyl group, due
to its neighborhood with a methyl group, the cyclohexane ring and (-substituted methyl
substituent is effectively covered [30-37]. As the synthesis continued, the viscosity of the
mixture increased, which was related to the reaction of the -NCO groups with the -OH
groups. The progress of the reaction during the synthesis was examined by the
determination of isocyanate groups using the acidimetric method according to PN-EN
1242:2013-06 at 20 min intervals. The first step of the reaction was performed until half of
the isocyanate groups (19-20%) had reacted. In this step, a branched PIC with higher
functionality was synthesized. In the second step, a compound containing unsaturated
bonds was attached to the obtained PIC. 2-hydroxyethyl acrylate or 2-hydroxyethyl
methacrylate were chosen as compounds containing the -OH group. The hydroxyl
groups, derived from acrylate and methacrylate, can easily react with the -NCO groups
and form a stable urethane bond at room temperature. Acrylation and methacrylation
reactions are often used in UV-curable systems [6,30]. The amount of 2-hydroxyethyl
acrylate or 2-hydroxyethyl methacrylate for the following reaction was computed in
relation to the percentage content of -NCO groups. The molar ratio of hydroxyl to
isocyanate groups was 1:1. In this step, it was essential to decrease and control the
temperature to avoid premature polymerization of unsaturated bonds. The obtained
urethane acrylates were transparent, solid and they could be easily powdered, which
made it possible to use them as curing agents in UV-curable powder clear coatings.

Stage 1: The Synthesis of Polyisocyanate
a. Reaction of IPDI with xylitol

c_C
OCN B B
NCO OCN
NI CH,
H,C o
€=0 H,C CH,
CHy, ——— 0

1 I
NH—ﬁ—O—CHz—CH-CH—CH—CHZ-O—C—NH

|
| | 3
0=? ?zo
CH NCO
HC 3 NH HN
CH; OCN CH
H.C 3
CH,
H,C
J
CH,
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b.  Reaction of IPDI with glycerin

NCO OCN CH,
H—r—OH H3 C CH3
H——OH + HC CH, Q
H——OH H,C HN—ﬁ—O—CHz—CH—CHz-O—C—NH
NCO O
H,C
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CH3
H3C
OCN
c.  Reaction of IPDI with polyethylene glycol
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H CH OH
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n f

d. Reaction of IPDI with polysiloxane KF 6000
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Stage 2: The reaction of PIC with 2-hydroxyethyl acrylate

ﬁ 0
Il
OCN—R—O—C—Nl;i /NH—C—O—R—NCO o
/R\ + HZC%\/ V\OH
OCN—R—O—lcl:—NH NH——ﬁ—O—R—NCO ll
(@) © e}
I 0 0 0 0 I
VANIVAN I [l Il Il VANIVAN
H,C—=CH O  CH,-0-C—NH-R—O—C—NH NH—C—O—R—NH-C—O—CH, O  CH=CH,
i R i
i /
/N N\ I \ VA NIVZAN

HC=CH 0" "CHyO-C—NH-R—O—G—NH NH——ﬁ—O—R—NH-ﬁ—O—CHZ 0" "CH=CH,

Figure 1. The reaction scheme of the synthesis of urethane acrylates, where -R is mixture of polyisocyanate (a—d) obtained
in the first step of this synthesis.

To prepare UV-curable powder clear coatings, an unsaturated polyester resin was
used in combination with synthesized urethane acrylates as crosslinking agents and a
photoinitiator. Subsequently, to obtain clear coatings with good properties, additives
specific to powder clear coatings were applied, including Resiflow PV 88 to improve
flowability and benzoin to eliminate gas bubbles. In this study, seven powder coating
samples were made. The reference sample contained 100% unsaturated polyester resin
and additives. Subsequent samples contained crosslinking agents and unsaturated
polyester resin in a mass ratio of 15:85 and additives. During the extrusion process, all
coating components were homogenized. The homogenization process was carried out at
lower than standard temperatures to avoid premature polymerization of unsaturated
bonds at higher temperatures. The new crosslinking agents do not exhibit any detrimental
effect on the extrusion and curing processes but due to low Tg of the powder clear coating
compositions, the blend should be stored at a temperature below 20 °C. The glass
transition temperature of the powder compositions determined by the DMA method were
in the range of 75-80 °C, which indicates that under the proposed storage conditions, their
particles should not be agglomerated. After obtaining the powder mixture, the next step
was curing under UV radiation. A schematic line for this process is shown in Figure 2.

\ IR lamp UV lamp
Coated part l

_ { Cured part

Ay == - e=

Figure 2. Diagram of technological line for UV-curable powder coatings.

The curing process of the coating occurs through photopolymerization (Figure 3). As
a result of a chain reaction initiated by reactive species of photoinitiator generated under
UV irradiation, conversion of the multifunctional crosslinking agent into a crosslinked
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polymer occurs. The use of photoinitiators in this process is essential because most
monomers are unable to effectively form reactive molecules under UV radiation [31,32].

UV RADIATION
SPECIES
RADICAL OR
PHOTOINITIATOR ‘
POLYMERIC ION
MULTIFUNCTIONAL = O
MONOMER

CROSSLINKED
POLYMER

Figure 3. General scheme of photocuring process.

In our study, the use of unsaturated polyester resin and the obtained unsaturated
urethane acrylate as a crosslinking agent combined with Irgacure 651 as a photoinitiator
enables the free radical photopolymerization to occur. During the free radical
polymerization, the photoinitiator under UV radiation creates free radicals through the
homolytic breakdown of the C-C bond, resulting in two different radicals that are able to
initiate the polymerization process (type I photoinitiators). The radical breakdown
reaction of Irgacure 651 is shown on Figure 4.

O  OCH, 0 OCH;
c—cC I
| OCH

OCH

Figure 4. Irgacure 651 radical breakdown reaction.

In the first curing step, the coated steel plates were placed in an oven at 110 °C for 5
min to melt the powder composition components. After that, the plates were placed on a
UV line to start the photopolymerization process. A standard mercury lamp with
wavelengths <300 and 365 nm was used for the process. To completely cure the powder
clear coating, five cycles were performed under a UV lamp. One exposure cycle under the
UV lamp lasted 7 s. Temperature-sensitive substrates such as MDF and wood were also
used as coating substrates in the study. These substrates were sanded with sandpaper for
better adhesion of the coating to their surface. Wood and MDF are also low-conductivity
materials that require pretreatment to ensure a conductive surface for electrostatic powder
application. Surface activation may be required to improve adhesion. In the case of using
wood substrates, it is required to reach a substrate moisture content of 4-8% by infrared
preheating to achieve a conductivity that allows the powder to adhere to the substrate
during spraying. IR allows for rapid heating of the surface, protecting the core of the board
from overheating and preventing cracking of the material. After IR irradiation, the
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moisture content was measured using a moisture meter. The moisture content for MDF
was 6.8% and for wood it was 7.2%. In the next step, the steel, MDF and woodplates were
coated using an electrostatic method, and the powder was melted and cured under UV
light (Figure 5). The cured coatings were transparent with a uniform surface.

(a) (b)
Figure 5. MDF (a) and woodplates (b) coated using L-IGKFX/HEA.

The chemical structure of the obtained urethane acrylates was confirmed by FT-IR.
The interpretation of the spectra is shown in Table 2. The selected spectra are shown in
Figure 6. The FT-IR spectra of all obtained products showed no absorption in the range of
22502270 cm™, from C-N asymmetric stretching vibration in the -NCO group of
diisocyanate. All spectra are essentially identical and show absorption at 3330 cm™ from
urethane -NH stretching and at 1521 cm™ from urethane -NH bending vibration as well
as stretching vibrations at 1720 cm™ from C=O carbonyl groups. At 1020 cm™ and at 1100
cm the Si-O-Si formation of polysiloxane is absorbed, while the polysiloxane Si-CHs
vibrations are visible at 1220 cm™ and at 800 cm. The signal at 810 cm™ is characteristic
of unsaturated -C=C-bonds. This signal confirms the incorporation of 2-hydroxyethyl
acrylate or 2-hydroxyethyl methacrylate into the PIC structure.

Table 2. Interpretation of FT-IR spectra.

Type of Functional Group Wave Number [cm™]
-NCO 2250-2270

-NH stretching 3330
-NH bending 1521
-C=0 1720
=CH: 810

Si-O-Si 1020 and 1100

Si-CHs 1220 and 800

;w:\/;_fj e/
R

—IGKFX/HEA —IGKFX/HEMA —Stage | (-NCO)

3850.00 3450.00 3050.00 2650.00 2250.00 1850.00 1450.00 1050.00 650.00
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Figure 6. The IR spectra of urethane acrylates IGKFX/HEA and IGKFX/HEMA as well as PIC
obtained after stage I of the synthesis.

Dynamic mechanical analysis (DMA) was carried out to investigate the curing
process of the obtained powder clear coatings. Information about the crosslink density of
the cured powder clear coating is derived from the storage modulus E’ in the rubbery
plateau. The crosslinking density was calculated using Equation (1):

__E
VT 3RT,

M

where:
v—concentration of elastically effective chains (mol/m?),
E; —storage modulus at the rubbery plateau (MPa),
R —gas constant (8.314 J/mol K),
T, —temperature at which E; was measured.
The DMA curves of powder clear coatings are presented in Figures 7 and 8. Using
Equation (1), the crosslink density was calculated and is listed in Table 3.

Table 3. The crosslinking density of prepared coatings.

. E; T, v

Name of Coating (MPa) © (mol/m)
Reference 4.06 380.25 428.08
L-IGGX/HEMA 5.56 390.4 570.90
L-IGKFX/HEMA 3.98 417.00 382.66
L-IG2KFX/HEMA 3.96 413.40 384.05
L-IGGX/HEA 6.04 423.80 571.40
L-IGKFX/HEA 4.40 413.55 426.57
L-IG2KFX/HEA 5.06 423.00 479.59

Powder coatings containing HEA have a higher crosslinking density than HEMA-
containing coatings. The HEA samples are also characterized with a higher crosslink
density compared to the reference sample. From the results, it can be concluded that a
denser polymer network was formed when the crosslink density values are higher. The
highest crosslink density values were obtained for samples IGGX/HEMA and IGGX/HEA.
This is due to the use of 300 g/mol polyethylene glycol in these samples compared to other
samples which contain polysiloxane KF-6000 with a molar mass of 1000 g/mol. The longer
chains of the polysiloxane made the polymer network less dense. This was also noticeable
in the stiffness and brittleness of the coating. The coatings containing polyethylene glycol
showed high stiffness and brittleness compared to the coatings containing polysiloxane.
The addition of polysiloxane increased the flexibility of the coatings.
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EiMPa Method:LTC: 0-200°C, 0.1N, 10pum, 1Hz, 3°C/min
o [1]0.0..200.0°C, 3.00°C/min, Single 1.00Hz, 0.100N/10.00pum

Storage
Modulus

10

L—Ref
101 | L-IGGX/HEA
L-IGKFX/HEA

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190°C

Figure 7. DMA curves of powder clear coatings containing 2-hydroxyethyl acrylate.

E'MPa Method:LTC: 0-200°C, 0.1N, 10um, 1Hz, 3°C/min
T —— [1]0.0..200.0°C, 3.00°C/min, Single 1.00Hz, 0.100N/10.00um
3 S ™,
10"
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—Re % R
2 L
L-IGGX/HEMA \ \. oA oy
L-IGKFX/HEMA e et ettt sttt st
L-IG2KFX/HEMA

-
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Figure 8. DMA curves of powder clear coatings containing 2-hydroxyethyl methacrylate.

The chemical composition of the coating surface was investigated using X-ray
photoelectron spectroscopy (XPS). Chemical composition is another important factor that
influences the hydrophobicity of the coating. The study confirmed the presence of atoms
originating from the polyurethane structure (N, O, C) as well as silicon atoms derived
from KF-6000 polysiloxane on the coating surface. The test was conducted on the surface
of the coating at a depth of 30 nm. The silicon content of the L-IGKFX/HEA coating in
accordance with stoichiometric computations is 0.22% and for L-IG2KFX/HEA it is 0.44%.
This is due to the use of double the amount of polysiloxane in the crosslinking agent
IG2KFX/HEA compared to IGKFX/HEA. After XPS analysis, the percentage of Si content
for the L-IGKFX/HEA coating was 16% (Figure 9). For the L-IG2KFX/HEA sample, the
silicon percentage at a 30 nm distance is 25% and increases with decreasing distance from
the coating surface, and at the coating surface it is 28% (Figure 9). This finding suggests
the migration of the polysiloxane chain segments in the direction of the surface. These
findings completely confirmed our previous results on polyurethane powder coatings
modified with polysiloxane KF 6000 [33] and polysiloxane-containing silanol groups [34].
The cause of this migration is the higher hydrophobicity of the CHs groups that are
present in the polysiloxane, which results in thermodynamic incompatibility with the
polyurethane segments and an increase in interfacial energy. The reduction in interfacial



Materials 2021, 14, 4710

13 of 16

energy occurs due to the migration of polysiloxane segments toward the surface. The
coating shows more silicone-like characteristics if the concentration of polysiloxane on the
surface is higher. However, the inhibition of this migration is due to the presence of
covalent urethane bonds at the ends of the polysiloxane chains.

Atomic % Profile
10 Scans, 0.50 s, 400pm, CAE 40.0, CAE 40.0

70
60 L-IGKFX/HEA coating
— = Si2p1
- = Cils
50
. N1s
& O1s
2 40
E I L-IG2KFX/HEA coating
s 30 )
Z S -] Si2p1
Cis
2o - N1s
- - - O1s
10T
0
0 10 20 30

Etch Depth (nm)

Figure 9. Relationship between the depth of the analysis and the concentration of specific atoms
for L-IGKFX/HEA coating and L-IG2KFX/HEA coating.

After UV curing of the powder coatings, the properties of the coatings on steel panels
were tested. The measured property parameters are included in Table 4. Transparent
coatings without defects, such as orange peel, cratering or pinholes, were obtained. The
highest gloss values were shown by coatings containing HEMA which also resulted in
low roughness values. Coatings containing HEA and the reference coating have a visible
roughness which results in lower gloss values. It is important to protect the substrate well
from the outside environment and provide good decorative properties, and for this it is
important to ensure that the coating adheres to the substrate. On a scale of 0-5 (best to
worst), the tested coatings showed an adhesion level in the range of 0 to 1. Only coatings
containing polysiloxane had the highest parameter on the adhesion scale. The lower
adhesion to the substrate of the reference sample and samples containing polyethylene
glycol is a result of their high stiffness and brittleness. The relative hardness of the
investigated coatings was very good. The addition of a crosslinking agent to the resin
increased the hardness of the coating. The reference coating containing only unsaturated
polyester resin had the lowest value of hardness. All coatings exhibited good scratch
resistance, but coatings containing urethane acrylate modified with KF-6000 showed
higher scratch resistance than polyethylene glycol-based urethane acrylate crosslinked
coatings. The value of Si-O bond energy (452 kJ/mol) in the polysiloxane structure is
higher than polyethylene glycol molecule bond energy (C-O bond energy: 358 k]/mol, C-
C: 347 kJ/mol) [35]. The higher bond energies increase the resistance to breakage of these
bonds, which enhances scratch resistance in formulations that include a polysiloxane.
Additionally, coatings containing HEA, which have a higher crosslinking density, have
higher scratch resistance than those containing HEMA. In addition, the usage of KF 6000
polysiloxane for the synthesis of crosslinking agents increased the water contact angle of
the powder coatings. This is because of the presence of hydrophobic segments of the
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polysiloxane chain on the surface of the coating, as confirmed by XPS analysis. The
increment in the contact angle for water shows an improvement in the water resistance of
the coating. Hydrophobic coatings provide better protection of the substrate from
moisture and easier removal of contaminants from the surface of the coating, which helps
to prolong the lifetime of the object that is being protected.

Table 4. Specifications of coatings properties.

L- L- L-

. L- L- L-
Name of Coating REF. IGGX/HE IGKFX/HEMIG2KFX/HEM IGGX/HEA IGKFX/HEA 1G2KEX/HEA
MA A A
Roughness Ra 191 1.31 1.72 0.78 2.75 2.00 2.20
PN-EN ISO 12085 Rz 7.75 5.98 8.87 3.89 16.17 11.20 11.60
Gloss at an angle of 60°
PN-EN ISO 2813 GU 41.40 57.77 69.53 76.52 34.40 41.30 45.20
Adhesion to the steel 0—best
surface 5 worst 1 1 0 0 1 0 0
PN-EN ISO 2409 wors
Hardness
PN-EN ISO 1522 0.56 0.79 0.75 0.73 0.80 0.78 0.77
Scratch resistance
PN-EN ISO 1518 g 400 500 500 550 500 700 850
Water contact angle
EN 828 deg 87.50 89.53 92.19 95.56 88.50 97.37 99.10

5. Conclusions

This work presents a method for the preparation of urethane acrylates as crosslinking
agents for UV-curable hydrophobic powder coatings. By using raw materials of
renewable origin such as glycerol and xylitol for this synthesis, a product with adequate
branching was obtained which also ensures that coatings with good properties were
obtained. This offers the possibility of replacing petroleum-based raw materials. Using
the DMA method, the crosslinking density was determined with the obtained crosslinking
agents and the effect of acrylate and methacrylate reactivity on this crosslinking was
shown. As expected, samples crosslinked with HEA were characterized by higher
crosslinking density. XPS analysis confirmed the presence of Si atoms in the coating that
migrate closer to the surface and thus provide a hydrophobic character. Transparent
coatings with uniform layers were successfully achieved. Furthermore, the obtained
coatings were characterized by good properties: high hydrophobicity and scratch
resistance. These properties are highly essential in the protection of the material surface
from environmental factors such as moisture and mechanical damage. The obtained UV-
curable powder coatings can be used to coat temperature-sensitive substrates such as
MDF and wood, because the heating is only on their surface and does not damage their
internal structure. The development of these powder coatings may also help to extend
their use to other types of materials with low thermal resistance, such as plastics and
composites. This also does not eliminate the possibility of using them to protect metals,
such as steel or aluminum, where so-called high-temperature systems have been used.
This will provide economic benefits in the form of lower energy consumption.
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Abstract

Sustainability has increasingly become a cornerstone of the chemical industry.
Sustainability metrics include low volatile organic compound (VOC) content, high efficiency,
low toxicity, low energy requirements, minimal waste, recyclability, durability, and the use of
renewable feedstocks. Powder coatings are well-known for zero VOCs, efficient utilization,
low toxicity, and recyclability. Powder coating technologists have recently ventured into the
use of renewable feedstocks to synthesize binder systems. Bio-based compounds have been
successfully used to produce highly sustainable powder coatings. This review presents recent
research on new binder components designed for powder coatings, including: (poly(limonene
carbonate)s; polyester resins; polyamide resins; and crosslinking agents (urethane-acrylates,
blocked polyisocyanates). The applications of bio-based materials in powder coatings are also
highlighted in this review.

Keywords: powder coatings, bio-based, renewable materials, sustainability, recycled PET
1. Introduction

German physicist Erwin Gemmer first proposed the idea of powder coating in the 1950s
[1-3]. When pipeline manufacturers began using thermosetting epoxy powders to replace the
many layers of liquid technology it was followed by significant commercial acceptance in the
early1960s [4]. Thick films of these new functional powders were applied to heavy-gauge steel
valves and pipes that carried oil and natural gas.

The commercial growth of the powder coating industry did not accelerate until the late
1970s [5]. The emerging powder coating market entered sectors requiring not only functional
performance but also aesthetics through the combination of new resin technology (mostly
polyester) and improvements in electrostatic application processes. Breakthrough innovations
captured a large part of the appliance (white goods) and structural metals markets. This growth
continued through the 1980s, when powder coatings replaced liquid finishing lines throughout
Western Europe and North America.
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Significant advancements in application and formulation technologies were made during
the 1990s that generated materials and methods able to meet strict automotive criteria. Powder
coating technology dominated the fabricated metal finishing market by the turn of the century.

In recent years, technologists have sought to bolster the well-known environmental
advantages of powder coatings with even more sustainability thorough the use of naturally
occurring (aka bio-based) material feedstocks in place of traditional materials obtained from
petroleum.

The development of sustainable polymers often involves a reduction in the consumption of
non-renewable resources [6,7]. Sustainability can be represented in a variety of ways. For
example, one method under the sustainability umbrella is low-temperature cure products that
use less energy and therefore create a smaller carbon footprint. Another option is to use natural
resources such as bio-based materials. The use of renewable resources for sustainable
technology is in the spotlight for consumers as well as industry (especially the chemical
industry) due to their availability, low cost, and reliability, in addition to environmental issues
such as lower ecotoxicity and CO» footprint. The EU defines bio-based products as products
that are “wholly or partly derived from materials of biological origin, excluding materials
embedded in geological formations and/or fossilized”. Because powder coatings do not use
solvents, they emit no volatile organic compounds (VOCs) into the atmosphere. In addition,
they are well-known for their high performance and durability. The U.S. Environmental
Protection Agency (EPA) therefore lists powder coatings as a sustainable coating option.

The sustainability of powder coatings can also be augmented by using resins based on
recycled polymers. The public’s rising awareness about environmental issues coupled with
governmental initiatives are resulting in increased plastics recycling. One of the most
reprocessed plastics is polyethylene terephthalate (PET), which can be recycled using various
chemical processes (i.e., hydrolysis, acidolysis, or glycolysis to obtain monomers or oligomers).
These compounds can be subsequently used to generate new materials (e.g., co(polyester)) from
PET oligomers [8].

The purpose of this review is to introduce the reader to the most recent advances in the field
of bio-based powder coatings, including chemistry and composition developments. The review
presents achievements in both academia and the chemical industry.

2. The powder coating manufacturing process

Through the years, the process of producing powder coatings has evolved and been
optimized. Nevertheless, certain steps in the preparation of the powder coatings remain
fundamental to the process [9,10]. Figure 1 shows a basic schematic of the powder coating
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manufacturing process. The first step in generating a powder coating composition is to
formulate the basic components (i.e., resin and crosslinking agent) in the right ratio. Popular
thermoset powders coatings are based on epoxy, polyester, polyurethane, or acrylic resins. The
powder composition also consists of pigments, fillers and additives (e.g., a flow-enhancing
agent and a degassing agent), and other compounds to enhance film and application
performance.

The raw materials are then pre-mixed and subsequently extruded. During extrusion, the
resinous components are melted and combined with all other dry and inert components. The
extrudate is cooled and then pulverized. The finely ground powder is then classified through a
sieve with the proper mesh diameter to obtain a powder suitable for spray application. The most
common application method is the electrostatic corona technique, whereby the powder particles
are charged and deposited to an earthed conductive substrate. The final step is curing either
thermally with convection heat, infrared radiation, or a combination of the two. Some newer
powder coating technologies can be melted and then cured with ultraviolet radiation.

crosslinking agent

resin U . ,-_-_'_':.

addit;ves P '1’)33_:‘_§§_5§E
‘\F"mlllng spraying -
o .
-ﬂﬂﬁh‘—\q (— J,wder coating

extrusion
grinding & sieving

Figure 1. Basic scheme of powder coating process.

3. Bio-based powder coatings

The constituent parts of a thermosetting binder system frequently need to be redesigned to
enable the utilization of powder coating techniques that rely on sustainable resources.
Researchers undertake the separation of monomers from plant-derived materials utilize them to
develop new crosslinkers or resins for powder coating [11]. Plant-based sources of monomers

include soyabeans, evergreen conifers, maize, cellulose (found in materials like timber,
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cannabis cultivars, and cotton), flax, palm trees, and sugar cane. Solid resins and crosslinkers
with reactive groups (e.g. epoxide, carboxyl or hydroxyl) are synthesized from these plant-
derived monomers. Typically two or more functional groups are generated to perform
adequately in a thermoset binder system.

The following depicts several examples of bio-based monomers used to synthesize

polymers and curing agents designed for powder coatings. (Figure 2):

H OH ,J I\/ R N \/T\/‘\-.,/‘\/\/ ~
X O
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Isosorbide (from Soybean Oil)  gpoxidized Soybean Oil (from Vegetable Oil)
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Rosin-Based Glycidyl Crosslinker (from Pine Trees)

Figure 2. Examples of plant-derived monomers.

4. Recent developments in bio-based powder coating

Following is the latest scientific and industrial research on the use of naturally derived
ingredients in powder coatings compositions. Table 1 summarizes the achievements reported
in academia research.

4.1. Academia research

Li et al. describes poly(limonene carbonate)s (PLCs) as a binder for UV-curable powder
coatings (Fig. 3) [12]. Limonene oxide is bio-based epoxide derived from limonene from orange
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or turpentine oils. PCLs were developed by copolymerization of limonene dioxide with CO».
The powder coating composition consists of PCL resins with different MWs,
trimethylolpropane tris(3-mercaptopropionate) (TMPMP) as a curing agent, a photoinitiator
(Irgacure 819), a flow agent (Resiflow PV5), and benzoin. The final powder was applied to
aluminium plates, heated with IR for 2 min at 120°C and then UV cured at 130°C using an H-
bulb lamp (UV dosing was 6000 mJ/cm?). The resultant thiol-ene cure chemistry produced
poly(thioether-co-carbonate) networks (TENs). Powder coating films generated from PLC-
based binders exhibited good solvent resistance (200 rubs acetone), excellent film clarity, very
good scratch resistance (>2H pencil), and high hardness (174-199s Koenig). These properties
show potential for using poly(limonene carbonate)s as a promising bio-based alternative to

conventional powder coating resins.
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Figure 3. Structural formulas of PLC, crosslinker and initiator, and scheme for PLC synthesis and UV

curing reactions.

Polyester polymer chemistry is commonly used to formulate powder coatings. Polyester
resins are traditionally synthesized with a combination of terephthalic and isophthalic acids
with aliphatic diols. These raw material feedstocks are derived from non-renewable resources
[2]. Gioia et al. presents the preparation of polyester resins from chemically recycled raw
materials in combination with bio-based monomers [13]. Polyester resins were prepared using
recycled PET, isosorbide, glycerol, and succinic acid in different molar ratios. The powder
coatings were prepared by combining the polyester resin with a bis-phenol A - diglycidyl-ether
based epoxy resin (Epikote 3003), TiO- as an opacifier pigment, a flow agent (Additol P 896),
and benzoin as a degassing agent.

The resultant powder coating was applied to laboratory test panels and thermally cured for
10 minutes at 180°C. The generated coatings have properties comparable and in some cases

superior to those of a commercial coating prepared using non-renewable raw materials. MEK
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solvent tests show improved resistance of the coating based on the sustainable polyester resin
compared to the standard product. The powder coating films were tested after 6 months of aging
at room temperature in the dark. The results demonstrate that the powder coating based on
polyester resin derived from renewable raw materials and recycled PET exhibited excellent
flexibility, as T-bending after 6 months of aging received a value of 1-T (initial test 0-T). A
decrease in properties was observed for the reference coating, which achieved a value of 4-T
(initial test 0-T). These results indicate that isosorbide-based polyesters represent a promising
class of polymers for powder coating applications.

Gubbels et al. presented polyesters based on 2,5-furandicarboxylic acid (FDCA), which can
be derived from saccharides [14,15]. FDCA can be a considered a possible substitute for 1,4-
Benzenedicarboxylic acid (TPA). These papers show that the polymerization reactions of furan-
2,5-dicarboxylic acid (or its dimethyl ester with 2,3-butandiol, catalyzed by Ti, Sn, Zr
complexes) make it possible to obtain products useful for the formation of polymer coatings. A
possible way to cure these systems could occur either by Diels-Alder addition to unsaturated
FDCA bonds, or by crosslinking reactions involving terminal hydroxyl groups after exposure
to multifunctional isocyanates.

An isosorbide is used to synthesize renewable resins for powder coating. Its use in the
synthesis of polyesters has been to the subject of a couple of scientific papers, since it is readily
available from sorbitol. J. van Haveren et al. reports on bio-based polyester resins that were
synthesized by esterification of isosorbide with low molecular weight diacids such as succinic
acid. An organo-metallic catalyst was used Ti(OBu)4 [16]. In addition, various amounts of other
diols, such as 2,3-butanediol, 1,3-propanediol, and/or neopentyl glycol, were incorporated into
the structure of polyesters. Polyesters with number-average molecular weights of several
thousand Daltons and polydispersities in the range of 1.6-2.0 were obtained. Upon
incorporation of 60-80% isosorbide, the Tg of the polyester resin is high enough to ensure good
processing and storage stability. The addition of small amounts of citric acid or
trimethylpropane to the resins led to an improvement in the properties of the coatings. Obtained
polyesters were cured using various curing agents available on commercial market. Coatings
were cured at 200°C for 30 min under N2 atmosphere. All obtained powder coatings showed
hardness values above 200 s.

B.A. J. Noordover et al.reports on other bio-based monomers such as citric acid, butane-
2,3-diol, and 1,3 propane diol being used to synthesize polyesters with isosorbide (or isoidide)
and succinic acid. [17,18]. In this study, two parallel approaches were used to synthesize

polyesters: a) synthesis of isosorbide-succinic acid copolymers using isosorbide as the only diol
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component; b) partial replacement of isosorbide in these copolymers with 2,3-butanediol or 1,3-
propanediol, resulting in terpolymers (Fig. 4). The functional end groups of the polymers were
used in the following curing process to form coatings.

As we all know, a crucial parameter in thermosetting coatings is polyester functionality (f).
In addition to chain functionality, the concentration of functional end groups (hydroxyl- or acid-
functionalized) has a strong influence on crosslink density and consequently on coating
properties such as toughness, hardness, and solvent resistance. In this study, trimethylolpropane
or citric acid [19] was added to increase the functionality of linear copolyesters.

In this study, coatings were prepared as solutions instead of by the typical compounding of
powder coatings with a melt-mix extruder followed by pulverization and classification. These
solventborne coatings were applied as liquids instead of by traditional electrostatic powder
techniques. Conventional curing agents were added to the obtained bio-based polymers
depending on the functional groups (i.e., Vestagon B1530, Desmodur N3600, Desmodur
BL3272 for hydroxyl functional polymers and Primid XL-552 for acid functional polymers). A
small excess of hardener was used in relation to the polyester end groups. The curing
temperature of the coatings was 180-200°C. All the films obtained were high gloss and
exhibited excellent color and clarity. It was observed that various grades of isosorbide
influenced the overall color (mainly yellowness) of the resultant films. Study has shown that an
increase in polyester functionality improves coatings properties (e.g., using branched polyesters

greatly improves acetone resistance) because of the increased crosslink density.
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Figure 4. Synthesis of co- and tertpolyesters based on isosorbide and succinic acid or optionally 2,3-butanediol
or 1,3-propanediol.



©CO~NOOOTA~AWNPE

In Poland, Szymon Kugler et al. described carboxyl functional polyesters designed for
powder coatings that were synthesized with greater than 80% bio-based feedstocks [20,21].
Innovative rosin-biodiol-based carboxyl functional polyesters have been produced with
melting temperatures suitable for powder coatings. These resins can be cured with oxirane
functional materials such as BPA epoxy resins, and rosin glycidyl ester compounds. Natural-
resources-rich powder coatings compositions were made by mixing rosin-biodiol polyesters
(poly(1,4-butylene maleopimarate) and poly(1,10-decylene maleopimarate)) with epoxy
hardener (maleopimaric acid triglycidyl ester) in stoichiometric proportions. In addition,
halloysite was used as a filler. Compositions were applied homogeneously on steel panels and
then cured for 15 minutes at 180°C

The paper also presents evaluations of the film properties of the resultant coatings (i.e., slow
deformation, scratch resistance, surface hardness, solvent resistance, and salt fog resistance).
Polyester bio-based coatings exhibited high hardness (>160 a.u. Koenig); and excellent
flexibility (Erichsen cupping >6 mm). It was concluded that the presence of halloysite improved
hardness and cupping values. Adhesion generally decreased with increasing content of natural
resources, but some of the prepared coatings still exhibited satisfactory adhesion between 0 and
1 (in scale 0-5, where O=best and 5=worst). Prepared coatings had outstanding chemical
resistance (>400 double rubs MEK)) and good anti-corrosive performance. These results
support that notion that bio-based materials are suitable substitutes for powder coating binders
generated from petroleum-based feedstocks.

One common powder coating type is thermoset systems that use polyamides. J. L. J. van
Velthoven et al. described the synthesis, characterization, and testing of polyamides based on
pimelic acid, butane-1,4-diamine, and isoidide diamine (Fig. 5) [22]. The M, values of the
resins were between 3000 and 4000 g mol™, and the resins’ Tq values ranged from 60 to 80°C.
Prepared resins were cured with triglycidylisocyanurate (TGIC) and a B-hydroxyalkyl- amide
(HAA) based curing agent. The process of curing was investigated using a rheometer and
subsequent differential scanning calorimetry (DSC). Data showed that it is possible to achieve
a completely crosslinked coating at 150°C. The coatings were prepared by mixing the powdered
resin and curing agent with an N,N-dimethylacetamide solution. The coatings were applied to
aluminum Q-panels and cured at 180°C. The resultant coatings exhibited acceptable flow and
levelling on laboratory test panels. The coatings appeared insufficiently crosslinked, as double
rubbing with ethanol damaged most coatings. Coating surface hardness was good, ranging from
F to 4H, which typical for these binder systems. Flexibility (rapid deformation) was good as
impact resistance exhibited no cracking. The polyamides generated in these studies demonstrate
viable performance versus traditional powder coatings based on petroleum feedstocks.
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Figure 5. Scheme of synthesis reaction of polyamide resins based on isoidide diamine (I1IDA),.pimelic acid (PA),

and butane-1,4-diamine (BDA).

Table 1. Bio-based powder coatings compositions reported in academia research (*underlining for the compound

synthesized in the article).

Bio-based compound

Powder coatings formulation

Method of curing

Limonene [12]

Polycarbonate resin, TMPMP,

Irgacure 819

UV at 130°C

Isosorbide, succinic acid [13]

Polyester resin _ (isosorbide,

glycerol, PET, succicic acid),
Epikote 3003

Thermal at 180°C

Isosorbide, citric acid [16]

Polyester resin (2,3-butanediol,

1,3-propanediol and/or
neopentyl glycol, citric acid,
trimethylopropne), blocked
polyisocyanates, Primid XL-552
or TGIC

Thermal at 200°C

Isosorbide, succinic acid [17]

Polyester resin  (isosorbide,

1,3-propanediol, 2,3-butanediol,
succinic acid), Vestagon B1530

Thermal at 180-200°C

Rosin [20,21]

Rosin polyesters, rosin-based

epoxy resin

Thermal at 180°C
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Isoidide [22] Polyamide resin (pimelic acid, | Thermal at 180°C

butane-1,4-diamine, isoidide
diamine), Primid XL-552 or
TGIC,

polyisocyanates

Glycerine, xylitol [23] Sirales PE 6110, blocked | Thermal at 150°C and 160°C

Glycerine, xylitol [24] Unsaturated polyester resin, | UV

urethane acrylates, Irgacure 651

In addition to the resin, another important component in thermoset powder coatings is the
crosslinking agent, which forms a final crosslinked coating when combined with the resin.
Thus, bio-based feedstocks can also be considered for the synthesis of solid oligomeric curing
agents suitable for powder coatings (i.e. crosslinkers). In polyurethane powder coatings, the
crosslinking agent is often a blocked polyisocyanate. Xylitol and glycerin were used as bio-
based compounds to branch the isocyanate structure and increase the crosslink density of the
coatings. This is a further approach to developing suitable bio-based alternatives to fossil-based
raw materials.

Polyisocyanate-based crosslinkers were prepared with methylene (3,5,5-trimethyl-3,1-
cyclohexylene) ester (IPDI), glycerol, xylitol, polyethylene glycol, and carbinol functional
silicone (KF-6000). Acetone oxime and methyl ethyl ketoxime were used as blocking
compounds for the PIC blocking reaction [23]. The obtained blocked polyisocyanate (bPIC)
was combined with polyester resin (Sirales PE 6110), a flow modifier (Resiflow PV 88), and
benzoin to form a powder coating.

Powder coating samples were electrostatically deposited to clean steel panels. Crosslinking
was evident at 150°C or 160°C and was dependent on respective blocking agent. The same
obtained polyisocyanate in combination with 2-hydroxyethyl acrylate or 2-hydroxyethyl
methacrylate instead of e-caprolactam (blocking agent) was used as a crosslinking agent to
generate UV-curable powder coatings [24]. These unpigmented radiation-curable formulations
were comprised of a meth-acrylated polyester, a urethane-based oligomer (crosslinker), a
suitable photoinitiator, flow agent and benzoin for degassing. Electrostatically applied powder
was fused and coalesced on laboratory test panels for five minutes at 110°C . Cure was
accomplished with 140W/cm Hg sealed lamp using a Dymax UVC-5 Compact Light-Curing
Conveyor System. Coatings with good mechanical properties and high crosslinking density

were obtained with both formulations.



©CO~NOOOTA~AWNPE

4.2. Industry research

Solid saturated polyester resins based on bio-available feedstocks were developed by
Hexion (Momentive Performance Materials) in 2007-2008, These carboxyl-functional
polyesters were synthesized with monomers generated from two sources of bio-based materials.
The initial research work was conducted by Battelle Memorial Institute in Columbus, Ohio and
was funded by the United Soybean Board. Battelle scientists used isosorbide as a monomer to
synthesize two carboxyl polyesters, one for general purpose use and another for outdoor
applications that required UV durability. These polyester resins were synthesized with
isosorbide derived from corn feedstocks and dimer acids from high oleic soybean oil.

Momentive debuted these materials in 2009 to the European powder coatings market.
Rationale for this initiative was based on Europe’s interest in sustainable solutions for industrial
products, including those for paints and coatings. In addition, the corporate headquarters
technology centers of several global powder coating producers were in Europe.[25].

Major powder coatings manufacturers evaluated these polymers and determined that
coatings based on them exhibited overall performance inferior to their petroleum-based
counterparts. Films based on these resins were poor in color (yellow), deficient in flexibility
(impact resistance) and slower in cure response compared to tradition polyester based powder
coatings (both TGIC and HAA cured). Another disadvantage was that these resins were more
expensive than conventional petroleum-based polyester resins due to higher raw material prices.
[26]. Consequently, the powder coating producers sampled declined to commercialize products
based on these bio-based resins.

The Center for Biopolymers and Bio-composites (CB2) provided funding to Washington
State University to explore using bio-based materials to synthesize solid curing agents designed
for use in powder coatings. In 2014 researchers at WSU created a glycidyl-functional
crosslinker with potential utility in thermoset powder coatings. The efficacy of this difunctional
oligomer was evaluated with a variety of carboxyl functional polyesters resins commonly used
in powder coatings. Inadequate crosslink density was suspected as cure response, solvent
resistance, and flexibility (impact resistance) of coatings based on this oligomer were inferior
to carboxyl polyester resins cured with conventional, petroleum-based crosslinkers. [26].

In 2016, the United Soybean Board funded another bio-based powder coating project
with Battelle Memorial Institute. The focus on this project was to develop a solid thermoset
polymer capable of relatively low temperature cure, i.e. less than 140°C, that could be

considered for powder coating application to heat sensitive substrates such as medium density
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fiberboard (MDF), plastics and composites. Like earlier USB funded powder coating efforts,
the scope was to use soy-based feedstocks, specifically high oleic soybean oil (HOSO), to
synthesize monomer(s) that could be used to generate solid thermoset resins for powder
coatings. Battelle polymer scientists utilized HOSO to create C18 and C19 dimer acids that
could be used to produce unique carboxyl functional polyester amide resins. Highly aliphatic
polymers were synthesized by reacting these long chain dimer acids with a suitable amine, DEA
(diethanol amine). (Fig. 6) [27]. The best performing polyester amide resin is comprised of 85%
by weight of bio-based feedstocks and possesses a carboxyl functionality of 2.1, a melting point
of around 105° C, and an acid value of approximately 47 mg. KOH per equivalent.

Powder coatings were formulated with this resin using conventional commercially
available powder coating crosslinkers including triglycidyl isocyanurate (TGIC), B-
hydroxyalkyl- amide (HAA), and glycidyl methacrylate acrylic resins. Powder coating samples
were compounded with a co-rotating twin screw extruder, cooled, and pulverized. Coating films
were generated by electrostatic application to laboratory test panels followed by cure in either
an electric convection lab oven or infrared cure emitters. Low temperature cure was achievable
with this bio-based carboxyl-functional polyester amide resin with using TGIC as the
crosslinker along with an imidazole catalyst (Curezol C17Z). In addtion excllent film properties
were obtained including excellent flow and leveling (smoothenss), superior impact resistance
(160 in. Ibs.) and excellent solvent resistance (>100 double rubs MEK).

Battelle’s goal of generating a bio-based resin capable of low temperature cure was also
acheived as laboratory testing demonstrated to ability to coat heat sensitive substrates such as
MDF with powder coatings based on this material. A powder coating based on this resin was
electrostaically applied to preheated MDF then melted, fused and cured using a combination of
infrared energy followed by convection cure at temperatures around 135°C. Resultant films had
excellent smoothness, 100% adhesion, good color and excellent chemical resistance (>100
double rubs MEK).
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Figure 6. Basic synthesis reaction to generate bio-based polyester-amide resin from C18 dimer acid.
(Reaction scheme simplified for clarity.) Courtesy of Battelle Memorial Institute.

Pilot size quantities of this bio-based polyester amide resin were produced with good
yield, quality and processing time (around 4 hours). Powder coatings based on these pilot size
resins were produced and subsequently applied to MDF at a commercial coating facility with
excellent application performance, cure response with infrared and excellent film properties
(color, adhesion, smoothness, chemical resistance).

Eindhoven University of Technology, Gdansk University, and DSM Coating Resins,
collaborated on a program to evaluate aromatic diacids synthesized from plant-based feedstocks
as a building block for powder coating polyester resins[28].

Polymer scientists substituted 2,5-furandicarboxylic acid (FDCA), a bio-based aromatic
acid, for the commonly used terephthalic acid (TPA). Polyester resins were synthesized through
the esterification of FDCA and 2,3-butanediol producing an amorphous polymer with attractive
Tg values..

During the study, these DMF-based copolyesters were tested as solvent-based resins and
used for powder coating, with the solvent-based system included for comparison. In the
experimental part of the paper, the material lists are fully described, along with the procedures
for the preparation of DMF copolyesters and the methods for the preparation of both solvent-
based DMF and DMF powder coating.



©CO~NOOOTA~AWNPE

One linear and three branched co-polyesters were obtained by bulk polymerization
methods. The resin compositions were: DMF:23BD; DMF:23BD: glycerin; DMF:23BD:
trimethylol propane; and DMF:23BD: pentaerythritol.

The obtained copolyesters are characterized by Tg values between 68-92°C, so the
storage stability is suitable even when combined with hardener and other additives. It is evident
that the Tgs of the furan-based materials have a more rigid backbone than TPA-based polyesters.

Solvent-coated panels were examined after curing at 200°C for 30 min. While the
resistance of coatings 2-4 to solvents was reasonable, the coatings softened noticeably after
testing with acetone. All DMF-based coatings appeared brittle after impact testing, with
significant removal of the coating from the aluminum panel. In comparison with more flexible
TPA-based coatings, furan-modified coatings are considered to perform similarly to isophthalic
acid-modified coatings.

The coating films of all four powder coating exhibited poor flexibility as evidenced with
inferior impact resistance. Researchers attribute this performance to rather high Tgs ranging
between 114 and 118°C which probably introduced molecular rigidity. Film hardness varied
somewhat with the C5 formula exhibiting 2H, the C6 and C7 H hardness, and the C8 a relatively

soft F hardness rating.

5. Conclusions

This article presents a review of the scientific literature and the achievements of the
chemical industry in bio-based powder coatings. This field of technology is growing
significantly due to the increased awareness of consumers and manufacturers regarding
environmental impact. The sustainability of powder coating technology is becoming more
relevant.

Resins or crosslinking agents based on natural raw materials will have to perform equal to
or better than petroleum-based products in terms of hardness, durability, chemical resistance,
flexibility, and other coating requirements.

Natural raw materials, in addition to being used as monomers for resins or crosslinking
agents, can also be used as additives for a myriad of end-uses including antimicrobial or flame-
retardant materials. Researchers are conducting further investigations to identify attractive
applications for the emerging field of bio-based products.
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