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IEVADS

Témas aktualitate

Latvija koksne ir plasi pielietots izejmaterials biivnieciba, mébelu un
dazadu konstrukciju razo$ana. Liméti kokmaterialu laminati ir no koksnes
inzenierijas produktiem lielakais segments Eiropa un uzrada parsteidzoSu
pieprasijuma pieaugumu kops 2000.gada. ST produkta patering Eiropa 2012. gada
bija gandriz tris miljoni m® un globali apméram 5 miljoni m® (Azija un
Australija — 1.6 miljoni m?, Ziemelamerika — 0.4 miljoni m®) (Pahkasalo et al.,
2013). Tradicionali I[Tm&Sanai izmanto koksni, kuras mitrums ir ne vairak ka
12 %. Lime&sanai izmanto Iimes koksnei, kuras paredzetas koksnei ar mitrumu
Iidz 18 %. Saja darba par koksni ar paaugstinatu mitrumu tiek pienemta koksne
ar mitrumu virs 12 %. Paaugstinata mitruma pielietotu koksnes konstrukciju un
produktu, pieméram, terases déli, darza mébeles, paletes transportésanai, skanas
aizsargbarjeras pie autoceliem u.c., IImé8ana no ekologiska un ekonomiska
viedokla v€lama Ilim@to savienojumu izveidoSana bez koksnes ieprieksgjas
Zavesanas.

Limésanas tehnologija izmantojot nezavétu koksni, samazinas iespgjamie
savienojuma defekti, kas rodas koksnei briestot, ietaupas energija, zavejot koksni
tikai 1idz ekspluatacijas mitrumam, samazinas izmaksas koksnes uzsildiSanai
ITm&Sanas un pres€Sanas procesiem, izmantojot konstrukciju veidoSanai istabas
temperatiira cietjosas Iimes (Sterley, 2012).

Lai gan ir izveidota koksnes Iim&jumu savienojuma kvalitates kontroles
sistéma (LVS EN 14080 un citi [im&tas koksnes un izmantoto ITmju standarti), ir
nepietiekami pétijumi par koksnes ar paaugstinatu mitrumu limsavienojumu
izmantoSanu. V&l joprojam ir daudz nezinama par adhgzijas saiSu veidoSanos
koksnes ar paaugstinatu mitrumu un limju gadijuma. Veicot literatliras izp&ti
noskaidrots, ka ir nepietickami petfjumi koksnes ar paaugstinatu mitrumu
Itm@juma savienojuma kimisko un fizikali mehanisko 1pasibu novertésana.

Darba hipotéze
Koksnei ar mitrumu virs 18 % ir iesp&jams prognozét noturigu Iimg&juma
savienojumu, pamatojoties uz nedestruktivu kontaktlenku mérijumu metodi un
termodinamiska adh&zijas darba aprékiniem.

Darba meérkis
Veikt koksnes mitruma ietekmes uz koksnes termodinamisko adhézijas
darbu un [img&juma savienojuma izturibu novertgjumu.

Darba uzdevumi
Merka sasniegSanai izvirziti sekojosi p&tnieciski uzdevumi:
1. analizgt literatiras datus par koksnes, Itmes un tidens robezfazes savstarpgjo
mijiedarbibu uz ITm&juma savienojuma kvalitati;



2. analizét faktoru (koksnes un tas mitruma un Iimju ipasibu) ietekmi uz
termodinamisko adh&zijas darbu;

3. analizet iegito korelaciju starp aprékinato termodinamisko adh&zijas darba
stiprbu un ar fizikali-mehaniskajam test€Sanas metodem iegiito
ITmsavienojuma stipribu;

4. izstradat ieteikumus razotajiem.

Zinatniska nozimiba

Petijuma iegltie rezultati sniedz ieskatu un skaidrojumu, ka ar
nedestruktivu test€Sanas metodi var prognozet limsavienojuma stipribu koksnei
ar mitrumu virs 18 %. P&tijums sniedz zinasanas par kontaktlenka noteik3anas un
termodinamiska darba aprékina metodiku neidealai, heterogénai koksnes virsmai
ar atvértam traheidam. Pirmo reizi pétita termodinamiska adh€zijas darba
koksnes Iimsavienojumiem korelacija ar praktisko adh&zijas darbu. Pétitas
limsavienojuma fizikali mehaniskas pasibas, ja par izejmaterialu izmantota
koksne ar paaugstinatu mitrumu.

Praktiska nozimiba

Izmantojot  izejmaterialiem (koksnes substratiem un [im&m)
nedestruktivas testéSanas metodes, var prognoz€t limsavienojuma Tpasibu
izmainas, palielinoties koksnes mitrumam. Limju reologisko ipasibu izmainas
tdens ietekm& lauj kontrolét Iimsavienojuma veidoSanas tehnologiskos
procesus, pieméram, atverto un slégto montazas laiku un Iimes piemérotibu.
Koksnes ar mitrumu virs 14 % limsavienojumu veidoSana dod ekonomisku
ieguvumu laika un naudas Iidzeklu zina.

Promocijas darba struktiira un apjoms
Promocijas darbs strukturéts tris nodalas:
1. nodala. Mitras koksnes adhgzijas izzinatibas analize;
2. nodala. Materiali un metodika;
3. nodala. P&tijuma rezultati un to analize.

Kopuma darbs noforméts uz 143 Ipp., tas satur 48 attélus un 25 tabulas.
Darba izmantoti 166 literatiiras avoti.

Zinatniska darba aprobacija / Approbation of the scientific work

Publikacijas par darba tému / Publications on the topic

1. Laiveniece L., Morozovs A. (2016) Impact of water on rheological behavior
of polyurethane glues. Rural Sustainability Research, Vol. 35, Issue 330,
p. 7- 18. ISSN 2256-0939 (AGRIS, CABI, EBSCO).

2. Laiveniece L., Morozovs A. (2015) Adhesion work of polyurethane glues and
norway spruce, scots pine joints. Episteme, No. 26/2015, Part 1, p. 95-102.
ISSN 1895-4421.



Laiveniece L., Morozovs A. (2014) Penetration depth of adhesive depending
on applied pressure during gluing process. Materials, Methods &
Technologies, Vol. 8, p. 84-89. ISSN 1314-7269 (Russian Science Citation
Index, China National Knowledge Infrastructure (CNKI) Scholar, Google
Scholar, Polish Scholarly Bibliography).

Laiveniece L., Morozovs A. (2014) Penetration depth of polyurethane glues
into Norway spruce (Picea abies L. Karst.) and Scots pine (Pinus
sylvestris L.). No: Zinatniski praktiska konference "Zinatne un prakse
nozares attistibai", veltita augstakas mezizglitibas 95.un Meza fakultates
75.gadskartai. Jelgava: Latvijas Lauksaimniecibas universitate, 80-84. Ipp.
Laiveniece L., Morozovs A. (2014) Penetration depth of adhesive depending
on wood anatomical structure. In: Proceedings of 13th International scientific
conference "Engineering for rural development”, May 29-30, 2014, Jelgava,
Latvia, Vol. 13, p. 204-209. ISSN 1691-5976 (Elsevier SCOPUS, Thomson
Reuters Web of Science, AGRIS, CAB ABSTRACTS, CABI full text,
EBSCO Academic Search Complete).

Laiveniece L., Morozovs A. (2013) Determination of the surface energy
components of wood using the contact angle method. Research for Rural
Development 2013, Vol. 2, p. 95-100. ISSN 2255-923X (online) (Thomson
Reuters Web of Science, Elsevier SCOPUS).

Daliba zinatniskajas konferences / Participation in the scientific conferences

1.

Laiveniece L. (2015) Adhesion work of polyurethane glues and norway
spruce, scots pine joints. Fourth International Conference for PhD Students
Multidirectional Research in Agriculture and Forestry, March 21-22, Krakow,
Poland.

Laiveniece L. (2015) Adhgzijas darba noteiksana egles (Picea abies L.Karst)
un priedes (Pinus sylvestris L.) mitras koksnes [imsavienojumiem. Zinatniski
praktiska konference Zinatne un prakse nozares attistibai, 16.-19.marts,
Jelgava, Latvija.

Laiveniece L. (2014) Penetration depth of adhesive depending on applied
pressure during gluing process. International Conference Materials, Methods
and Technologies, June 11-15, Elenite Holiday Village, Bulgaria.
Laiveniece L. (2014) Penetration depth of adhesive depending on wood
anatomical structure. 13th International Scientific Conference Engineering
for Rural Development, May 29-30, Jelgava, Latvia.

Laiveniece L. (2014) Penetration depth of Polyurethane glues depending on
wood species. 20th International scientific conference ,,Research for Rural
Development 20147, May 21-23, Jelgava, Latvia.

Laiveniece L. (2014) Poliuretana Itmju iespieSanas dziluma pé&tijumi egles
(Picea abies) un priedes (Pinus sylvestris) koksnes Iimsavienojumos.
Zinatniski praktiska konference Zinatne un prakse nozares attistibai. Veltita
augstakas mezizglitibas 95. un Meza fakultates 75. gadskartai, 24.-27.marts,
Jelgava, Latvija.



7. Laiveniece L. (2013) Interactions of adhesives with wood. Wood science and
engineering in the third millenium (ICWSE 2013), November 7-9, Brasov,
Romania.

8. Laiveniece L. (2013) Penetration of polyurethane glues into scots pine wood.
Riga Technical University 54th International Scientific Conference, October
8-11, Riga, Latvia.

9. Laiveniece L. (2013) Surface roughness and wettability of wood samples
depending of the coating. Baltic Polymer Symposium 2013, September
18- 21, Trakai, Lithuania.

10. Laiveniece L. (2013) Determination of the surface energy components of
wood using the contact angle method. 19th International scientific conference
,Research for Rural Development 20137, May 15-17, Jelgava, Latvia.

Daliba projektos, kas saistiti ar promocijas darba tému / Participation in

projects related to the thesis

1. Valsts petijumu programmas apaks$projekts ,,Meza un zemes dzilu resursu
izpéte, ilgtsp&jiga izmanto$ana — jauni produkti un tehnologijas”
Nr. 2014.10- 4/VPP-6/6 / National Research Programme project “Forest and
earth entrails resources: research and sustainable utilization — new products
and technologies (ResProd) ” No. 2014.10- 4/VPP-6/6.

1. LITERATURAS APSKATS

Pirmaja nodala veikts literatliras apskats un analize. Nodala iedalita
desmit apaks$nodalas. Galvenas témas, kas analiz&tas literatiiras apskata ir:
koksnes struktiira un Ipasibas;
koksnes Itmju veidi;
kontaktlenkis un ta veidoSanas;
metodes virsmas energijas aprékinasanai;
slap&jamiba, tas noteik$ana un ietekmé&josas Tpasibas;
adhézijas veidosanas mehanismi;
adh&zijas kvalitates novertgjums un tas noteik$anas metodes;
[imsavienojuma veidoSanas ietekmgjosie faktori (virsmas raupjums, limes
iespieSanas dzilums, koksnes virsmas izmainu ietekme, fidens ietekme uz
limsavienojumu, temperatiira, spriegumu veidosanas);

e mitras Koksnes [im&$anas tehnologijas;
e koksnes ar paaugstinatu mitrumu adhézijas izzinatibas analizes secinajumi.

2. MATERIALI UN METODIKA

Nodala apkopota informacija par darba izmantotajiem materialiem.
Aprakstitas ITmsavienojumu ieglisanas metodes un izejmaterialu un
ITmsavienojumu 1pasibu pétisanas metodes.
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2.1. Materiali

P&tfjumiem izmantoja parastas egles (Picea abies L.Karst.) un parastas
priedes (Pinus sylvestris L.) koksnes paraugus. No nezavétas egles un priedes
zagmateriala izzagg€ja paraugus ar aptuveniem izmériem 50 x 50 x 30 mm ta, lai
koksnes traheidas ir atvértas un $kiedru virziens attieciba pret virsmu bitu 45°
lenki. Sads zaggjums izvéléts, lai izvairitos no izteiktas koksnes tangenciala vai
radiala virziena anizotropijas ietekmes. Metod@s atbilstosi standarta EN 302
prasibam izmantoja standartd noteiktas koka sugas materialus un paraugu
izmérus.

Eksperimentiem izmantotas 6 dazadas koksnes materialu salimé&Sanai
paredz@tas limes: Cetras vienkomponenta poliuretana (Limel ir Bostik 800 PU,
Limell — Cascol, Limelll — Purbond® HB S049, LimeV — PU Timber Max), viena
divkomponentu poliuretana (LimelV — Vilats) un viena polivinilacetata
(LimeVI — Silva Aqua). P&c razotaju sniegtas informacijas vieniga ITme neso$o
konstrukciju izgatavosanai ir Limelll. Zinams, ka Lmilll izmanto ITm&to koka
konstrukciju razotaji Latvija. LimelV izvéléta ka Latvija razota lime, kuras
TpasSibas (p&c razotaja vélmes) nepiecieSsams salidzinat ar Limeslll sniegumu
atbilstosi lim&to nesoso koka konstrukciju parbaudes prasibam. LimeVI ir PVA
bazes lime un ta izve€leta, ka salidzinajums sniegumam ar poliuretana ITm&m.
Limel, Limell un LimeV ir vado$o limju raZotaju limes koksnes-koksnes
Itmsavienojumiem, kuras deklarétas ka tidens izturigas limes atbilsto$i D4 klasei
(EN 204).

Kontaktlenka noteikSanai un virsmas brivas energijas aprékinaSanai
izmantoti trs testa Skidrumus: dijodometanu ka nepolaru skidrumu (99 +%, tirs,
razotajs ACROS Organics), un divus polarus: attiritu tdeni (filtréts ar apgriezto
osmozi, demineraliz&ts attiriSanas sistéma TKA, 0.2 uS) un etilénglikolu (99 +%,
ipasi firs, razotajs ACROS Organics) ar zinamam virsmas spraiguma
komponentu vértibam.

Dazadu koksnes paraugu kondiciong$anai lidz noteiktam lidzsvara
mitrumam izmantoja 5 piesatinatu salu $kidumus (NaCl, (NH4).SO., KNOs,
K2S04, H20).

2.2. Metodika

Koksnes anatomiskas struktiiras noteik§ana. No nezavétas egles un
priedes zagmateriala izzag€ja 10 paraugus ar aptuveniem izmé&riem
50 x 50 x 30 mm attiecigi Skiedru, tangenciala un radiala virziena. P&c tam
paraugus sazaggéja vél mazakos (apméram 40 x 20 x 20 mm) ta, lai tos varétu
ievietot mikrotoma HM 315 (Microm International GmbH) un plastific€ja vismaz
divas dienas etilénglikola $kiduma. No plastificétas koksnes ar mikrotomu
nogrieza paraugu 10 11dz 20 um biezuma. Koksnes anatomisko struktiiru noteica
ar epifluorescences mikroskopu Axioskop 40 (Carl Zeiss Jena GmbH) (80 kartiga
ar 16x + 5x palielinagjuma).



Koksnes mitruma noteik§ana. Koksnes mitrumu noteica ar zavé$anas
metodi (103 + 1) °C Iidz konstantas parauga masas iegtisanai. Parbaudi veica
saskana ar standartu LVS EN 13183-1:2003.

Virsmas raupjuma noteik§anas metodika. Koksnes un sacietgjusas
Itmes (uzklata uz polietiléna sloksnes) virsmas raupjumu noteica ar atomspéka
mikroskopu AFM Solver P47-PRO (NT-MDT Co.) un divu veidu profilometriem
Mahr Perthometer M2 un Marsurf PS1 (Mahr GmbH). Koksnes paraugu
sagatavo8ana. No nezavétas egles un priedes zagmateriala izzaggja paraugus ar
aptuveniem izmériem 70 X 50 x 50 mm ar garako izmeru Skiedru virziena ta, lai
koksnes traheidas ir atvertas un koksnes §tinu virziens attieciba pret virsmu biitu
45° lenki. Izzagetie paraugi tika parklati ar Iimi viena karta. Limes cieté$anas
apstakli — istabas temperattra (20 °C) lidz pilnigai limju sacieté$anai vismaz 24
stundas. Virsmas raupjuma noteikSana ar atomspéka mikroskopu. P&c limes
pilnigas sacietéSanas ar ripzagi parklato koksnes virsmu nozagéja 1 lidz 2 mm
biezuma. Virsmas raupjumu noteica ar atomspéka mikroskopu no 10 x 20 pum
lidz 20 x 20 pum lielai virsmai, izmantojot dalgjo kontakta rezZimu un taustu
NSGI10 ar platina parklajumu. No iegilitajiem datiem noteica Ra (vidgjais
aritmetiskais raupjums absoliitajam vertibam), Rmax (maksimalais virsotnes
augstums) un R, (maksimalais attalums starp dzilako un augstako vietu desmit
punktu augstuma mérjjumiem) vertibas.

Virsmas raupjuma noteikSana ar profilometru. Sacietgjusas Iimes, koksnes
un ar Iimi parklatas koksnes virsmas raupjumu testéja ar profilometriem Mahr
Perthometer M2 un Marsurf PS1 ar tausta gajienu 5.6 mm garuma. Vienam
paraugam veica vismaz 10 paralélos mérijumus. Ar Marsurf PS1 noteica tikai Ra
veértibu, ar Mahr Perthometer M2 noteica Ra, Rmax Un R..

Limju reologisko ipasibu noteik§ana. Limju reologiskas ipasibas
noteica, izmantojot konstantas frekvences un mainigas deformacijas oscilacijas
test€Sanas rezimu viskoelastigiem Skidumiem. Elastigas un viskozas
komponentes modulus noteica ar reometru Modular Compact Rheometer
MCR 302 (Anton Paar GmbH), izmantojot paralélas platnes geometriju ar
diametru 25 mm. Teste$anas temperatiiru (23 + 0.2) °C nodro$inaja ar Peltje
termostatiskas plates palidzibu. Katram paraugam noteica dinamisko
viskozitati (), fazu lenki (), viskozas (G’) un elastigas (G”) komponentes
modulus pie konstantas frekvences 1 Hz un deformacijas 5 % (oscilacijas
reZima).

Udens piedevas ietekmes noteikSanai katrai Itmei un katram tidens
daudzumam ITm€ sagatavoja piecus paralélos paraugus. LIm&€m pievienota
destiléta tidens (A/S Spodriba) masas dala 0.9; 2.6; 5.6; 6.1 un 10.0 %.
Vienreizlietojamas polistirola 40 ml glazes iepildija uz analitiskajiem svariem
nosvertu apmeram 2 1idz 3 g limes paraugu, kuram pievienoja atbilstoSu fidens
daudzumu. Maistjjumu homogenizgja, maisot 10 Iidz 20 sekundes tiesi pirms
Itmes uzlikSanas uz Peltj€ plates.

Limes iespieSanas dziluma noteikSana. Paraugu sagatavoSana. Paraugus
ievietoja eksikatoros virs piesatinata sals Skiduma Iidz konstanta koksnes
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mitruma (koksnes parauga masas) iegtiSanai. Koksnes mitrums virs 20 % iegits
ar vakuuma stikna ILMVAC PGFV 56/4C-11R/0105 (Iimvac GmbH) un reaktora
palidzibu, péc tam izturot virs K>SO, piesatinata sals $kiduma. Koksnes mitrumu
zem 20 % ieguva, paraugus izturot virs piesatinatu salu skidumiem. Limes
iespieSanas dziluma noteikSana ar epifluorescences mikroskopu. P&c Iimes
sacieté8anas paraugus sazageja mazakos (apmeram 40 x 20 x 20 mm) paraugos,
lai vargtu ievietot mikrotoma. Paraugus plastificgja etilénglikola un galda biesu
sulas (komponentu attieciba 5:1) skiduma, turot tos vismaz divas dienas. BieSu
sula izmantota ka koksnes ickrasoSanas reagents. No plastificétas koksnes ar
mikrotomu tika nogriezti paraugi 10 Iidz 20 pm biezuma. Limes slana biezumu
un Itmes iespieSanas dzilumu koksn€ noteica ar epifluorescences mikroskopu
Axioskop 40 (80-kartiga ar 16x + 5x palielinagjumu), izmantojot UV zilo filtru.
Limes iespieSanas dziluma noteikSana ar rentgenstaru tomografu. P&c Iimes
saciet€Sanas paraugus sazag€ja mazakos (apméram 5 x 5 x 20 mm). Paraugus
skengja ar Gentes universitaté (Ghent University, Belgija) konstruétu
rentgenstaru tomografu. [zzageto paraugu nostiprina uz grafita stiena platformas,
kas parbaudes laika griezas ap savu asi (rotacijas solis 0.18°). Ar
datorprogrammas filtru palidzibu tiek nonemti fona troksni, lai uzlabotu attelu.
No iegiitajiem att€liem noteica Itmes iespieSanas dzilumu, lielako gaisa
ieslégumu lielumu Itmes Suve, agrinas un velinas koksnes platumu, ka arT lielako
sveku kanalu lielumu. Kopgjais parauga noskengtais att€ls sastav no apméram
1000 slaniem. Merijumu biezums: iespiesanas dzilums ik p&c 10 slaniem 5 vietas;
gaisa ieslégumu lielums, agrinas un velinas koksnes platums, sveku kanalu
lielums ik p&c 20 slaniem 2 vietas.

Kontaktlenka noteik§anas metode. Katrai koka sugai un mitrumam
izmantoja vismaz divas paralélo paraugu kopas. Katram testa $kidrumam un
paraugam registr&ja kontaktlenkus vismaz 10 pilieniem. Testa $kidruma piliena
tilpums 3 pl. Testa Skidruma pilienu uz parauga virsmas uzlika, izmantojot
elektroniskas dozgsanas iekartas slirces. Testa Skidruma pilienu izveidoSanos un
ta formas mainu uz koksnes virsmas ierakstija video reZima ar atrumu
25 kadri/sekundé. P&c tam analiz€ja katru uzpemto video kadru, izmantojot
dinamisko izsekoSanas rezZimu un kontaktlenki noteica ar Laplasa piliena
kontiiras nogludinaSanas un optimizacijas metodi, kas ieklauta DataPhysics
OCA20 programmatiira.

Brivas energijas aprékinasanas metode. Cietu vielu (koksnes un ITmes)
virsmas brivo energiju, tas LifSitca van der Valsa, skabes un bazes komponentes
aprekinaja péc Skabes-Bazes metodes (Gingl u.c., 2002). Virsmas brivo energiju
aprékinaja péc noméritajam vidgjam kontaktlenka verttbam katram testa
Skidrumam. Virsmas brivo energiju aprékinaja péc 2.1. vienadojuma, izmantojot
dotas testa $kidrumu virsmas spraigumu veértibas (Gindl et al., 2002):

(1 +cos @)y, =2 < ’YS%WVII;;W + ystzyl; + yg?;)’lt) (2.1)
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kur y - virsmas briva energija / surface free energy, N m%;
Yy - virsmas brivas energijas LifSica van der Valsa komponente /
Lifshitz-van der Waals component of surface free energy, N m;
y* - virsmas brivas energijas eletronu-akceptora komponente /
electron-acceptor component of surface free energy, N m;
y~ - virsmas brivas energijas elektronu-donora komponente /
electron-donor component of surface free energy, N m2,
Simboli s, lunv pie y atbilst attiecigi cietas vielas, Skidruma vai gazveida
fazei / Symbols s, | and v ar y correspond to a solid, liquid or gaseous
phase.

Termodinamiska adhézijas darba aprékinasana. Termodinamisko
adhézijas darbu (Wa) aprékindja no iegfitajam virsmas energijas vertibam.
Virsmas energijas polaras un dispersas komponentes vertibas aprékinaja,
izmantojot Owens-Wendt-Rabel-Kélbe pieeju, ka ari nemot véra tdens klatbitni
koksnes-Iimes sistéma (Baldan, 2012; Clint, Wicks, 2001). Termodinamisko
adhézijas darbu (Wa) limes mijiedarbibai ar koksni, kurd iesaistitas 3
robezvirsmas un tidens, var izteikt ar 2.2. vienadojumu:

WA =2 (]/‘f/ + ]/£ + ’]/Sd]/‘g + ]/Sp]/; A ]/sd]/u'} - P/sp]/ve -
- /ngn% - V;’Vv’i)

kur  y - cietas vielas vai $kidruma briva virsmas energija / solid or liquid
surface free energy, N m™.
Pakapes raditaji pie y apzimé virsmas energijas disperso (d) vai polaro (p)
komponenti; apak$&jie raditaji — Gdenim (w), koksnei (s) vai limei (g) /
exponents at y denote the surface energy dispersive (d) or polar (p)
components; bottom indicators — for water (w), wood (s) or glue (g).

(2.2)

Limsavienojuma izturibas pret atslanoSanos noteikSana. [zturibu pret
atslanosanos noteica saskana ar standartu EN 302-2:2013.

Limsavienojuma adheziva stipriba stiepé-bidé. Adhezivo stipribu
stiepé-bidé noteica saskana ar standartu EN 302-1:2013, pieliekot speku
paraugiem ltmes kartinas plaknes virziena, nosakot bides stipribu.

Limsavienojuma stipriba stiepé perpendikulari limsavienojuma
plaknei. Stipribu stiepg perpendikulari limsavienojuma plaknei noteica saskana
ar standartu EN 302-3:2013. Limsavienojumu, kas bija novecinats cikliska
temperatiras un mitruma iedarbiba, slogoja stiepé, perpendikulari
limsavienojuma plaknei.
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Limsavienojuma adheziva stipriba stiepe-bidé pec koksnes rukuma.
Koksnes rukuma ietekmi uz adhezivo stipribu stiepé-bidé noteica saskana ar
standartu EN 302-4:2013 3 paral€lajiem paraugiem.

Limsavienojuma ilgizturiba. Par [imsavienojuma ilgizturibas parametru
izvéleta  bides stipriba limsavienojumiem saskana ar  standarta
LVS EN 14080:2013 D pielikumu. Katram mitrumam un koksnes sugai
izgatavoti 3 paral€lie paraugi, no kuriem viens ir references paraugs (uzglabats
istabas temperattira), bet par&jie divi paraugi paklauti atskirigiem ilgizturibas
cikliem.

Ilgizturibas cikli izveleti saskana ar standartu LVS EN ISO 9142:2003.
Izmantoti divu veidu cikli: pirma veida ilgizturibas cikls (paraugi izturéti 2
ciklus) ietver izturéSanu +(23 + 2) °C temperatiira pie relativa mitruma > 90 %
un izturé$anu +(70 £ 2) °C temperatiira pie relativa mitruma < 30 %, otra veida
ilgizturibas cikls (paraugi izturéti 4 ciklus) ietver izturéSanu -(25 + 2) °C
temperatiira un izturéSanu +(23 + 2) °C pie relativa mitruma > 90 %. Paraugi
pirms parbaudes bidé izturéti 2 ned€las istabas temperatiira pie relativa gaisa
mitruma (50 + 5) % R.H.. Bides stipribu noteica, izmantojot Zwick Roell Z100
(Zwick GmbH & Co. KG) ar slogoSanas atrumu 2 mm min™,

Datu statistiska apstrade. Petijuma iegiito skaitlisko rezultatu vidgjos
lielumus un standartnovirzes, determinacijas un korelacijas koeficientus, datu
butiskumu pie p vértibas 0.05 aprékinaja, izmantojot Excel 2016 (Microsoft
Office). Ta ka meérjjumu skaits katra noteiktaja metodé ir zem 30, tad
standartnovirzu aprékinos nemts véra Stjidenta kriterijs pie 95 % ticamibas
(Arhipova, Balina, 2003).

3. PETIJUMA REZULTATI UN TO ANALIZE

Nodala aprakstiti koksnes Itmsavienojuma termodinamiska adhgzijas
darba ietekmgjosSie faktori (izejvielu raksturojosas ipasibas), kontaktlenku
noteikSanas metodika, virsmas energijas un termodinamiska adh&zijas darba
aprekins, ka arT to saistiba ar mehaniski noteikto adhgzijas stipribu un koksnes
mitrumu.

3.1. Virsmas raupjums

Koksnes virsmas raupjums ir atkarigs no dazadiem argjiem (virsmas
apstrades veida, atruma un ilguma) un materiala faktoriem (koksnes sugas,
blivuma, kimiska sastava, gadskartu gredzenu platuma un daudzuma, agrinas un
velinas koksnes). Virsmas raupjuma palielinaSana ne vienmér rada augstaku
stipribu, tapec, ka Iime nespgj iespiesties virsmas dzilajas ielejas, atstaj tukSumus
ItTmes-koksnes robezvirsma un rada spriegumu koncentracijas Iimsavienojuma
(Moghadamzadeh et al., 2011). Palielinoties kontaktlenkim un virsmas
raupjumam, samazinas Itmes adh@zija, radot vajakas [imsavienojuma fizikalas un
mehaniskas pasibas (Baharoglu et al., 2012). Samazinot virsmas raupjumu,
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samazinas kontaktlenka vertibas. Zemaka kontaktlenka vértiba liecina par labaku
virsmas slap&jamibu, kas nodrosina augstu ITmsavienojuma stipribu. No otras
puses limes iekiléSanai substrata ir nepiecieS$ama virsma ar noteiktu raupjumu.

Virsmas raupjumu sacietgjusam limém (uz polictiléna (PE) vai stikla
virsmas), egles un priedes koksnes virsmai un ar Itmém parklatai koksnes virsmai
noteica, izmantojot AFM un profilometrus. Izmantota AFM mg&rijumu diapazons
ir Iidz 2 pum, tadgjadi daudzi mérijjumi veikti ar profilometriem. Paraugiem
noteica tadus virsmas raupjuma raksturosos parametrus ka Ra, R; Un Rmax.

Virsmas raupjuma vértibas neparklatai egles un priedes koksnei apkopotas
3.1. tabula. Koksnes paraugi izgatavoti ar atvértam traheidam un skiedru virziens
attieciba pret virsmu ir 45° lenki. Paraugu virsmas tieSi pirms parbaudes
apstradatas, izmantojot saspiestu gaisu, lai nonemtu puteklus, bet nav speciali
apstradatas ar smil$papiru vai frézi.

3.1. tabula / Table 3.1.
Neparklatas koksnes virsmas raupjums
Surface roughness of uncoated wood

Izmantota
K\?vkosng/ iekarta / Ra, pm Rz, pm Rmax, pm
Used device

Priede (agrina
koksne) / Pine AFM 0.792£0.271 | 0.904 £0.361 | 1.338+0.590
(early wood)
Priede (vélina

koksne) / Pine AFM 0.426 £0.165 | 0.643+0.277 | 0.793+0.311
(late wood)
Egle (agrina rofilometrs
koksne) / Spruce| P bor 13.005 + 4.648 - -
(early wood)
AFM 1.218 +1.371 | 1.172 £1.343 | 2.699 +2.674

Egle (vélina | profilometrs
koksne) / Spruce PS1

(late wood) profilometrs
M2

13.348 +15.471 - -

2461 +£1.006 | 13.600 +4.642 | 18.967 +8.565

Priedes agrinas un vélinas koksnes virsmas raupjums ir bitiski (p < 0.05)
mazaks salidzinajuma ar egles koksni, ka arTt m&rfjumu izkliede ir daudz mazaka.
Agrinas un vélinas priedes koksnes AFM virsmas attéli redzami 3.1. attela.
Priedes koksnes vid€ja raupjuma vertibas ir mazakas, salidzinot ar citu autoru
ieglitajiem rezultatiem, jo atSkiras gan Skiedru virziens, gan izmantotas
meérierices. Ozcan et al. (2012) savos mérijumos ieguva priedes koksnei Ra
vertibas 4.32-4.90 pm radiala un 3.60- 4.88 um tangenciala virziena, attiecigi
Rmax vertibas 25.0-38.8 um un 29.8-42.3 um. Savukart Hiziroglu et al. (2014)
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ieglitie priedes virsmas raupjuma rezultati: Ra 7.41 pum, R, 35.43 um, Rmax
50.93 pm.

Egles agrinas koksnes virsmas raupjums AFM un profilometra M2
merfjumu diapazona neieklaujas, tapec mérits tikai ar profilometru PS1. Egles
velinas koksnes mérfjumi ar tris dazadam iekartam parada mérjjumu rezultatu
atskiribas pat vienas sugas ietvaros.

pm
20

a) b)
3.1. att. Ar AFM noteiktais priedes agrinas (a) un vélinas (b) koksnes
virsmas raupjums
Fig. 3.1. Surface roughness of pine early (a) and late (b) wood usinf AFM

Ar Limilll parklatas priedes un egles koksnes virsmas raupjumu
nevargja noteikt, jo virsmas raupjuma vértibas parsniedza izmantoto iekartu
mérjjumu intervalus. To var izskaidrot ar gazes izdaliSanos, veidojot gazes
ieslégumus un raupjaku virsmu. Ltmel un Limell ieplast priedes koksnes poras,
tadgjadi nogludinot virsmu, kas samazina R, vértibas. Savukart LimelV, LimeV,
LimeVI uz priedes koksnes palielina R, veértibas pat 10 reizes. Egles koksnes
gadijuma visi Itmju parklajumi bitiski (p < 0.05) samazina koksnes virsmas
raupjumu, vislielako samazinajumu R, vertiba sniedz LimelV, samazinot vertibu
par 73 %. legutas R, vertibas priedes koksnei ir robezas no 0.009 um ar Limil
parklatai virsmai Iidz 7.440 pm ar LimiVI parklatai virsmai. Ra vertibas egles
koksnei ir robezas no 1.418 pm ar Limill parklatai vélinas koksnes virsmai lidz
10.092 um ar Limill parklatai virsmai, nosakot ar PS1 profilometru.

Limesl parklajuma uz priedes koksnes un LimeslI parklajuma uz priedes
agrinas koksnes raupjums, kas noteikts ar AFM, redzams 3.2. attgla.
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a) b)
3.2. att. Ar AFM noteiktais Limesl (a) parklajuma uz priedes koksnes un
LimeslI (b) parklajuma uz priedes agrinas koksnes raupjums
Fig. 3.2. Surface roughness of pine wood covered with Gluel (a) and pine
early wood covered with Gluell (b) using AFM

3.2. Limju reologiskas ipasibas

Ar mérki noteikt Gdens ietekmi uz Iimes ciet€Sanas procesu, pievienoja
Iimei Gidens masas dalu no 0.9 lidz 10.0 %. Pievienotais idens daudzums model&
plasu koksnes mitrumu: no zavétas lidz mitrumam virs Skiedru piesatinagjuma
punkta. Sadu diapazonu savos pétijumos izmantojusi arT Sterley et al. (2012). Ar
oscilgjosu iedarbibu noteica tadas Itmju viskoelastigas 1pasibas ka komplekso
dinamisko viskozitati (7), fazu lenki (J), elastigas komponentes moduli (G’),
viskozas komponentes moduli (G") atkariba no reakcijas laika pie nemainigas
frekvences 1 Hz un 5 % deformacijas (oscilacijas rezZima) katram paraugam. Gela
veidoSanas punkts ir elastigas un viskozas komponentes modulu krustpunkts
(skattt 3.3. att€lu).
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3.3. att. Viskozas un elastigas komponentes modulu vertibas LimeiV (ar
0.9 % udens dalu) laika
Fig. 3.3. Viscous and elastic component modules in time for GlueV (with
0.9 % added water)
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Lai arT petfjuma izmantotas Itmes (Limel un LimeV) ir vienkomponenta
PU Iimes, to ciet€Sanas process ir atskirigs. Kimiskais sastavs ITmém zinams tikai
to razotajiem. Gela veidosanas punkts atkariba no pievienotas tidens masas dalas
katrai Itmei ir atskirgs (skatit 3.4. att€lu). LimeiV iegiita vidgji cieSa sakariba
(R?= 0.486) starp géla veidoSanas punktu un pievienoto iidens masas dalu,
savukart Limeil nav iegiita sakariba (R? = 0.010) starp Siem diviem raditajiem.
Tas norada, ka pievienota tidens masas dala neietekme Limesl ciet€Sanas kimiju,
tap&c §1 lime ir piemerota koksnes ar paaugstinatu mitrumu IiméSanai. Kopuma
g€la veidoSanas punkts LimeiV ir bitiski (p < 0.05) lielaks (apméram par
10-40 Pa) salidzinajuma ar Limil.

s 1 2 =(,4863
R2=0,4

=8 120
£a .
= .S 100
28
55 80 -
>§§ 60 R#=0,0102 B LimeV / GlueV
L
T e 40 Limel / Gluel

[<5]
% $ 20
O 0

0 5 10 15

Pievienota aidens dala, %
Added water amount, %

3.4. att. Géla veidosanas punkts atkariba no pievienotas tidens masas dalas
Fig. 3.4. Gel formation point depending on the added water amount

Vidgjais gela veidosanas punkta laiks Limeil un LimeiV praktiski nav
atkarigs no pievienotas fidens masas dalas (skatit 3.5. attelu). Gela veidosanas
laiks butiski (p <0.05) atraks bija Limeil (apméram 3 reizes), kas nosaka
limsavienojuma 1saku atvérto montazas laiku, ja izmanto Limil. Tomér
saglabajas g€la punkta samazinaSanas tendence, paliclinoties pievienota tidens
masas dalai, kas gan rezultatu lielas izkliedes d&l nav statistiski ticama. Tas sakrit
ar citu autoru pétifjumos (Sterley et al., 2012) iegutajiem rezultatiem —
palielinoties pievienotajam tdens daudzumam, palielinas ciet€Sanas atrums.
Sterley et al. petijuma elastigas komponentes modulis biitiski pieauga 152 laika
perioda ar 2.6 un 5.6 % udens piedevu. Tomér virs un zem SIm tdens satura
vertibam reag€tsp&ja bija zemaka. Secinats, ka idens piedeva virs 5.6 % plastifice
poliméru, kas rada zemaku stingumu. Savukart tidens piedeva zem 2.6 % ir tik
maza, ka elastigas komponentes modulis pieaug loti 1enam. Neskatoties uz to géla
veidoSanas punktu sasniedza visos gadijumos (Sterley et al., 2012).
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Diemzel LimeslII cietésanas laiks bija loti Tss, tadgjadi nebija iesp&jams
veikt merjjumus ar izvéleto metodi. L1dz ar to p&tfjumam izmantoja tikai 2 [imes.

450
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150 T %e
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R?=0,012

Limel / Gluel

Géla veido$anas laiks, s
Time of gel formation point, s

0 5 10 15

Pievienota uidens dala, %
Added water amount, %

3.5. att. Géla veidosanas laiks atkariba no pievienotas tidens masas dalas
Fig. 3.5. Time of gel formation point depending on the added water amount

Gela stipriba atkariba no pievienotas tidens masas dalas uzrada loti zemu
sakaribu. Limesl ggla stipribas vértibas ir butiski (p < 0.05) augstakas
salidzinajuma ar LtmiV (skatit 3.6. att€lu). Pievienota fidens masas dala batiski
nozimigi neietekmé géla stipribu, kas liecina par limes Tpasibu mazo atkaribu no
koksnes liela fidens satura. Atrak veidojosais Limesl géls uzrada augstaku géla
stipribu salidzinajuma ar Iénak ciet&joso LimiV. LimesV géla stipribai ir ticksme
palielinaties, palielinot pievienota tidens masas dalu, kamér Limeil ta ir ar pretgju
tendenci.
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3.6. att. Gela stipriba atkariba no pievienotas tidens masas dalas
Fig. 3.6. Gel strength depending on the added water amount

Poliuretana ITmju salidzinosi lielo poliuretana limju fazu lenki cietéSanas
laika parasti izskaidro ar CO; gazes ieslégumu veidoSanos Iimé (Stapf et al.,
2013). Udens klatbiitne Iimes $uvé nodro§ina mitruma cietgjosu Iimju cieteésanu,
bet tas izraisa ar1 CO; rasanos. Fazu lenka piecaugums cietéSanas laika dots
3.7. attela. Fazu lenka pieaugums mérijuma laika norada, ka notiek CO; rasanas
mérfjuma laika un sinusoidala nobide starp maksimalo bides sprieguma un bides
deformacijas vertitbam palielinas. Limel uzrada butiski (p < 0.05) augstakas
vertibas salidzindgjuma ar LimiV. Abam IImém fazu lenka pieauguma,
palielinoties pievienotas idens masas dalai ir ar tendenci samazinaties, bet ta
neapstiprinas statistiski iepriek§ noradito iemeslu dél un varam secinat, ka fazu
lenka pieaugums nav atkarigs no pievienotas tidens masas dalas. Tas norada uz
Limes] un LimesV piemérotibu koksnes ar paaugstinatu mitrumu ITmésanai.
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3.7. att. FaZu lenka pieaugums cietéSanas procesa laika atkariba no
pievienotas iidens masas dalas
Fig. 3.7. Increase of phase angle increase during curing process depending
on the added water amount

Iegiitie limju reologisko ipasibu rezultati (laiks lidz g€la veidoSanas
punkta sasniegSanai, g€la stipriba, [imes plastificéSana ar ideni) liecina par Iimju
izmanto$anu koksnes ar paaugstinatu mitrumu ITmésanas procesos. Izmantotajam
ITm&m nav bitisku Tpasibu izmainu atkariba no pievienotas tidens masas dalas. Ja
géla veidoSanas punkta limes viskozitate ir par augstu un laiks lidz ggla
veido§anas punktam par isu, lime nespés pictickami iespiesties koksné un var
veidoties vaj$ [imsavienojums. Pat ja Itmes SkérssaistiSanas notiek un izveidojas
saites ar koksni, koksné esoSais fidens var darboties ka Iimes plastifikators,
padarot to mikstaku. Limé&Sanas procesa laika ir svarigi izvairities no gariem
atvertas montazas laikiem, kas var radit ITmes saciet€$anu pirms Iimsavienojuma
izveidoSanas.

3.3. Limes iespieSanas dzilums

Slapgjamiba ir virsmas nosacijums, kas nosaka cik atri Skidrums mitrinas
un izplatisies pa virsmu vai to atgriidis, un tas neizplatisies pa virsmu. LTmém
jaslape, japlust un jaiespiezas koksnes Siinu struktira, lai nodroSinatu cieSu
kontaktu ar molekulam koksnes virsma (Rehn et al., 2003). Virsmas slap&jamiba
un kapilaritate ietekme Iimes iepliSanu substrata (Ozdemir, Hiziroglu, 2007).
Limes mazaka molekulmasa nodrosina labaku virsmas slap&amibu, tacu parak
liela dala mazas molaras masas molekulas var izraisit parmerigu iespiesanos
substrata un tadgjadi veidot ,,sausu” (nepietickamu) ITmsavienojumu. Pieaugot
Itmes molekulmasai, pieaug tas kontaktlenkis un tad&jadi samazinas virsmas
slapgjamiba (Gavrilovi¢-Grmusa et al., 2013; Gindl et al., 2003).
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Limju iespiesanas dzilums atkarigs no izmantotas Itmes Tpasibam, koka
sugas un tas anatomiskas uzbiives, un tas var pat atskirties vienas sugas ietvaros.
Paaugstinata spiediena skujkokus var piesticinat pilniba. Mazak caurlaidigos
skujkokos iepliisana notiek griitak — dazus centimetrus traheidu virziena un tikai
1-2 mm S$kersvirziena. Savukart lapkokiem iespieSanas dzilums ir vél mazaks.
Atskirigs iespieSanas dzilums veérojams kodolkoksné un aplievas koksne del
strukturalas un kimiskas atSkiribas (Rowell, Banks, 1985). Iespie$anas tilpuma
palielina virsmas laukumu, kura starpmolekularie spéki un kimiskas saites
nodrosina adh@ziju, sacietéjusa Iime nodrosina mehanisko iekiléSanos un notur
substratus kopa. Kopuma zemas viskozitates Iimes iespiezas dzilak ka augstas
viskozitates ltmes. Tomér vairaku iemeslu d&] starp tiem nepastav tiesa
korelacija - plismas izmaina cietéSanas laika ir nevienmériga un dinamiska,
notieck mijiedarbiba starp Itmi un koksni (piem&ram, mitruma un Iimes
komponentu apmaina ar koksnes S§linu sienam), nevienmerigs temperatiiras
sadalijums (karstas preses ITm&Sanas procesa), neprognozgjams limju bides
atrums ITmé&3anas laika (ko ietekm& mainiga viskozitate) (Gindl et al., 2003).

Limju iespiesanas priedes koksné dziluma (ITmes Suve kopa ar Iimi, kas
iespiedusies koksnes substratos uz abam pusém no Iimes Suves) rezultati atkariba
no Itmes un mitruma koksné paraditi 3.8. attgla.
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3.8. att. Limes iespieSanas dzilums priedes koksné
Fig. 3.8. Penetration depth of glue into pine wood

Limes iespieSanas dzilums egles koksnes Itmsavienojumos atkariba no
koksnes mitruma un Itmes veida paradita 3.9. attgla.
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3.9. att. Limes iespieSanas dzilums egles koksné
Fig. 3.9. Penetration depth of glue into spruce wood

Lai gan egles un priedes koksni uzglabaja vienados apstaklos (eksikatoros
virs piesatinatiem sals Skidumiem), iegiitais gala mitrums bija atSkirigs. Tas
skaidrojams ar atSkirigo anatomisko un kimisko uzbtivi, absorbcijas sp&ju péc
izZ8anas, agrinas un vélinas koksnes sadalfjumu, ka ari ar absorbcijas izotermu
histergzes cilpas platumu. Limes iespieSanas dzilums egles koksné bija dzilaks
salidzinajuma ar priedes koksni, ko nevar izskaidrot ar koksnes anatomisko
struktiiru — traheidu izméri lielaki bija priedes koksnei. Tas skaidrojams ar egles
koksnes augstaku virsmas energiju pie attieciga mitruma salidzinajuma ar priedes
koksni. Augstakas energijas virsmas ir vieglak slapét ka zemakas energijas, Iidz
ar to vieglak iespiesties koksné. Priedes koksnes gadijuma limes iespieSanas
dzilums nav atkarigs no koksnes mitruma, iegiita vaja korelacija (R diapazona no
0.240 Iidz 0.370, p > 0.05). LimesI gadijuma Iimes iespieSanas dzilums varié no
30 um (pie MS = 52.2 %) lidz 228 um (pie MS = 18.9 %), kas ir arT maksimala
un minimala verttba no visiem iegutajiem rezultatiem. Ari egles koksnes
gadijuma limes iespieSanas dzilums nav atkarigs no koksnes mitruma — iegita
loti vaja korelacija (R = 0.003 un 0.004, p > 0.05). Limes iespieSanas dzilums ir
pretgjs Iimju viskozitatei - pie zemakas viskozitates ieglits mazaks iespieSanas
dzilums. Limes iespieSanas dzilums ir robezas no 144 pm (Limell, n =2.4 Pa s,
koksnes mitrums 14.9 %) Iidz 356 pm (Limel, n = 6.5-9.5 Pa s, koksnes mitrums
14.9 %). Limes iespiesanas dzilums ir atkarigs ne tikai no limes viskozitates, bet
ari kapilaru geometrijas, kapilara (koksnes) un limes virsmas energijas un limes
plismas atruma, kas var ietekmét gan limes viskozitati, gan virsmas energiju.

Tome@r pétijumos ar krasam un parklajumiem (alkida sveki, alkida
emulsija, akrila dispersija) de Meijer et al. (2001) pieradijis, ka palielinoties
priedes un egles koksnes mitrumam (no 2 Iidz 28 %), iespieSanas dzilums koksné
palielinas. Palielinoties mitrumam, koksnes $iinu sienas ir mazak spg&jigas
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absorbét Gideni vai organiskos $kidinatajus (de Meijer et al., 2001). Paris, Kamke
(2015) petijuma izmantoja duglaziju, terpentina priedi, PVA, MDI saturoSas
Iimes un aprékina metodi. Rezultata ieguva butisku ietekmi sugai un izmantotajai
Itmei - PVA Iimes iespiesanas dzilums duglazija bija 15.8 pm, MDI limes —
154 pm; PVA Iimes iespiesanas dzilums terpentina priedé bija 18.4 pm, MDI
limes - 229 pm (Paris, Kamke, 2015). Ari Hass et al. (2012) pé&tijumos
noskaidroja, ka PU prepoliméru iespie$anas dizskabarza koksné ir daudz dzilaka
salidzinajuma ar PVA un UF Iimém. Tas saistits ar to, ka izmantotais tirais
prepolimérs bija bez pildvielam un piedevam. Viskozitates izmainas notiek tikai
polimerizacijas de€l, un prepoliméra polimerizacija notiek ilgi péc iespiesanas
koksng. Savukart, PVA lime uzrada lidzigu iespiesanas mehanismu ka UF Iime —
noteikta biezuma ltmes Suve un tikai nieciga [imes iespiesanas koksnes struktiira,
aizpildot apstrades procesa nogrieztos un atvértos traukus (Hass et al., 2012).
Limes iespieSanas dzilums atkariba no koksnes sugas, Iimes veida un
mitruma no rentgenstaru tomografijas mérijjumiem apkopoti 3.10. attéla.
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3.10. att. Limes iespieSanas dzilums rentgenstaru tomografijas parbaudes
Fig. 3.10. Penetration depth of glue using X-ray tomography

Ar rentgenstaru tomografiju noteiktais ITmes iespieSanas koksné dzilums
ir daudzreiz lielaks (70-85 %) salidzinajuma ar mikroskopijas pétijumiem.
Rentgenstaru tomografijas mérjjumiem nav izmantoti tiesi tie pasi paraugi, kas
fluorescences mikroskopijas mérjjumiem. Sugas neviendabigums ietekmé
iegiitos rezultatus. legiita vid&ji ciesa korelacija (R = 0.710) starp priedes koksnes
mitrumu un LimesV iespieSanas dzilumu. Pieaugot mitrumam, samazinas ltmes
iespieSanas dzilums. Egles koksné Iimes iespieSanas dzilums ir lielaks
salidzinajuma ar priedes koksni par 16-42 %. Mazakais iespieSanas dzilums
iegiits priedes koksnei ar mitrumu 18.7 % un LimiVI (288 um), lielakais egles
koksnei ar mitrumu 20.9 % un LimiV (1530 pum). Tomér viens paraugs no
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Itmsavienojuma nedod informaciju par visu Iimes Suvi kopuma. Taja pasa laika
metode ir nedestruktiva un no iegiitajiem att€liem var iegiit vairak informaciju
par izplatibu Suves dziluma, ka arT vieglak noteikt limes iespie$anas dzilumu, jo
Iime un koksne atskiras konstrastainak salidzinajuma ar mikroskopija iegiitajiem
atteliem.

Koksnes virsmas slap&amibu un lidz ar to Iimes ieplusanu/iespiesanos
koksné var paredzét ar dazadam metodém. Viena no tam ir kontaktlenka
noteik8ana un virsmas energijas aprékinasana, péc kuras veértibam vieglak izprast
adhézijas mehanisma veido$anos.

3.4. Kontaktlenkis un virsmas energija

Kontaktlenkis jeb tris fazu kontaktlenkis ir lenkis starp cietas vielas
virsmu un pieskari, kas novilkta triju fazu (8kidruma, tvaika un cietas vielas)
robezvirsma. Lenki @ 3.11. attéla, kas veidojas starp cietas vielas virsmu un
Skidruma piliena kontiiras tangenti sauc par kontaktlenki jeb slapinasanas lenki.
Tris starpfazu energijas nosaka Skidruma piliena formu uz cietas virsmas:

o Skidruma virsmas energija v = o;
o Skidruma un cietas vielas robeZzvirsmas energija j;
e cietas vielas virsmas energija yy.

TVAIKA FAZE
VAPOR PHASE

CIETA VIELA /SOLID
3.11. att. Skidruma piliena uz cietas virsmas kontaktlenka jeb slapina$anas
lenka veidoSanas triju veida virsmas energiju lidzsvara ietekmé (Gindl
etal., 2001, Baldan, 2012)
Fig. 3.11. Contact angle or wetting angle formation of liquid drop on solid
surface with influence of three types of surface energy (Gindl et al., 2001,
Baldan, 2012)

Lidzsvara gadijuma (nemainiga Skidruma piliena forma) §1 lenka lielumu
nosaka triju mijiedarbojoSos virsmas energiju: Skidrums/tvaiks un cieta
viela/tvaiks lidzsvars saskares vieta. Ta veértiba ir fizikali-ktmiska vairakfazu
sistémas 1pasiba un ir atkariga no cietas vielas/Skidruma, Skidruma/tvaika un
cietas vielas/Skidruma robezfazu energijam (Nowak et al., 2013; Baldan, 2012;
Koopal, 2012; Unsal et al., 2011). Pie konstanta spiediena un temperatiiras
lidzsvara kontaktlenkis ir saistits ar starpfazu energijam un aprékinams,
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izmantojot Junga vienadojumu (3.18. vienadojums) (Weber, Stanjek, 2014;
Nowak et al., 2013; Baldan, 2012; Koopal, 2012):

}/sl = 7/11; - %VCOS@ (31)

kur 6 - lidzsvara kontaktlenkis / equilibrium contact angle, °;
yv - Skidruma/tvaika robezfazes virsmas briva energija / surface free
energy of liquid/vapor interfacial phase, N m™;
ysv - cietas vielas/tvaika robezfazes virsmas briva energija / surface free
energy of solid/vapor interfacial phase, N m%;
ysl - cietas vielas/Skidruma robezfazes energija / surface free energu of
solid/liquid interfacial phase, N m™.,

Koksne ir sarezgits materials, un tas slap&jamiba ir atkariga no daudziem
faktoriem, piemeram, sugas, koksnes veida (v€lina, agrina koksne, skujkoku,
lapkoku un kimiska sastava), ieprieksgjas vestures jeb augSanas apstakliem —
tidens, gaismas, laikapstakliem, biologiskas iedarbibas un zav&Sanas metodes,
Skiedru orientacijas, virsmas vecuma. Koksne ka sarezgits kompozitmaterials ir
ar heterogénu, raupju un porainu virsmu. Tadgjadi sagaidama tas un $kidruma
kontaktlenku histeréze (Nowak et al., 2013; Gindl et al., 2001). Kontaktlenka
vertiba ir stipri atkariga no merisanas apstakliem: tehnikas, cietas vielas virsmas
kvalitates, Skidrumu firibas, izméra un S$kidras vielas-tvaika robezvirsmas
veidoSanas. Lai nodros$inatu salidzinamus rezultatus, jakontrolg substrata virsmas
kvalitate, test€Sanas skidruma kvalitate un piliena tilpums. Piliena iztvaikoSana ir
atkariga no Skidruma virsmas lieluma. Japievers uzmaniba piliena uzlikSanai un
piliena izméram (Moraila-Martinez et al., 2012).

Kontaktlenki sacietgjusam I[iTm&m un koksnei noteica, izmantojot seédosa
piliena metodi un 3 testeé$anas skidrumus (ideni, etilénglikolu un dijodometanu).
Dijodometanu izvelgjas ka nepolaru testéSanas Skidrumu, lai izvairitos no
problémas, ko rada koksnes polaritate un salidzinosi liela virsmas energija, kuras
del citi nepolari $kidrumi ar mazu virsmas energiju pilniba izplast pa virsmu.

Vislielakas kontaktlenka vertibas sacietgjusam limes kartinam iegiitas ar
tdeni, bet mazakas ar dijodometanu, kas raksturo ITmju polaritati. Kopuma
lielakas kontaktlenka vertibas iegiitas LimeiV, bet mazakas LimeiVI, kas
izskaidrojams ar limju saturo$o poliméru atkiribu. LimiVI veido PVA polimérs,
kuras virsmas energijas polara komponente ir lielaka nekda PU poliméram. Lai
gan piecas no ITm&m ir poliuretana saturosas ITmes, tam noméritas kontaktlenka
vertibas ir atSkirigas tapat ka razotaju dotie Iimju raksturlielumi. Divkomponenta
poliuretana Itmes (LtmelV) kontaktlenka vertibas ir salidzinamas ar
vienkomponenta poliuretana ITmém, piem&ram, Limil.

Ja limju testeéSanas gadijuma test€Sanas Skidrumi savu formu laika gaita
nemainija, tad koksnes kontaktlenku noteikSanas gadijuma test€Sanas Skidrumi
koksné iesiicas/iespiedas tik strauji, ka bija nepiecieSams izmantot video
funkciju. Video atrums 25 kadri sekundé atsevi§kos gadijumos, pieméram, ar
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dijodometanu, bija par mazu, kas apgriitinaja veikt meérfjumus. Piliena iestikSanas
atrums, un tapec piliena tilpuma izmaina, ir tuva linearai, tadéjadi kontaktlenka
samazina$anas dinamika arT ir lineara (3.12. attéls). Konkréto dinamisko
kontaktlenka vertibu nosaka virsmas energijas konstanta komponente, kas
raksturo virsmu, un Skidruma piliena iesiikSanas atruma mainiga komponente,
kas samazina kontaktlenki (Rubina et al., 2009).

R

D
o

(63
ol
&

al
o
I

IS
ol

Kontaktlenkis, °©
Contact angle, °
S
o

|
)

30
P T S E——
O MW MO LW 0OM O O LW O O© O T 0OM W d M
S 0o dANANANMMST S S0 © © O~ N~ oo
O O O O OO OO OO 0O 0O0OO0O OO oo o o o
Laiks, s
Time, s

3.12. att. Udens piliena kontaktlenka dinamika laika uz egles koksnes
substrata un ta lineara ekstrapolésana
Fig. 3.12. Contact angle dynamics of water droplet in time on spruce wood
substrate and the linear extrapolation

Merijjumos pienéma, ka sakotngja jeb Skietama testa Skidruma
kontaktlenka vertiba atrodas kvazi lidzsvara stavokli, kas atbilst Iidzsvara
stavoklim. To wvar iegit, ekstrapolgjot mainigo kontaktlenka vértibu uz
0 sekundes laika momentu jeb sakuma stavokli, kad piliens pieskaras koksnes
virsmai (Rubina et al., 2009). Ari Dang-Vu ierosingja kontaktlenka vertibu
noteikt nulles laika punkta tikko ka $kidrums sasniedz substrata virsmu (Nowak
etal., 2013).

legiito kontaktlenku vertibas priedes un koksnes virsmam atkariba no
mitruma un $kiedru virziena apkopotas 3.9. tabula.
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3.2. tabula / Table 3.2.
Priedes un egles kontaktlenku vertibas
Contact angle values of pine and spruce wood

Virsma/ Mitrums/ _ Kontaktlenkis / Contact angle, °
Surface Moisture Udens / Dijodometans / Etilénglikols /
content, % Water Diiodomethane Ethylene glycol
Tangencials virziens / Tangential direction

14.1 56.3+13.8 29.8+16.4 30.4+3.8

14.4 65.4+17.1 42.7+12.8 36.0+12.0

Priede / 17.9 58.3+1.9 46.2 £ 33.9 346+45

Pine 18.7 57.3+6.6 38.6 +22.2 36.5+6.1

18.9 524 +11.6 45.0+6.2 43.8 +18.7

52.2 31.0+17.4 91.3+26.2 60.0 + 38.6

14.7 73571 62.7£15.9 499+2.8

14.9 73.4 +24.3 32.1+10.8 333+£7.1

Egle / 18.5 83.3+8.1 38.1+8.7 34.2+6.8

Spruce 19.4 88.0+12.2 35.0+16.3 39.2+3.9

20.9 477+11.1 27.3+8.4 33.6+8.1

58.8 29.6 +11.6 107.0 £ 27.6 29.2+14.2

45° virziens / 45° direction

14.1 409+129 274+6.4 33.8+2.8

15.3 58.0+2.4 29.1+20 43.6+7.7

Priede / 17.9 445+ 2.6 23.4+0.1 31.9+25

L'?ns 18.7 66.8 £ 34.0 325+8.1 36.6+118

18.9 385+94 29.0+7.1 32.9+87

21.2 70.7+4.3 327+7.3 43.2 +6.3

52.2 21.9+195 18.9+13.1 26.8+13.0

9.9 70144 22.2+2.3 58.9+3.3

Edle / 14.7 434 +45 26.5+21.0 346+12.1

Sp@’rfce 19.4 746+ 676 34.0+10.9 58.6 + 25.9

20.9 105.1 + 58.8 37.2+1.71 83.8+10.5

58.8 27.1+255 53.6 +14.3 19.7+8.1

Merot kontaktlenki paraugiem ar tangencialu Skiedru virzienu, noverots
testéSanas Skidrumu 1€naks iestikSanas atrums salidzinajuma ar 45° pret Skiedru
virzienu, jo nav kapilaras iestik§anas dominance kontaktlenka samazinajumam
del atverto traheldu neliela skaita. Piliena konttira bija perpendikulari Skiedru
virzienam paraugiem ar tangencialu virsmu, bet paraugiem ar 45° Skiedru
virzienu nebija noteikts specifisks piliena novérosanas virziens. legitas
kontaktlenka vértibas ir atkarigas no koksnes sugas, Skiedru virziena un koksnes
mitruma. Ari Winfield et al. (2009) savos pétijumos secinaja, ka virsma tekstiira
un absorbcijas TpaSibas porainam virsmam ietekmé kontaktlenka merfjumus.
Koksnes virsmas 1pasibas var atSkirties atkariba no sugas, agrinas vai vélinas
koksnes, apstrades metodes un virziena kada ta sagriezta, jo atvérumu forma un
virziens mainas atkariba no griezuma plaknes (Winfield et al., 2001).

27



Kopuma tangenciala virziena kontaktlenka vertibas ir nebitiski (p > 0.05)
lielakas salidzinajuma ar 45° skiedru virzienu par 24-29 % priedei ar tideni, par
8-49 % ar dijodometanu, par 8-55 % ar etilénglikolu. Savukart egles koksnes
tangencialas virsmas kontaktlenku veértibas ir lielakas par 8-41 % ar @ideni, par
3-58 % ar dijodometanu, par 31-33 % ar etilénglikolu. Priedes koksnes virsma ir
hidrofilaka (p > 0.05) jeb noméritie kontaktlenki ir mazaki salidzinajuma ar egli
par 11-35 % tangenciala virziena un par 11-25 % 45° skiedru virziena. legiita
mérena Iidz ciesa korelacija (p > 0.05) starp kontaktlenka vertitbam un pieaugoso
koksnes mitrumu.

Skabes-bazes metode ir vispiemerotaka, lai noteiktu koksnes virsmas
energiju. Skabes-bazes/LifSica van der Valsa metode uzrada vislielako ticamibu,
lai aprekinatu koksnes virsmas energijas komponentus salidzinajuma ar vid&jo
harmonisko vienadojumu, jo tiek izmantoti vairaki test€$anas $kidumi. Tomer ir
svarigi kadus testéSanas $kidrumus izmanto. Zismana metode ir laba metode, lai
noteiktu kop&o virsmas energiju, bet ta nedod detalizétu informaciju par
komponentiem, kas labak palidz&tu saprast adhézijas mehanismu ar koksni
(Gardner, 1996). Skabes-bazes metodé virsmas energija ps ir sadalita divos
komponentos: LifSitca van der Valsa komponents (y*) un skabes-bazes
komponents (y*®) (Zenkiewicz, 2007; Clint, Wicks, 2001). Skabes-bazes
komponentu savukart sadala y;" skabes-bazes virsmas energijas eletronu-
akceptora (Levisa skabes) komponenta un y; skabes-bazes virsmas energijas
elektronu-donora (Levisa bazes) komponenta (Weber, Stanjek, 2014; Abed et al.,
2012; Awaja et al., 2009; Gérardin et al., 2007; Zenkiewicz, 2007; Clint, Wicks,
2001; Gindl et al., 2001; Gardner, 1996). Robezvirsmas cieta viela/Skidrums
energiju aprékina péc 3.2. vienadojuma:

(1 + cos @)y, = 2( /VS%W%W + Vv + /mni) 3.2)

Nosakot virsmas brivas energijas komponentus péc §is metodes, jaizmanto
vismaz tris test€Sanas Skidrumi korektu kontaktlenku noteikSanai, no kuriem divi
ir polari un viens nepolars.

Aprékinatas virsmas energijas vertibas tangenciala un 45° virziena priedes
un egles koksnes paraugiem dotas 3.13. un 3.14. att&los.
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3.13. att. Priedes koksnes virsmas energijas komponenti (LifSitca van der
Valsa komponents (LW) un bazes komponents (B)) atkariba no mitruma

un Skiedru virziena

Fig. 3.13. Surface energy components (LifSitca van der Waals component
(LW) and the base component (B)) of pine wood depending on the moisture
content and fibre direction
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3.14. att. Egles koksnes virsmas energijas komponenti (LifSitca van der
Valsa komponents (LW) un bazes komponents (B)) atkariba no mitruma

un Skiedru virziena

Fig. 3.14. Surface energy components (LifSitca van der Waals component
(LW) and the base component (B)) of spruce wood depending on the moisture
content and fibre direction

Virsmas energijas vertibas ar skabes-bazes metodi aprékinatas, izmantojot
DataPhysics OCA20 programmattru. Kontaktlenku nomeritas veértibas virsmam
bija ar lielaku izkliedi koksnes gadijuma salidzinajuma ar limi, jo koksnes
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heterogenakas virsmas kontaktlenku vertibas ietekmé vairak faktoru. Tas
ietekm@&ja arT aprékinatas virsmas energijas vertibas - korelacijas koeficients starp
noméritajam kontaktlenka vertibam, aprékinot virsmas energijas vértibas,
augstaks bija Iimju virsmas energiju gadijuma salidzinajuma ar koksnes virsmas
energiju (no 0.378 egles koksnei ar 19.4 % mitrumu 45° $kiedru virziena Iidz
0.998 egles koksnei ar 20.9 % mitrumu tangenciala virziena).

Koksnes virsmas novecoSanas noved pie hidrofobisko 1pasibu
palielinaSanas. SablivéSanas process ieverojami samazina kop&jo virsmas
energiju un koksnes virsmas polaritati (Kutnar et al., 2008). P&tjjuma iegiitas
kontaktlenka vértibas nav iegiitas uz svaigas virsmas, koksnes virsmas vecums
> 24 stundam, tadgjadi ieghtas vertibas ataino realo situaciju razoSana. Priedes
koksnei virsmas energijas LifSitca van der Valsa komponente bija lielaka 45°
Skiedru virziena neka tangencialaja par 1-61 %. Bazes komponente lielaka bija
tangencialaja virziena par 11-75 % atkariba no koksnes mitruma. Egles koksnes
gadijuma LifSitca van der Valsa komponente nebija izteikti lielaka kada no
virzieniem kopuma, bet bazes komponente lielaka bija 45° Skiedru virziena par
35-97 %. Virsmas energija un tas komponenti ir lielaka priedei LifSitca van der
Valsa komponente par 2-53 % tangenciala virziena un par 1-31 % 45° skiedru
virziena, bazes komponente par 11-97 % tangenciala virziena un par 6-65 % 45°
Skiedru virziena atkariba no koksnes mitruma. M&rena vai vidgji cieSa korelacija
starp virsmas energijas komponentes vértibu un koksnes mitrumu iegita tikai
atseviskos gadijumos, pieméram, bazes komponente priedes koksnei tangenciala
virziena (R = 0.698), LifSitca van der Valsa komponente egles koksnei
tangenciala virziena (R = 0.801), bazes komponente egles koksnei tangenciala
virziena (R = 0.552). Pargjos gadijumos korelacijas koeficients diapazona no
0.021 lidz 0.303. Pieaugot LifSitca van der Valsa komponentam, pieaug virsmas
hidrofobitate, kas rezultgjas ar sliktaku virsmas slapinasanu ar polariem
Skidrumiem. Savukart liela skabes-bazes komponenta veértiba nozimé stipraku un
cieSaku Gidens absorbciju uz virsmas un palielinatu hidrofilitati. Iegiitas koksnes
virsmas energijas sakrit ar citu autoru rezultatiem, pieméram, Kéllbom et al.
(2015) zavetam egles koksnes $kiedram virsmas energija ir 38-42 mN m2,

Zinot koksnes un Iimju virsmas energijas un to komponentu vértibas, var
aprékinat sist€mas termodinamisko adhg&zijas darbu jeb termodinamisko
adh@zijas stipribu, kas nepiecie$ama jaunas virsmas veidosanai. So stipribu var
attiecinat uz adhezivo Iimsavienojuma stipribu, kas noteikta ar fizikali-
mehaniskajam 1pasibu parbaud&m, piem&ram, bides stipribu.

3.5. Termodinamiskais adhezijas darbs

Sakotngjais lItmes adhézijas ar koksni veidoSanas posms ir kritiskakais
limsavienojuma kvalitatei. So posmu nosaka van der Valsa, elektrostatiskas un
skabes-bazes mijiedarbibas. Sis mijiedarbibas atkarigas no substratu fizikali-
Kimiskam 1pasibam, hidrofobiskuma, virsmas ladina un elektrona-donoram,
elektrona-akceptoram Tipasibam (Soumya et al., 2013). Energiju, kas
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nepiecieSsama, lai sagrautu saiti starp substratu un limi, raksturo ar
termodinamisko adhézijas darbu (Williamson et al., 2014; Renner et al., 2010).
Adhézijas stipribas mérjjumu ar adh&zijas darbu konceptu pirmais ieviesa
Harkins (1928). Virsmas energijas palielinajums ir raditajs adh&zijas darba
pieaugumam (Baldan, 2012).

Termodinamisko adh&zijas darbu Iimei mijiedarbiba ar koksni, kura
iesaistitas 3 robezvirsmas un idens, var izteikt ar 3.3. vienadojumu (Clint, Wicks,
2001):

W, =2 (y,ﬂ +yE+ fysdygd + &y —vénd = [vve —

- /V;’w& - J/;’VJS)

kur y - virsmas briva energija / surface free energy, N m™.
Ar indeksiem apziméti d - dispersa komponente; ¢ - gaze/tvaika faze;
p - polara komponente; S - cietas vielas faze; w - Gidens faze / with the
indexes indicate d - dispersive component; g - gas/vapor phase; p - polar
component; s - solid phase; w - water phase.

(3.3)

Udens kimiskais potencials (uw) raksturo ta spgju mijiedarboties vai difundét
(3.4. vienadojums) (Clint, Wicks, 2001):

U = uOnRT In(a,,) (3.4)

Udens aktivitate ay ir fidens tvaika spiediena virs poraindm un cietam virsmam
(koksne) un Skidumiem (p) un @dens tvaika spiediena virs tira tdens (po)
attieciba, ko izsaka 3.5. vienadojums (Clint, Wicks, 2001):

P

a, =—=
Py

o) (3.5)

Lidzsvara gadijuma mitram gaisam ow skaitliski ir vienads ar relativo mitrumu,
kas izteikts decimaldala (¢). Relativais mitrums virs piesatinata sals $kiduma
eksikatoros istabas temperatiira ir vienads ar fidens mola dalu skiduma (tidens
aktivitati), kas reizinata ar 100. Sals parakums $kiduma vienmér nodroSina
piesatinagjumu, $kidumam absorb&jot Gdeni no slapjas koksnes vai vides un
pretgji. Koksnes paraugus klaj adsorbétas fidens molekulas un gaiss. Tadgjadi
3.3. vienadojumu var parrakstit, nemot vera absorbéta tdens ietekmi uz adhézijas
darbu (3.6. vienadojums):
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W, =2 (qby;} + ¢yh + /ysdyg + [V vy = vddnd - /Yf¢n’v’ -
—\/Vg"’cbn‘f —\/Vﬁcbn’i)

Udens molekulu monoslanis uz koksnes substratu virsmas ir sastopams
vienmer, tadgjadi ir butiski apreékinu metodika nemt vera tdens klatbatni fidens
tvaika veida. 3.3. tabula apkopoti iegiitie termodinamiska adh&zijas darba
rezultati tangenciala virziena atkariba no koksnes, mitruma un Iimes veida,
izmantojot 3.6. vienadojumu.

(3.6

3.3. tabula / Table 3.3.
Termodinamiska adhézijas darba veértibas priedes un egles koksnes
Iimsavienojumiem
Values of thermodynamic work of adhesion for pine and spruce wood glue
joints

Mitrums Termodinamiskais adh&zijas darbs / Thermodynamic work of adhesion,

/ mN m?

Moisture (tangenciala virziena) / (in tangential direction)

content, Limel / Limell / Limelll/ | LimeIV/ | LimeV/ | LimeVI/
% Gluel Gluell Gluelll GluelV GlueV GlueVi

Priedes koksne / Pine wood

141 176+148 | 165+105 | 275+64 | 200£11.2 | 21.9+11.2 | 143+118

17.9 17.3+45 | 169+37 | 180+6.7 | 20.1+51 | 23.1+6.2 | 12.7+6.8

18.7 228+13.2 | 223+21 | 236+13 | 263+x17 | 300+£09 | 17.1+138

18.9 132+32 | 132+22 | 140+36 | 155+26 | 182+3.6 | 10.1+48

52.2 -94+66 | -80+£65 | -84+6.1 | -95+65 | -93+£83 | -58+40

Egles koksne / Spruce wood

14.7 18170 | 176+40 | 188+05 | 21.4+40 | 24928 | 22944

19.4 46.1+16.7 | 44481 47005 52674 59.1+45 | 33.6+11.9

204 18.3+66 | 178+85 | 189+6.1 | 21.0+9.6 | 239+94 | 13.7+7.6

58.8 4425 | -35+£34 | -3.7+£36 | 4432 | -3.7+£35 | -25%1.0

3.4. tabula apkopoti iegiitie termodinamiska adh&zijas darba rezultati 45° skiedru
virziena atkariba no koksnes, mitruma un Iimes veida, izmantojot 3.6.
vienadojumu.
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3.4. tabula / Table 3.4.
Termodinamiska adhézijas darba vertibas priedes un egles koksnes

IImsavienojumiem
Values of thermodynamic work of adhesion for pine and spruce wood glue
joints
Mitrums Termodinamiskais adh&zijas darbs / Thermodynamic work of adhesion,
/ mN m?
Moisture (45° skiedru virziena) / (in 45° fibre direction)
content, Limel / Limell / | Limelll/ | LimelV/ | LimeV/ | LimeVI/
% Gluel Gluell Gluelll GluelV GlueV GlueVl

Priedes koksne / Pine wood
14.1 52+34 46+23 48+05 55+2.0 56+23 34+24
17.9 7.8+4.1 7.7+£0.2 8.2+1.0 9.1+£0.1 | 106£05 | 58+44
18.7 241+9.1 23.9+109 | 25.3+£10.0 | 28.0+£7.6 325+9.7 184+7.9
18.9 9.6 +5.3 9.3+5.3 9.8+4.2 11.0+£3.7 | 125438 | 7.1+5.8
52.2 231+ 90 | 223+27 | 23671 | 264+£4.4 | 29.7+57 | 16.9+8.0
Egles koksne / Spruce wood
14.7 0.8+£3.0 06+21 06+1.8 0.7+£24 05+£28 05+£22
19.4 05+28 | 05+01 | 06+29 | 03+19 | 21+0.6 | 0.6+29
20.4 447+89 | 425+32 | 450467 | 504+06 |556+22 | 322+113
58.8 12+15 16+19 1.7+18 1.7+ 3.6 27+1.3 1.3+35

Nav bitisku (p > 0.05) atskiribu starp termodinamisko adh€zijas darbu
tangenciala un 45° skiedru virziena. Priedes koksnes gadijuma tangenciala
virziena termodinamiskais adh&zijas darbs pieaug no 14.1 % Iidz 18.7 % un
sasniedzot maksimalo vertibu pec tam samazinas, pieaugot vél vairak mitrumam.
Pie 52.2 % vertibas ieglist jau negativas termodinamiska adhézijas darba vértibas.
Ja termodinamiska adh&zijas darba vertibas klist negativas, tas norada uz
komponentu atgriiSanos un Iimei nevajadz€tu uzradit nekadu adh&ziju. 45°
Skiedru virziena termodinamiska adhézijas darba vértibas ari pieaug no 14.1 %
lidz 18.7 %, pie 18.9 % samazinas, bet pie 52.2 % koksnes mitruma atkal
palielinas. Sada tendence iegiita arT aprékinatajam virsmas energijas vértibam, ko
ietekm@ virsmas energijas polaras komponentes vértibas. Sadus rezultatus ieguva
arT Clint, Wicks (2001) savos pétijumos par adh&ziju gaisa un tideni. Adhezijas
darbs ir gandriz neatkarigs no cietas vielas dispersds komponentes energijas.
Adhézija ir loti jutiga polaras virsmas energijas vértibai. Pieaugot virsmas
polarajai komponentei, adh€zijas darbs samazinas. Ja adh&zijas darbs klust
negativs, tad Itmei nevajadzetu uzradit nekadu adh&ziju. Nemot veéra virsmas
energijas komponentu ietekmi uz adh&zijas stipribu, skaidrs, ka virsmas kimiska
modifikacija var laut kontrolét adh&ziju. Dispersijas speki un 1pasi polarie speki
darbojas 1sa attaluma un vairums gadijumos tas ir monomolekulars slanis, kas
uzlikts cietai virsmai ir pietiekams, lai pilniba modific€tu adhezivas 1pasibas
(Clint, Wicks, 2001).
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Egles koksnes gadijuma tangenciala virziena termodinamiska adhgzijas
darba vertibas pieaug lidz 19.4 % mitruma sasniedzot maksimalo vertibu, bet
talak pieaugot mitrumam, adh&zijas darba vertibas samazinas. Pie 58.8 %
mitruma termodinamiska adh&zijas darba vertibas sasniedz negativas vertibas.
45° Skiedru virziena maksimala veértiba ir pie 20.4 % koksnes mitruma, pie
pargjiem koksnes mitrumiem iegtitie rezultati ir zemi.

Priedes koksnes paraugiem tangenciala virziena, pieaugot koksnes
mitrumam, korelacija ir ciesa (R robezas no 0.944 Iidz 0.950 pie p < 0.05), 45°
Skiedru virziena vidgji cieSa (robezas no 0.597 lidz 0.630 pie p > 0.05). Egles
koksnes gadijuma tangenciala virziena korelacija ir vidgji cieSa (R robezas no
0.736 11dz 0.848 pie p > 0.05), 45° skiedru virziena - zema (robezas no 0.232 lidz
0.238 pie p > 0.05).

Mehaniskos testos ir griti novertét koksnes un Itmes robezvirsmas
sagriiSanas saksanos un tas tieSo raksturu. AtslanosSanas laika notiek Iimes un
substrata plastiska deformacija, tadel ir gruti izdalit patieso adhézijas energiju no
izmeritas kopgjas energijas. Izmeritais ir praktiskais adh&zijas darbs Wy, jeb
starpfazu stingums (3.7. vienadojums):

Wap = Wa + Uf + US + Ufric (37)

kur Us un Us - plastiskaja deformacija patéréta energija Iimei un substratam /
consumed energy in plastic deformations for glue and substrate;
Uriic - energijas zudums berzes rezultata / loss of energy in result of
friction

Ur, Us, Ugic ir funkcijas no patiesa adhézijas darba. Ka norada Kinloch (1996)
termodinamisko adh&zijas darbu biezi lieto, lai attiecinatu uz tieSajiem
molekularajiem spekiem jeb pievilkSanas spekiem starp Itmi un substratiem, un
lai atSkirtu So fenomenu no praktiska adhezijas darba jeb no izmeritas
Itmsavienojuma stipribas. Pat ja notiek Itmsavienojuma starpfazu plisums, limes
plaisas energijas G vértiba nav vienada ar energiju, kas attiecinata uz ieksgjo
limes sagrausanas stipribu. G; vértiba ietver ari viskoelastigo un plastisko
deformaciju, kas notiek plaisas tuvuma. Tadgjadi G vertiba parasti ir vairakas
kartas lielaka par iek$€jo adhézijas sp€ku energiju. Vertibu ietekmé ari
atslanoSanas atrums, laiks un temperatiira. Kad atslanoSanas atrums samazinas
un sasniedz nulli, ko praktiski nevar realiz&t, viskoelastiga deformacija ir niecigu
un tada gadijuma pirmaja tuvinagjuma izmérito lizuma energiju G (Go) var
uzskatit par teorétiski vienadu ar adhézijas energiju W. Praktiski adhézijas testu
pie loti zemiem atrumiem ir griiti nodro8inat. Tadg] praktiska plisuma energija
ITmsavienojumiem ir vienmer vairakas kartas lielaka ka adh&zijas darbs (Baldan,
2012).

Termodinamiska adh&zijas darba un praktiska adhézijas darba
salidzinajums priedes koksnes lItmsavienojumiem, kas iegiits no bides stipribas
test€Sanas rezultatiem paradits 3.15. attela.
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3.15. att. Priedes koksnes Iimsavienojumu termodinamiska (TWA) un
praktiska (PWA) adhézijas darba salidzinajums

Fig. 3.15. Comparison of thermodynamic (TWA) and practical (PWA) work
of adhesion of pine wood glue joints

Egles koksnes limsavienojumu termodinamiska adhezijas darba un
praktiska adhé&zijas darba salidzinajums paradits 3.16. attela.
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3.16. att. Egles koksnes Iimsavienojumu termodinamiska (TWA) un
praktiska (PWA) adhézijas darba salidzinajums
Fig. 3.16. Comparison of thermodynamic (TWA) and practical (PWA) work
of adhesion of pine wood glue joints

Termodinamiska adhézijas darba vértibas ir batiski zemakas (p < 0.05)
salidzinajuma ar praktiska adhézijas darba vértitbam par 99 %. Nav bitisku
atSkirtbu (p > 0.05) starp koksnes sugu Iimsavienojumiem. Termodinamiskais
adhézijas darbs priedes koksnes gadijuma maksimalo vertibu sasniedz pie 18.7 %
mitruma, bet egles koksnes gadijuma pie 20.9 % mitruma visu limju gadijuma.
Praktiska adh&zijas darba vertibas ar $adu tendenci iegiitas priedes koksnes un
LimeslIl, LimesIV un LimesV Ilimsavienojumiem, ka ar egles un LimeslV
limsavienojumiem. Korelacija starp adhézijas darbu un koksnes mitrumu
(p > 0.05) iegita augstaka egles koksnes gadijuma salidzinajuma ar priedes
koksnes limsavienojumiem, vari€ no vajas lidz ciesai atkariba no limes veida.
Korelacija praktiska adhézijas darba gadijuma priedes koksnei bija robeZas no
0.041 (Limeil) lidz 0.420 (LimeiV), egles koksnei robezas no 0.232 (LimeiVI)
lidz 0.990 (LimeiV). Korelacija termodinamiska adhézijas darba gadijuma
priedes koksnei robezas no 0.524 (LtmeiV) Iidz 0.566 (Limeil), egles koksnei
robezas no 0.367 (LimeiV) Iidz 0.393 (Limeil).

Ar1 Williamson et al. (2014, 2009) pétijumos norada, ka termodinamiskais
darbs ir daudz mazaks ka izméritais adhézijas darbs, kas ir nepiecieSams jaunas
virsmas radi$anai makroskopiska eksperimenta, pieméram, atslanosanas testa vai
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stiepes testa. Atskiribas rada viskoelastigie zudumi un plastiska deformacija.
Williamson et al. (2009) eksperimentos noteica termodinamisko un praktisko
adh@zijas darbu starp polimérkompozita komponentiem, izmantojot Wilhelmy
metodi un stiepes stipribas mérfjjumus. legiitie praktiska adh&zijas darba rezultati
ir ar lielu izkliedi un atkarigi no deformacijas atruma (deformacijas atruma
diapazons no 0.1 Iidz 1.0 s). Samazinoties deformacijas atrumam, praktiska
adhézijas darba vertibas kliist salidzinamas ar termodinamiska adhézijas darba
vertibam. Atseviskos gadijumos pieradijumi norada, ka atslanoSanas “plaisa” ir
loti atra, un zinams, ka viskoelastigie zudumi samazinas pie deformacijas atruma
virs stikloganas stavokla parejas (atkariga no materiala). Savukart Williamson
et al. (2014) p&tijumos izmantoja stikla substratu un polimeru, merot kontaktlenki
ar Wilhelmy metodi, un praktisko adhézijas darba rezultatus ieguva no AFM
atrausanas testa. Abos mérfjjumos ieglitas vertibas ir salidzinamas. Moczo et al.
(2002) un Vorés et al. (1997) pétijumos parada labu korelaciju
kompozitmaterialiem ar dalinu pildvielam starp robezfazes adh&ziju un stiepes
robezstipribu.

Tomer janem vera, ka stikls un kompozitmateriali nav salidzinami ar
koksnes substratu dg| to atSkirigas porainibas, virsmas raupjuma un plastiskuma.
Koksnes virsma ir daudz porainaka, raupjaka un vieglak paklaujas plastiskajai
deformacijai salidzinajuma ar stiklu. Nosakot praktiska adhezijas darba vertibas
koksnes Iimsavienojumiem, koksnes substrata plastiska deformacija dod lielaku
ieguldijumu kopgja adhézijas darba rezultata.

Ta ka viena no izmantotajam ITmé€m ir paredzéta nesosajam koksnes
konstrukcijam un §1 [ime uzradija visaugstako praktisko adh&zijas darbu, izlemts
veikt parbaudes atbilsto$i [im&tu nesoSo koka konstrukciju testésanas metodém.

3.6. Limétu nesoSo koka konstrukciju parbauZu metoZu rezultati

Ka Iimes neso$o koka konstrukcijam parbaudija Limilll un LimilV.
Limilll p&c raZotaja informacijas pielieto inzeniertehnisko koksnes produktu
razoSanai, to arT izmanto Latvijas I[im&to koka konstrukciju razotaji. Parbaude
izmantota LtmelV ir Latvija raZota un to izv€lgjas, lai parbauditu tas piemé&rotibu
analogi Limeilll. Teste€Sanas metodes izveletas atbilstosi [Tm&to nesoso koka
konstrukciju parbaudes prasibam. legiitie rezultati apkopoti 3.5. tabula.
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Test results of glued load-bearing timber structures

3.5. tabula / Table 3.5.
Limétu nesoSo koka konstrukciju parbauzu rezultati

Atsauces

TesteSanas . . vertiba Sagrave
IzturéSanas legutais _ pa
_ metodes - - saskana ar .
Lime / apstakli / rezultats / ’ koksni /
Glue standarts / Aging Obtained LVS EN Wood
Standard of . 15425:2008 / -
conditions result failure,
test method Reference %
value
Limelll Klimatiska 12.06 +4.71 25
iedarbe A1/
LimelV Climatic 7.44 +3.92 10 MPa 0
exposure Al
Limelll Klimatiska 4,79 +1.83 0
iedarbe A2 / 6 MPa
LimelV Climatic 274211 0
exposure A2
Limelll Klimatiska 7.96 + 3.57 5
iedarbe A3/
LimelV Climatic 453 +251 8 MPa 0
exposure A3
Limelll Klimatiska 3.30 + 2.00 0
iedarbe A4/
LimelV Climatic 170 6 MPa 0
) exposure A4
Cimelll | EN39%1 T Kiimatiska | 8.31£6.73 30
iedarbe A5/
LimelV Climatic 3.60 +1.85 8 MPa 0
exposure A5
Limelll Klimatiska 1455 +1.45 - 35
iedarbe A6 / nav prasibu /
_ et no
LimelV exESQJ?BCA 6 6.22 +3.28 requirements 0
Limelll Klimatiska 14.40 + 2.48 90
iedarbe A7/ 8 MPa
LimelV Climatic 8.21 £4.27 5
exposure A7
Limelll Klimatiska 12.34 +3.34 - 40
iedarbe A8 / nav prasibu /
LimelV Climatic 7214422 no 0
exposure A8 requirements
Limelll . 2.8 <10 % no -
IzgatavoSana Kopgids .
péc 1. veida / _ xopa
LimelV EN 302-2 Type 1 89.0 limes Suves /
manufacturing of the_tqtal
glue joint
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3.5. tabulas nobeigums

Atsauces Sagrive
Testesanas [zturéSanas legiitais vertiba ga
- metodes . guts saskana ar pa
Lime / apstakli / rezultats / ’ koksni /
Glue standarts / Aging Obtained LVS EN Wood
Standard of . 15425:2008 / .
conditions result failure,
test method Reference o
value 0
Limelll Izgatavosana 14 -
pec 2. veida -
(paal_lgstlnats <500
[imes Kopgjas
terins) / - "
- EN 302-2 pateriy Iimes Suves /
LimelV Type 2 _ 28.3 of the total
manufacturing lue ioint
(increased glue)
glue
consumption)
Limelll References 1.56 +0.59 10
paraugi / >2.0 MPa 10
LimelV Reference 0.62+£0.78 (EN 301)
samples
Limelll EN 302-3 o 1.52+£0.91 >80 % no 20
P&c cikliskas
- references 30
apstrades / vertibas / of
LimelV After cyclic 0.93+£0.64 the reference
treatment
value
Limelll - 1.64+1.44 45
LimelV EN 302-4 - 138+ 108 >1.50 MPa 5

Pec iegitajiem rezultatiem var secinat, ka Limelll ir piem@rota nesosu
konstrukciju Iimsavienojumiem, bet LimelV nav. LimelV apmierinosus
rezultatus uzrada tikai atbilstos$i standarta EN 302-1 prasibam, ja paraugi testeti
karsta stavokll. Tas var€tu liecinat par LimesIV nepiecieSamibu sacietet
paaugstinata temperatiira, veidojot papildus skérssaites un saites arT ar koksni.
Savukart LimeslII sniegumu vajadz&tu uzlabot, ja limsavienojumu testé mitra
stavokli. Tomer, ja limsavienojumam lauj izzit, stipriba tiek atjaunota. LtmelV
salidzinajuma ar Limilll uzrada butiski (p < 0.05) sliktakus rezultatus visas
test€Sanas parbaud€s: adheziva stipriba stiep&-bideé videji par 50 %; adheziva
stipriba péc koksnes rukuma par 16 %; stipriba stiepg€ perpendikulari
limsavienojumam vidg&ji par 50 % un atslanoSanas izturiba vidgji par 96 %. Lai
tehnologiski LimilV tuvinatu LimeslII fizikali-kTmiskajam un tehnologiskajam
Tpasibam nepiecieSams: samazinat tas iestrades jeb dzivotspgjas laiku, samazinat
Itmes pat@rinu, palielinat viskozitati, palielinat kohezivo stipribu un uzlabot
izturibu paaugstinata mitruma apstaklos.
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3.7. Ilgizturiba

Limsavienojumu stipriba un kalposanas ilgums galvenokart ir atkarigs no
Itmes un substrata starpmolekularo speku dinamikas. Substrata slap&jamiba ar
Itmi ir iz8kiro$s process labam rezultatam, kas var nodroSinat augstu stipribu
starpmolekulu spekiem pari visai robezvirsmai (Silva et al., 2010). Ilgizturibas
parbaudes metodes iedala paatrinatda un dabiska novecinaSana, tadgjadi
prognozgjot limsavienojuma uzvedibu dazadu apstaklu ietekme 1saka vai garaka
laika posma.

Limsavienojuma bides stipribas noturibas noteikSanai izmantotas divas
atSkirigas ilgizturibas ciklu kopas ar radikali atSkirigiem temperatiiras
diapazoniem. Cikli p&c iesp&jas vairak imité krasus ara apstaklus (paaugstinats
mitrums, sals, paaugstinata temperatlra). Stipribas vertibas salidzinatas ar
references paraugu (uzglabati istabas temperatiira) bides stipribas rezultatiem.
Bides stipriba noteikta egles un priedes koksnes paraugiem, kuru mitrums priedei
limsavienojuma veidoSanas bridi ir 14.1; 18.7; 52.2 % un eglei 14.7; 20.9;
58.8 %. Lai paraugos ar paaugstinatu mitrumu neveidotos spriegumu
koncentracijas, ITm&m batu pietickami daudz laika sacietét, paraugi péc
salim@Sanas ietiti polietiléna pleve, samazinot to zGiSanas atrumu. P&tijuma nav
izmantota Limell. Bides stipribas rezultati atkariba no koksnes mitruma
references priedes koksnes paraugiem atteloti 3.17. attela.

7,00
o « 6,00
=3 500 1 I |
'r.f%) 4,00 - :LT_ — :i: J;T = p— u Limel / GlueI
- O
£ £ 3,00 - i Limelll / Gluelll
ég 2,00 - - B LimelV/GluelV
R® 100 - - - LimeV / GlueV
0,00 - LimeVI / GlueVI

14,1 18,7 52,2

Koksnes mitrums, %
Wood moisture content, %

3.17. att. Priedes koksnes bides stipribas rezultati references paraugiem
Fig. 3.17. Shear strength results of pine wood reference samples

No rezultatiem nav iegiita statistiski ticama sakariba (R? diapazona no 0.001 lidz
0.260, p > 0.05) starp bides stipribu un koksnes mitrumu. Pieaugot koksnes
mitrumam, bides stipriba samazinas paraugiem ar Limil, LTmilV un LimiVI.
Limesl reologiskie merijumi uzradija, ka tas g€la veidoSanas laiku un ggla
stipribu neietekmé pievienotais tidens saturs, bet géls vél nav sacietgjusi ITme un
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nenosaka gala limsavienojuma stipribu. Tadgjadi Sis samazinajums attiecinams
uz koksni vai procesu ietekmé&josajiem faktoriem. Mitrumam pieaugot, bides
stipriba palielinas paraugiem ar Ltmilll un LimiV. LimesV g¢la stipriba un g¢la
veidoSanas punkts no reologiskajiem mérjjumiem palielinas, pieaugot
pievienotajam tidens daudzumam. Ar to var izskaidrot arT [imsavienojuma bides
stipribas pieaugumu. Divkomponentu poliuretana limes bides stipriba
salidzinajuma ar vienkomponenta ITm&m ir mazaka. Savukart PVA lime uzrada
augstas vertibas pie 14.1 un 18.7 % mitruma, pie 52.2 % mitruma Iimsavienojums
neveidojas, ST tendence nesakrit ar aprékinato termodinamisko adhézijas darbu.
Ja ka atsauces vertibu izvélamies LVS EN 14080 noteikto bides stipribas vertibu
jeb >4 MPa (skatit 3.17. att€lu), to pilniba izpilda tikai Limelll, kas p&c razotaju
sniegtas informacijas ir vieniga Iime nesosam konstrukcijam.

Bides stipribas rezultati atkariba no koksnes mitruma priedes koksnes
paraugiem péc 1.veida ilgizturibas cikliem attgloti 3.18. attela.

7,00 -
€& 600 [ B Limel / Gluel
s= 17 . T
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»w ime ue
£52%° | . LimeVI/GlueVI
g £ 100 - - - ime ue
0,00 -
141 18,7 52,2

Koksnes mitrums, %
Wood moisture content, %

3.18. att. Priedes koksnes bides stipribas rezultati 1.cikla paraugiem
Fig. 3.18. Shear strength results of pine wood samples after 1.cycle

No 1. cikla rezultatiem iegita cieSa sakariba LimesV paraugiem pieaugot
mitrumam, pieaug bides stipriba (R?=0.912, p > 0.05), pargjam Itmém vidéja vai
ciesa sakariba nav iegiita (R? diapazona no 0.006 Iidz 0.325, p> 0.05). Atseviskos
gadijumos noverojams stipribas pieaugums péc 1. ilgizturibas cikla pie visiem
parbauditajiem koksnes mitrumiem, pieméram, Limeil (par 9-45 %) un LimeilV
(4-9 %). To var&tu izskaidrot ar limes talaku cieté$anu vai $kérssaisu veidosanos
testa apstaklos paaugstinata temperattira. Ja ka atsauces vertibu izvélamies LVS
EN 14080 noteikto bides stipribas veértibu jeb > 4 MPa (skatit att€lu), to pilniba
nesasniedz ne viena no Itm&€m péc ilgizturibas ciklu izturgéSanas. Tuvu
robezvertibai pie priedes koksnes mitrumiem ir Ltmel un Limelll.

Bides stipribas rezultati atkariba no koksnes mitruma priedes koksnes
paraugiem péc 2.veida ilgizturibas cikliem attgloti 3.19. attela.
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3.19. att. Priedes koksnes bides stipribas rezultati 2.cikla paraugiem
Fig. 3.19. Shear strength results of pine wood samples after 2.cycle

No rezultatiem nav iegfita statistiski dro$a sakariba (R? diapazona no 0.003 lidz
0.414, p > 0.05) starp bides stipribu un koksnes mitrumu. P&c 2. ilgizturibas cikla
bides stipribas samazinajums novérojams Limeilll (par 13-64 %) un LimeiVI
(14-19 %). Ja par atsauces vertibu izvélamies LVS EN 14080 noteikto bides
stipribas vértibu > 4 MPa (skatit att€lu), to pilniba nesasniedz neviena no ITmém.
Pazeminata temperatiira negativi ietekmé bides stipribu limsavienojumiem.

Bides stipribas rezultati atkariba no koksnes mitruma references egles
koksnes paraugiem att€loti 3.20. attela.
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3.20. att. Egles koksnes bides stipribas rezultati references paraugiem
Fig. 3.20. Shear strength results of spruce wood reference samples
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No rezultatiem nav iegiita cieSa sakariba (R? diapazona no 0.008 Iidz 0.657,
p > 0.05) starp bides stipribu un koksnes mitrumu. Bides stipribas rezultati
kopuma egles koksnes paraugiem ir mazaki salidzinajuma ar priedes koksnes
paraugiem, pieméram, references paraugu bides stipriba priedes koksnei ir par
6-48 % lielaka atkariba no ltmes neka egles koksnei. LimeV ar egles koksni
uzrada atskirigu uzvedibu salidzinajuma ar priedes koksni, jo bides stipriba
samazinas, palielinoties koksnes mitrumam. Ari pec LVS EN 14080 standarta
prasibam ir mazak paraugu, kas sasniedz robezvertibu. Vieniga Iime, kuras bides
stipriba limsavienojumiem ir tuvu standarta noteiktajai robezvertibai pie visiem
izmantotajiem koksnes mitrumiem, ir Limelll jeb 1ime neso$am konstrukcijam.
Ja salidzina bides stipribas rezultatus divkomponentu poliuretana Iimes
limsavienojumiem ar vienkomponenta poliuretana limju savienojumiem, tie
egles koksnei ir vienadi vai augstaki, ar salidzinajuma ar Iimsavienojumiem ar
priedes koksni. Tapat ka priedes koksnes paraugiem ari egles koksnes paraugiem
nav vienota stipribas izmainas tendence visam limém, palielinoties koksnes
mitrumam.

Bides stipribas rezultati atkariba no koksnes mitruma egles koksnes
paraugiem pec 1.veida ilgizturibas cikliem att€loti 3.21. attela.
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3.21. att. Egles koksnes bides stipribas rezultati 1.cikla paraugiem
Fig. 3.21. Shear strength results of spruce wood samples after 1.cycle

No rezultatiem iegiita vaja lidz cie$a sakariba (R? diapazona no 0.161 Iidz 0.877,
p > 0.05) starp bides stipribu un koksnes mitrumu. Pieaugot koksnes mitruma
saturam, palielinas bides stipriba Limeilll (R? = 0.814), un samazinas bides
stipriba LtmeiV (R? = 0.877). Tapat ka priedes koksnes gadijuma Limeil bides
stipriba pieaug par 1-42 % péec 1.ilgizturibas testa. Bides stipriba péc 1. cikla
samazinas LimeilV par 40-63 %.
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Bides stipribas rezultati atkariba no koksnes mitruma egles koksnes
paraugiem péc 2.veida ilgizturibas cikliem atteloti 3.22. attgla.

6,00
s 5,00 [ B Limel / Gluel
fi 4,00 - T £ Limelll / Gluelll
@ 2300 - \I | = LimelV/GluelV
S5 LimeV / GlueV
55290 TR . LimeVI/GlueVl
8% 1,00 - I -

0,00 -

14,7 20,9 58,8

Koksnes mitrums, %
Wood moisture content, %

3.22. att. Egles koksnes bides stipribas rezultati 2.cikla paraugiem
Fig. 3.22. Shear strength results of spruce wood samples after 2.cycle

Rezultatiem iegiita vaja lidz cieSa sakariba (R? diapazona no 0.174 Iidz 0.995,
p > 0.05) starp bides stipribu un koksnes mitrumu. Pieaugot koksnes mitruma
saturam, palielinas bides stipriba Limeilll (R?> = 0.977), un samazinas bides
stipriba LtmeiVI (R? = 0.995). Péc 2. ilgizturibas cikla bides stipriba samazinas
Limeil un Limeilll par 10-46 %, Limeil V par 43-63 % un LimeiVI par 1-81 %.
Egles koksnes paraugiem izteikts bides stipribas samazinajums p&c 2.cikla
iztur€Sanas jeb negativas (-20 °C) temperatiiras ietekmes. Pizzo et al. (2003)
savos pétijumos atrada, ka p&c paatrinatas novecinasanas iegiitie rezultati bides
stipriba ir 2-3 reizes zemaki salidzindgjuma ar references paraugiem.
Vienkomponentu PU limju kimiskais sastavs var ietekmé&t to Tpasibas plasa
diapazona atkariba no Iimsavienojumu izturéSanas apstakliem. To savos
pétfjumos paradija arT George (2003), Radovic un Rothkopf (2003), Richter un
Schirle (2002), Vick un Okkonen (1998) ar dazadam PU Iimém, iegstot
atSkirigus rezultatus Slades izturibai p&c 10 gadu statiskas slodzes izturéSanas. Ir
iesp&jams palielinat koksnes Itmsavienojumu stipribu, izmantojot elastigakas
Iimes, pat ja Sim savienojumam ir (nedaudz) zemaka stipriba (M.Sterley, 2012).
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SECINAJUMI

Pamatojoties uz veiktajiem pétljumiem saskana ar darba merki un
uzdevumiem, secinats:

1. pamatojoties uz literatiras datiem un iepriek$€jiem pétijumiem atrasts, ka
koksnes virsmas energijas noteikSanai piemérotaka ir skabes-bazes metode,
jo ta raksturo gan virsmas energijas disperso komponenti, gan polaro
komponenti, kuru noveérté ar virsmas elektronu-donoram un elektronu-
akceptoram komponentém, un kuras izmantojamas koksnes slap&jamibas
novértésanai,

2. atkariba no koksnes sugas un Skiedru virziena pret virsmu termodinamiskais
adhézijas darbs sasniedz maksimalo vértibu priedes koksnes gadijuma
tangenciala virziena pie 18.7 % koksnes mitruma; savukart 45° Skiedru
virziena pie 18.9 % koksnes mitruma. Egles koksnes gadijuma tangenciala
virziena termodinamiska adh@zijas darba maksimalo veértibu sasniedz pie
19.4 % koksnes mitruma, savukart 45° Skiedru virziena pie 20.4 % koksnes
mitruma;

3. iegitas vidgji cieSas korelacijas starp 1) koksnes sugu un Iimes iespieSanas
dzilumu, 2) koksnes mitrumu un koksnes virsmas energiju, 3) koksnes
mitrumu un ITmes iespiesanas dzilumu, 4) Iimes iespiesanas dzilumu un
viskozitati, 5) limes iespiesanas dzilumu un traheidu platumu vai traheidu
garumu, 6) ITmes iespiesSanas dzilumu un koksnes virsmas raupjumu, 7) Iimes
iespieSanas dzilumu un koksnes virsmas energiju, 8) koksnes virsmas
energiju un termodinamisko adh€zijas darbu, 9) praktisko adhézijas darbu un
koksnes sugu, 10) praktisko adhézijas darbu un koksnes mitrumu,
11) praktisko adhgzijas darbu un limes iespieSanas dzilumu, 12) praktisko
adhézijas darbu un traheidu izméru. Ciesa korelacija starp praktisko adhézijas
darbu un termodinamisko adh@zijas darbu nav ieglita izmantotajam
vienkomponentu PU ITm&m, bet ta iegtita tikai LmeilV un LimeiVI;

4. koksnes ar paaugstinatu mitrumu un sacietgjusas Itmes kartinas kontaktlenka
meérijumi, un no tam aprékinatas virsmas energijas vertibas izmantojamas
koksnes slap&jamibas ar ITmi un Iimes iespieSanas dziluma raksturoSanai, ka
ar1 termodinamiska adh&zijas darba aprékinasanai;

5. nav iegiita ticama korelacija starp aprékinato termodinamisko adh&zijas darbu
un fizikali-mehaniskaja testéSana iegtito bides stipribu l[imsavienojumiem ar
vienkomponenta PU Itm&m koksnes heterogénas struktiiras un daudzo
ietekméjoso faktoru dél. Tomér atseviskos gadijumos (LtmelV un LimeVI)
pie lielaka koksnes mitruma (> 50 %) praktiski neveidojas Iimsavienojums,
ko apstiprinaja aprékinatas termodinamiska adh€zijas darba negativas
vértibas;

6. Limelll ir piem&rota nesoSu konstrukciju ITmsavienojumiem, saskana ar
EN 302 sérijas standartiem, bet salidzinaSanai izveéléta divkomponentu PU
Iime LimelV tam nav izmantojama;
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7.

Iimju reologiskie m&rijumu parametri (g€la veidosanas punkts un laiks, géla
stipriba un fazu lenkis) izmantojami to piemérotibas koksnes ar paaugstinatu
mitrumu lTm@Sanas novertéSanai péc pievienota fidens ietekmes uz Siem
raditajiem. Pec tiem secinats, ka Limel un LimeV ir piemérotas koksnes ar
paaugstinatu mitrumu limésanai;

vienkomponentu PU Itme Limelll uzrada augstakus rezultatus ne tikai
atbilstosi EN 302 s@rijas standartu test€Sanas rezultatiem, bet ar1 bides
stipribas un ilgizturibas parbaudgs salidzinajuma ar citam izmantotam Irmem.
Virsmas energijas un termodinamiska adhézijas darba visaugstakas vértibas
uzrada LimeV, viszemakos rezultatus — LimeVI, savukart divkomponentu PU
Itmes (LimelV) rezultati ir salidzinami ar pargjam vienkomponenta ITmém.

Pamatojoties uz iegltajiem rezultatiem un izdaritajiem secinajumiem,

promocijas darba mérkis ir sasniegts, bet izvirzita hipotéze - koksnei ar mitrumu

virs 18 % ir iesp&jams prognozet noturigu l[im&juma savienojumu, pamatojoties
uz nedestruktivu mérjjumu metodi un termodinamiska adhézijas darba
aprékiniem — nav apstiprindjies vienkomponenta PU Iimém, bet gan tikai

LimesIV un LimesVI gadijuma. Tas liecina par Iimes sastava ietekmi uz
rezultatu. Pie liela koksnes mitruma iegiitas bides stipribas zemas vertibas
LimeilV un LimeiVI atbilst aprékinatajam termodinamiska darba negativajam
vertibam, un iegiita vid&ji cieSa korelacija starp termodinamisko un praktisko

adhézijas darbu (Riimeirv = 0.812, Rismeivi = 0.641).

1.

REKOMENDACIJAS

Koksnei ar paaugstinatu mitrumu vienkomponentu poliuretana ITme
uzklajama uz abiem savienojamajiem koksnes substratiem, lai ITme iespiestos
vienméerigi abos substratos un Itmes Suve izveidotos simetriska, ar pietiekamu
limes iekilésanos abos substratos.

Limes iespieSanas dzilumu nepiecieSams kontrolét ar pielikto spiedienu,
nepielaujot ,,sausas” Suves veidosanos atkariba no Iimes Ipasibam, koksnes
atverto struktiirelementu dalas virsma un mitruma.

Pirms konkrétas Iimes izmantoSanas koksnes ar paaugstinatu mitrumu
izmanto$anas limsavienojumos, ieteicams noteikt ITmes reologisko ipasibu
izmainas atkariba no Iimei pievienota idens daudzuma — g€la veidoSanas
laiku un punktu, g€la stipribu, lai novértetu atvérta montazas laika izmainas,
un fazu lepka izmainas, lai  novértétu CO2 pastiprinatu veidoSanos
izmantotajai Itmes Kkartina, kas ar gazes ieslegumiem samazina
limsavienojuma kvalitati. P&titds Limel un LimeV ir piem@rotas koksnes ar
paaugstinatu mitruma saturu Itmesanai, jo ITmém nav konstat€tas butiskas
1pasibu (gela veidosanas laiks un punkts, g€la stipriba) izmainas atkariba no
pievienota iidens daudzuma. Tomér LimeiV iegta vidgji cieSa sakariba starp
komplekso viskozitati g€la veidoSanas punkta un pievienoto Gdens dalu —
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viskozitate palielinas pieaugot pievienota tdens dalai, bet Limeil sada
ietekme praktiski nav novérojama.

Pec iegiitajiem bides stipribas un testiem saskana ar EN 302 sgrijas
standartiem rezultatiem no pétitajam [Tmém rekomend&jama Itme ir Limelll
koksnes ar paaugstinatu mitrumu Itmsavienojumiem, laujot paplaSinat
razotaja noradito koksnes mitrumu virs 18 % (18-21 %). Tomer janem vera,
ka Limelll ir piemérota raZotaju tehnologijam, kuru atvértais montazas laiks
ir 1ss (zem 4 mintatém). Papildus informaciju skatit 3.6. tabula
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Darba pétito limju rekomendéjamas izvéles prioritates’

Selection priorities of the investigated glues®

3.6. tabula / Table 3.6.

Limes izvéles prioritate? / Selection priority of the glue?

Péc Pec Kopgjais péc
kompleksas termodinamiska Pac bides pierfléroﬁpas
Lime / Pé&c géla punkta Péc gela viskozitates | Pe&c fazulenka | adhézijas darba stipribas / koksnei ar mitrumu
Glue veidoSanas stipribas / izmainas / izmainam / vértibas* / After After 18-21 % / Total
laika®/ After gel After gel After After changes of values of shear after the suitability
formation time® strength changes of phase angle thermodynamic strength for wood with
complex work of g moisture content
viscosity adhesion* 18-21%
Limel / Vidgjs / B 5
Gluel Moderate A A c B B
Nevargja Nevargja Nevargja noteikt
LimellI / - noteikt / noteikt /
Gluelll lss / Short Unable to Unable to /dUnabI_e o B AP A
. . etermine
determine determine
LimeV'/ Lens / Slow B B A A o C
GlueV

rekomendacijas balstitas uz darba pétito Ipasibu rezultatiem un pirms Iimju pielietosanas praksg, ieteicams izgatavot un parbaudit testa paraugu /
recommendations based on the results in this work of the studied characteristics and before glue application in practice it is recommended to
produce the test sample; A apzime primaro izvéli / A represents the primary selection; 3géla punkta veidoSanas tendence sakiit ar raZotaja noradito
atvérto montazas laiku / tendency of gel point formation corresponds with the manufacturer's stated open assembly time; *termodinamiska adhézijas
darba maksimala vértiba iegiita pie 18.7 % mitruma priedei un 20.4 % eglei / maximum value of thermodynamic work of adhesion obtained at 18.7 %
moisture content for pine and at 20.4 % for spruce; °nav bitisks bides stipribas samazinajums pé&titaja koksnes mitruma diapazona / no significant
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INTRODUCTION

Topicality of the research

Wood is a widely used raw material in building, furniture and production
of various constructions in Latvia. Glued laminated timber is the largest segment
of engineered wood products in Europe and presents an amazing increase in
demand since 2000. The consumption of these products in Europe in 2012 were
nearly three million m® and globally about 5 million m® (in Asia and Australia —
1.6 million m®, in North America - 0.4 million m® (Pahkasalo et al., 2013).
Traditionally wood with moisture content of not more than 12 % and wood glues
that are intended for wood with moisture content up to 18 % are used for gluing.
In this thesis, it is assumed that wood with elevated moisture content is wood
with moisture content above 12 %. From an ecological and economic point of
view it is desirable to use non-dried wood for gluing wood structures and products
that will be used at elevated moisture, for example, decking, garden furniture,
transportation pallets, sound barriers along motorways, etc.

By using non-dried wood in bonding technology, the potential connection
failure when wood swells will be reduced, energy is saved, by drying the wood
only up to operational humidity, the costs of wood heating for gluing and pressing
processes are reduced, by using glues that cure at room temperature (Sterley,
2012).

Although the quality control system for glued wood joints
(LVS EN 14080 and other standards for glued wood and used glues) is
established, the studies regarding use of the glue joints of wood with elevated
moisture content are insufficient. There is still much unknown regarding the
formation of adhesion bonds in the case of wood with elevated moisture content
and glues. According to literature research made, there is a lack of studies
regarding evaluation of chemical and physical-mechanical properties of bond
joint of wood with elevated moisture content.

Hypothesis of the research
It is possible to predict stable wood joints with wood moisture content
above 18 %, based on the non-destructive contact angle measurement method and
calculations of the thermodynamic work of adhesion.

The objective of the research
To carry out evaluation of the impact of wood moisture content on the
thermodynamic work of adhesion and bond strength.

The tasks of the research
The following tasks of the research are set in order to achieve the objective:
1. toanalyze literature data of wood, glue and water boundary phase interaction
and its influence on the bond quality;
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2. to analyze influence of the factors (wood and its moisture content and glue
properties) on the thermodynamic work of adhesion;

3. to analyze obtained correlation between the calculated thermodynamic work
of adhesion and joint strength using physical-mechanical testing methods.

4. to develop recommendations for manufacturers.

The scientific novelty

The research results provide insight and explanation how to predict the
strength of the glue joint with wood with moisture content over 18 % by using
non-destructive testing method. The study provides knowledge regarding
methodology of determination of contact angle and calculation of
thermodynamic work of adhesion for an imperfect, heterogeneous wood surface
with open tracheids. Correlation for wood glue joints between thermodynamic
work of adhesion and practical work of adhesion was studied for the first time.
The physical-mechanical properties of glue joint, when the wood with elevated
moisture is used as raw material, were studied as well.

The practical importance

Using non-destructive testing methods for raw materials (wood substrates
and glues), the changes of glue joint properties may be predicted upon increase
of wood moisture content. Changes of rheological properties of glues affected by
water allow to control the technological processes of the glue joint formation, for
example, open and closed assembly time and suitability of the glue. Glue joint
formation of the wood with moisture content above 14 % gives economic benefit
in terms of time and money.

Thesis structure
Thesis consists of three Chapters:
Chapter 1: Adhesion analysis of wet wood joints;
Chapter 2: Materials and methods;
Chapter 3: Research results and analysis.

The thesis contains 143 pages, 48 figures and 25 tables. The bibliography
consists of 166 sources.

1. LITERATURE REVIEW

In the first Chapter literature review and analysis are performed. The
Chapter is divided into ten Sub-chapters. The main topics analyzed in the
literature review are:

e wood structure and properties;
o types of wood glues;
e contact angle and its formation;
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methods for the surface energy calculation;

wettability, its determination and affecting properties;

mechanisms of adhesion formation;

assessment of adhesion quality and its determination methods;

factors influencing the glue joint formation (surface roughness, penetration
depth of the glue, impact of wood surface change, water impact on the glue
joint, temperature, formation of strain);

e wet wood gluing technologies;

e conclusions of adhesion analysis of the wood with elevated moisture content.

2. MATERIALS AND METHODOLOGY

The information regarding the materials used in the thesis is
summarized. The methods for obtaining glue joints and methods for research of
raw materials and properties of the glue joint are described.

2.1. Materials

Norway spruce (Picea abies L.Karst.) and Scots pine (Pinus sylvestris L.)
wood samples were used for the researches. Samples with approximate
dimensions of 50 x 50 x 30 mm were cut out of non-dried sawn timber so that
the wood tracheids are open and the fibre direction to the surface is at the angle
of 45°. This type of the angle was chosen to avoid the pronounced wood
anisotropy effects of tangential or radial direction. In the methods according to
the requirements of the standard EN 302 the wood species and sample sizes laid
down in the standard were used.

6 different glues which are suitable for bonding wood products were used
for experiments: four one-component polyurethane (Gluel is Bostik 800 PU,
Gluell — Cascol, Gluelll — Purbond® HB S049, GlueV — PU Timber Max), one
two-component polyurethane (GluelVV — Vilats) and one polyvinyl acetate
(GlueVI - Silva Aqua). According to the manufacturers information only Gluelll
is suitable for load bearing structures. It is known that Gluelll is used by
manufacturers of the glued timber structures in Latvia. GluelV was chosen as the
glue made in Latvia, the properties of which (upon a request of the manufacturer)
need to be compared with the performance of Gluelll in conformity with the
requirements for inspection of glued load-bearing timber structures. GlueV1 is a
different polymer based glue and was selected with a view to compare
performance with polyurethane glues. Gluel, Glue Il and GlueV are glues of the
leading glue manufacturers for wood-wood joints, which are declared as
water-resistant glues according to the class D4 (EN 204).

Three test liquids were used for determination of contact angle values and
calculation of surface free energy values: diiodomethane as non-polar one
(99 +%, pure, produced by ACROS Organics), and two polar: purified water
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(filtered by reverse osmosis and demineralized in the purifying system TKA,
conductivity 0.2 uS) and ethylene glycol (99 +%, extra pure, produced by
ACROS Organics) with known values of surface tension components.

Saturated salt solutions were used to ensure required wood moisture.
Wood moisture content was ensured by 5 salt solutions (NaCl, (NH4)2SO4, KNOs,
K>SOs, H,0).

2.2. Methodology

Determination of wood anatomical structure. 10 samples with
approximate dimensions of 50 x 50 x 30 mm in fibre, radial and tangential
directions were cut out of non-dried sawn timber. Afterwards samples were sawn
in smaller ones (about 40 x 20 x 20 mm) to fit in the microtome HM 315 (Microm
International GmbH). Samples were plasticized into ethylene glycol at least for
two days. Samples with thickness 10-20 um were cut off from plasticized wood
with microtome. Wood anatomical structure was examined with the microscope
Axioskop 40 (Carl Zeiss Jena GmbH) (80-times with 16x + 5X objective
magnification).

Determination of wood moisture content. Wood moisture content was
determined by drying method at (103 £ 1) °C till constant weight of the sample
was obtained. The test was carried out in accordance with the standard
LVS EN 13183-1: 2003.

Methodology for determination of surface roughness. Surface
roughness of wood and cured glue (applied onto the polyethylene strip) was
determined using atomic force microscope AFM Solver P47-PRO
(NT-MDT Co.) and profilometers of two types - Mahr Perthometer M2 and
Marsurf PS1 (Mahr GmbH). Preparation of wood samples. Samples with
approximate dimensions of 70 x 50 x 50 mm were cut out of non-dried sawn
timber so that the wood tracheids are open and the fibre direction to the surface
is at the angle of 45°. Sawn samples were coated with glue in one layer. Curing
conditions of glue - room temperature (20 °C) until glue was cured completely at
least 24 hours. Determination of surface roughness using atomic force
microscope. After complete curing of glue the coated wood surface was cut off
to 1-2 mm thickness, by using a circular saw. Surface roughness was determined
using atomic force microscope from 10 x 20 um to 20 x 20 um large surface, by
using the mode of partial contact and probe NSG10 with platinum coating. Ra
(arithmetic average of absolute values), Rmax (maximum height of the peak) and
R; (average value of the absolute values of the heights of ten highest profile peaks
and the depths of ten deepest valleys within the evaluation length) values were
determined from the obtained data.

Determination of surface roughness using profilometer. Surface
roughness of cured glues, wood and with glue coated wood surfaces was tested,
by using profilometers Mahr Perthometer M2 and Marsurf PS1 with probe move
in 5.6 mm length. At least 10 parallel measurements were carried out for one
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sample. Only R, value was determined with Marsurf PS1, Ra, Rmaxand R, values —
with Mahr Perthometer M2.

Rheological behavior of glues. The dynamic rheology measurements of
glues were determined, by using a constant frequency and variable deformation
oscillation testing regime for viscoelastic solutions. Rheological behavior was
determined by rheometer Modular Compact Rheometer MCR 302 (Anton Paar
GmbH), by using parallel plate geometry with a diameter of 25 mm. Test
temperature was maintained at (23 £ 0.2) °C, by using Peltier thermostatic plate.
The dynamic viscoelastic parameters, such as complex dynamic viscosity (7),
phase angle (), elastic storage modulus (G"), the viscous loss modulus (G”) at a
constant frequency of 1 Hz and 5 % deformation (oscillation mode), were
determined for each sample.

Five parallel samples were tested, in order to determine rheological
behavior of glues depending on water content for each glue and moisture content.
Distilled water (A/S Spodriba) of quantity 0.9; 2.6; 5.6; 6.1 and 10.0 % was added
to glues. Samples were prepared in disposable 40 ml polystyrene cups on the
analytical balance. Quantity of glue was approximately 2-3 g with appropriate
amount of water. The mixture was homogenized by stirring for 10-20 seconds
immediately prior to testing (prior the putting on the Peltier plate). Afterwards
testing was immediately started.

Penetration depth of glues. Sample preparation. Samples were placed in
desiccators above saturated salt solutions till constant wood moisture content
(wood mass) was obtained. Wood moisture content above 20 % was obtained, by
using the vacuum pump ILMVAC PGFV 56 / 4C-11R / 0105 (limvac GmbH)
and reactor. Afterwards samples were placed in a desiccator above saturated
K>S0, salt solution till constant mass was reached. Wood moisture content below
20 % was obtained by conditioning the samples above saturated salt solutions.
Determination of penetration depth of glue, by using fluorescence microscope.
After complete curing of glue the samples were sawn in smaller ones (about
40 x 20 x 20 mm) to fit in the microtome. The samples were plasticized into
ethylene glycol and red beet juice solution (ratio of components 5:1) at least for
two days. Red beet juice was used to stain samples and separate glue from wood
in fluorescence microscopy. The samples with thickness of 10-20 um were cut
off from the plasticized wood. Bond-line thickness and penetration depth of glues
were examined with microscope Axioskop 40 (80-times with 16x + 5x objective
magnification) using UV blue filter.

Determination of penetration depth of glue, by using x-ray tomograph.
After complete curing of glue the samples were cut into smaller pieces (about
5x 5 x 20 mm). The samples were scanned by X-ray equipment built at the
Centre for X-ray Tomography at the Ghent University (Belgium). The sawn
samples were secured to the platform (at graphite rod), which during the test
rotates around its axis (rotation step size 0.18 °). With the help of the computer
software filter the background noise was reduced to improve the image. The
penetration depth of glue, the largest air voids in the joint, early and late wood
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width, as well as the largest resin channel size were determined from the obtained
images. The total scanned image consists of about 1000 layers. Frequency of the
measurements: penetration depth in every 10 layers at 5 places; air voids size,
early and late wood width, resin canal size every in 20 layers at 2 places.

Method for determination of contact angle. At least two parallel sample
sets were used for each wood species and moisture content. At least ten drops
were recorded for each test liquid and sample. The size of droplet - 3 pl. Test
liquid droplets were placed on the sample by using syringe of electronic dosing
equipment. The formation of test liquid droplets and change of their shape on the
wood surface were recorded with video mode at the maximal speed - 25 frames
per second. Then the video was analyzed frame by frame in the dynamic tracking
mode and the contact angle was determined with droplet shape smoothing
optimization and fitting by Laplace-Young method that is included in the
software DataPhysics OCAZ20.

Method for calculation of surface free energy. The surface free energy
of solid (wood and glues), its Lifshitz—van der Waals component and the acid and
base components were calculated using Acid-Base (AB) approach (Gindl et al.,
2002). The surface free energy was calculated from the average measured values
of contact angles for each test liquid. The surface free energy was calculated
according to Equation 2.1., by using the known surface tension values of the test
liquids (Gindl et al., 2002).

Calculation of thermodynamic work of adhesion. Thermodynamic
work of adhesion (Wa) was calculated using the obtained values of surface free
energy. Polar and dispersive components of surface free energy were calculated
using Owens-Wendt-Rabel-Kalbe approach, as well as taking into account the
presence of water in wood-glue system (Baldan, 2012; Clint, Wicks, 2001).
Thermodynamic work of adhesion (W) of glue interaction with wood, which
involves 3 boundary surfaces and water, can be expressed by Equation 2.2.

Determination of resistance to delamination of glue joint. Resistance
to delamination was established in accordance with the standard EN 302-2:2013.

Determination of tensile shear strength of glue joint. Tensile shear
strength was established in accordance with the standard EN 302-1:2013. Force
was applied to samples in the plane direction of the glue layer, by determining
shear strength.

Determination of tensile strength perpendicular to the plane of glue
joint. Tensile strength perpendicular to the plane of glue joint was established in
accordance with the standard EN 302-3:2013. The glue joint was aged under
cyclic influence by temperature and humidity. Afterwards force was applied in
the perpendicular direction to the plane of glue joint.

Determination of the effect of wood shrinkage on the shear strength
of glue joint. The effect of wood shrinkage on the shear strength of glue joint
was established in accordance with the standard EN 302-4:2013 for 3 parallel
samples.
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Durability of the glue joint. Shear strength of the glue joint was selected
as the parameter of glue joint durability in accordance with the requirements of
Annex D to the standard EN 14080:2013. Three parallel samples were made for
each moisture content and timber species, one of which is the reference sample
(stored at room temperature), the other two samples were exposed to different
durability cycles.

Durability cycles were selected according to the requirements of the
standard LVS EN ISO 9142:2003. Cycles of two types were used: a durability
cycle of the first type (samples maintained for 2 cycles) includes conditioning at
+(23  2) °C, relative humidity > 90 % and at +(70 * 2) °C, relative humidity of
<30 %; a durability cycle of the second type (samples aged for 4 cycles) includes
conditioning at -(25 + 2) °C and at +(23 + 2) °C, relative humidity > 90 %. Before
shear test the samples were conditioned at room temperature at relative humidity
of (50 + 5) % R.H. for two weeks. The shear strength was determined by using
Zwick Roell 7100 (Zwick GmbH & Co. KG) with the loading speed
2 mm min?,

Statistical data analysis. The average values of numerical results
obtained in the study and standard deviations, determination and correlation
coefficients, the significance of the data at p level 0.05 were calculated using
Excel 2016 (Microsoft Office). As the number of measurements in each set
method was below 30, in the calculation of standard deviations the Student
criterion at confidence of 95 % was taken into account.

3. RESEARCH RESULTS AND ANALYSIS

The factors influencing thermodynamic work of adhesion (characteristic
properties of raw material), methodology for determination of contact angles,
calculation of surface free energy and of thermodynamic work of adhesion, as
well as their connection with mechanically tested adhesion strength and wood
moisture content, are described in this Chapter.

3.1. Surface roughness

Roughness of wood surface depends on various external (type of surface
treatment, speed and duration) and material factors (wood species, density,
chemical composition, annual ring width and quantity, early and late wood).
Increase of surface roughness does not always produce a higher strength of glue
joint, because the glue is unable to penetrate into deep valleys of surface thus
leaving voids in the glue-wood boundary and causes stress concentrations in glue
joint (Moghadamzadeh et al., 2011). With increase of the contact angle and
surface roughness, adhesion of glue reduces, causing weaker physical and
mechanical properties of the glue joint (Baharoglu et al., 2012). By reducing
surface roughness, values of contact angle decrease. The lower value of contact
angle indicates a better wettability of the surface, which ensures the high strength
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of the glue joint. On the other hand, for adhesive interlocking into the substrate
surface a certain roughness is required. Surface roughness of cured glues (on
polyethylene (PE) or glass surface), wood surfaces of spruce and pine and with
glue covered wood surface was measured using AFM and profilometers. The
range of used AFM measurements was up to 2 um thus many measurements were
made with profilometers. Such surface roughness parameters as Ra, R; and Rmax
were measured for samples.

Surface roughness values of uncoated spruce and pine wood are
summarized in Table 3.1. Wood samples were made with open tracheids and fibre
direction against to the surface was at the angle of 45°. Directly before the
measurements surface of sample was cleaned using compressed air to remove
dust, but not specially treated with sandpaper or cutter.

The surface roughness of early and late wood of pine is significantly
(p <0.05) less in comparison with spruce wood, as well as the scattering of
measurements is much smaller. AFM surface images of early and late wood of
pine are shown in the Figure 3.1. Average values of the surface roughness of pine
are lower compared with the results obtained by other authors due to differences
in fibre direction and measuring device used. Ozcan et al. (2012) obtained in their
measurements R, values of 4.32-4.90 um in radial and 3.60- 4.88 um in tangential
direction of pine wood, Rmax values of 25.0-38.8 um and 29.8-42.3 um
respectively. While the results of pine surface roughness obtained by
Hiziroglu et al. (2014): Ra 7.41 um, R; 35.43 pum and Rmax 50.93 um.

Surface roughness of early spruce could not be measured using AFM and
profilometer M2, so it was measured only with profilometer PS1. The
measurements of late spruce wood with three different devices show the
distribution of results even within the same species.

The surface roughness of the pine and spruce wood covered with Gluelll
could not be determined because the surface roughness values exceed the
measurement intervals of the equipment used. This can be explained by formation
of CO; gas, forming inclusions of gas and rougher surface. Gluel and Gluell
penetrated into pores of the pine wood, thereby smoothing the surface, which
reduced the values of R.. Meanwhile GluelV, GlueV, GlueVI increased the Ra
values on pine wood even by 10 times. In the case of spruce wood, all glue
coatings significantly (p < 0.05) reduced the wood surface roughness, the greatest
reduction of R, value gives GluelV, by reducing the value by 73 %. The obtained
Ra values of the pine wood were in the range of 0.009 um for surface covered
with Gluel to 7.440 pum for surface covered with GlueVI. R, values of the spruce
wood were in the range of 1.418 um for late wood surface covered with Gluell
to 10.092 pum for surface covered with Gluell by using PS1 profilometer.

The surface roughness of coating of Gluel on the pine wood and coating
of Gluell on early pine wood measured using AFM can be seen in Figure 3.2.
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3.2. Rheological properties of glues

During measurements the amount of water from 0.9 to 10.0 % was added
to the glue with a view determine the influence of moisture content to process of
glue curing. This was intended to simulate the wide range of moisture levels:
from dry to moisture contents above the wood fibre saturation point. Such range
was also used by Sterley et al. (2012) in her researches. During the measurements
changes in viscoelastic properties such as complex dynamic viscosity (7), phase
angle (o), elastic storage modulus (G"), the viscous loss modulus (G ) depending
on the response time at a constant frequency of 1 Hz and 5 % deformation
(oscillation mode) were determined for each sample. Gel formation point is
intersection of elastic storage modulus and viscous loss modulus (see
Figure 3.3.).

Although both glues used (Gluel and GlueV) are one-component and
based on polyurethane, their curing behavior is different. Only their producers
know their actual chemical composition. As it arises from the obtained results
regarding gel formation point depending on the amount of added water, the gel
formation point depending on the amount of added water amount may vary (see
Figure 3.4.). For GlueV moderate close correlation (R? = 0.486) between gel
formation point and amount of added water was obtained; for Gluel there is no
relevance (R? = 0.010) between these two parameters which indicates that the
amount of added water does not affect the curing chemistry of Gluel, so that the
glue is suitable for gluing of wood with elevated moisture content. In general, the
gel formation point of GlueV is significantly (p < 0.05) higher (about 10-40 Pa)
comparing to Gluel.

Average test time when glues reach the gel formation point in our case
does not depend on the amount of added water (see Figure 3.5.). Gel formation
time was significantly faster for Gluel (approximately 3 times), which indicates
shorter open assembly time for joint when used Gluel. However, the downward
trend of gel point remains by increase of the amount of added water which with
high dissipation of results is not statistically significant. That matches with the
results obtained in the studies of other authors (Sterley et al., 2012) - the greater
amount of added water, the faster curing speed. According to the studies of
Sterley’s et al. the elastic storage modulus significantly increased in a short period
of time with water additive of 2.6 and 5.6 %. However, above and below these
moisture levels reactivity of elastic storage modulus was lower. It was concluded
that water additive above 5.6 % plasticizes the polymer, resulting in a lower
stiffness, but water additive below 2.6 % is too small and the elastic storage
modulus increases very slowly. Nevertheless, in both cases gel formation point
was reached (Sterley et al., 2012).

Unfortunately, the third tested polyurethane glue (Gluelll) was with so
fast curing mechanism that it was impossible to test it with selected test method.
Therefore, only two glues were used in this study.
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Obtained results of gel strength depending on the amount of added water
show very low correlation. Gluel shows significantly (p < 0.05) higher strength
values than GlueV (see Figure 3.6.). The amount of added water does not
significantly affect gel strength, which indicates a little dependence of glue
properties on the high amount of water of wood. The faster formed gel of Gluel
is with higher gel strength than that of longer formed gel of GlueV. The gel
strength of GlueV has a tendency to increase by increase of the amount of added
water, while Gluel has the opposite trend.

The comparatively large phase angle of the polyurethane glues during the
curing process is most likely due to forming of the adhesive because of CO,
production (Stapf et al., 2013). Presence of water in bond-line provides curing
process of moisture-cure glues and meanwhile causes CO. production. The
increase of phase angle during the cure process or phase angle at gel formation
point compared to the phase angle at the beginning is shown in Figure 3.7. The
increase of phase angle during measurement indicates that CO» production occurs
during measurement and sinusoidal shift increases between the maximal values
of shear stress and shear deformation. Gluel demonstrates significantly (p < 0.05)
higher values than GlueV. The increase of phase angle has a downward trend for
both glues upon increase of the amount of added water, but it does not confirm
statistically due to the abovementioned reasons, and we can conclude that the
increase of phase angle does not depend on the amount of added water. This
indicates that Gluel and GlueV are suitable for gluing of wood with elevated
moisture content.

Obtained results of rheological properties of glues (time up to
achievement of the gel point, glue plasticizing with plenty of water, gel strength)
can be used to develop and optimize the green wood gluing processes and better
understand the mechanical properties of glue joints. In our case, there is no
significant influence of the amount of added water to polyurethane glues. When
the viscosity of glue is too high at the gel formation point and the time up to gel
formation point is too short, formation of a weak glue joints can occur. Even if
cross-linking starts to develop and cross-links are formed, the presence of water
from wood acts as a plasticizer and makes glue softer during curing time. It is
important to avoid long open assembly time, which may cause a risk of curing of
the glue before application of pressing pressure to joints.

3.3. Penetration depth of glue

Wettability is a surface condition that determines how fast the liquid will
wet and spread over the surface or reject it, and it will not spread over the surface.
Glue should to wet, spread and penetrate into the structure of wood cells to ensure
close contact with the molecules of wood surface (Rehn et al., 2003). Surface
wettability and capillarity affect the inflow of the glue into substrate (Ozdemir,
Hiziroglu, 2007). Lower molecular weight of glue provides better surface
wettability, but too large proportion of low molar mass molecules can cause
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excessive penetration into substrate and thus form a "dry" (insufficient) glue
joint. With increase of molecular weight of glue, its contact angle increases and
thereby the surface wettability reduces (Gavrilovic-Grmusa et al., 2013;
Gindl et al., 2003).

Penetration depth of glue depends on the properties of used glue, wood
species and its anatomical structure, and it can vary even within the same species.
Softwoods can impregnate fully if high pressure is used. In the case of less
permeable softwoods inflow occurs harder — few centimetres in the tracheids
direction and only 1-2 mm in the transverse direction. While penetration depth
into hardwoods is even lower. Different penetration depth is observed in
heartwood and sapwood due to the structural and chemical differences (Rowell,
Banks, 1985). Penetration into volume increases the surface area in which the
intermolecular forces and chemical bonds ensure adhesion, the cured glue
provides mechanical interlocking and holds substrates together. In general, the
glues with low viscosity penetrate deeper than the glues with high-viscosity.
However, due to several reasons there is not direct correlation — during curing
change of flow is uneven and dynamic, there is interaction between glue and
wood (for example, exchange of humidity and glue components with wood cell
walls), uneven distribution of temperature (in hot press gluing process),
unpredictable shear rate of glue during the gluing (affected by variable viscosity)
(Gindl et al., 2003).

Penetration depth of glues into pine (bond-line is assumed as the whole
region, where the glue can be found: bulk glue between the wood surfaces and
the area, where the glue has penetrated into wood structure) depending on glue
type and wood moisture content is shown in Figure 3.8. Penetration depth of glue
into spruce depending on glue type and wood moisture content is shown in
Figure 3.9.

Although spruce and pine wood were stored under the same conditions (in
desiccators above saturated salt solutions), the resulting final moisture was
different. It could be explained by the different anatomical and chemical
structure, the capacity of absorption after drying, early and late wood distribution,
as well as by loop width of the absorption isotherm hysteresis. Penetration depth
of glue into the spruce wood was deeper compared to the pine wood, which
cannot be explained by the anatomical structure of wood — sizes of tracheids were
larger in the case of the pine wood. It could be explained by higher surface energy
of the spruce wood at the respective moisture level in comparison with the pine
wood. Surfaces with higher energy are easier to wet compared to surfaces with
lower energy and therefore it is easier to penetrate into the wood. In the case of
the pine wood the penetration depth of glue does not depend on the wood
moisture content. There exists poor correlation (R in the range of 0.240 to 0.370,
p > 0.05). In the case of Gluel the penetration depth of glue varies between 30 pum
(at MS = 52.2 %) to 228 pum (at MS = 18.9 %), which are also the maximum and
minimum values of all obtained results. Also in the case of the spruce wood, the
penetration depth of glue does not depend on the wood moisture content — very
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weak correlation was obtained (R = 0.003 and 0.004, p > 0.05). Penetration depth
of glue is opposite to the glue viscosity - lower penetration depth was obtained at
lower viscosity. Penetration depth of glue is within the range of 144 pm (Gluell,
n=2.4Pas,at MS =14.9 %) to 356 um (Gluel, n = 6.5-9.5 Pas, at MS = 14.9 %).
Penetration depth of the glue depends not only on the viscosity of the glue, but
also on geometry of the capillary, surface energy of the capillary (wood) and glue
and flow rate of the glue, which can affect both the glue viscosity and surface
energy.

However, in the studies of paints and coatings (alkyd resins, alkyd
emulsion, acrylic dispersion) de Meijer et al. (2001) demonstrated that an
increase of pine and spruce wood moisture content (from 2 to 28 %) increases the
penetration depth into the wood. With increase of wood moisture content wood
cell walls are less able to absorb water or organic solvents (de Meijer et al., 2001).
Paris, Kamke (2015) used Douglas fir, loblolly pine, PVA, MDI containing glues
and the calculation method in their study. In the result they obtained significant
effect of species and used glue - penetration depth of PVA glue into Douglas fir
was 15.8 pm, of MDI glue - 154 um; penetration depth of PVA glue into loblolly
pine was 18.4 um, of MDI glue - 229 pum (Paris, Kamke, 2015). Also, Hass et al.
(2012) found out in their studies that the penetration of PU prepolymers into the
beech wood was much deeper compared to PVA and UF glues. It is related to the
fact that the used pure prepolymer was without fillers and additives. Changes of
viscosity occur only due to polymerization, and polymerization of prepolymer
occurs long time after penetration into the wood. While PVA glue demonstrates
similar penetration mechanism as the UF glue - a certain thickness of the bond-
line and only negligible penetration of glue into the wood structure, by filling the
open vessels which occur during treatment processes (Hass et al., 2012).

Penetration depth of glue depending on the wood species, glue type and
moisture content using X-ray tomography is compiled in Figure 3.10.

The results of penetration depth of glue determined by X-ray tomography
are many times higher (70-85 %) compared to the results of fluorescence
microscopy. The samples used for X-ray tomography measurements are not
exactly the same as those used for fluorescence microscopy measurements.
Thereby heterogeneity of species, resolution of used methodology and contrast
of images affect the obtained results. Moderate correlation (R = 0.710) obtained
between the moisture content of pine and penetration depth of GlueV — by
increase in the moisture content, the penetration depth of glue decreases. The
penetration depth of glue was greater in the case of the spruce wood compared to
the pine (16-42 %). The smallest penetration depth was for the pine wood with
moisture content of 18.7 % and GlueVI (288 um), the largest - was for the spruce
wood with moisture content of 20.9 % and GlueV (1530 pum). However, one
sample of the glue joint does not give information about complete glue joint. At
the same time the method is non-destructive and more information can be
obtained from the obtained images about the glue spread into joint depth, as well
as it is easier to determine the penetration depth of the glue.
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Wettability of wood surface and thus the inflow/penetration of the glue
into wood may predict by various methods. One of them is determination of the
contact angle and calculation of surface free energy the values of which could
help to easier understand the formation of adhesion mechanism.

3.4. Contact angle and surface energy

A contact angle or three phase contact angle is the angle between the solid
surface and the tangent drawn in three phases (liquid, vapor and solid) boundary.
Angle @in Figure 3.11. that forms between the solid surface and tangent of the
liquid droplet contour known as the contact angle or wetting angle. Three
interfacial energies determine the form of liquid droplet on a solid surface:

o surface energy of liquid v = oi;

o liquid and solid interfacial energy ;

o surface energy of solid }.

In the equilibrium case (the constant form of a liquid droplet), this angle
shall be determined in three interacting surface energies: liquid/vapor and
solid/vapor equilibrium contact area. Its value is the physical-chemical property
of multiphase system and depends on the solid/ liquid, liquid/vapor and
solid/liquid interfacial energies (Nowak et al., 2013; Baldan, 2012; Koopal, 2012;
Unsal et al., 2011). At constant pressure and temperature equilibrium contact
angle is related to the interfacial energies and calculated using Young's equation
(Equation 3.18.) (Weber, Stanjek, 2014; Nowak et al., 2013; Baldan, 2012;
Koopal, 2012).

Wood is a complex material and its wettability depends on many factors,
for example, species, type of wood (late, early wood, softwood, hardwood and
chemical composition), previous history or growing conditions - water, light,
weather, biological effects and drying methods, fibre orientation, surface age.
Wood as a complex composite material has heterogeneous, rough and porous
surface. Thus, contact angle hysteresis of it and liquid can be expected
(Nowak et al., 2013; Gindl et al., 2001). The value of contact angle strongly
depends on the measurement conditions: technology, surface quality of solid,
liquid purity, size and formation of liquid-vapor boundary. To ensure comparable
results the surface quality of substrate, quality of testing liquid and droplet
volume must be monitored. Droplet evaporation is dependent on the liquid
surface area. Attention should be paid to the application of the drop and droplet
size (Moraila-Martinez et al., 2012).

The contact angle of cured glues and wood was determined using the
sessile drop method and 3 test liquids (water, ethylene glycol and
diiodomethane). Diiodomethane was chosen as non-polar test liquid in order to
avoid the problems caused by wood polarity and relatively high surface energy,
which led to other non-polar liquids with low surface energy which completely
flow over the surface.
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The greatest contact angle values of cured glue films were obtained with
water, but the smallest - with diiodomethane that characterize polarity of glues.
In general, the largest contact angle values were obtained for GlueV but the
smallest for GlueVI that can be explained with difference of glue containing
polymer. GlueVI is formed by PVA polymer whose polar component of the
surface energy is greater than that of the PU polymer. Although five of the glues
are polyurethane-containing glues, their measured values of the contact angle are
different as well as the characteristics of glues given by the manufacturers.
Contact angle values of two component polyurethane glue (GluelV) are
comparable with the one component polyurethane glue, for example Gluel.

If in the case of cured glue tests the test liquids did not change their shape
over the time, in the case of contact angle tests of the wood the test liquids
penetrated into the wood so rapidly that it was necessary to use the video mode.
Video speed of 25 frames per second was too small in some cases (with
diiodomethane) and was cumbersome to carry out measurements. Penetration
rate of a droplet and, therefore, the change of the droplet volume is close to linear,
thus dynamic of decrement of the contact angle is also linear (Figure 3.12.).
Specific dynamic value of the contact angle is determined by a constant
component of the surface energy, which characterizes the surface, and by a
variable component of the liquid droplet penetration speed, which reduces the
contact angle (Rubina et al., 2009).

It was assumed in measurements that the initial or apparent contact angle
value of the test liquid is in quasi equilibrium state, which correspond to
equilibrium condition. It can be obtained by extrapolating the variable contact
angle value to 0 second time moment or starting state, when the droplet touches
the surface of the wood (Rubina et al., 2009). Dang-Vu also suggested to
determine contact angle value at zero time point immediately after the liquid
reaches the substrate surface (Nowak et al., 2013).

The obtained values of the contact angle for pine and wood surfaces,
depending on the moisture content and fibre direction, are summarized in
Table 3.9. When measuring the contact angle for samples with tangential fibre
direction, slower penetration rate of test liquids was observed compared to the
45° fibre direction. This is due to the fact that no capillary penetration dominance
of the contact angle reduction occurs because of small number of open tracheids.

Outline of the droplet was perpendicular to the fibre direction of the
samples with the tangential surface but of the samples with a 45° fibre direction
was no specific observation direction of droplet. The obtained values of the
contact angle were dependent on the wood species, fibre direction and wood
moisture content. Winfield et al. (2009) concluded in their studies that the surface
texture and absorption properties of porous surfaces also affect measurements of
the contact angle. Properties of the wood surface may vary depending on the
species, early or late wood, processing method and the direction in which it was
cut, because shape and direction of openings change depending on the cut plane
(Winfield et al., 2001).
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In general the contact angle values in tangential direction are
insignificantly (p > 0.05) greater than in 45° fibre direction about 24-29 % for
pine with water, about 8-49 % with diiodomethane and about 8-55 % with
ethylene glycol. While the contact angle values of spruce in tangential direction
are higher than 8-41 % with water, about 3-58 % with diiodomethane and about
31-33 % with ethylene glycol. Pine wood surface is more hydrophilic (p > 0.05)
or measured contact angle values are smaller compared to the spruce about
11-35 % in tangential direction and about 11-25 % in 45° fibre direction.
Moderate to strong correlation (p > 0.05) between the contact angle values and
increased wood moisture content was obtained.

Acid-base method is the most suitable method for determination of the
wood surface energy. The acid-base/Lifshitz-van der Waals method presents the
highest reliability to calculate the wood surface energy components compared
with the average harmonic equation method, because more test liquids are used.
However, it is important what kind of test liquids are used. Zisman method is a
good method to determine the total surface energy, but it does not give detailed
information about the components that help to better understand the mechanism
of adhesion with wood (Gardner, 1996). In acid-base method the surface energy
ys is divided into two components: Lifshitz-van der Waals component (y-) and
acid-base component (y*®) (Zenkiewicz, 2007; Clint, Wicks, 2001). Further acid-
base component in divided into y;* acid-based surface energy electron-acceptor
(Lewis acid) component and y;~ acid-base surface energy electron-donor (Lewis
base) component (Weber, Stanjek, 2014; Abed et al., 2012; Awaja et al., 2009;
Gérardin et al., 2007; Zenkiewicz, 2007; Clint, Wicks, 2001; Gindl et al., 2001;
Gardner, 1996). Interfacial energy of solid/liquid is calculated according to
Equation 3.2.

When determining the components of the surface free energy using this
method, at least three test liquids should be used for determination of correct
contact angles, two of which are polar and one is non-polar.

The calculated values of the surface energy in 45° and tangential direction
of the pine and spruce wood samples are given in Figures 3.13. and 3.14. The
values of surface energy were calculated using DataPhysics OCA20 software and
acid-base method. Measured contact angle values of the surface had a greater
dispersion in the case of wood in comparison with glue, because the wood surface
is more heterogeneous and contact angle values are affected by several factors.
This also affected the calculated values of the surface energy - the correlation
coefficient in the calculation of the surface energy values between measured
contact angle values was higher for the surface energy of the glue compared with
the surface energy of the wood (from 0.378 spruce wood with 19.4 % moisture
content in 45° fibre direction to 0.998 spruce wood with 20.9 % moisture content
in tangential direction).

Aging of wood surface leads to an increase of hydrophobic properties. The
compacting process significantly reduces the total surface energy and polarity of
wood surface (Kutnar et al., 2008). The contact angle values obtained in this
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study were not produced on fresh surfaces, the wood surfaces age > 24 hours,
therefore the obtained values display the actual situation in production processes.
Lifshitz-van der Waals component of the surface energy for the pine wood was
higher in 45° fibre direction than in the tangential direction by 1-61 %. The base
component was larger in the tangential direction by 11-75 % depending on the
wood moisture content. Lifshitz-van der Waals component of the spruce wood
was not distinctly higher in any of the directions, but the base component was
higher in 45° fibre direction by 35-97 %. The surface energy and its components
are higher in the case of the pine wood - Lifshitz-van der Waals component by
2-53 % in the tangential direction and by 1-31 % in 45° fibre direction, the base
component by 11-97 % in the tangential direction and by 6-65 % in 45° fibre
direction depending on the wood moisture content.

Moderate or medium close correlation between the values of the surface
energy component and wood moisture content was produced only in certain
cases, for example, the base component of the pine wood in the tangential
direction (R = 0.698), Lifshitz-van der Waals component of the spruce wood in
the tangential direction (R = 0.801), the base component of the spruce wood in
the tangential direction (R = 0.552). In other cases, the correlation coefficient is
in the range from 0.021 to 0.303. With increase of Lifshitz-van der Waals
component, the surface hydrophobicity increases, that results in a lower surface
wettability with polar liquids. While a high value of the acid-base component
means stronger and closer water absorption onto the surface and increased
wettability. The obtained values of the wood surface energy matches with the
results of other authors, such as in the studies of Kéallbom et al. (2015) the surface
energy of the dried spruce wood fibres was 38-42 mN m™.

Knowing the values of the surface energy of wood and glues and their
components, the thermodynamic work of adhesion or thermodynamic adhesion
strength of system required for the creation of new surface can be calculated. This
strength can be attributed to the strength of glue joint adhesion which is
determined by methods for testing physical-mechanical properties, such as shear
strength.

3.5. Thermodynamic work of adhesion

The initial stage of formation of the glue adhesion with wood is the most
critical for the quality of the glue joint. This stage is defined by van der Waals,
electrostatic and acid-base interactions. These interactions depend on physical-
chemical properties of substrates, hydrophobicity, surface charge and electron-
donor, electron-acceptor properties (Soumya et al., 2013). The energy required
to break the bond between the substrate and the glue is characterized by the
thermodynamic work of adhesion (Williamson et al., 2014; Renner et al., 2010).
Harkins (1928) was the first who introduced adhesion strength measurement by
using adhesion work concept. Increase of surface energy is an indicator of
increase of adhesion work (Baldan, 2012).
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Corresponding to the three involved interfaces an expression for the
thermodynamic work of adhesion of glue to a solid surface and water can be
expressed by Equation 3.3. (Clint, Wicks, 2001). Water chemical potential (zw)
characterizes its potency to interact or diffuse (Equation 3.4.) (Clint, Wicks,
2001). Water activity aw is water vapour pressure above porous and solid surfaces
(wood) or solutions (p) and water vapour pressure above pure water (po) ratio
expressed by Equation 3.5. (Clint, Wicks, 2001). In equilibrium numerically ow
for humid air is equivalent with relative humidity expressed as decimal fraction
(#). Relative humidity above saturated salt solution in desiccator at room
temperature is equal to water mole part in solution (water activity), multiplied by
100. Salt superiority in solution always provides the saturation absorbing water
from the wet wood or the environment and contrary. In our case the surfaces of
the wood samples are covered with adsorbed water molecules and air. Therefore
we can rewrite Equation 3.3., by evaluating the influence of absorbed water on
thermodynamic work of adhesion (Equation 3.6). Monolayer of water molecules
on the surface of the wood substrate is always present, thereby it is essential in
calculation methodology to take into account the presence of water in the form
of water vapor. The obtained results of thermodynamic work of adhesion
depending on the wood, fibre direction, moisture content and type of glue using
Equation 3.6. are summarized in Table 3.3. and Table 3.4.

There is no significant (p > 0.05) difference between the thermodynamic
work of adhesion in the tangential and 45° fibre direction. In the case of the pine
wood, the thermodynamic work of adhesion increases from 14.1 % to 18.7 % in
the tangential direction and, upon reaching the maximum value, decreases by
further increase of the moisture content. At 52.2 % the values obtain already
negative thermodynamic work of adhesion values. If the thermodynamic work of
adhesion values become negative, it indicates that components repulse each other
and glue should not produce any adhesion. Thermodynamic work of adhesion
values are also increasing at the moisture content from 14.1 % to 18.7 % in 45°
fibre direction, at 18.9 % - decreasing, but at the wood moisture content of 52.2 %
they are increasing again. This trend was also obtained for the calculated values
of the surface energy which are influenced by polar component values of the
surface energy. Such results were obtained also by Clint, Wicks (2001) in their
studies about the adhesion in the air and water. Adhesion work is almost
independent of the energy of dispersed component of solid. Adhesion is a very
sensitive by values of polar surface energy. With increase of the surface polar
component, adhesion work decreases. If the adhesion work becomes negative,
the glue should not produce any adhesion. Taking into account impact of the
surface energy components on the adhesion strength, it is clear that the chemical
modification of the surface may allow to control adhesion. Dispersion forces and
especially polar forces work in the short distance and in the majority of cases it
is @ mononuclear layer, which put on a hard surface is sufficient to completely
modify the adhesive properties (Clint, Wicks, 2001).
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In the case of the spruce wood, the values of thermodynamic work of
adhesion increase in the tangential direction up to the moisture content of 19.4 %
by reaching the maximum value, but decrease with further increase of the
moisture content. At the moisture content of 58.8 % the values of thermodynamic
work of adhesion obtain negative values. The maximum value in 45° fibre
direction is obtained at the moisture content of 20.4 %, the results obtained at
other wood moisture contents are low.

In respect of the pine wood samples in the tangential direction, upon
increase of the wood moisture content the correlation is close (R in the range from
0.944 to 0.950 at p < 0.05), in 45° fibre direction — medium close correlation
(ranging from 0.597 to 0.630 at p > 0.05). In the case of the spruce wood samples
in the tangential direction the correlation is medium close (R in the range from
0.736 to 0.848 at p > 0.05), in 45° fibre direction - low correlation (ranging from
0.232t0 0.238 at p > 0.05).

In mechanical tests it is difficult to assess initiation of the wood and glue
interfacial fracture and its direct character. Plastic deformation of the glue and
substrate occurs during peeling, by making it difficult to distinguish the true
energy of adhesion from the measured total energy. The measured is a practical
work of adhesion W, or interfacial stiffness (Equation 3.7.). Uy, Us, Ugic are
functions of the actual work of adhesion. As indicated by Kinloch (1996), the
thermodynamic work of adhesion is often used to refer to direct molecular forces
or the forces of attraction between the glue and substrates, and to distinguish this
phenomenon from the practical work of adhesion or the measured strength of the
glue joint. Even if the interfacial fracture of the glue joint happens, the value of
cracks energy of the glue G is not equal to the energy corresponding to the
strength of the glue internal destruction. G¢ value includes also the viscoelastic
and plastic deformation, which occurs near to the crack. Thus, the G¢ value is
usually by several orders of magnitude higher than the internal force of adhesion
energy. The value is also affected by the peeling speed, time and temperature.
When the peeling speed decreases and reaches zero, which practically cannot be
realized, viscoelastic deformation is negligible and in such case in the first
approximation the measured fracture energy G (Gg) can be considered
theoretically equivalent to the adhesion energy W. Practically adhesion test at
very low speeds is difficult to ensure. Therefore, practical fracture energy of the
glue joint is always several orders of magnitude higher than the work of adhesion
(Baldan, 2012).

Comparison of the thermodynamic work of adhesion and practical work
of adhesion for glue joints of the pine wood obtained from the results of shear
strength tests is shown in Figure 3.15.

Comparison of the thermodynamic work of adhesion and practical work
of adhesion for the glue joints of the spruce wood is shown in Figure 3.16. The
values of the thermodynamic work of adhesion are significantly lower (p < 0.05)
compared with the values of the practical work of adhesion by 99 %. There is no
significant difference (p > 0.05) between wood species. The maximum value of
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the thermodynamic work of adhesion in the case of the pine wood is reached at
the moisture content of 18.7 %, but in the case of the spruce wood - at the
moisture content of 20.9 % for all glues. The values of the practical work of
adhesion with this trend were obtained in the case of the glue joints of the pine
wood and Gluelll, GluelV, GlueV, as well as in the case of the glue joints of the
spruce wood and GluelV. Correlation between the work of adhesion and wood
moisture (p > 0.05) was obtained higher in the case of the spruce wood in
comparison with the glue joints of the pine wood, by ranging from weak to close
depending on the type of the glue. Correlation of the practical work of adhesion
for the pine wood ranged from 0.041 (Gluel) to 0.420 (GlueV), for the spruce
wood — in the range of 0.232 (GlueVI) to 0.990 (GlueV). Correlation of the
thermodynamic work of adhesion for the pine wood was obtained in the range
from 0.524 (GlueV) to 0.566 (Gluel), for the spruce wood - in the range from
0.367 (GlueV) to 0.393 (Gluel).

Williamson et al. (2014, 2009) indicates in his researches that the
thermodynamic work is much less than the measured work of adhesion, which is
necessary to create new surface in macroscopic experiment, such as peeling test
or tensile test. Differences are caused by viscoelastic losses and plastic
deformation. Williamson et al. (2009) determined in his experiments the
thermodynamic and practical work of adhesion between the polymer composite
components, by using Wilhelmy method and tensile strength measurements. The
obtained results of the practical work of adhesion were with high dispersion and
dependent on the deformation rate (range of the deformation rate from 0.1 to
1.0 s1). By decrease of the deformation rate, the values of the practical work of
adhesion become comparable to the values of the thermodynamic work of
adhesion. In some cases, the evidences indicate that the detachment "gap" is very
fast, and it is known that viscoelastic losses reduce at the deformation speed
above the glass transition state transitions (dependent on material). While
Williamson et al. (2014) used in his studies glass substrate and polymer by
measuring a contact angle with Wilhelmy method and obtained the results of the
practical work of adhesion from the AFM pull-off test. The values obtained in
both measurements are comparable. Mdcz6 et al. (2002) and Vords et al. (1997)
showed in their studies a good correlation for composite materials with particles
fillers between interface adhesion and tensile strength.

However the glass and composite materials are not comparable with the
wood substrates due to their different porosity, surface roughness and plasticity.
The wood surface is much more porous, rougher and it can be easier exposed to
plastic deformation compared with glass. In determining the values of the
practical work of adhesion for glue joints of the wood, the plastic deformation of
the wood substrate contributes more to the total result of the work of adhesion.

As one of the used glues is designed for load-bearing timber structures
and it showed the highest values of the practical work of adhesion, it was decided
to carry out tests in accordance with the testing methods of the glued load-bearing
timber structures.
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3.6. Results of the testing methods of the glued load-bearing timber
structures

Gluelll and GluelV were verified as the glues for the load-bearing timber
structures. According to the manufacturer's information Gluelll is used for
production of the engineering wood products, and it also used by manufacturers
of the glued timber structures in Latvia. GluelV is produced in Latvia and it was
chosen to verify its suitability by using analogy as with Gluelll. The test methods
were selected in accordance with the testing requirements for the glued load-
bearing timber structures. The obtained results are summarized in Table 3.5.

It can be concluded from the obtained results that Gluelll is suitable for
the load-bearing timber structures, but GluelV is not. In case of GluelV,
satisfactory results are obtained only in accordance with the requirements of the
standard EN 302-1, when the samples are tested in the hot state. This could
indicate to the necessity for GluelV to cure at elevated temperature, by forming
additional cross-links and bonds with the wood. Meanwhile the performance of
Gluelll needs to be improved when the glue joint is tested in wet conditions.
However, if we allow the glue joint to dry, strength of the glue joint could be
restored. GluelV shows significantly (p < 0.05) worse results compared with
Gluelll in all testing methods: adhesion strength of tensile-shear on average by
50 %; adhesion strength after wood shrinkage by 16 %; tensile strength
perpendicular to the glue joint on average by 50 % and delamination strength by
96 %. In order to technologically approximate physico-chemical and
technological properties of GluelV to Gluelll it is necessary: to reduce its pot
life, reduce consumption of the glue, increase viscosity, increase cohesive
strength and improve durability under high humidity conditions.

3.7. Durability

Strength and service life of the glue joints mainly depend on dynamics of
the intermolecular force between the glue and substrate. Wettability of the
substrate with glue is a crucial process in order to obtain a good result that can
ensure high strength of the intermolecular forces across the boundary (Silva et al.,
2010). Testing methods of durability are divided in two types - an accelerated
and natural weathering, thus predicting affect of various factors on the glue joint
in a shorter or longer period of time.

To determine resistance of the glue joint two different sets of durability
cycles with radically different ranges of temperature (accelerated aging method)
were used. Cycles simulate drastic outdoor conditions as much as possible
(elevated moisture, frost, elevated temperature). The obtained shear strength
values were compared with the results of reference samples (stored at room
temperature). The shear strength was determined for the spruce and pine wood
samples with moisture content of 14.1; 18.7; 52.2 % (pine) and 14.7; 20.9; 58.8 %
(spruce) at the time of joint formation. To avoid stress concentration at joint for
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the samples with high moisture content and for the glues to have enough time to
cure, the samples were wrapped in polyethylene film after bonding, thus reducing
the drying speed. The results of shear strength for the reference pine samples
depending on wood moisture content are shown in Figure 3.17.

Strong relevance has not been obtained between the shear strength and
wood moisture content from the results (R? in the range from 0.001 to 0.260,
p > 0.05). By increase of the wood moisture content the shear strength decreases
for the samples with Gluel, GluelV and GlueVI. Rheological measurements for
Gluel showed that the gel formation time and gel strength are not affected by the
added water amount, however gel is not yet cured glue and does not determine
the final strength of the glue joint. Thus, the shear strength reduction can be
attributed to the wood parameters or process of preparation. By the increase of
moisture content the shear strength of the samples with Gluelll and GlueV
increases. Rheological measurements for GlueV showed that the gel strength and
gel formation point increase by the increase of the added water amount. It may
also explain the increase of the shear strength of the glue joint. In turn, the
penetration depth of GlueV decreases with the increase of the wood moisture
content. In this case the penetration depth of glue does not affect the shear
strength results. If the shear strength results of one- and two-component
polyurethane glues are compared, the values for two-component glue are lower.
If we choose shear strength of the standard EN 14080 (> 4 MPa) as the reference
value (see Figure 3.17.), it is completely met only by Gluelll at all wood moisture
content.

Shear strength results for the pine samples after the aging cycles of the
type 1 depending on wood moisture content are shown in Figure 3.18. The results
obtained for GlueV after the aging cycle of the type lare with close relevance
(R?=0.912, p > 0.05) - by increase of the wood moisture content, the shear
strength increases. For other glues, medium or close relevance has not been
obtained (R? in the range from 0.006 to 0.325, p > 0.05). In some cases, even
increase of the shear strength is observed after the first aging cycle at any wood
moisture content, for example, for Gluel (by 9-45 %) and GluelV (4-9 %). This
could be explained by further curing or crosslinking under test conditions at
elevated temperature. If we choose the shear strength of the standard EN 14080
(> 4 MPa) as the reference value (see Figure 3.18.), it is not completely met by
any glue. The samples of Gluel and Gluelll are close to the threshold value.

Shear strength results for the pine samples after the aging cycles of the
type 2 depending on wood moisture content are shown in Figure 3.19. Strong
relevance has not been acquired between the shear strength and wood moisture
content from the obtained results (R? in the range from 0.003 to 0.414, p > 0.05).
After the second aging cycle the shear strength reduction can be observed for
Gluelll (by 13-64 %) and GlueV1 (by 14-19 %). If we choose the shear strength
of the standard EN 14080 (> 4 MPa) as the reference value (see Figure 3.19.), it
is not completely met by any glue. Low temperature negatively affects the shear
strength of the glue joint.
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The results of the shear strength for the reference spruce samples
depending on wood moisture content are shown in Figure 3.20. Strong relevance
has not been acquired between the shear strength and wood moisture content from
the obtained results (R? in the range from 0.008 to 0.657, p > 0.05). The shear
strength of the spruce wood samples is lower compared to the pine wood samples,
for example, the shear strength of the reference samples with the pine wood is by
6-48 % higher depending on the glue compared to the spruce glue joints. In turn,
the penetration depth of the glue was higher in the case of the spruce compared
to the pine wood. GlueV shows a different behavior with the spruce wood
compared to the pine wood, because the shear strength decreases by the increase
of the wood moisture content. Also, there are less samples of the spruce wood
that reach the threshold according to the requirements of the standard EN 14080.
The only glue that is close to the threshold value laid down in the standard at any
wood moisture content is Gluelll or the glue for load-bearing structures. If shear
strength results of one- and two-component polyurethane glues are compared, the
values for two-component glue are equal or higher than that of the pine wood.
Like for the pine wood samples, also for the spruce wood samples there is no
single trend for any glue by an increase of the wood moisture content.

The shear strength results for the spruce samples after the aging cycles of
the type 1 depending on wood moisture content are shown in Figure 3.21. Weak
to strong relevance has been acquired between the shear strength and wood
moisture content from the results obtained (R? in the range from 0.161 to 0.877,
p > 0.05). By the increase of the wood moisture content the shear strength of
Gluelll (R? = 0.814) increases, and the shear strength of GlueV (R? = 0.877)
reduces. Like in case of the pine wood, the shear strength of Gluel increases by
1-42 % after the first aging cycle test. The shear strength reduces for GluelV by
40-63 % after the first aging cycle.

The shear strength results for the spruce samples after the aging cycles of
the type 2 depending on wood moisture content are shown in Figure 3.22. Weak
to strong relevance has been acquired between the shear strength and wood
moisture content from the results obtained (R? in the range from 0.174 to 0.995,
p > 0.05). By the increase of the wood moisture content, the shear strength of
Gluelll (R? = 0.977) increases and the shear strength of GlueVI (R? = 0.995)
reduces. After the second aging cycle, the shear strength of Gluel and Gluelll
decreases by 10-46 %, for GluelV by 43-63 % and for GlueVI by 1-81 %. The
spruce wood samples had relevant reduction of the shear strength after the second
aging cycle or after impact by negative temperature (-20 °C) impact. Pizzo et al.
(2003) in their researches got that after accelerated aging the results obtained for
the shear strength are 2-3 times lower compared to the reference samples.
Depending on the chemical composition of one-component PU glues, their
properties can vary in a wide range depending on the aging conditions. It is
proved by George (2003), Radovic and Rothkopf (2003), Richter and Schirle
(2002), Vick and Okkonen (1998) in their studies. They got different results of
PU glue in the creep test after 10 years of static load. It is possible to increase the
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strength of the glue joint using more elastic glues, even if this connection has
(slightly) lower strength (Sterley, 2012).
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CONCLUSIONS

Based on the studies carried out in accordance with the objective and tasks
of the research following conclusions were made:

1. on the basis of literature data and previous studies it was found that for the
determination of wood surface energy the most appropriate is the acid-base
method, since it characterizes both the surface energy dispersive component
and polar component, which is assessed by the surface electron-donor and
electron-acceptor components, and which can be used for evaluation of wood
wettability;

2. depending on wood species and fibre direction against the surface the
thermodynamic work of adhesion reaches maximum value in case of the pine
wood in tangential direction at wood moisture content of 18.7 %; while in 45°
fibre direction at wood moisture content of 18.9 %. In the case of the spruce
wood the thermodynamic work of adhesion reaches maximum in tangential
direction at wood moisture content of 19.4 %, while in 45° fibre direction at
wood moisture content of 20.4 %);

3. medium close correlation has been obtained between 1) wood species and
penetration depth of glue, 2) wood moisture content and wood surface energy,
3) wood moisture content and penetration depth of glue, 4) penetration depth
of glue and viscosity, 5) penetration depth of glue and width or length of
tracheids, 6) penetration depth of glue and surface roughness of wood,
7) penetration depth of glue and wood surface energy, 8) wood surface energy
and thermodynamic work of adhesion, 9) practical work of adhesion and
wood species, 10) practical work of adhesion and wood moisture content,
11) practical work of adhesion and penetration depth of glue, 12) practical
work of adhesion and size of tracheids. Close correlation between the
practical work of adhesion and thermodynamic work of adhesion has not been
obtained for used one component PU glues, but it is obtained only in the case
of GluelV and GlueVl,

4. the contact angle measurements of wood with elevated moisture content and
of layer of cured glue, and values of surface energy calculated therefrom can
be used for characterization of wood wettability with glue and penetration
depth of glue, as well for calculating thermodynamic work of adhesion;

5. reliable correlation has not been acquired between the calculated
thermodynamic work of adhesion and shear strength of the glue joint with the
one component PU glues obtained in a physical-mechanical testing due to
heterogeneous structure of wood and many factors that influence it. However,
in certain cases (GluelV and GlueV1) the glue joint did not practically form
at the largest wood moisture (> 50 %), which was confirmed by the calculated
negative values of the thermodynamic work of adhesion;

6. according to the test results of standard series EN 302 it is concluded that
Gluelll is suitable for glued load-bearing timber structures, but selected two
component PU glue GluelV is not;
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7. the parameters of glue rheological measurements (gel formation point and
time, gel strength and phase angle) can be used to evaluate glue suitability for
wood with elevated moisture content bonding. After these measurements, it
is concluded that Gluel and GlueV are suitable for wood with elevated
moisture content bonding;

8. one component PU glue Gluelll shows higher results according to results of
standard series EN 302, but also in the shear strength and durability tests
compared to other glues used. Highest values of surface energy and
thermodynamic work of adhesion obtained for GlueV, lowest values -
GlueVI, while results of the two component PU glue (GluelV) are comparable
with the other one component glues.

Based on obtained results and conclusions the objective of the research
has been achieved, but the hypothesis - it is possible to predict stable wood joints
with a wood moisture content above 18 %, on the basis of non-destructive method
for contact angle measurements and calculations of the thermodynamic work of
adhesion - has not been confirmed in case of one component PU glues, but only
in the case of GluelV and GlueVI. It indicates that composition of glue has a
strong influence on the results. At high wood moisture content the acquired low
values of the shear strength for GluelV and GlueVI conform to the calculated
negative values of the thermodynamic work of adhesion, and medium close
correlation has been obtained between thermodynamic and practical work of
adhesion (RGIueIV = 0.812, Roiuwevi = 0.641).

RECOMMENDATIONS

1. Glue need to be applied to both wood substrates to be joined when using wood
with elevated moisture content to ensure that the one component PU glue
penetrates into both substrates evenly and bond line creates symmetrical with
enough interlocked glue into both substrates.

2. It is necessary to control the penetration depth of the glue with the applied
pressure, by preventing formation of 'dry' bond line depending on properties
of glue, part of open structure elements of wood and moisture content.

3. Before use of wood with elevated moisture content it is desirable to determine
changes of the rheological properties of the used glue depending on the
amount of water added to the glue in the glue joints - the time and point of gel
formation, the gel strength to predict the open assembly time and changes of
the phase angle to evaluate increase formation of CO, which reduces the
quality of the glue joint by gas inclusions. Studied Gluel and GlueV are
suitable for wood with elevated moisture content bonding, as for glues are not
established significant changes of properties (gel formation time and point,
gel strength) depending on the added amount of water added. However in case
of GlueV obtained moderate close correlation between the complex viscosity
at the gel formation point and added water amount -viscosity increases with
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increase of part of added water, but in case of Gluel such effects practically
does not observed.

4. After the obtained results of the shear strength and tests in accordance with
standards of EN 302 series from the studied glues it is recommended Gluelll
for wood with elevate moisture content bonding allowing the specified
moisture content of wood to expand above 18 % (18-21 %). However need to
be taken into account that Gluelll is suitable for technologies with short open
assembly time (less than 4 minutes). Additional information see in Table 3.6.
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