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1. DARBA VISPARIGS RAKSTUROJUMS

1.1. Témas aktualitate

Viena no Sodienas aktualitatem ir ilgtsp&jigas attistibas nodrosinasana, kas ciesi
saistita ar centieniem arvien plasak dzives vidé izmantot materialus, kuri iegiiti no
vietgjiem, atjaunojamiem resursiem un p&c kalpoSanas termina beigam biitu viegli
utiliz€jami. Bitisks faktors, kas apgriitina koksnes konkurétsp&ju ar citiem materialiem
un kave vel plasaku izmantosSanu, ipasi biivnieciba, ir tas nenoturiba pret apkartgjas vides
iedarbibu — formas un izmeru nestabilitate mainiga vides mitruma, krasas maina saules
starojuma ietekm@, virsmas erozija ara apstaklos, dazadu krasojoSo un trupes senu
apdraud@ums paaugstinata mitruma. P&€d&jo desmitgadu laika ir palielinajusies interese
par dazadam metodem, kas, izmainot koksnes ktmisko struktiiru, lautu izmainit dazadas
koksnes Ipasibas, tadgjadi padarot to piemérotaku noteiktas pielietojuma jomas. Ipasi
aktuala koksnes modifikacija ir kluvusi apstaklos, kad daudzas Eiropas valstis, tai skaita
arT Latvija, arvien stingrak tiek kontroléta un ierobezota biocidu lictosana, kas ilgstosi
bijis galvenais pan€miens koksnes ilgizturibas nodrosinasanai. Koksnes termiskas
modifikacijas procesa, atskiriba no dazadam koksnes kimiskas modifikacijas metodém,
netiek izmantotas kimikalijas, un koksnes struktiira un Ipasibas izmainas koksnes
kimisko komponentu autokatalitisku reakciju rezultata, ta padarot So metodi par
salidzino$i videi draudzigu koksnes modifikaciju. Turklat termiskas modifikacijas
iekartas ir relativi vienkarSas un to kapitalizmaksas ir zemas, tade] ir visai ticams, ka
koksnes termiskas modifikacijas apjomi var€tu pieaugt art turpmak.

Lai arT ir veikti plasi p&tfjumi par koksnes termisko modifikaciju un $ada koksne
pec vairakam metodém tiek razota ari riipnieciska meroga, pasaulé joprojam notiek
intenstvi p&tfjumi gan par pasiem termiskas modifikacijas procesiem un dazadu faktoru
ietekmi uz izmainadm koksn€, gan par iegitas modificétas koksnes Ipasibam un tas
pielietojamibu. Termiskas modifikacijas procesa iegiist tumsak vai gaisak briinu koksni
ar uzlabotu bionoturibu un izméru stabilitati mainigos vides mitruma apstaklos, bet
vienlaicigi ar zemakiem mehaniskas stipribas raditajiem, kas ierobezo tas pielietojumu
ka nesoso konstrukciju materialu. Lidz ar to termiski modificétas koksnes potencialas
pielietosanas jomas galvenokart ir ka apdares un galdniecibas materiali — jomas, kuras
materiala dekorativitates stabilitatei ir loti liela nozime. Parsvara visi pétijumi ir veltiti
dazadiem ar termiski modificétas koksnes funkcionalajam 1paSibam (fizikalas,
mehaniskas, bionoturiba) saistitiem aspektiem, bet termiski modific€tas koksnes
dekorativas Ipasibas (piemeram, krasas homogenitate) un to stabilitate dazados apstaklos
ir pétitas tikai fragmentari.

Latvija kokrtpnieciba tradicionali nozimigakie ir skujkoki, kaut arT lapkoki
aiznem lielakas meza platibas valstt. Turklat p&tfjums par Latvijas koksnes resursiem ir
paradijis, ka Latvijas miksto lapkoku resursi netiek pietiekoSi izmantoti un ir uzkrajusas
lielas to rezerves (Krtimins u.c., 2013). Tas norada, ka biitu svarigi atrast plasakas vietgjo
lapkoku resursu izmantoSanas iesp&jas, veélams, radot jaunus produktus ar augstu



pievienoto vertibu. Viens no sadiem produktiem var€tu biit termiski modificéta koksne,
un tas dekorativo 1pasibu stabilitates nodrosinasana veicinatu plasaku tas izmantoSanu.

1.2. Darba mérkis

Darba mérkis ir ar speciali veidotiem plévi neveidojosiem virsmas parklajumiem
uzlabot termiski modificétas lapkoku koksnes dekorativitates noturibu pret vides faktoru
izraisitam parmainam.

1.3. Darba uzdevumi

1. Raksturot koksnes krasas izmainu procesu dazados termiskas modifikacijas rezZimos
un salidzinat iegiita materiala un nemodific@tas koksnes dekorativas Ipasibas.

2. Noskaidrot termiski modific€tas koksnes un vides faktoru mijiedarbibas Ipatnibas.

3. Izstradat termiski modificetai koksnei piemérotus, tekstiru nenosedzoSus
parklajumus ar nepiecieSamajam piedevam koksnes dekorativo ipasibu saglabasanai.

4. Aprobét un optimiz&t parklajumu sastavus, veicot ara novecinasanas testus.

1.4. Darba hipoteze

Promocijas darba ir izvirzita hipotéze, ka termiskas modifikacijas izraisitu
kimisko parvertibu rezultata butiski mainas koksnes novecoS$anas procesi, un to
aizkavesanai piemérotu parklajumu optimalie sastavi atSkiras no nemodificétai koksnei
paredzetajiem.

1.5. Zinatniska novitate

Darba ir noskaidrots koksnes krasu veidojoso hromoforo grupu izmainu raksturs
termiskas modifikacijas procesa un noteikta $o hromoforo grupu saistiba ar koksnes
ktmiskajiem komponentiem. Ir veikta termiski modificétas koksnes krasas homogenitates
un stabilitates analize, ka arT izpétitas termiski modific€tas koksnes novecos$anas procesu
Ipatnibas. Noskaidrota termiski modificétas koksnes gaismas spektrala jutiba, kas ir
svarigs raksturlielums efektiva parklajuma sastava izvelei. Darba ietvaros ir optimizets
termiski modificétai koksnei piemérotu, plévi neveidojosu parklajumu saistvielu
komplekss un noskaidrotas termiski modific€tas koksnes novecoSanas aizkavéSanai
piemérotas parklajuma funkcionalas piedevas.

1.6. Praktiska nozimiba

Zinasanas par koksnes krasas veidosanos termiskas modifikacijas procesa palidz
pareizi planot dekorativam lietojumam paredz&tu koksnes materialu modifikacijas
procesus. Darba iegiita informacija par termiski modificEtas koksnes novecosanas
Ipatnibam lauj mérktiecigi veidot efektivus, ekonomiski un ekologiski pamatotus
parklajumu sastavus tas optimalai aizsardzibai pret vides faktoru iedarbibu. Izstradata
termiski modificétas koksnes aizsardzibai un dekorativitates saglabasanai piemerota,
plévi neveidojosa parklajuma kompozicija ar paaugstinatu atjaunojama augu valsts
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izcelsmes komponenta - linséklu ellas Tpatsvaru saistvielas sastava un optimizétu
funkcionalo piedevu kvalitativo un kvantitativo sastavu.

1.7. Promocijas darba struktiira un apjoms

Promocijas darba struktiira ir pakartota izvirzitajiem darba uzdevumiem.

Pirmaja nodala “Situacijas analize” apkopota un analiz&ta zinatniskaja literattira
pieejama informacija saistiba ar promocijas darba tematiku par koksnes termiskas
modifikacijas procesiem, to izraisitam koksnes morfologiskas un kimiskas struktiiras,
fizikalo un mehanisko Ipasibu izmainam. Nodala izvertetas pasreiz€jas zinasanas par
koksnes novecos$anas norisém, tas ietekmé&josiem faktoriem un pétiSanas metodém.
Apskatiti petijumi un tajos giitas atzinas par dazada sastava parklajumu lietoSanas
pieredzi koksnes aizsardziba.

Otraja nodala “Materiali un metodes” aprakstiti p&tijuma izmantotie materiali
un metodes.

TreS$aja nodala “Rezultati un to izveértéjums” atspoguloti petijuma rezultati,
veikta to analize un interpretacija. Nodala sadalita apak$nodalas, kuras atbilst
izvirzitajiem pétnieciskajiem uzdevumiem. 3.1. apaksnodala ir analiz&ti dazadi termiskas
modifikacijas izraisitu koksnes krasas izmainu aspekti. 3.2. apaksnodala ir apkopoti un
izklastiti eksperimentu rezultati, kuros tika pétitas termiski modific€tas koksnes un
dazadu vides faktoru mijiedarbibas Tpatnibas. 3.3. apak$nodala ir aprakstita termiski
modificétai koksnei piemérotu parklajumu sastava optimizéSana. 3.4. apak$nodala ir
izverteti ara testu rezultati, kuros tika parbaudita dazadu sastavu parklajumu spg&ja
nodrosinat termiski modific€tas koksnes dekorativo 1pasibu saglabasanu.

Promocijas darba nosléguma formuléti cetri galvenie secinajumi un sniegti
priekslikumi.

Kopgjais promocijas darba apjoms ir 144 lappuses, informacija apkopota 16
tabulas un 78 att€los, izmantoti 363 literaturas avoti.

1.8. Darba aprobacija

Publikacijas par darba temu

1. D.Cirule, A.Meija-Feldmane, E.Kuka, B.Andersons, N.Kurnosova. A.Antons,
H.Tuherm (2016) Spectral sensitivity of thermally modified and unmodified
wood. Bioresources, 11(1), 324-335.

2. D.Cirule, E.Kuka (2015) Effect of thermal modification on wood colour. In:
Proceedings of the Annual 21st International Scientific Conference Research for
Rural Development 2015, Vol.2, 87-92.

3. D.Cirule, E.Kuka, A.Antons (2015) Disparity in discolouration of thermally
modified wood exposed to solar and artificial ultraviolet irradiation. Rural
Sustainability Research, 34(329), 12-20.




10.

11.

12.

13.

Meija-Feldmane A., Cirule D., Kuka, E., Andersons, B. (2014) Colour changes of
thermally modified hardwood under different conditions. In: Proceedings of the
10th meeting of the Northern European Network for Wood Science and
Engineering (WSE) 2014, Edinburg, Scotland, 110-115.

Cirule D., Andersons B., Andersone 1., Meija-Feldmane A., Grinins J. (2014)
Weathering and protection of thermally modified aspen wood. In: Proceedings of
the 3rd International Conference on Processing Technologies for the Forest and
Biobased Products Industries (PTF BPI 2014), Kuchl/Salzburg, Austria, 241-248.

. Cirule D., Sansonetti E., Meija-Feldmane A., Andersone I., Andersons B. (2014)

Coatings improving resistance of thermally modified wood to discoloration. In:
Proceedings of the 10th Coatings Science International (COSI) 2014, Noordwijk,
The Netherlands, 97-100.

Cirule D., Meija-Feldmane A., Kuka E. (2014) Colour stability of thermally
modified hardwood In: Proceedings of the 20th Annual International Scientific
Conference Research for Rural Development 2014, Jelgava, Latvia, Vol. 2,
103-108.

Andersone 1., Andersons B., Irbe 1., Cirkova J., Cirule D., Kurnosova N, Janberga
A., Biziks V., Grinin$ J., Antons A. (2013) Termiski modificétas lapkoku koksnes
ekspluatacijas 1pasibas. Vietgjo resursu (zemes dzilu, meza, partikas un
transporta) ilgtsp&jiga izmantoSana — jauni produkti un tehnologijas (NatRes),
Valsts pétijumu programma (2010-2013) rakstu krajums, Riga, 2013, 162-165.
Sansonetti E., Cirule D., Grinins J., Andersone 1., Andersons B. (2013) Colour
changes in coated hydrothermally modified wood after artificial and outdoor
exposure. In: Proceedings of the COST actions COST FP 0904 and COST FP
1006 conference Characterization of modified wood in relation to wood bonding
and coating performance 2013, Rogla, Slovenia, 261-267.

Sansonetti E., Cirule D., Andersons B., Andersone 1., Grinins J. (2013). Effect of
outdoor exposure on coated thermally modified wood samples. In: Proceedings
of the 9" meeting of the Northern European Network for Wood Science and
Engineering, 2013, Hannover, Germany, 197-201.

Andersons B. Andersone 1., Irbe 1., Cirule D., Biziks V., Grinins J., Sansonetti H.
(2013). New products from deciduous wood by one-stage hydrothermal
modification. In: Proceedings of the 4" International Scientific Conference on
Hardwood Processing (ISCHP 2013), Florence, Italy, 220-226.

Sansonetti E., Kapaca E., Cirule D. (2012). Comparison and evaluation of several
industrial and experimental coatings: effects of artificial weathering. In:
Proceedings of the 8th meeting of the Northern European Network for Wood
Science and Engineering (WSE) 2012, Kaunas, Lithuania, 35-41.

Kapaca E., Cirule D., Grinins J., Bikovens O., Andersons B. (2011). Chemical
changes of untreated and hydrothermally modified hardwood after artifical
weathering. In: Proceedings of the 7th meetinbg of the Northern European
Network for Wood Science and Engineering (WSE) 2011, Oslo, Norway, 37-42.




14.D. Cirule, A.Alksne, I.Lavnikovi¢a, J.Hrols (2009). Latvijas miksto lapu koku
(parasta apse, baltalksnis, melnalksnis) un to starpsugu hibridu (hibridapse,
hibridalksnis) koksnes struktiiras un fizikalo ipasibu izvért€§jums. Lapu koku
audz€Sanas un racionalas izmantoSanas pamatojums, jauni produkti un
tehnologijas. Valsts petijumu programma, 2005-2009, Rakstu krajums, LVMI
“Silava”, LLU Meza fakultate, LV Koksnes kimijas instittts,70-73.

Zinojumi starptautiskajas zinatniskajas konferences

1. The 20th Annual International Scientific Conference “Research for Rural
Development” 2014, 20-22 May, Jalgava, Latvia. Mutiskais zinojums: Cirule D.,
Meija-Feldmane A., Kuka E. Colour stability of thermally modified hardwood.

2. The 10th International Scientific Conference “Coatings Science International”
(COSI), 2014, 23-27 June, Noordwijk, The Netherlands. Mutiskais zinojums:
Cirule D., Sansonetti E., Meija-Feldmane A., Andersone 1., Andersons B.
Coatings improving resistance of thermally modified wood to discoloration.

3. The 3rd International Conference on Processing Technologies for the Forest and
Bio-based Products Industries (PTF BPI 2014), 2014, 24-26 September,
Kuchl/Salzburg, Austria. Mutiskais zinojums: Cirule D., Andersons B.,
Andersone 1., Meija-Feldmane A., Grinins J. Weathering and protection of
thermally modified aspen wood.

4. The 21th Annual International Scientific Conference “Research for Rural
Development”, 2015, 13-15 May, Jelgava, Latvia. Mutiskais zinojums: Cirule D.,
Kuka E. Effect of thermal modification on wood colour.

Daliba projektos, kas saistiti ar promocijas darba temu

1. Lapu koku audzgsanas un racionalas izmantoS$anas pamatojums, jauni produkti un
tehnologijas. Valsts p&tijumu programma, 2005-2009.

2. Vietgjo resursu (zemes dzilu, meza, partikas un transporta) ilgtspgjiga
izmanto$ana — jauni produkti un tehnologijas (NatRes). Valsts pétijumu
programma, 2010-2013.

3. Inovativi koksnes un tas parstrades materiali ar uzlabotam ekspluatacijas
Tpasibam. Eiropas Regionalas attistibas fonda projekts
Nr.2010/0324/2DP/2.1.1.1.0/10/APIA/VIAA/057, 2010-2013.

4. Meza un zemes dzilu resursu izpéte, ilgtsp&jiga izmantosana — jauni produkti un
tehnologijas (ResProd) Projekts Nr.3 , Biomateriali un bioprodukti no meZza
resursiem ar daudzpusigu pielietojumu”. Valsts petjumu programma, 2014 —
2017.



2. MATERIALI UN METODES

Darba izmantotais materials

Darba izmantota divu Latvija izplatitu lapkoku sugu - apses (Populus tremula L.)
un baltalk$na (Alnus incana (L.) Moench) — koksne. Abu sugu d¢lu termiska modifikacija
veikta danu firmas WTT razota laboratorijas daudzfunkcionala koksnes modifikacijas
pilotiekarta, kura slégtas vides modifikacijas process notiek Gdens tvaika vidé pie
paaugstinata spiediena, kas lauj iegtit koksni ar baitiski mainitam Tpasibam pie salidzinosi
zemam modifikacijas temperatiram. Darba tika izmantotas tris termiskas modifikacijas
temperatiiras: divas temperatiiras (160°C un 170°C), kas, nemot véra ieprieksgjo
petijumu rezultatus, pétamajam lapkoku sugam ir atzitas par optimalam, ka arT viena
temperatiira (140°C), kas biitiski nemaina koksnes pasibas, bet lauj iegiit koksni ar
izmainitu krasu. Lai varétu konstatét, ka koksne mainijusies izvElétaja modifikacijas
procesa, un salidzinat jauno materialu ar nemodificétu koksni, p&tijuma tika izmantoti
gan nemodificgtas, gan termiski modificétas koksnes paraugi.

Koksnes raksturo$anas metodes

Darba koksnes krasas raksturoS$anai izmantoti ar spektrofotometru CM-2500d
(Japana) noteikti atstaroSanas spektri un CIELAB krasu modela parametri (L*, a*, b*)
un to izmainas (AL*, Aa*, Ab*). Krasu izmainas un atSkiribas aprékinatas saskana ar
vienadojumu:

AEab = \/(AL")? + (Aa*)? + (Ab*)2. (1)

Koksnes krasas homogenitate noteikta tris [imenos: déla viena plakng, starp d€liem un
modificéta déla dazados dzilumos no déla virsmas ar soli 2 mm.

Koksnes virsmas kimiska sastava izmainas maksligds un dabigas novecoSanas
procesos kontrol&tas spektroskopiski, izmantojot Furjé transformacijas infrasarkanas
spektroskopijas (FTIR) metodi, nosakot koksnei raksturigo funkcionalo grupu
absorbcijas izmainas. Absorbcijas spektri uznemti ar Perkin-Elmer Spectrum One
spektrometru (ASV), kas aprikos ar pilnigas ieksg€jas atstaroSanas (ATR) papildierici.
Koksnes elementanalize veikta saskana ar standartu LVS EN ISO 16948:2015,
izmantojot elementanalizatoru Vario MACRO CHNS (Vacija). Lai noteiktu termiski
modificetas koksnes krasu veidojoSo hromoforu grupu saistibu ar koksnes kimiskajiem
elementiem, tika veikta modificétas koksnes ekstrakcija ar deni un acetonu saskana ar
visparpienemtam koksnes ekstragé$anas metodém.

Koksnes virsmas strukturalas izmainas novecinaSanas laika tika pétitas,
izmantojot skengjoSo elektronu mikroskopijas metodi (SEM) ar mikroskopu SEM
TESCAN TS 5136 MM. Atteli tika uznemti ar palielinajumu no 200 Iidz 1000 reiz€m.
Iegiito datu un att€lu apstrade tika veikta ar VEGA TC programmatiiru Windows XP™
vide.
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Koksnes novecina$anas testi

Koksnes novecosanas procesi tika pétiti, analiz€jot koksnes virsmas izmainas
dabigas un maksligas novecinasanas laika. Dabiga novecinasana tika realizéta dazados
apstaklos:

- paraugi tika turéti tumsa istabas apstaklos;

- istabas apstaklos, pasargajot no tieSiem saules stariem;

- pilna saules starojuma ietekmé, kad paraugi saulaina laika tika eksponéti

tieSiem saules stariem, bet pargja laika atradas tumsa;

- saules starojuma caur loga stiklu ietekme, kad paraugi saulaina laika tika
ekspongéti saules starojumam zem dubultas 3 mm biezu loga stiklu paketes,
bet pargja laika atradas tumsa;

- paraugus paklaujot saules starojuma spektra atseviskiem rajoniem zem stikla
filtriem ar dazadu spektralo gaismas caurlaidibu (1. att.);

- ara apstaklos saskana ar standartu LVS EN 927-3.

100

~J
W
T

——> 600 nm
> 500 nm
——>400 nm
——<400 nm (UV)
) . . L TN
290 390 490 590 690 790
Vilnu garums, nm / Wavelength, nm

Caurlaidiba, % /
Transmittance, %
[\8} W
()] S

(e

1. att. Dabigas novecinasanas testa izmantoto filtru gaismas caurlaidibas spektri.
Fig.1. Transmittance spectra of filters used in the natural weathering test

Maksliga novecinaSana tika veikta firmas Q-Lab (ASV) maksligas
novecinasanas kamera QUV. UV starojuma avots kamera ir fluorescentas UVA-340 tipa
lampas, kuras emité starojumu ar maksimalo intensitati pie 340 nm. Pamata p&tjjumos
tika izmantota starojuma intensitate 0.89 W m? pie 340 nm, iznemot pétijumu ar
paaugstinatu UV intensitati, kad starojuma intensitate pie 340 nm bija 1.36 W m™.
Pétijuma tika izmantoti divi maksligas novecinaSanas rezimi: (1) UV rezims - UV
apstarosana 60 °C temperatiira; (2) pilna cikla rezims (PC) - standarta LVS EN 927-6
paredzgtais reZims, kas paredz paraugu 24 h kondicionéSanu pie 100 % RH un 45 + 3 °C
temperatiira, kam seko 48 cikli, kas sastav no 2,5 h apstaroSanas pie 60 = 3 °C
temperatiiras un 0.5 h apsmidzinasanas ar destiletu Gdeni. Testu ilgums, atkariba no
petamajiem paraugiem un izmantota rezima, bija atskirigs. Testi ik p&c zinamiem laika
periodiem tika apturé@ti, lai paraugiem veiktu spektrofotometriskos mértjumus, tadgjadi
ieglistot datus par novecosanas procesu dinamiku.
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Parklajumu pagatavoSana

Visiem laboratorija gatavotajiem parklajumiem vispirms tika pagatavots bazes
sastavs, kura, atkariba no receptiras, tika izmantoti: $kidinatajs - vaitspirts NESSOL LI
200; saistvielas — rupnieciski pagatavoti alkida sveki, ka arT lins€klu ella un linseklu ellas
pernica; 2z0Sanas veicinatajs (sikativs) — kobalta naftenats; biocids — Wocosen 45 TK;
pretpléves reagents Exkin 2. Konkrétais parklajums tika iegits, bazes sastavam
pievienojot specifiskas attieciga parklajuma piedevas. Parklajumu kompozicijas,
izveloties saistvielas un to daudzumu gatavojamaja parklajuma, tika veidotas tadas, kas
nenosedz koksnes struktiru un neveido redzamu virsmas plévi, tada veida laujot
maksimali saglabat termiski modific€tas koksnes dabigo izskatu. Parklajumi uz koksnes
tika uzklati ar otu tris slanos. Uzklatais parklajuma daudzums tika fiksets.

Parklajumu raksturo$ana

Parklajumu viskozitate tika kontroléta un salidzinata, izmantojot Ford kausa tipa
viskozimetru ar darba tilpumu 100 mL. Parklajumu $kidumu blivums (g cm™) tika
noteikts, nosverot 10 + 0.1 mL Skiduma. Parklajuma sausais atlikums (%) tika noteikts,
ieprieks nosvertu paraugu zavejot termoskapi 140 + 2°C temperatiira lidz nemainigam
svaram. Parklajumu stikloSanas temperatiira T, tika noteikta, izmantojot diferencialo
skengjoso kalorimetriju ar kalorimetru Mettler Toledo 82E (Malaizija).

Parklajumu testéSana

Virsmas hidrofobitate tika mérita, nosakot kontaktlenki sistémai <koksne ar
parklajumu-iidens  piliens>. Lai parklajumiem izv€letos optimalas biocida
koncentracijas, tika veikts laboratorijas tests saskana ar standartu EN 152, kura noteica
paraugu noturibu pret pel€juma un krasojosam séném. Testa kopgjais ilgums — 8 ned€las.
Sénu apaugums uz paraugu parklatajam virsmam tika izvertéts vizuali péc standarta
krit€rijiem. Sist€émas <koksne-parklajums> stabilitate tika noteikta fidens caurlaidibas
testa, kurs tika veikts saskana ar standarta LVS EN 927-5 prasibam. Parklajumu ietekme
uz Zisanas atrumu tika noteikta, paraugus péc tidens caurlaidibas testa turot telpa ar
kondicion&tu klimatu (20 + 2°C, 65 = 5 % RH), regulari nosakot masas izmainas un
aprékinot nenozuvuso testa laika uznemta tdens daudzumu.

Parklatu paraugu novecinaSanas testi

Termiski modificetai koksnei ar parklajumiem vispirms tika veikti maksligas
novecinaSanas kameras testi atbilstosi standartam LVS EN 927-6 (24 h kondiciongSana
pie 100 % RH 45 + 3°C temperatiira, 48 x 2.5 h UV apstaroSana 60 + 3°C temperattra
un 0.5 h apsmidzinasana ar destilétu Gideni) un UV rezima (UV apstaroSana 60°C
temperatiira). Paraugu novecosanas tika kontroléta, ik p&c zinamiem laika periodiem
apturot kameru un paraugiem spektrofotometriski nosakot atstarosanas spektrus un krasu
izmainas. Ara testiem paraugi tika sagatavoti atbilsto§i standarta LVS EN 927-3
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prasibam. Testi tika veikti Riga (geografiskas koordinatas - 56°56 (Z), 24°6 (A)), paraugi
izvietoti pret dienvidiem versta stenda 45° lenki attieciba pret zemi. NovecoSanas
kontrole paraugiem tika veikta, ik pe&c zinamiem laika periodiem laboratorija
spektrofotometriski nosakot krasas izmainas, kontrol&jot plaisu veido$anos un novertgjot
paraugu apaugumu ar koksnes krasojoSajam sén€m. Plaisu veidoSanas uz paraugu
virsmas tika noverteta vizuali divos Itmenos: apskatot paraugus ar neapbrunotu aci, tika
konstat&tas makroplaisas, apskatot paraugus ar optisko mikroskopu pie palielindjumiem
(12.5 x) un (25 x), tika novertetas mikroplaisas.

Empirisko datu matematiska apstrade

Empirisko datu matematiskai apstradei pamata tika izmantota aprakstosa statistika
— vidgjas aritmétiskas vertibas, to standartnovirzes un robezkludas, kuras ieklauta
Stjidenta sadalijuma norméta novirze pie biitiskuma limena o = 0.05. Standartnovirze
tika aprékinata gadijumos, kad izlases kopas apjoms bija mazaks par desmit vientbam.
Lielakam izlaseém tika aprekinatas robezkliidas. Izkliedes intensitasu salidzinasanai tika
aprekinati variacijas koeficienti. Lai salidzinatu krasu un krasu izmainu atskiribas starp
paraugkopam, tika izmantota vienfaktora dispersiju analize (ANOV A: single factor). Par
biitiskam tika pienemtas atkiribas, kad p-vertiba ir mazaka par 0.05. Termiski
modificétas koksnes krasas homogenitates att€loSanai un izvertéSanai tika izmantoti
boxplot tipa grafiki jeb “kastiSu” diagrammas.

3. REZULTATI UN TO IZVERTEJUMS

3.1. Termiski modificétas koksnes krasa

Koksnes krasas izmainas termiskas modifikacijas procesa

Ieverojamas krasu izmainas notiek, koksni modific€jot jau pie relativi zemas
temperatiras - 140°C. Krasas izmainu absoliitas veértibas, kas tika izteiktas CIELAB
krasu modela AEab vienibas, apsei un baltalksnim batiski atskiras, un pie visam
modifikacijas temperatiiram apses koksnes krasa mainas ievérojami vairak neka pie
atbilsto$am temperatiiram apstradatas baltalkSna koksnes krasa, lai arT masas zudumi abu
sugu koksném biitiski neatskiras (p > 0.05) (1. tabula).
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1. tabula/Table 1
Apses un baltalkS§na koksnes masas zudumi un krasas izmainas AEab termiskas
modifikacijas procesa pie dazadam temperatiiram
Mass loss and colour change of aspen and grey alder wood during thermal
modification at different temperatures

Modifikacijas Masas zudumi, %, / Krasas izmainas AEab /
temperatiira, °C / Mass loss, % Colour change AEab
Modification Apse / Baltalksnis / Apse / Baltalksnis /
temperature, °C Aspen Grey alder Aspen Grey alder
140 1.2 (0.3) 1.1(0.3) 31.5(1.D 13.6 (0.6)
160 5.8 (0.6) 6.2 (0.5) 449 (1.1) 25.9 (1.0)
170 12.0 (1.5) 11.5(1.0) 50.7 (0.7) 29.9 (0.2)

Iekavas uzraditas robezkludas (a = 0.05) / Confidence intervals (« = 0.05) in the parentheses

Atskirtbas krasu izmainu apjoma, modificjot apses un baltalk§na koksnes, ir
skaidrojamas ar to bitiski atSkirigo dabigo krasu, ko pamata nosaka fenolisko
ekstraktvielu (flavonoidi, lignani, tannidi, fenoli) daudzuma un sastava atskiribas (Hon
and Feist, 1992).

Uzskatami gan krasas, gan krasas izmainu raksturu parada atstaro$anas spektri.
Abu $aja darba izmantoto koku sugu atstaro$anas spektri ka pirms, ta péc termiskas
modifikacijas dazadas temperatiras paraditi 2. att€la. Redzams, ka nemodificetas apses
un baltalkSna koksnes atstaroSanas spektri iev@rojami atSkiras. Toties termiskas
modifikacijas rezultata atskiribas starp abu sugu koksném raksturigajiem atstaroSanas
spektriem samazinas, spektri kluist 11dzigaki, un p&c modifikacijas pie 170°C atstarosanas
atSkiribas starp sugam ir gandriz izzudu$as. Aprékinot vidgjas krasu atskiribas starp apses
un baltalksna koksném p&c modifikacijas pie 170°C temperatiiras, tas ir tikai 1.7 + 0.3
AEab vienibas, kas tiek klasificétas, ka atSkiribas zem uztveramibas robezas (Buchelt and
Wagenfiihr, 2012).
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2. att. Nemodificétas (NM) un dazadas temperatiiras modificétas apses un
baltalk$na koksnes atstaroSanas spektri.
Apzim&jumi: A — apse; Ba — baltalksnis
Fig. 2. Reflectance spectra of unmodified (NM) and at different temperatures
modified aspen and grey alder wood.
Designations: A — aspen; Ba — grey alder

Lai noteiktu, vai termiski modificetas koksnes raksturigo krasu nosako$as
hromoforas grupas ir saistitas ar mazmolekulariem koksnes termiskas degradacijas
produktiem vai ar koksnes pamatkomponentiem, termiski modificéta koksne tika
ekstragéta ar karstu tdeni un acetonu. Salidzinot ekstrag€tas un neekstragétas koksnes
krasu, tika noteiktas koksnes krasu izmainas ekstrakcijas rezultata. Eksperimenta tika
izmantota pie 170°C gradiem modificéta apses koksne, kurai termiskas modifikacijas
izraisitas krasu izmainas bija vislielakas. Ar adeni ekstraggjas 6.7 = 0.3 % ekstraktvielu,
ka rezultata koksnes krasas izmainas bija 1.0 = 0.2 AEab vienibas. Acetona gadijuma
attiecigie raditaji bija 11.3 £ 0.3 % ekstraktvieluun 2.1 + 0.2 AEab vienibas. Tas norada,
ka termiski modific&tai koksnei tas raksturigo krasu nosako$as hromoforas grupas nav
saistitas ar mazmolekulariem, viegli ekstrag€jamiem savienojumiem, bet pamata ir
lielmolekularu savienojumu sastava. P&c neekstragétas un ekstrag€tas termiski
modificétas (170°C) apses koksnes 100 stundu ekspozicijas saulé tika noverots, ka, lai
arT atSkirtbas nebija statistiski batiskas (p > 0.05), tomér mazakas krasas izmainas bija
neekstragétai koksnei. Tas varétu liecinat, ka, [idzigi ka tas ir novérots p&tijumos par
nemodificétu koksni (Nzokou and Kamdem, 2006), arT termiski modific€tas koksnes
ekstraktvielas, intensivi absorb&ot UV starojumu, ka to paradija ekstraktu
spektroskopiskie me&rjjumi UV-VIS apgabala, dal&ji pasarga koksni no saules starojuma
ierosinatiem procesiem. Krasas veidosanas procesam termiskas modifikacijas laika lauj
izsekot atstaroSanas izmainu spektri, kuri parada, ka atstarosana izmainas pie konkrétiem
vilpu garumiem (3.att.). Abu pétfjuma izmantoto sugu koksném atstaro$ana termiskas
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modifikacijas rezultata samazinas visa redzamas gaismas spektra apgabala. Tas norada,
ka modifikacijas procesa veidojas dazadas hromoforas grupas ar raksturigu absorbciju
visa redzamas gaismas vilnu apgabala. Jau pie relativi zemas modifikacijas temperatiiras
(140°C) koksnei vérojamas ieverojamas atstaroSanas izmainas, kas atspogulojas ar1 krasu
izmainu lieluma (1. tab.). Paaugstinot modifikacijas temperattiru virs 140°C, abam sugam
atstaroSanas izmainu tendences ir lidzigas - lielaks atstaro$anas samazinajums ir tiesi
garako vilnu apgabala.
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3. att. Apses (a) un baltalk$na (b) koksnes atstaroSanas izmainas termiskas
modifikacijas rezultata.
Fig. 3. Changes in reflectance of aspen (a) and grey alder (b) wood due to thermal
modification.

Salidzinot atstaroSanas izmainu raksturu temperatiiru intervalos (140 - 160°C) un
(160 - 170°C), skaidri redzama tendence, ka augstakaja intervala atstaroSanas izmainas
ir mazakas, bet ne vienadi proporcionali visa spektra apgabala - garako vilnu apgabala
relativas izmainas ir pat divas reizes lielakas neka isako vilnu apgabala. Sie rezultati
parada, ka modificétas koksnes krasu nosakoS$ie savienojumi, atkariba no modifikacijas
intensitates, mainas ne tikai kvantitativi, akumul§joties un pieaugot to kop&jam
daudzumam, bet izmainas arT kvalitativais sastavs - palielinoties modifikacijas
temperatiirai, koksne palielinas garakos vilnus absorb&josu hromoforo grupu ipatsvars.
Tam var€tu biit nozime koksnes un saules starojuma mijiedarbiba, jo palielinas koksnes
sp&ja absorbé&t saules starojuma dalu, kam, lai arT raksturiga relativi zema fotonu energija,
toties augsta kopg€ja starojuma intensitate, kas potenciali, bet ne obligati var izraisit
fotodegradacijas procesus. Noveérojumu, ka dazadas modifikacijas temperatiiras koksnes
krasas izmainu raksturs atskiras, var€tu skaidrot ar izteikto hipotézi par domingjoso
krasas izmainu saistibu ar atskirigu koksnes kimisko komponentu parvértibam dazadas
modifikacijas temperattras (Gonzalez-Pefia and Hale, 2009).
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Termiski modificétas koksnes krasas homogenitate

Koksnes ka dekorativa materiala svariga pasiba ir tas krasas homogenitate. ST
darba ietvaros tika noteiktas un analizEtas koksnes krasas atSkiribas starp termiski
modificétiem déliem, déla viena plakng, ka arT dazados d€la dzilumos. Koksnes krasas
homogenitate starp déliem tika salidzinata, katra atseviska d€la krasas raksturoSanai
izmantojot vidgjos dela krasu parametrus un aprékinot starpibas starp tiem. Koksnes
krasas atSkiribu analize paradija, ka termiskas modifikacijas rezultata gan apses, gan
baltalkSna krasa, salidzinot starp d€liem, klaist viendabigaka (4. att.).
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4. att. Nemodificétas (NM) un pie dazadam temperatiiram modificétas apses (a) un
baltalksna (b) koksnes krasu atskiribas AEab starp déliem.
Fig. 4. Colour difference 4 Eab among boards of unmodified (NM) and thermally
modified aspen and grey alder wood.

Visi analizétie temperatiiras rezimi nodroSina lidzigu koksnes krasas homogenitati starp
deliem. Termiski modific€tas koksnes krasas homogenitate nav plasi p&tita un analizéta,
bet publicétie rezultati liecina, ka arl citos pétfjumos ir novérota krasu atSkiribu
samazinasanas starp déliem péc to termiskdas modifikacijas (Schnabel et al., 2007,
Arnold, 2012).

Otrs Iimenis, kada tika novértéta krasas homogenitate, bija starp atseviskiem
punktiem déla viena plakng (5. att.).
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5. att. Nemodificetas (NM) un termiski modificétas apses (a) un baltalkSna (b)
koksnes krasas atSkiribas AEab viena déla plakneé.
Fig 5. Colour difference 4Eab on a board surface of unmodified (NM) and thermally
modified aspen and grey alder wood.

Abam sugam péc termiskas modifikacijas, lai arT aptuveni 25% aprekinato
atskirtbu atrodas virs tris AEab vienibam, vidgjas krasas atskiribu vértibas pie visam
analiz€tajam temperatiiram ir mazakas par tris vienibam. Tomér termiski modific&tai
apsei krasas atSkiribas starp déla plaknes punktiem ir ievérojami lielakas neka
nemodificétai koksnei. Baltalksnim modifikacijas rezultata déla plaknes krasas
homogenitate daudz nemainas.

Termiski modificetas koksnes krasas analize dazados attalumos (dzilumos) no
dela virsmas paradija, ka abam sugam pie visam modifikacijas temperatiram déla
virsmas krasa ieverojami atSkiras no koksnes krasas dzilakos slanos un §is atSkiribas
galvenokart veido gaiSuma parametra L* vertibas, kuru patsvars kopgjas krasu atskiribas
AEab visos gadijumos ir lielaks par 80%. Pie visam modifikacijas temperatiiram déla
virsslanis ir butiski tumsaks par dzilakajiem slaniem. Mazakas atSkiribas abam sugam ir
pie 170°C modificétai koksnei, kad krasas atskiriba starp virsslani un centralo dalu apsei
un baltalksnim attiecigi ir 4.5 = 0.7 un 4.0 + 0.5 AEab vienibas. Savukart, salidzinot
koksnes krasu starp d&lu dzilakajiem slaniem (2 mm, 4 mm un 6 mm no virsmas), abam
sugam pie visam modifikacijas temperattram krasu atskiribas ir nelielas un neparsniedz
tris AEab vienibas.

Koksnes krasu homogenitates analize parada, ka Saja darba koksnes termiskajai
modifikacijai izmantotaja hidrotermiskas modifikacijas procesa ieglist koksni ar tai
raksturigu krasu, kura deélt zem ievérojami tumsaka virsslana ir gaiS$aka un visuma
homogena gan viena d€la ietvaros, gan starp déliem.
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3.2. Termiski modificetas koksnes stabilitate pret vides faktoru iedarbibu

Krasas stabilitate

Lietojot koksni ka dekorativu materialu, svarigs tas kvalitates raditajs ir krasas
stabilitate. Parsvara visos p&tijumos par koksnes, tai skaita termiski modificétas koksnes,
krasas stabilitati tiek analizéta saules vai UV starojuma iedarbiba uz koksni. Saja darba
sadala tika parbaudita koksnes krasas stabilitate, koksnei atrodoties tumsa un istabas
apstaklos gaisma, kad koksni neskar tiesi saules stari. Eksperiments ilga 30 m&neSus.
Rezultati paradija, ka termiski modificetas koksnes krasu, ja koksni vispar neskar
gaismas starojums, var uzskatit par stabilu, jo, lai arT nelielas, spektrofotometriski
fiks€jamas krasas izmainas notiek (apsei -AEab = 0.8 + 0.3; baltalksnim AEab =
= 1.8 £0.6), tomer tas ir par mazu, lai batu saskatamas. Savukart, paraugiem, kuri tika
turgti istabas apstaklos, nelaujot tos sasniegt tieSam saules starojuma, krasas izmainas
bija liclakas un abam sugam lidzigas, attiecigi apsei 3.9 £+ 0.4 un baltalksnim 3.5 £+ 0.4
AEab vienibas.

Salidzinot krasas stabilitati dazadas temperatlirds modificétai apses koksnei,
redzams, ka, pieaugot modifikacijas temperattirai, palielinas krasas izmainas, koksnei
atrodoties gaisma, bet samazinas izmainas tumsa (6. att.). Lidzigi rezultati tika noveroti
arT baltalksna koksnei. Tomér, nemot véra, ka izmainu atSkiribas ir nelielas un nav
statistiski biatiskas (p > 0.05), var secinat, ka $aja darba analizétajam termiski
modificétajam koksném krasas stabilitate gan tumsa, gan gaisma bez tieSu saules staru
iedarbibas ir l1dziga, neatkarigi no modifikacijas temperatiiras.
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6. att. Dazadas temperatiras modificétas apses koksnes krasu izmainas AEab
(& standartnovirzes) péc 30 méneSiem gaisma un tumsa.
Fig. 6. Colour change 4Eab (+ standard deviation) of aspen wood stored for 30
month in the light and in the dark.

Koksne biezak tiek izmantota vietas, kur ta ir paklauta saules starojuma iedarbibai
— pilnam saules starojuma spektram ara apstaklos vai ta saucamajai “saulei caur logu
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stiklu” (sun through window glass) iekstelpas. Gan saules starojuma kopgja, gan tas
starojuma UV spektra dalas intensitate ievérojami mainas ka diennakts, ta arT gada sezonu
laika, ka ari atkariba no konkrétajiem metrologiskajiem apstakliem. Sadas saules
starojuma svarstibas var bitiski ietekm@t testa rezultatus, jo dazados laikos veiktos
eksperimentos paraugi vienada laika intervala sanem dazadas saules starojuma devas un
pat vienadas starojuma devas var butiski atSkirties p€&c UV dalas 1patsvara kopgja
starojuma. Saja darba visi testi, kuros paraugi tika paklauti saules starojuma iedarbibai,
tika veikti solaras vasaras laika (7.05. — 6.08.), kad Ziemelu puslodg ir augstaka saules
energijas intensitate. Tomér summara gan pilna saules starojuma, gan UV starojuma
deva, ko paraugi vienada ilguma laika perioda sanéma, biitiski atskiras pa gadiem. Tadg]
dazados laikos veiktu testu rezultatu absoliitas vértibas nav salidzinamas, tomér var
novertet vispargjas tendences.

Testa, kura nemodificéta un pie dazadam temperatiiram modificéta apses koksne
100 stundas tika eksponéta saule, modificeéta koksne ieveérojami mainija krasu, lai ar1
mazaka apjoma neka nemodificeta koksne (7. att.).
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7. att. Nemodificétas (NM) un pie dazadam temperatiiram modificétas apses
koksnes krasas izmainas AEab (+ standartnovirzes) péc 100 stundu eksponésanas
pilnam saules starojumam.

Fig. 7. Colour change 4Eab (+ standard deviation) of unmodified (NM) and at
different temperatures modified aspen wood after 100 hours exposure to full solar
radiation.

Redzams, ka saules starojuma izraisitas krasas izmainas termiski modificgtai
koksnei pieaug, palielinoties modifikacijas temperatiirai. Tapat redzams, ka ir relativi
liela rezultatu izkliede, kas variacijas koeficientu izteiksmé ir: nemodificétai koksnei
(NM) - 6% un termiski modificétai koksnei attiecigi (140°C) - 34%, (160°C) - 18%,
(170°C) - 18%. Nemot vera lielo rezultatu izkliedi, statistiski butiskas krasas izmainu
atSkiribas (p < 0.05) ir tikai starp pie 140°C un 170°C modificetam koksném. Salidzinot
saules starojuma izraisitas atstaro§anas spektru izmainas modific€tai apses un baltalk$na
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koksnei, tika noverots, ka, lai arT atskirigas péc apjoma, tas tomer ir [idzigas p&c rakstura
abam sugam.

Baitiski atSkirigs ir ne tikai saules izraisitu koksnes krasas izmainu AEab lielums
starp nemodific€tu un modificetu koksni, bet arT to raksturs. Principiala atskiriba ir pretgja
virziena gaiSuma izmainas. Nemodificéta koksne klist tumsaka, bet pie visam
temperatiram termiski modificeta koksne izbale. Tas ir labi redzams koksnes
atstaroSanas spektru izmainas, kur p&c saules iedarbibas nemodificetai koksnei raksturiga
atstaroSanas samazinasanas, bet termiski modificétas koksnes atstaroSana palielinas
(8. att.).
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8. att. Nemodificétas (NM) un pie dazadam temperatiiram modificétas apses
koksnes atstaroSanas spektru izmainas péc koksnes 100 stundu eksponéSanas
pilnam saules starojumam.

Fig. 8. Changes in reflectance spectra of unmodified (NM) and at different
temperatures modified aspen wood after 100 hours exposure to full solar radiation.

No spektru izmainam redzams, ka pie 160 un 170°C modificétam koksném
atstaroSanas spektru izmainas ir 1idzigas, kas liecina par lidzigi uz saules starojumu
reag€josam hromoforajam sisttmam S$ajas koksn&s. Savukart pie 140°C modificétas
koksnes atstarosanas spektru izmainas 1sako vilnu apgabala vairak Iidzinas nemodificétas
koksnes izmainam S$aja apgabala. Acim redzot, modifikacijas laika pie zemakam
temperatiiram koksné saglabajas ktmiskas struktiiras, kuras gaismas iedarbibas rezultata
veidojas hromoforas grupas ar raksturigu absorbciju Sai apgabala.

Eksperimenti, kuros tika novérotas un salidzinatas koksnes izmainas, paraugus
ekspongjot pilnam saules un saules caur loga stiklu starojumam, ka ar1 UV starojumam
novecinasanas kamera, parliecinosi paradija, ka nemodificéta un termiski modificéta
koksne uz dazadiem starojumiem reage atskirigi (2. tab.).
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2. tabula / Table 2
Nemodificétas un termiski modificétas (170°C) koksnes krasas izmainas
AEab péc 40 stundu ekspozicijas dazada veida starojumiem
Colour change AEab of unmodified and thermally modified (170°C) wood
after exposure for 40 hours to different kinds of irradiation.

Starojuma veids: UV radiacijas deva, KJ m?
Type of radiation: Dose of UV radiation, KJ m~

Koksnes veids Sau_le caur loga
Type ofood Ss%l::;\eri'33008811 éﬂr‘j W rgﬁgi UV: 3096
window glass: 6665
Nemodificeta ﬁfsgn 15.1 (0.9) 7.0 (0.5) 21.9 (2.0)
Unmodified g";‘é;agl‘;gf 4.5 (0.6) 23(0.2) 8.0 (0.2)
Ilirdr:‘i'_fc':'ta ﬁspsgn 7.5(0.5) 6.3 (0.8) 3.2(0.7)
mrlr];r::ély g‘;‘étya;‘l‘ggf 6.0 (0.4) 43(0.5) 1.9.(0.8)

Iekavas dotas standartnovirzes / Standard deviations in the parentheses

Abu sugu koksném ir vérojamas vienadas krasas izmainu tendences atkariba no
izmantota starojuma. Nemodific€tai koksnei ievérojami mazakas krasas izmainas ir
paraugiem, kuri tika ekspongéti saules starojumam caur logu stiklu un sanéma mazako UV
starojuma devu, toties ievérojami lielakas krasas izmainas ir radijis UV starojums.
Termiski modificetai koksnei UV starojums radija butiski (p < 0.05) mazakas krasas
izmainas, salidzinot gan ar pilna, gan saules starojuma caur loga stiklu izraisitajam
izmainam. Tas norada uz termiski modificétas koksnes augsto jutibu pret redzamas
gaismas starojumu.

Lai izveértétu dazadu saules starojuma spektralo apgabalu ietekmi uz koksni,
nemodificéta un termiski modificéta koksne tika eksponéta saules starojumam zem
filtriem, kuri at$kiras ar caurlaistas gaismas spektralo sastavu (1.att.). P&tijums paradija,
ka krasas izmainu tendence atkariba no uz paraugiem nonakos$a starojuma spektrala
sastava atSkiras nemodific€tai un termiski modificétai koksnei. Termiski modificetas
(170°C) apses koksnes krasas izmainas p&c paraugu 100 stundu ekspozicijas visiem
pétitajiem saules starojuma vilnu apgabaliem virs 400 nm ir batiski lielakas (p < 0.05),
saltdzinot tas ar nemodificétas koksnes krasas izmainam vienados apstaklos (9. att.).
Turklat termiski modificétai koksnei art starojums ar vilnu garumu virs 600 nm izraisa
labi saskatamas krasas izmainas (AEab = 3.8). Toties salidzinoSi nelielas izmainas
termiski modific&tai koksnei rada UV starojums, un tas ir pat btiski mazakas (p < 0.05)
par starojuma ar vilnu garumu virs 500 nm izraisTtajam.
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9. att. Termiski modificetas (170°C) un nemodificétas apse koksnes krasas
izmainas AEab (+ standartnovirzes) péc koksnes 100 stundu ekspozicijas dazadiem
saules spektra starojuma apgabaliem zem filtriem.

Fig. 9. Colour change AEab (+ standard deviation) of unmodified and
thermally modified (170°C) aspen wood after exposure for 100 hours to different
wavelength ranges of solar radiation under filters.

Termiski modificétas baltalkSna koksnes krasas izmainu tendences ir lidzigas
termiski modificétai apsei novérotajam. Abu sugu termiski modificétam koksném
starojums ar vilnu garumu virs 500 nm izraisa krasas izmainas, kas p&c apjoma ir ap 75%
no pilna saules starojuma izraisitam izmainam, bet saules starojuma UV dalas izraisitas
krasu izmainas ir tikai ap 40% no pilna saules starojuma izraisttajam.

Dazado saules spektra vilpu apgabalu starojuma ietekmes TIpatnibas uz
nemodificétas un termiski modific€tas apses koksnes krasas izmainam labi raksturo
atstaroSanas spektru izmainas (10. att.) Nemodific€tas koksnes atstaro$ana visu pétito
starojumu ietekmes rezultata samazinas, un izmainam zem visiem filtriem ir raksturigs
atstaro$anas samazinajums vilnu apgabala no 400 lidz 500 nm, kas tiek saistits ar hinona
struktiiru veidoSanos, kam ir raksturiga absorbcija $aja vilnu apgabala (Pandey and
Vuorinen, 2008). Termiski modificgtas koksnes atstaroSana palielinas gandriz visa
redzamas gaismas spektra apgabala, bet dazadu starojuma apgabalu izraisitais
atstaroSanas izmainu raksturs nav vienads. Lidzigas atstaroSanas izmainas ar nelielu
pieaugumu 1sako vilnu apgabala un ieverojamu pieaugumu garo vilpu apgabala ar
maksimumu ap 650 nm ir raksturigas paraugiem p&c ekspon€Sanas pilnam saules
starojumam un starojumam ar vilnu garumu virs 400 nm. UV starojums izraisa gandriz
vienadas atstaroSanas izmainas visa redzamas gaismas vilnpu apgabala. Savukart
starojums, kur§ aptver tikai garakos vilpus — virs 500 un 600 nm, tikpat ka neizmaina
termiski modificetas koksnes atstaroSanu redzamas gaismas Tsako vilnu apgabala, bet
palielina atstaro$anu vilnu apgabala virs 450 nm un 550 nm.
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10. att. Nemodificetas (a) un termiski modificetas (170°C) (b) apses koksnes
atstaroSanas spektru izmainas péc koksnes 100 stundu ekspozicijas dazadiem
saules starojuma spektra apgabaliem.

Fig. 10. Changes in reflectance spectra of unmodified (a) and thermally modified
(170°C)(b) aspen wood after exposure for 100 hours to different wavelength ranges
of solar radiation.

Saule / Solar

Atskirigas izmainas termiski modificetas koksnes atstaroSanas spektros liek
domat, ka tas sastava esoSie hromoforie grup&umi ir ar atskirigu spektralo jutibu un
koksne satur pietiekosi daudz kimisko grup&jumu, kuru izmainas var ierosinat arT saules
starojuma garako vilnu apgabali. Sie rezultati norada, ka termiski modificétas koksnes
dekorativo ipaSibu saglabaSanai svarigi ir maksimali pasargat to ne tikai no UV
starojuma, bet arT starojuma vismaz lidz 600 nm iedarbibas.

Virsmas Kimiskas izmainas

Materiala ktmiskas izmainas ir butisks raditajs novecosanas procesu izvertésana.
Koksnes krasas izmainas ir saistitas ar izmainam tas kimiskaja struktiira, tacu ne visi
Kimiskie procesi ir saistiti ar koksnes krasas izmainam. Koksnes virsmas kimisko
izmainu raksturoSanai darba tika izmantoti FTIR-ATR spektri un koksnes elementsastava
analize. Vairak neka 90% no koksnes elementsastava sastada ogleklis (C) un skabeklis
(O), un par koksnes izmainu kimisko raksturu zinama meéra var spriest péc So elementu
procentuala satura attiecibu (O/C) izmainam koksne€. 3. tabula ir paraditas (O/C)
attiecibas koksné pirms un p&c maksligas novecinasanas, kas veikta saskana ar LVS EN
927-6 standarta procediiru. Lidzigas koksnes elementsastava izmainas péc novecinasanas
ir gan nemodificétai, gan termiski modificétai apses un baltalksna koksnei. Visos
analiz&étajos gadijumos p&c novecinasanas O/C attieciba ir ieverojami palielinajusies, kas
parada, ka koksnes virsma ir palielindjies skabekla Tpatsvars. Tas tiek saistits ar lignina,
kuram raksturiga relativi zema O/C attieciba, degradaciju un izskaloSanos no koksnes
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virsmas un koksnes virsmas bagatinasanos ar celulozi (Hon and Chang, 1984; Feist
1990a).

3. tabula / Table 3
Nemodificétas un termiski modificétas apses un baltalk§na koksnes O/C attieciba
pirms un péc maksligas PC novecinasanas
O/C ratio of unmodified and thermally modified aspen and grey alder wood
before and after PC artificial weathering

Koksne / Wood Pirms novecinasanas / Péc novecinasanas /
Before weathering After weathering

Nemodificéta /

Apse / Unmodified 0.94 (0.02) 1.20(0.01)

Aspen 160°C 0.93 (0.01) 1.13 (0.02)
170°C 0.85(0.02) 1.10 (0.02)
Nemodificéta /

Baltalksnis /  Unmodified 0.91(0.02) 116 (0.02)

Grey alder 160°C 0.85(0.02) 1.07 (0.02)
170°C 0.83 (0.02) 1.06 (0.02)

Iekavas uzraditas standartnovirzes / Standard deviations in the parentheses

FTIR spektros, pamatojoties uz literatliras analizi, ka galvenie novecoSanas
procesu raksturojoSie absorbcijas apgabali tika izveleti karbonilgrupam raksturigais
absorbcijas maksimums ap vilnu skaitli 1720 cm™ un lignina aromatiskajam gredzenam
raksturigais ap vilnu skaitli 1510 cm™' (Miklegi¢ et al., 2011; Srinivas and Pandey, 2012).
Starojuma izraisitas termiski modificetas koksnes kimiskas parvertibas norit diezgan
strauji. Testa, kura termiski modificéta apses koksne maksligas novecinaSanas kamera
tika paklauta UV starojumam, jau péc 10 apstaroSanas stundam abu raksturigo
absorbcijas spektru apgabalu izmainas sasniedz 75% un péc 200 stundam 100% no
kopgjam absorbcijas izmainam, kadas ir testa beigas péc 500 stundam. Koksni paklaujot
starojuma iedarbibai zem dazadiem filtriem, gan nemodific&tai, gan termiski modificétai
koksnei raksturigo absorbcijas spektru apgabalu izmainam ir 11dzigs raksturs (11.att.).
Lidzigas starojuma izraisitas absorbcijas izmainas termiski modificétai un nemodificétai
koksnei ir novérotas ar1 citos pétijumos (Deka and Petri¢, 2008; Mikle¢i¢ et al., 2011).
Absorbcija rajona ap 1720 cm’' palielinas, kas norada uz koksnes kimisko
pamatkomponentu oksidacijas procesiem, kuros veidojas karbonilgrupas. Savukart
starojums izraisa koksnes absorbcijas samazinasanos apgabala ap 1510 cm™!, kas ir
saistits ar lignina degradaciju. Termiski modifictas koksnei vienada apjoma absorbcijas
samazinajumu ap vilpu skaitli 1510 cm!, kas atbilst vairak neka 90% no sakotngja
absorbcijas lieluma, izraisa gan saules starojuma redzamas gaismas dala (> 400 nm), gan
UV dala (<400nm) (11. att.). Toties apgabala ap 1720 cm! lielakas kimiskas izmainas
termiski modificetai koksnei izraisa saules starojuma apgabals ar vilnu garumu > 400 nm.
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A1 starojums ar vilpu garumu > 500 nm izraisa ievérojamas termiski modificEtas
koksnes virsmas kimiskas izmainas. Nemodific€tai koksnei nelielas kimiskas izmainas
izraisa starojums ar vilnpu garumu > 400 nm, bet starojums ar vilpu garumu > 500 nm
vairs vera nemamas kimiskas izmainas neizraisa.
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11. att. Termiski modificetas (170°C) (a) un nemodificétas (b) apses koksnes
absorbcijas izmainas (+ standartnovirze) vilnu skaitlu 1510 un 1720 cm
apgabalos dazadu saules starojuma spektru apgabalu iedarbibas rezultata.
Fig. 11. Changes in absorption (+ standard deviation) at wavenumber ranges 1510
and 1720 enr'ofthermally modified (170°C) (a) and unmodified (b) aspen wood.

Termiski modificétas koksnes FTIR absorbcijas spektra izmainas, koksni 1000
stundas apstarojot ar UV starojumu maksligas novecinasanas kamera un talakaja
eksperimenta gaita paraugus paklaujot intensivai apsmidzinaSanai ar Gideni, kuras laika
Skistosie fotodegradacijas produkti tiek no koksnes virsmas noskaloti, parada, ka jau
pirmajas trijas noskalosanas stundas lielaka dala apstaros$anas laika radusos savienojumu,
kas absorbcijas spektra izmainas paradas ka absorbcijas pieaugums (briina Iinija),
izskalojas, attiecigi absorbcijas izmainu spektra paradoties ka absorbcijas
samazinajumam (zilas Iinijas) (12. att.).
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12. att. Termiski modificetas (170°C) apses koksnes virsmas absorbcijas izmainas
péc 1000 stundu apstarosanas ar UV starojumu un tai sekojoSas virsmas
apsmidzinasanas ar tideni.

Fig. 12. Changes in absorption of thermally modified (170°C) aspen wood surface
after 1000 hours irradiation with UV radiation and succeeding spraying with water.

Virsmas mikrostruktiiras izmainas

Novecosanas laika mainas arT koksnes virsmas struktiira. Sakotngjas izmainas ir
mikrostruktliras Itmeni. Tadg@], lai izsekotu koksnes mikrostruktiiras izmainam, tika
izmantota elektronu sken&jo$a mikroskopija (SEM) (13. att.). P&c koksnes eksponésanas
UV starojumam, koksnes virsma var redzet daudz dalgji atdalijusos skiedru, kam iemesls
ir ligntna degradacija, jo ST procesa rezultata vajinas starps$iinu saistiba un virsgjas
Skiedras atdalas no koksnes matricas. Lidziga koksnes virsmas Skiedru atdaliSanas UV
starojuma iedarbibas rezultata ir noverota ari p&tfjuma par nemodificetas koksnes
novecosanos (Derbyshire and Miller, 1981). SEM attelos pie liclaka palielinajuma ir art
redzams, ka UV iedarbibas rezultata koksnes trauku sieninas pie poram sak veidoties
plaisas. Savukart paraugu virsma, kuri tika paklauti parmainus UV apstarosanai un
apsmidzinasanai ar ideni, ir mazak dalg&ji atdalijuSos Skiedru, jo idens acimredzot veicina
to pilnigu atdaliSanos un noskaloSanos. Toties UV un tidens kompleksas iedarbibas
rezultata veidojas Skérsplaisas koksnes Skiedru sieninas un stipri degradgjas koksnes
trauku sieninas, kuras, plaisam ap poram izpleSoties, parverSas sietveida struktiira. Tas
viennozimigi parada, ka fidens iedarbiba ir biitisks faktors un ievérojami veicina termiski
modificétas koksnes struktiiras degradaciju novecosanas procesa. Lidzigas strukturalas
izmainas ir novérotas arT nemodificétas koksnes novecosanas procesa (Temiz et al.,
2005).
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13. att. Termiski modificétas (170°C) apses koksnes SEM attéli pie dazadiem
palielinajumiem péc ekspozicijas: a, b - UV starojumam; c, d - pilnam
novecinasanas ciklam (PC).

Fig. 13. SEM images of thermally modified (170°C) aspen wood at different
magnification after exposure to: a, b — UV radiation; c, d — full weathering (PC).

3.3. Termiski modificétai koksnei piemérota pﬁrklﬁjuma\ sastava izveidoSana

Koksnes parklajumiem ir divas galvenas funkcijas — ierobezot mitruma iekltisanu
koksng& un pasargat koksni no saules starojuma degradgjosas iedarbibas, ta nodroSinot
koksnes dekorativitates saglabasanu ekspluatacijas laika. Saja darba, lai péc iesp&jas
mazak mainttu koksnes izskatu, tas aizsardziba tika realizéta ar plévi neveidojoSiem
parklajumiem, par kadiem tiek uzskatiti parklajumi, kuri virs koksnes virsmas neveido
par pieciem mikroniem biezaku plévi.

Saistvielas

Parklajuma sp&u regulét mitruma plusmu galvenokart nosaka izmantotas
saistvielas (Bulian and Graystor, 2009). Pamatojoties uz literatiiras analizi, ka
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piemérotaka parklajuma grupa tika izvéleta alkida sveku parklajumi uz skidinataja bazes.
Petijuma eksperimentalo parklajuma sastavu pagatavosanai tika izmantoti ripnieciski
alkida sveki ar dazadu ellas saturu tajos un lins€klu ella. Lins€klu ellas ka saistvielas
izmantoSanai parklajumos ir virkne prieksrocibu. Ta ir dabigs, atjaunojams resurss, un
dalas alkida sveku aizstasana ar ellu padara parklajumu videi draudzigaku. Linseklu ellas
ieklausana parklajuma sastava ir arT ekonomiski izdeviga, jo ta ir ieverojami 1&taka par
alkida svekiem. Turklat lins€klu ella arT uzlabo parklajuma elastibu, kas koksnei
paredzetos parklajumos ir loti svarigi. Tacu lins€klu ella palielina parklajuma tidens
caurlaidibu, kas ir viens no sisttmas koksne-parklajums stabilitates noteikSanas
krit€rijiem. Lai noskaidrotu, vai ir iespgjams parklajuma, kas tiek lietots termiski
modificétai koksnei, dalu alkida sveku aizstat ar lins€klu ellu, nodrosinot pietiekosi zemu
tidens caurlaidibu, eksperimentala parklajuma sastava ka saistviela tika izmantoti alkida
sveki un linseklu ella svara attiecibas 2:1. Salidzinasanai tika izmantoti atbilstosas klases
dazadu razotaju (Tikkurila, Akzo Nobel, Caparol, Rigas Laku un Krasu Ripnica)
rupnieciski produkti.

Lai noteiktu parklajuma sp&ju pasargat koksni no tieSas fidens iedarbibas, tika
veikta parbaude saskana ar standartu LVS EN 927-5. Rezultati paradija, ka
eksperimentalais parklajums ar termiski modificetu koksni nodroSina pret tieSu fidens
iedarbibu stabilu sistému, kam saskana ar standarta LVS EN 927-2 kritérijiem atbilst
tidens caurlaidiba, kas, veicot standarta paredz&to procediiru, nav lielaka par 175 g m™.
Udens caurlaidibas raditajs eksperimentalajam parklajumam uz termiski modific@tas
koksnes (136 + 14 g m?) ir lidzigs ripniecisko parklajumu vidéjam raditajam
(132 £ 22 g m?). Sie rezultati liecina, ka parklajums, kura dala alkida sveku ir aizstati ar
linseklu el]lu, pietiekosa limenT aizkave tieSu tidens iekl@iSanu termiski modific&ta koksné.
Turklat lins€klu ellu saturoS$s eksperimentalais sastavs termiski modificetai koksnei
nodrosina labu ZGiSanas efektivitati rekondiciong$anas faze, kas Saja darba tiek raksturota
ar nenozuvusa tdens daudzumu paraugos, kad tie péc Gidens uzsiikSanas testa 42 dienas
atradusies standarta apstaklos (20°C; 65% RH) (14. att.). No attela ir redzams, ka
paraugiem ar eksperimentalo sastavu nenozuvusa iidens daudzums (4.8 + 0.2 g m?) ir
mazaks par vidéjo riipnieciskajiem sastaviem noteikto (5.4 + 0.4 g m™).

29



—_ =
[© )
o O

_.
EAN
S

(

Absorbed water g m-2

R-6 R-3
® o

Uznemtais idens, g m2/

4 5 6 7
NenoZuvusais @idens, g m? / Retained water, g m

14. att. Termiski modificétas koksnes ar dazadiem parklajumiem tidens
caurlaidibas testa absorbé&tais un 42 dienu laika nenoZuvusais idens daudzums.
Apzim&jumi: R — riipnieciskie parklajumi; EPS — eksperimentalais parklajums.
Fig. 14. Amount of absorbed water during the permeability test and retained water
after 42 days of reconditioning by thermally modified wood with different coatings
Designations: R- commercial coating, EPS - experimental coating.

Eksperimenta, kura tika izverteta dalgji polimerizétas linseklu ellas (pernicas)
izmantoSanas lietderibu termiski modificétai koksnei paredzetos parklajumos, tika
noskaidrots, ka, lai arT parklajumiem ar pernicu ir nedaudz vajaka rezistence pret plaisu
veidoSanos, tomér tas ieklauSana parklajuma sastava nodroSina labaku termiski
modificétas koksne krasas saglabasanos ara apstaklos. Tika veikti ari testi ar
eksperimentaliem parklajumiem, kuri at3kiras ar to sastava ieklautajiem alkida svekiem.
Nemodificéta un termiski modificéta koksne ar eksperimentalajiem sastaviem tika
novecinata gan ara apstaklos, gan kamera, ka ari tika parbaudita Gidens caurlaidiba.
Rezultati paradija, ka liela nozime noveco$anas procesu aizkavé$ana ir optimalas
sisttmas koksne-parklajums izveidoSanai, un optimalais parklajumu saistvielu sastavs
nemodificétai un termiski modificetai koksnei atSkiras. Nemot véra So eksperimentu
rezultatus, tika izveleti gruntsslana un virsslana parklajumu bazes sastavi (4. tabula), kas
turpmakajos eksperimentos tika papildinati ar dazadam funkcionalam piedevam.
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4. tabula / Table 4
Termiski modificétai koksnei paredzéto gruntsslana un virsslana parklajumu
bazes sastavu saistvielas
The binders of the base-formulations of the primer and the top-coat intended
for thermally modified wood

Komponents Komponenta raksturojums / Ipatsvars / Propotion
Component Component characterization Gruntsslanis/  Virsslanis /
Primer Top-coat
Alkids A / Lielmolekulars / High-molecular
Alkyd A (molekulmasa / molecular weight -
4000 g mol™) 0.33 0.50

Ellas saturs — 60% (vidgji trekns)/
Oil content — 60% (medium oil)

Alkids B / Mazmolekulars / Low-molecular
Alkyd B (molekulmasa / molecular weight
2000 g mol") 0.33 0.25

Ellas saturs — 80% (trekns)
Oil content — 80% (long oil)

Linseklu e]la /

Linseed oil

Linseklu ellas pernica /
Heat-bodied linseed oil

0.33 -

- 0.25

Funkcionalas piedevas

Lai pasargatu koksni no saules starojuma degradgjosas iedarbibas, ta nodrosinot
koksnes dekorativitates saglabasanu tas ekspluatacijas laika, koksnes parklajumos
galvenokart tiek lietotas divu veida funkcionalas piedevas — UV absorberi un brivo
radikalu deaktivétaji. Koksnes aizsardzibai ir izstradats specials deaktivetajs
“Lignostab”, kura funkcija ir deaktivét UV starojuma iniciétus lignina radikalus. Saja
darba tika parbaudits, cik efektivi tas sp€j pasargat termiski modificétu koksni no krasas
izmaindm maksligds novecinasanas laika kamera, paklaujot koksni UV starojuma
iedarbibai. Nemodificétas koksnes paraugiem Lignostab par 20 % samazinaja UV
izraisTtas krasas izmainas. Termiski modificétai koksnei apstrade ar Lignostab izradijas
krasas izmainas veicino$s faktors, un p&c 100 ekspozicijas stundam ar Lignostab
apstradatas termiski modificétas koksnes krasas izmainas bija divas reizes lielakas (AEab
=12.9 + 1.7) neka koksnei bez apstrades (AEab = 5.4 + 0.9). Iemesls atskirigajam lignina
radikalus deaktivéjosa preparata lietoSanas rezultatam uz nemodificetu un termiski
modificgtu koksni acimredzot ir termiskas modifikacijas izraisitas koksnes kimiskas
struktlras izmainas. Tadel saules starojuma ietekmes mazinasanai tika izmantoti UV

31



absorberi. Ka organiskais UV absorberis parklajuma sastavam tika pievienots
hidroksifenil-s-triazina (HPT) klases UV absorberis. No plasak lietotajiem
neorganiskajiem absorberiem tika izveleti sarkana un dzeltena dzelzs oksida preparati,
kuros aktivas vielas ir nanodalinu forma, kas nodroSina parklajuma caurspidigumu.
Dzelzs oksidi absorbg ne tikai UV, bet arT redzamas gaismas vilnu apgabala. Turklat UV
absorberus saturoSu parklajumu plévju stikloSanas temperatiiru T, analize, izmantojot
diferencialo skengjoso kalorimetriju (DSC), paradija, ka $aja p&tjjuma izmantoto alkida
sveku parklajumiem ar cinka oksida un titana dioksida piedevu, kas arf tiek plasi lietoti
ka neorganiskie UV absorberi, ievérojami paaugstinas parklajuma Ty, kas norada, ka
parklajumi ar §Tm piedevam varétu biit mazak elastigi ekspluatacijas laika. Dzelzs oksidu
un organiska UV absorbera piedevas parklajuma T butiski nemainija.

Visos eksperimentalajos parklajumos ka nemainigas funkcionalas piedevas tika
lietotas arT komplekss biocids, kas satur divus plasi lietotus biocidu preparatus koksnes
aizsardzibai pret krasojosam séné€m — propikonazolu un IPBC, ZziiSanas veicinatajs -
kobalta naftafenons un pléves veidoSanas inhibitors EXKIN 2 (metiletilketoksims).
Biocida nepieciesama deva tika noteikta laboratorijas testa saskana ar standartu EN 152.

3.4. Ara novecinasanas testu rezultati

Sakotngji tika veikti ara testi, lai novertétu, vai novecosanas butiski atskiras pie
dazadam temperatiram modificétai koksnei. Saja pétijuma dala tika izmantoti tikai pie
160°C un 170°C modificéti paraugi, jo iepriek$gjos pé&tijumos ir noskaidrots, ka
hidrotermiska modifikacija pie $STm temperatiiram nodrosina bitisku lapkoku koksnes
bioizturibas paaugstinasanu (Rowell et al., 2013). Nemot véra lidzigo, ieprieksgjas
nodalas aprakstito novecosanas procesu termiski modificétai apsei un baltalksnim, ara
testi pamata tika veikti ar apsi. Sada paraugu atlase (ierobezo$ana) lava parbaudit vairak
parklajumu variantu, jo ara novecinasanas testos loti atskirigo metrologisko apstaklu dé]
korekti ir salidzinat tikai vienlaicigi eksponétus paraugus, kuri ir bijusi paklauti vienadu
vides faktoru iedarbibai. Ara testa laika novecosanas tika vértéta pec krasas izmainam un
plaisu veidoSanas un rezultati paradija, ka nav bitiskas atskiribas (p > 0.05) vertétajos
krit€rijos starp abiem substratiem ar vienadiem parklajumiem. Tadel turpmakos
parklajumu efektivitates izvertéSanas testos ka termiski modificétas koksnes substrats
tika izmantota pie 170°C modificéta apses koksne.

Dazadas koncentracijas dzelzs oksidu pigmenti

Optimalas dzelzs oksidu koncentracijas tika noteiktas testa, kura
eksperimentalajam virsslana bazes parklajumam (3. tab.) tika pievienoti sarkana un
dzeltena (1:1) dzelzs oksidu preparati ar pigmentu masas attiecibu 2%, 4%, 6%
parklajuma Skiduma, jeb 10%, 20% un 30%, parrékinot pret parklajuma saistvielas
sausnes dalu. Salidzinajumam tika sagatavoti arT termiski modifictas koksnes paraugi ar
ripniecisku atbilstosas klases (caurspidigs, plévi neveidojoss, pigmentéts) koksnes
parklajumu. Ka pamatkriteriji, lai salidzinatu parklajuma sp&u aizkavet termiski
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modifictas koksnes novecosanos ara apstaklos, tika izveletas krasas izmainas un plaisu
veidoSanas. Mikroplaisas atrak paradijas paraugiem ar pigmentetiem parklajumiem
(15. att.). Jau pirmaja kontroles reiz€ p&c 38 ekspozicijas dienam pirmas ar mikroskopu
pie 25 x palielinajuma saskatamas mikroplaisas tika konstatétas paraugiem, kuri bija
parklati ar augstako pigmentu koncentraciju saturoSo eksperimentalo parklajumu.
Pargjiem paraugiem ar pigmentetajiem parklajumiem pirmas mikroplaisas tika
konstatg&tas p&c 75 ekspozicijas dienam. Savukart paraugiem, kuru parklajuma pigmentu
piedevas nebija (Baze), plaisas saka veidoties ieveérojami velak.
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15.att. Pirmo mikroplaisu fikséSanas laiks ara testa termiski modificétai koksnei ar
daZadiem parklajumiem.
Apzim&jumi: RP — rlipniecisks parklajums; Pig — pigmentu piedeva; BP — bazes sastavs
Fig. 15. The recorded time of the appearance of the first micro-cracks for thermally

modified wood with different coatings during outdoor test
Designations: RP — industrial coating; Pig — additives of pigments; BP — base formulation.

Tas norada, ka pigmentu piedeva parklajumam veicina atraku mikroplaisu
veidoSanos ara apstaklos. Turklat augstaka pigmentu koncentracija paatrina plaisu
veidoSanos.

Toties pigmentetie parklajumi bitiski paléninaja paraugu krasas izmainas
(16. att.). Augstaka pigmentu koncentracija (6%) nodro$ina labaku termiski modificétas
koksnes krasas saglabasanos ara ekspozicijas sakumposma, bet ilgstosa perioda lidzigs
rezultats ir, lietojot 4% un 6% pigmentu piedevu.
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16. att. Termiski modificétas koksnes ar dazadiem parklajumiem krasas izmainas
AEab ara testa.
Apzim&jumi: BP — bazes sastavs; Pig — pigmentu piedeva; RP — riipniecisks parklajums.
Fig. 16. Colour change AEab of thermally modified wood with different coatings
during outdoor exposure.
Designations: BP — base formulation; Pig — additives of pigments; RP — industrial coating.

Paraugiem ar eksperimenta izmantoto riipniecisko pigmenteto parklajumu gan
krasas izmainu, gan mikroplaisu veidosanas rezultati bija 11dzigi paraugiem ar zemakas
pigmentu koncentracijas eksperimentalo sastavu. ST testa rezultati paradija, ka optimala
pigmentu koncentracija parklajuma skiduma varétu biit ap 4%, jeb 20%, parrékinot pret
saistvielas sausni.

Dazadas dzelzs oksidu pigmentu kompozicijas

Krasainie dzelzs oksidi, absorbgjot dalu redzamas gaismas, protams, izmaina
parklata substrata krasu. Termiski modificétas koksnes ar parklajumu krasas atskiribas,
lietojot sarkano vai dzelteno dzelzs oksidu piedevu, ir nelielas, un viena vai otra dzelzs
oksida pigmenta lietoSana neveido produktus ar butiski atSkirigam dekorativajam
1pasSibam. Tadgel, izveloties piemerotako pigmentu piedevu, galvenais kriterijs var bt ta
funkcionala sp&ja nodrosinat labako aizsardzibu pret novecosanos. Testa tika salidzinati
parklajumi, kuri satur vienadas koncentracijas (4%) dzeltena un sarkana dzelzs oksida
maisTjumu (1:1), ka arT atseviski tikai dzelteno vai sarkano dzelzs oksidu. Salidzinasanai
tika izmantots arT riipniecisks, pigmentets parklajums.
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17. att. Krasas izmainas termiski modificétai koksnei ar dazada sastava
pigmentétiem parklajumiem ara testa.
Apzim&jumi: BF - bazes sastavs; DZ - dzeltenais dzelzs oksida pigments; S — sarkanais dzelzs
oksida pigments; RP — riipniecisks parklajums.
Fig. 17. Colour change of thermally modified wood with coatings of different
pigmented formulations during outdoor exposure.
Designations: BP — base formulation; DZ - the yellow iron oxide pigment; S - the red iron oxide
pigment; RP — industrial coating.

Testa sakuma posma nav butisku krasas izmainu at$kiribu paraugiem ar dazadus
pigmentus saturosiem parklajumiem, bet p&c pus gada, izmantojot parklajums ar dzelteno
dzelzs oksidu, parauga krasas izmainas ir par 50% lielakas, salidzinot ar sarkano dzelzs
oksidu saturo$u parklajumu (17. att.). Sadam rezultaitam skaidrojums varétu bt
eksperimenta par koksnes novecoSanos dazadu saules starojuma apgabalu ietekme
noskaidrota termiski modific&tas koksnes spektrala jutiba pret starojumu ar vilnu garumu
virs 600 nm. Testa ar no parklajumu skidumiem pagatavotam plévém tika noskaidrots,
ka sarkano dzelzs oksidu saturoSa parklajuma pléves caurlaiSanas spektrs ir bitiski
nobidits uz garako vilnu apgabalu, 11dz ar to tas spg&j labak aizsargat termiski modificetu
koksni pret saules iedarbibu.

Pigmenteti parklajumi ar UV absorbera piedevu

Krasainie dzelzs oksidi absorbé starojumu ne tikai redzamaja, bet ar1 spektra UV
dala, tadgjadi tie vienlaicigi darbojoas ar1 ka UV absorberi. Tomér UV absorberu loma
koksnes parklajumos nav tikai koksnes, bet arT pasa parklajuma aizsardziba pret
fotodegradaciju. Neorganiskie UV absorberi, tai skaita arT dzelzs oksidi, parklajuma
atrodas siku, dispersu dalinu veida. Organiskie UV absorberi parklajuma tiek iestradati
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$kidumu veidu un ir molekulu forma, kas nodrosina to daudz vienmérigaku sadalijumu
parklajuma virsgja slani. Tas varétu nodrosinat labaku pasa parklajuma aizsardzibu,
aizkavgjot ta virsmas erozijas procesus un pigmentu izskalosanos. Tadg] ara testa tika
parbaudits, vai, pigment&ta parklajuma papildus pievienojot organisko absorberi, var
nodroSinat labaku termiski modificetas koksnes aizsardzibu pret novecoSanos ara
apstaklos (18. att.).
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18. att. Termiski modificetas koksnes krasas izmainas
AEab (+ standartnovirzes) ara testa.
Apzim&jumi: Pig — pigmentu piedeva; UVA — organiska UV absorbera piedeva.
Fig. 18. Colour change 4Eab (+ standard deviation) of thermally modified wood
during outdoor exposure.
Designations: Pig — additives of pigments; UVA — additives of organic UV absorber.

Pirmajas kontroles reiz€s paraugiem ar pigment&to parklajumu, kura papildus bija
pievienots organiskais UV absorberis, krasu izmainas bija butiski mazakas (p < 0.05).
Tomeér organiska UV absorbera piedeva nenodrosina ilgstosi labaku termiski modificetas
koksnes aizsardzibu pret krasas izmainam, un kontrole péc 100 dienu ekspozicijas vairs
nebija butisku atSkirtbu starp abu grupu paraugiem (p > 0.05). Turklat abu grupu
paraugiem pirmas mikroplaisas tika novérotas viena laika - kontroles reizg péc 70 dienu
ekspozicijas. Sie rezultati rada, ka organiska UV absorbera pievieno$ana pigment&tiem
parklajumiem nodroSina tikai Tslaicigu parklajuma aizsardzibas efektivitates uzlabojumu,
tadgjadi to lietosana $ados parklajumos nav ne ekonomiski, ne ekologiski pamatota. Ari
pétijuma par nemodific€tas koksnes aizsardzibu ar pigmentetu parklajumu ir noverots,
ka pie pietiekosi augstas pigmentu koncentracijas papildus UV absorbera lietoSana nav
nepiecieSama. (Schauwecker et al., 2014).
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4. SECINAJUMI UN PRIEKSLIKUMI
Secinajumi

Saskana ar darba uzdevumiem veikto petijumu rezultati ir apstiprinajusi izvirzito
petniecisko hipot€zi un lauj formulét galvenos secinajumus.

1. Apsei un baltalksnim termiskas modifikacijas procesa veidojas Iidziga, zem bitiski
tumsaka virsslana gaiSaka, homogena un, ja koksne nav paklauta saules starojuma
iedarbibai, stabila krasa. Termiski modificetas koksnes raksturigo krasu nosaka ar
koksnes pamatkomponentiem saistitas hromoforas grupas. Paaugstinot modifikacijas
temperatiiru, picaug hromoforo grupu, kam raksturiga absorbcija redzamas gaismas
garako vilnu apgabala, Tpatsvars.

2. Atskirtba no nemodificétas koksnes, UV vilnu diapazons nav domingjosais saules
iedarbibai paklautas termiski modificetas lapkoku koksnes krasas izmainas
izraisoSais solara starojuma apgabals. Bitiskas gan krasas, gan kimiskas izmainas uz
termiski modificetas koksnes virsmas izraisa saules starojuma redzama gaisma, tai
skaita, ar vilpu garumu virs 500 nm, ko ir svarigi nemt vera, veidojot parklajumus
modificgtas koksnes aizsardzibai.

3. Termiski modificétai un nemodificétai lapkoku koksnei paredz&tu plévi neveidojosu
alkida sveku parklajumu uz skidinataja bazes optimalie sastavi atSkiras. Tresdalu no
svekiem aizstajot ar lins€klu ellu vai pernicu, ieglist parklajumu, kas, lietots
uz termiski modificétas lapkoku koksnes, veido pret tdens caurlaidibu
stabilu <koksne-parklajums> sistému.

4.Parklajumos, kas paredzeti termiski modificetas lapkoku koksnes aizsardzibai,
vienlaicigi saglabajot tas dabigo izskatu, saules starojuma iedarbibas ierobezosanai
piemérota ir caurspidiga, sarkana dzelzs oksida piedeva. Labakais rezultats,
izmantojot eksperimentalo parklajuma sastavu, tika sasniegts, tam pievienojot 4%
sarkana dzelzs oksida piedevu bez papildus UV absorbera lietoSanas.
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Priekslikumi

Ka vienu no iesp&jam paplasinat apses un baltalk$na izmantoSanas jomas,
buitu kompleksi jaizverte So sugu koksnes termiska modifikacija, kas lauj iegiit
materialu ar labam dekorativam ipasibam un augstaku pievienoto vértibu.
Risinot termiski modificétas koksnes aizsardzibas un dekorativitates
saglabasanas jautajumus, rekomend&jams nemt veéra Sai koksnei raksturigo
spektralo jutibu un izmantot pigmentetus parklajumus, kas sp&j absorbet
saules starojuma spektra 1sakos vilnus vismaz Iidz 600 nm.

Velams apsvert speciali termiski modificétai koksnei paredzetu parklajumu
razoSanu, kuros ka saistviela apvienoti alkida sveki un linseklu ella, kas,
vienlaicigi nodro$inot labu aizsardzibu, padaritu parklajumus ekonomiskakus
un videi draudzigakus.

P&tniecibas joma nepiecieSams: turpinat p&tijumus par termiski modificétas
skujkoku koksnes dekorativajam ipasibam un to saglabaSanas iesp&jam;
izstradat optimalus, plévi veidojoSus, caurspidigus parklajumus termiski
modifictas koksnes dekorativitates saglabaSanai; noskaidrot ekologiskos un
ekonomiskos aspektus parklajumu uz tidens bazes izmantoSanai termiski
modificgtas koksnes aizsardzibai.
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1. GENERAL DESCRIPTIN

1.1. Background

An important issue of today is sustainable development, which is related to
extensive everyday application of materials obtained from local renewable sources that
can be easily recycled after their working life. A significant factor that makes it difficult
for wood to compete with other materials and hinders its wider application, especially in
construction, is its insufficient stability during exploitation: unstable form and size in
varying humidity, discolouration under the effect of solar radiation, surface erosion in
outdoor conditions, risk of contamination by wood-decay and colouring fungi in
conditions of high humidity. Over recent decades, there has been an increasing interest
in various methods that by modifying the chemical structure of wood could change its
certain properties, thus making it more suitable for specific fields of application. Wood
modification has become especially important now when in many European countries,
including Latvia, the use of biocides, which has traditionally been the main approach for
wood biodurability upgrading, is more strictly limited and controlled. Distinct from
various chemical modification methods, during wood thermal modification wood
structure and properties are altered due to autocatalytic reactions of wood chemical
components without applying chemicals which makes this modification method
relatively friendly to the environment. Moreover, devices used for wood thermal
modification are comparatively unsophisticated and required capital investments are
relatively low, which makes it more likely that the production of thermally modified
wood will continue growing further.

Although comprehensive studies have been performed investigating thermal
modification of wood and thermally modified wood is produced employing several
methods at an industrial scale, both the processes of thermal modification and the effect
of different treatment parameters on changes in wood as well as the properties and
application of the modified wood are still intensively investigated. During the thermal
modification, darker or lighter brown wood is produced with improved bioresistance and
dimensional stability in variable humidity. However, the wood mechanical strength is
reduced which limits its use as a construction material. Therefore the main potential
application of thermally modified wood is as finishing and joinery materials — the areas
where the decorative stability of materials is of essential importance.

The majority of research has been related to different aspects of functional
properties of thermally modified wood (physical, mechanical, bioresistance), whereas
decorative features of wood (e.g., homogeneity of colour) and their stability in different
circumstances are studied only fragmentarily.

Although hardwoods occupy bigger part of woodland in Latvia, softwoods have
traditionally been the most important species in Latvian wood-working industry.
Moreover, a study of Latvian woods has revealed that soft hardwood resources are
underused and large reserves of them have accumulated in forests (Krumins et al, 2013).
It implies that wider application of local soft hardwood resources creating new products
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with high added value is important. One of such product could be thermally modified
wood, and ensuring the stability of its decorative properties would promote its wider
application.

1.2. Aim of the thesis

The aim of the study is to improve decorative stability of thermally modified
hardwood to weathering using specially developed non-film forming surface coatings.

1.3. Research tasks

Research tasks were:

1. to characterize the process of wood discolouration during different modes of thermal
modification and compare decorative qualities of thermally modified and unmodified
wood.

2. to establish peculiarities of thermally modified wood weathering

3. to develop non-film forming coating formulations suitable for thermally modified
wood protection containing additives necessary for maintenance of the wood
decorative properties.

4. to approbate and optimize coating formulations by performing outdoor weathering
tests.

1.4. Proposed hypothesis

It is hypothesized in the present doctoral thesis that due to chemical
transformation caused by thermal modification the wood weathering processes change
significantly and that the most favourable coating formulations protecting wood from
weathering are different for thermally modified and unmodified wood.

1.5. Scientific novelty

The trends of changes in wood colour forming chromophoric groups during the
process of thermal modification are established and the bonds of these chromophoric
groups with wood chemical components are assessed. Analysis of colour homogeneity
and stability of thermally modified wood is performed and the peculiarities of thermally
modified wood weathering processes are determined. The spectral sensitivity of
thermally modified wood to light is established, which is an important characteristic for
the development of effective coating formulations. In the framework of the study, a set
of non-film-forming binders and functional additives suitable for preventing thermally
modified wood weathering has been optimized.
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1.6. Practical significance

Knowledge of the alteration of wood colour during thermal modification enables
correct planning of modification processes of wood materials intended for decorative
end-use. The information about the weathering features of thermally modified wood
helps purposively to develop economically and ecologically based coating formulations
for effective protection of thermally modified wood. A non-film forming coating
composition for protection and preservation of thermally modified wood decorative
properties has been developed. It contains relatively high proportion of renewable, plant
origin component - linseed oil as a binder and an optimized content of functional
additives.

1.7. Structure and volume of thesis

The structure of the doctoral thesis corresponds to the above mentioned research
tasks.

In the first chapter “Situation analysis”, the information is summarized and
analysed available in scientific literature related to the topic of the doctoral study on
thermal modification processes of wood and changes in its morphological and chemical
structure, and physical and mechanical properties caused by these processes.

Current knowledge about the wood weathering process and influencing factors,
and study methods are assessed. Studies and conclusions on the experience of using
different coating formulations for wood protection are reviewed.

In the second chapter “Materials and methods”, the materials and methods used
in the research are described.

In the third chapter “Results and discussion”, the research results are presented,
analysed and interpreted. The chapter is divided into subchapters according to the
research tasks. In subchapter 3.1, various aspects of wood discolouration caused by
thermal modification are analysed. In subchapter 3.2, results of the experiments
researching the properties of interaction of thermally modified wood with various
environmental factors are summarized and presented. In subchapter 3.3, optimization of
coating formulations intended for thermally modified wood protection is described. In
subchapter 3.4, the outdoor testing results of the capability of different coating
formulations to ensure maintenance of decorative properties of thermally modified wood
are assessed.

In the conclusion of the doctoral thesis, four main conclusions were formulated
and suggestions provided.

The total volume of the doctoral thesis is 144 pages; information is summarized
in 16 tables and 78 figures; 363 literature sources are used.
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2. MATERIAL AND METHODS

Material used for the study

Wood of two common hardwood species of Latvia are used in the study, namely,
aspen (Populus tremula L.) and grey alder (Alnus incana (L.) Moench). Boards of both
species were thermally modified in a laboratory multifunctional wood modification
device produced by Danish company WTT. The modification was performed in a closed
system in water vapour medium under pressure which allows to produce wood with
substantially changed properties at relatively low treatment temperatures. Modification
was performed at three treatment temperatures. Two temperatures (160°C and 170°C)
were chosen on the bases of the results of the previous investigations during which these
temperatures were identified as the most suitable for these hardwood species.
Modification at 140°C does not result in substantial change of wood properties but it can
be used for obtaining wood with essentially changed colour. Specimens of both
unmodified and thermally modified wood were used for establishing wood changes in
particular modification process and comparing the new material with unmodified wood.

Wood characterization methods

For characterization of wood colour, reflectance spectra recorded with a
spectrophotometer CM-2500d (Japan) and colour parameters (L*, a*, b*) and their
changes (AL*, Aa*, Ab*) in accordance with the CIELAB colour model were used.
Colour difference and changes were calculated according to equation (1). The effect of
thermal treatment on colour homogeneity of wood was assessed in three levels: colour
homogeneity on a board surface, inter-board homogeneity and homogeneity of colour
throughout the board thickness with a step of 2 mm.

Changes in the chemical composition of wood surface during natural and artificial
weathering were monitored by applying Fourier transform infrared spectroscopy (FTIR)
and establishing changes in the absorption bands of characteristic functional groups
associated with wood weathering. FTIR spectra were acquired by applying a Perkin-
Elmer Spectrum One spectrometer (USA) equipped with Attenuated Total Reflection
(ATR) sampling accessory. Wood elementary component analyses was performed
according to the Standard LVS EN ISO 16948:2015, employing the elementanalysator
Vario MACRO CHNS (Germany). For establishing the connection of the chromophores
responsible for the characteristic colour of thermally modified wood with wood chemical
components, an extraction of wood with hot water and acetone according to conventional
wood extraction methods were performed.

Changes in wood surface structure during weathering were monitored by a
scanning electron microscopy (SEM) using a microscope SEM TESCAN TS 5136 MM.
Images were captured at magnification from 200 to 1000 times. The data and images
were processed using VEGA TC software.
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Wood weathering

Processes of wood weathering were investigated by analysing changes in wood
surface during natural and artificial weathering trials. Natural weathering was carried
out under different conditions:

e specimens were stored in the dark at ambient room temperature and relative humidity
and withdrawn only to make colour measurements;.

e specimens were stored in a room environment avoiding direct sunlight irradiation;

e specimens were exposed to natural sunlight irradiation via outdoor exposure which
was performed only during sunny hours while stored indoors in the dark when not
exposed;

e specimens were exposed to “sun through window glass” via outdoors exposure under
double window glass (3mm) package during sunny hours while stored indoors in
the dark when not exposed;

e specimens were exposed to specific wavelength ranges of solar radiation by
shielding them with glass filters transmitting different wavebands (Fig. 1) during
outdoor exposure and storing indoors in the dark when not exposed;

e specimens were exposed outdoors according to the standard LVS EN 927-3.

Artificial weathering was performed in the accelerated weathering tester QUV
produced by company Q-Lab (USA). As the radiation source, the fluorescent lamps of
UV A-340 type were used which emitted radiation with the maxima intensity at 340 nm.
Basically all experiments were performed at the irradiation intensity of 0.89 W m™ at 340
nm, and only in the experiments with elevated UV intensity the radiation of 1.36 W m™
at 340 nm was applied. Two modes of artificial weathering were applied in the study: (1)
UV weathering when the specimens were subjected to UV irradiation at temperature
60 + 3°C; (2) Full weathering (PC) which was carried out according to the standard LVS
EN 927-6 and consisted of condensation period for 24 h at 100 % RH and 45 + 3°C
followed by 48 cycles of irradiation for 2.5 h at 60 + 3°C and water spray for 0.5 h.
Duration of the tests differed depending on the specimens and weathering mode. After
definite periods weathering experiments were suspended to perform spectrophotometric
measurements which provided data on the process dynamics.

Preparation of coatings

For all coating formulations developed in the laboratory, initially the base-
formulation was prepared in which, depending on the recipe, were used: whait spirit
NESSOL LI 200as a solvent, industrial alkyd resins, linseed oil and heat-bodied linseed
oil as a binder, cobalt naphtenate as a drying agent (siccative), Wocosen 45 as a biocide,
Exkin 2 as an anti-skinning agent. The particular coating formulation was obtained by
adding specific additives to the base-formulation. By choosing qualitative and
quantitative composition of binders, coating formulations were prepared with the aim to
avoid film formation on the wood surface. This ensures maximum maintenance of natural
appearance of thermally modified wood after coating application. Coatings were applied
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by brush in three layers. The quantity of coating material applied on each specimen was
recorded.

Characterization of coatings

Viscosity of coatings in liquid state was controlled and compared by employing a
Ford viscosity cup with the capacity of 100 mL. The density of the coating (g cm-3) was
determined by weighing 10 £ 0.1 mL of it. The dry matter content (%) of a coating was
determined by drying it at 140 + 2°C till stable mass was achieved. Coating glass
transition temperature Tg measurements were carried out via differential scanning
calorimetry (DSC) on a Mettler Toledo 82E equipment (Malaysia).

Testing of coatings

Surface hydrophobicity was evaluated by measuring the contact angle for the
system <coated wood-water drop>. For assessment of optimum biocide ratio in coating
formulation, a laboratory test according to the standard EN 152 was performed during
which resistance of specimens to colouring and mould fungi was evaluated. The total
duration of the test was 8 weeks. Contamination of coated specimens was evaluated
visually according to standard criteria. Stability of the system <wood-coating> was
examined in a water permeability test according the standard LVS EN 927-5. Coating
impact on drying speed assessment was carried out by regular specimens weighing during
their reconditioning at standard conditions (20 £+ 2°C, 65 = 5 % RH) after the water
permeability test and calculating the amount of absorbed water which was retained by
the specimens after 6 week reconditioning.

Weathering tests of coated specimens

Examination of coated thermally modified wood resistance to weathering was
started by artificial weathering tests according to the standard LVS EN 927-6 and under
UV mode as described for wood artificial weathering. The process of weathering was
monitored by regular suspension of the test during which measurements of the reflectance
spectra and colour parameters were performed. Specimens for outdoor weathering were
prepared according to the standard LVS EN 927-3. The tests were carried out in Riga
(56°56 (N), 24°6 (E)), the specimens were installed on weathering racks facing south
with an inclination of 45°. The weathering of specimens was monitored by regular taking
them to the laboratory for spectrophotmetrical assessment of discolouration, detection of
checks formation and evaluating the contamination of the specimens with moulds.
Formation of checks on the surface of coated specimens was evaluated visually in two
modes: the formation of macro-checks was established with a naked eye and the micro-
checks were detected using microscope at magnifications (12 x) and (25 x).

Mathematical processing of the empirical data

Descriptive statistics methods (arithmetical means, standard deviations,
confidence intervals for mean using Student’s distribution at a = 0.05) was mainly used
for mathematical processing of the empirical data. The standard deviations were
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calculated for data sets which contain less than ten units. For more numerous data groups
confidence intervals were calculated. For comparing intensities of data variation,
coefficients of variation were calculated. Single-factor dispersion analysis (ANOVA:
single factor) was used for comparing differences in colour and discolouration among
sampled populations. Difference characterized by p-value less than 0.05 units was
regarded as significant difference. For graphical depicting and evaluation of thermally
modified wood colour uniformity, box-and-whisker diagrams were used.

3. RESULTS AND DISCUSSION

3.1. Colour of thermally modified wood

Alteration of wood colour due to thermal modification

Noticeable change in colour can already been observed when wood is modified at
relatively low temperature (140°C). Discolouration caused by thermal treatment, which
is defined as a difference AEab between colours in the CIELAB colour space,
significantly differ for aspen and grey alder wood. At all modification temperatures aspen
wood discolour substantially more than grey alder wood processed at the same
temperatures, although the difference in the mass loss for both wood species is not
significant (p > 0.05) (Table 1).

Difference in magnitude of colour change during modification of aspen and grey
alder wood can be explained by significantly different native colour of these species
which is mainly determined by the amount and composition of phenolic extractives
(flavonoids, lignan, tannin, phenols) (Hon and Feist, 1992).

The characteristic features of wood colour and discolouration can be well
demonstrated by the reflectance spectra. The reflectance spectra of both wood species
used in the present study before and after thermal modification at different temperatures
are shown in Fig. 2. It can be seen that the reflectance spectra of unmodified aspen and
grey alder wood considerably differ. However, as a result of thermal modification, the
difference between the typical reflectance spectra of both wood species decreases, the
spectra become more similar and hardly any difference in reflectance between two
species can be observed after woods modification at 170°C. The calculated mean colour
difference between aspen and grey alder wood after modification at 170°C is only
1.7 £ 0.3 AEab units which is less than the limiting value of perceptible colour difference
(Buchelt and Wagenfiihr, 2012).

To establish whether chromophoric groups responsible for the characteristic
colour of thermally modified wood are part of low-molecular thermal degradation
products of wood or they are linked to its main polymer components, thermally modified
wood was extracted with hot water and acetone. The wood discolouration due to
extraction was evaluated by comparing the colour of extracted and non-extracted wood.
In this experiment, aspen wood modified at 170°C was used as for it the largest
discolouration due to thermal modification was observed. The content of compounds by
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weight extracted with water was 6.7 + 0.3 % and the extraction caused wood
discolouration of 1.0 + 0.2 AEab units. The corresponding results for acetone extraction
were 11.3 +0.3 % of extractives and colour change of 2.1 + 0.2 AEab units. This suggests
that the chromophoric groups that determine the characteristic colour of thermally
modified wood are not part of low-molecular easily extractable compounds but rather
they mainly are linked to a high-molecular wood components. After a 100-hour exposure
of non-extracted and extracted thermally modified (170°C) aspen wood to solar
irradiation, less discolouration was observed for non-extracted wood, although the
difference was not statistically significant (p > 0.05). This implies that similar to the
observations in the study on unmodified wood (Nzokou and Kamdem, 2006), extractives
of thermally modified wood also contribute to lessening the effect of solar radiation on
wood by intensive absorption of UV radiation. The capacity of thermally modified wood
extractives to absorb UV radiation was established by spectroscopic measurements of
water and acetone extracts in UV-VIS range.

The process of colour formation during thermal modification can be analysed by
using reflectance difference spectra that show the changes in reflectance at definite
wavelengths (Fig. 3). Due to thermal modification reflectance decreases over the whole
visible light range for both wood species used in the study. This indicates that during the
modification process, variety of chromophoric groups are formed with characteristic
absorption in the whole visible light range. Already at relatively low modification
temperature (140°C) noticeable reflectance changes are observed in wood. Raising of
modification temperature above 140°C results in similar trend of changes in the
reflectance for both species which is characterized by most pronounced decrease in
reflectance in the longer wavelength range. When comparing the pattern of reflectance
changes in the temperature ranges (140 — 160°C) and (160 — 170°C), a tendency can be
noticed that in the higher temperature range the changes in the reflectance are smaller but
the decrease is not equally proportional in the whole range of the spectrum. In the longer
wavelength region the relative changes in reflectance are even two times larger than those
in the shorter wavelength region. These results demonstrate that during modification the
chemical compounds responsible for the characteristic colour of modified wood change
not only by accumulating and rising their total quantity, but their qualitative composition
also is altered. Rising of the modification temperature causes increase in the ratio of
chromophoric groups absorbing light of longer wavelength. The increased ability of the
wood to absorb the part of the radiation which, although characterized by relatively low
photon energy, has high total intensity in the solar radiation, can significantly influence
interaction of wood and solar radiation during wood end-use as the absorbed radiation
can potentially but not necessarily provoke photodegradation. The observed differences
in wood discolouration pattern at different modification temperatures can be explained
by the proposed hypothesis about the link between wood discolouration and
transformation of different wood chemical components at different modification
temperatures (Gonzalez-Pefia and Hale, 2009).
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Colour homogeneity of thermally modified wood

An important property of wood as a decorative material is homogeneity of its
colour. In the present study, the wood colour uniformity among boards, on surface of one
board and throughout the board thickness, were determined and analysed.

Homogeneity of wood colour among boards was assessed using mean colour
parameters of each board and calculating the difference between them. The analysis of
wood colour shows that due to modification the colour of both aspen and grey alder wood
among boards becomes more homogeneous (Fig. 4). Moreover, all applied modification
temperatures ensure similar wood colour homogeneity among boards. Colour
homogeneity of thermally modified wood has not been widely studied and analysed,
however published results show that also in other studies a decrease in colour difference
among boards is observed after thermal modification (Schnabel et al., 2007; Arnold,
2012).

The second level of colour homogeneity assessment was among separate points
on surface of a board (Fig. 5). Although approximately 25% of the calculated differences
are above three AEab units, the average colour difference for all analysed temperatures
are less than three units for both species. However, the colour differences among points
on the board surface of thermally modified aspen are noticeably larger than that of
unmodified wood. The colour uniformity of grey alder board surface does not change
much due to thermal modification.

The colour analysis of thermally modified wood at different distances (depths)
from the board surface shows that for both species at all modification temperatures the
colour of the board surface essentially differs from the colour of the inner layers. The
difference is mainly determined by the lightness parameter L*, the proportion of which
in the total colour differences AEab in all analysed cases is higher than 80 %. At all
modification temperatures, the upper layer of the board is significantly darker than the
core layers. For both species the least difference was observed for wood modified at
170°C when the colour difference between the upper layer and the central part for aspen
and grey alder was 4.5 + 0.7 and 4.0 £ 0.5 AEab units, respectively. Comparison of colour
among the inner layers of the boards (2 mm, 4 mm and 6 mm from the surface) showed
that for both species at all modification temperatures the colour differences are small and
do not exceed three AEab units.

The analysis of colour homogeneity of wood confirms that during the
hydrothermal modification process, which was applied in the present study, wood with
essentially altered colour is produced. Modified wood can be characterized by a
significantly darker upper layer of the board under which the wood colour is lighter and
in general homogeneous in both within one board and inter-boards scale.

3.2. Resistance of thermally modified wood to weathering

Colour stability

When wood is applied as a decorative material, colour stability is an important
indicator of its quality. Most studies on wood colour stability, including thermally
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modified wood, examine the effect of solar or UV radiation on wood properties. In the
present study colour stability during wood storage in the dark and in room conditions
where direct sunlight cannot reach the wood was monitored for 30 months. The results
show that the colour of thermally modified wood can be considered stable if the wood is
out of reach of any light. It was observed for the specimens stored in the dark that
discolouration is too small to be discernible, although small spectrophotometrically
detectable colour change does occur (aspen AEab = 0.8 + 0.3; grey alder AEab = 1.8 +
0.6). However, the specimens stored in room conditions away from direct sunlight
discoloured more. Moreover, similar discolouration was found for both analysed species,
aspen 3.9 £+ 0.4 and grey alder 3.5 = 0.4 AEab units, respectively.

Comparing colour stability of aspen wood modified at different temperatures, it
was observed that discolouration increases with increasing modification temperature for
specimens stored in the light and decreases for those stored in the dark (Fig. 6). Similar
results were observed also for grey alder wood. However, considering that the differences
in discolouration are small and statistically insignificant (p > 0.05), it can be concluded
that in both the dark and room conditions without reaching of direct sunlight colour
stability is similar for woods treated at temperatures examined in this study.

However, wood is most often used in places where it is subjected to solar
radiation: complete solar spectrum in outdoor conditions or to the sun through window
glass indoors. The total intensity of solar radiation and the UV part of its spectrum change
noticeably during the day and during the seasons, as well as depending on specific
meteorological conditions. Such fluctuations of solar radiation can significantly influence
the results of wood weathering because during the experiments performed at different
times, specimens exposed for equal time intervals receive different doses of solar
radiation. Moreover, even the same dose of solar radiation can significantly differ in the
ratio of the incident UV portion. In the present study, all the tests with subjecting
specimens to solar radiation were performed during so-called solar summer (7. May — 6.
August), which is characterized by the highest intensity of solar radiation in the Northern
Hemisphere. Still, the total solar radiation and UV radiation that the specimens received
during equal time periods significantly differed each year. Therefore, the absolute values
of the outdoor test results obtained at different times are not comparable, but the general
tendencies can still be analysed.

During the test when unmodified and at different temperatures modified aspen
wood was exposed to solar radiation for 100 hours, modified wood discoloured
significantly, although less than unmodified wood (Fig. 7). It was observed that
discolouration of thermally modified wood caused by solar radiation increases with
increasing modification temperature. Relatively large scatter of results was also observed
which, expressed as coefficients of variation, are as follows: for unmodified wood
(NM) — 6% and for thermally modified wood (140°C) — 34%, (160°C) — 18%, (170°C) —
18%, respectively. Considering the large scatter of the results, statistically significant
differences in discolouration (p < 0.05) were only identified between specimens modified
at 140°C and 170°C. Comparing the changes in reflectance spectra of aspen and grey
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alder wood caused by solar radiation, it is evident that changes have similar pattern for
both species although different volume.

Not only the magnitude of colour change between unmodified and modified wood
discolouration caused by sun is significantly different but also the characteristic trends
differ. A principal difference is the lightness changes in the opposite direction for two
wood types. Unmodified wood darkens while at all temperatures modified wood fades.
This is well demonstrated by the reflectance spectra changes. After exposure to sun, the
reflectance of unmodified wood tends to decrease while the reflectance of thermally
modified wood increases (Fig. 8).

For woods modified at 160°C and 170°C, changes in reflectance spectra are
similar, which indicates on chromophore systems with similar reaction to solar radiation
in these woods. However, changes in reflectance spectrum of wood modified at 140°C in
the shorter wavelength range are more similar to the changes in unmodified wood in this
range. Apparently, during modification at lower temperatures certain chemical structures
implicated with discolouration during weathering remain unaltered in the wood and as a
result of exposure to solar radiation chromophoric groups with characteristic absorption
in this range are formed. The results of experiments, during which changes in wood were
evaluated and analysed by exposing of the specimens to full solar radiation and to the sun
through window glass, as well as to UV radiation in the weathering chamber demonstrate
that unmodified and thermally modified wood reacts differently to different types of
radiation (Table 2). In its turn, both wood species show the same discolouration
tendencies depending on the applied radiation. For unmodified wood, significantly
smaller discolouration was observed for specimens which were exposed to solar radiation
through window glass and consequently received smaller dose of UV radiation. However,
UV radiation caused substantially more discolouration for these specimens. Unlike the
effect on unmodified wood, UV radiation caused significantly (p < 0.05) less
discolouration compared to that caused by full solar radiation and sun through window
glass to thermally modified wood. It indicates on the high sensitivity of thermally
modified wood to radiation of the visible light range.

The shielding of wood with glass filters transmitting different wavebands of solar
radiation (Fig. 1) was applied to evaluate the effect of different spectral ranges of solar
radiation on wood. The results show that discolouration tendencies are different for
unmodified and thermally modified wood depending on the spectral composition of the
incident radiation. Compared to discolouration of unmodified wood in equal conditions,
significantly greater (p < 0.05) discolouration was detected for thermally modified
(170°C) aspen wood after exposure of the specimens for 100 hours to all studied solar
radiation wavelength ranges above 400 nm (Fig. 9). Moreover, in thermally modified
wood even radiation of wavelength range above 600 nm causes noticeable discolouration
(AEab = 3.8). Unlike, UV radiation provokes relatively little discolouration in thermally
modified wood, which is even significantly less (p < 0.05) than that caused by radiation
of wavelength range above 500 nm.
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Discolouration tendencies of thermally modified grey alder wood are similar to
these observed for thermally modified aspen wood. For thermally modified wood of both
species radiation comprising wavelength range above 500 nm causes discolouration of
magnitude which is approximately 75% of discolouration caused by full solar radiation,
whereas discolouration caused by UV part of solar radiation is only about 40% of that
caused by full solar radiation.

The effect of radiation of different wavelength ranges of the solar spectrum on
discolouration of unmodified and thermally modified aspen wood is well demonstrated
by changes in reflectance spectra (Fig. 10). Reflectance of unmodified wood decreases
due to irradiation with all types of the radiation under study, and a pronounced band of
difference in reflectance appears in the wavelength region from 400 to 500 nm which is
associated with the formation of a quinonoid structures (Pandey and Vuorinen, 2008).
Reflectance of thermally modified wood increases in almost the whole range of visible
light spectrum. However, the pattern of reflectance changes caused by different radiation
ranges is not the same. Similar reflectance changes with less increase in the short-
wavelength range and more increase in the long-wavelength range with maximum around
650 nm are observed for both modified wood specimens exposed to full solar radiation
and to radiation of wavelength range above 400 nm. UV radiation causes almost equal
reflectance changes in the whole wavelength range of visible light. However, radiation
containing only longer wavelengths over 500 and 600 nm has hardly any effect on the
reflectance of thermally modified wood in the shorter wavelength range of visible light
whereas provokes increase in reflectance in the wavelength range beyond 450 nm and
550 nm, respectively.

The different changes in reflectance spectra of thermally modified wood implies
that the chromophoric groups in its composition have different spectral sensitivity.
Moreover, wood contains enough chemical groups which changes could be also induced
by the longer wavelength ranges of solar radiation. These results indicate on utmost
importance of modified wood protection not only against the UV radiation but also
against radiation at least up to 600 nm in order to maintain its decorative properties during
application.

Surface chemical changes

Chemical changes in the material are a significant parameter for evaluating the
effect of weathering processes. Wood discolouration is related to changes in its chemical
structure however not all chemical processes are related to wood discolouration.
Recording of FTIR-ATR spectra and analysis of elemental composition of wood were
performed to describe chemical changes in the wood surface due to weathering. As more
than 90% of the elemental composition of wood is made up by carbon (C) and oxygen
(0O), the chemical changes in the wood can be evaluated to a certain extent by the changes
in the ratio of these elements (O/C). In Table 3 the (O/C) ratio in wood before and after
artificial weathering performed according the standard LVS EN 927-6 is provided.
Changes in elemental composition of wood after weathering are similar for unmodified
and thermally modified aspen and grey alder wood. For all analysed specimens, the O/C
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ratio has increased due to weathering, which indicates that the proportion of oxygen in
the surface of wood has risen. It is associated to degradation and leaching of lignin from
the wood surface and enrichment of it with cellulose (Hon and Chang, 1984; Feist 1990a).

A variety of FTIR-ATR absorption bands are used for analysing the chemical
transformations in wood due to weathering. In this study for monitoring of chemical
changes in wood surface absorption bands around 1720 cm™ which is associated with
carbonyl groups and around 1510 cm™ associated with degradation of lignin were chosen
as the most characteristic bands for wood weathering process (Mikle¢i¢ et al., 2011;
Srinivas and Pandey, 2012). Chemical changes induced by radiation propagates in
thermally modified wood relatively fast. During the experiment in which thermally
modified aspen wood was subjected to UV radiation in the weathering chamber, after 10
hours of irradiation the changes in both analysed characteristic absorption bands already
reached 75% and after 200 hours 100% of total absorption changes found at the end of
the test after 500 hours exposure.

After exposure of wood to solar irradiation using different shielding filters the
changes in analysed absorption regions of both unmodified and thermally modified wood
show similar trends (Figure 11). Similar absorption changes induced by radiation in
thermally modified and unmodified wood have been observed also in other studies (Deka
and Petri¢, 2008; Miklegi¢ et al., 2011). Due to irradiation, absorption around 1720 cm!
increases, which is an indication of oxidation processes of wood compounds in which
carbonyl groups are formed. However, irradiation causes decrease in absorption around
1510 cm!, which is related to degeneration of lignin. For thermally modified wood
visible light (> 400 nm) and UV (<400 nm) part of solar radiation cause decrease in
absorption around 1510 cm™ of the same magnitude, which corresponds to more than
90% of the initial absorption before weathering (Figure 11). In the waveband around
1720 cm’, larger chemical changes in thermally modified wood are caused by the solar
radiation wavelength range > 400 nm than by the UV range. Radiation containing the
wavelength > 500 nm also causes significant chemical changes in the surface of
thermally modified wood. For unmodified wood apart from full solar and UV range,
small chemical changes are caused by radiation containing light of wavelength > 400 nm,
whereas radiation of wavelength > 500 nm does not cause considerable chemical
changes.

Changes in FTIR-ATR absorption spectra of thermally modified wood after
exposing the wood to UV radiation for 1000 hours in the weathering chamber and further
subjecting it to an intensive water spray which leaches off soluble photodegradation
products from the wood surface show that during the first three hours of water spray the
majority of compounds formed during wood irradiation, which can be seen in the
absorption spectrum changes as an increase in absorption (brown line), are already
leached, which is reflected in the changes of the absorption spectrum as a decrease in
absorption (blue lines) (Figure 12).
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Changes in wood surface micro-structure

The surface structure of wood also is changed in the process of weathering. The
initial changes occur on the microstructural level. Therefore in order to examine the
changes in wood microstructure a Scanning Electron Microscope (SEM) was used
(Fig. 13). After exposure of wood to UV radiation a lot of partially separated fibres can
be observed on the wood surface. It is caused by degradation of lignin as it weakens
intercellular connections and the surface fibres separate from the wood matrix. Similar
separation of wood surface fibres as a result of UV irradiation has been observed in a
study on weathering of unmodified wood (Derbyshire and Miller, 1981). Moreover, in
the SEM images at higher magnification it is seen that as a result of UV radiation checks
start to form near the pores of wood vessels.

The surface of the specimen that was alternately subjected to UV radiation and
water spray has fewer partially separated fibres because water causes them to separate
completely and wash off (Fig. 13(c)). However, complex effect of UV and water results
in formation of cross-checks in the fibre walls and strong degradation of wood vessel
walls which turn into a sieve structures due to expanding of checks. This unambiguously
shows that water is a significant factor and noticeably promotes degradation of thermally
modified wood during weathering. Similar structural changes are also observed in the
weathering process of unmodified wood (Temiz et al., 2005).

3.3. Development of coting formulations suitable for thermally modified wood

Wood coatings have two main functions: restriction of moisture penetration and
protection the wood from the degrading effect of solar radiation, thus preserving the
aesthetic qualities of wood during its application. In this study in order to minimize the
alteration of wood appearance after applying the coating, non-film forming coatings were
used which are defined as coatings that do not form a film on the wood surface thicker
than five microns.

Binders

The ability of coating to regulate the flow of moisture is mainly determined by
binders (Bulian and Graystor, 2009). Based on literature analysis, solvent-borne alkyd
coatings were chosen as the most suitable coating group.

In the study, industrial alkyd resins with different oil content and linseed oil was
used for the preparation of experimental coating formulation. Using linseed oil as a binder
in coatings has a range of benefits. It is a natural renewable resource, and partially
substituting alkyds with oil makes the coating more friendly to the environment.
Incorporating linseed oil into the coating formulation has also economic benefits because
it is significantly cheaper than alkyd resins. Furthermore, linseed oil improves the
flexibility of the coating, which is very important in coatings intended for wood.
However, linseed oil increases water permeability of the coating, which is one of the
criteria for determining the stability of the system <wood-coating>. In order to determine
whether it is possible to partially substitute alkyd resins with linseed oil in the coating
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intended for thermally modified wood while ensuring low enough water permeability,
the weight ratio 2:1 of alkyd resins and linseed oil was used in the experimental coating
formulation. Corresponding class industrial products of different manufacturers
(Tikkurila, A4kzo Nobel, Caparol, Rigas Laku un Krasu Riapnica) were used for
comparison. In order to determine the capability of coatings to protect the wood from
direct influence of water, a test according to the standard LVS EN 927-5 was performed.
The results show that the experimental coating formulation applied on thermally
modified wood ensures formation of a stable system <wood-coating™> against direct
influence of water, which according to criteria of the standard LVS EN 927 -2
corresponds to water permeability which does not exceed 175 g m when the procedure
according to the standard is performed. Water permeability for the experimental coating
formulation applied on thermally modified wood (136 + 14 g m) is similar to the average
permeability detected for the industrial coatings (132 = 22 g m2). These results indicate
that a coating formulation in which alkyd resins are partially substituted by linseed oil
sufficiently hinders direct penetration of water into thermally modified wood.
Furthermore, the experimental formulation containing linseed oil ensures good drying
efficiency for thermally modified wood in the reconditioning phase. In this study drying
efficiency is defined as the amount of water retained in specimens after reconditioning in
standard conditions (20°C; 65% RH) for 42 days after the permeability test (Fig.14). It
can be seen that the amount of water retained in the specimens coated with experimental
coating formulation (4.8 + 0.2 g m™) is smaller than the average of that for industrial
coatings (5.4 = 0.4 g m?). In the experiment where the efficiency of using partially
polymerized linseed oil (heat-bodied oil) in coating formulation intended for thermally
modified wood was assessed, it was found that even though coatings containing heat-
bodied oil have somewhat lower resistance to formation of checks, including of it in the
coating formulation ensures better colour preservation of thermally modified wood in
outdoor conditions.

Tests were also performed with experimental coatings that differed in the alkyd
resins included in their formulation. Unmodified and thermally modified wood with
experimental formulations were weathered in outdoor conditions and in the weathering
chamber, as well as water permeability was tested. The results show that creation of an
optimal <wood-coating> system has great importance in delaying weathering processes
and that the optimal binder formulations for unmodified and thermally modified wood
differ. Considering the results of these experiments, base-formulations for primers and
top-coats were selected (Table 4). In further experiments functional additives were
incorporated into these base-formulations.
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Functional additives

To protect the wood from degradation caused by solar radiation thus ensuring its
decorative properties during application, two types of functional additives are mainly
used in wood coatings, namely UV absorbers and free-radical scavengers. A special
scavenger called “Lignostab” is developed for wood protection which deactivates lignin
radicals initiated by UV radiation. In the present study it was tested how effectively it
can protect thermally modified wood from discolouration during artificial weathering
when wood is subjected to UV irradiation. For unmodified wood samples, treatment of
wood with “Lignostab” by 20 % decreased discolouration caused by UV. But for
thermally modified wood the same pretreatment proved to be a discolouration promoting
factor and after 100 hours of exposition, thermally modified wood treated with
“Lignostab” showed twice as much discolouration (AEab = 12.9 = 1.7) as untreated wood
(AEab = 5.4 + 0.9). Apparently difference in the results after applying lignin radicals
deactivating formulation to unmodified and thermally modified wood is due to the change
in the chemical structure caused by thermal modification. Therefore, to minimize the
effect of solar radiation, UV absorbers were used in the present study. UV absorber of a
hydroxyphenyl-s-triazine (HPT) type was used as an organic UV absorber and red and
yellow transparent iron oxide pigments were chosen as non-organic absorbers. As iron
oxides absorb not only UV radiation but also radiation in the range of the visible light,
the pastes of iron pigments containing the active substances in the form of nanoparticles
were chosen which ensure transparency of the coating. Moreover, analysis of the glass
transition temperature T, of the films prepared from coating formulations containing
different UV absorbers has shown that the addition of zinc oxide and titan dioxide to the
alkyd coatings used in the present study, which are also widely applied as non-organic
UV absorbers in coatings, results in significant increase of the coating Tg. This result
indicates to potentially reduced flexibility of coatings containing these additives. The
addition of iron oxides and the organic UV absorber did not significantly change the T,
of the base coating.

In all experimental coating formulations, a complex biocide containing two
widely used components for protection of wood against colouring fungi, a drying agent
(siccative), and an anti-skinning agent were also used as constant functional additives.
The necessary dose of biocide was determined in a laboratory test according to standard
EN 152.

3.4. Results of outdoor weathering

Initially outdoor tests were performed in order to evaluate differences in
weathering of wood modified at different temperatures. In this part of the study only
samples modified at 160°C and 170°C were used because in previous studies it was found
that hydrothermal modification at these temperatures ensures a significant increase in
bioresistance of hardwood (Rowell et al., 2013). Considering the similar weathering
process for thermally modified aspen and grey alder described in the previous chapters,
outdoor tests were mainly performed on aspen. Such selection of specimens allowed
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testing more variants of coatings because in outdoor tests it is correct to compare only
simultaneously exposed specimens subjected to the same environmental factors. During
the outdoor test, the evaluation of weathering was based on measurements of
discolouration and assessment of check formation. The results show no significant
differences (p > 0.05) in the criteria assessed between both substrates (160°C and 170°C)
with the same coatings. Therefore, in further tests for assessment of coating effectiveness,
aspen wood modified at 170°C was used as a thermally modified wood substrate.

Different concentrations of iron oxide pigments

Optimal iron oxide concentrations were determined during the experiment when
mix of red and yellow (1:1) iron oxide transparent pigments of a weight percent 2%, 4%,
6% in the wet coating, or 10%, 20% and 30% if recalculated for dry binder, were added
to the experimental base top-coat formulation (Table 3). For comparison, thermally
modified wood specimens with a corresponding (transparent, non-film-forming,
pigmented) industrial wood coating were coated. Discolouration and formation of checks
were the main criteria used for comparing the ability of the coating to delay weathering
of thermally modified wood in outdoor conditions. Micro-checks first appeared on the
specimens with pigmented coatings (Fig. 15). Already at the first control after 38 days of
exposure, first micro-checks detectable by a microscope at 25 x magnification were
observed on specimens coated with the experimental coating containing the highest
pigment concentration. On the other specimens with pigmented coatings, first micro-
checks were detected after 75 days of exposure, whereas on the specimens with base-
formulation containing no pigments, checks appeared significantly later. These results
suggest that the addition of pigments to a coating promotes formation of checks in
outdoor conditions. Moreover, higher pigment concentration accelerates the formation of
checks.

However, pigmented coatings significantly delayed discolouration of specimens
(Fig. 16). Higher concentration of pigments (6 %) ensures better colour preservation of
thermally modified wood at the initial stage of outdoor exposure. However, at long-term
exposure adding 4 % and 6 % of pigments results in similar discolouration.

For specimens with the industrial coating, the results of discolouration and
formation of checks were similar to the specimens coated with the experimental coating
formulation containing the lowest pigment concentration. The results of this test indicate
that optimal pigment concentration could be around 4 % in wet coating, which
corresponds 20 % if recalculated for dry binder.

Different compositions of iron oxide pigments

Iron oxides by absorbing a part of visible light alter the colour of the coated
substrate. Colour differences of thermally modified wood coated with the addition of red
or yellow iron oxide are small, and the use of one or the other iron oxide does not result
in products with significantly different decorative properties, which is also well
demonstrated by reflectance spectra. Therefore, when selecting the most suitable
pigment, the main criterion can be its functional ability to ensure the best protection
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against weathering. To compare effect of iron oxide pigments on thermally modified
wood weathering process, a test was carried out in which coatings containing a mixture
of yellow and red iron oxide (1:1) as well as separately yellow or red iron oxides of equal
concentration (4%) were incorporated into coating formulations. Industrial pigmented
coating was used for comparison.

At the initial stage of the test, no significant difference in discolouration of
specimens with coatings containing different pigments was observed. However, after half
a year of outdoor exposure it was detected that discolouration for specimens with coating
containing yellow iron oxide was 50 % higher in comparison to the specimens with
coating containing red iron oxide (Fig. 17). This could be explained by the spectral
sensitivity of thermally modified wood to radiation with wavelength range above 600 nm
which was established in the experiment on wood weathering under the effect of different
rages of solar radiation. In the test with films prepared from coating solutions it was found
that the transmission spectrum of the coating film containing red iron oxide is
significantly red-shifted. This explains the better protection of thermally modified wood
against the influence of the solar radiation by coting with red iron additive.

Pigmented coatings with additive of UV absorber

Iron oxides absorb radiation not only in the visible but also in the UV part of the
solar spectrum, thus they simultaneously function also as a UV absorbers. However, the
role of UV absorbers in wood coatings is not only wood protection but also protection of
the coating film from photodegradation. Non-organic UV absorbers, including iron
oxides, are incorporated in the coating formulation in a form of fine disperse particles.
Organic UV absorbers are dissolved into the coating which insures their more uniform
distribution in the upper layer of the coating whicht could ensure better protection of the
coating, delaying the erosion processes of its surface and pigment elution. Therefore, in
the outdoor test it was examined whether better protection of thermally modified wood
against weathering in outdoor conditions can be ensured by incorporating of the organic
absorber to a pigmented coating formulation (Fig. 18).

During the first inspections, significantly less discolouration (p < 0.05) was
detected for the specimens with additive of the organic UV absorber in the coating
formulation. However, the addition of the organic UV absorber does not ensure better
long-term protection of thermally modified wood against discolouration. During
examination after 100 days of exposure there were not found significant differences
between the specimens with and without UV absorber additive in coating (p > 0.05).

Moreover, for specimens of both groups, first micro-checks were detected at the
same time, namely during the control after 70 days of exposure. These results suggest
that the addition of the organic UV absorber to pigmented coatings ensures only short-
term improvement of protective effectiveness of the coating. Therefore application of the
organic UV absorber in pigmented coating formulations is both economically and
ecologically unjustified. In the study on protection of unmodified wood with pigmented
coating it was also observed that at sufficiently high pigment concentration, the use of
additional UV absorber is unnecessary (Schauwecker et al., 2014).
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4. CONCLUSIONS AND SUGGESTIONS

Conclusions

The results of the studies performed in accordance with the research tasks have
confirmed the proposed hypothesis and allow the formulation of the main conclusions.

1. During aspen and grey alder wood thermal modification, wood with similar colour for
both species is produced. It is characterized by significantly darker upper layer and
lighter and homogeneous inner part with stable colour if wood is not subjected to solar
radiation. The characteristic colour of thermally modified wood is defined by the
chromophoric groups which are part of wood polymeric components. Rising
modification temperature the ratio of chromophoric groups with typical absorption in
the longer wavelength range of visible light increases.

2. Unlike unmodified wood, the UV portion is not the dominating range of solar spectrum
that causes discolouration in thermally modified hardwood during subjecting it to solar
irradiation. Significant discolouration and chemical changes on the surface of thermally
modified wood are caused by the radiation of visible light, including the wavelength
range over 500 nm. This finding is significant for development of proper coating
formulations for thermally modified wood protection.

3. There is difference between the optimal formulations of solvent-borne non-film
forming alkyd resin coatings intended for thermally modified and unmodified hardwood
protection. By replacing a third of the alkyds with linseed oil or heat-bodied linseed oil,
a coating is produced which ensures against water permeability stable <wood-coating>
system when applied on thermally modified hardwood.

4. For restriction of solar radiation effect on thermally modified hardwood, transparent
red iron oxide is a suitable additive in coating formulations intended for wood protection
while maintaining its natural appearance. The best result by using the experimental
coating formulation was achieved when 4% additive of red iron oxide without extra UV
absorber was used.
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Suggestions

» Thermal modification of aspen and grey alder wood should be considered and
evaluated as a possibility of obtaining material with good decorative properties and
higher added value and expanding the field of application of these species.

* In order to solve the issues of protection and preserving the decorative properties
of thermally modified wood, it is advisable to take into consideration the typical spectral
sensitivity of the wood and to use pigmented coatings that can to absorb the shorter waves
of the solar radiation spectrum at least up to 600 nm.

* Production of coatings specially intended for thermally modified wood in which
alkyd resins and linseed oil are combined as a binder should be considered as it would
make the coatings more economical and environmentally friendly while ensuring good
wood protection.

* Inthe research field it is necessary: to continue research on decorative properties
of thermally modified softwood and possibilities for their preservation; to design optimal
film-forming transparent coatings for preserving the decorative properties of thermally
modified wood; to determine the ecological and economical aspects of the use of water-
based coatings for protection of thermally modified wood.
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