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Abstrakt

Tato prace byla zaméfena na problematiku odolnosti a barevné stalosti natérovych
systémt na dieve v exteriérovych podminkéch. Ke zvyseni odolnosti natérovych systémi
bylo vyuzito povrchové modifikace podkladové dfeviny, optimalniho vrstveni
natérového systému a aplikace vrchni hydrofobni vrstvy. Vybrané druhy zkoumanych
dievin byly dub letni (Quercus robur L.), modiin opadavy (Larix decidua, L.) a smrk
ztepily (Picea abies, L., Karst). Nejvétsi pozornost byla vénovana dubu letnimu, jelikoz
se jedna zhlediska zivotnosti natérového systému 0 nejproblematictéjsi dievinu
z vybranych. Sledovanymi charakteristikami byly barvostalost, lesk, kontaktni thel
smaceni a taktéz hodnoceni pfistrojovymi metodami mikroskopické a vizualni. Pro
prvotni vybér kvalitnich natérovych systému bylo vyuzito metod umélého starnuti dle
CSN EN 927-6. Vytipované natérové systémy byly nasledné vystaveny exteriérovym
testiim piirozeného starnuti dle CSN EN 927-3. Natérové systémy byly na bazi akrylu,
alkydu a oleji. Z vysledkt experimentti vyplynul vyznamny vliv podkladové dieviny na
celkovou odolnost natérového systém v exteriéru. Pozitivni vliv na stabilitu natéru méla
zejména jeho modifikace kombinaci nanoc¢astic ZnO s benzotriazoly a HALS na celkovou
zivotnost natéru. Pozitivni trend ve vysledcich se projevil u natéri na polymerni bazi

akrylu.

Kli¢ova slova:

atmosférické degradace; dievo; barva; pfirozené a umélé povétrnostni starnuti;

transparentni natéroveé systémy



Abstract

This work focused on the durability and color fastness of coating systems on wood
in exterior conditions. Surface modification of the underlying wood, optimal layering of
the coating system, and applying a hydrophobic top layer were used to increase the
resistance of the coating systems. The selected species of trees investigated were summer
oak (Quercus robur L.), deciduous larch (Larix decidua, L.), and Norway spruce (Picea
abies, L., Karst). The most excellent attention was paid to summer oak, as it is the most
problematic wood species of the selected ones in terms of the coating system's durability.
The monitored characteristics were color fastness, gloss, wetting contact angle, and also
evaluation by microscopic and visual instrumental methods. According to CSN EN 927-
6, artificial aging methods were used for the initial selection of quality coating systems.
The selected coating systems were subjected to exterior natural aging tests according to
CSN EN 927-3. The coating systems were based on acrylic, alkyd, and oils. The results
of the experiments revealed a significant influence of the underlying wood species on the
overall resistance of the coating system in the exterior. In particular, its modification by
combining ZnO nanoparticles with benzotriazoles and HALS had a positive effect on the
stability of the coating and the overall life of the layer. A positive trend in the results was

manifested in acrylic polymer-based coatings.

Keywords:

atmospheric degradation; wood; color; natural and artificial weathering; transparent

coating systems
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1. Uvod

,, Kde nevidime uspéch, tam prdce nestaci. *

Publilius Syrus latinsky spisovatel

Dfevo jako piirodni material méa zhlediska vyuziti pozitivni 1 negativni
charakteristiky. Prvni je vyznamna vyhoda tohoto materidlu je ,.eckologi¢nost
a aplikovatelnost®. Zejména je to obnovitelnost suroviny. Ve srovnani s jinymi materialy
(napt. plasty) zhotovenych z neobnovitelnych zdroju, je perspektiva materiali ze dieva
ve vyuziti i v daleké budoucnosti. Dfevo ma vysoky pomér pevnosti k hmotnosti, a proto
je vyuzivano jako konstruk¢éni material (Marais a kol. 2022). Druhé hledisko se tyka
negativni charakteristiky, ktera tizce souvisi stim, ze se jedna o pomérné snadno
degradovatelny material (Cogulet a kol. 2018). Poskozeni nastava zejména biotickymi
Skiidci a atmosférickymi vlivy. Tito Cinitelé zdsadnim zpisobem ovliviiuji estetickou
I mechanickou funkénost zabudovaného dieva. Nekteré druhy dieva jsou piirozené
odolngjsi nez ostatni, nicmén¢ i tyto degradacnim vlivim podléhaji, a proto je dulezité
dfevo chranit (Reinprecht 2016). V praxi ¢asto vyuzivanym zpusobem jednoduché
ochrany je pouZiti natérovych systémul. Chrani dfevo bariérové viici plisobeni vody,
sluneéniho zateni (pomoci UV-stabiliza¢nich latek, nebo pigmenti) a biotickym Skudctiim
(Shenoy a Marathe 2007). Z pohledu zachovani kresby a pivodni barvy dieva jsou
nenahraditelné transparentni natérové systémy (Corcione a Frifione 2012). Ve srovnani
S pigmentovymi, které nezachovavaji pfirozeny vzhled podkladové dieviny, maji
transparentni natérové systémy i v soucasnosti nedostatecnou zivotnost v exteriérovych
aplikacich (Ugovsek a kol. 2019). Vyhodou nékterych domacich druht devin (napt. dub
a modfin) je vyssi ptirozena odolnost vuéi ,,bio-ataku®, ale na druhé strané vysoky obsah
extraktivnich latek, znesnadnujici aplikaci a sniZujici celkovou Zivotnost natérovych
systémi (Jebrane a kol. 2009). Celkovou zivotnost lze pozitivné ovlivnit povrchovou
modifikaci podkladové dieviny (Nikolic a kol. 2015). Aplikovat je mozné UV stabiliza¢ni
latky na bazi benzotriazol, HALS anebo nékterych nanocastic (Panek a Reinprecht
2016). Celkovou zivotnost natérového systému dale vyrazné ovliviiuje vrstveni
natérového systému a prodlouZeni jeho trvanlivosti, které 1ze dosdhnout naslednou
aplikaci vrchni hydrofobni vrstvy (Deng a kol. 2018). Celkova odolnost, barevna stalost

a individualni vliv druhu podkladové dieviny z pohledu aplikace, transparentnich
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natérovych systémil na dieve v exteriérovych podminkach stale neni dofesena (Wachter
akol. 2021). Na zaklad¢ specifického chemického slozeni a morfologické struktury dieva
je zamérem navrhnout optimalni povrchovou modifikaci zejména UV-stabiliza¢nimi
prostiedky. Dale vybrat optimalni typ natéru a zptsob vrstveni natérového systému a
aplikovat nejuéinngjsi vrchni hydrofobni vrstvu (Forsthuber a kol. 2013). Reseni dané
problematiky je vysoce aktualni i pro odbornou vetejnost, a pravé z toho divodu vznikla
1 tato zaverecna prace. Pozornost v ni je vénovana charakteristikam jako je barvostalost,

lesk a kontaktniho thlu smac¢eni na vybranych druzich dievin.
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2. Cile prace

Cilem disertacni prace je navrhnout a otestovat exteriérovy transparentni natérovy
systém na vybranych druzich dievin se zvySenou celkovou odolnosti a barevnou stalosti.
Ke zvySeni celkové odolnosti vyuzit modifikace podkladové dieviny, optimalniho
vrstveni natérového systému, a to individualné pro kazdy z vybranych druht dieva.
Nasledné otestovat a analyzovat vhodné vrchni hydrofobni vrstvy. Soucasti prace bude
otestovan vliv podkladové dieviny, taktéz otestovan a analyzovéan vliv polymerni baze
natérového systému — akrylovy, alkydovy a olejovy natér. Dale bude natérovy systém
modifikovan UV stabilizatory, u nichz bude posouzen jejich vliv na celkovou odolnost
natéru. Také bude posouzen a analyzovan vliv hydrofobni vrstvy aplikované na vybrané

natérove systémy.

Ovérované hypotézy

Podkladova dievina ma vliv na zivotnost natérového systému.

Polymerni baze ma vliv na celkovou odolnost natérového systému.

Piimési UV-stabilizac¢nich latek maji vliv na kvalitu natérového systému.
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3. Teoreticky rozbor problematiky

Dtevo neni kompaktni hmotou, naopak je slozeno z velkého poctu malych castic
— bungk, které jsou vazany tésn¢ jedna na druhou. Tvar, velikost, rovnéz 1 funkce bunck
je rizna. Jejich vzajemné seskupeni a uspotradani je u jedné a téze dieviny pravidelné,
takze podle toho lze rozeznat rizné druhy dfevin od sebe. Na kmeni stromu jizZ pouhym
okem rozezname vnéjsi kliru, popiipadé borku, pod ni je vnitini kira s lykem a jemnym
délivym pletivem (kambiem), ze kterého se tvoii smérem dovniti kmene dievo a ven lyko.
Pak je patrné dievo (nejvétsi cast), slozené z koncentricky uspofadanych letokruhd.
Vnitini ¢ast dieva kmene byva u nékterych dievin tmavéji zbarvend a nazyva se jadro
a vnéjsi Cast (svétlejsi) nazyvame béli. V mirném podnebi severni polokoule se vyskytuji
dva zakladni druhy dievin — jehli¢naté a listnaté. Mezi jehli¢naté patii naptiklad borovice
(Pinus L.), smrk (Picea L.), modtin (Larix L.) a mezi listnaté naptiklad dub (Quercus L.)
nebo buk (Fagus L.) (Wiedenhoeft 2013). Nejen ze se od sebe odlisuji, pokud jde o typy
strom, ale také maji rozdilnou stavbu dfeva, zejména rozdilné buiiky. Listnaté dieviny
maji charakteristicky typ buiiky nazyvany prvek cévy ,,tracheje®, zatimco jehli¢nata dieva
cévice ,tracheidy* (Josten a kol. 2010).
3.1. Stavba a vlastnosti dieva

Mezi hlavni charakteristiky dfeva majici vliv na natérové systémy patii vyskyt
jadra, suki, dale také porovitost a v neposledni fad¢ 1 vlastni chemické slozeni dieva.
Tato problematika je rozebrana v podkapitolach jednotlivych kapitol niZe.
Bélové a jadrové dievo

Dfievo je v kmeni stromu obvykle rozdéleno do dvou zén. Aktivn€ vodiva Cast
kmene, ve které jsou builky parenchymu stale Zivé a metabolicky aktivni, se oznafuje
jako bélové dievo (Rowell 2012). Primarni skladovaci formy fotosyntatu jsou Skrob
a lipidy (Lionetto a Frigione 2009). Zrna $krobu jsou uloZena v buiikach parenchymu.
Obsah skrobu v béli mize mit vyznamné dasledky v dfevarském primyslu. Napiiklad
muZe nadbytek Skrobu vést k rlistu anaerobnich bakterii (Chudnoff 1984) a také vysoky
obsah $krobu podporuje rist plistiovych hub (Simpson a Barton 1991). Zivé buiiky
na hranici mezi jadrovym a bélovym dievem jsou odpovédné za tvorbu a ukladani
chemickych latek jaddrového dieva (Hillis 1996). Jadrové dievo funguje pii dlouhodobém
skladovani biochemikalii mnoha odrid v zavislosti na doty¢nych druzich difevin (Rahimi
a kol. 2022). Tyto chemikalie jsou souhrnn€ ozna¢ovany jako extrakéni latky. Pfitomnost
jadra automaticky neznamena vysokou odolnost (Santos a kol. 2022).
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Drevo a vlhkost

Dtevo je hygroskopicky materidl schopny absorbovat nebo odevzdavat vodu
v riznych skupenstvich. Nejcastéji pfijima vodu ve formé plynné (pary) ze vzduSné
vilhkosti a ve form¢ kapalné (Michalec a Wasik 2022). Voda se ve dievé vyskytuje
v buné&nych sténach (do cca 30 % vlhkosti = voda vazana) a v prostoru mezi buikami
(nad cca 30 % = voda volna). Jestlize dojde ke zmén¢ hodnoty vody vazané, dochazi
k rozmérovym zménam, pricemz zvétSovani rozmérd se nazyva ,,bobtnani* a zmensovani
»sesychani®. Hranice mezi vodou volnou a vdzanou se oznacuje ,,bod nasyceni vlaken®,
pohybuje se okolo 30% relativni vlhkosti a jeho hodnota z&visi na druhu dfeviny
(Gasparik a kol. 2022). Rozmérové zmény jsou rozdilné v jednotlivych smérech
(v tangencialnim sméru jsou pfiblizné dvojnasobné nez v radidlnim sméru) coz je
zpisobeno anizotropii dieva (podlouhly tvar bun¢k dieva a orientace stavby stén bunék)
(Rowell 2021). Anizotropie kromé toho vyplyva z rozdilnych velikosti bun¢k v priabéhu
rustového obdobi a ¢astecné z prevladajiciho sméru urcitych typt bunck (napt. dienovych
paprskil) (Zottowska a kol. 2022). Nerovnomérmé bobtnani a sesychéani zptisobuji drobné

trhliny ve dievé (borceni dieva) (Reinprecht 2008).

Tvarové zmény maji za nasledek poskozeni natérového systému (Horacek a kol.
2012). Vnitini napéti pak mize zpusobit trhliny také v natéru, které se stavaji vstupni
branou pro fadu $kidct (Simfinkova a kol. 2022). Pokud dfevény prvek oddéluje
jednotlivé prostory srozdilnou vlhkosti, mize nastat problém, ze skrz dievo zacne
z prostfedi s vyS$i vlhkosti prostupovat a muize také poSkodit natérovy systém
(napt. odlupovanim natéru), coz je Casty problém napt. u dievénych oken (Lukomski
2022).
Pérovitost difeva

Dtevo je porovity material. Tento problém vynika nejvice u dfevin s velkymi
pory, napiiklad dubu (Oberhofnerova a kol. 2019). Pramér cév jarniho dieva u dubu se
pohybuje v rozmezi 150-350 pm (muize byt az 1 mm) a letnich 30-140 pm (Wagenfihr
2007). U smrku a modfinu je praimér cévic (trachejd) mnohem mensi (Rowell 2005).
Porovitost povrchu dubu znemozituje rovnomérné vytvoireni filmu natérového systému.
Velké pory zpusobuji také problémy adheze natérovych hmot (De Meier 2005). V porech
dubu se vyskytuji thyly (Reinprecht a kol. 2020), kterymi Se pory pfirozené zanaseji
a komplikuji tak prinik kapalin. Zanesené pory nemaji téméf zadny vliv na propustnost

a vyluhovani vodou rozpustnych extraktivnich latek. Jejich nasledna chemicka reakce
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S natérovym systémem ma za nasledek fyzikalni (barevné) a chemické zmény vlastnosti
povrchu (Burke a kol. 2010). K degradaci natéru potom dochazi nejrychleji v mistech

porta (v jarnim dieve), jak je patrné na obrazku ¢islo 1 (Panek a kol. 2019).

a) b)

Obrazek 1. Degradace jarniho dfeva u dubu a) Tangencialni fez poukazujici na rychlejsi
degradaci jarniho dfeva u dubu s velkymi otevifenymi pory b) Pri¢ny fez znazornujici velké pory
dubu
(Panek a kol. 2019)

Drsnost povrchu difeva

Stupent opracovani povrchu, a zné&j vyplyvajici drsnost povrchu, je dulezita
charakteristika pro rovnomérnou aplikaci a pfilnavost natérového systému (Bulian
a Graystone 2009). Drsnost popisuje nerovnosti povrchu a oznacuje se pismenem R,
udavana se v um (Rousek a kol. 2012). Dosazitelné hodnoty drsnosti, podle zptisobu

ptipravy povrchu, ovliviiujici natéry R jsou zobrazeny v tabulce 1.

Tabulka 1. Drsnost povrchu dle opracovani (upraveno dle Nutsch a kol., 2006).

Karta¢ovani (Obrazek 2a) Vv fadech mm,
Rezani (Obrézek 2b) vV fadech desitek um,
Frézovani (Obrazek 2¢) v jednotkéch pm,
Brouseni (Obrazek 2d) v desetinach um

Autor Budakci a kol. (2007) uvadi, Ze ve srovnani s jehlicnatymi difevinami ma dub
drsnéjsi povrch a zaroven také uvadi, ze povrchy radidlniho fezu vykazuji hladsi povrchy
nez tangencialni povrchy. Podle autorii Panka a Reinprechta (2014) se ovSem odlisna
drsnost na degradaci natéru nemusi vzdy projevit. Casto ale hladsi povrchy dosahuji vyssi
barevné stability nez povrchy drsnéjsi. Na obrazku 2 (a-d) lze vidét rozdilné stupné

opracovani povrchu, kde jsou patrné rozdily v drsnosti.
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Obr. 2. Praktické ukazky zpusoby pFipravy povrchu firmy Adler
(https://www.lakyadler.cz/ 12.5.2022)

Chemicka struktura dieva

Nejen makroskopické charakteristiky a vlastnosti dfeva maji vliv na Zivotnost
natérovych systému. Velmi vyznamny vliv ma i chemicka struktura dieva slozena hlavné
z polysacharidu, polyfenoli a doprovodnych latek (Rowell 2012). Polysacharidy
a polyfenoly dohromady tvoii 90-97 % dievni hmoty, zbytek je tvofen doprovodnymi
latkami, které tvoti zhruba 3-10 % dievniho komplexu v zavislosti na jeho druhu (Ek
a kol. 2009). Polysacharidicky podil dfeva se sklada z hemicelulozy a celuldozy
a zastupuje asi 70 % (Ek a kol. 2009). Polyfenolicky charakter ma lignin a tvoti téméf
zbytek slozeni, které l1ze vidét na obrazku 3 (Gandelova a kol. 2002). Doprovodné slozky
dieva jsou tvofeny Ostatnimi organickymi a anorganickymi latkami (Gryc a Horacek,

2005).
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Obr. 3. Chemickeé sloZeni dieva
(Upraveno dle Reinprecht 2008)
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Polysacharidy

Polysacharidy jsou ve dievé zastoupeny zejména celuldzou a hemicelulézami
(napiiklad peniozony a nexozony) (Reinprecht 2008).
Celuloza — je nejbéznéjsi organickou slouceninou ve dievé a pud€. Jde o typicky
polysacharid, jehoz strukturni funkci jsou organické slouceniny (Rowell 2021). Tvofi
kostru stén anatomickych prvka dievnich bunek. Jak ukazuje obrazek 3, dfevo obecné
obsahuje 41-56 % celulozy. Podil celuldzy je vyssi u jehli¢nant (46-56 %) nez u listnaca
(41-48 %) (Horacek 2001). Chemicka struktura celulézy je pii¢inou anizotropie
mechanickych a fyzikalnich vlastnosti dfeva (Zhang a kol. 2021).

Hemicelulozy — kromé celuldzy obsahuje dievo dalsi polysacharidy, které jsou souhrnné
nazyvany hemicelulozy a lisi se predevsim slozenim (Horacek 2001). Dievo obsahuje
20-35% hemiceluldz. Hemicelulézy maji vySsi zastoupeni v listnatych dievinach nez
Vv jehli¢natych a maji odlisné slozeni (Hosseinaei a kol. 2012). Hemicelul6zy ovliviuji
fyzikalni a chemické vlastnosti dieva, coz se projevuje zejména pii technickych
procesech jako je napafovani, suSeni a lisovani dfeva (Horacek 2001).

Degradace polysacharidit (celulozy a hemicelulozy)

Polysacharidy mohou ve dievé degradovat vice zpisoby (Reinprecht 2016).
Z hlediska trvanlivosti natérii v exteriéru je nejvyznamnéjs$i hydrolyza polysacharidi.
Hydrolyza by byla minimalni, pokud by probihala v ¢isté vodé (Stamm 1956).
V exteriéru se ovSem vyskytuje voda obsahujici Castice prachu, mikroorganisml
(naptiklad plisn€) a rizné druhy emisi, ménicich pH vody (Rowell 2012). Princip
hydrolyzy spoc¢iva v zabudovani molekul vody do oligomerni nebo polymerové molekuly
dieva pfi jejim soucasném rozkladu na mensi molekuly (Wei a kol. 2022). Ptikladem
muze byt hydrolytické rozstépeni jedné glutinové vazby v makromolekule celuldzy, za
vzniku dvou mensich makromolekul se dvémi nové vytvorenymi koncovymi skupinami.
Respektive totalni hydrolyza celuldzy prostiednictvim molekul vody za vzniku molekul
D-glukézy (Béguin a Aubert 1994). Hydrolyzou se lehce odstépuji acetylové skupiny
Z hemiceluléz za vzniku kyseliny octové, kterd potom plsobi jako autokatalyzator
| katalyzator dalSich chemickych reakci (Reinprecht 2008).
Lignin
dreva, ktery dodava dievu pevnost. Obsah ligninu ve dievé se pohybuje mezi 15 a 35 %.

VEtsi zastoupeni ligninu je ve dievé jehlicnant (25-35 %) nez listnaca (15-30 %)

21



a i struktura je rozdilna (Horac¢ek 2001). Lignin jehli¢natého dfeva se lisi od ligninu
listnatého dieva strukturdlni stavbou (vétSinou jednou metoxylovou skupinou na
fenolovém jadie u jehlicnatého dieva, oproti dvéma metoxylovym skupindm u listnatého
dieva) (Cunderlik 2009). Chemicka struktura ligninu a jeho vliv na chemickou reaktivitu
ligninu je jednim z kli¢ovych problémii v chemii deva (Sevienko 2019). Lignin je latka
amorfni, vysoce komplexni, pfevazné z aromatickych polymera (Erakovi¢ a kol. 2012).
Lignin je chemicky mén¢ stabilni nez celuloza a ma vysokou absorpci svétla (Hysek
aZottowska 2022). Schopnost absorbovat UV zafeni, ¢&ini lignin  nachylny
k dlouhodobému rozkladu, €0z je vlastnost, ktera ma dusledky na odolnost povrchu dieva
a natérovych systému (Tondi a kol. 2013). Trojrozmérny polymer se sklada z vazeb C—
O-C a C-C. Lignin nema jedinou opakujici se jednotku, jako je tomu u celuldzy,
a hemiceluldz, Sklada se ze slozitého uspotfadani substituovanych fenolickych jednotek
(Lukawski a kol. 2020). Ligniny lze klasifikovat n€kolika zptisoby, ale obvykle jsou
rozdéleny podle jejich konstrukénich prvka (Sjostrom 1989). Ligniny se skladaji
pfevazné ze tii zdékladnich stavebnich kamenii  guaiacylu, syringylu
a p - hydroxyfenylovych skupin, i kdyz v mnoha odlisnych typech dfevin existuji i jiné
jednotky aromatického typu. Existuje Siroka variabilita struktur v rdmei riznych druhd
dfeva. Fenylpropan muize byt nahrazen na a, 3, nebo y pozice do riiznych kombinaci
spojenych éterem a uhliku na uhlikové vazby (Sakakibara a Sano 2000).
Degradace ligninu

Pfilnavost dfevénych transparentnich natéri béhem wvnéjsi expozice, a jejich
celkova trvanlivost, je siln¢ ovlivnéna rozkladem ligninu a extrakti v dusledku UV
a viditelného (VIS) spektra slunecniho svétla, pronikajiciho témito typy natért (Panek
a kol. 2019). Reakcim ligninu se vénuje pozornost z nékolika hledisek, protoze probihaji
i v kyselém prostiedi vlivem vysokych teplot a svétla (Tribulova a kol. 2016). Ve vztahu
ligninu (fotolyze + fotooxidaci), jelikoz lignin absorbuje 80-95 % zafeni. Tato degradace
je nejéasté]ji zptisobena sluneénim svitem a zejména jeho slozkou UV zaienim (fotolyza)
(Nikafshar a kol. 2021). Autor Dawson a kol. (2008) pouzil kyselinu peroctovou
k odstranéni ligninu z povrchu dieva (2-3 mm) a nasledné oSettil dievo transparentnim

vvvvv

2008). Autor Aloui a kol. (2007) pouzil k ochran¢ ligninu na povrchu dieva UV
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stabilizatory a potvrdil zvysenou trvanlivost. Pozitivni vysledky s ochranou ligninu mél

I autorsky kolektiv Rodrigues de Oliveira a kol. (2019).
Fotolyza ligninu

Fotolyza ligninu je zahajena absorpci UV zafeni s vinovymi délkami pod 200 nm
a Z oblasti 200 az 300 nm, s ur¢itym maximem pii 280 nm. U molekul s konjugovanymi
vazbami (napf. ,,aromatické jadro + dvojita vazba v propanové jednotce ligninu®) se
absorbuje i1 zafeni z viditelné oblasti spektra nad 400 nm (Feist a Hon 1984). Naptiklad
n — elektrony v nenasycené vazbé uhlikti C=C absorbuji zafeni s vinovou délkou A=190
nm, av§ak v ligninu v konjugovaném systému C,=Cg propanové jednotky s aromatickym
jaddrem (chromofor; -C=C-C=C-) dokéaze absorbovat i energeticky slabsi zateni s vétsi
vinovou délkou A=520nm (Reinprecht 2016). Obdobny vliv na sniZeni energie
absorbovaného kvanta zéafeni maji i funkéni skupiny s volnym elektronovym parem
(tzv. auxochromy) (Ksibi a kol. 2003). Molekuly ligninu se po absorpci zatfeni dostavaji
do energeticky bohatsich excitovanych stavi a snadnéji vstupuji do riznych chemickych
reakci. Zakladni principy excitace molekul kvantového zatfeni a nasledné tvorby radikalt
je vidét na piikladu a-karbonylové skupiny fenylpropanové jednotky ligninu na obrazku
4 (Reinprecht 2008).
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Obr. 4. Principy extrakce karbonylové skupiny v molekule ligninu kvantovym zafenim
(Upraveno dle Reinprecht 2008)

Excitovana a-karbonylova skupina (vzbuzeny aromaticky keton) lehce ptechazi
interkombinacni konverzi ze singletového do pomérné stabilngjsiho tripletového stavu
(Crestini a Dauria 1996). V tomto stavu se potom zapoji do intermolekulovych $tépeni
okolnich vazeb C-C, C-H a O-H v rtiznych molekulach dieva. Napiiklad vyvolava presun
vodiku na sebe z prostorové blizkého fenolového hydroxylu za tvorby dvou reaktivnich

radikala, fenoxylového a benzylového. Vzniknuté radikaly se dale zapojuji do riznych
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homolytickych reakci. Pti fotolyze ligninu jsou znamé i rozpady dalSich vazeb patrné na

obrazku 5 (Lanzalunga a Bietti 2000).

R R

hV A CH3a
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Rz CHs R:
R, R:

CHs

Obr. 5. Fotolyza ligninu — a — karbonylova skupina se nejprve excituje absorpci svétla, vaze
vodik z okolniho fenolového hydroxylu a nasledné vznikaji dva radikaly ,,benzylovy
a fenoxylovy“ (Upraveno dle Reinprecht 2016)

Fotooxidace ligninu

Lignin degraduje také procesem oxidace (fotooxidace) (Reinprecht 2008). Pii
oxidaci ligninti jehlicnatych dievin vznikd pfevazné vanilin a v malém mnoZzstvi
p — hydroxybenzaldehyd. Oxidaci lignind listnatych dievin  vznikd vanilin
a syringylladehyd (pozn. Syringaldehyd se také tvofi v dubovych sudech a extrahuje se
do whisky, které dodava kotfenité, koutové, horké a doutnajici aroma dieva) (Cogulet
2016).

Fotooxidace ligninu je intenzivni fotodegradoacni proces za ucasti kysliku
(zobrazeno na obrazku 6). Kyslik vinterakci skvantovym zafenim piechazi
ze zakladniho tripletového do aktivovaného singletového stavu (Pandey 2005). Takto
aktivovany kyslik lehko reaguje s radikaly ligninu a jinych organickych latek za tvorby
peroxidovych radikali, které nasledné vaZou vodik z okolni organické molekuly, a to za
vzniku organického radikalu a reaktivniho ligninového hydroperoxidu (R-O-O-H). Takto
se vytvari predpoklady na delsi fetézové reakce pies radikaly RO*, HO* a R* (Weir a kol.
1995).

hv

ROOH RH

Obr. 6. Proces fotooxidace ligninu
(Upraveno dle Rowell 2005)
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Kyslik dokaze reagovat i dvojnymi vazbami ligninu za tvorby karbonyld, riznych
chinont a jinych reaktivnich struktur vratné huminovych latek (pfirodni organické latky
vznikajici rozkladem rostlinnych zbytka) (Bonini a kol. 1998). Dusledkem
fotooxidacnich reakci, pii kterych roste podil chromofori a auxochromi v ligninu, je
postupné snizeni absorpce zafeni s vinovou délkou A=280 nm a narlst absorpce zareni
s vy$simi vlnovymi délkami (Waggoner a kol. 2017). Vlivem UV zafeni se v ligninu
zvySuje podil karbonylovych a karboxylovych skupin na tukor hydroxylovych
a metoxylovych (Williams a Feist 2001). Rozkladné produkty ligninu (organické
kyseliny, vanilin, syringyaldehyd a riizné vyssi molekulové latky) jsou polarni, s vodou
se ze dfeva vyplavuji. K zajimavym poznatkiim patii 1 zjisténi, ze viditelné svétlo
0 vlnové délce nad 400 nm nevyvola tmavnuti ligninu, jako je tomu pii UV zéfeni, ale
naopak jeho blednuti (Feist 1992). Obdobné reaguje lignin také s alkalickymi roztoky
nékterych tézkych kovi (Cu, Hg, Ag, Co). Zakladnimi produkty této oxidace jsou pak
aromatické aldehydy a aromatické karbonové kyseliny, nebo jejich smés (Reinprecht
2008).

Doprovodné latky ve drevé

Doprovodné latky dieva jsou latky nizkomolekuldrniho charakteru, které se
pravidelné v rizném mensSim mnozstvi vyskytuji ve dievé a nesouvisi se stavbou dievné
hmoty, i kdyZ tyto latky maji nesporny fyziologicky vyznam. Nadmérné mnoZstvi téchto
latek maze zhorsit zivotnost natérovych systému jejich chemickou reaktivnosti. Také
muze nastat zhorSeni pfilnavosti, v ptipadé tuki nebo mechanickym poskozenim, pokud
dojde k vyronu pryskyiic (Cervenka a kol. 1980). Dle Cervenky (1980) mizeme rozdélit
latky ve dfevé nasledujicim zplisobem:
- anorganické latky,
- extraktivni (eéxtrahovateln€) latky,
- pryskyfice dfeva.

Anorganické latky

Anorganicky obsah difeva se obvykle oznaCuje jako obsah popelu, ktery je
pfibliZnym méfitkem mineralnich soli a jinych anorganickych latek ve vlakné po
spalovani pfi mirné teploté 575 + 25 °C. Anorganicky obsah mlze byt pomérné vysoky
Vv lesich, obsahujici velké mnozstvi oxidu kiemicitého, nicméné ve vétSin¢ piipadl je
anorganicky obsah niZsi nez 0,5 % (Browning 1967). Toto malé mnoZstvi anorganického
materialu obsahuje Sirokou skalu prvku (Ellis 2000). Prvky Ca, Mg a K tvoii 80 %
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dfevniho popela. Tyto prvky pravdépodobné existovaly jako oxa-lates, uhli¢itany
a sulfaty ve dievé nebo byly vazany na karboxylové skupiny v pectickych materidlech
(Munir 2019). Dalsimi piitomnymi prvky jsou Na, Si, B, Mn, Fe, Mo, Cu, Zn, Ag, Al,
Ba, Co, Cr, Ni, Pb, Rb, Sr, Ti, Au, Ga, In, La, Li, Sn, V a Zr (Ellis 2000). N¢které z nich
jsou nezbytné pro rist dieva. Anorganické ionty jsou absorbovany do stromu pres kofeny
a transportovany po celém stromu. Autor Rowell (2021) déli rozlozeni 12 anorganickych
prvkl v rliznych ¢asti stromu (kofeny, ktra, dfevo a listy) a dospél k zavéru, Ze jak
celkovy anorganicky obsah, tak koncentrace kazdého prvku se Siroce 1isi mezi druhy.
Anorganicky obsah se li$i v zavislosti na podminkéch prostiedi, ve kterych strom Zzije

(Reimann a kol. 1965).
Extraktivni latky

Extraktivni latky (,,extraktiva“) jsou chemické latky ve dievé, které mohou byt
extrahovany pomoci n¢kolika rozpoustédel. V nekterych piipadech jsou extrakty
klasifikovany rozpoustédlem pouzitym k extrakci, napiiklad ve vodé rozpustnych nebo
toluen-ethanol a jeji rozpustné extrakty (Jansson a Nilvebrant 2009). Extraktivni latky
poskytuji dfevu pfirozenou trvanlivost zejména obsahem voskil a prvki kovl. Extrakty
jsou tvoreny buiikami parenchymu na hranici jadrového dfeva a bélového dieva, a poté
jsou vylucovany jamkami do sousednich bun¢k (Hillis 1996). Timto zptisobem je mozné,
aby mrtvé buniky byly uzavieny nebo infiltrovany extrakénimi latkami, a to navzdory
skutecnosti, Ze témto buiikdm chybi schopnost syntetizovat nebo akumulovat tyto
slouceniny samostatné (Rowel 2021). Obecné plati, ze jehlicnaté dieviny maji vyssi
obsah extrakti nez listnaté dfeviny, a vétSina extraktd jak v jehli¢natych dfevech, tak
v listnatych dievech se nachazi v jadrovém dievé (Gierlinger a kol. 2004). Tyto
chemikalie existuji jako monomery, dimery a polymery. Dodéavaji dfevu také
charakteristické zbarveni nebo vini (Donaldson a kol. 2019). MiZou ale zpusobit
I problémy, napiiklad pokud se pouzije dievo s vysokym obsahem hydrofobnich
extrak¢nich latek v kompozitu pojeném lepidlem na vodni bazi, mize dojit k slabému
nebo neuplnému lepeni, a to samé plati u natérovych hmot (Bockel a kol. 2019). Olejové
natérové hmoty, u kterych je zaddouci, aby se ,,vsakly* do dieva, nevytvoii dostatecny
film, jelikoz dfevina neni schopna natérovou hmotu pojmout nebo ji dokonce odpuzuje
(Cabalové a kol. 2022). Byla zji§téna uzka korelace mezi trvanlivosti dieva a obsahem

extraktiv (Eyinga Biwo61é a kol. 2022).
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Utinky extraktivnich latek na kone¢nou upravu dieva jsou viak obecné malé ve
srovnani s degradaci zpiisobenou zménami vlhkosti a povétrnostnimi vlivy. Nejbéznéjsim
Skodlivym tuc¢inkem extraktivnich latek je zména barvy povrchové tpravy (Bulian
a Graystone 2009). Ve vod¢ rozpustné extraktivni latky mohou migrovat s vlhkosti na
povrch dieva a odbarvovat natéry (Barton a MacDonald 1971). Barevné latky v pryskyfici
jaddrového dieva (rozpusténé v olejich a rozpoustédlech pouzivanych v natérech) také
zpusobuji zménu barvy (Laugiman 1959, Rowell 2012). Krom¢ toho nékteré chemikalie
rychle zhnédnou, az téméf zCernaji oxidaci, a zhorsuji vlastnosti povrchovych natéra
(Huff 1974). Dalsim nepfiznivym ucinkem je, ze extrakty zpomaluji tvrdnuti povrchové
upravy (Sjokvist 2019). Extrak¢ni latky rozpustné v etheru, zejména fenolické frakce
(Hanifah 2022), silné zpomaluji vytvrzovani nenasycenych polyesterovych pryskyfic.
Nékteré fenolické extraktivni latky v zapadnim Cerveném cedru puasobi jako ptirodni
antioxidant (stabiliza¢ni latka) na povrchu dieva (Feng a kol. 2019). Extraktiva negativné
ovliviuji smacivost povrchu. Vlivem oxidace mohou vyvolat chemickou reakci s natérem
nebo prodlouzit dobu vytvrzeni (Kropat a Hubbe 2020) Taniny (tfisloviny) reaguji s kovy
a zejména u dubu se na povrchu pii styku vytvati tmavé skvrny (Sivrikaya a kol. 2019).
Shirmohammadli a kol. (2018) popsal u dubu letniho vice nez 20 riznych
hydrolyzovatelnych taninti. Obsah tanini ma vliv na kyselost dieva (Zeidler a Bortivka
2016). U jadrového dieva dubu se pohybuji hodnoty pH okolo 3,0, narozdil od vétsiny
ostatnich dfevin, kde se pohybuji v rozmezi 4-5. Hodnota pH ovliviiuje adhezi natéru
ataké jeho vytvrzovani (Bulian a Graystone 2009). Autor Tondi a kol. (2013)
poznamenal, ze taniny vykazuji podobnou zranitelnost vici UV zateni jako u lignin, a to
1 presto, ze tanin mize docasn¢ chranit dfevo tim, Ze absorbuje UV svétlo, nakonec se
ovSem rozpadne.

Pryskyrice

Pryskyfice a tuky se skladaji z pryskyfi¢nych kyselin a mastnych kyselin. Mastné
kyseliny jsou estery s alkoholy, jako napiiklad glycerol. Pryskyfti¢né kyseliny maji volnou
funkci kyseliny karboxylové, které se nachazeji hlavné v jadrovém dievé (Yan a kol.
2020). Kyselina abietova je beézny typ kyseliny pryskyfice. Nejbézngjsi terpen

V jehlicnatych dievin je o-pinene a dal§i podobné chemické struktury. Jednim

vvvvvv

jadru. Lignany jsou kombinaci dvou fenylpropane jednotek a jsou b&ézné v jehli¢natych
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drevinach (Gottlieb a Yoshida 1989). Conidendrin se nachazi ve smrku a cedru (Kreibich

a Hemingway 1989).

3.2. Degradace dieva

Faktory souvisejici s degradaci jsou dulezité pii kazdé aplikaci dieva (Marais
a kol. 2022). Dievo jakozto prirodni material degraduje. Degradovat muize riznymi
zpusoby, piicemz kazdy druh degradace ma sva specifika (Hysek a kol. 2018).
Nejzakladnéjsi rozd€leni degradaci je na biotické a abiotické (Reinprecht 2008). Biotické
1 abiotické faktory hraji roli jako soucast komplexniho, propojené¢ho systému (Bjordal
2000). Pouziti dfeva je nasledné omezeno kvili jeho ndchylnosti k Cinitelim

degradujicim dievo (Marias a kol. 2022).
Biologicka degradace

Biologicka degradace dfeva hraje dilezitou roli v kolobéhu uhliku v ptirodé
a dfevo jako organicky material ji podléha (Marias a kol. 2022). Biologickou degradaci
dfeva zplsobuji zivé organismy, parazitujici na drevé. Napiiklad plisn¢, houby, hmyz
a bakterie, zptisobujici fyzikalni a chemické poskozeni (Evans 2015, Verbist a kol. 2019).
Dievokazné houby tvofi rozlehlé svazky hyf, které prortstaji dievem a svym
metabolismem rozkladaji chemické vazby, ¢imz zpusobuji ztratu pevnosti (Gabriel 2013,
Gandelova 2002). Dievokazny hmyz klade vajicka na povrch dieva, jeho larvy
vyhlodavaji dfevo pod povrchem a ve vétsi hloubce (Hejdova 2011). Plisné zptsobuji
hlavné estetické Skody, v exteriéru se podili na tzv. ,,S8ednuti dfeva“, a mohou negativné
pusobit na ¢lovéka (Panek a kol. 2019). Jejich vliv na mechanické vlastnosti je pouze
vyjimecny (Ptacek 2009). Plisn€é a dfevozbarvujici houby neposkozuji hlavni slozky
bunécnych stén — celuldzu, lignin a rozkladaji hlavné vedlejsi latky dievni hmoty, jako
jsou pektiny, cukry, a jiné (Reinprecht 2016). Autofi Oberhofenerova a kol. (2018) nebo
Hysek a kol. (2018) uvadi, ze napadeni plisnémi lze zastavit odstranénim vhodnych
podminek k jejich zivotu, vlhkého a malo vétraného prostiedi.
Abioticka degradace

Kromé biotické degradace pusobi na dievo také abioticka degradace, které je
nejcasteji zpisobena vlivem povétrnosti, tj. kombinaci mechanickych a chemickych vlivi
(Panek a Reinprecht 2016). Obvykle ptisobi vice Ciniteld najednou. Patii sem voda ve
vSech formach skupenstvi (véetné vodnich roztoki) a ptisobeni svételné i tepelné energie

(Reinprecht 2008). Degradaci podporuje i postupné mechanické opotiebeni zptisobené
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proudénim pevnych a kapalnych latek v atmosféie (Panek a kol. 2019). Voda synergicky
interaguje se slune¢nim zafenim a zptisobuje atmosférickou degradaci povrchu dieva, coz
zpusobuje zmény rozméri a deformace (Feist 1982). V procesu abiotické degradace
dochazi k rozruSovani mezibunéénych vazeb v okrajové vrstvé dieva (vznik trhlin ve
dfevé i mezi bunkami i v bunénych sténach) a naruSenim molekularni struktury
polysacharidd a ligninu (Reinprecht 2016). Zasadni vliv na degradaci povrchu dieva ma
slunec¢ni zafeni (zejména pak jeho slozka UV zafeni) a voda (Panek a kol. 2017). Energie
abiotického Cinitele plisobi v riznych formach, cemuz odpovida i zplisob a intenzita jeho
poskozeni, které je zobrazeno v tabulce 1 (Reinprecht 2008).

Tabulka 2 Abiotické poskozeni dieva v interiéru a exteriéru (Upraveno dle Reinprecht 2008)

Zpusob a intenzita poskozeni dfeva

Abioticky &initel (forma Vnitini prostredi Venkovni prostiedi
energie) Zpusob Intenzita Zpusob | Intenzita
Tepelna (intenzivni) Ohen Vyrazna Ohen Vyrazné
Tmavnuti Vyrazna Tmavnuti Vyrazna
Tepelna (mirnd) pokles pevnosti Mirna pokles pevnosti Mirna
Fotooxidace a
barevné zmény Vyrazna
Elektromagnetické Vylouhovani
kvantové zateni (UV a |Fotooxidace a fotooxidovanych
viditelné) barevné zmény Mirna lignint Vyrazna

Trhliny a opotiebeni Mirna

Povrchové
Mechanicka Trhliny a opotiebeni ~ Mirna rozvlaknéni drsnosti  Vyrazna
Rozvléknéni a Rozvléknéni a
zdrsnéni povrchu Mirna zdrsnéni povrchu Vyrazna
barevné zmény Mirna barevné zmény Vyrazna
pokles pevnosti Vyrazna
Chemicka pokles pevnosti Mirna Selektivni extrakce ~ Vyrazna

Slunecni zdareni

Expozice slunecniho zafeni na dfevo zpusobuje mnoho nevratnych zmén
Vv povrchové vrstvé dieva. Slunecni svétlo, které dopada na zemsky povrch, obsahuje tyto
druhy zafeni: viditelné svétlo (VIS) (energeticky tvoti 45 %), infraervené zateni (IR)
(50 %) a ultrafialové (UV) zafeni (5 %) (Buchner a kol. 2019).

Viditelné svétlo (VIS) a infracervené zdreni (IR) zplsobuje pouze mirny
fotodegradacni proces. Prinik zafeni je maximalné do hloubky 200 um od povrchu dieva.

Dopady téchto druhti zafeni na degradaci dieva nejsou zasadni (Wachter a kol. 2019).
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Ultrafialové (UV) zatfeni naproti tomu zpusobuje vyrazny fotodegradacni proces.
Ackoli UV zéfeni dopadé v riznych vinovych délkach, nejvétsi degradaci zptsobuje Cast
UV zafeni s krat$i vinovou délkou (Evans a kol. 2008). Prinik a absorpce zafeni, nebo
tvorba reaktivnich radikalt jsou procesy, které zptisobi degradaci dieva. Zafeni mize
proniknout az do hloubky 75 um od povrchu dieva (Panek a Reinprecht 2016). Aby foton
UV zafeni zpisobil chemickou zménu, musi byt jeho energie dostatecna k tomu, aby
zvysila jeden z elektront ve slouceniné z jeji zakladni energetické hladiny na vyssi
uroven, coz umoziuje ldmani nebo formovani chemickych vazeb (Wayne 1996).
Absorpce zafeni slozkami dieva (hlavné ligninem) vytvari excitované molekuly s vys$im
obsahem energie (Papp a kol. 2004). Uvolnéna energic z excitovanych molekul
a souCasny pribéh chemickych depolymerizacnich i jinych reakci, pfi kterych se
homolyticky $tépi kovalentni vazby (hlavné v ligninu) a vznikaji reaktivni radikaly,
zpusobi primarni fotochemické produkty, které poskozuji strukturu dieva (Poletto 2017).
Transport volnych radikalti hloubé&ji do dieva a prubéh fetézovych reakci za tvorby
dalsich volnych radikalt zptisobi sekundéarni fotochemické produkty, a to az do hloubky

2500 pm od povrchu dieva (Reinprecht 2016).
Voda (vSechna skupenstvi)

Voda obsazend ve dievé je podminkou pro rust dievokaznych hub a hmyzu
(Ptacek 2009, Panek a kol. 2017). Voda v riznych formach skupenstvi (kapalném, tuhém
I plynném) je dulezitou piic¢inou degradace dieva ve vztahu k rychlym zménam vlhkosti
na povrchu dieva a tim i jeho rozmér (bobtnani a sesychani), ptipadné vzniknutému
pnuti uvnitt dfeva, zapfiCinujici vznik trhlin. Vlhkost, ktera pfijde do kontaktu
s neoSetfenym dievem se rychle absorbuje kapilarnimi silami pfes povrchovou vrstvou
dieva (Gandelova a kol. 2002). Trhliny tvofi idealni prostiedi pro zménu zbarveni dieva,
a také pro napadeni plisnémi a nasledné rozvoj dievokaznych hub (Krzisnik a kol. 2018).
3.3. Zpiisoby ochrany dreva

Aby dievo vydrzelo déle a nedegradovalo nebo alesponi ne tak rychle, musi se
ochranit pred degradacnimi vlivy. Dfevo lze chranit fyzikalng, konstrukéné a chemicky.
Fyzikdlni ochrana dieva — jejim principem je regulace expozi¢nich podminek Gpravami
fyzikalnich parametri dieva, napiiklad nasakavosti, pH, teploty a dalsich (Josten a kol.
2010). Pripadné i Gpravou parametri okolniho prostiedi, aby biologicky skiidce nepiezil
(nebo alespon nebyl aktivni) a abioticky Cinitel nedegradoval dievo nebo se snizily jeho
nasledky (Stemberk 2019).
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Konstrukcéni ochrana — je zalozena na principech fyzikalni ochrany (Croituru a kol.
2018). Zakladem je vyuzivani vhodnych druhti dieva a dievénych materiald. Pokud je to
mozné vyvarovani se kontaktu se zemi nebo piimému plsobeni abiotickych skiidct,
napiiklad formou ptesahu stiechy (Panek 2015). Dale také vyuziti tvarové optimalizace
véetné ochrany kritickych mist konstrukce, proti vnikani vody nejen v kapalném,
ale i plynném stavu (Btincilova 2018).

Chemicka ochrana — je ochrana dieva pomoci chemickych prostiedki. Mizeme si pod
ni predstavit impregnace proti biocidnim skidcim (fungicidy, instekticidy) nebo
retardéry hofeni (Marek 2015). Mezi chemickou ochranu se fadi také natéry, které chrani
dfevo zejména proti povétrnostnim vliviim (druhotné i proti biologickym Skidctm,
protoze zabranuji vzniku vhodnych podminek pro jejich rozvoj a zabrafuji i napadeni)
(Zales a Gabriel. 2021). Pii chemické ochran¢ dochazi ¢asto k modifikaci podkladové

dieviny (Antuskova a Kucerova 2014).

Modifikace di'eva — pti modifikaci dieva se zamémné meéni struktura dieva v celém
prutezu nebo i jen povrchové vrstvy, s cilem zlepseni jeho vlastnosti (Reinprecht 2016).
Castym zpiisobem modifikace povrchu jsou acetylace nebo termickd modifikace (Hill
2006). Takto modifikované dievo v exteriéru se, ale kvili ukladani necistot a prachu do
své porézni struktury rychle zbarvi do Sedého odstinu (Turgut Sahin a kol. 2011). U
prvki, které se nevyskytuji v kontaktu se zemi (tfida 3 podle EN 350) je moZzné pouzit
modifikaci pouze povrchu dieva vrstvou ve formé natéru (Wang a kol. 2013). Natér méni
vlastnosti povrchu dieva, naptiklad barvu, lesk nebo smacivost povrchu, a proto se
I natéry fadi mezi modifikace dieva (Rowell a kol. 2010, Evans a kol. 2013, Panek
a Reinprecht 2016).

Povrchova modifikace podkladového dieva — ptilnavost natérii na dievo ma tendenci
vyrazn¢ ovliviiovat typ podkladovych dievin, obsah vlhkosti (Ahola 1995), drsnost
a zpusob zpracovani (Vitosyté a kol. 2012), polymerni zaklad natérd a pfidana aditiva
(De Meier 2005). Dlouhodoba trvanlivost povlakovych systému je nezbytna podminka
pro ochranu dfeva proti starnuti abiotickym zvétravanim (Cogulet a kol. 2018), ale také
proti starnuti bakteriemi, mikroskopickymi houbami, dfevokaznymi houbami a dalSimi
biologicky degradujicimi ¢inidly (Gaylarde 2011).

3.4. Natérové systémy na di‘evo

Dtevo Ize chranit natérem 1 ptfes jeho porézni strukturu (Panek a kol. 2019).

Natéry zabranuji usazovani prachovych ¢astic a jinych nec€istot v¢etné spor plisni do
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struktury (Scrinzi a kol.2011). Zaneseni pori v kombinaci se zménou barvy, zpisobenou
degrada¢nimi Ciniteli (slunce, voda, plisn¢ atd.), v relativné kratké dob& zplsobi
zeSedivéni (Evans a kol. 2015). V soucasné dobé je sice takové dievo, véetné jeho ¢asem
vzniklého plastického povrchu, vyhledavané nékterymi designéry a zakazniky (Danikova
2016), ale vSeobecné se snazime témto jeviim predejit. K zachovani pivodniho vzhledu
nebo barvy dieva je potieba pouzit vhodny transparentni (prithledny) pripadné
pigmentovany (kryci) natér (Reinprecht 2008). Nejbéznéji vyuzivanymi typy natért
Vv exteriéru jsou alkydové, akrylatové a olejové natérové hmoty (Panek 2015). Na obrazku

7 1ze vidét rozlozeni penetrované a filmové vrstvy natéru.

Tloustka
vrchni vrstvy

Hloubka penetrace

do dreva
a) Olej b) Tenkovrstva lazura obvykle ¢) Silnovrstva lazura
Alkydova obvykle Akrylova
Obr. 7. RozloZeni penetrované a filmové vrstvy natéru.
(Upraveno dle Tesaiova a kol. 2014)
Alkydové pryskyrice

Alkydové natérové latky jsou obvykle oleji nebo mastnymi kyselinami
modifikované polykondenzaéni polymery polykarboxylovych kyselin a polyalkohol
(Tomak a Gonultas 2018). Alkydové natéry vytvaieji na povrchu film nasledkem
autooxidace vysychavych oleji (Hysek a kol. 2018). Jedna se o t€kavé organické
slou¢eniny (VOC) uvoliujici Se pii vytvrzovani do ovzdusi. Proto je jejich pouziti
regulovano evropskymi piedpisy (Ifijen a kol. 2022). Proces tuhnuti je ¢asové naro¢ny
(mtize trvat ovSem i 24 hodin) a zavisi na teploté. Natérovy film je po vyschnuti tenky,
pruzny a celkové ma dobrou piilnavost k podkladu (Ali a kol. 2001). Alkydy Ize misit
S izokyanaty (uretanové alkydy), pryskyficemi (kalafunou) nebo akrylaty. Modifikace
alkydovych pryskyfic polyamidovymi pryskyficemi ma obvykle dopad na jejich
viskozitu, ¢imz vznikaji tixotropni alkydové pryskyfice (Sharmin a kol. 2016). Studie
Chakraborty a kol. (2009), Murillo a kol. (2011), Schonemann a kol. (2021) prokazaly,

ze hybridizace s uretanem muze zvysit houzevnatost, chemickou odolnost, odolnost proti
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odéru, UV odolnost alkydovych pryskytic a prodlouzit dobu schnuti. Adhezi a razovou
houzevnatost lze zvysit pfimichanim epoxidovych pryskyfic (Ling a kol. 2014, Nagy
a kol. 2021). Modifikace za ucelem zlepSeni barvostalosti probihaji oxidem titani¢itym
(Otabor a kol. 2019). Poméry téchto slozek urcuji finalni vlastnosti natéru (Reinprecht
a kol. 2020). Literarni analyza ukazuje, ze modifikace alkydovych pryskyiic mize zlepsit
jejich potencialni vyuziti v oblasti natérti na dievo.
Akrylatové polymery

Akrylatové natérové latky (obvykle silnovrstvé silnovrstvé lazury) vytvaii oproti
alkydovym (obvykle tenkovrstvym lazuram) vétsi vrstvu filmu, jak potvrzuje obrazek 7.
Akrylatové natérové latky vytvrzuji fyzikaln€ odpaienim rozpoustédla (Oltean a kol.
2010). V soucasné dobé¢ se vyrabéji nejcastéji vodou teditelné (disperzni) nebo méné
Casto roztokové (rozpusténé v organickych rozpoustédlech) (Oberhofenerova a kol.
2018). Soucasny trend se zaméfuje na natérové systémy na vodni bazi, bez obsahu
tékavych organickych slouc¢enin (Nguyen a kol. 2017). Pfipravuji se polymeraci estert
kyseliny akrylové a methakrylové. VyuzitimVvyuzitim riznych poméru téchto kyselin,
Ize ovlivnit fyzikalni i chemické vlastnosti (Lokaj a Vavrusova 2010). Nicméné
kopolymeru polyakrylatového segmentu jsou velmi citlivé na UV zéfeni (Griineberger
a kol. 2015). Studie Nguyen a kol. (2017) ukazuje pozitivni vliv modifikace akrylatového
natéru pomoci nanoéastic TiO2 a ZnO na fotostabilitu. Rezaei Abadchi a kol. (2022)
potvrzuje pozitivni vysledky pomoci nanocastic a dopliiuje i modifikaci benzofenolem,
ktery pomohl povrch chranit i pfi zkousce solnou mlhou a caste¢né zabranil rzi
a puchyikim na povrchu. Pro akrylatové natéry je charakteristicka dobra chemicka
odolnost, odolnost proti povétrnosti a zméné barevného odstinu (Hysek a kol. 2018). Jsou
sice pruzné, ale m&kké (Hejdova 2011). Ackoli jsou disperzni akrylatové natéry celkove
méng odolné nez roztokové, z divoda ekologie se vyrabéji vice (Hysek a kol. 2018).
Olejové natéry

Hlavnim elementem olejovych natérovych latek jsou ptirodni vysychavé oleje
rostlinného typu (Viitanen a kol. 1998). Pfirodni oleje tvofi smési triglyceridi vyssich
mastnych (nenasycenych) kyselin (Ziglio a kol. 2018). Oleje vytvrzuji chemicky
autooxidacni polymerizaci (Salgova a Dvotak 2009). Molekuly oleje reaguji se vzdusnym
kyslikem za vzniku hydroperoxidi, které se rozkladaji na radikaly iniciujici polymerizaci
oleje a vytvafi se trojrozmérnd sit’ (Sandberg 2016). Proces difuze kysliku do olejového

filmu je velmi pomaly a spodni Cast filmu zustava dlouho mékka (Tolvaj a Faix 1995).
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Z toho diivodu musi byt vrstva aplikovaného olejového natéru oproti ostatnim druhtim
natérd velmi tenka, pfiblizné 40-50 pm na horizontalnich povrsSich a na vertikalnich
dokonce jen 25-30 um (Zasimenko 2016). Pokud se aplikuje pfili$ silna vrstva, nebo dvé
vrstvy oleje piili§ kratce po sob€, mize dojit ke zvrasnéni olejového natéru, nebo
I nevytvrzeni (Hejdova 2011). Obzvlast’ pozor je tiecba davat u méné savych nebo
mastnych povrchi. Tento jev se vyskytuje naptiklad u exotickych dfevin (Wang a kol.
2019). Piimichanim takzvanych sikativ kovi (napf. kobaltu, olova), nebo nékterych
druhti pigmentt, lze urychlit vytvrzovani (sitovani) oleje (Sharratt a kol. 2009). Olejové
natéry jsou pruzné a dobfe odolavaji tvarovym zménam. Jsou ovSem méekké a oproti
nejlépe zachovaji ptivodni vzhled dieva, jsou nachylné ke ztraté lesku a barvostalost je
niz$i nez u ostatnich natérovych hmot (Hejdova 2011). Olejové natéry se také pouZzivaji
jako chemicky modifikované alkydy (naptiklad fermeze) (Panek a Reinprecht 2016). Lze
vyuzit i jako olejové barvy, které jsou suspenzi pigmentl a plniv v oleji modifikovaném
pryskyfi¢nou slozkou (Wang a kol. 2019). Diky své pruznosti se olejové barvy pouZzivaji
ve stavebnich a tesafskych vyrobcich. Vyhodou je i jejich snadna oprava (Oberhofherova
a kol. 2018).

3.5. Modifikace natérovych systémii

Celkova trvanlivost vnéjSich natérti je do znacné miry ovlivnéna typickym difevem
pod povrchem (Sivrikaya a kol. 2011), ale také povrchovou vrstvou a polymerem, ktery
je spojovan penetraci (De Meier a kol. 2001), a hlavné pouzivanymi ptisadami (Cogulet
a kol., 2018). Pigmentované natéry jsou vysoce trvanlivé, ale jejich nevyhodou je Gplné
zakryti puvodni kresby a barvy dieva (Vitosyté a kol. 2012). Naopak transparentni
(prihledné) natéry zachovavajici pivodni difevo maji ovSem nizkou Zivotnost (Evans
a kol. 2015, Panek a Reinprecht 2016). Hlavnim problémem je degradace téchto natért
slune¢nim zafenim, zejména pak jeho slozkou, UV zafenim. Infracervené ani viditelné
svetlo nemaji tak devastujici vliv (Gaylarde a kol. 2011). Mnozi vyrobci proto doporucuji
pouzivani lehce pigmentovanych natéri v odstinu oSetfované dieviny (naptiklad dubové
dfevo oSetfit natérem s odstinem dubu) (Dawson a kol. 2008). Timto kompromisem je
dosazeno relativniho zachovani kresby a vzhledu dieva s piijatelnou trvanlivosti (Cogulet
akol. 2018). Nedojde ke zméné barvy dieviny barvou natéru. Pigmenty téchto natéri jsou
schopny alesponi ¢astecné pohltit UV zéfeni (Herrera a kol. 2018). Dalsi moznosti, a to

zejména u transparentnich natérd, je pfimichani takzvanych UV absorbéri do natért,
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které pohlti UV zafeni a snizi poSkozeni natérového systému (Panek a kol. 2018). Je to
sice zlepSujici feSeni, nicméné ani tato modifikace sama o sob& nedokaze plné ochranit
transparentni natér v exteriéru (Gaylarde a kol. 2011). Trvanlivost dfevénych povrchia
vystavenych venkovnim podminkam Ize vyrazné zlepSit oSetfenim povrchu dieva
riznymi anorganickymi slouc¢eninami (Papadopoulos a kol. 2019). Nejucinnéjsi jsou
chemikalie obsahujici chrom a zejména ty, které obsahuji Sestimocny chrom. Dievo
oSetfené témito chemikaliemi vykazovalo vyrazné zvySenou odolnost vii¢i pfirozenému

venkovnimu povétrnostnimu procesu a nasledné zvySenou trvanlivost natéru (Rao a kol.

2019).

Povrch dieva mlize vyrazné ovlivnit adhezi (pfilnavost) natért a jejich celkovou
odolnost proti vn&jsimu zvétravani (Herrera a kol. 2018). Velmi ucinnou ochranu
podkladové dieviny zajistuji pigmentové natéry vyznacujici se relativné dlouhou
zivotnosti, které vSak zakryji pfirozenou kresbu dfeviny (Hysek a kol. 2018).
Transparentni natéry na dfevo =zatim takovou odolnost nemaji. V porovndni
S pigmentovymi snaze degraduji v exteriéru, kde jsou pln¢ vystaveny ptsobeni srazek,
slune¢nimu zafeni a jinym u¢inkiim degradace (Evans a kol. 2015). Z tohoto divodu
sméfuje zaméetfeni ¢im dal vice na transparentni natéry, které jsou modifikovany UV
absorbéry, stabilizatory HALS nebo ¢asticemi pigmentl (zobrazeno na obrazku 8) (Pizzi
a Mittal 2011, Oberhofnerova a kol. 2018).

Zvysit odolnost 1ze pomoci nékolika zpisobi:

a) povrchovd modifikace podkladového dieva pomoci nanocéstic, UV stabilizatort,
HALS (branéné aminové svételné stabilizatory) nebo fungicidu (Nair a kol. 2018),
b) modifikace samotnych natérovych hmot vhodnymi ptfisadami — UV stabilizatory,

HALS, nanocastice, transparentni pigmenty (Saha a kol. 2013),

¢) vhodna technologie nandseni natérovych systému (Forsthuber a kol. 2013) a pouziti

vrchnich hydrofobnich vrstev (Panek a kol. 2019).

hydrofobizaéni vrstva

komeréni natér
modifikaéni vrstva (UV-stabilizaéni)

podkladova dfevina (modfFin)

Obr. 8. Teoretické schéma natérového systému
(Upraveno dle Oberhofnerova a kol. 2018)
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Nanocastice

Nanocastice (zobrazeno na obrazku 8 ¢) se pouzivaji pro ochranu natéra pred UV
zatenim (Wang a kol. 2014). Modifikace nanocasticemi spociva ve zméné smaceni
zpisobené nanorozmérovymi strukturdlnimi zménami morfologie povrchu (Croitoru
a kol. 2017). Tyto metody pracuji na principu odrazivosti zafeni pomoci nanocastic, ¢i na
zakladé absorpce pomoci absorbéri (Weichelt a kol. 2010). NejpouzivanéjSimi
nanocasticemi pro ochranu povlaku pied fotodegradaci jsou nanocéstice oxidu
titani¢itého (TiO2) a oxidu zine¢natého (ZnO) (Kubovsky a kol. 2018). Vyhodou oxidu
titanicitého je mala toxicita a obtizné vyluhovani a obtizna degradovatelnost, nevyhodou
je obtizna dispergovatelnost ve vodou feditelnych natérech a potencialni fotokatalyticky
efekt (Burniston a kol. 2004). Oxid zine¢naty ma $iroké uplatnéni diky svym optickym,
elektrickym a tepelnym vlastnostem. Oxid zineCnaty chrani natéry ptfed UV zéafenim
a plisnémi (Feng a kol. 2019). Neutralizuje kyseliny vzniklé pfi oxidaci povlaku (Lykidis
a kol. 2018). Nanocastice ZnO jsou dobie rozpustné v natéru, zvysuji barevnou stabilitu
a stabilizuji lesk (Fernardo 2004). Oxid zine¢naty ma index lomu 2,0, ktery je velmi
blizky indexu lomu pruhledného polymeru (ktery je 1,5), a proto méd maly vliv na
prithlednost povlaku (Salla a kol. 2012). Nevyhodou je, Zze muze zptsobovat zvySeny
vznik prasklin filmu béhem venkovni i umélé laboratorni expozice (Mikleci¢ a kol.
2015). Polovodivé nanocastice, jako je TiO2 a ZnO, jsou diky své elektronové struktuie
fotoaktivni a absorbuji UV zateni (Nikolic a kol. 2015). Vysoka fotoaktivita v§ak mize
vést k fotokatalytickému chovani, které je u nanoc¢astic ZnO niz§i nezZ u nanocastic TiO2
(Faure a kol. 2013). Fotokatalytické chovani vede k tvorbé volnych radikald, které mohou
soucasné degradovat organicky material, ve kterém jsou rozptyleny nanocastice, a ktery
ma chranit pred UV zafenim (Ren a kol. 2010, Ding a kol. 2011, Chen a kol. 2015).
Fotokatalytické chovani se vyuziva pii vyrobé samocisticich povlakl (naptiklad natéry

od firmy FN NANO www.nanospace.cz 6.12.2022). Aby ale byly u¢inné v natérech

chrénicich pfed UV zéafenim, musi byt nanocastice chrdnény povrchovymi Gpravami
organickymi nebo anorganickymi inertnimi materialy (Allen a kol. 2002). Nanocastice
TiO2 se ukazaly jako uc¢inna UV ochrana pro aplikace akrylovych natéra (Tsuzuki a kol.
2012). Dale Ammala a kol. (2002) zjistili, ze nanocastice ZnO poskytuji vynikajici
odolnost vuci degradaci UV zafenim ve srovndni s organickymi absorbéry pti vhodnych
urovnich zatizeni. Zhou a kol. (2005) uvedli, ze UV-stabilita nanokompozitnich natéra

zavisi nejen na vlastnostech nanocastic, ale také na jejich disperzi. Kromé toho
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nanocastice ZnO vykazovaly nejlepsi vlastnosti stinéni proti UV zafeni pro natéry ve
srovnani s nanocasticemi SiOz a TiO».

UV Stabilizato

UV stabilizatory (zobrazeno na obrazku 9 a) se pouzivaji jednotlivé nebo
Vv kombinacich, aby se zabranilo oxidaci, Stépeni fetézcli, nekontrolovanym
rekombinacim a sitovym reakcim, které jsou zpusobeny fotooxidaci polymera (ligninu)
(Boxall a kol. 1984). UV absorbéry rozptyluji absorbovanou svételnou energii z UV
paprskii jako teplo reverzibilnim intramolekularnim ptfenosem protonti. To snizuje
rychlost zvétravani (Nikoli¢ a kol. 2015). Nejvyuzivanéjsim UV stabilizatory jsou
benzotriazolové UV absorbéry. V ¢irych natérech jsou ucinné pii prevenci barevné zmény
(Zloutnuti) modifikovanych akrylatovych a polyuretanovych ¢irych natérit (Chang a kol.
2000, Chou a kol. 2008) a polyesterového ¢irého natéru (Shenoy a Marathe 2007). Kromé
toho studie Changa a Choua (2000) prokazala, ze pfidani benzotriazolového UV
stabilizatoru do bezbarvych natérti mize také snizit jak zabarveni podkladového dieva,
tak i bezbarvého natéru. Stejny benzotriazol UV stabilizator, pouzity v téchto studiich,
byl také G€inny pfi inhibici praskani ¢irého natéru na vzorcich jedle a evropského dubu,
vystavenych zrychlenyému povétrnostnim vlivim (Aloui a kol. 2006). Piedpoklada se,
Ze tento pozitivni efekt je zptsoben schopnosti UV stabilizatoru modifikovat elasticitu
povlaku a zabranit jeho kiehnuti pii vystaveni UV zafeni a vodé (Nikoli¢ a kol.
2015). Absorbéry UV se obecné ptidavaji v mnozstvi 1 % az 5 % pro stabilizaci ¢irych
natért na dievo, pouzivanych Vv exteriéru, nebo je lze pouzit i v nizsi koncentraci, pokud
jsou v kombinaci s aminovym svételnym stabilizatorem (HALS) (Hayoz a kol. 2003).
HALS radikalové lapace

UV stabilizator nechrani oblast blizko exponovaného povrchu natérového filmu,
jak naznacuje Lambert-Beeriv zdkon. Ztoho divodu se vyuzivaji k potlaceni
degradacnich reakci vznikajicich volnych radikalt za pouziti sféricky stinénych amint
nebo-li ,,hindered amine light stabilizers* (= HALS - radikalové lapace, zobrazeno na
obrazku 9 b) (Guo a kol. 2017, Yu a kol. 2010). Zachycuji volné radikaly v blizkosti
povrchu a pomahaji tak ptedchézet povrchovym defektiim. Vzhledem k tomu, ze zddny
z UV stabilizator neni urcen pro stinéni vinovych délek nad 400 nm, protoze musi zlstat
bezbarvy, doporucuji Schaller a Rogez (2007) pouzit stabilizator ligninu, ktery zabranuje
fotooxidaci ligninu a vede tak ke zlepSeni barevna stalost dievéného povrchu. Aktivni

slozka stabilizatoru ligninu je zaloZena na specialnich monomernich derivatech HALS,
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které zachycuji radikaly vznikajici na povrchu dfeva viditelnym svétlem (Forsthuber
a Grull 2010).
Hydrofobni natéry

Hydrofobni natéry odpuzuji vodu, samy o sob¢ ale vétSinou nedokazi zajistit
dostate¢nou ochranu povrchu dieva (Panek a kol. 2017). Neochrani podkladové dievo
pied povétrnostnimi vlivy, obzvlasté pak pred ptisobeni UV zafeni a viditelnymi (VIS)
spektry zpusobujicimi rozklad ligninu a vyplavovani extraktivnich latek. Jejich
vyplavovani je spojeno s vizualnimi barevnymi zménami (Ghosh a kol. 2009).
Hydrofobni natéry se snazi zachovat piivodni vzhled a odpuzuji vodu diky Spatnému
smaceni povrchu oSetfené¢ho dieva. Jsou vétSinou penetracni, hydrofobni funkci zajistuji
vosky, olejové slozky, nanocastice anebo jejich kombinace (Cogulet a kol. 2018).
Principem vyuziti hydrofobnich natéri je jejich aplikace jako vrchniho natéru pro
zamezeni synergického pusobeni sluneéniho zateni a vody (Turkulin a kol. 2006, Grull
a kol. 2014). Hydrofobni natéry maji vyhodu snazsi aplikace a nizs§i ceny ve srovnani
s jinymi modifikacemi, a navic zachovavaji pivodni vzhled dieva, ¢imz pozitivné
ovlivituji lidské vnimani (Ikei a kol. 2017). Vyvoj nanotechnologii umoziuje nové
hydrofobni povlaky (Samyn a kol. 2014). Daji se vyuzit jako vrchni natér aplikovany na
jiném natéru. Tyto kombinace natérii (natérové systémy) jSou postupné stale vice
vyuzivanou ochranou dieva proti povétrnostnim vliviim, coz potvrzuji vysledky mnoha
védeckych studii, jako napiiklad De Windt a kol. (2014). Pro stabilizaci dieva se
pouzivaji hydrofobni natéry v kombinaci s ochrannymi pigmenty, které se pouzivaji
Vv jednotlivych vrstvach natéru, jakoZ i nanocastice, UV stabilizatory a HALS aplikované

v ochranné penetraéni vrstvé, zobrazeno na obrazku 9 (Grull a kol. 2014).

uv UV+VIS UV+VIS

ol

Obr. 9. Schematické znazornéni principu G¢inku UV ochrany — UV absorbéri (a) HALS (b)
a nanocastic (c) pro sniZeni degradacniho uc¢inku slune¢niho zaf'eni na povrchové vrstvy dieva.
a) zareni absorbované a pieménéné na tepelnou energii pomoci UV absorbéri; b) Skodlivé volné
radikaly absorbované a neutralizované HALS; c) zafeni odraZené a rozptylené nanocasticemi

(Upraveno dle Panek a kol. 2018)
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3.6. Starnuti natérovych systémiu

Aby bylo mozné ovéfit vlastnosti natérovych systémt, provadi se jejich
regulované starnuti za podminek danych normou EN 927 (2019). Tato norma nam dava
moznost starnout natéry dvéma zakladnimi zptsoby, ptirozenym starnutim (EN 927-3)
aumélym urychlenym starnutim (EN 927-6, nebo ISO 15110). Cetné védecké prace,
napiiklad publikace Chang a Chou (2000), Huang a kol. (2012), Oberhofnerova a kol.
(2018) byly zaméteny na predikovani degradace dfeva a materiali na jeho bazi venku.
Zminéni autofi provadé€li testy umélého zrychleného starnuti v klimatickych komorach
(UV komora, Xenonova komora). Vyhodnocovali poskozeni zplisobené umélym
starnutim S pozitivnimi vysledky, nicméné zkousSky pfirozenym starnuti jsou stale
realistitéjsi (Moya a kol. 2017). Zkousky pfirozenym starnutim probihaji mnohem
pomaleji, protoze vzorky jsou vystaveny podminkam, které jsou blize praktickému
pouziti, jak uvadéji rizni autofi, jako naptiklad Valverde a Moya (2010), Gonzalez de
Cademartori a kol. (2015), Tomak a Gonultas (2018) a Panek a kol. (2018). Vyzkumna
prace Oberhofnerové a kol (2018) potvrdila, Ze 12 tydnt v komorach zrychleného starnuti
simuluje 24 mé&sich starnuti v pfirozenych podminkach. Pravé délka expozice se ukazuje
jako nejvetsi handicap ptirozeného starnuti. Rozdilné vysledky jsou vSak dosazeny
i v zavislosti na misté expozice (Valverde a Moya 2010). Hlavni rozdil testovani
V pfirozenych exteriérovych podminkach, oproti testim provadénym laboratorng, je
kontaminace biotickymi $kidci, zejména plisnémi (Gupta a kol. 2011).

Prirozené starnuti

Zkouska ptirozenym starnutim je zakladni zkouskou trvanlivosti natért (Arpaci
a kol. 2021). Zobrazena je na obrazku 10 a je definovana normou CSN-EN 927-3. Vzorky
jsou umistény Ve specialnich stojanech pod tihlem 45°, vyvysené nad zemi, nasmérované
K jihu. Béhem zkousky jsou vzorky vystaveny pusobeni kompletniho spektra slune¢niho
zateni (UV, IR, VIS), vod¢ ve vSech formach skupenstvich, i ostatnim abiotickym vliviim
a kontaminaci biologickymi sktdci (de Meijer 2001). Norma definuje celkovou odolnost
natéru podle zmén posouzenych vizudlné a zejména podle zmén ochrannych vlastnosti
natéru, vyhodnocenych po 12 mésicich expozice (Mattos a kol. 2014). V praxi se bézné
vyuziva del$i doba testovani (od 2 az do 5 let) a Castéjsi méteni hodnot vlastnosti (kazdych
6 mésict), protoze po 12 mésicich nemusi byt zfejma degradace testovanych natéra
a natérovych systémt (Kropat a kol. 2020). Nejvyraznéjsi zmeény nastavaji okolo 24

mesict, v zavislosti na druhu natéru ¢i dieviny (Mikleci¢ a kol. 2017).
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Obr. 10. Pfirozené starnuti di‘eva
(Panek a kol. 2018)

Umélé zrychlené starnuti

K rychlej§imu testovani se pouziva takzvané zrychlené umélé starnuti. To se
provadi v UV komofe a Xenonové komote (,,Xenotestu*) (De Avila Delucis a kol. 2016).
Testovani v Xenonové komoie realisti¢téji sSimuluje ozafeni prvki v exteriéru ve srovnani

s testovanim v UV komote, ale v UV komofte jsou navic vzorky namahany kondenzaci,

.....

UV komora

UV komora (obrazek 11 a) je zakladnim nastrojem pro testovani degradace natéra
z pohledu odolnosti vici UV zéfeni ve spojeni s namahanim kondenzaci, postiikem
vodou a zvySenou teplotou (Kalnins a Feist 1993). Za ti¢elem optimalni simulace pocasi
v komote dochazi ke stiidani cyklti definovanych normou CSN EN 927-6 (2019) pro
umgélé starnuti. Vzorky jsou béhem zkousky namahany kondenzaci vihkosti na povrchu.
Kondenzaéni prostiedi se vyuziva jako simulator rosy. Tolvaj a Mitsui (2004) uvadi, ze
doba ovlhéeni povrchil byva v redlnych podminkach velmi vysoka, ¢asto pies 50% ro¢ni
doby, a kondenzace vody ma na degradaci natéru vétsi vliv nez dést. Komora je navrzena
tak, aby testované vzorky zaroven tvorily bo¢ni stény komory, takze jejich zadni stranu
(umisténou smérem ven z komory) neustale ochlazuje vzduch v laboratofi (20 £ 2 °C).
Uvniti komory je teplota vyssi a tim padem dochazi k neustalé kondenzaci na testovaném
povrchu vzorku. Dale se pravidelné opakuji cykly postiiku vzorka (pfi bézné teploté

Vv laboratofi a bez UV ozafeni) a ozafovani UV lampami (pfi zvySené teploté, bez
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posttiku, pouze kondenzace). Postiik vzorkd demineralizovanou vodou simuluje t¢inky
dest¢ a dochazi k vyplavovani produkti degradace. Stiidani teplot v kombinaci
S postiikem zpusobuje mirné mechanické namahani vzorka (Fukuta a kol. 2018). Ozareni
lampami typu ,,UVA-340+“ simuluje slunecni svétlo Vv Casti ultrafialového spektra
s kratkou vinovou délkou od kritické hodnoty 365 nm do mezni vinové délky 295 nm.
Tato Cast slunecniho spektra nejvice degraduje material. Popis parametr jednotlivych
cyklu je v tabulce 3.

Tabulka 3 Testovaci cykly UV komory dle normy CSN EN 927-6 (2019)

Krok | Funkce Teplota Doba trvani Podminky
1 Kondenzace (45 +/-3) °C 24 h -
2 Kombinace kroku 3 + | - 144 h skladajici se ze 48
4 cykli po 3 hodinich |
skladajicich se z kroku 3 a
4
3 uv (60 +/- 3) °C 2,5h Nastavena  hodnota
ozafeni 0,89 W/(m?
nm) at 340 nm
4 Postiik - 0,5h Od 6 I/min do 7
I/min, UV zafeni
vypnuto

Testovani v této komote probiha dle CSN EN ISO 16474-3 (Natérové hmoty —

Metody vystaveni laboratornim zdrojiim svétla — Cast 3: fluorescenéni UV lampy).

Chlazeni vzduchem Xenonova lampa Vodni postfik

mistnosti \

Postfikovaci
tryska

Rizeni
intenzity
zafeni

Opticke filtry
UV Lampy

Testované vzorky

Testované
vzorky

Cerny panel

Testované

vzorky

Zvedaci dvefe

OHRIVANA VODA Okysli¢ovaci
VA — | oo pruduch

Zékladna Topeni

a) b)
Obr. 11 Princip zrychleného starnuti, UV komory (a) princip Xenonové komory (b)

(Upraveno dle https://www.thermoline.com.au/quv-accelerated-weathering-tester/ 22. 9. 2019)

Xenonova komora

Xenonova komora (obrazek 11 b) simuluje degradace putisobené vlhkosti

azejména sluneénim zafenim v celém spektru zafeni (UV i IR), ¢imZ je zajisténo
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realistiCt€jsi ozafeni nez v pripadé UV komory (Reinprecht a Grznarik 2015). K simulaci
zateni jsou pouzity xenonové vybojky, jejichz zafeni Ize modifikovat optickymi filtry.
Ptiklady filtrii a hodnoty ozéfeni v zavislosti na vinové délce jsou znazornény na obrazku

12.

4.0
35
3.0
25

20

ZARENi (W/m?*/nm)

05

0.0

250 300 350 400 450 500 550 600 650 700 750 800
VLNOVA DELKA (nm)
Exteriérové Sluneéni zafeni Denni svétlo Denni svétlo Rozsifené UV Filtr okenniho
sluneéni zafeni za oknem vysoké zareni filtry skla

Obr. 12. Zavislost hodnot ozafeni na vlnové délce

Upraveno dle Q-LAB (dostupné z https://www.g-lab.com/products/q-sun-xenon-arc-test-
chambers/g-sun-xe-3 18.9.2022)

Xenonové svétlo simuluje slune¢ni zafeni realisticky pouze v ptipadé
dlouhodobého testu. Fotoindukované Zloutnuti dieva je rychlejsi a vétsi v piipadé
kratkodobého vystaveni xenonovému svétlu nez u slune¢niho zatfeni (Liu a kol. 2019).
Podle vyzkumu Tolvaj a Mitsui (2004) vykazoval pocet karbonylovych skupin
generovanych ultrafialovym svétlem absorbujicich infradervené svétlo kolem 1700 cm™
a béhem FTIR analyz, dobrou korelaci s fotoindukovanym zloutnutim. Na druhé strané
rtutové svétlo nenapodobovalo sluneéni svétlo (Dzurenda a kol. 2022). Rtutova lampa
vSak muze byt pouzita jako silny UV zafi¢ (Sharratt a kol. 2009). V komoie je,
v zavislosti na druhu testu (definovanych v normach, naptiklad 1SO 15110), mozné
nastavit zvySenou teplotu, nebo teplotni cykly k vyvolani teplotnich Sokt. Vzorky jsou
ulozeny oproti UV komote vodorovné a volitelny postiik destilovanou vodou poskytuje

simulaci pisobeni vlhkosti a mechanické eroze (Reinprecht a Supina 2015).
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3.7. Vybrané vyhodnocované vlastnosti natérovych systému

Aby bylo mozné posoudit celkovou Zivotnost natérového systému, vyuziva se
meéteni charakteristickych vlastnosti. VétSina autord zabyvajici se problematikou natér
mezi zakladni fadi zménu barvy, lesku a smacivosti povrchu (Panek a kol. 2018, Cogulet

a kol. 2018, Oberhofnerova a kol. 2018, L.ukomski a kol. 2022).
Méreni zména barevného prostoru podle CIE Lab

Sledovani barev pouze smyslovymi vjemy je velmi subjektivni. Citlivost vnimani
ma u riznych osob velmi odlisnou uroven (Hall a kol. 2013). Dalsim vlivem je vné&jsi
osvétleni a celkové svételné podminky v ¢ase pozorovani. Za ucelem moznosti urCovani
a méteni zmény barev byla vyvinuta metoda vyuzivajici trichromatickou soustavu CIE
(Baar a Gryc 2012). Timto zptusobem lze jakoukoliv barvu viditelného spektra rozlozit na
zakladni slozky barvy X, Yy, Z — takzvané kolorimetrické soufadnice zobrazené na obrazku
13 (systém CIE Lab znaceny L, a, b) (Bohnert a kol. 1999). Systém CIE rozklada barevné

spektrum do trojrozmérnych soufadnic L, a, b, kde:
L* je jas, nebo svetlost barvy od 0 (¢erna) do 100 (bila),
a* je souradnice s odstinem mezi cervenou (+ 60) a zelenou (— 60),

b* je souradnice s odstinem mezi zlutou (+ 60) a modrou (- 60).

bila
+L*

Zluta
+b*

*

zelena +a
cervena

cerna

Obr. 13. Barevné spektrum
(Upraveno dle Panek a kol. 2019)

Celkové barevné zmény AE* (CIE 1986) se vyhodnocuji podle rovnice (1)
relativni barevnou zménou (AL*, Aa*, and Ab*) dle tabulky (4) (Sluzker a kol. 2011):

AE* = \/(AL*)2 + (Aa*)? + (Ab*)2 1)
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Tabulka 4 Tabulka barevnych zmén dle normy EN 927-3(2020)

0.2> AE neviditelny rozdil

0.2 <AE <2 maly rozdil

2 <AE <3 barevna zména viditelnd s vysoce kvalitnim filtrem
3 <AE <6 barevna zména viditelnd s stfedné kvalitnim filtrem
6 <AE <12 vysoké barevné zmény

AE> 12 odli$na barva

Méreni zmény lesku

Lesk povrchu je schopnost natéru odrazet svételné paprsky podle Snellova zakonu
lomu z hlediska makroplochy jeho povrchu (Polacéek 2003). Lze provést méfeni pii
uhlech 20°,60°,80°. Nejvice vyuzivané je meéteni pii uhlu 60°, ktery je pouzitelny pro
vSechny typy nétér, thle 20° ke pro vysoce lesklé natéry a uhle 85° pro natéry s nizkym
leskem, matné natéry (Panek 2015). Rozdé&leni povrcht podle lesku se stanovuje méfenim
odrazeného svétla pii uhlu 60° postupem stanovenym CSN EN ISO 2813. Dle této normy

se rozlisuji tyto tfidy lesku znazornéné v tabulce 5.

Tabulka 5 T¥idy lesku (CSN EN ISO 2813)

matny koeficient odrazu do 10

polomatny koeficient odrazu od 10 do 35
pololeskly koeficient odrazu od 35 do 60
leskly koeficient odrazu od 60 do 80
vysoce leskly koeficient odrazu vétsi nez 80

Trvanlivot natéru je leskem ovlivnéna v malé mifte. Na leskly povrch se zachytava
mensi mnozstvi necistot a 1épe se Cisti. Tim se mize prodlouzit trvanlivost ptivodni barvy

a barevného odstinu natéru. Obvykle lesk klesa starnutim (Panek 2015).
Meéfeni kontaktniho ihlu

Smacivost kapaliny na povrchu je vyjadfena tzv. thlem smaceni neboli
kontaktnim thlem (Scheikl a Dunky 1998). Kontaktni thel je vyjadien uhlem svirajicim
mezi tecnou k povrchu kapky (naznaceno na obrazku 14), vedenou v bodé styku kapky
s povrchem (Benkreif a kol. 2021). Uhel (o) mensi nez 90° je definovéan jako smacivy,
hydrofilni povrch (Obrazek 12a) a tihle (B) vetsi nez 90° jako nesmacivy, hydrofobni
(Obrazek 12b). Smacivost povrchu je ovlivnéna n€kolika faktory. Nejvyznamnéjsi se jevi
drsnost a absorpce povrchu (Martha a kol. 2020). Absorpci povrchu zasadnim zptisobem

ovlivituje povrchova tprava (Modifikace povrchu/natérovy systém). Vhodné zvolenou
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upravou povrchu lze z dobie absorbujiciho materialu jako je dievo, vytvofit material
hydrofobni (Jankowska a kol. 2018). Odpudivost vody ma vliv na odolnost povrchu.
Material dobte absorbujici kapaliny je nachylny k vyplavovani latek nanesenych k jeho
ochrang, latek jeho vlastni struktury (napiiklad extraktivni latky dieva) nebo i muze
zpusobovat hydrolyzu povrchu materidlu. Cilem modifikace je, aby byl kontaktni thel
Vv probehu jeji zivotnosti idedln€ konstantni, ptipadné dochédzelo jen k malym zméndm

(Jankowska a kol. 2020).

Okolni vzduch

4

Tuhy povrch

Okolni vzduch

B
L2444 S

b) Tuhy povrch

Obr. 14. Smacivost povrchu, (a) smacivy povrch, (b) nesmacivy povrch
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4. Metodika

V nasledujici ¢asti prace je uvedena metodika, kde je popsan postup piipravy
vzorkd a charakterizovany pouzité pfistroje dle zkuSebnich postupi. Dieviny byly
vybrany na zakladé udaji popsanych v kapitole 2.3. Neosettené vzorky jednotlivych

dfevin lze vidét na obrazku 15.

Smrk ztepily Modiin opadavy Dub letni

Obr. 15. Vybrané d¥eviny

Zvolené dieviny

Pro tuto disertacni praci byly zvoleny 4 druhy dievin. Z diivodi uvedenych nize

v textu byly vybrany vzorky dievin dubu letniho, modtinu opadavého a smrku ztepilého.
Dub letni (Quercus petraea L.)

Vlastnosti dubového dieva jsou Siroce oceniovany (Hrcka 2019). Dubové dievo se
vyznacuje trvanlivosti proti biologickym poskozenim, a proto se vyuziva v exteriéru (Vv
podobé mostl, pergol, balkoni nebo zahradniho nabytku) na druhé stran¢ ma vsak
problematickou reakci na natéry v disledku komplikované morfologické struktury
s velkymi otevienymi cévami (Wagenfiihr a kol. 2007) a relativné vysokym obsahem
ttislovin, které ovliviuji Zivotnost aplikovanych natéri. Dub obsahuje pomérné vysoké
mnozstvi fenolovych extraktl, zejména vescalaginu, kastalaginu, galskych a ellagovych
kyselin (Zahri a kol. 2007), coz zptisobuje problémy v oblasti trvanlivosti povrchové

upravy (Sivrikaya a kol. 2011; Arpaci a kol. 2021).
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Modyiin opadavy (Larix decidua L.)

Modfiinové dfevo se vyznaCuje pomérné vysokou prfirozenou odolnosti proti
biologickému poskozeni (EN 350 2016), hustotou, pevnosti a esteticky hodnocenou
texturou a barvou (Grull a kol. 2016). To zatazuje modfinové dievo jako vhodné pro
venkovni pouziti— napf. fasady, ploty, okna, terasy, zabradli atd. — avS$ak 1 pro vyuZiti
v interiéru napt. schodiste, podlahy nebo masivni nabytek. Modiin evropsky je dfevina s
vysokym obsahem kyselin a extraktivnich latek (zejména pryskyfic a arabinogalaktanti)
(Bergstedt a Lyck 2007), coz komplikuje aplikaci natérovych systému a zachovani jejich
dlouhé¢ Zivotnosti (Oberhofnerova a kol. 2019).

Smrk ztepily (Picea abies L.)

Smrk ztepily je béznd a velmi vyznamna dievina predevsim ve stfedni Evropé,
pouzivand na prumyslové a stavebni konstrukce, mosty, nabytek, hudebni nastroje,
sportovni nacini a dalsi vyuziti. Jeho nevyhodou je niz$i ptirozend odolnost a je velmi
Spatn€ impregnovatelny. Jedna se ovSem o nejvice vyuzivanou doméci dievinu (Rowell

2005).
Priprava zkuSebnich téles

| pfesto, ze na kazdém zkuSebnim télese probihalo n€kolik méfeni bylo potieba,
pro kazdou testovanou proménou minimaln¢ 4 télesa, aby v pifipadé znehodnoceni
nedoSlo ke ztrat€ dané proménné. Material na vyrobu zkuSebnich téles byl pofizen od
dodavatele z Jiznich Cech, kde prob&hl i prvotni pofez na hrubé ptitezy, z divodi lepsi
manipulace. Material byl ve formé& hrubych ptifezii uskladnén ve skladu feziva, kde
probéhlo piirozené suSeni dieva v hrani (vlhkost do 20 %). Piirozené suSeni bylo zvoleno
z diivodil vétsi Setrnosti k materialu, tak aby se sniZilo riziko vzniku vnitinich trhlin
vV materialu, které by mohly ovlivnit vysledky. Primérné klimatické podminky v obdobi
vyzkumu jsou uvedeny v tabulce 4. Nasledn¢ bylo fezivo Vv klimatické komote dosuseno,
pii podminkach 20 + 2 °C a relativni vlhkosti vzduchu 65 £+ 5 %, na vihkost 12 + 2 %,
kterou definuje norma. Z prirezi byly vymanipulovany vady (suky, praskliny a smolniky)
a nepiili§ trvanlivé bélové dfevo do maximalni normou pfipustné miry. Rozméry
zkuSebnich téles byly ve dvou velikostech podle typu starnuti. Vzorky pro pfirozené
starnuti mely rozmér 378x78x20 mm (podélny x tangencialni x radialni) a vzorky pro
zrychlené umélé starnuti 150x38x20 mm (podélny x tangencialni x radidlni). Schéma
rozmérd je patrné na obrazku 17. Orientace vlaken je znazornéna na obrazku 16 a vychazi

z normy EN 927-3. U jadrovych difevin (Dub, Modiin), majicich bélovou ¢ast jen velmi
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uzkou, bylo dbano na to, aby bél nebyla blize nez 10 mm k testovanému povrchu
a orientace vlaken byla mezi 5° - 45° (vztazeno k testované plose). U smrku bylo cilem
omezit obdobn¢ oblast vyzralého dieva. ZkusSebni vzorky byly standartné piebrouseny
brusnym papirem zrnitosti 120, jelikoz tento zpusob zajistuje nejlepsi adhezi, jak je
vysvétleno v kapitole 3. Celni plochy viech téles byly utdsnény nepropustnou vrstvou
(nejcastéji transparentnim silikonem), aby nedochazelo k ovlivnéni vysledki nadmérnym
pfijmem vlhkosti. Bo¢ni a zadni strany byly natieny vzdy stejnym zptsobem jako

testované plocha.

=S
SN

Obr. 16. Pfiklad vzorky s jadrovym dievem
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Obr. 17. Vzorky dle nomy EN 927-3 (2019) pro piirozené starnuti (a), vzorek dle normy EN 927-

6 (2019) pro umélé starnuti (b) (zelené oznacena vrstva natéru).

V tabulce 6 jsou uvedeny referenc¢ni hodnoty zkusebnich téles. Kazda testovana
sada obsahovala dva referencni vzorky bez povrchové upravy, aby bylo mozné
vyhodnocovana data vztahnout k podkladové dieving, a tim ovéfit efektivnost ochrany.
Na zékladé reSerSe a odborné diskuse se zastupci komercnich firem byly vytypovany
rizné druhy komer¢nich natéri. Informace uvadéné vyrobci byly pred zahajenim
testovani zkuSebné otestovany v komoife pro zrychlené starnuti, aby bylo mozZné

vyselektovat rizné druhy.
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Tabulka 6 Zakladni vlastnosti testovanych di‘evin

Druh Piirozena Barevné parametry (dle EN | Lesk Kontaktni
testovaného trvanlivost 927-3) uhel
dieva (dle EN 350)

L a b
Dub letni 2 72,42 10,53 23,03 8,0 60,9
Modfin 3-4 71,83 11,05 22,07 6,5 479
opadavy
Smrk ztepily 4-5 83,76 3,79 19,67 14,1 76,8
Pozn. Pfirozena trvanlivost byla pievzata dle normy EN 350, kdy 1 znadi nejvyssi pfirozenou
trvanlivost a 5 nejnizs$i. Hodnoty uvedené byly ureny z méfeni 10 referenénich vzorki barvy,
lesku a kontaktniho tihlu.

Znaceni vzorkii

Kazdy vzorek mél své unikdtni oznaceni. Piiklad oznaceni je mozné vidét na
obrazku 18. Na testovanych mistech pak vzdy byla provadéna meéfeni, tak aby nebyly

vysledky ovlivnény heterogennosti materialu.

Obr. 18. Piiklad oznaceni mist na vzorku a oblasti méieni — zelenou pro spektrofotometr,
modrou pro leskomér

Stanoveni vybranych vlastnosti
Méieni zmény barvy

Zména barvy byla vyhodnocovana podle EN 927-3 (2019) pomoci
spektrofotometru Konica Minolta CM 600d (Konica Minolta Inc., Osaka, Japonsko)
zobrazeném na obrazku 19. Pro pozorovani odrazu byla zahrnuta zrcadlové sloZka (reZim
SCI) pod thlem 10° a geometrii d/8 se standardem osvétleni D65 (odpovidajici dennimu
svétlu v 6500 K). Pro kazdou dobu zvétravani bylo provedeno osm meéteni na vzorku.

Mg¢feni probihalo na 8 oznac¢enych mistech kazdého vzorku.

49



== [CONICA MINOLTA

Obr.19. Spektrofotometr KONICA MINOLTA
Méieni zmény lesku
Lesk riiznych druhti natéra pred, béhem a na zavér zkousek povétrnostnich vlivii
byl méfen na zakladé EN ISO 2813 (2014) pomoci leskoméru MG268-F2 (KSJ,

Quanzhou, Cina) (Obrazek 20), nasledné byla vyhodnocovana zména. Méfeni probihalo

na 4 oznac¢enych mistech kazdého vzorku.

Obr. 20. Leskomér MG268-F2

Méieni zmény kontaktnich thli

Kontaktni thel vody na te¢nych plochach testovanych vzorkl byl méfen pomoci
goniometru Kriiss DSA 30E (Kriiss, Hamburg, Némecko) (obrazek 21). Byla pouzita
metoda piisedlé kapky, deset méfeni na vzorku bylo provedeno pted a po 6 a 12 mésicich
NW s kapkami destilované vody s davkovacim objemem 5 pL. Méteni probihalo vzdy na

10 mistech kazdého vzorku na ptfedem oznacenych mistech.
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Obr. 21 Goniometr Kriiss DSA 30E
Makroskopické a mikroskopické hodnoceni

Povrchy vzorkt byly periodicky testovany a rovnéz byly vyhodnocovany
makroskopické zmény pomoci skeneru Canon 2520 MFP s rozliSenim 300 DPI (Canon,
Tokio, Japonsko). Vizualné byly analyzovany vzniky trhlin, defoliace nétérovych
systémi. Mikroskopické strukturdlni zmény natérovych systémi a povrchu vzorku,
tvorba ruptur, napadeni plisnémi a 3D-obrazy povrchovych profili byly také studovany
pomoci konfokalniho laserového skenovaciho mikroskopu Lext Ols 4100 (Olympus,

Tokio, Japonsko) se 108nasobnym zvétsenim (obrazek 22).

Obr. 22 Konfokalni mikroskop OLYMPUS (a) porizeny snimek zdegradovaného povrchu (b)

Pozn. ,,Cerné kuli¢ky* na obrazku (b) jsou spory plisni na povrhu vzorku vystavenému
dvouletému zatiZeni piirozeného starnuti
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Metody starnuti natéri

Starnuti zkuSebnich téles probihalo prvotné v komorach (Obrazek 23) pro
zrychlené starnuti. Komory pro zrychlené starnuti byly kombinovany s klimatickou

komorou, zatézujici vzorky extrémnimi teplotami od -20 + 2 °C do 80 + 2 °C.

a) b)

Obr. 23 Komory pro zrychlené starnuti
a) UV komora b) Xenonova komora

Vysledky byly porovnavany s daty naméfenych pfirozenym zptisobem starnuti.
Stojany byly umistény smérem na jih dle pozadavkii normovaného testovani.

Klimatické podminky

Klimatické podminky, které by mohly ovlivnit pribéh a rozsah degradace, jsou
uvedeny v tabulce. V tabulce 5 jsou uvedeny za posledni 4 roky, kdy probihalo testovani.
Data byla namétena meteostanici CzZU a jsou dostupna

z http://meteostanice.agrobiologie.cz/ (4.12.2022).

Tabulka 7 Primérné ro¢ni hodnoty

Rok Primérna teplota | Primérna relativni | Celkové  srazky | Primérné slunecni
(°0) vlhkost vzduchu | (mm) zateni (kJ/m?)
(%)
2018 11,14 66,72 379,00 11899,30
2019 10,95 68,19 443,10 11387,02
2020 10,56 68,61 574,80 11169,72
2021 8,92 72,38 568,93 10416,25
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Statistické vyhodnoceni

Ziskana data byla zpracovana standardnimi statistickymi metodami a softwary.
Pomoci softwaru MS EXCEL 2018 (Microsoft, USA) probéhlo prvotni zpracovani dat.
Nasledovalo vyhodnoceni v programu Statistica 14 (StatSoft, USA). V softwaru
Statistica byly vyhodnocovany data, k cemuz byly vyuzity funkce (pramér, smérodatna
odchylka, analyza rozptylu ANOVA) pii stanovené hladin¢ vyznamnosti 0=0,05. Pfed
samotnym vyhodnocenim pomoci ANOVA jsme vyloucili odlehlé hodnoty pomoci
Dean-Dixonuv testu, dale jsme potvrdili normalitu dat pomoci histogrami, a poté byla
vyhodnocena homogenita rozptyli pomoci F-testu (Fisher). Tam, kde se potvrdila
statisticka vyznamnost pomoci ANOVA jsme hodnotili i post-hoc testy (Tuckey). Pro
néktera vyhodnoceni se vyuzil Spearmantv korela¢ni koeficient. Statisticky
vyhodnocovany byly zejména zmény barvy (vCetné jejich jednotlivych casti), lesku
a smacivosti povrchu, v zavislosti na vyznamnosti téchto proménnych a jejich faktort

ovliviiyjicich jako jsou naptiklad druh dieviny a modifikace povrchu.
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5. Syntéza vysledkii publikovanych ¢lanki

Vysledky préace jsou uvedeny formou souhrnu ¢lankt publikovanych v ¢asopisech
védecké databaze Web of Knowledge a databaze SCOPUS. V této kapitole jsou

predstaveny vysledky mé disertacni prace. Jednotlivé separaty ¢lankt jsou v kapitole 8.

Jak bylo piiblizeno Vv reSerSni Casti, celkovou odolnost natérového systému
ovliviiuje fada faktord. Jednim znich je samotnd podkladova dievina. Prvni studie
(,,Influence Of Wood Species On Quality Of Exterior Transparent Acrylic Coating During
Outdoor Exposure®) se zabyva vlivem zakladni dfeviny na celkovou zivotnost
a stalobarevnost vybrané vodou feditelné akrylatové venkovni barvy. Pro tuto studii byly
zvoleny vzorky dieva smrku ztepilého (Picea abies L.) a dubu letniho (Quercus robur
L.). Tyto dieviny byly zvoleny z divodi jejich vSeobecné rozsifeného vyuzivani, a také
jakozto druhu dievin, které vhodné reprezentuji listnaté dieviny (Dub letni) a jehli¢naté
(Smrk ztepily). Vzorky byly oSetfeny komerénim akrylatovym natérovym systémem,
ktery je oblibenym zptisobem ochrany dieva proti povétrnostnim vliviim p#i venkovnim
pouziti, coz vyplynulo zdiskuse sodbornou vefejnosti. Akrylatovy silnovrstvy
transparentni natér na vodni bazi s fungicidem (5-chlor-2-methylisothiazol-3(2H)-on)
a UV stabilizatory (na bazi benzotriazoli) byl aplikovan ve dvou vrstvach (kazda vrstva
v mnozstvi 120 g.m-2). Vzorky byly vystaveny vné&jsim povétrnostnim vliviim podle EN
927-3 (2000) po dobu 6ti a 12ti mésicu. Vysledky ukazaly, ze trvanlivost testovaného
natéru byla vyssi u smrku. Vliv podkladové dieviny na celkovou Zivotnost a barvostalost
zvolené akrylatové vodou feditelné venkovni natérové hmoty je ziejmy a tento
piedpoklad byl tedy potvrzen. Transparentni natéry na venkovni dfevo, zejména dubu
letniho (Quercus robur L.), maji celkové nizkou zivotnost, a i z tohoto davodu jim je
v dal§i Casti prace vénovana vétsi pozornost. Presto byla u dubového dieva zjisténa
vyrazna barevna zmeéna zpusobend fotodegradaci zédkladniho dfeva, a to z diivodu jeho
svétlejsiho odstinu. Tohle je shrnuto v tabulce 8, ktera ukazuje negativni vliv dubu na

celkovou zivotnost testovaného natéru.
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Tabulka 8 Vliv podkladové di‘eviny na Zivotnost natérového systému

Doba Smrk — Referenéni Smrk — Osetieny

testovani

- -

6 mésich

o _
Dub — Referenéni Dub — Osetieny

o _

o _

12 mésict

Efekt podkladového dieva byl prokazan nejen na barvostalosti natéru, ale i na
hodnotach lesku a smacivosti povrchu, ktera byla vyhodnocena pomoci kontaktniho Ghlu.
Klesajici tendence téchto hodnot potvrdila, a to dokonce v takové vyznamnosti, ze
hodnoty smacivosti nebylo mozné po urcité dob¢ jiz misty testovat. Na zaklad¢ nékolika
praci se potvrdila hypotéza, ze je dub letni obecné komplikovanéjsi na povrchovou
upravu natéry, zejména transparentnich s vétsi pruhlednosti (Evans a kol. 2015, Aloui
a kol. 2007). Efekt je jesté vyrazn&jsi u stromu s vysokym obsahem extraktivnich latek
a nerovnomérnou morfologickou strukturou (Griill s kol. 2014, Griill a kol. 2016).
Vysledky potvrzuji, Ze u poréznich dievin s velkymi cévami, jako je dub, dochazi lokalné
vlivem povétrnostnich vlivli k pronikdni natéri a v téchto dfevinach natéry rychle
degraduji a je nutna jejich rychlejsi obnova (Simtinkova a kol. 2022). Opomenout nelze
ani ztratu prilnavosti natéru pro pisobeni povétrnostnich vlivi, nebot’ jde o komplexni
jev, souvisejici nejen se zménou povrchovych charakteristik jednotlivych dievin ale
i jejich fotodegradaci (Hochmanska-Kaniewska a kol. 2022), a tim i s depolymerizaci

a ztratou vnitini soudrznosti natérového systému (Evans a kol. 2015). Preduprava
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povrchu, jak uvadi Forsthuber a Griill (2010) formou plni¢a port mize vyrazné ovlivnit
1 odolnost natéru na dubu.

Ve studii ,,Influence Of Different Exposition Of Larch Wood Facade Models On
Their Surface Degradation Processes ““ byly testovany vlastnosti neoSetfeného modfinu
(sibifského 1 evropského) umisténych do modelt fasad, které byly vystaveny

piirozenému starnuti po dobu 24 mésict (povrch dieva po testu zobrazen na obrazku 24.).

a) Poskozneni prasklinami b) Pozkozeni vyronem prysky¥ice

Obr. 24 Zdegreadovany povrch mod¥inu

Testované modely byly orientovany na jizni a severni svétovou Stranu. Na
modelech byly sledovany zmény barvy, lesku a kontaktniho thlu smaceni. Zmény barev
byly vyznamné u vSech modeld, ale obecné nejvyrazngjsi celkové barevné zmény
vykazovaly fasadni modely ze sibifského modiinu. Z hlediska typu expozice se ukazala
severni svétova strana, jako nachylnéjsi k vyskytu plisni, a to kvili vyssi primérné
vlhkosti. Také tato svétova strana vykazovala vyssi barevné zmény oproti jizni svétové
strané¢, kterd byla ovSem nachylnéjsi na vyron pryskyfice. Pryskyfice ma zejména svym
vyronem negativni vliv na odolnost natérového systému. Tato studie pfispéla k pochopeni
problematiky degradace povrchu modiinu evropského a sibifského V exteriérovych

podminkach.

Na zakladné vysledku této studie byla navrzena metoda fizeného vyluhovani
doprovodnych latek, ktera je aplikovana v ¢lanku ,,Effect of Larch Wood Extractive
Leaching on Accelerated Weathering Aging Durability of Oil-Based Coatings “. Dievo
modiinu ma obecné vyssi obsah doprovodnych latek, zejména pryskyfice, coz ma za
nasledek diverzifikované parametry adheze natérové hmoty. Tyto latky se ovSem
z povrchu dieva casem vyplavuji (=vyluhuji — zaleZi na individualnim vykladu). Nulovou

hypotézou tedy bylo ,,Vyluhovanim doprovodnych latek lze zvySit Zivotnost natért‘.
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V nasledujici studii tedy byly hodnoceny vlivy fizené degradace povrchu dieva ptred
aplikaci natérového systému. Vzorky modiinového dieva (Larix decidua, Mill.) byly
vystaveny piisobeni exteriérovych p¥irodnich vlivii v Praze (Ceska republika) podle EN
927-3 (2020) po dobu 10ti a 20ti tydnt. Referencni vzorky byly zabaleny do alobalu
aulozeny do klimatiza¢ni komory. Vzorky takto stafeny byly nasledné sterilizovany
v autoklavu, z divodu mozné kontaminace povrchu plisnémi, kterou bylo nutné vyloudit.
Zkusebni vzorky byly oSetfeny dvéma olejovymi natérovymi systémy, které byly vybrany
na zakladé jejich vlastnosti (V-420 a V-429). V dalsim kroku byly vystaveny umélému
starnuti v UV komote podle EN 927-6 (2019). Testovani probihalo v pfedem
stanovenych ¢asovych intervalech 0, 1, 3 a 6 tydni, coz piiblizné odpovida 0, 2, 6 a 12
mésicim v exteriéru. Hodnocenymi faktory byla zména barvy, lesku a smacivosti
povrchu. Vysledky ukazaly mirn¢ kladny vliv vyplaveni povrchu v délce trvani 10ti tydnd
pted aplikaci natérového systému. Tento vyzkum potvrdil, Zze pokud odstranime
z povrchu dfeva latky, které snizuji kvalitu pfilnavosti povrchové tpravy (naptiklad
mastnota ve formé tuki nebo pryskyfic) dojde k lepSimu zesitovani natérové hmoty
s podkladovou dfevinou a zvysi se tim 1 celkova odolnost natéru, nebo alespon jejich
¢asti. Tato umyslnad degradace povrchu nesmi ovSem trvat pfili§ dlouhé ¢asové obdobi,
jako zlomové se da oznacit 10 tydnt. Pti zvétravani povrchu 20 tydna doslo ke snizovani
efektu, ¢i dokonce k efektu opacnému. Zavislost starnuti povrchu pied nanosem natérové
hmoty vykazovala nejptiznivéjsi hodnoty u hodnoceni parametru zmény barvy. | zde
plati, ze pokud byl povrch vyplavovan pted natérem po dobu 10ti tydnti, byly celkové
barevné zmény nejmensi, coz je pozitivni vysledek. U parametru zmény barvy
pokracoval zlepsujici se trend i pro vzorky po 20ti tydnech vyplavovani, které vykazovaly
niz§i hodnoty této hodnotici charakteristiky. Byl tedy pozorovan pozitivni trend
modifikace. Vysledky potvrzuje fakt, ze i ptes rozdilné vysledky z pohledu zvoleného
natéru (V 420 x V429) mélo vyplaveni po dobu 10ti tydnt vzdy pozitivni vysledky.
Vyplavovani povrchli dfevin kladné hodnoti 1 fada autorti jako naptiklad Feist a kol
(1990) nebo Cogulet a kol. (2018). Zminéni autofi prokazali mensi barevné zmény u
vzorkid, které byly pred aplikaci natérové hmoty vyplaveny. Za plnohodnotnou
alternativou k modtinu lze povazovat douglasku, ktera je sice neptivodni, introdukovana
dfevina, ale ma potencial nahradit ubyvajici ptivodni druhy dievin (smrk, modiin). Svou
produkci je pfirovndvana k ostatnim jehli¢natym dfevindm, oproti modiinu mé ale nizsi
obsah pryskyftice (Zeidler a kol. 2022). Zde lze spatiit dalsi mozné sméry vyzkumu

a porovnat vlastnosti spojené s Zivotnosti natérovych hmot.
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Efektem prvotni upravy podkladového dieva za predpokladu prodlouzeni
zivotnosti transparentnich natéri se zabyvala studie ,, Caffeine and TiO» Nanoparticles
Treatment of Spruce and Beech Wood for Increasing Transparent Coating Resistance
against UV-Radiation and Mould Attacks®. Byl zde testovan kofeinovy roztok a roztok
komeréniho piipravku ,,FN-NANO® FN-1* s pfimési nanoc¢astic TiO2 rozpusténych ve
vodni disperzi. Pouziti nanoc¢astic TiO2 je zajimavou moznosti pro zvysSeni biorezistence
soubézné s fotostabilizaci dieva a pouziti kofeinu je ekologickou alternativou. Studie byla
realizovana na dieviné smrku a buku. Pro tuto praci jsou podstatné vysledky na smrku,
a proto mu bude vénovana vyssi pozornost. Smrk byl zvolen, protoze se jedna o Casto
vyuzivanou dfevinu v naSich klimatickych podminkach. Vzorky byly po aplikaci
modifikace osetieny olejovymi a akrylatovymi natéry. Starnuti natérového systému
probihalo pomoci umélého zvétravani v UV komote a trvalo celkem 6 tydnd. Analyza
degradace prob&hla pomoci charakteristik zmény kontaktniho uhlu (roztokem destilované
vody), lesku a barvy. Na zkuSebnich télesech probéhla analyza makroskopickych
i mikroskopickych zmén viditelnych na obrazku 25. Vedlejsim efektem pro tuto praci
bylo zvyseni odolnosti ristu plisni, kde byl v n€kolika ptipadech viditelny pozitivni efekt

oSetieni nanodasticemi Ti0Ox.

a) b)

Obr. 25. Porovnani a) neosetfeného a b) osetfeného povrchu roztokem 10 % FN-NANO

Na zaklad¢ vysledkt lze ke zvySeni celkové Zivotnosti transparentniho
akrylatového natéru doporuc¢it modifikaci povrchu smrkového dieva 15% roztokem
disperze FN-NANO® anebo 2% roztokem kofeinu. U olejového natéru nebyl sledovan

%

pozitivni ucinek oSetieni. Niz§i koncentrace ochrannych latek nebyly dostateéné uc¢inné
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a nebyl potvrzen ani synergicky efekt pouziti kombinace roztokt. Pozitivnich efektt
aplikace nanocastic TiO2 dosahli také autoti Wang a kol. (2014) a Panek a kol. (2018).

Dfevo oSetfené natérem ma v exteriéru tendenci podléhat pomérné rychlému
znehodnoceni, obzvlasté v piipadé dubu. To je zptisobeno mimo jiné i snizenou odolnosti
vuci destové vodé, ktera podporuje i dalsi degradacni procesy, napiiklad vyplavovani
extraktivnich latek. Vrchni hydrofobni vrstva mtize zvysit odolnost vici vod¢, a proto se
dal§i studie =zabyvala vyuzitim hydrofobnich nétérd. Vysledky experimentt
byly publikovany v ¢lanku ,,Effectiveness of Two Different Hydrophobic Topcoats for
Increasing of Durability of Exterior Coating Systems on Oak Wood “ v néz se potvrdilo,
Ze naté€rovy systém S vyuzitim hydrofobni vrstvy mize mit vliv na celkovou Zzivotnost
dubu v exteriéru pozitivni i negativni. V tomto experimentu byly jako vrchni vrstvy
testovany dva hydrofobni natéry na odlisné bazi, syntetické a vodou feditelné akrylatové
pryskyfici s voskovymi piisadami. Vrchni hydrofobni vrstvy byly naneseny na 24
riznych natérovych systému (na akrylové, alkydové i olejové bazi) a jako podklad bylo
vyuzito dubové dievo. Starnuti natéru probihalo v UV komote pro umelé zrychlené
zvétravani a trvalo 6 tydnu. Mezi sledované charakteristiky patfily zmény barvy, lesku,
smaceni povrchu a byly provedeny mikroskopické analyzy natiranych povrchii béhem
zvétravani. Z analyzy vysledkii vyplyva pozitivni vliv vrchni hydrofobni vrstvy. Tento
vysledek potvrzuji i autofi Panek a Reinprecht (2014) nebo Turkulin a kol. (2006), ze se
ve vetsing piipadi zvysSuje odolnost testovanych natérovych systémi. Ukézalo se vsak,
Ze Ucinnost dvou testovanych hydrofobnich vrchnich natért je odliSnd v zavislosti na
konkrétnich pouzitych natérovych systémech. V piipad¢ olejovych tenkovrstvych
systému byl potvrzen pozitivni vliv pigmentl na celkovou zivotnost a barevnou stalost,
coz je v souladu s dal§imi studiemi De Windt a kol. (2014) a Simtinkova a kol. (2019).
Polotransparentni olejové natéry byly obecné barevné stabilnéjsi a zachovaly si relativné
dobrou hydrofobnost v porovnani s ostatnimi testovanymi druhy natért, ale byly
nachylnéjsi ke ztraté lesku. V piipadé€ pigmentovaného oleje bez vrchni hydrofobni vrstvy
dochazelo k rychlému vyluhovani natéru a ztraté funkénosti. Vrchni natér s hydrofobnimi
pfisadami na bazi vodou feditelné akrylatové pryskytice mél ptiznivéjsi vysledky nez
synteticky (alkydovy) hydrofobni vrchni natér. Na zdkladé testovanych variant 1ze obecné
doporucit aplikaci vrchni hydrofobni vrstvy na olejové a méné na akrylatové natéry.
Ptestoze experiment piinesl nékteré pozitivni vysledky, zachovéani ptirozené barvy
a textury dubového dieva nebyl vzdy optimélni. Vhodnost hydrofobni vrstvy potvrzuje
I obrazek 26, kde je nazorné prezentovan vliv hydrofobni vrstvy.
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a) b)

Obr. 26. Povrch oSetfeny hydrofobni vrstvou a) a neoSeti‘eny b)

V praci ,,Comparison of Exterior Coatings Applied to Oak Wood as a Function of
Natural and Artificial Weathering Exposure bylo testovano 0Osm ruznych
transparentnich a pigmentovanych natérovych systémil (konkrétné olej, akrylat, alkyd
a uretanalkyd). Tyto natérové systémy byly aplikovany na dubové vzorky a testovany
pomoci umélého a pfirozeného povétrnostniho typu starnuti. Hlavnim cilem bylo
porovnat oba druhy starnuti. Hodnocen¢ byly zmény barvy s dal$imi kritérii jako je lesk,
smacivost povrchu a pfistrojové hodnocenymi vizualnimi i mikroskopickymi zménami.
Pigmentované natéry mély vyrazné€ nizsi barevné zmény nez transparentni, a to jak pro
umélé, tak pro ptirozené povétrnostni vlivy. Celkovy barevny rozdil nejvice souvisel se
zménou parametru barevného spektra , L svétlosti. Olejové natéry byly barevné
stabilnéjsi, akrylatové natéry dosahovaly nejlepSich (nejmensich) vysledkti zmén lesku
a smacivosti, zmény lze pozorovat na obrazku 27. Autoii Turkoglu a kol. (2015)
i Reinprecht a Panek (2015) shodné tvrdi, Zze celkova hodnota barevné zmény je
charakterizovéna systematickym naristem béhem expozice s vy$s§imi zménami béhem
pocatecnich fazi zvétravani. Toto tvrzeni potvrdily i vysledky této studie. I kdyz byly
nekteré¢ vizudln€é pozorované podobnosti ve vysledcich testi vzorkili exponovanych
umélému a pfirozenému starnuti, nebylo to statisticky potvrzeno. Pro prokazani vztahu
byla provedena Spearmanova hodnostni korelace, kterd ukazala statisticky vyznamny
vztah mezi vysledky po umélém a ptirozeném starnuti pouze pro zmény lesku U vSech
testovanych natért (polotransparentnich i transparentnich) a smacivosti povrchu
u transparentnich natéri. Navzdory ziejmym vyhoddm umélého zvétravani, vysledky

poskytované touto metodou stale postradaji spolehlivost ptirozeného zvétravani.
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Obr. 27. Testované povrchy a) pied vystaveni zvétrani b) po 6 tydnech umélého starnuti
Pozn. Ref — Reference; AC — arylovy natér; AL — alkydovy natér; O — olejovy natér; S —
synesteticky (uretanalkyd) natér

Pro zvyseni odolnosti transparentnich exteriérovych natérii je mozné pouzit
povrchovou Upravu dieva UV stabiliza¢nimi latkami, ¢emuZ se vénovala dalsi ¢ast prace
,,Durability of the Exterior Transparent Coatings on Nano-Photostabilized English Oak
Wood and Possibility of Its Prediction before Artificial Accelerated Weathering “. Byly
vytypovany kombinace povrchovych tprav pomoci UV stabilizéri, benzotriazolt
s HALS a nanocastic ZnO, TiO2. Smési aplikovany na dubové dievo (Quercus robur, L.)
tfemi typy transparentnich natérovych systémi (alkyd, akryl a olej). Hlavnim cilem této
prace byl vyzkum interakce mezi riznymi povrchovymi Gipravami, zvysujici fotostabilitu
dfeva. Na takto upravenych povrsich byla nasledné hodnocena povrchova volna energie
pomoci kontaktniho tthlu smaceni, drsnost povrchu a také zmény barvy a lesku. Interakce
byla analyzovana po 6ti tydnech zrychleného umélého zvétravani. Byl prokazan pozitivni
vliv povrchové tipravy UV ochrannymi latkami, zejména smesi benzotriazold s HALS
a nanocastic ZnO (obrazek 28) na vSechny druhy natért, pricemz nejlepsi vysledky byly
pozorovany u interakce se silnovrstvym vodou feditelnym akrylatovym natérem
anejhorsi interakce u tenkovrstvé syntetické lazury. Perspektivni je vyuziti nanocastic
s multifaktoridlnim G¢inkem nejen pro UV, ale 1 pro bioochranu venkovnich
exponovanych dievénych povrchd, kterou potvrzuje i Papadopoulos a kol. (2019). Jako
vyhodnéjsi se jevi pouziti kombinaci UV stabilizac¢nich latek pro podkladové dievo nebo
vrchni natérové systémy nez pouziti kazdé z nich samostatné. Prace Rao a kol. (2019)
potvrdila pouziti kombinace nanocastic ZnO s benzotriazoly a tato prezentovana studie

také kombinace benzotriazoli s HALS a nanod¢astic ZnO.
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Obr.28 Mikroskopicky snimek dokazujici navazané nanoc¢astice ZnO na povrch di‘eva

a) bez obsahu nanoc¢astic ZnO b) s obsahem nanocastic ZnO

Metoda rychlé pocatecni predikce je uzite¢na ve vyzkumu zaméteném na zvySeni
trvanlivosti transparentnich natérovych systémi pomoci upravy podkladového dieva. To
umoziiuje na zacatku eliminovat nevyhodné a nel¢inné varianty z urychleného
laboratorniho i dlouhodobého pfirozeného testovani starnuti natért. Byla potvrzena
moznost predikce celkové trvanlivosti natérového systému na modifikované dieviné
pomoci smacivosti aplikované kapkou natéru. Pro potvrzeni obecné platnosti pouzité
metody vSak bude nutné otestovat a potvrdit vysledky pro jiné druhy dievin, jiné typy
uprav povrchu a dalsi typy natérovych hmot. Naopak vliv zmény povrchové volné energie
dfeva a zmény drsnosti v diisledku upravy neodpovidaly zménadm v celkové zivotnosti
testovanych natérovych systému. Na obrazku 29 (pro akrylovy natér) a 30 (pro olejovy
natér) lze vidét porovnani mezi predikovanou hodnotou kontaktniho uhlu a nasledné
realné¢ namétenou hodnotou Vv prubéhu starnuti natéru. K predikci byl nanesena kapka
natérového systému na povrch dieva a k hodnoceni byla nanesena kapka destilované vody

na starnuty povrch. Z obrazka jsou patrné urcité zavislosti.
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Obrazek 29. Predikce vyvoje kontaktniho tihle smaceni akrylového natéru a) predikovany vyvoj
b) skutecny vyvoj
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Obrazek 30. Predikce vyvoje kontaktniho ihle smaceni olejového natéru a) predikovany vyvoj b)
skuteény vyvoj

Ve spolupraci s firmou Rhenocoll byla na zakladé této studie a pfijatého
patentového feSeni domluvena vyroba impregnacniho zékladniho natéru pod obchodnim
nazvem "Universal UV PROTECT" wurceného pro fotostabilizaci podkladového
dubového dieva. Tento noveé navrzeny natér bude nabizen zédkaznikiim v siti prodejen
DREVOCENTRA CZ. Firma MATRIX a.s. dale vyuZivala know-how ziskané v priibdhu
feSeni projektu v DREVOCENTRECH CZ. Vysledky slouzi pro doporuéeni a volbu
nejvhodnéjsich povrchovych uprav s dlouhodobéjsi celkovou Zivotnosti a barvostalosti,

které byly tspésné otestované v projektu TH02020873.
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6. Zavér a prinosy pro praxi

Transparentni natérové systémy v exteriéru maji vSeobecné nizkou odolnost, coz
tato prace potvrzuje. Hlavnim pfinosem prace je popis principi degradace exteriérového
natérového systému a charakterizovani zpisobti modifikace, které byly testovany a na
zakladé ¢ehoz byly vysledky prubézné publikovany. Nékteré postupy byly uvefejnény
jako uzitné vzory a patent podany v roce 2022 ve spolupraci s firmou MATRIX a.s, ktery
bude uvadén na trh v roce 2023.

Vysledky prace potvrzuji vliv podkladové dieviny na celkovou odolnost
natérového systém v exteriéru. Kazda dievina ma specifické vlastnosti. U difeva modiinu
opadavého (Larix decidua L.) byl prokazan caste¢ny vliv vyluhovani latek obsazenych
V povrchu dieva na celkovou odolnost nasledné povrchové tUpravy natérem. U dubu
letniho (Quercus robur L.), typického relativné velkym prumérem cév v kombinaci
s vysokym obsahem extraktivnich latek dochazi k problematické adhezi natérového
systému

Dubu letnimu byla vénovana velka pozorna kvili jeho negativnimu vlivu na
natérovy systém. Jedna se sice 0 pfirozen¢ odolné dievo, ale odolnost natérového systému
na tomto dievé je velmi mala, proto byl pro modifikaci natérového systému na dubu
vénovana vyssi pozornost oproti ostatnim druhtim dievin. V praci byl potvrzen pozitivni
vliv modifikace natérové hmoty dubového dieva zejména kombinaci nanocastic ZnO
S benzotriazoly a HALS na celkovou Zivotnost natéru.

V praci byl také potvrzen vliv vrchni hydrofobni vrstvy aplikované na vybrané
druhy natérového systému. Na zaklad¢ testovanych variant 1ze obecné doporudit aplikaci
vrchni hydrofobni vrstvy na olejové a Castecné akrylatové natéry. U systémi na bazi
alkydu byl pozitivni efekt dodate¢né hydrofobni vrstvy nevyznamny.

Na zaklad¢ vysledku se da také konstatovat, ze pigmentové natéry mély vyrazné
niz§i barevné zmény neZ transparentni, a to jak pro umélé, tak pro pfirozené
,»povetrnostni®“ starnuti. Olejové natéry byly barevné stabilngjsi, akrylatové néatéry
dosahovaly nejlepSich (nejmensich) vysledki zmén lesku a smacivosti. Alkydové natéry
1 pfes nejvyrazngjsi zmény testovanych charakteristik dosahovaly nejlepsi soudrznost.
Z vysledku vyplyva optimalni aplikace polotransparentniho natéru, ktery pfili$ nezméni

kresbu dfeva, ale soucasn¢ diky obsazenému pigmentu ochrani podkladové dievo.
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Z analyzy celkovych vysledki prace vyplyva predpoklad doporuceného
natérového systému do exteriéru, jehoz hlavni vlastnosti jsou schematicky znazornény na
obrazku 31.

Byly tim potvrzeny hypotézy:
- Podkladové dievina ma vliv na zivotnost natérového systému — ANO
- Polymerni baze ma vliv na celkovou odolnost natérové systému — ANO

- Pfimési UV-stabiliza¢nich latek maji vliv na kvalitu natérového systému — ANO

/
Penetracni vrstva:
- ZlepSeni adheze |
- Vyplnéni pért
- Stabilizace povrchu
. /
[
Vrstva hlavniho natéru: Natérovy systém:
- UV stabilizace - QOdolny viéi abiotickym
- Pruznost i biotickym Skadctm
- Mechanicka odolnost - Snadna udrzba
-
e ~
Hydrofobni vrstva:
- Qdpuzeni vody |
- Zabranéni vyplavovani
L

Obr. 31. Schéma doporuéeného natérového systému
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ABSTRACT

Coating systems are a popular way to protect wood against the effects of weathering when
used outdoors. This study evaluates the impact of the basic wood species on the overall
durability and color fastness of the selected water-based acrylic exterior paint. Spruce (Picea
abies L.) and oak (Quercus robur L.) wood samples were subjected to external weathering
according to EN 927-3 (2000) for 6 and 12 months. The evaluation by instrumental methods
related to co changes in color, gloss, surface wettability contact angle, at which paint damage
was also visually evaluated. The results showed that the durability of the tested coating was
higher for spruce. Still, on the other hand, thanks to its lighter shade, a significant color change
caused by the base wood's photodegradation was detected, showing that oak wood has a negative
effect on the overall life of the tested coating.

KEYWORDS: Transparent coating, wood species, outdoor degradation, color stability.
INTRODUCTION

Wood, as such, has many advantages, but we also encounter the negative side of this
natural material due its easy degradability (Cogulet et al. 2018). It has potential both indoors
and, of course, outdoors. Wood exposed outdoors is also subjected to weather effects and
changes its appearance on the order of months (Stérbova et al. 2020). In exterior constructions,
wood is popularly used for load bearing as well as decorative purposes such as gazebos,
pergolas, fences, facades, terraces, bridges, etc. (Reinprecht 2008). Its pleasant original
appearance and color can be preserved for a long time only with the help of transparent coating
systems, especially if it is exposed to rainwater. Otherwise, photodegradation processes and
leaching of the coloring components (lignins and extractives) within a few months (Feist 1990,
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Pandey 2005). Subsequently, due to the growth of molds and the deposition of impurities, there
is observed a known greying, which usually extends to a depth of mm (Oberhofnerova et al.
2017). Pigmented coatings on wood have a long service life, but the original appearance of
the wood disappears; a variant that partially meets the requirement of maintaining the original
appearance is the use of semi-transparent coating systems (Stirling and Morris 2013).

The surface treatment is not only an aesthetic matter. Coating systems protect wood against
water penetration and the formation of cracks and thus prevent the attack of wood-rot fungi,
which disrupt the overall mechanical functionality of structures (Hill et al. 2022). The overall
service life of transparent coating systems on wood has been evaluated in several works.
However, coating systems are constantly improved by producers, and the climatic conditions in
each region are different (Brischke and Thelandersson 2014, Mohebby and Saei 2015), so it is
important to constantly carry out further tests that would lead to a more comprehensive
overview of the behavior of coatings on wood. At the same time, with their different
morphological structure and the content of different extracts, wood species significantly affect
the overall service life of the same coating systems (Ozgenc et al. 2012, Pének and Reinprecht
2014, Gonzalez de Cademartori et al. 2015). A water-borne acrylate multilayer coating system,
which is not harmful to health, has a low environmental impact due to its low VOC (High
volatile compounds) emission, and can be easily applied by brush or spraying (de Meier 2001).
Durability tests of coating systems are performed either using accelerated artificial weathering
or by applying of long-term outdoor tests, during which more critical factors interact (Crewdson
and Ketola 2005, Podgorski et al. 2011, Cogulet et al. 2019). Outdoor tests are performed
according to EN 927-3 (2000). All commercially used coatings require a 12-month exposure
period during which the layer should not be damaged.

Oak wood as a valuable natural material and spruce wood as currently the most used and
cheapest wood used in Central Europe were chosen for this experiment. From the point of
durability and resistance to fungi, oak heartwood is a very suitable specie, but the overall
durability of exterior coatings is low compared to other wood species (Aloui et al. 2007,
Sivrikaya et al. 2011). The most important properties of oak wood are strength, reasonable
hardness, and durability, which has always been an important criterion (Zeidler et al. 2022).
Oak is classified among very durable woods, excellently tolerating the influence of changes in
the atmosphere. It is most in demand in the water construction industry because its favorable
properties are further improved by soaking in water (SarvaSova et al. 2021). Spruce wood, due
to climate change, it is possible to expect a reduction in its overall share in stands (Tomagkova
et al., 2021). Its wood is light, relatively strong, easy to split, and tough (Hysek et al. 2021).
Spruce wood is included in the group of less durable woods (class no. 4), and at the same time,
it is difficult to extremely difficult to impregnate (classes 3-4) (Reinprecht et al. 2017).

This experiment aims were to determine the effect of the base wood of Oak and Spruce on
the overall service life of the selected transparent water-based acrylate coating system.
The partial goals were to evaluate the overall color fastness, changes in water contact angle,
gloss, and the formation of surface defects of coated wood during a 12-month outdoor
exposition in Prague (Czech Republic).
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MATERIAL AND METHODS

Wood samples, treatment, and exposure

Heartwood samples from Oak (Quercus robur L.) and Spruce (Picea abies L.) with
dimensions 378 x 78 x 20 mm (L x T x R) (Fig. 1) were prepared according to EN 927-3 (2000)
from tree origin in Czech Republic. Clear samples were conditioned for a relative humidity (¢)
65 £ 5% and temperature (#) 20 = 2°C to achieve their equilibrium moisture content (EMC) of
12%. Surfaces of conditioned samples were sanded (120-grit) before treatment. The average
density of oak wood was 795 kg'm'a, and the density of spruce wood was 455 kg‘m'3 .

318
%
I}S

f il

e ]
8
Fig. 1: A sample according to EN 927-3 (2000) (green line means a coating). Dimensions
in mm.

Acrylate  thick-layer  transparent  water-based  coating  with  fungicide
(5-chlor-2-methylisothiazol-3(2H)-on) and UV-stabilizers (based on benzotriazoles) was
applied in two layers (each 120 g.m‘z) (Fig. 1). After drying in laboratory conditions,
the samples were outdoors exposed in racks situated under an angle of 45° in the south direction
for 12 months. References from untreated wood samples were also used. Two samples for each
wood species and kind of treatment were analyzed. Changes were evaluated after six months
and after the exposition. Climatic conditions during exposure were monitored, average daily
temperature was 9.8°C (extremes +26.9°C, -10.1°C), total precipitation 533 mm and average
daily incident solar energy 12 226 kJ.m™ (http://meteostanice.agrobiologie.cz).

Methods
Changes in color

The color parameters L*a*b* (CIE 1986) of the test specimens were measured after 6 and
12 months of natural weathering (NW) using a Spectrophotometer CM-600d (Konica Minolta,
Osaka, Japan). The measurement was carried out at eight marked places on each sample to
avoid distorting the results. Two identical samples were made for each type. For the observation
of reflection, the specular component was included (SCI mode) at a 10° angle and d/8 geometry
with an illumination standard of D65 (corresponding to daylight in 6500 K). Fight
measurements per sample were carried out for each weathering time. Color changes evaluations
were done in CIE L*a*b* color space: L* is lightness from 0 (black) to 100 (white); a* is
chromaticity coordinate +60 (red) or —60 (green); b* is chromaticity coordinate +60 (yellow) or
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—60 (blue). The total color difference AE* (CIE 1986) was subsequently calculated from
relative changes of color (AL*, Aa*, and Ab*) using Eq. 1. The dependences of the color change
were also assessed by comparing the values with the EN 927 — 3 (2000) (Tab. 1).

AE* = (ALY + (8 + (BB, M

Tab. 1: Table of color changes according to standard EN 927-3(2000).

02> AE invisible difference
02<AE<2 little difference
2<AE<3 color change visible with a high-quality filter
3<AE<6 color change visible with a medium-quality filter
6<AE<12 high color changes
AE>12 different color

Changes in gloss

The gloss of the different coatings before and during weathering tests was measured based
on EN ISO 2813 (2014) using glossmeter MG268-F2 (KSJ, Quanzhou, China). Four
measurements at a 60° angle per sample after 6 and 12 months of NW were done to evaluate
gloss changes. The change in gloss was measured in four marked areas on every sample.

Changes in hydrophobicity

The liquid (distilled water) contact angle on tangential surfaces of tested samples was
measured using a goniometer Kriiss DSA 30E (Kriiss, Hamburg, Germany). Ten random
positions on each sample were used to measure the contact angle, The sessile drop method was
used; ten measurements per sample were performed before and after 6 and 12 months of NW
with distilled water drops with a dosing volume of 5 pL. A surface is wettable, hydrophilic,
when the angle is between 0° and 90°. A surface is not wettable, hydrophilic, when the angle is
between 90° and 180°.

Statistical analyses

Statistical analyses of data were performed in MS Excel and Statistica 14 (StatSoft, Palo
Alto, CA, USA) using mean values, whisker plots with mean values, and 95% two-sided
confidence intervals,

RESULTS AND DISCUSSION

The measured data were evaluated based on a significance level of p = 0.05 and
a confidence interval of 95%. Individual properties (change in color, gloss, and surface
wettability) were evaluated as statistical dependencies. Color changes were compared to
the values according to EN 927-3 (2000) (Tab. 1). The standard defines nominal values that
determine the size of the color change.
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Fig. 2: Part of color spectrum, L - lightness.

In Fig. 2, the most noticeable change is in the part of the color spectrum of the reference
spruce, where the value of L drops steeply, which indicates graying of the material. This fact is
also confirmed by the pictures in Tab. 2. In Fig. 3 is possible to see difference of chromaticity
coordinate, from red to green — except of coated spruce (Fig. 3a), and from yellow to blue
(Fig. 3b). It is possible to observe a darkening of shades.

cliomaticity coordinats 60 {yullow) o - 30 {blush

Y 3
AN

5 ) T

I 5 —F

. i3 L
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Fig. 3: Part of color spectrum, a — chromaticity coordinate (a), b — chromaticity coordinate (b).

The values of the L*a*b spectra were converted to the color change value for individual
cases according to the measurement location. These values were statistically evaluated, and
their averages, standard deviations, and statistical significance were determined. Fig. 4 shows
that the oak, whether treated or untreated, and the reference spruce had a statistically significant
color change. Spruce treated with acrylic paint did not have a statistically significant difference
between six and twelve months. Still, according to the values from the EN 927-3 (2000)
standard (Tab. 1), it is clear that the color was still evaluated as different. In the case of treated
spruce, there is a rapid increase in color change in the first six months, and the difference is then
stabilized. The other samples degrade linearly, and this process is long-term, which is also
proven by the graph in Fig, 4.
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Fig. 4: Color change development.

Fig. 5 shows the evolution of the gloss change. At this value, the downward trend of
the reflection coefficient can be observed. This is mainly due to the paint layer's degradation,
which can no longer reflect light radiation, which is a property measured when assessing gloss
development. It is interesting to observe the opposite trend in untreated spruce (Reference),
where the dirt was deposited on the untreated surface, which paradoxically increased the gloss
value. Due to the large dispersion of values, the spruce samples (Acrylic and Reference) could
not be called statistically significantly changed, but the visual change is noticeable (Tab. 2).

Glass value (reflection coefficient)

]
6
4
2
0 1 | 1 = Spruce - Acryl
OMonth  6Months 12 Months = Spruce - Reference
—— Oak - Acryl
Length of exposure to weathering = Oak - Reference

Fig. 5: Gloss change development.

The development of the free surface energy value (surface tension) expressed by
the contact angle was evaluated as statistically significant for all measured samples. Some
samples even absorbed liquid before it was possible to measure the contact angle. This is due to
the degradation of the untreated surface. Samples treated with acrylic paint showed decreasing
contact angle values (Fig. 6).
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Fig. 6: Contact angle change development.

In Tab. 2, showed the visual changes in surfaces of samples. The pictures were taken with
a scanner to avoid distortion by ambient light. The table confirms the statistically evaluated
color changes, best demonstrated by the reference spruce sample, where even the naked eye can
see the most significant color change [AE].

Tab. 2: Visually changes.

Weathering Spruce - Reference Spruce - Acryl
time
0 month

6 months

12 months

Oak - Reference

0 month

6 months

12 months

The experiment results in this work confirmed that the application of the coating system
could extend the overall life of selected wood species in the exterior. Water-based acrylic
coatings have been evaluated as an environmentally friendly means of protecting the surface of
the wood and thus improving the durability of wood in outdoor conditions, as reported by
Ozgenc et al. (2012) or Wang et al. (2019). In some cases, it is possible to increase the overall
service life by applying an upper hydrophobic layer (oil coatings), which is in line with previous
studies, e.g., for spruce and acacia (Panek and Reinprecht 2014, 2016).

Based on several works, oak is generally characterized as a type of wood with a complex
protective treatment influenced by the exterior transparency of coatings (Evans et al. 2015,
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Aloui et al, 2007). The effect is even more pronounced in trees with a high content of extractive
substances and an uneven morphological structure (Griill et al. 2016). The results confirm that
in porous wood species with large vessels such as oak, local penetration of coatings occurs, and
in these wood areas thin-layer coatings quickly degrade, and their faster restoration is necessary
(Siminkové et al. 2019). The loss of adhesion of the coating during weathering should also not
be neglected, as it is a complex phenomenon related not only to the change in the surface
characteristics of the substrate of individual wood species and its photodegradation
(Hochmanska-Kaniewska et al. 2022), but also to the depolymerization and loss of the internal
cohesion of the coating system (Evans et al. 2015). Additives, as stated by Forsthuber and Griill
(2010), or by adding flame retardants, such as Puyadena et al. (2022), can significantly affect
this. Additives can also have a negative effect on the compactness of the polymer coating base.

Transparent acrylic-based coating systems can withstand outdoor conditions while
achieving relatively good results, which means maintaining high surface wettability (contact
angle), color fastness, and maintaining the same gloss value throughout the life of the coating.
When comparing the results, we can conclude that the observed trends of coatings, when used
for individual wood species, are confirmed.

CONCLUSIONS

(/) The influence of the underlying wood species on the overall lifespan and color fastness
of the selected acrylic water-dilutable exterior paint is apparent. Transparent coatings on
exterior wood, especially oak (Quercus robur L.), have an overall low level of durability.
(2) Visual inspections on the painted surfaces confirmed the importance of the underlying wood
species, from which it is clear that spruce achieves better results from this pair of wood species.
(3) The effect of the underlying wood was proven for the color fastness AE and the gloss.
Surface defects need to be visually checked during weathering. (4) The wettability of
the surface, evaluated using the contact angle, confirms a decreasing tendency, especially in
untreated samples, which were no longer measurable after a particular time. (5) A sufficient
period of 12 or 24 months is required for outdoor testing of coating systems.
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Abstract

Wood is a natural material and is subject to degradation due to weather, UV radiation, and humidity. Wood is com-
posed of many components. The basic structural elements of wood include cellulose, hemicellulose, and lignin. Fur-
thermore, these are accompanying substances, which also include extractive substances. Specifically, these sub-
stances, together with lignin, have a negative effect on its life thanks to their chemical reactions, which are initiated
mainly by UV radiation (so-called photodegradation). This study evaluates the effect of controlled degradation of
extractives and lignin on the surface of the wood before the application of the coating system and also on its overall
servicelife. Samples of larch wood (Larix decidua, Mill.) were exposed to exterior natural influencesin Prague (Czech
Republic) according to EN 927-3 (2020) for 10 and 20 weeks. Subsequently, the samples were sterilized in an auto-
clave, dueto possible contamination of the surface with fungi. The specimens were then treated with two oil-coating
systems (V-420 and V-429). Subsequently, they were exposed to artificial aging ina UV chamber according to EN
927-6 (2019). Testing occurred at predetermined time intervals of 0, 1, 3, and 6 weeks, roughly corresponding to
0, 2,6, and 12 months outdoors. The evaluated factors were the change in color, gloss, and surface wettability. The
results showed a slightly positive effect of surface washout lasting ten weeks before applying the coating system.

Keywords: durability; finish; exterior; larch; leaching; wood components

Editor: Tomas Gergel

desirable, thereby prolonging the originalappearance of
the material, as well as its overall durability. According
to the standard, the natural durability of wood can be
divided into different grades (1 - 5) (EN 350 2019). It
varies according to the type of wood, specifically depend-
ing on theanatomical structure, the content of extractive
substances, tannins, and other accompanying substances
that increase wood’s naturalresistance against bioticand

1. Introduction

Wood is one of the most popular materials for both inte-
rior and exterioruse (Sarvasova Kvietkova etal. 2021). It
isanatural material witha particular chemical structure,
which is characterized by its biodegradation and aging
undertheaction of abiotic and biotic factors (Matsuo et al.
2011; Tomagkovaetal.2021). Abiotic factors most often
include UV and VIS (visible radiation) radiation, rain-

water, wind, temperature, and humidity changes, dust,
and also their mutual combination (Cristea et al. 2010).
Anincrease in resistance to these influences is therefore

abiotic pests (Reinprecht 2008). When wood is exposed
to the exterior, however, these substances are washed
away over time, and the wood begins to degrade from

*Corresponding author. Monika Sarvasovd Kvietkovd, e-mail: kvietkova@fid.czu.cz
© 2023 Authors. This is an open access article under the CC BY 4.0 license.
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the point of view of physical and mechanical properties
visually and physically (Panek et al. 2014). The visual
characteristics include mainly the graying of the wood
and the plastic texture. In terms of structure, lignin and
polysaccharides in wood (hemicellulose, cellulose) are
degraded (Myronycheva et al. 2018).

Lignin is chemically less stable than cellulose and
has high light absorption (Gandelova et al. 2002). This
isacrucial property that has implicationsfor the durabil-
ity of coating systems (Simtinkové et al. 2019). It mainly
degrades by photolysis and photooxidation (Tolvaj et al.
1995). Under the influence of UV radiation, the propor-
tion of carbonyl and carboxyl groups in lignin increases
at the expense of hydroxyl and methoxyl groups (Feist
et al. 1990; Xie et al. 2013). Decomposition products of
lignin (organic acids, vanillin, syringaldehyde, and vari-
ous higher molecular substances) are polar with water
and arewashed outof the wood (Paneket al. 2016). Inter-
esting findings also include the conclusion that visible
light with a wavelength above 400 nm does not cause the
darkening of lignin, as itdoeswith UV radiation. Still, on
the contrary, it’s fading (Reinprecht 2008).

The hydrolysis of polysaccharides is also important
from the point of view of the resistance of wood in the
exterior. Hydrolysis would be minimal if it took place in
pure water (Kim et al. 2020). On the exterior, however,
thereiswater containing dust particles, microorganisms
(forexample, mold), and various types of emissions that
change the PH of the water (Petri¢ 2013).

In general, wood that has a higher proportion of
sapwood is less durable (Williams et al. 1996), and to
increase the wood’s durabilityand visual characteristics,
it is advisable to treat the material with a coating system
(Cristea et al. 2010), other methods include modifica-
tion of the underlying wood species or coating system
(Ozgenc et al. 2012; Hill 2006).

The study is devoted to larch wood, characterized
by relatively high natural durability. This wood species
is popularly used in interior as well as exterior environ-
ments. A trend was noted for larch in the application
to facades, windows, or terraces (Oberhofenerova et
al. 2019). Larch wood is a facade material because it is
aesthetic, can be built without surface treatment, and its
properties are comparable to exotic woods. At the same
time, the purchase price is significantly lower (Ugoviek

et al. 2019). It is very resistant to damage by rot and
insects, thanks to the specific composition of the resin
contained in the wood. It is characterized by high acidity
and a higher content of extractive substances, especially
intheform of resins (Stérbové etal. 2021). These accom-
panying components of the wood make it challenging
to apply the coating and reduce its lifespan. After that,
photodegradation in the form of graying occurs more
quickly. This reaction to the action of UV and VIS radia-
tion is considered in Western countries; some architects
already work with a gray shade of wood in their studios
(Karlssonet al. 2022).

2. Material and method
2.1. Wood samples, treatment and exposure

Larch heartwood samples (Larix decidua, Mill.) with
dimensions of 378 x78x20 mm (L x D% R) wereprepared
based on the EN 927-3 standard from the wood of Czech
origin (Fig. 1, left).

The surfaces of samples (moisture ~12%) were
sanded with 120-grit sandpaper before treatment. The
samples were exposed outdoors in racks placed at an
angle of 45° to the south for 12 months. References from
unexposed wood samples were also used. The samples
were exposed for 10 and 20 weeks. Climatic condi-
tions during exposure were: average daily temperature:
9.8 °C (extreme + 26.9 °C, —10.1 °C); total precipi-
tation 533 mm; average daily incident solar energy
12,226 kJ.m2 (http://meteostanice.agrobiologie.cz).
Subsequently, all samples were sterilized using a steam
autoclave (MED 12, Biotrade Instruments, Prague)
at a temperature of 125 °C to remove microorganisms
(especially fungi) that could distort the research. Sub-
sequently, the samples were dimensionally adjusted
(150=38%20) (Fig. 1, right) so that they could be placed
in the QUV accelerated weathering chamber (QUV/
spray RP, Labimex, Praha) according to the standard
CSN EN 927-6 (2019). Before being inserted into the
chamber, they were treated with two types of oil coating,
V-420andV-429. They werethen put into the chamber.
Anexposure cycle of one week consists ofa condensation
period followed by asub—cycle of water spray and UV-A
340 irradiation as in Table 1.
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Fig. 1. A sample according to EN 927-3 (2020) is on the left and a sample according to EN 927-6 (2019} is on the right side;

green line means a coating, dimensions in mm.
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Table 1. Exposure cycles.

Condition

Step Function Temperature Duration

1 Condensation (45+/-3)°C 24h -
2 Subcydestep3+4  — 144hconsisting 0f48 cyclesof 3 h ing of step 3and4 —
3w (60+-3)°C 25h

4 Spray — 0,5h

Irradiance set point 0,89 W/(m*nm) at 340 nm
6 V/min to 7 V/min, UV off

The cycle lasts for 168 h (=1week). The cycle shallbe
repeated 6 times results in the total test exposure of 1008
h (=6 weeks). At the end of the 6-week exposure period
was samples removed and condition at a temperature
of (20 +/-2) °C and a relative humidity of (65 +/-5) %.
Samples identification codes are in table 2.

Table 2. Samples identification codes.

Name of sample e of paint Time of leachin; fore paint]
V420-10w 20 Oweeks
V420-20w V420 20weeks
V429-10w V429 10weeks
V429-20w V429 20weeks
Vbez None (reference] Oweek

2.2. Changes in gloss, color, hydrophobicity

The color parameters L*a*b* (Tolvaj et al. 1995) of the
test specimens were measured after 0, 1, 3 and 6 weeks
of accelerated weathering (AW) using Spectrophotom-
eter CM-600d (Konica Minolta, Osaka, Japan). For the
observation of reflection, the specular component was
included (SCI mode) at a 10° angle and d/8 geometry
with an illumination standard of D65 (corresponding
to daylight in 6500 K). Eight measurements per sample
werecarried out for each weathering time. Color changes
evaluations were donein CIE L*a*b* color spacewhere:

L*is lightness from 0 (black) to 100 (white),
a*is chromaticity coordinate + 60 (red) or — 60 (green),
b*ischromaticity coordinate + 60 (yellow) or— 60 (blue).

The totalcolor difference AE* (Tolvaj et al. 1995) was
subsequently calculated from relative changes of color
(AL*, Aa*, and Ab*) using Equation [1]:

AE" =[(AL")? + (Aa")? + (Ab*)? 1

Table 3. Table of color changes according to standard EN

927-3(2020)

02>AE invisible difference

02<AE<2 little difference

2<AE<3 color changevisible with a high-quality filter
3<AE<6 color changevisible with a medium-quality filter
6<AE<12 high color changes

AE>12 different color

The gloss of the different coatings before and during
weathering tests was measured based on EN ISO 2813
(2014) using glossmeter MG268-F2 (KSJ, Quanzhou,
China). Four measurements at a 60° angle per sample
after 0, 1, 3 and 6 weeks of AW were done to evaluate
gloss changes.

The water contact angle on tangential surfaces of
tested samples was measured using a goniometer Kriiss

DSA30E (Kriiss, Hamburg, Germany). The sessile drop
method was used, five measurements per sample were
performed before and after 0, 1, 3 and 6 weeks of AW
with distilled water drops with a dosing volume of 5 pL.

Statistical analyses of data were performed in MS
Excel and Statistica (StatSoft, PaloAlto, CA, USA) using
mean values, whisker plots with mean values and 95%
two-sided confidence intervals.

3. Results and discussion

From the results in Figure 2, a decreasing tendency of
the surface wettability values expressed by the contact
angle of the liquid and the sample surface is evident. In
monitoring this value, leaching did not have a statisti-
cally significant role. The surface treatment had a greater
influence, with the surface-treated samples showing bet-
ter results than the reference samples, which were not
treated. Furthermore, it can be seen that the V 429 coat-
ing experienced a sharp drop in values after six weeks,
which indicates its more significant degradation. This
trend was noted in the works of Podgorski et al. (2011)
and Oberhofnerova et al. (2019).
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Fig. 2. Contact angle change development.

The values of light reflection, expressed by the
change in gloss, correspond to the results of Stérbova et
al. (2021). The experiment focused on larch wood and
confirmed that naturallarch wood maintains a relatively
constant matte surface on the exterior. For the surfaces
treated with the paint, a statistically significant decrease
was recorded without any evidence of the effect of pre-
mature aging of the surface (Fig. 3). For similar results
in the degradation of the gloss value of larch wood had
Oberhofnerova et al. (2017, 2019).
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Fig. 4. Color change development.

On figure 4, we can see the dependence of surface
agingbefore coating. Here, this method of surface modi-
fication showed the most favorable values. It can be read
from the graph in figure 4 that if the surface was washed
before painting after ten weeks of oak, the overall color
changes were the least. After 20 weeks of leaching, sam-
ples showed lower values, while a positive modification
trend was observed. Theresults are underlined by the fact
that, despite the different results from the point of view of
the chosen coating (V 420 x V429), washing out for ten
weeks always hadbetter results. Based on the evaluation
according to the EN 927 standard (Table 4), were the
changes on samples “V bez” and “V 420 20w” evaluated
as ,different color*. High color changes were noted for
the others. However, it cannot be said that a more excel-
lent surface darkening caused this change; the changes
were driven more by the coating, which is evidenced by
Figure 5.

Infigures 6 and 7, we can see the trend of the parts of
the color spectrum. Figure 6 presents the development
of the color change from red (+60), where you can see
the trend of the color change from the original reddish,
typical for larch, to green (—60). Figure 7 shows the tran-
sition from yellow (+60) to blue (—60). These changes
are typical for darkening the surfaces of typical graying,
as described in the studies of Crewdson etal. (2009) and
Evans etal. (2015).
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4, Conclusion

The experiment proved the importance of leaching the
surface of woody plants before surface treatment has
potential for future studies. This research confirmed that
if we remove from the surface of the wood substances
that reduce the quality of the surface finish, forexample,
grease in the form of fats or resins, there will be a better
cross-linkingof the paintwith theunderlyingwood. Thus,
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the overall resistance of the color, or at least its parts,
willincrease. This intentional surface degradation must
not last too long; 10 weeks can be considered a turning
point. After 20 weeks of weathering, the effect decreases,
oreven the opposite effect occurs. This treatment could
occurin special dryers where UV lamps would be placed,
whichwould degrade the surfaceinacontrolled manner.
Depending on the wood, the service life of the coatings
will be extended approx. by 15%.
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Abstract: A top hydrophobic layer can increase the durability of exterior coatings applied on wood.
Two hydrophobic topcoats - synthetics and waterborne acrylate resin with wax additives, were tested
as top layers on twenty-four different coating systems applied on oak wood in this experiment.
Artificial accelerated weathering lasted for six weeks. Changes of color, gloss, surface wetting were
evaluated, and microscopic analyses of coated surfaces were done during weathering. The results
have shown that a top hydrophobic layer increases the durability of tested coating systems in most
cases. However, the effectiveness of the two tested hydrophobic topcoats turned out to be different
depending on the specific coating systems used.

Keywords: artificial weathering; durability; exterior coatings; hydrophobic topcoat; oak wood

1. Introduction

Wood in outdoor applications is subjected to degradation caused by abiotic and biotic factors [1].
Even without ground contact (class 3 by EN 350 [2]), the rapid degradation of surface layers caused
by the interaction of water and solar radiation takes place [3]. Wood with lower natural durability is
more susceptible to biological attack—mainly by wood-destroying fungi and insects [1]. A frequently
used option of wood protection against the above-mentioned damage is the application of coating
systems [4,5].

Another possibility is the use of hydrophobic coatings or wood hydrophobization itself [6-8].
The hydrophobic compounds generally decrease the amount of absorbed water, which leads to
reduction of wood swelling and shrinkage [6,9]. This limitation of dimensional changes leads to a
slower degradation process outdoors [10]. Additionally, hydrophobic coatings prevent wet conditions,
which create a very favorable environment for the growth of various wood degrading biological
organisms (e.g., diverse fungi, bacteria, and insects) [9]. Common surface hydrophobization methods
include, but are not limited to, treatments based on silicone [11-13] and surface impregnation with
various waxes, oils, or acrylate coatings [9,14-17]. In other studies, wood surfaces were also treated by
heat [18] or plasma [19] to improve water resistance. Through the introduction of nanotechnology,
the different hydrophobic treatments are developing at a rapid pace [6,20]. Nanoparticles based on
titanium dioxide [21], silica nanoparticles [22] or zinc oxide were applied as hydrophobic treatments
to wood. Nevertheless, many of these approaches have a negative environmental impact and cause
damage to the ecosystem because of the possibility for hazardous chemicals to leak from the surface [6].
When using nanoparticles in industrial applications, the possible negative consequences must be
considered [23].

Coatings 2019, 9, 280; doi:10.3390/coatings9050280 www.mdpi.com/fjournal/coatings
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Hydrophobic coatings themselves are not usually able to ensure sufficient protection of wood
surfaces against weathering - they do not protect the underlying wood against solar radiation
causing decomposition of lignin and extractives, while their leaching is connected with visual color
changes [7,8,24]. Another use of hydrophobic coatings is their application as a topcoat to prevent the
synergistic action of solar radiation and water [25,26]. In previous studies [27-29], the efficiency of a
top hydrophobic coating to prolong the overall service life of a coating system applied on Norway
spruce and Black locust wood was proved.

It would be preferable to use oak wood (Quercus petraea L.) in the outdoor applications as an
available wood with higher durability against biotic damage (EN 350 [2]). Without surface protection,
however, it rapidly changes its exterior color [30] and the leaching of extractives occurs, which can
aesthetically damage other parts of the construction (balcony, facade, terrace, etc.). The efficiency of
several coating systems is reduced on oak wood [31] due to its complex morphological structure of with
opened vessels and specific tannins content [32]. A hydrophobic layer applied asa separate coating was
characterized by lower efficiency than a multilayered oil-based coating system [8]. From these reasons,
it is necessary to find a long-lasting coating system on this wood species in outdoor applications.

The objective of this study is to evaluate the efficiency of transparent and semi-transparent coating
systems applied on oak wood and possible enhancement of their durability by application of top
hydrophobic layers. The performance of different coating systems is evaluated via measurements
of colot, gloss and surface wettability changes during artificial weathering and via confocal laser
scanning microscopy.

2. Materials and Methods

2.1. Wood Material

The experiment was conducted using oak wood (Quercus petraea L.) with mean density of
po = 705 kg/m® harvested in the Czech Republic. The samples in dimensions of 40 mm X 20 mm X
150 mm (T x R x L) were sanded with a grain size of 120 in a longitudinal direction and visually
sorted. Prepared samples were conditioned in laboratory conditions (20 + 2 °C and 65% RH) to
achieve an equilibrium moisture content of 12% before application of coatings and subsequently before
each measurement.

2.2. Coating Application

The oak wood samples were treated with oil-based (OL), acrylate-based waterborne (AC),
alkyd-based resins (AL) and other synthetic coatings dissolved in organic compounds (SL) according
to producer recommendations. Their specification obtained from commercial providers is listed in
Table 1. The coated samples were subsequently treated with two different transparent top hydrophobic
coatings (b,c), which were applied by brush according to a recommendation from a producer,
the remaining samples were left without hydrophobic treatment for a comparison (a)—see Table 2.
The cross ends of samples were sealed using silicon to prevent additional water uptake. The initial
properties of prepared coating systems are given in Table 3.
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Table 1. Specification of applied transparent and semi-transparent coatings.

. " " Polymer Type of Number Spreading
Sign  Specification Base Coating  of Layers Rate (g/m?)
OL-1  Linseed oil OIL T 2 100
OL-2  Oil water emulsion based on modified linseed oil OIL T 2 100
OL-3  Based on vegetable oils and fatty acids, with carnauba and OIL T 2 80

candelilla waxes, natural resins, essential oils
OL4  Waterborne wood oil with fungicides (BIT * and IPBC **) OIL T 2 80
OL-5  Natural oils (linseed, sunflower, rapeseed) with metal OIL T 2 100
oxides pigments and titanium dioxide
OL-6  Oil with nano UV-absorbers and plant essential oils OIL T 2 80
OL-7  Oil with fungicides (BIT and IPBC) OIL T 2 80
OL-8  Thin oil-based layer with micronized pigments (TiO,) and OIL S 2 100
fungicides (propiconazole < 1%)
OL-9  Thin oil-based layer slightly pigmented with Fe,O5 and OIL S 2 100
fungicides (propiconazole < 1%)
OL-10 P ing oil-based with pig and terpineol (<2.5%) oL S 2 100
AC-1  Acrylate copolymer in water dispersion, propiconazole ACRYLATE T 1+2 100 + 100
and IPBC + Modified linseed oil + OIL
AC-2  Waterborne medium-solid-glaze with UV blocker, ACRYLATE T 2 100
biocides-free fungicides
AC-3  Waterborne copolymer dispersion with hydrophobic ACRYLATE T 2 100
waxes, UV filters and metal oxides
AL-1  Alkyd waterborne stain with fungicides (IPBC 0.4%) and ALKYD T 2 100
UV-stabilizers (benzotriazoles < 0.8%)
AL-2  Waterborne emulsion of modified linseed oil with biocides QOIL + T 1+1 100 + 100
and metal oxides + Alkyd waterborne stain with ALKYD
fungicides (IPBC 0.4%) and UV-stabilizers
(benzotriazoles < 0.8%)
AL-3  Alkyd stain with UV protective pigments ALKYD S 2 100
AL-4  Alkyd medium layer stain in organic solvents with UV ALKYD S 2 100
absorbers and fungicides
AL-5  Thin film stain based on natural oils and alkyd resins ALKYD S 2 100
SL-1  Hybrid polyurethane-alkyd synthetic yacht varnishin SYNTHETIC T 3 100
organic solvents with butanone oxime as an additive STAIN
SL-2  Synthetic stain in organic solvents with fungicides SYNTHETIC T 2 100
(IPBC 0.3%) and UV-stabilizers STAIN
SL-3  Thin film synthetic stain in organic solvents with SYNTHETIC S 2 100
UV protection STAIN
SL4  Impregnation biocide coating protective against SYNTHETIC S 1+2 100 + 100
basidiomycetes + Thin film synthetic stain in organic STAIN
solvents with UV protection
SL-5  Synthetic stain in organic solvents without aromaticsand ~ SYNTHETIC S 2 100
with fungicides (0.3% [PBC) STAIN
SL-6  Synthetic stain in organic solvents without aromaticsand  SYNTHETIC S 1+1 100 + 100
with fungicides (0.3% IPBC) + Synthetic stain with STAIN

fungicides (IPBC 0.3%) and UV-stabilizers

Note: SL-2 was both tested as a top hydrophobic layer (b—see Table 2) and also as coating system; Type of
coating: transparent (T) and semi-transparent (S) * BIT stands for Benzisothiazol- 3(2h)-one; ** IPBC stands for
3-iodo-2-propynyl-butyl carbamate.

Table 2. Specification of applied hydrophobic topcoats.

. - Transparency Number Spreadin,
Sign Topcoat Specification Polymer Base (T=Transparent) ofLayers  Rate ym%
a Without hydrophobic treatment - - - -
b Synthetic stain with fungicides (IPBC 0.3%)  SYNTHETIC T 1 100
and UV-stabilizers STAIN
c Colorless waterborne protection containing ACRYLATE T 1 100

nano-sized polyvalent metal AsS-chelate
complex and waxes as hydrophobic
polymers, 0.1%-0.2% IPBC
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Table 3. Mean values of initial color (L* a*, b* - see Section 2.4.), gloss (see Section 2.5.) and surface
wettability (see Section 2.6.) of applied coating systems on oak wood.

Coating without Hydrophobic Synthetic Hydrophobic Water-solvent

Sign Hydrophobic Topcoat (a) Topcoat (b) Topcoat (¢

Lo! ﬂn' boi GB‘ CA()‘ Lo! ﬂn. boi Gnl CADE LO) ao) bﬂ‘ Gnl CADE
OL-1 517 146 296 311 1023 576 122 31.1 243 1099 5.0 11.0 308 4.8 993
OL-2 496 114 266 25 995 586 9.8 287 52 1115 605 86 255 43 97.1
OL-3 581 118 293 7.0 1079 582 114 293 41 1115 57.0 104 284 237 107.0
OL4 547 126 291 1.8 1162 556 107 29.0 36 1128 61.5 102 285 35 994
OL-5 504 132 304 43 1013 476 144 302 71 1118 520 138 331 175 967
OL-6 632 90 206 196 99 605 89 184 244 1100 571 87 188 189 976
OL-7 547 128 300 15 1200 547 132 309 41 1129 534 127 291 69 1041
OL-8 587 86 169 96 1039 608 83 197 136 1067 55.7 84 167 177 884
OL9 436 145 247 127 1029 446 142 269 133 1067 523 146 353 292 929
OL-10 487 133 271 43 1008 558 115 299 85 1066 563 119 310 5.1 96.7
AC-1 556 86 229 41 1143 522 9.0 227 57 961 50.2 83 205 41 94.0
AC2 653 61 225 121 909 678 67 260 99 1168 61.0 65 220 180 847
AC-3 498 100 275 97 99 535 107 306 58 1087 51.8 101 289 134 847
Al-1 584 97 259 48 1000 505 100 248 118 1095 50.8 105 254 11.5 1031
Al-2 494 115 267 46 1031 524 118 296 78 1113 53.7 112 295 83 1031
AL-3 518 206 398 92 94 495 210 389 215 1059 50.2 186 384 284 894
Al-4 526 181 362 70 986 556 178 409 183 1128 50.5 171 345 264 924
AI-5 551 138 350 45 1102 577 165 40.7 51 1160 543 177 403 42 103.0
SL-1 554 11.3 280 259 1031 562 120 305 207 1167 539 124 293 192 905
SL-2 580 97 283 96 1068 607 9.6 29.7 130 1108 59.6 109 304 131 955
SL-3 506 172 360 92 986 476 154 322 121 1118 50.7 170 361 125 921
SL-4 483 147 301 34 1052 517 156 341 84 887 464 147 300 94 1096
SL-5 522 143 348 164 1044 464 139 285 111 1108 504 142 324 228 947
SL-6 448 13.6 270 135 1114 462 154 287 150 1090 467 142 290 146 954

2.3. Artificial Weathering (AW)

Artificial weathering was performed in UV-chamber QUV (Q-Lab, Cleveland, OH, USA) on the
basis of modified EN 927-6 [33] with the test parameters given in Table 4. During the week cycle of
irradiation and spraying, the samples were transferred to a conditioning chamber Discovery My DM340
(ACS, Massa Martana, Italy) and exposed to three cycles lasting 2 h of temperature changes from —25 to
+80 °C (with 25% RH). The total weathering time consisted of 6 cycles - 1008 h of weathering in UV
chamber and 36 h of temperature cycling. The alternation of UV radiation, spray, and low temperature
cycles, which leads to more accurate simulation of exterior conditions in Europe, was also used in a
study by Van den Bulcke [34] and Panek [8].

Table 4. One cycle of artificial weathering.

Rank Phase Device Duration Parameters Repetition
1. Condensation UV-chamber 24h T =45 + 3 °C, Water-spray (off), UV (off) 1x
. L T =65 + 3 °C, Water-spray (off), UV
p UVimadiance  UV-chamber 25k Irradiance 1.10 W/m? at 340 nm 18x
Water-spray UV-chamber 05h T =20+ 1 °C, Water-spray (on), UV (off)
Temperature Conditioning o
1h T=-2
3. Cycling chamber 5°C 3%
Temperature Conditioning 1h T =+80°C (RH = 25 %).

Cycdling chamber

2.4. Color Analysis

The color parameters [35] (CIE 1986) of the test specimens were measured after 1, 3 and 6 weeks
of AW using Spectrophotometer CM-600d (Konica Minolta, Osaka, Japan). The device was set to
an observation angle of 10°, d/8 geometry and D65 light source, and the SCI method (specular
component included) was used. Six measurements per sample were carried out for each weathering
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time. Color changes evaluations were done in CIE L*#*b* color space on the basis of L*, a* and b* color
coordinates, where:

L*is lightness from 0 (black) to 100 (white);
a*is chromaticity coordinate + (red) or — (green);
b* is chromaticity coordinate + (yellow) or — (blue).
The relative changes in color (AL*, Aa*, and Ab*) between the weathered and the initial state were

determined. According to the Euclidean distance, the total color difference AE* (CIE 1986 [8]) was
subsequently calculated using Equation (1):

AE' = J (AL + (Aa")? + (AbM)?, m
2.5. Gloss Analysis

Gloss measurements were performed on the basis of EN ISO 2813 [36] using glossmeter MG268-F2
(KSJ, Quanzhou, China). Six measurements at a 60° angle per sample after 1, 3, and 6 weeks of AW
were done to evaluate gloss changes.

2.6. Surface Wettability Analysis

The performance of different hydrophobic layers on oak wood surface wettability was investigated.
The water contact angle on oak wood tangential surfaces was measured using a goniometer Kriiss
DSA 30E (Kriiss, Hamburg, Germany). The sessile drop method was used to compare the wettability
of different surface treatments during artificial weathering. Ten measurements per sample were
performed after 1, 3, and 6 weeks of weathering with distilled water drops with a dosing volume of
5 uL. The value of contact angle was recorded in 5 sec after drop deposition on the sutface as in other
studies [37-39]. The phenomena of spreading and absorption of water drops on the oak wood surface
was investigated via variations of the weathering time, coating system and applied hydrophobic layer.

2.7. Macroscopic and Micrascapic Analysis

Surfaces were regularly scanned using Canon 2520 MFP scanner with 300 DPI resolution (Canon,
Tokyo, Japan) to evaluate degradation of tested coating systems. Microscopic structural changes of
coatings and wood surfaces were studied using confocal laser scanning microscope Lext Ols 4100
(Olympus, Tokyo, Japan) with 108-fold magnification.

2.8. Statistical Evaluation

Statistical analyses were performed in MS Excel (Microsoft, Redmond, WA, USA) and Statistica
(StatSoft, Palo Alto, CA, USA) using mean values, scatter plots with mean values and ANOVA (analysis
of variance) with significance level & = 0.05.

3. Results and Discussion

The changes of surface properties of tested coating systems during AW exposure were evaluated
with respect to the type of polymer base (oil, acrylate, alkyd, other synthetic—Table 1) and hydrophobic
topcoat (acrylate waterborne and synthetic—Table 2)—see Figure 1.
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Figure 1. Efficiency of hydrophobic layer on the color (a) and gloss change (b) after 6 weeks of AW.
3.1. Color and Gloss Evaluation

In statistical analysis the effect of the polymer base type on color and gloss parameters was
evaluated as statistically significant (p = 0.00). In contrast, the effect of hydrophobic topcoat type on
color changes was evaluated as statistically insignificant (p = 0.07) and significant for gloss changes
(p =0.03). The following graphs show the values of gloss and color changes of individual coating
systems with an oil and acrylate polymer base (Figure 2) and an alkyd and synthetic base (Figure 3).
Based on the results, the lowest color and gloss changes were generally recorded for oil-based coatings
(OL) and other synthetic stains (SL) (Figure 1). The color change AE* < 3, which cannot be recognized by
the human eye [40], was only observed after an AW test in the case of oil-based coating systems—OL-8c,
Ol-6¢, OL-8a and OL-10b. The decrease of gloss during AW exposure occurred almost in all tested
variants of coating systems, except for OL-3b, OL-4a, OL-7a, AC-2b and AC-2c.

#a- without hydrophobic layer Wb - synthetic hydrophobic layer Ac - acrylate hydrophobic layer
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40.00 1 sk *
& 2000 OL-3b *
* - N OL-4c
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Figure 2. Gloss and color changes of oil-based (OL) and acrylate-based (AC) systems after 6 weeks of AW.
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Figure 3. Gloss and color changes of alkyd-based (AL) and other synthetic (SL) coating systems after
6 weeks of AW.

3.2. Surface Wettability Evaluation

The contact angle measurements provide an overview of the functionality of hydrophobic layers
during weathering (Figures 4-6). The change of contact angle of tested coating systems during AW
exposure was statistically evaluated with respect to the type of polymer base (oil, acrylate, alkyd, other
synthetic) and the use of the hydrophobic layer (without hydrophobic treatment, acrylate waterborne
and synthetic stain treatment)—see Figure 4. Based on the results, there is a significant loss of contact
angle due to AW, mainly when hydrophobic layer was not applied (Figure 4). In the case of coating
systems without a hydrophobic layer (a), the AC and SL coatings systems have the lowest contact
angle values. The efficiency of hydrophobic topcoats on the surface wettability was observed for both
types, but a more pronounced positive effect was observed for the hydrophobic acrylate waterborne
topcoat (c) in comparison with a synthetic one (b).

In statistical analysis the effects of polymer base type and hydrophobic topcoat on contact angle
values were evaluated as being statistically significant (p = 0.00). The following graphs show the
values of contact angle changes of oil-based (OL) and acrylate coating systems (AC) (Figure 5) and
alkyd-based (AL) and other synthetic (SL) coating systems (Figure 6). At the same time, the factor of
total color change is also observed.
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.
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-

an
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hydrophobic topcoat

Figure 4. Efficiency of hydrophobic layer on the contact angle change after 6 weeks of AW.
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Figure 5. Contact angle change of oil-based (OL) and acrylate-based (AC) coating systems after
6 weeks of AW.
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Figure 6. Contact angle change of alkyd-based (AL) and other synthetic (SL) coating systems after
6 weeks of AW.

The only coating systems that were not noted for a decrease of the contact angle but instead
for a slight increase after 6 weeks of AW were coating systems AC-2¢, AD-3¢, OL-8¢, OL-9¢, OL-10c,
SL-1c a SL-2¢. That outcome confirmed the results stated in Figure 4—that an acrylate waterborne
hydrophobic topcoat had the most positive effect on the wettability of tested surfaces. The rest of the
tested coating systems were noted for having a slight or more pronounced decrease of contact angle
values after 6 weeks of AW. Full surface wettability (100% decrease of initial value) was determined
for some coating systems without a hydrophobic topcoat and alkyd-based (AL) coating system with
synthetic hydrophobic layer AL-3b.

3.3. Visual and Microscopic Evaluation

Based on the results presented in Table 5 and Figure 7, it can be seen that the results of color
and gloss changes (Figures 2 and 3) or changes in the contact angle (Figures 5 and 6) did not always
correspond to visually observed degradation of coating systems. For example, coating systems OL-10b
and OL-10c were characterized by a relatively low color change (Figure 2) and minimal decrease
of contact angle (Figure 5), but their overall visual degradation was quite pronounced (Table 5 and
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Figure 7). If the top layer of coating is degraded, but the penetrated layer remains, the significant
visual changes occur, but the contact angle can be unaffected [8,41]. At the same time, it can be stated
that coatings with better results of visual evaluation according to Table 5 (e.g. OL-8, OL-9, SL-3, SL-6b)
were characterized by a lower decrease of contact angle values ACA* and total color change AE*
(except AL-3). For comparison purposes, some selected coating systems were analyzed by confocal
laser scanning microscopy before and after an AW test (Figure 8).

Table 5. Degradation of coating systems (based on methodology done by De Windt [42]).

Sign Without Hydrophobic With Synthetic With Acrylate
& Topcoat (a) Hydrophobic Topcoat (b) Hydrophobic Topcoat (c)
OL-1 10 8 6
OL-2 10 10 10
OL-3 10 10 10
OL-4 10 10 10
OL-5 8 6 4
OL-6 8 4 8
OL-7 10 10 10
OL-8 4 6 4
OL-9 4 4 2
OL-10 10 8 8
AC-1 10 10 10
AC-2 10 8 6
AC3 8 8 6
AL-1 10 8 10
AL-2 10 8 8
AL-3 2 4 4
AL-4 6 6 6
AL-5 8 8 4
SL-1 8 6 6
SL-2 10 10 8
SL-3 4 4 4
SL-4 8 6 6
SL-5 6 6 2
SL-6 6 2 8

The evaluation was based on the level of degradation: i.e., 0 = none; 2 = small aesthetical changes; 4 = mild (easy to
maintain); 6 = moderate (maintainable); 8 = striking (maintenance is difficult); 10 = advanced (maintenance coat

cannot remove the defects). De Windt [42].

=
Z
@
£
3
z

after 6 wesks of AW

OL-2a

i 1ig
OL%a OLg OLf0a OL0b OL-ldc Alfa Alda Slda SLib  SL6b

Figure 7. Visual changes of selected tested coating systems on oak wood. (OL-2a) the same degradation
was observed using hydrophobic treatments b and ¢; (OL-9) positive effect of hydrophobic treatment (c)
on color stability of AW samples; (OL-10) partly positive effect of hydrophobic topcoat application b and
¢; (AL-1) very similar degradation was observed using hydrophobic treatments b and c; (AL-4) positive
effect of pigment content increasing durability of alkyd coating (in comparison with transparent (AL-1a);
(SL-1) positive effect of application of topcoat b; (SL-6b) positive effect of application of topcoat b.
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Figure 8. Microscopic changes (using Confocal Laser Scanning Microscopy) of coating surfaces.
OL-9a (A), OL-1a (B), OL-1¢ (C) and SL-6b (D) before (left) and after 6 weeks of AW (right). It is possible
to see a loss of gloss and color changes of OL-9a, but the coating layer is not degraded (A); Positive
effect of hydrophobic top coat (c) application on OL-1 is visible (B and C); Good durability of SL-6b
after AW—only darkening is visible, the surface is relatively unchanged.

3.4. Final Discussion of Results

The results of the experiment in this work confirmed that application of the top hydrophobic
layer can extend the overall durability of coating systems on oak wood as well as on other wood
species [25,27,29]. However, it is necessary to apply a suitable hydrophobic layer to a specific coating
system because the resulting effect differs (Figures 5 and 6). The effect of a specific coating system
(polymer base and additive content) on its overall service life was confirmed [42-44]. The choice of a
suitable oak wood exterior coating system is crucial (Table 4). The application of the top hydrophobic
layer did not significantly improve the properties of less suitable coating systems during exposure
(Figures 2-8, Table 5). In the case of oil thin layer systems, the positive effect of pigments on the
overall service life and color stability (OL-8 and OL-9 - see Figures 2 and 5) was confirmed, which is
consistent with other studies [28,41,42]. However, in the case of penetrating pigmented oil without
the top hydrophobic layer OL-10, rapid leaching of coating and loss of functionality occurred. A top
hydrophobic layer on alkyd-based coating systems basically had no significant positive effect on the
color stability and only a low effect on the increase of the hydrophobicity of tested variants (AL-1 and
AL-5). The performance of other tested synthetic coatings (SL) depended on a specific combination
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of layers. Only coating system SL-5 with acrylate top hydrophobic layer (c) was characterized by
improved functionality, in particular by preserving hydrophobicity after AW (Figure 6). Overall,
the topcoat with hydrophobic additives in the acrylate water base (c) appeared to be more appropriate
for application on oak wood in comparison with synthetic topcoat (b). From all the tested coating
systems, OL-8 and OL-9 oil-based coatings with the use of top hydrophobic layer were shown to be
suitable for protection of oak wood in terms of color stability and hydrophobic effect as well as overall
durability. However, it is necessary to expect a more pronounced reduction of the gloss parameter [8]
and, in the case of OL-9, also a color change (Figure 2). The performance of SL-3, SL-5 with hydrophobic
topcoat (c) and SL-6 with hydrophobic topcoat (b) can be positively evaluated from the other tested
coatings. In contrast, transparent coating systems have generally not been effective, as their higher
vulnerability to degradation in comparison with pigmented ones has been fully manifested [5]. In some
cases, their overall service life can be increased by application of a top hydrophobic layer (coatings
OL-1, OL-5 and 6, SL-1), which is in line with previous studies on spruce and black locust [27,29].
For the objective determination of coating systems quality after weathering, it is helpful to use the
evaluation based on the combination of properties: the overall color and gloss change (Figures 2 and 3)
and surface wettability (Figures 5 and 6) followed by a visual evaluation (Table 5, Figure 7).

4. Conclusions

Coated oak wood is relatively quickly subjected to degradation in exterior applications, causing
changes in color and gloss and reduced resistance to rainwater. The results of the experiments in this
work confirmed that a particular selection of the coating system can both positively and negatively
affect the overall service life of oak wood in its exterior. The semi-transparent oil-based coatings
were generally more stable in color and retained hydrophobicity in comparison with other variants.
However, they were more prone to a decrease of gloss. Subsequent application of the top hydrophobic
layer can in the most cases increase the overall durability of the coating system. The topcoat with
hydrophobic additives in the acrylate waterborne base appeared to be more appropriate for application
on oak wood in comparison with synthetic hydrophobic topcoat. Based on the variants tested, it can
be generally recommended to apply the top hydrophobic layer on oil-based and partially acrylate
coatings. For alkyd-based systems, the positive effect of an additional hydrophobic layer was minimal.
In the case of other tested synthetic stains, the hydrophobic layer only rarely improved the evaluated
properties. Although the experiment provided some positive results, oak wood exterior coating
systems require further research with the aim of increasing their overall durability, especially for
transparent and less pigmented semi-transparent variants, while preserving the natural color and
texture of oak wood.
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Abstract: Changes in surface material characteristics can significantly affect the adhesion and
overall life of coatings on wood. In order to increase the durability of transparent exterior coatings,
it is possible to use the surface modification of wood with UV-stabilizing substances. In this work,
selected types of surface modifications using benzotriazoles, HALS, ZnO and TiO: nanoparticles,
and their combinations were applied to oak wood (Quercus robur, L.). On such modified surfaces,
the surface free energy, roughness, and contact wetting angle with three selected types of exterior
transparent coatings were subsequently determined. An oil-based coating, waterborne acrylic thick
layer coating, and thin-layer synthetic coating were tested and interaction with the aforementioned
surface modifications was investigated after 6 weeks of accelerated artificial weathering, The results
of changes in the initially measured surface characteristics of the modified oak wood were
compared to the real results of degradation of coatings after artificial accelerated weathering. The
positive effect of surface modification, in particular the mixture of benzotriazoles, HALS, and ZnO
nanoparticles on all kinds of coatings was proven, and the best results were observed in thick-film
waterborne acrylic coating. The changes in the measured surface characteristics corresponded to the
observed durability of the coatings only when measured by wetting using drops of the tested
coatings.

Keywords: oak wood; surface modification; UV-stabilization; nanoparticles; contact angle; surface
free energy; exterior transparent coatings; durability
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1. Introduction

Changes in the surface characteristics of wood can significantly affect the adhesion of coatings
and their overall durability during exterior weathering [1-3]. The adhesion of coatings to wood tends
to be significantly influenced by the type of underlying wood species [2], its moisture content [4], the
roughness and the processing method [5], the polymeric base of the coatings and the added additives
[6], but also by the application quality. The long durability of the coating system is a necessary
condition for protecting wood against abiotic weathering [7], but also against biotic damages by
bacteria, microscopic fungi, wood-destroying fungi, and other bio-degrading agents [8,9]. Modemn
exterior, highly-pigmented coating systems are characterized by a relatively long durability [10].
However, transparent coatings on wood have not yet been successful in addressing long-term
durability during outdoor exposure fully exposed to precipitation, sunlight, and other degradation
effects [11]. Saving the native wood's appearance could also be very interesting due to its positive
effect on the human psyche [12]. There are several solution investigation paths for this purpose— (a)
surface modification of the underlying wood using nanoparticles, UV-stabilizers, HALS (hindered
amins light stabilizers), or fungicides [11,13,14]; (b) modification of paints themselves with suitable
additives—UV-stabilizers, HALS, nanoparticles, transparent pigments and others [15-17]; (c)
appropriate coating system layering technology [18,19] and the use of top hydrophobic layers [20].
Other research methods use the growing of ZnO or TiO: nanoparticle films on wood surfaces [21-23]
or the creation of photo matrix constituents [24]. More work has been devoted to the determination
of wood surface characteristics, the contact angle of wetting, and surface free energy, all of which
affect adsorption and thus the adhesion of coatings to wood [25-28]. These surface characteristics are
changed by the surface modification of the underlying wood species, but also by its aging during
exposition [4,29-31]. In both cases, the effect of changes in the chemical composition of the substrate
is visible [32-35]; with regard to modifications with nanoparticles, this consists of a change in wetting
due to nanosized structural changes in surface morphology [36]. The adhesion of wood transparent
coatings during exterior exposure and their total durability is strongly influenced by the
decomposition of lignin and extracts due to the UV and visible (VIS) spectrum of sunlight penetrating
these types of coatings [11,33,34]. Based on previous research [37], this research investigated the
possibility of surface modification of the underlying type of wood (oak—Quercus robur, L.) and
mainly interaction with the applied top protective transparent exterior coating. UV-stabilizers
benzotriazols, HALS, ZnO and TiO: nanoparticles, and their combinations with tested effects on
slowing degradation under the influence of UV radiation were used as the first penetrating layer
[13,23,37,38]. In addition, oak wood is characterized as durable against bio-damages, but on the other
hand by a problematic reaction to coatings due to a complicated morphological structure with large
open vessels [39] and a relatively high tannin content affecting the longevity of exterior coatings
[15,40]. The total durability of exterior coatings is greatly influenced by the type of underlying wood
[41], but also by the coating itself and its polymer base associated with its penetration [6] and mainly
by used additives [7,11]. For its confirmation before use in practice, it is possible to use accelerated
weathering tests in UV-chambers or Xenotests, which can also be confirmed by long-term multi-year
tests of natural weathering in an exterior [42-45].

The main aim of this work is to research the interaction between different surface modification
increasing the photostability of wood and three types of transparent coating systems. The second aim
is to find out whether it is possible to quickly predict the durability of the tested coatings during
weathering on the basis of the evaluation of selected surface characteristics of wood/modified wood
changes. If this assumption is confirmed, then it would be possible to select unsuitable types of
treatments prior to accelerated laboratory and long-term tests using artificial or natural weathering,
For this purpose, and for a more thorough ana]ysis, mu]ﬁp]e combinations of surface modification
enhancing oak wood photostability and their effect on extending the overall durability of three types
of exterior transparent coatings on different bases were tested. Selected surface characteristics—any
change of roughness, surface free energy of the underlying un/modified wood species, and changes
in the contact wetting angle using selected types of coatings were compared to the overall durability
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of these coatings after accelerated laboratory weathering using a combination of UV-radiation, water
spraying, and temperature cycling.

2. Material and Methods

2.1. Wood Samples

Qak wood samples (Quercus robur L.) with dimensions of 40 mm x 20 mm x 150 mm (T x R x L)
and mean density go =708 kg/m? (moisture content of 12%) were used in this experiment. The samples
were treated using sandpaper with a grit of 120 in a longitudinal direction, and they were visually
sorted in order to minimalize the color variability of the tested wood material. The cross ends of
samples were sealed using silicon and surface modifications and the tested coatings were
subsequently applied.

2.2. Surface Modification and Coatings

Four different surface modifications (in 3% concentration in the form of water solution or
dispersion) were applied in one layer in the amount of = 100 g/m? using a brush (Table 1).

These surface modified samples (M1-M4) and reference control samples (Ref—without
modification) were subsequently coated with three different transparent commercial paints, which
were applied in two layers in the amount of 120 g/m? using a brush according to a recommendation
from a manufacturer (Table 2). SEM and confocal laser scanning microscopy have shown that dry
film thickness was approximately 30 pm for acrylic and 5 pm for penetrating oil and synthetic
coatings. Two samples were tested for each type of surface modification and coating system. The
mean values of the initial color of the tested samples and coating systems are given in Table 3.

Table 1. Specification of oak wood samples surface modifications.

Tﬂ’: d(;if:ia:e Chemical Composition
Ref Native Oak without modification
UV light-stabilizer (commercial product): 2-(2-hydroxyphenyl)-benzotriazoles with
M1 HALS (bis(1,2,2,6,6-pentamethyl-4-piperidyl) sebacate & methyl 1,2,2,6,6-pentamethyl-

4-piperidyl sebacate); all in 3% water solution

UV light-stabilizer 2-(2-hy droxyphenyl)-benzotriazoles with HALS (M1) and
M2 nanoparticles of ZnQO (25 nm)—weight ratio of UV stabilizers and nanoparticles in
composition 1:1; all in 3% water dispersion concentration
UV light-stabilizer 2-(2-hydroxyphenyl)-benzotriazoles with HALS (M1) and mixture
of ZnO:TiOz nanoparticles (in a 1:1 weight ratio); ZnO (25 nm) and TIOz (6 nm)

M3 nanoparticles—weight ratio of UV stabilizers and nanoparticles in composition 1:1; all
in 3% water dispersion concentration
M4 UV light-stabilizing penetration layer (commercial product) based on synthetic resins,
organic UV light stabilizers, and IPBC fungicide
Table 2. Specifications of the tested coatings.
Type of Specification of Composition
Coating P P
REF native oak wood without modification and without coating system
Acryl Acrylic thick layer exterior coating: Acrylate thick-layer water-solved glaze with fungicides

(5-chlor-2-methylisothiazol-3(2H)-on) and UV-stabilizers

Oil-based film forming exterior coating: Transparent oil-based coating containing dis-

Oil aromatized white spirit, natural vegetable oils, 3-iodo-2-propynyl N-butylcarbamate (IPBC)
as fungicide, UV-stabilizers

Synthetic thin layer exterior coating: mixture of synthetic resins and oils in organic solvents
with additives (BIT as fungicide 0.5%) and butanonoxime (0.5%)

Synth
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Table 3. Mean values of initial color coordinates of the tested coatings systems (n = 12).

Color REF Acryl 0il Synth
Coordi Ref M1 M2 M3 M4 Ref M1 M2 M3 M4 Ref M1 M2 M3 M4
L* 664 601 582 520 557 647 590 582 502 504 567 491 620 503 477 568
a* 72 78 7.1 86 8.5 77 108 21 119 128 99 114 101 128 136 118
b* 197 214 205 211 230 239 265 259 259 276 263 241 284 251 266 286

L*, a*, b* are color coordinates (see part 2.4. of Materials and methods section)

2.3. Artificial Weathering

Artificial weathering was carried out in UV-chamber QUV (Q-Lab, Cleveland, OH, USA) on the
basis of modified EN 927-6 [46] (Table 4). During each weekly cycle of irradiation and spraying, the
samples were transferred to the conditioning chamber Discovery My DM340 (ACS, Massa Martana,
Italy) and exposed to three-hour cycles lasting 6 h in total using temperature changes from -25 to 80
°C (with 25% relative air humidity). This led to better imitation of the exterior conditions in a mild
climatic zone, and to acceleration of artificial weathering tests. The total weathering time consisted
of 1008 h (6 weeks) of UV-cycling and water spraying, and 36 h of temperature cycling.

Table 4. One cycle of weathering in a UV-chamber according to modified EN 927-6.

Weathering in UV-Chamber:
One Cycle =1 Week (168 h)
1st step 24h Temperature 45 +3 °C, Water-Spray (off), UV (off)
Temperature 65 + 3 °C, Water-Spray (off),

Functions

A 25h UV Irradiance 1.10 W-m™ at 340 nm
2nd step B 0.5h  Temperature 20 + 1 °C, Water-Spray (on), UV (off)
A+B 3h

Sub-cydle (A +B): 48 subcycles x 3-h of one, i.e., together 144 h
In a comparison according to EN 927-6: 2006, the UV-chamber parameters in the 2nd step/A are as
follows: Temperature = 60 + 3 °C, UV Irradiance = 0.89 W-m2 at 340 nm.

2.4. Analyses of Tested Wooden Surfaces

The color parameters defined in CIE 1986 [47] of the tested samples were measured after 1, 3,
and 6 weeks of weathering using Spectrophotometer CM-600d (Konica Minolta, Osaka, Japan). The
device was set to an observation angle of 10°, d/8 geometry and D65 light source, and the SCI method
was used. Six measurements per sample exposed to artificial weathering were carried out for each
weathering time.

According to the Euclidean distance, the total color difference AE* (CIE 1986) was subsequently

calculated using Equation (1):
AE +=ALZ ¥ Aa? + Ab°2 1)

where AL*, Aa*, and Ab* a are relative changes in color between the initial and weathered state; L* is
lightness from 0 (black) to 100 (white), a* is chromaticity coordinate + (red) or - (green), and b* is
chromaticity coordinate + (yellow) or - (blue).

Gloss changes were evaluated using glossmeter MG268-F2 (KS], Quanzhou, China) on the basis
of EN ISO 2813:2014 [48]. Three measurements at a 60° angle per sample after 1, 3, and 6 weeks of
weathering were carried out.

Surface free energy (SFE) and contact angles (CAcoating®, CAwater®) was evaluated using
goniometer Kriiss DSA 30E (Kriiss, Hamburg, Germany) with software Kriiss (Kriiss, Hamburg,
Germany) and ORWK model for determination of SFE in mN.m2, The sessile drop method with a
dosing volume of liquids 5 puL. was used in all cases. Distilled water was used as polar liquid and
diiodomethane as non-polar liquid for SFE evaluation. The contact angle measurements with distilled
water were done at 5 s after deposition on the basis of other studies [49-51]. Due to faster penetration
of diiodomethane into the oak wood surfaces, the contact angle of this liquid was measured during
the first second after deposition of drop. The contact angle (CAcciing®) of coating drop at 5 s after the
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deposition on oak wood surfaces (modified (M1-M4) or reference unmodified (Ref) was also
measured in order to compare the wettability of different surface modifications with the tested
coatings. The wettability of coated surfaces against water (CAwae®) indicating changes in
hydrophobicity was measured after 0, 1, 3, and 6 weeks of artificial weathering with distilled water.
The dynamic water contact angle water was measured during 120 s using 5 puL of distilled water on
samples before and after accelerated weathering. Ten measurements per each tested type of sample
and all kinds of measurements (SFE, CAcosting®, CAwater®) were done.

The roughness parameter R. of oak wood surfaces after modification was measured using
confocal laser scanning microscope and profilometer Lext Ols 4100 (Olympus, Tokyo, Japan) on the
basis of EN 1SO 4287:1997 [52] and EN ISO 4288:1996 [53]. The measurement was carried out in four
traversing lengths oriented perpendicularly to the length of the samples over the tangential surface.

2.5. Microscopic and Elemental Composition Analyses, Visual Analyses

The selected sections of the wood-penetration layers and tested coatings were observed with a
MIRA 3 electron microscope (Tescan Orsay Holding, Brno, Czech Republic) with a secondary
electron detector operated at 15 kV acceleration voltage. The elemental compositions of the tested
sections were examined by an energy dispersive spectroscopy system (Bruker XFlash X-ray detector,
Karlsruhe, Germany, and ESPRIT 2 software). Hydrogen is not detectable by the method used.

Surfaces were additionally scanned at the beginning and after 1, 3, and 6 weeks of artificial
weathering using a Canon 2520 MFP scanner with 300 DPI resolution (Canon, Tokyo, Japan) to
evaluate visually and save degradation of the tested coating systems.

2.6. Statistical Evaluation

Statistical analyses were evaluated in MS Excel and Statistica (StatSoft, Palo Alto, CA, USA)
using mean values, standard deviations, line plots, whisker plots with mean values and 95% two-
sided confidence intervals. The results were statistically compared using a Tukey HSD test at a 95%
significance level.

3. Results and Discussion

3.1. Surface Characteristics of Wood after Modification

The first part of the research was focused on the evaluation of changes in the surface
characteristics of oak wood after application of modifying solutions M1-M4 (see Materials and
Methods) and to compare them with unmodified wood. Effective types of modifications increasing
the color stability of wood under the effects of the UV + VIS spectrum were selected on the basis of
previous work [37]. The roughness change (Figure 1), surface free energy change (Figure 2), and the
change in the contact angle of wetting with the tested coatings (Figure 3) were evaluated.
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Figure 1. Roughness (Rs) of oak wood samples without (Ref) and after surface modification (M1-M4).
The Tukey HSD test shows that the differences in the analysed values were statistically significant (p-
value <0.05) for M1 and M3 compared to Ref.

Wood roughness after application of aqueous solutions with UV stabilizers slightly increased
(statistically significant) (Figure 1) compared to untreated wood in two cases (M1 and M3). This is
due to the elevation of damaged wood fibers on the surface after increasing the moisture by applying
the aqueous solution [54]. The change in roughness between the modifications was almost the same—
the differences were statistically insignificant, confirming the above hypothesis (0.89 < p < 1.00).
Different roughness of wood can alter the adhesion of coatings [2,5,55]. A slight increase in adhesion
strength [2] was observed in the aforementioned works for chestnut with an increase in Ra from 4.5
to 8.3 pm. In the work of Vitosyté et al. [5], the decrease of Ra to ash wood from 8.64 to 4.59 pum led
to only a slight increase in adhesion strength. In the work of Jai¢ et al. [55], the influence of the
grinding direction was more significant, although a slight effect of adhesion was observed when Ra
increased from 3.5 to 4.8 pm. Generally, a slightincrease in Ra improves adhesion, buta large increase
of Ra markedly worsens it. According to the cited works [2,5,55], the measured increase in Ra after
modification M1-M4 (Figure 1) should not negatively affect the adhesion of coatings on painted
wood, and thus negatively affect peeling during exposure.
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Figure 2. Surface free energy (SFE) of oak wood samples without (Ref) and after surface modification
(M1-M4). The Tukey HSD test shows that the differences in the analysed values were statistically
significant (p-value < 0.05) for all modification (M1-M4) compared to Ref and also between M1 and
M4,

Modifications of the underlying wood can significantly change the SFE values [29,30,50]. The
SFE of oak wood increased significantly after all surface modifications (Oak-REF = 40.12 mN.m? to
values from 63.68 mN.m2 to 74.38 mN.m? for M1-M4). Among the modifications, only M4 (SFE =
74.88 mN.m?) differed significantly from M1 (SFE = 63.68 mN.m?); otherwise there were no
statistically significant differences. The increase in SFE predicts better wettability of surfaces with a
coating that is associated with better adsorption, and hence adhesion [6,25,26]. The improvement in
wettability of the tested coatings (CAceting® of Acryland Oil) corresponded to the increase in SFE after
modification, with the exception of M3, where, despite the highest increase in SFE (Figure 2), the
contact angle of wetting of the coatings increased even above the unmodified oak wood value (Figure
3). In M3, TiO: nanoparticles with smaller dimensions (6 nm) were used compared to ZnO
nanoparticles (=40 nm) and therefore the effect of worse wettability by coatings, which did not occur
in water and diiodomethane during SFE measurements, could occur. Increasing the contact angle of
wetting due to the structural arrangement of the surfaces is described in several works [36,56], where
the arrangement and the distance of the individual structural units on the surface seems to be crucial.
From the perspective of the prediction of adhesion during exposure, an improvement in the coating
system properties (especially peeling) of all modifications (M1-M4) can be expected based on the SFE
changes (Figure 2). Based on the evaluation of the wettability changes with the tested coatings (Acryl
and Oil; while for the Synthetic coating, CAwaing® could not be measured due to instantaneous
infiltration into wood), an increase in adhesion of modifications M1, M2, and M4 can be expected,
whereas worsening of M3 is assumed compared to an unmodified surface (Oak-REF) (Figure 3).
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Figure 3. Contact angle (CAcmting®) of the tested paints on oak wood samples without (Ref) and after
surface modification (M1-M4). (A): For acrylic paint, the Tukey HSD test shows that the differences
in the analysed values were statistically significant (p-value < 0.05) for modification (M1, M2, M4)
compared to Ref and also between M3 and M1, M2, M4. (B): For oil-based paint, the Tukey HSD test
shows that the differences in the analysed values were statistically significant (p-value < 0.05) for
modification (M3 and M4) compared to Ref and also between M3 and M1, M2, M4. Note: The contact
angle of Synthetic paint (Synth) could not be measured due to its very fast soaking into the oak wood
surfaces.

These assumptions were subsequently evaluated using accelerated artificial weathering tests in
a UV-chamber with embedded thermal cycling (see Materials and Methods). The changes in color
(Figure 4), gloss (Figure 5) and contact angle of wetting (Figures 6 and 7) were evaluated, which are
the characteristics defining the degree of degradation of the coating systems and also the underlying
wood species [57-59]. The evaluation was supplemented by an SEM and elemental analysis (Figure
8) of selected coating systems with different results and an overall visual assessment of all tested
surfaces during weathering (Figure 9). Visual assessment is required by standards (for example the
European standard EN 927-6 [46]) and also provides a complete basis for determining the degree of
damage after weathering in research papers [60,61].

3.2. Changes in Color and Gloss during AW

Application of transparent coating systems on oak wood causes darkening and increasing of red
and yellow shades, mainly in the case of synthetic coating (Synth) and partly oil-based coating (Oil).
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Some differences were observed when the initial M1-M4 surface modifications were applied (Table
3). The effects of the UV-stabilizing modification (mainly M1) of the surface of the underlying wood
were most evident in the increase in the color stability of the acrylic thick-layer glazing, which was
maintained even after 6 weeks of AW. The variability of the measured color changes was also lower
using surface modifications compared to acrylic coating applied to unmeodified cak wood (Figure
4A). For synthetic thin glazing and oil-based coating, the color change was significantly influenced
by degradation and peeling of the paint after 3 weeks of AW, and the effect of the underlying
modification was not clear (Figure 4B,C). In the reference oak without coating (REF), the color change
was more pronounced, especially after 3 and 6 weeks of accelerated weathering, due to the leaching
of photodegraded extractives and lignin [33,34]. For the tested coatings, the significant change AE*
suggests the same phenomenon after damage to the coating layer, which is also confirmed by the
visual assessment of degradation (Figure 9). Overall, the tested surface modifications increased the
color stability of the test specimens in more cases [13,14], in particular the M1 wood modification was
able to stabilize the underlying wood against color changes associated with the photodegradation of
lignin and extractive substances (Figure 4).

Gloss changes indicate that the top surfaces of the coating layer were damaged by weathering
[57,59]. The Qil and synthetic coatings were matte as defined in EN ISO 2813:2014 [48] and their low
gloss was reduced even after 1 week of AW (Figure 5B,C). This indicates their rapid degradation. The
lower layer thickness compared to the acrylic thick-layer glazing (see Figure 8) led to the deterioration
of the overall appearance, as confirmed by the visual evaluation (Figure 9). The acrylic (Acryl) also
showed a decrease in gloss (Figure 5A). Using the underlying modification (M1-M4), the gloss
reduction rate was reduced, but only slightly. After 6 weeks of weathering, the gloss dropped from
G = 34 values initially to values from G = 18 to G = 25.
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Figure 4. Total color change AE* of the tested coatings during 6 weeks of weathering. (A —Acrylic
coating; B—Qil-based coating; C—Synthetic thin layer coating).
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Figure 5. Gloss change of the tested coatings during 6 weeks of weathering. (A— Acrylic coating; B—
Oil-based coating; C—Synthetic thin layer coating).

3.3. Changes in Water Contact Angle during AW

The change in CAuater® via water indicates a faster degradation of the thin-layer synthetic glazing
(Synth) and the oil coating (Oil) compared to the thick-layer acrylic glazing (Figure 6). A decrease in
wettability to 0° indicates total degradation of the coating or surface layers of wood due to weathering
[28,62]. A more pronounced decrease from the initial values (CAwater® = from 100° to 80°) also indicates
an impairment of the protective function of the coating against water [59,63]. A sufficiently thick layer
of glazing can provide longer-term protection against weathering (Figure 6A). No significant
differences were observed in modified (Acryl-Ref) and unmodified wood (Acryl M1-M4). In the oil
coating (Oil), the initial M4 modification that most slowed down decreasing of hydrophobicity after
6 weeks of AW (Figure 6B), and for the synthetic glazing, was modification M2 (Figure 6C). Dynamic
water contact angle measurements confirm these results (Figure 7). The acrylic coating has a good
protective function after 120 seconds also after 6 weeks of weathering and differences between the
unmodified and M2, M3 modified surfaces were negligible (Figure 7A). Oil-based and synthetic
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coatings have better results for unmodified and M2 modified surfaces, where some protective
function against water was observed. Modification M3 increases the degradation of coating layer and
the water drops soaked into wood surfaces very quickly (Figure 7B,C). For oak, it was confirmed that
otherwise suitable and long-lasting transparent oil coatings, proven on other types of wood [64], do
not produce sufficiently good results. Overall, based on several works, oak can generally be
characterized as a type of wood with a difficult protection finish affected by exterior transparent

coatings [15,40,59].
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Figure 6. Water contact angle (CAwater) change of the tested coatings during 6 weeks of weathering.
(A—Acrylic coating; B—Oil-based coating; C—Synthetic thin layer coating).
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Figure 7. Dynamic water contact angle change of selected tested coatings before and after 6 weeks of
weathering. (A— Acrylic coating; B—Oil-based coating; C—Synthetic thin layer coating).

3.4. SEM and Visual Analyses

The SEM and elemental analysis confirmed the deposit of nanoparticle surface modifications in
oak wood surface layers. It also showed that penetration of treatments and tested coatings was
achieved only into the first layer oak wood cells destroyed during sanding (Figure 8). In unmodified
oak wood with acrylic coating (Acryl-Ref, Figure 8A), SEM did not confirm any significant damage
to the coating layer compared to the more stable color modification (see Figure 4) under the acrylic
coating (Acryl-M2, Figure 8B). However, it is possible to see a significant disturbance in the wood-
coating system interlayer compared to the M2 modified surface (Figure 8A versus Figure 8B). This
was also confirmed via a visual analysis of the entire surface, where more frequent disturbances were
visible on the test surface of the sample Acryl-Ref (Figure 9). For comparison, a more degraded
synthetic coating (Synth-M3) (Figure 8C) was also evaluated using SEM and elemental analysis. It is
apparent that the surface layer was damaged after AW, but no UV-stabilizing nanoparticles (TiO2
and ZnO) were washed out in the area where the coating was penetrated, and the hydrophobicity of
the surface was partially preserved (Figure 6C). However, the aesthetic functionality and color of the
surface was significantly impaired (Figures 4C and 8).
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©

Figure 8. SEM and elemental analysis of selected tested coatings after accelerated artificial
weathering. (A) Acrylic coating on unmodified oak wood (Acryl-Ref); (B) Acrylic coating on M2
modified oak wood (Acryl-M2); (C) synthetic thin layer coating on M3 modified oak wood (Synth-
M3).

The visual evaluation (Figure 9) gives an overall view of color change, coating flaking, cracking
and complete defoliation [58,60]. The significant effect of the applied film-forming substance and the
type of coating used was confirmed [7,11]. In particular, the effect of the thickness of the top glazing
layer, which decreases during exposure due to weather, was noticeable [43]. The results of lower
color change (Figure 4) and CAwate® changes (Figure 6) for acrylic glazing (Figure 9) were confirmed.
The visual evaluation also confirmed the positive effect in particular of M2 and M4, and partially of
M1 surface modifications on the overall durability of this coating. The reference on unmodified oak
(Acryl-Ref) showed greater crack formation compared to them. The prediction of faster damage of
coating based on a higher contact angle of wetting with coating material was confirmed for
modification M3 (Figure 3 versus Figure 9). Adversely, this prediction using R« and SFE changes was
not confirmed (Figures 1 and 2 versus Figure 9). Oil and synthetic coatings were shown to have
improved durability and color stability by using modifications M2 and partly M1 and M4, in
particular after 3 weeks of weathering (Figure 9). After 6 weeks of AW, the effect was observed only
by lower degradation of the underlying wood and both coatings (Oil and Synthetic) were completely
degraded. The results confirm that in poorly permeable woods, due to weathering, the penetration
and thin-film coatings are rapidly degraded and their faster renewal is necessary [20]. The effect is
even more pronounced for wood species with a high content of extractives and an uneven
morphological structure [40,58,60].
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Figure 9. Visual evaluation of the tested coatings applied to surface modification (M1-M4) compared
to unmodified oak wood (REF) during AW.

3.5. Final Discussion

Of the possible methods of predicting the rate of damage to coating syst on modified wood
during exposure, it was confirmed that only surface wetting with specifically applied coatings
(CAcoating®) is diagnostically appropriate (Figures 1-3, versus Figure 9). However, the method is
limited to coatings that do not immediately penetrate the wood and where the CAcoting® is
measurable. This result is consistent with the work of de Meier and Militz [1]. The measured SFE and
Ra values on modified oak wood surfaces did not predict the achieved durability and coating
defoliation results during AW (Figures 1 and 2 versus Figure 9). In previous works [1,28], where SFE
was evaluated, and in some of them also its effects on coating adhesion, the differences in native
wood (in the range from 40 to 55 mN.m2) are too small to significantly affect the adhesion of coatings
[6]. The results of this work confirm that not even a statistically significant increase in SFE after
surface modification of 50% or more (Figure 2) has to clearly predict the defoliation of coatings during
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exposition (Figure 9). It must be mentioned that the loss of coating adhesion during weathering is a
complex phenomenon related not only to the change in surface characteristics of the underlying
wood species and its photodegradation [33,34], but also to depolymerization and loss of internal
cohesion of the coating system [11]. This can be significantly influenced by additives [13,16], but they
may also have a negative impact on the compactness of the polymer base of the coating [65]. This
could also be the reason for infective wood modification in this work using small TiOz nanoparticles
(Figure 9), and their specific placement in the coating system structure seems to be necessary [66].
The results also show that modification of the underlying wood is a promising option for increasing
the durability of transparent exterior coating systems [13,67]. This is confirmed by the results of the
work of Evans et al. [40], where, based on a multifactorial analysis of the effect of (a) thickness, (b)
UV-stability and flexibility of the coating, (c) dimensional stability, and d) photo-stability of the
underlying wood on the durability of transparent coatings, the use of suitable surface modifications
enhancing the photostability of the wood proved to be a key factor. Our work confirmed the positive
effect of surface modifications using UV-stabilizing agents even on oak wood with a high content of
extractives [68] and strongly inhomogeneous morphological structure [39], which lead to faster
degradation of exterior coatings compared to other kinds of underlying wood [15,40]. The tested
synthetic thin-film coating had the shortest durability, and the oil also shorter compared to the acrylic
thick-layer glazing. The advantage of oil coatings, however, is their easier renewability. In terms of
renovation, there is no need for complete grinding, which is necessary for heavily damaged acrylic
glazes. The acrylic water-solvent coating system provided good results, and the color stability during
AW was further enhanced by the surface modification. A big advantage of this coating is low VOC
content and health safety [69,70].

The results of this study show the importance of researching the interaction between effective
UV-protective surface modifications/treatments and applied coating systems. The use of
nanoparticles with multifactorial effect not only for UV but also for bio-protection of outdoor exposed
wooden surfaces [71] is promising. The use of combinations of UV-stabilizing substances for
underlying wood or top coating systems seems to be more advantageous than the use of each of them
separately. The work of Raoetal. [72] confirmed the use of a combination of ZnO nanoparticles with
benzotriazoles, and this presented study also the combination of benzotriazoles, HALS, and ZnO
nanoparticles. In this work, the prediction of long-term durability of the coating system for certain
type of modifications with UV-stabilizers, some types of coating materials and Q. robur wood was
confirmed. However, it will be necessary to test and confirm the results for other types of wood, other
types of modifications, and other types of coating materials in order to confirm the general validity
of the used method.

4, Conclusions

Transparent coatings on exterior wood, in particular oak (Quercus sp.) have low overall
durability. In this work, the positive effect of surface modifications of oak wood was confirmed in
particular by the combination of ZnO nanoparticles with benzotriazoles and HALS on the overall
durability of the selected coating systems. The importance of researching the interaction between
effective UV-protective surface modifications/treatments and applied coating systems was shown.
The best results were achieved with an acrylic waterborne thick-layered glaze, followed by an oil-
based coating, and the worst variant tested was a thin-layer synthetic glaze. The possibility of
predicting the overall durability of the coating system on modified wood using wettability applied
by the coating drop was confirmed. Conversely, the effect of the change in the surface free energy of
the wood and the change in roughness due to the modification did not correspond to the changes in
the overall durability of the tested coating systems. The method of fast initial prediction is useful in
research focused on increasing the durability of transparent coating systems using the modification
of underlying wood. This enables, at the beginning, the elimination of disadvantageous and
ineffective variants from accelerated laboratory, as well as long-term natural weathering testing.
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Abstract: Artificial weathering can significantly reduce the testing time needed for proving coating
durability, nevertheless its reliability is still not thoroughly proven. In this study, eight different
transparent and pigmented coating systems, namely oil, acrylate, alkyd and urethane alkyd were
evaluated through natural and artificial weathering tests on oak samples by measuring colour, gloss
and surface wettability and by macroscopic and microscopic evaluation. The oil coatings performed
well in wood colour stability evaluations, while the best gloss and wettability change results were
noted for acrylate coatings. Pigmented coatings were characterized by significantly lower colour
changes than transparent ones. The gloss and wettability changes were more sensitive to coating
disruption than to total colour changes of coated wood associated with chemical changes in wood.
The findings in this work showed that values of gloss changes and surface wettability for all types of
coatings exposed to artificial and natural weathering resulted in significant differences from each
other. The data obtained by artificial weathering method provide basic results of coatings durability
and, ideally, natural weathering should be performed at the same time to support the results from
laboratory tests by exposing wood under real conditions.

Keywords: artificial weathering; coatings; durability; natural weathering; oak wood

1. Introduction

QOak (Quercus petraea L.) wood is often used for the exterior applications, mostly in construction
of bridges, pergolas, balconies or garden furniture, where higher natural durability [1] is required.
Oak contains a relatively high amount of phenol extractives, mainly vescalagin, castalagin, gallic and
ellagic acids [2], creating problems in the field of surface treatment durability [3,4]. Tannins in oak
wood also retard coating hardening [5]. The complex open vessel morphological structure of oak wood
complicates the overall application of coatings. A photodegradation process of oak wood accompanied
with significant discolouration and leaching of extractives from the surface takes place during the
initial phases of outdoor exposure [6], more intensely in the heartwood zone [7], which leads to the
need to protect oak wood by coatings to maintain its natural appearance.

Exterior wood coatings are used to improve the properties of substrate wood [8], reduce the effects
of degradation factors [9-11] and prolong the service life of the material. The exterior coating generally
protects against moisture uptake and related dimensional changes, protects against photochemical
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degradation, and prevents microbiological degradation [12,13]. The problems with transparent coatings
havebeen well discussed by Evans et al. [13]. Their advantage is the ability to protect wood and preserve
the natural look and colour [13], but they have the disadvantage of not protecting the substrate wood
against UV and visible light radiation as well as pigmented coatings [14]. The different performance of
coatings is also caused by their polymer base [15], the type of solvent [16] or even by the underlying
wood species [17,18]. Coatings protect underlying wood, but they are exposed to weathering process
causing their degradation [17,19,20]. The durability of coatings against atmospheric degradation is
assessed via natural weathering (NW) or artificial weathering (AW) tests [8,21-25] with parameters
given in international standards. The older and more common method is natural weathering [26],
which provides reliable results of coating durability due to the synergistic action of outdoor factors.
Accelerated artificial weathering [27] is carried out in laboratory conditions, to simulate the exterior
environment [22,28]. Artificial weathering can significantly reduce the required testing time, however
its reliability is still often questioned. Correlations between weathering methods were done in several
studies [23,29-31] however the results were ambiguous. Valverde and Moya [32] developed a model
to predict total colour difference between natural weathering and accelerated weathering for different
kinds of finishes of three tropical species. Cogulet et al. [11] focused on how the impacts of different
weathering methods challenges the reliability of AW and states that it is necessary to test coating
systems in an end-use environment for accurate assessment of their likely petformance.

In these works, where wood weathering was studied, more qualitative parameters of wood coatings
during both exposures were evaluated—change of colour parameters [3,11,30], coating thickness [23,30],
coating adhesion [30,33] or gloss [3,34]. Especially the change of colour during weathering serves as a
basic indicator of the rate of degradation [18,22,30]. In a study of Moya et al. [30], colour change was
higher in all species after NW than after AW due to the constant variation of solar radiation, moisture,
water, air contamination and biotic agents, which accelerates colour degradation processes [8,35]. These
findings are consistent with previous studies indicating the difficulty of reproducing the synergistic
action of NW factors during AW [11,17,23,24,36].

Currently there is very limited information on characteristics of transparent and pigmented
coatings on oak wood when they are exposed to both natural and artificial weathering. Therefore, the
objective of this study was to compare the performance of eight different transparent and pigmented
coating systems applied on oak samples using natural and artificial weathering tests. The efficiency of
specific coating systems was determined by measurements of colour, gloss and surface wettability
changes and by regular visual macroscopic and microscopic evaluation of the samples.

2. Materials and Methods

2.1. Sample Preparation, Coatings and Weathering Process

Samples of oak (Quercus petraea L.) wood harvested in the Czech Republic having an average oven
dry density of py = 705 kg/m® [37] were used for the experiment. The samples were conditioned to
12 + 2% moisture content. Test samples were prepared from the heartwood zone and they were visually
sorted in order to minimalize the colour variability of the tested wood materials. The dimensions of
the samples were 375 mm X 78 mm X 20 mm for natural weathering and 45 mm x 45 mm x 8 mm
for the artificial weathering tests. Tangential surfaces were exposed to weathering in both cases. Two
samples for NW and four samples for AW for each type of treatment were used.

Eight different transparent or pigmented coatings were applied to the samples based on the
producer’s recommendation. Their specification and application details are given in Table 1. One
group of samples was left untreated as control samples to compare coatings performance on treated
samples. The cross ends of samples were sealed with silicon to minimize additional water uptake.
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Table 1. Specifications of the tested coatings according to the producers.

Coating . e Type of Transparent (T) or  Number of Layers (Dry
Symbol Coating Specification Coating Pigmented (P) Film Thickness)
cs Control reference (REF) native B B B
samples without any coating system
Acrylate thick-layer water-based stain 2
AC1 with fungicides Acrylate T 40 pm)
(5-chloro-2-methylisothiazol-3(2H)-one) pm,
Acrylate thin-layer water-based
coating with a UV light absorber 3
AC2 (1,2-benzoisothiazol-3(2H)-one), IPBC  Arylate T (20 pm)
as fungicide
Thixotropic alkyd coating with 3
ALL microparticles as a UV-stabilizer Alkyd T (40 pm)
Thick-layer mixture of alkyds and oils . 2
AL2 with IPBC and pigments Alkyd/Oil P (40 pm)
Thin-layer oil-based with micronized 2
o1 pigments (TiO;) and fungicides 0il P (10 ym)
(propiconazole < 1%) e
Thin-layer oil-based with dark 2
o2 micronized pigments (Fe,O3) and 0il P 6 nm)
fungicides (propiconazole < 1%) wm,
Oil-based coating with fungicides . 3
o3 (propiconazole 0.5%) oil T (10 um)
Thin-layer solvent-based 2
S1 stain—urethane alkyds with additives ~ Urethane alkyd P (25 pm)
in white spirit with IPBC Hm

Note: IPBC = 3-iodo-2-propynyl butylcarbamate.

The natural weathering (NW) test was performed at Suchdol, Prague (50°07'49.68” N,
14°22"13.87” E) for 12 months. The climatic conditions during exposure are given in Table 2. The
samples were exposed at a 45° inclination, facing south, and placed approximately 1 m above the
ground according to the procedure previously described [26].

Table 2. Climatic conditions during NW. use a period (.) for decimals.

Period of Qutdoor Exposure in 2018 (months)

Measured data per day 1 2 3 4 5 6 7 8 9 10 1 12

Average temperature (°C) 35 -19 21 138 174 187 216 220 160 107 47 29
Average relative humidity (%) 812 73.4 703 578 597 634 492 534 640 703 845 822
Total precipitation (mm) 172 46 291 142 208 879 88 565 435 239 65 406

Average solar radiation (k]j‘mz) 2432 6473 8305 17,365 21,428 20,253 22,177 18,250 12,455 7915 3280 1992
Note: based on the data from http://meteostanice.agrobiologie.cz [38].

The artificial weathering (AW) test was performed in UV-chamber QUV (Q-Lab, Cleveland, OH,
USA) according to a modified EN 927-6 method [27]. The total time consisted of six cycles (1008 h)
of weathering in the UV chamber and 36 h of temperature cycling. During the each weekly cycle of
irradiation and spraying, the samples were transferred to a Discovery My DM340 conditioning chamber
(ACS, Massa Martana, Italy) and exposed to three cycles each lasting 2 h of temperature changes from
—25 to +80 °C (with 25% RH). The alternation of UV radiation, spray, and low temperature cycles,
leading to a better imitation of the exterior conditions in Central and Northern Europe, was previously
used by Van den Bulcke et al. and Panek et al. [22,39].

2.2. Colour Change (AE") Test

Colour variations of the specimens were evaluated through natural and artificial weathering
exposure of oak samples with 8 different coatings. The colour parameters L*a*b* [40] of the test
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specimens were measured after 0, 6 and 12 months of NW and after 0, 1, 3 and 6 weeks of AW using
CM-600d Spectrophotometer (Konica Minolta, Osaka, Japan). For the observation of reflection, the
specular component was included (SCI mode) at a 10° angle and d/8 geometry with an illumination
standard of D65 (corresponding to daylight in 6500 K). Six measurements of each tested sample were
carried out for each weathering time. Colour changes evaluations were done in CIE L*a*b* colour
space where L* is lightness from 0 (black) to 100 (white); a* is chromaticity coordinate + (red) or —
(green); b* is chromaticity coordinate + (yellow) or — (blue).

The total colour difference AE* [40] was subsequently calculated from relative changes of colour
(AL*, Aa*, and Ab*) using Equation (1):

AF' = (AL + (82" + (Ab°)? )

2.3. Gloss Change (AG*) Test

The gloss of the different coatings before and during weathering tests was measured using
MG268-F2 glossmeter (KS], Quanzhou, China) on the basis of [41]. Six measurements at a 60° angle
pet sample after 0,6 and 12 months of NW and after 0, 1, 3, and 6 weeks of AW were carried out to
evaluate gloss changes of the samples.

2.4. Surface Wettability Change (AW™) Test

The sessile drop method with static contact angle measurement was performed using a Kriiss DSA
30E goniometer (Kriiss, Hamburg, Germany) with the methodology used in previous studies [42,43].
Twenty measurements were taken for each sample, with distilled water drops with a dosing volume of
5 uL. The contact angle values were determined after 5 s of drop deposition on surface of the sample
before weathering and after 0, 6 and 12 months of NW and after 0, 1, 3 and 6 weeks of AW.

2.5. Macroscopic and Microscopic Evaluation

Tested surfaces of the samples were regularly macroscopically evaluated using a Canon 2520 MFP
scanner with 300 DPI resolution (Canon, Tokyo, Japan). Creations of cracks, defoliation of coating
systems were visually analysed. Microscopic structural changes of coatings and surface of the samples,
creation of ruptures, 3D-images of surface profiles were also studied employing confocal laser scanning
microscope Lext Ols 4100 (Olympus, Tokyo, Japan) with 108-fold magnification.

2.6. Statistical Analysis

Data were analysed using MS Excel (Microsoft, Redmond, WA, USA) and STATISTICA 13.2
(StatSoft, Palo Alto, CA, USA) using mean values, bar graphs and ANOVA for analysing the statistical
significance of selected factors with significance level & = 0.05. Spearman rank correlation between
NW after 12 months and AW after 6 weeks on the basis of AE*, AL*, AG* and AW* values of tested
coatings was also analysed. The Spearman rank correlation coefficient was calculated by Equation (2):

e ¥ (Rank Difference)2
m-n

Rhos =1 @

where 1 is number of items evaluated.

3. Results and Discussion

Results on coated samples exposed to artificial and natural weathering showed different behaviours.
The type of coating system applied on oak wood samples has a statistically significant effect (p < 0.05)
on the evaluated properties both during AW and NW (Table 3).
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Table 3. Statistical evaluation of significance of selected factors.

AL* AE* AG* AW *
Type of coating AW 0.000 * 0.001* 0.000 * 0.000 *
system NW 0.000 * 0.000 * 0.000 * 0.000 *

* signifies p < 0.05 (statistically significant at significance level 0.05).

3.1. Colour Change of the Samples

Total colour difference AE* calculated from measured colour parameters was the main indicator
representing coating durability during weathering [18,22,30]. The specific colour parameters (L*, a* b*)
describe the colour change more closely. During AW, the observed increase of values a* and decrease
of b* values showed a tendency of the wood surface to turn reddish and become less yellow shade.
Decreases of both a* and b* parameters were observed during NW, which indicates the opposite
trend. But in most cases, AE* was affected mainly by changes in lightness (AL*) as in the study of
Oberhofnerova et al. [31]. Changes in lightness of different coating during weathering is illustrated in
Figure 1. There are obvious differences in lightness parameters based on the weathering type-decrease
(negative value) of lightness during AW (except reference samples) indicating a tendency to turn into
darker and increase during NW indicating lightening. This trend is caused by the different weathering
conditions and ratio of degradation and leaching of photodegraded extractives and lignins observed
mainly on the transparent tested coatings. NW differing also in the presence of mould and dust and
other pollution in exterior which infiltrate in the degraded surface of wood or coating [10]. These
conditions are not simulated in laboratory testing [21,43]. But darkening of the surfaces caused by
the action of pollutants and moulds was negligible during this period of NW and mainly leaching of
darker oak exiractives and changes in pigmented coatings caused increasing of L* parameter.

Total colour difference (AE*) of tested coatings, was closely linked to lightness changes. Control
samples manifested the highest colour differences during both types of weathering. Total colour
difference values are characterized by a systematic increase during exposure [43,44], with higher
changes during initial phases of weathering [28,43]. In this study, only coatings AC2 and AL1 followed
this trend during AW (Figure 2). The lowest colour difference was noticed for O1 during AW and O2
during NW, which is in accordance with lightness changes in Figure 1. Those were the only coatings
able to protect the wood to the extent of AE* < 3, which is considered as a low colour difference that
cannot be distinguished by a subjective observer [45]. These oil coatings differed from each other only
by the type of pigments used (Table 1). The pigmented coatings (O1, O2, AL2, S1) were characterized
by significantly lower colour changes than transparent ones.

AL gy *

CS AC1 AC2 ALl AL2 01 02 03 S1
15.00

£ 1000

J’ljfl

£ 500 §
= ]
o 3
g oo g
B 500

[a)

-10.00

ALO*  AL1*  AL3*  AL6*

Figure 1. Cont.
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Figure 1. Lightness difference (AL*) of tested coating systems during artificial and natural weathering
(CS means control sample).
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Figure 2. Total colour difference (AE*) of tested coating systems during artificial and natural weathering
(CS means control sample).
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3.2. Gloss Change of the Samples

Except for small fluctuations, all coatings were characterized by decreased gloss values during
both weathering methods (Figure 3). The reference samples, on the other hand, manifested increases
in this property (with the decrease in the final phase of NW). The same findings regarding protected
and unprotected weathered wood were found by Ghosh et al. [46]. The best results were noted for
acrylate and AL1 coatings, while the highest changes were recorded for oil coatings.

AG *
AW
CS AC1 AC2 ALI AL2 O1 02 03 S1
60.00
40.00 S
o 2
£ 2000
[+ _— o - —_ = — ey = = S e
enp 000 E —m = =N R =N S
g 2000 %. = 5| ] = § 8
£ 20 = S 2 = 3
= = = 3
g 000 S| 2 £ 8§
o = = =
£ 6000 SN
S S
-80.00
-100.00
AGO*  AG1* AG3*  AG6*
AGyw*
NwW
CS AC1 AC2 ALl AL2 O1 O2 03 S1
60.00
4000
E 2000
8, 000
g
£ 2000
(5] =
@ -40.00 =
=}
& -60.00
-80.00
-100.00

AGO*  AG6*  AGI2*

Figure 3. Gloss difference (AG*) of tested coating systems during artificial and natural weathering (CS
means control sample).

3.3. Surface Wettability of the Samples

The contact angle, which indicates the wettability by water on the exposed surfaces of coated
wood, is an important indicator of the rate of weathering [22,24]. Surface wetting changes (Figure 4)
indicated the overall impairment of the protective function of the coating systems against water [24,39].
During AW, the most stable values were noted for acrylate coating systems and O3. The rest of the
samples were characterized by decreased surface wettability (the most in the case of reference samples
and AL2). During NW, the wettability decreased for all samples, but the smallest changes were also
recorded for acrylate and O3 coating.
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Figure 4. Surface wettability difference (AW*) of the tested coating systems during artificial and natural
weathering (CS means control sample).

The Spearman rank correlation of properties after 12 months of NW in comparison with 6 weeks
of AW measured both the strength and direction of the relationship between the ranks of data (Table 4).

Table 4. Spearman rank correlation between AW and NW.

Type of Coating Number of Valid Tests Spearman R p-Value

Transparent 5 0.10 0.87

AEgaw * X AEjonw * Pigmenied 4 0.40 0.60
All coatings 9 0.18 0.64

Transparent 5 -0.10 0.87

ALgaw * X AL1oNw * Pigmented 4 —0.40 0.60
All coatings 9 -0.03 0.93

Transparent 5 0.90 0.04*

AGgaw * X AGanw * Pigmented 4 0.40 0.60
All coatings 9 0.77 0.02*

Transparent 5 0.90 0.04 %

AWgaw * X AWpnw * Pigmented 4 -0.80 0.20
All coatings 9 0.53 0.14

Note: * means statically significant at 95% level (p < 0.05); R = 1 is a perfect positive correlation; R = —1 is a perfect
negative correlation; R = 0 is no correlation.
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Based on the results of Spearman rank correlation, strong statistically significant relationships
between results from AW and NW were only found with gloss changes of all coatings and surface
wettability changes and gloss changes of transparent coatings (p < 0.05). Further evaluation revealed
the remaining results from AW and NW, including total colour difference were statistically insignificant
(p > 0.05) and very poorly correlated with each other.

3.4. Macroscopic and Microscopic Evaluation of the Samples

The coating performance of the samples during NW was also evaluated visually in accordance
with other studies [18,20]. The visual evaluation confirmed that weathering causes colour changes
and surface degradation both in natural and laboratory conditions [23,24]. Visual inspection (Figure 5
for AW and Figure 6 for NW) confirmed the exact previously measured values-darkening of coated
samples during AW and lightening of samples during NW (Figure 1) and associated total colour (AE*)
and gloss changes (Figures 2 and 3).

after 6 weeks of AW

helore expesure

h

Figure 6. Visual evaluation of tested coatings before and after 12 months of NW exposure.

after 12 months of NW

Confocal laser scanning microscopy was employed to assess degradation of selected coatings.
Figure 7 illustrates the degradation of oil coating (O1) and acrylate coating (AC1) after 6 weeks of AW
or 12 months of NW. Lower colour changes were noted for oil coatings (Figure 2), but also a more
obvious disruption and degradation of the coating surface (Figure 7) which are more connected with
the higher gloss and surface wettability changes. In the line with this, the acrylate coatings were
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characterized by lower gloss and surface wettability changes associated with the lower degree of
coating degradation.

hefore weathering after 6 weeks of AW after 12 months of NW

acrylate coating AC1

Figure 7. Confocal microscopy of oil (O1) and acrylate (AC1) coating after 6 weeks of AW and 12 months
of NW.

3D images of samples roughness profile for selected tested coatings with higher gloss change
(AL2 and OB) are shown in Figure 8. It is possible to see increasing of roughness of the surfaces after
6 weeks of accelerated weathering. These images (Figure 8) also confirm that decreasing of gloss is
influenced mainly by decomposition of coating film (O3) or its top layer (AL2) (see also Figure 5).

Native oak wood has higher natural durability and lower colour changes in comparison with
other hardwood species during weathering [47], but to find durable coatings systems suitable for its
specific chemical and morphological structure is desirable. The findings of this study confirmed the
effect of polymer base on the overall performance of coatings [12,48]. It is clear that effect of surface
protection against weathering was demonstrated by the difference between uncoated reference and
coated samples (Figures 1-6). Generally, the oil coatings (O1-O3) performed well in the colour analyses,
the acrylate coatings (AC1-AC2) reached the best results in the gloss and wettability evaluation. These
properties are more likely connected with coating degradation and disruption than with chemical
changes in wood [34,39]. Acrylate and oil coatings reached the best performance on larch wood also in
study of Simtinkova et al. [15]. In opposite, in the study of Sivrikaya et al. [48], the better performance
against atmospheric conditions on oak wood was recorded for alkyd coatings compared with other
tested coatings.
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Figure 8. 3D images of surfaces before (left) and after 6 weeks of artificial accelerated weathering
(right). Figures were created using Confocal laser scanning microscope with 108-fold magnification.
Size of analysed area is 2560 pum x 2560 pum.

The total colour changes (AE*) were the most connected with the change of lightness parameter
AL* (Figures 1 and 2) as in the other studies [43,49]. The lowest colour changes were observed for oil
coatings O1 and O2 (thin-layer oil-based with micronized pigments TiO, and Fe;O3). The positive effect
of white TiO, pigments on photodegradation was already discussed in the work of Moya et al. [30].
The thickness of the coating system is a criterion affecting its service life [23] but for tested coatings in
this work, the pigment content was the more important factor (Table 1, Figures 5 and 6). The pigmented
coatings generally provided more effective protection and reached the lower colour changes during
NW than transparent ones as in the study of Sivrikaya et al. [48].

In the gloss and surface wettability evaluation of the samples, the performance of coating differed
in comparison with colour analysis. All the tested samples except control samples were noted for loss
of gloss during NW and AW. The best results were observed for acrylate AC1-AC2 and AL coatings.
Although the role of gloss change is still discussed - according to Panek et al. [39], the gloss change is
more sensitive to the coating degradation than to total colour difference (Figure 8). Merlatti et al. [34]
stated that loss of gloss should not be systematically correlated to the advance in chemical degradation
during weathering. The lowest change of surface wettability was recorded for acrylate coating systems
AC1-AC2 and oil coating O3 both after AW and N'W. The rest of the samples were characterized by
decrease of surface wettability, this was the most significant in the case of control and AL2 samples.

The comparison of both weathering methods only by evaluating colour difference would be
insufficient, as stated in other previously done studies [23,28,30]. The combination of different testing
parameters of coating systems and visual evaluation gives a better idea about the durability of
coatings [49,50], despite that the total colour difference still remains the main indicator of coating
degradation. Coatings defoliated after AW were in most cases highly degraded after 12 months of
NW (Figure 5 versus Figure 6). Based on this, AW can be recommended as the first step for selection
of nondurable coatings mainly on woods with specific chemical or morphological structure. The
non-linear correlations were performed to compare the strength of the relationship between the total
colour differences, gloss and surface after NW and AW of transparent and pigmented coatings as in
the study of Panek and Reinprecht [51]. The results were highly varied, and, in the most cases, without
any statistical significance. Comparisons of colour changes mainly showed weak correlation for tested
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oak, as for black locust and spruce wood in the work Panek and Reinprecht [52]. The strong correlation
was found only for the gloss changes of all coatings, in agreement with the work Q-Lab [53], and
surface wettability and gloss change of transparent coatings separately. Both methods revealed the
certain durability among the tested coating systems and come to the greater agreement than in the case
of unprotected wood weathering. These inconsistent results confirm the previously stated difficulty
to mathematically correlate data from outdoor and laboratory conditions [22,30]. The significant
impact of climatic and local environmental conditions at the testing site is still one of the dominant
factors preventing the accurate prediction of real weathering in the exterior via artificial accelerated
weathering [36,54]. Even there is an effort to simulate outdoor conditions in UV chamber by setting
the parameters of weathering, the more accurate correlation for prediction changes of coated wood
via artificial weathering in laboratory has proven to be difficult. Despite the obvious advantages of
artificial weathering, the results provided by this method still lack reliability of natural weathering
and they should always be carefully interpreted and in the best scenario accompanied by natural
weathering tests to verify the performance of coatings in an end-use environment [11].

4. Conclusions

Eight different transparent and pigmented coating systems were applied on cak samples and
tested using artificial and natural weathering. Total colour difference was mostly related to the lightness
parameter change. Evaluation of discolouration with other criteria such as gloss, surface wettability
and visual and microscopic evaluation more accurate predicted service life of coatings. Pigmented
coatings had significantly lower colour changes than transparent ones, for both artificial and natural
weathering. Oil coatings were more colour stable, acrylate coatings achieved the best results of gloss
and wettability changes. The gloss and surface wettability changes better copy degradation and
disruption of coated wood in comparison with total colour changes. Even there were some visually
observed similarities in the test results of AW and NW exposed samples, this was not confirmed
statistically. The Spearman rank correlation showed strong statistically significant relationship between
results after artificial and natural weathering only for the gloss changes of all coatings and surface
wettability and gloss changes of transparent coatings separately.

Author Contributions: Conceptualization and Methodology M.P.; Formal Analysis, E.O.; Investigation, K5,
0.D,185; Writing—Original Draft Preparation, E.O.; Writing—Review & Editing, E.O., M.P,, S.H.; Supervision,
M.P; Project Administration, PS.

Funding: This work was supported by the grant “Improving of coatings durability on selected kinds of woed in
the exterior applications,” No. TH02020873, financed by TA CR.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. EN 350. Durability of Weod and Wood-Based Products—Testing and Classification of the Durability to Biological
Agents of Wood and Wood-Based Materials; European Committee for Standardization: Brussels, Belgium, 2016.

2. Zahri,S,; Belloncle, C.; Charrier, F.; Pardon, P.; Quideau, S.; Charrier, B. UV light impact on ellagitannins
and wood surface colour of European oak (Quercus petraea and Quercus robur). Appl. Surf. Sci. 2007, 253,
4985-4989. [CrossRef]

3. Sivrikaya, H. hnpregnabi]ity and Dm'abi]ity Characteristics of Sapwood and Heartwood. Ph.D. Thesis,
Zonguldak Karaelmas University, Graduate School of Natural and Applied Sciences, Zonguldak, Turkey, 2003.

4. Ayadi, N. Vieillissement Climatique d’'un Systéme Bois-Vernis- Absorbeur UV Inorganique. Ph.D. Thesis,
Université de Nantes, Nantes, France, 2004.

5.  Browne, F.L. Wood Properties that Affect Paint Performance; US. Forest Service, Forest Products Laboratory:
Madison, WI, USA, 1958.

6. Oberhofnerovd, E.; Panek, M.; Garcia-Cimarras, A. The effect of natural weathering on untreated wood
surface. Maderas Ciencia y Tecnologia 2017, 19, 173-184. [CrossRef]

156



Coatings 2019, 9, 864 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

George, B.; Suttie, E.; Merlin, A.; Deglise, X. Photodegradation and photostabilisation of wood—The state of
the art. Polym. Degrad. Stab. 2005, 88, 268-274. [CrossRef]

Auclair, N.; Ried], B.; Blanchard, V.; Blanchet, P. Improvement of photoprotection of wood coatings by using
inorganic nanoparticles as ultraviolet absorbers. For. Prod. ]. 2011, 61, 20-27. [CrossRef]

Feist, W.C.; Hon, D.N.S. Chemistry of weathering and protection. In The Chemistry of Solid Wood; ACS:
Wash.ington, DC, USA, 1984; pp. 401-451.

Evans, PD. Weathering and photoprotection of wood. In Development of Commercial Wood Preservatives; ACS:
Washington, DC, USA, 2008; Volume 982, pp. 69-117. [CrossRef]

Cogulet, A.; Blanchet, P.; Landry, V. Evaluation of the impacts of four weathering methods on two acry]ic
paints: Showcasing distinctions and particularities. Coatings 2019, 9, 121. [CrossRef]

De Meijer, M. Review on the durability of exterior wood coatings with reduced VOC-content. Prog. Org.
Coat. 2001, 43, 217-225. [CrossRef]

Evans, P.; Haase, J.; Seman, A.S.B.M.; Kiguchi, M. The search for durable exterior clear coatings for wood.
Coatings 2015, 5, 830-864. [CrossRef]

Miniutti, V.P. Microscale changes in cell structure at softwood surfaces during weathering. For. Prod. |. 1964,
14, 571-576.

Simtinkova, K.; Oberhofnerova, E.; Reinprecht, L.; Pének, M.; Podlena, M.; Stérbova, I. Durability of selected
transparent and semi-transparent coatings on Siberian and European larch during artificial weathering.
Coatings 2019, 9, 39. [CrossRef]

Forsthuber, B.; Ecker, M.; Truskaller, M.; Griill, G. Rapid prediction of surface characteristics of European
and Siberian larch wood by FT-NIRS. Eur. ]. Wood Wood Prod. 2017, 75, 569-580. [CrossRef]

Gobakken, L.R.; Lebow, PK. Modelling mould growth on coated modified and unmodified wood substrates
exposed outdoors. Wood Sci. Technol. 2010, 44, 315-333. [CrossRef]

De Windt, I.; Van den Bulcke, J.; Wuijtens, I; Coppens, H.; Van Acker, J. Outdoor weathering performance
parameters of exterior wood coating systems on tropical hardwood substrates. Eur. J. Wood Wood Prod. 2014,
72,261-272. [CrossRef]

Gaylarde, C.C.; Morton, LH.G; Loh, K ; Shirakawa, M.A. Biodeterioration of external architectural paint
films—A review. Int. Biodeterior. Biodegrad. 2011, 65, 1189-1198. [CrossRef]

Griill, G.; Truskaller, M.; Podgorski, L.; Bollmus, S.; Tscherne, F. Maintenance procedures and definition of
limit states for exterior wood coatings. Eur. J. Wood Wood Prod. 2011, 69, 443-450. [CrossRef]

Dawson, B.S.; Singh, A.F.; Kroese, HW.; Schwitzer, M.A.; Gallagher, S.; Riddiough, S.J.; Wu, S. Enhancing
exterior performance of clear coatings through photostabilization of wood. Part 2: Coating and weathering
performance. J. Coat. Technol. Res. 2008, 5, 207-219. [CrossRef]

Van den Bulcke, J.; De Windt, I; Defoirdt, N.; De Smet, J.; Van Acker, ]. Moisture dynamics and fungal
susceptibility of plywood. Int. Biodeterior. Biodegrad. 2011, 65, 708-716. [CrossRef]

Griill, G.; Tscherne, F; Spitaler, I.; Forsthuber, B. Comparison of wood coating durability in natural weathering
and artificial weathering using fluorescent UV-lamps and water. Eur. J. Woed Wood Prod. 2014, 72, 367-376.
[CrossRef]

Zlahti¢, M.; Humar, M. Influence of artificial and natural weathering on the hydrophobicity and surface
properties of wood. BioResources 2016, 11, 4964-4989. [CrossRef]

Mikleéi¢, J.; Turkulin, H.; Jirous-Rajkovié, V. Weathering performance of surface of thermally modified wood
finished with nanoparticles-meodified waterborne polyacrylate coatings. Appl. Surf. Sci. 2017, 408,103-109.
[CrossRef]

EN 927-3. Paints and Varnishes. Coating Materials and Coating System for Exterior Wood, Part 3: Natural
Weathering Test; European Committee for Standardization: Brussels, Belgim'n, 2006.

EN 927-6. Paints and Varnishes. Coating Materials and Coating Systems for Exterior Wood, Part 6: Exposure
of Wood Coatings to Artificial Weathering Using Fluorescent UV Lamps and Water; European Committee for
Standardization: Brussels, Belgium, 2006.

Reinprecht, L.; Panek, M. Effects of wood roughness, light pigments, and water repellent on the color
stability of painted spruce subjected to natural and accelerated weathering. BioResources 2015, 10, 7203-7219.
[CrossRef]

Deflorian, F.; Rossi, S.; Fedrizzi, L.; Zanella, C. Comparison of organic coating accelerated tests and natural
weathering considering meteorological data. Prog. Org. Coat. 2007, 59, 244-250. [CrossRef]

157



Coatings 2019, 9, 864 14 of 15

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Movya, R.; Rodriguez-Ziifiiga, A.; Vega-Baudrit, J.; Puente-Urbina, A. Effects of adding TiO; nanoparticles
to a water-based varnish for wood applied to nine tropical woods of Costa Rica exposed to natural and
accelerated weathering. J. Coat. Technol. Res. 2017, 14, 141-152. [CrossRef]

Oberhofnerova, E.; Panek, M.; Bohm, M. Effect of surface pretreatment with natural essential oils on the
weathering performance of spruce wood. BioResources 2018, 13, 7053-7070. [CrossRef]

Valverde, ].C.; Moya, R. Correlation and modeling between color variation and quality of the surface between
accelerated and natural tropical weathering in Acacia mangium, Cedrela odorata and Tectona grandis wood
with two coating. Color Res. Appl. 2014, 39, 519-529. [CrossRef]

Jirous-Rajkovic, V.; Bogner, A.; Radovan, D. The efficiency of various treatments in protecting wood surfaces
against weathering. Surf. Coat. Int. B Coat. Trans. 2004, 87, 15-19. [CrossRef]

Merlatti, C.; Perrin, FX.; Aragon, E.; Margaillan, A. Natural and artificial weathering characteristics of
stabilized acrylic-urethane paints. Polym. Degrad. Stab. 2008, 93, 896-903. [CrossRef]

Oltean, L.; Teischinger, A.; Hansmann, C. Wood surface discolouration due to simulated indoor sunlight
exposure. Holz Roh-und Werkst. 2008, 66, 51. [CrossRef]

Creemers, J.; De Meijer, M.; Zimmermann, T.; Sell, J. Influence of climatic factors on the weathering of coated
wood. Eur. . Wood Wood Prod. 2002, 60, 411-420. [CrossRef]

CSN 49 0108. Drevo. Zist'ovanie Hustoty [Wood. Determination of the Densityl; Cesky Normalizaéni Institut:
Prague, Czech Republic, 1993.

Meteostation of the Faculty of Agronomy—Department of Agroecology and Biometeorology, Prague, Czech
Republic. 2019. Available online: http;//meteostanice.agrobiologie.cz (accessed on 27 November 2019).
Panek, M.; Oberhofnerova, E.; Zeidler, A.; Sedivka, P. Efficacy of hydrophobic coatings in protecting oak
wood surfaces during accelerated weathering. Coatings 2017, 7, 172. [CrossRef]

Commission Internationale de 1'Eclairage (CIE). Colorimetry, 2nd ed.; (CIE Pub. No. 15.2); Commission
Internationale de 1'Eclairage: Vienna, Austria, 1986.

EN ISO 2813. Paints and Varnishes—Determination of Gloss Value at 20 Degrees, 60 Degrees and 85 Degrees;
European Committee for Standardization: Brussels, Belgium, 2014.

Bastani, A.; Adamopoulos, S.; Militz, H. Water uptake and wetting behaviour of furfurylated, N-methylol
melamine modified and heat-treated wood. Eur. |. Wood Wood Prod. 2015, 73, 627-634. [CrossRef]

Ozgenc, O.; Hiziroglu, S.; Yildiz, U.C. Weathering properties of wood species treated with different coating
applications. BioResoutces 2012, 7, 4875-4888. [CrossRef]

Turkoglu, T.; Baysal, E.; Toker, H. The effects of natural weathering on color stability of impregnated and
varnished wood materials. Adv. Mater. Sci. Eng. 2015. [CrossRef]

Sehlstedt-Persson, M. Color responses to heat-treatment of extractives and sap from pine and spruce.
In Proceedings of the 8th TUFRO International Wood Drying Conference: Improvement and Innovation in
Wood Drying: A Major Issue for a Renewable Material, Brasov, Romania, 24-29 August 2003; Faculty of
Wood Industry, Transilvania University of Brasov: Brasov, Romania, 2003; pp. 459-464.

Ghosh, M.; Gupta, S.; Kumar, V.S. Studies on the loss of gloss of shellac and polyurethane finishes exposed to
UV. Maderas Ciencia y Tecnologia 2015, 17, 39-44. [CrossRef]

Kubovsky, I.; Oberhofnerova, E.; Katik, E; Panek, M. Surface changes of selected hardwoods due to weather
conditions. Forests 2018, 9, 557. [CrossRef]

Sivrikaya, H.; Hafizoglu, H.; Yasav, A.; Aydemir, D. Natural weathering of oak (Quercus petrae) and chestnut
(Castanea sativa) coated with various finishes. Color Res. Appl. 2011, 36, 72-78. [CrossRef]

Temiz, A.; Terziev, N.; Eikenes, M.; Hafren, J. Effect of accelerated weathering on surface chemistry of
modified wood. Appl. Surf. Sci. 2007, 253, 5355-5362. [CrossRef]

Singh, T.; Singh, A.P. A review on natural products as wood protectant. Wood Sci. Technol. 2012, 46, 851-870.
[CrossRef]

Pének, M.; Reinprecht, L. Colour stability and surface defects of naturally aged wood treated with transparent
paints for exterior constructions. Wood Res. 2014, 59, 421-430.

Panek, M.; Reinprecht, L. Critical view on the possibility of color changes prediction in the surfaces of
painted wood exposed outdoors using accelerated weathering in Xenotest. J. Coat. Technol. Res. 2019, 16,
339-352. [CrossRef]

158



Coatings 2019, 9, 864 150f 15

53. Q-LAB. Correlation of Laboratory to Natural Weathering. Technical Bulletin LU-0824. 1977. Available online:
www.g-lab.com/resources/technical-articles.aspx (accessed on 16 December 2019).

54. Mattos, B.D.; De Cademartori, PH.G.; Lourengon, T.V.; Gatto, D.A. Colour changes of Brazilian eucalypts
wood by natural weathering. Int. Wood Prod. ]. 2014, 5, 33-38. [CrossRef]

® © 2019 by the authors. Licensee MDFI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).

159



8.6. Caffeine and TiO2 Nanoparticles Treatment of Spruce and Beech Wood for
Increasing Transparent Coating Resistance against UV-Radiation and Mould
Attacks

160



E coatings Mbp

Article

Caffeine and TiO; Nanoparticles Treatment of Spruce
and Beech Wood for Increasing Transparent Coating
Resistance against UV-Radiation and Mould Attacks

Milo§ Panek !-*, Kristyna Simiinkova !, David Novik !, Ond¥ej Dvotik !, Ondfej Schonfelder?,
Premysl Sedivka ! and Klira Kobetitova 2
1 Department of Wood Processing and Biomaterials, Faculty of Forestry and Wood Sciences, Czech University
of Life Sciences, Kamyck4 129, 165 00 Prague, Czech Republic; simunkovak@fld.czu.cz (K.5.);
novakd@fld.czu.cz (D.N.); dvorak18@fld.czu.cz (O.D.); schonfelder@fld.czu.cz (O.S.);
sedivka@fld.czu.cz (P5)
2 Department of Materials Engineering and Chemistry, Faculty of Civil Engineering, Czech Technical
University in Prague, 166 29 Prague, Czech Republic; klara kobeticova@fsv.cvut.cz
*  Correspondence: panekmilos@fld.czu.cz; Tel.: +420-224-383-867

Received: 10 November 2020; Accepted: 21 November 2020; Published: 24 November 2020 f‘:e;:tf:;

Abstract: The effect of the initial modification of beech and spruce wood using a solution of
caffeine and of a commercial product FN-NANO® FN-1 containing a water dispersion of TiO;
nanoparticles for increasing the service life of a transparent oil and acrylate coatings during 6 weeks of
artificial accelerated weathering was tested. Changes in colour, gloss, and the contact angle of water
were monitored. Degradation of the coating film was also evaluated visually and microscopically.
The resistance of the coatings to mould growth was also subsequently tested. Based on the results,
itis possible to recommend the initial treatment of spruce and beech wood with a 2% caffeine solution
or 15% solution of FN-NANO® dispersion to increase the overall life of a transparent acrylic coating
in exterior applications. No positive effect of the applied treatments was observed with the oil coating.
In addition, lower concentrations of FN-NANO® did not have a sufficient effect, and the synergistic
effect of using FN-NANO® in a mixture with a 1% caffeine solution was also not confirmed.

Keywords: wood; caffeine; TiO, nanoparticles; transparent coatings; UV-resistance; mould attack

1. Introduction

Wood is a material of natural origin which is subject to a relatively rapid loss of its original
appearance in exterior applications [1]. This is caused both by abiotic influences [2] and biotic
infestation, in particular by moulds and wood-staining fungi [3,4]. The original appearance of wood
in an exterior location can be further preserved using coating systems [5]. Transparent coatings can
preserve not only the original design but also partly the colour of the base wood; however, their
long-term stability is reduced compared to pigmented coatings by deeper and more intense penetration
of sunlight into the coating film and base wood [6,7]. Another factor causing faster defoliation of
coatings is the growth of fungal hyphae on their surface and in the zone between the coating and the
wood surface [8,9]. In practice, penetrating base coatings containing fungicides and photo-stabilising
components are most often used to suppress fungal growth, increase the bio-resistance of non-durable
wood species, and increase photostability [5,10]. Ultraviolet (UV) stabilisers, hindered amine light
stabilisers (HALS), and nanoparticles [1-13] are most often used as additives, and substances based on
triazoles, carbamates, and others are most often used as fungicides [14,15].

An interesting possibility for increasing bio-resistance in parallel with photo-stabilisation of wood
is the use of TiO2 nanoparticles in anatase form [2,13,16-18]. The use of various substances of natural
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origin extractable from renewable sources is a more ecologically acceptable form of wood protection
against bio-attack [19]. One of the substances with a proven biocidal effect is caffeine [20-22], but it
is also disadvantageous in terms of its washability from wood [23]. However, this disadvantage
would be eliminated through use of the top barrier layer of the coating system, which protects
the base caffeine-impregnated wood. Nevertheless, it is necessary to determine whether the initial
pre-treatment with TiO; nanoparticles and caffeine adversely affects the overall service life of the
applied top coating, as described in some works [24,25]. Woods of the Norway spruce (Picea abies L.
Karst) and European beech (Fagus sylvatica L.) were selected for research in this work. Spruce wood is
widely used in exterior structures without a shelter—class 3 by EN 335 [26]. This is a type of wood
with lower resistance to bio-attack [27] and its additional protection against bio-attack is often required.
Transparent exterior coatings on this type of wood do not have optimal durability [28,29]. Beech
wood is rarely used outdoors due to its low resistance to bio-attacks [27]. Its deep impregnation is
necessary, and creosote oils are used, for example, for its use on railway sleepers [5]. Additionally,
due to climate change, it is possible to anticipate an increase in its share in the total volume of wood
processed—here, in Central Europe in particular [3,30,31]. The use of a suitable coating system and
fungicidal components represents one of the simplest and cheapest variants of its possible use in class
3 by EN 335 [26]—outdoors without a shelter and without contact with the ground and water.

The aim of the experiment was to determine how the overall service life of the acrylate and oil
coating system is affected by the initial surface modification of the underlying spruce and beech wood
using caffeine solutions, dispersion of TiO; nanoparticles, and their combinations. The method of
artificial accelerated weathering in a UV-chamber and a subsequent test of mould growth on both
ageless and weathered surfaces of treated wood were used for testing.

2. Material and Methods

2.1. Wood Samples

Norway spruce (Picea abies, L. Karst) wood with an average density of 412 kg-m™ and beech
wood (Fagus sylvatica, L.) with an average density of 710 kg-m~2 were used for the experiments.
Test specimens measuring 20 mm x 40 mm X 150 mm with a milled test area of 40 mm x 150 mm were
prepared. Prior to treatment, the samples were conditioned in the laboratory at T = 20 °C and in air
humidity of ¢ = 65% to an equilibrium humidity of 12%, and they were subsequently modified for
further testing.

2.2. Treatments of Samples

In the first step, the test specimens were soaked in more concentrations of impregnation solutions
containing an aqueous dispersion of commercial product FN-NANO® (FN-1) (FN-NANO® s.r.0.,
Prague, Czech Republic). FN-NANO® dispersion containing about 7.5% TiO, nanoparticles in anatase
form with the addition of 2.4% ZnSO, fulfilling the function of binder. Other sets were impregnated in
2% caffeine solution (Sigma-Aldrich, Prague, Czech Republic) and sets with different concentrations of
FN-NANO® in solution combined with 1% of caffeine were also prepared (see Table 1). The intake of
the solution and the soaking time were adjusted and controlled by continuous weighing of the samples
so that the intake of impregnating substance into the wood was about 120 + 20 kg-m~? for both types
of wood (beech is significantly more permeable compared to spruce). Subsequently, the samples were
dried again in the laboratory at T = 20 °C and in air humidity of ¢ = 65% to an equilibrium humidity of
12%. After drying, in the second step, top coatings were applied by brush to the samples. Acrylic (AC)
transparent exterior glaze (Impranal profi with UV-filter, Stachema a.s., Kolin, Czech Republic) and
transparent coating based on vegetable oils (OL) for exterior OSMO UV 420 (Osmo, Miinster, Germany).
Both were applied in two layers by the producers” recommendations with a deposit of approximately
100 g~m’2. A total of 4 test specimens were prepared for each type of treatment (see Table 1) and testing.
After drying the coating systems, tests of artificial accelerated weathering were performed.
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Table 1. Tested sets of specimens and their specification.

Types of Solution of FN-NANO® Caffeine Solution Acrylic Coating Oil-Based Coating

Samples Dispersion (Concentration) (Concentration) (AC) (oL
R-R - - - -
R-A - - 2 layers -
1-A 10% - 2 layers -
2-A 15% - 2 layers -
3-A 10% 1% 2 layers -
4-A 15% 1% 2 layers -
5-A - 2% 2 layers -
R-O - - - 2 layers
1-0 10% - - 2 layers
20 15% - - 2 layers
30 10% 1% - 2 layers
4-0 15% 1% - 2 layers
50 - 2% - 2 layers

Note: The spruce samples were marked (S) and the beech samples (B). Solutions of FN-NANO® dispersion with
concentrations 3.5% and 5%, as well as their combinations with a total 1% concentration of caffeine were also
prepared, but the achieved results after artificial weathering were unsatisfactory, and they have therefore not been
further evaluated in this article.

2.3. Artificial Accelerated Weathering

Artificial accelerated weathering (AW) was performed on the basis of EN 927-6 [32] in a UV
chamber (Q-Lab, Cleveland, OH, USA) (radiation parameters 1.10 Wm~2; T on black panel =65 °C
were modified) as standard with 2.5 h radiation phases and 0.5 h spraying with distilled water in the
dark, and air conditioning at 45 °C once a week for 24 h. In addition, once a week, 3 temperature
cycles (1 hat 80 °C and one hour at —25 °C) were inserted in the Discovery My DM340 air conditioning
chamber (ACS, Massa Martana, Italy). The tests lasted for 6 weeks and the selected properties of the
tested samples were evaluated at the beginning and after the 3rd and 6th week of AW.

2.4. Tested Properties—Colour, Gloss, Surface Wetting, and Visual Evaluation

The evaluated properties were colour changes measured by a spectrophotometer (CM-600d, Konica
Minolta, Osaka, Japan) with an observation angle of 10°, 4/8 geometry, D65 light source, and the SCI
setting was used. The colour changes of the parameters L* (brightness), a* (+red; —green), b* (+yellow,
—blue), and the total colour change AE* according to the known relationship AE* = (AL? + Aa? + Ab?)z
were evaluated [33]. Twelve measurements were made for each group of test samples and AW time.

The gloss was measured with an MG268-F2 glossmeter (KSJ, Quanzhou, China) at an angle of
60° according to EN ISO 2813 [34]. Twelve measurements were performed for each group of tested
samples and AW time.

Surface wetting was evaluated using Goniometer DSA 30E (Kriiss, Hamburg, Germany) and
Kriiss software (Kriiss, Hamburg, Germany). The sessile drop method was used. The dosing volume of
the distilled water drop was 5 L and measurement time of the water contact angle on the surface after
deposition was 5s. A total of 20 measurements for each type of treatment and AW time were performed.

Visual evaluation was performed using 10x folder magnification and scans of samples (using a
desktop scanner at a resolution of 300 dots per inch (DPI) (Canon 2520 MFP, Canon, Tokyo, Japan)
before and during AW. Microscopic analyses of surfaces used a confocal laser scanning microscope
(Lext Ols 4100, Olympus, Tokyo, Japan) with 108-fold magnification.

2.5. Mould Resistance Test

The test samples without weathering and after 6 weeks of artificial accelerated weathering were
tested for the resistance of the surfaces to moulds. Petri dishes with Czapek-Dox agar were left in the
open for 24 h to free up mould spores. This method provides more variable results compared to the
laboratory methods using pure mould cultures, but it corresponds better to the real conditions of the
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exposed wood. The samples were then sealed and left at 30 °C and 90% relative humidity. Afterchecking
the growth of mould in the dish, moist test specimens measuring 15 mm x 40 mm X 10 mm were
placed in the dishes with growing moulds, where their upper side measuring 40 mm x 15 mm was
manipulated from the surfaces of the exposed test specimens, and not exposed to artificial accelerated
weathering. The samples were placed on a low plastic pad to prevent the agar from seeping into the
wood. Two test specimens were placed in each dish so that one dish did not contain samples from the
same set of the tested types of treatments. Mould growth was evaluated after 7, 14, 21, and 28 days of
the mould test based on the CSN 490604 [35] standard, where degree 0 corresponds to samples without
growth, 0%-10% is evaluated by degree 1, 10%-30% by degree 2, 30%-50% by degree 3, and above 50%
of the stand at degree 4.

2.6. Statistical Evaluation

The results of the obtained measurements were evaluated using Statistica software (version 13.4)
(StatSoft, Palo Alto, CA, USA) and using mean values, standard deviations (SD), and whisker plots
using means and 2 + SD.

3. Results and Discussion

3.1. Visual and Microscopic Evaluation

Based on visual evaluation supplemented by a microscopic analysis of the surfaces of the tested
samples after artificial accelerated aging, positive effect of certain types of pre-treatments improving
the durability of the acrylate coating (Figure 1) were evident. Compared to untreated wood and two
layers of acrylic coating (Figure 1b), these were mainly 2% caffeine solution treatments (Figure 1c),
the surface treated with 15% FN-NANO® dispersion (Figure 1e), in beech wood also 10% FN-NANO®
dispersions (Figure 1d), and in spruce, the combination of 1% caffeine solution and 10% FN-NANO®
dispersion (Figure 1f) also had a relatively good effect. For other types of treatment, the result was
better compared to the initially untreated surface, but the positive effect was not as expressive. As with
other types of bio-treatments [36], the effect of caffeine treatment on wetting can be explained by
waterborne acrylate coating by reducing the contact angle of water wetting and increasing surface
free energy, which positively affect the adhesion of coatings to wood [37,38]. Based on our further
research, it was found that the contact angle of water wetting in beech decreased after adjustment
from the original 63.7° to 52.6° and from 105.6° to 83.4° in spruce, whilst surface free energy increased
from 49.15 to 53.70 mN-m~2 in beech and from 30.5 to 43.9 mN-m™2 in spruce [39,40]. Regarding
the positive effect of FN-NANO® containing TiO, nanoparticles, it was documented that at certain
concentrations—in particular, if TiO; nanoparticles penetrate deeper into the wood—the effect on
the service life of the top-coating system may not be negative, as evidenced by certain works [24,25].
In fact, they can even reduce the degradation of the under-laying wood surfaces by capturing part
of the incident UV and visible radiation spectra. The potential synergistic effect of a mixture of
TiO; nanoparticles and caffeine on improving the service life of coating systems due to weathering
was not demonstrated in this work. Only in the case of spruce was the overall appearance of the
coatings slightly better after the combined treatment, whereas for beech it worsened (Figure 1d,e versus
Figure 1f,g). Figure la shows the fully degraded surface of untreated native wood with a preserved
layer of non-photodegradable cellulose [41], causing significant lightening of the test specimens during
artificial accelerated weathering (Figure 1a).
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Figure 1. Beech (left) and spruce (right) wood samples before (0.w.) and after accelerated weathering
(AW) (6.w.). (a) Reference native wood (R-R); (b) acrylic coating on untreated wood (R-A); (c) acrylic
coating on caffeine treated wood (5-A); (d) acrylic coating on wood treated with 10% FN-NANO® (1-A);
(e) acrylic coating on wood treated with 15% FN-NANO® (2-A); (f) acrylic coating on wood treated
with a mixture of 10% FN-NANO® and 1% of caffeine (3-A); (g) acrylic coating on wood treated with a
mixture of 15% FN-NANO® and 1% of caffeine (4-A). Note: The real observed area of microscopic
picture was 2500 um X 2500 pm using 108-folder magnification.

Overall, the observed degradations of oil-based coating (Figure 2) were significantly higher
compared to the degradations of acrylic coating (Figure 1). They were comparable for both beech and
spruce wood without pre-treatment (Figure 2a,c), and the different types of treatments did not have a
significant positive impact (Figure 2b,d). For this reason, colour changes, gloss changes, surface wetting,
and mould growth were only subsequently evaluated for the acrylic coating system (Figures 3-5 and
Table 2).
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Figure 2. Oil-based coating after 6 weeks of AW. (a) Beech wood without pre-treatment (B-R-O);
(b) beech wood with caffeine pre-treatment (B-5-O) achieved the best results from the tested oil-coated
variants; (¢) spruce wood without pre-treatment (S-R-O); (d) spruce wood with 10% FN-NANO®
treatment achieved the best results from the tested oil-coated variants (S-1-O).

3.2. Colour, Gloss, and Water Contact Angle Changes during AW

During artificial accelerated weathering, there were significant colour changes in all of the tested
surfaces (Figure 3). The changes were smaller for darker beech wood in cases where the coating film
was preserved and there was no leaching of darker photodegraded lignin [42], and thus the overall
colour change was lower than in comparable cases of overall lighter spruce wood (Figure 1). In contrast,
for untreated wood, the AE* was greater for beech, as only light-coloured cellulose remained in
the surface zones [4]. Overall, the coated surfaces of the primary treated wood often had a higher
overall colour change compared to the untreated surfaces. However, this was due to the disruption
of the coating film of the untreated surfaces (R-A) (see also Figure 1) and the leaching of darker
photodegraded lignins [43] and subsequent lightening, thus returning the colour to the original lighter
shade of wood that had not been weathered. Of the pre-treatments that increased the overall service
life of the coating film, they also had a partial effect on reducing the colour changes of 2-A for spruce
and 1-A and less 2-A for beech. This confirms the positive effect of TiO; on the absorption and
reflection of UV radiation, and thus reduces its impact on wood [13,44]. However, it was demonstrated
that its effect and suitable concentrations vary for different types of wood (Figure 3). The decrease
in gloss of the coatings sensitively predicts the degradation of its surface layers [4546]. In terms
of the tested treatments, a positive effect on the preservation of the original gloss was observed in
caffeine-treated spruce wood (Figure 4) with an overall increased service life (Figure 1). The same was
observed in beech treated with a higher concentration of TiO; nanoparticles B-2-A (Figure 4) with
an observed positive effect on colour fastness (Figure 3), as well as the overall service life of the top
acrylate coating system (Figure 1). The contact angle of wetting and the reduction of hydrophobicity of
the surfaces was observed mainly in untreated photodegraded wood, particularly in beech (Figure 5).
Compared to other pre-treatments, a slight decrease in coated samples was only observed for S-1-A,
which also confirmed the observed effect on reducing the overall life of the coating film (Figure 1).
The hydrophobic effect was otherwise preserved in the samples where the top layer of the coating
film was already disturbed (Figure 1), and there were only slight differences in the variability of the
observed values (Figure 5). This also corresponds to the results of the work [46], where the preservation
of hydrophobicity also did not correspond to the disruption of the overall appearance of the tested oak
wood samples. Overall, a relatively high variability of the achieved values was observed (Figures 3-5).
This is caused by several factors. The first factor is the variability of the measured values of individual
samples in the set due to the inhomogeneity of wood as a material of natural origin. The second reason
is the increase in inhomogeneity of some tested surfaces due to weathering, as was documented in
Figure 1. It was confirmed that the quality of the coating after aging can be evaluated overall only by a
complex of evaluated characteristics, where the overall visual evaluation of the coating film must not
be neglected [7].
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Figure 3. Colour changes in tested wooden surfaces during AW: (a) L* changes on spruce; (b) L* changes
on beech; (c) a* changes on spruce; (d) a* changes on beech; (€) b* changes on spruce; (f) b* changes on
beech; (g) AE* changes on spruce; (h) AE* changes on beech.
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Figure 5. Water contact angle changes in tested wooden surfaces during AW: (a) Water contact angle
(°) on tested spruce samples; (b) Water contact angle (°) on tested beech samples.

3.3. Mould Growth Tests

Moulds pose a significant risk of damage to surface-treated wood products outdoors, and moulds
have a significant impact on their appearance [5]. There are various methods for testing mould growth
on wood and treated wood [3,4,47]. The results can vary depending on the method used [3]. One of
the possibilities is to use a free fall of mould spores into a prepared nutrient medium and subsequent
insertion of test specimens [48]. This method provides more variable results similar to tests in natural
conditions [4]. In this work, the highest rate of observed mould growth from the tested test samples of
each series was evaluated (Table 2). This increases the likelihood that the level of risk will be more
accurately verified in real exposures, where different species of mould may begin to grow under
appropriate conditions [47], or a combination thereof.

In general, compared to spruce, higher mould growth was observed on the surface of the tested
coated beech samples (Table 2). This can be explained by the higher natural bio-resistance of spruce
wood [27] and also by the better durability of the coating system after AW on spruce wood (Figure 1).
Before and after AW, treatment with a 2% caffeine solution (5-A) with a biocidal effect, which was also
confirmed in other works, had a positive effect on beech and spruce wood [2,23]. In comparison with
the work of Kwasniewska-Sip et al. [49], a better biocidal effect was achieved due to barrier protection
of treated wood with a coating that effectively prevented caffeine leaching during 6 weeks of artificial
accelerated weathering. In several cases, a positive effect of treatment with TiO; nanoparticles was
visible [8]—in particular, at a concentration of 15% FN-NAN O® (2-A and 4-A), more so in samples
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after AW (Table 2). This may be related to the greater exposure of the TiO;-treated layer connected
with the degradation of the acrylate coating, which in itself did not show a significant anti-mould effect.
A similar result was observed for spruce wood, but the growth of mould was generally lower than for
beech wood. The result confirms that only higher concentrations of TiO; nanoparticles have sufficient
fungicidal activity, even if the specific amount required is affected by the co-modifying agent [18,50].

Table 2. Maximum mould growth on tested samples before (R) and after weathering (W).

Degree of Moulds Growth Degree of Moulds Growth
(% of Surface Covered by Moulds in (% of Surface Covered by Moulds in
Beech Parenthesis) Spruce Parenthesis)
Time of Moulds Exposure Time of Moulds Exposure
1week 2weeks 3weeks 4 weeks 1week 2weeks 3weeks 4weeks

B-R-R-R 0(0) 4 (80) 4 (90) 4(90) S-R-R-R 0(0) 3(50) 4 (65) 4 (60)
B-R-R-W  0(0) 3 (50) 4 (60) 4(75)  S-RR-W 0(0) 3(50) 4 (60) 4(90)
B-R-AR 0(0) 3 (50) 3 (50) 4(75) S-R-A-R 0(0) 3(40) 4 (55) 4 (65)
BR-AW  0(0) 4(75) 4(75) 4(75) SRA-W  0(0) 4(75) 4 (80) 4(95)
B-5-A-R 0(0) 1(5) 1(5) 2(10) S-5-A-R 0(0) 0(0) 0(0) 1)
B5-A-W  0(0) 0(0) 0 2(25) S-5-A-W 0(0) 0 0(0) 0(0)
B-4-A-R 0(0) 0(0) 0 2(25) S-4-A-R 0(0) 0(0) 0(0) 2(10)
B4-A-W  0(0) 0(0) 00 1(5) S-4-A-W 0(0) 0(0) 0(0) 1(1)
B-3-A-R 0(0) 4 (75) 4 (85) 4(100)  S-3-AR 0(0) 0(0) 0(0) 2(10)
B3-A-W  0(0) 0(0) 00 2(25) S-3-A-W 0(0) 0(0) 0(0) 1(1)
B-2-A-R 0(0) 4 (75) 4 (75) 4(100)  S2-AR 0(0) 0 0(0) 3(35)
B2-A-W  0(0) 0(0) 00 1(5) S-2-A-W 0(0) 0(0) 0(0) 1(1)
B-1-A-R 0(0) 4 (75) 4 (75) 4(100)  S-1-A-R 0(0) 0(0) 0(0) 1)
B-1-A-W  0(0) 0(0) 0(0) 2(25) S1-A-W 0(0) 1(5) 1(5) 1(5)

Note: degree 0 represents the best results; degree 4 represents the worst results.

Research also confirms that the protection of beech wood against bio-attacks by moulds outdoors
using coatings is more difficult. In addition to its lower bio-resistance, its greater permeability may
also have an effect [51], and thereby increased demands on the amount of applied protective substance,
which does not provide sufficient film-forming protection on the wood surface. However, it is
encouraging that higher concentrations of the active ingredient TiO; used in this research (sets 2-A and
4-A) represented a relatively effective alternative against mould growth (Table 2).

4, Conclusions

Transparent coatings on wood outdoors do not have sufficient service life and colourfastness
due to more significant penetration of sunlight into the coating film and the base wood. Another
significant factor causing degradation of coatings in humid environments are moulds. The possibility
of increasing the durability and resistance to mould attacks in acrylic and oil coating on beech and
spruce wood was investigated. Initial treatments of wood by dipping in a 2% solution of caffeine and
various concentrations of commercial FN-NANO® containing TiO; nanoparticles and their mixtures
were used. A significant positive effect of caffeine treatment on the service life of the acrylate coating
system during accelerated artificial weathering was observed in both types of tested woods. The 15%
FN-NANO® dispersions treatment also showed good efficiency. The combined effect of a mixture of
caffeine and FN-NANO® had no significant positive effect. No improved quality of the oil coating
was observed using the initial wood treatments. Degradation by moulds was significantly reduced
when the wood was initially treated with a 2% caffeine solution. Higher concentrations of FN-NANO®
dispersion had a positive impact—in particular, on samples degraded for 6 weeks in a UV chamber.
Based on the results, it is possible to recommend the initial treatment of spruce and beech wood with a
2% caffeine solution or 15% solution of FN-NANO® dispersion containing TiO; nanoparticles in order
to increase the overall service life of transparent acrylic coating in exterior applications.
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Abstract

Wood, as a building material, is nowadays more often used outdoors. From the point of view of environment care,
wood constructions and use of renewable materials belongs between modern increasing trends in industry. Wooden
facades, more oftenused without surface treatment, arethe importantpart of this trend. InCentral Europe, European
larch (Larix decidua) and Siberian larch (Larix sibirica) are especially popular materials for wooden facade elements.
The aim of this study is to characterize the surface degradation of untreated facade models from both European and
Siberian larch wood. The wood species, orientation to the sides of the world and construction type of the facade
were the evaluation factors, which were regularly examined during 24 months of outdoor exposure via measuring
the changes of surface colour, gloss, wettability and visual appearance in the form of cracks and resin leaking. The
influence of all evaluated factors on the measured properties was determined. The results of this work can help to

proper use of untreated larch wood on facade elements in practice.

Key words: colour changes; facades; larch wood; surface degradation; weathering

Editor: Bohdan Kondpka

1. Introduction

Wood, as a building material, is well known for many
advantages. But there is a need to use it ina wayto protect
itagainst some specific factors, which negatively affect its
service life, functionality and appearance. This process
is called bio-degradation (Hrapkova 2012). According
to study of Gielen (1997), the production of all building
materials is responsible for 8 — 12% of all CO,emissions
in Western Europe. The use of wood as abuilding mate-
rial canreducethis number (Goverse et al. 2001; Bribian
etal. 2011). Already in the last century the trend of eco-
logical construction became familiar and the modern
wood constructions are the proof that wood still belongs
between popular and abundantlyused building materials
(Ingo 2011; KrZi&nik 2018).

Untreated wood, as a material for facade, can be
a cost-effective alternative to materials with an applied
coating system, as it requires limited maintenance. On
the other hand, more information about final costs, envi-
ronmental impactofbuilding components and service life
areneeded (Feist & Hon 1984). In the study of Gupta et
al. (2011),the FTIP analysiswas used to estimate the pre-
diction of service life of wooden facade elements. Based
ontheirresults, the key is to understand the degradation

processes of untreated wood during weathering. Gener-
ally, the prediction of service life of wood components is
themain factor of research, which requires careful exami-
nation of material s properties (Brischke et al. 2008;
Gupta et al. 2011). Current trends even favor facade ele-
mentswithout surface treatment, even though the visual
appearance of untreated wood changes over time dueto
weather conditions (Feist & Hon 1984; Hirche 2014;
Lesar et al. 2016).

Wooden facades are usually made from softwoods
and used more and more often without surfacetreatment
(Ingo 2011). According to Connell (2004), during last
decade there was a trend of increasing application of
domestic wood species. The reasons for that are the lower
costs of transport, lower emission of CO, and negative
perception of tropical wood use, whichisoften connected
with deforestation (Sohngen et al. 1999). In the area of
CzechRepublic, there are several domestic wood species,
which are suitable for facade production — spruce, fir,
larch and Douglas firamong softwoods and oak, Black
locust or chestnut among hardwoods. But practically,
hardwoods are not used at all for this purpose. The rea-
son are more disadvantages of more durable hardwoods
(forexample Quercus sp. or Robinia pseudoacacia) —their
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higher density (PoZgaj et al. 1993) and thus increased
facade weight, higher price and also higher susceptibil-
ity of lumber to shape deformations and formation of
larger cracks. Furthermore, various types of thermally
modified wood are used, preferablymade of Scots pine or
Norway spruce (Reinprecht 2016). The most important
factors for the selection of suitable wood species are the
number and width of annual rings — the denser annual
rings stands for higher durability of wood (Ingo 2011).
Frequently used larch wood belongs to the durability
class 3 according to EN 350 (2016). European larch
(Larix decidua Mill.) is characterized withdistinguished
sapwood and heartwood, sapwood is narrow and yellow-
ish, heartwood is from red-brown to red-purple colour
and turns dark on the air (Wagenfiihr 2003; Gierlinger
etal. 2003). European larch wood does not have a lot of
resin canals but they can be recognized in all directions
well known for wood structure — radial, tangential and
longitudinal. This wood species is dimensionally stable
arelatively resistantto acids, climatic changesand attack
of insects and fungi (Musil 2007). Sapwood of Siberian
larch (Larix sibirica) is yellow, heartwood is red-brown.
Siberian larch wood is also known for high mechanical
resistanceand strength in compression and relatively low
water absorption. Duetothe high content of terpenoids it
isdurability to bioticand abiotic factors (Gierlinger et al.
2003). Siberian larch is highly resistant to atmospheric
factors, in practice, it is considered as durable wood,
which can be used in construction without any protec-
tion. Both European and Siberian larch are character-
ized with high strength, which gives a high percentage of
use in furniture and construction (Gierlinger et al. 2003;
Musil 2007).

Wood exposed to outdoor conditions is subjected
to process of natural weathering, when wood degrades
due to the effect of atmospheric factors and changes its
surface properties both on macroscopicand microscopic
level (Williams 2007). The degree of degradation is gen-
erally influenced by wood density, amount of sapwood
and heartwood, annual ring’s orientation and content
of lignin and extractives (Williams 2005). Abiotic fac-
tors cause atmospheric degradation of wood, which
negatively affects only its surface layers (Temiz et al.
2005; Evans 2008; Oberhofnerova etal. 2017) butitcan
be beginning of more dangerous degradation caused by
bioticfactors —wood-destroying fungi and insects (Feist
and Hon 1984; Reinprecht2012). The changestake place
only to the depth of few millimetres and do not affect the
important mechanical properties, service life oreventhe
function of wooden element (Gobakken et al. 2011). The
most significant factors influencing therate of degrada-
tion are solar radiation and water, acting synergistically
(Tolvaj& Faix 1995; Hon & Shiraishi 2001; Miiller et al.
2003). Ultraviolet (UV) radiation provokes photochemi-
cal reactions, which cause the decomposition of lignin,
extractives and partly hemicellulose (Feist & Hon 1984;
Pandey 2005; Reinprecht 2008). In the first phase, the
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lignin is decomposed. As a result, in indoor applications
the wood turns dark, but in outdoors the decomposed
partsarewashedoutbyrainwaterfromthe surface (Tolvaj
1995; Pandey 2005). Due to that process, the light shade
of wood caused by light colour of non-degraded cellulose
is formed, but it is immediately disrupted by deposition
of dust particles and pollution into the porous structure
of wood surface (Evans 2008). The well known greying
of wood surface in exterior takes place. After leaching the
products of photodegradation the layers of wood cells
are further exposed and eroded (Feist 1982; Williams &
Feist 1999; Reinprecht 2008). The other factors affect-
ing theintensity of surface degradation are temperature,
acid rains and wind (Feist 1990; Williams 2005; Evans
2008; Teaca et al. 2013). The effect of wind is evident in
formation of typical plastic structure of wood in exterior,
which is manifested by increased roughness of surface.
Theuneven surface is caused mainly by the different den-
sity of early wood and late wood, which is more obvious
at softwoods (Williams 1999).

Other important factors influencing weathering of
wood are biotic factors and combination of wood product
application and construction or design solution (Sandak
etal. 2017). When applying untreated wood elements on
facade, the principles of construction protection should
be respected inorder to significantly reduce the weather-
ing process (EN 335; Ganne-Chédeville et al. 2012). The
basic point of construction protectionis keeping the opti-
mal shape and connection of wooden facade element in
order to ensure the rainwater drain. Other principles are
suitable roof overhangs, which can significantly reduce
the exposition of wood facade to water, or avoiding the
contact of wood with ground (Ingo 2011). Geographic
and climatic factors plays an important role as well in
weathering. In the study of Mohebby & Saei (2015)
the influence of different cardinal points on weather-
ing was confirmed — facades exposed to south side are
moreaffected byintensive solarradiation and changes of
relative humidity and temperature, therefore the higher
protection of facade is recommended for this side. The
intensity of solar radiation is lower at north side, on the
other hand it is more exposed to higher humidity and
slower drying out of wood, which makes suitable condi-
tions for growth of wood-destroying fungi and moulds
causing colour changes of wood (Reinprecht 2016). In
the climatic conditions of Central Europe, the western
side is more influenced by the predominant direction
of winds and incident rainfall compared to the eastern
exposure. The western side is more influenced by the
predominant direction of winds and incident rainfall
compared to the eastern exposure in the climatic condi-
tions of Central Europe.

The aim of this study is to determine the influence
of wood species, different exposure to cardinal points
(south and north) and different type of construction
on the surface changes of untreated wood facade ele-
ments. Facade models were made from European (Larix

176



1. Stérbovd et al. / Cent. Eur. For.J. 67 (2021) 45-53

decidua) and, still more frequently used, Siberian larch
(Larix sibirica) and they were exposed to weathering con-
ditionsin Prague (Czech Republic) in Central Europe for
24 months. The results of this study could help tounder-
stand behaviour of larchwood in exteriorand its applica-
tion in the form of facade cladding and tounderstand aes-
thetical changes of untreated wood during weathering.

2. Materials and methods

2.1. Preparation of samples

Based on theanalysis of currentlyused wooden cladding,
the two types of construction profiles (type A and B) and
their placement were designed in software AutoCad. The
accent was put on the elimination of rainwater and its
faster drain from the wood surface (Fig. 1). The facade
models were made from European larch (EL) and Sibe-
rian larch (SL), which were prepared in dimensions of
cladding of 400 x 145 x 20mm (length x width x thick-
ness). The overall size of the facade models was 400
% 600 mm (width x length). The facade models were
marked by the wood species, type of construction and
exposure (f. e. SL-B-S, see Table 1).

Table 1. Marking of the facade models.

Wood species Construction type Exposure
Siberian rch TypeAxTypeB  (South) § x (North) N

SL) * European larch (EL)

Profiled cladding was sanded by sandpaper with 120
grainand thenattached by fasteners to spruce wood sup-
porting construction from the south (S) and north (N)
side. These facade models were subsequentlyexposedin
exterior stands in the inclination of 90° (Fig. 2). Before
exposition, the samples were showed 18% of wood mois-
ture content.

TYPEA

The natural weathering test took place in Czech
Republic at Suchdol (50° 07°49,68 “N; 14°22°13,87”
E, 285 m elevation above sea level) for 24 months based
onthe EN 927-3 (2006). Testing stand with facade mod-
elswas placed at the roof of Pavilion of Wood Sciences of
Faculty of Forestry and Wood Sciences in Prague.

Fig. 2. The placement of facade models in the testing stands
in exterior in 90°.

The selected surface properties were regularly exam-
ined before and after 6, 12 and 24 months of exposure:
changes of gloss and colour, wettability (via measur-
ing contact angle) and visual evaluation focused on the
cracks forming and resin leaking.

2.2. Colour measurements

Colour parameters L*a*b* were determined using
the spectrophotometer CM-600d (Konica Minolta,
Japan) at the same marked places on the specimens. The
devicewas set to anobservation angleof 10°, d/8 geome-
try and D65 light source in L*a*b* colour space (accord-
ing to the Commission Internationaldel Eclairage— CIE
1986). Forty measurements were carried out for each

TYPEB

=1

Fig. 1. Design of facade profiles - type A (left — Siberian larch) and B (right — European larch). Type A is characterized with clad-
ding top cutin 45°, while type B was designed with inclination 30° and rounded top with radius r= 15 mm.
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tested model — twenty for south exposure and twenty
for north exposure. For the mathematical expression of
difference of two colours is used the Euclidian distance
— called as total colour difference AE *. The total colour
difference was calculated using the following equation
[Equation 1]:

E* =/(AL* )2 + (da*)? + (4b*)?
where:
L*is the lightness from 100 (white) to 0 (black), a* is the chro-
maticity coordinate from —60 (green) to + 60 (red), b* is the
other chromaticity coordinate from —60 (blue) to +60 (yellow)
(Sehlstedt-Persson 2003).

(1

2.3. Gloss measurements

Gloss measurements were performed based on EN
1SO 2813 (2014) using glossmeter MG268-F2 (KSJ,
Quanzhou, China). Forty measurements at a 60° angle
persample (twenty for south side, twenty for north side)
were performed during weathering.

2.4. Contact angle measurements

The sessile drop method with static contact angle meas-
urement (without external interference) was performed
using the methodology of Bastanietal. (2015). The wet-
tability measurements were taken using a goniometer
Kriiss DSA 30E device (Kriiss, Hamburg, Germany) on
radial surfaces of wood samples before weathering and
after 24 months. From each model, the samples fromthe
south and north side after 24 months of exposure were
prepared — in dimensions 70 x 30 x 20 mm (1 x w x t).
Ten measurements were taken for each sample, with
distilled water drops with a dosing volume of 5 pl. The
contact angle values were determined after 5 s of drop
depositiontoreach the equilibrium pointand preventthe
risk of contamination with extractives. The phenomena
of spreading and absorption of drops on the wood sur-
face was investigated via comparison between initial and
weathered state of wood samples.

2.5. Visual evaluation

The formation of cracks and degree of surface degrada-
tion were evaluated before and after weathering using
visual evaluation on the base of EN ISO 4628 (2003).

2.6. Statistical analysis

The statistical evaluation was performed using Statistica
12 software (Statsoft, Palo Alto, USA) and MS Excel
2013 (Microsoft, Redmond, USA) using mean values,
standard deviations, whiskers plots and analysis of vari-
ance (ANOVA).

3. Results and discussion

The total colour difference AE*, calculated from the
measured values (L*, a*, b*), was the most significant
factor indicating weathering of facade models. The spe-
cificcolour parameters (L *,a *, b*) representsthechange
of colour more accurately. During exposure of face mod-
els in exterior there was a significant change of colour,
at the end of the experiment almost all the tested mod-
els were characterized with the total colour difference
AE*>12, This value is considered as different colour in
comparison with the initial colour at the beginning of the
experiment. An exception was recorded for facade mod-
els SL-B-S and EL-B-S, which were characterized with
the total colour change AE* = 9.9 and 11.2 respectively.
These values are considered as high colour change only
(Sehlstedt-Persson 2003). The most significant colour
changes were noted after 24 months of exposure for the
facade models exposed to north side, specifically SL-A—
N, EL-A-N. Regarding south side, the most significant
colour difference was recorded for the model SL-A-S
with the values AE™* = 19.3 (Fig. 3).

When evaluating the colour parameter L *, a nega-
tive difference of its values was initially observed, which
means that the colour of the facade models gradually
changedto a darker shade. This change is mostly caused
by the deposition of dust particles in exterior and by the

Colour changes during natural weathering
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Fig. 3. Total colour changes AE * of facade models during natural weathering.
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Fig. 4. 25D whiskers plots and Mean values of L * changes during natural weathering of facade models from European (left) and
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Fig. 6. 28D whiskers plots and Mean values of b* changes during natural weathering of facade models from European (left) and
Siberian (right) larch.
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photodegradation of extractives and ligninon wood sur-
face (Oberhofnerovi et al. 2017). The most significant
difference in the values of the parameter AL* was clearly
observed at the facade models of type A, specifically in
the Siberian larch (SL) on the north side (N) with AL*
=-17.9. The second highest value was recorded for the
same model on the south side with AL * =—17.0. From
the point of view of this indicator of lightness, the con-
struction type A model exposed to north side was less
suitable for both wood species. For construction type
B, due to its specific inclination of the fagade profiles
greater than 90° (see Fig. 1), there was less deposition
of impurities in the porous structure and micro-cracks
of the wood. The European larch on the south side best
suited the construction type A of facade model. Facade
models SL-B-S and EL-A-S type showed the lowest
differences in lightness values.

The colour parameters a* and b* increased after 6
months of exposure, which is caused by the photodeg-
radation of lignin (Miiller 2003), but after 12 months
this trend was completely opposite and during the expo-
sure the values kept decreasing, which is due to gradual

leaching of lignin (Pastore et al. 2004). All facade mod-
els exposed to natural weathering for 6 months showed
a trend of increasing values of the parameter a*. After
12 months of exposure, all models showed a decrease in
these values. The most significant decreasewas recorded
for the EL-B-N and EL-A-N models. On the contrary,
the least significant decrease in a* values was measured
for the SL-B—S and SL-A-S models. Overall, the north
side and the European larch generally showed lower
values of a*. The highest value of the parameter b* was
recorded after 6 months of exposure for model SL-B-S
(b* =27.1) and model SL-A-S (b* = 26.9). At the end
of the weathering, the most significant decrease of the
parameterb* was measured at model EL-A-N (b*=7.1)
and SL-B-N (b* = 7.9). According to the dimensional
colour model, the facade models approached the yellow
hue in the 6" month and thebluehue from the 12 month
until the end of the test. The colour parameter b* showed
lower values of European larch compared to European
larch, and lower values were alsomeasured for the facade
models on the north side than on the south side.

Gloss changes during natural weathering
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Fig. 7. Gloss changes of facade models during natural weathering.
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Fig. 8. Surface wetting of facade models before and after natural weathering.
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The wood of both types of tested larch had a matt
surface (EN ISO 2813 2014) even before the start of the
weathering (Fig. 7). During the test, there was aslight
increase after 12 months of weathering and a decrease
again to almost original values after 24 months of expo-
sure. Despite some slight differences in the initial values
and the course of changes, the gloss values aresolow that
theydo not playanimportant rolein the visual perception
of the facade cladding for the external observer.

The contact angle of surface wettability with water
showed considerable variability due to the inhomoge-
neous structure of larch wood even before weathering
(Fig. 8). This inhomogeneity was slightly lower at SL
with higher density of annual rings, where the depos-
ited drop with a volume of 5 pl always partially affected
the zone of early wood and late wood. For EL with wider
annual rings, the variability was higher. The places with
a higher resin content were other reason for the varia-
bility of results (see photos in Fig. 1). After weathering,
significant decrease in contact angle values (CA®) and
adecrease in variability of EL were observed. This action
was due to the gradual photodegradation and leaching
of hydrophobic lignin from wood surfaces (Pastore et al.
2004). In general, lower CA® values were measured for
facade model B (lowest for EL-B-N), but the differences
were not statistically significant (Fig. 8). The decrease is
not as significant as in study of Oberhofnerova & Panek
(2016), which is, however, due to the 90° inclination of
the wood in this experiment, where there is no such rapid

weathering compared to exposure in the inclination of
45°according to EN 927-3 (2006).

Visual evaluation of facade models confirmed more
significant formation of cracks at SL~A-S in comparison
with other models. These visual changes were observed
after 12 months of weathering (Fig. 9). In this Figure, it
isalso possible to see typical greying of wood in exterior.

In some cases, resinleaking was observed, especially
in the first 12 months of exposure (Fig. 10). This char-
acteristic was the most pronounced at SL-B—S model.

The colour changes were observed even by naked
eye, which confirms the values of total colour difference
measured by spectrophotometer (Fig. 3).

4, Conclusion

Two construction types of facade models were made
from European Larch (Larix decidua Mill.) and Sibe-
rian Larch (Larixsibirica). These models were subjected
to natural weathering for 24 months on the south and
north exposure. The colour changes at all models were
significant, the lowest changes were observed for SL—
B-S model. But in general, the most significant overall
colour changes were paradoxically shown by the facade
models made of Siberian larch. In terms of the indicator
of total colour difference, the European larchreached in
more cases better results than Siberian.

In terms of type of exposure, the north side showed
higher colour changes compared to the south side.

Fig. 9. The formation of cracks — visual appearance of Siberian larch after 12 months of exposure to south side, construction

type A.

Fig. 10. The resin leak after 12 months of weathering at Siberian larch exposed to south side, construction type B.
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Another evaluation parameter was the gloss, where,
however, due to its low initial values and small changes,
the visual characteristics of the facade models were not
significantly affected. A more significant decrease inthe
contact angle of wettability was observed for European
larch and for facade model B, but the differences after
weathering were not statistically significantly differ-
ent due to the large variability of the measured values.
There wasa higher formation of cracks on Siberianlarch
wood in comparison with European larch. Cracks were
observed onbothtypes of exposure (NxS) and construc-
tion models (AxB) but the most at the facade model A on
the south side. The occurrence of resin leaking during
outdoor exposure was also observed, especially in the
first 12 months of exposure.

Finally, the main result of this work is that changes
of larch fagade appearance during exterior exposure
depend not only on kind of larch wood, north or south
exposure, but important factor is also design of profiles
in construction.
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