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OSB-levy on suunnattu suurlastulevy, jossa lastut on liimattu ja puristettu yhteen lämpö-

kovetteisilla hartseilla. Lämmittäessä vesipohjaista hartsia, veden haihtuminen ja hartsin 

ristisilloittumisreaktio tapahtuvat samanaikaisesti. Hartsi muodostaa kovan ja monimut-

kaisen, monidimensionaalisen rakenteen. Tätä prosessia kutsutaan hartsin kovettumiseksi. 

OSB-levyissä lastut liimataan yleensä fenoli-formaldehydi (PF) hartseilla, jotka sisältävät 

myrkyllistä fenolia. Ympäristöystävällisempiä ja myrkyttömämpiä ligniini-fenoli-formal-

dehydi (LPF) hartseja on valmistettu korvaamalla osa fenolista puupohjaisella ligniinillä. 

OSB-levyt ovat uusi käyttökohde LPF-hartseille. LPF-hartsit eivät ole yhtä reaktiivisia 

kuin PF-hartsit ligniinin suuresta molekyylikoosta johtuen. LPF-hartsit tarvitsevat myös 

korkeamman puristuslämpötilan ja -ajan kuin PF-hartsit.  

Tämän diplomityön tarkoituksena on karakterisoida LPF-hartsien kovettumista ja määrit-

tää millä hartsin synteesiparametreillä ja ominaisuuksilla on suurin vaikutus hartsin ko-

vettumiseen ja puristetun OSB-levyn ominaisuuksiin. Kahdeksan LPF-hartsia eri syntee-

siparametreillä ja referenssi PF-hartsi syntetisoitiin. Synteesimuuttujat olivat formaldehy-

din moolisuhde fenoliin, urean ja NaOH:n määrä ja NaOH:n määrä synteesin ensimmäi-

sessä vaiheessa. Hartsien ominaisuudet analysoitiin ja hartsien kovettumista tutkittiin 

DSC:llä (Differential Scanning Calorimetry), DMTA:lla (Dynamic Mechanical Thermal 

Analysis), TMA:lla (Thermomechanical Analysis) ja oskilloivalla levy-levy reometrillä. 

Hartseista puristettiin OSB-levyt, joiden ominaisuudet analysoitiin myös. Tulosten korre-

laatioita tutkittiin pääkomponenttianalyysillä (PCA). Osittaista pienimmän neliösumman 

regressioanalyysillä (PLS) selvitettiin tärkeimmät hartsin synteesimuuttujat ja hartsien 

ominaisuudet, jotka vaikuttivat eniten OSB-levyjen ominaisuuksiin.  

Urealla ja moolisuhteella oli suurin vaikutus levyjen ominaisuuksiin. Geeliaika ja B-aika 

olivat tärkeimmät indikaattorit OSB-levyjen vahvuudesta.  LPF-hartseista valmistetut 

OSB-levyt osoittautuivat yhtä vahvoiksi kuin PF-levyt lujuusmittausten osalta, mutta 

LPF-levyt turposivat PF-levyjä enemmän. Jotta LPF-levyjen turpoamaa voitaisiin paran-

taa, tulisi urean tai moolisuhteen määrää levyssä optimoida, sillä näillä oli suurin vaikutus 

hartsin geeliaikaan, viskositeettiin ja B-aikaan, joilla puolestaan oli suurin vaikutus levyn 

turpoamaan. LPF-hartsien kovettumisen tutkiminen on haasteellista hartsien suuren vesi-

pitoisuuden vuoksi. TMA ja DMTA eivät soveltuneet analyysimenetelmiksi hartsien suu-

ren vesipitoisuuden vuoksi. Nestemäisten fenolihartsien kovettumisen analytiikka vaatii 

lisäkehitystä. LPF-hartsit kovettuivat hyvin ja niistä saatiin puristettua lujia OSB-levyjä. 

LPF-hartsit ovat potentiaalisia korvaajia fossiilipohjaisille PF-hartseille OSB-levyjen val-

mistuksessa. 
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Oriented strand board (OSB) is a wood-based composite material constructed from wood 

chips that are glued and pressed together with thermosetting resins. When heat and 

pressure are introduced to a water-based resin in OSB panel pressing, the water is 

evaporated, and the resin goes through a complex crosslinking reaction producing a solid 

high dimensional network structure. This process is called curing. OSB panels are usually 

glued with phenol-formaldehyde (PF) resins which include toxic phenol. Wood-based 

lignin have been applied to replace phenol in PF resins to produce more environmentally 

friendly and less toxic lignin-phenol-formaldehyde (LPF) resins. LPF resins have been 

widely applied in plywood manufacturing but their application in OSB panels is relatively 

new. Generally, LPF resins are slower to cure and require longer pressing times and 

temperatures than PF resins due to lignin’s large molecular size. 

This thesis aims on characterizing the LPF resin curing phenomenon and determining 

which resin synthesis parameters have the major effect on the curing process and produced 

OSB panel strength. Eight LPF resins were produced with different synthesis parameters. 

Variables for synthesis were formaldehyde-to-phenol molar ratio, urea and NaOH 

percentages and the amount of NaOH added in the first step of the resin synthesis. LPF 

resin properties were analyzed and the curing was studied with DSC (Differential 

Scanning Calorimetry), DMTA (Dynamic Mechanical Thermal Analysis), TMA 

(Thermomechanical Analysis), and oscillating plate-plate rheometer. The interactions 

between resin synthesis parameters, resin analysis and OSB panel analysis results were 

studied with PCA (Principal Component Analysis). PLS (Partial Least Square) regression 

was applied to find the main explanatory variables for resin analysis results and panel 

results. 

Urea and molar ratio showed to be the most important synthesis parameters because they 

had effect on many properties of the resins. From resin analysis methods gel time and B-

time showed to be the most informative indicators of the OSB panel strength properties. 

LPF based OSB panels have larger thickness swell than PF based panels but the internal 

bond of LPF panels was close to PF panels. To improve the thickness swell of LPF resins, 

urea or molar ratio in the resin should be optimized because they are the main explanatory 

variables for gel time, viscosity and B-time, which are the main explanatory variables for 

thickness swell. All in all, it was found that the curing analysis of LPF resins is difficult 

due to high water content of the resins. TMA and DMTA showed not to be suitable for 

phenolic resins due to their high water content. The analysis development needs more 

research. All in all, LPF resins are cured effectively to produce strong OSB panels. LPF 

resins are very promising alternatives for fossil-based PF resins in OSB manufacturing. 
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1 

1 Introduction 

Ending fossil resources and climate change are driving forces for natural and biodegradable 

solutions in every industry, including construction. Wood is widely applied material in 

construction since it is versatile and sustainable. Wood for construction applications is 

generally broken down, reconstructed and glued together with thermosetting resins to form 

wood composites, such as plywood, flakeboard, fiberboard and oriented strand board (Marra, 

1992). Oriented strand board (OSB) is one of the most commonly applied wood composite 

types. In OSB panels, the wood strands are oriented in a certain way. It is a strong material 

and applied for example in floorings and walls (Nishimura, 2015, Stark, 2010). OSB can 

also be applied in furniture, for example in manufacturing of shelves (Rebollar et al. 2007).  

In Europe, most commonly applied resin in OSB manufacturing is isocyanate (pMDI) and 

in North-America phenol-formaldehyde (PF) resin (Mantanis et al. 2017). OSB production 

has gained a lot of interest during recent years.  Globally, in 1995 the OSB production was 

13 Mm3 a year and in 2015 it was 27 Mm3 a year (FAO.org, 2019b). The production has 

been over doubled in 20 years. New manufacturing capacities especially in Eastern Europe 

and increased production in China and North America have accelerated this growth 

(FAO.org, 2017). Oriented strand board production has been growing constantly during the 

past decades especially in Europe, but the major producer is still USA. Oriented strand board 

is nowadays replacing plywood in many applications due to its great properties and low 

production costs (Shi and Walker, 2006). 

PF resins are typically used in applications, where resistance to weather changings is vital. 

Since OSB panels are widely applied as construction material, PF resins are a great adhesive 

solution for them. However, phenol-formaldehyde resins include phenol. Phenol is a toxic 

substance when inhaled or in contact with skin and prolonged exposure causes serious 

damage to health (Liquefied Phenol, SDS 2016). Due to this and risen awareness on 

hazardous air pollutants produced from these wood composites, the use of phenolic resin 

adhesives has gained negative attention. Hazardous pollutants are a huge problem in wood 

processing industry, where workers are in contact with phenolic adhesives during the 

manufacturing process (Klašnja and Kopitović, 1992). Another drawback of phenol is that 

as it being derived mainly from petroleum-based benzene, its price is linked to the oil price. 

Oil price is prone to fluctuation, leading the price of phenolic adhesives to be also. Thus, 

cheaper and greener options are in need. Lignin is a one interesting substituent for phenol in 
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resin production because of its phenolic structure and hydrophobic nature (Xu and Ferdosian, 

2017). Lignin is the main component of wood with cellulose and hemicellulose. There are 

several driving forces for lignin utilization. One of them is its glue-like function in the wood 

cells, making it an interesting material for adhesive applications. Lignin is a sustainable and 

renewable material and it is produced as a byproduct in pulp and paper industry and 

cellulosic ethanol industry. These lignin types produced from industrial processes are called 

technical lignins. Kraft lignin is the most widely utilized lignin type because Kraft pulping 

is the dominant pulping method. Kraft pulping covers approximately 80% of the world’s 

pulping capacity (Hu et al., 2018).  

Lignin molecule has many functional groups in its structure, which makes it interesting for 

different chemical reactions. There have been a lot of research about utilization of technical 

lignin in chemical industry (Belgacem et al., 2003, Duval and Lawoko, 2014, Figueiredo et 

al., 2018) and about using lignin as a phenol replacement in resin applications (Kalami et al. 

2018, Mansouri and Salvadó (2006), Mansouri et al., 2006, Zhao et al., 2016). When 

phenolic resins are produced by substituting phenol with lignin, the produced resins are 

usually called lignin-phenol-formaldehyde (LPF) resins. Utilization of LPF resins in wood 

adhesives, especially in plywood applications has gained a lot of interest during the past 20 

years (Klašnja and Kopitović, 1992, Vázquez et al., 1995). Using LPF resins especially for 

OSB manufacturing, however, is a relatively new field of study and there is only a little 

research available.  

Even though lignin has many advantages, according to Pizzi (2003c) its application as 

adhesive in particleboards is challenging due to the large molecular size of lignin. In 

particleboard manufacturing the resin is cured with heat and pressure. Water from the resin 

is evaporated and the resin goes through a chemical curing reaction and complex three-

dimensional network is constructed. The formation of this cured structure includes the 

gelation stage, where the elastic part becomes larger than the viscous part and the thermoset 

does not flow anymore, and the vitrification stage, in which the polymer gets its final cross-

linked form. The curing process is a complex reaction and the curing variables such as time, 

temperature and water vapor pressure have major influence on the properties of the cured 

composite panel (Schmidt and Frazier, 1997). Also, the cross-linking of the resin is affected 

by the resin properties such as pH and molar ratio. Lignin is a complex molecule and due to 

its large size and low reactivity, the pressing times and temperatures needs to be higher than 
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with conventional PF adhesives. Even though lignin curing is slower, its cross-linked 

structure is very strong. The composite panel strength and durability is highly related to the 

cured state of the resin. Thus, the proper knowledge of the resin curing and the resin 

properties affecting the curing is vital for producing strong OSB panels. 

1.1 Aim and research questions 

The aim of this thesis is to characterize the curing phenomena of lignin-phenol-

formaldehyde (LPF) resins and to find correlation between the resin properties, resin curing 

characteristics and the strength properties of the produced OSB panel. The main research 

questions are determined as follows: 

“What is characteristic for the curing of LPF resin?” 

“How does the curing of LPF resins differ from reference PF resins?” 

“How to analyze the curing of LPF resins? What methods are suitable and reliable?” 

“Which LPF resin synthesis parameters and properties correlate with efficient resin 

curing and OSB panel properties?” 

“Which LPF resin synthesis parameters and properties have the main effect on the resin 

curing and OSB panel properties?” 

“Are LPF resins possible alternatives for PF resins in OSB manufacturing?” 

1.2 Research methodology  

This thesis is done for UPM-Kymmene Oyj in Northern Europe Research Center (NERC) in 

Lappeenranta, Finland. The thesis is constructed from two parts, literature and experimental 

part. Literature part includes the introduction to the manufacturing process of OSB panels 

and the most common adhesives applied in the manufacturing of OSB.  Literature part also 

includes the current state of lignin utilization in phenolic resin formulation and the 

challenges in it. The focus of the literature part is to characterize the curing process of LPF 

resins and to introduce the possible analysis methods to study the curing. 

In the experimental part, the OSB panels are produced in laboratory scale from kraft lignin 

based LPF resins with 50% phenol substitution rate. The experimental part is done in 

collaboration with a cooperation partner company. The resin cooking, analysis and panel 

pressing is done by the collaborating company. Eight LPF resins with different synthesis 
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parameters are produced. The studied synthesis parameters are formaldehyde-to-phenol 

molar ratio, urea and NaOH addition level and the amount of NaOH added in the first step 

of the synthesis process. One PF resin is produced as a reference. The resin properties 

including gel time, B-time, viscosity, molar weight distribution, free formaldehyde amount, 

alkalinity and pH are analyzed. Based on methods found from the literature, the curing of 

the resins is analyzed with differential scanning calorimeter, dynamic mechanical thermal 

analyzer, thermomechanical analyzer and oscillating plate-plate rheometer. The properties 

of the produced OSB panels are analyzed including internal bond, thickness swell, modulus 

of rupture, modulus of elasticity, formaldehyde content and moisture content.  

The target of the experimental part is to find out which methods are suitable to study the 

curing of LPF resins and to determine the relations between the resin properties and panel 

properties. MATLAB software is applied to perform principal component analysis (PCA) 

and partial least square (PLS) regression for the data. The aim for PCA is to find out the 

correlations between the variables and to see which variables include similar information. 

PLS is first applied to explain the resin properties with resin synthesis parameters. Then, the 

panel properties are explained with resin properties and resin synthesis parameters. The aim 

of PLS is to see which resin synthesis parameters the most important ones regarding the 

efficient LPF resin are curing and production of strong OSB panel. 
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I LITERATURE PART 

2 Oriented Strand Board (OSB) 

Oriented strand board (OSB) is a wood-based composite, where wood elements are bonded 

together with thermosetting (heat-curing) adhesives (Stark et al. 2010). It was developed in 

the United States in 1960s and became more popular in Europe in 1970s (Nishimura, 2015). 

Commonly applied adhesives for OSB are urea-based adhesives, phenol-based adhesives, 

isocyanate-based adhesives or adhesives from renewable sources (soybean, lignin) (Shi and 

Walker, 2006).  The applied adhesive depends on the product property requirements.  

 

Figure 1 Oriented strand board (OSB) panel (apawood.org, 2019). 

At first OSB was produced mainly from residue material from wood industry. However, 

nowadays with larger production rates specific particle preparation must be done. Particle 

geometry and size have also major effect on the panel performance properties. (Chapman, 

2006) Small, fast growing trees and logs with small radius are most suitable for OSB 

manufacturing because the produced strand particles are small (Nishimura, 2015). Wood 

from plantation thinnings is usually used. Using residue wood material, production costs of 

OSB are relatively low. This is one reason why its production has accelerated during recent 

years (Figure 2). Another driving force for OSB production is the recovering housing 

markets and the shift to more sustainable green building and construction materials 

(FAO.org, 2019a). 
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Figure 2 OSB production quantity in the world (FAO.org, 2019b). 

Figure 3 shows the major producers of OSB in the world. USA is nowadays the major OSB 

producer in the world, having produced approximately 11 Mm3 annually during years 2010-

2017. From Europe, Germany and Romania are the biggest producers. Germany has 

produced approximately 1,2 Mm3 and Romania approximately 1,1 Mm3 annually during 

years from 2010 to 2017.  

 

Figure 3  The major OSB producer in the world is the United States of America (FAO.org, 

2019b). 

Oriented strand board has relative high modulus of rupture and elasticity (Figure 3), which 

makes it a durable construction material. With formation of the strands, the strength 

properties of OSB have been increased (Nishimura, 2015). Properties of OSB as a 

construction material are similar to plywood properties, thus it is applied in structural 

applications like for example in panel applications in floors, walls, roofs and the webs of I-
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beams (Nishimura, 2015, Hansen, 2006). OSB became important in the structural panel 

market in North America in 1980s, so it is a relatively new material (Shi and Walker, 2006). 

However, it became more popular than plywood in the late 1990s due to its lower production 

costs (Shi and Walker, 2006, Hansen, 2006). 

Table 1 Properties of different panel products, including OSB (Modified from Nishimura, 

2015). 

Panel Product Spesific gravity 
Modulus of 

elasticity (GPa) 

Modulus of 

Rupture (MPa) 

Hardboard 0,9-1,0 3,10-5,52 31,02-56,54 

Medium density 

fibreboard 
0,7-0,9 3,59 35,85 

Particle board 0,6-0,8 2,76-4,14 15,17-24,13 

Oriented strand board 

(OSB) 
0,5-0,8 4,41-6,28 21,8-34,7 

Plywood 0,4-0,6 6,96-8,55 33,72-42,61 

 

2.1 Commercial manufacturing of OSB 

The production of composite panels such as oriented strand board (OSB) includes the log 

handling, debarking, chipping of wood, drying to the required moisture content, blending of 

the wood chips with the adhesive, forming the matt for pressing, pressing of the panel and 

finishing of the panel, including for example sawing, trimming, sanding (Chapman, 2006, 

Stark, 2010). The schematic manufacturing steps of OSB production process are shown in 

Figure 4. This process is described in more detail in the following chapters. 
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Figure 4 Manufacturing process of OSB (modified from Chapmann, 2006). 

2.1.1 Particle preparation  

OSB strands vary in size and their aspect ratio (strand length divided with width) is at least 

three. Strand size vary approximately between 15-25 mm (width), 75-150 mm (length) and 

0,3-0,7 mm (thickness) (Nishimura, 2015). The particles for particleboards in general can be 

formed with impact mills, in which the material is fractured by hammer rotating in high 

speed. The failure in the material is random, thus there is broad distribution of produced 

particle size. The particles can also be cut with a knife. With this method, the orientation of 

the material towards the knife can be controlled. With this, the orientation and the particle 

size produced is more even. However, for particleboards generally, a range of particle size 

is a desired property. (Chapman, 2006) 

In OSB chip production, usually a radially placed knife on a disk or a cylindrical 

configuration is applied (Chapman, 2006). The force needed to push the log towards the 

knife can be produced with clamps or pushers. The stranding machine produces strands with 

determined three dimensions. These dimensions are the distances between the knife, the 

support plate and the distance available to the flake as it leaves the knife (Chapman, 2006). 

After chipping, the strands are screened. Strands from the start and end of the log will 

probably not meet the required quality level. However, these strands are usually applied in 

the core layer of the OSB panel or burned for energy. (Chapman, 2006) 

Debarking
Particle 

preparation 
(stranding)

Drying

Blending with 
resin

Matt forming Pressing

Finishing
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After the chipping, the particles need to be dried to constant moisture content. The drying is 

important, because in hot pressing, the overlapped strands prevent the release of moisture of 

the board during the pressing (Nishimura, 2015). The exit temperature of the strands is 

usually 105-120 °C. Due to the high temperature in the dryer, some breakdown of the wood 

happens. The final moisture content of the wood after drying is usually 2-5%. (Chapman, 

2006) 

2.1.2 Resin blending and strand orientation in mat forming 

After the particle preparation, the adhesive is mixed with the strands. This step is critical for 

maximizing the resin performance. OSB particles are large enough to collect the resin 

particles, so both solid and liquid resins can be applied. Resin blenders applied for OSB 

manufacturing are usually large drums, typically with diameter of 3 m, rotating horizontally 

(Chapman, 2006). These drums have lifting bars, which carry the strands through the resin 

particles produced by nozzles. When designing the blender, blade angle, rotational speed 

and nozzle location are the main aspects that define the mixing performance (Chapman, 

2006).  

Usually, 3-6% adhesive addition is applied for the surface layer and 4-8% addition for the 

core layer (Nishimura, 2015). Resins applied for surface and core layer can also be different 

formulations.  Nowadays it is common to use isocyanate adhesive (pMDI) in the core layer 

and phenol-formaldehyde (PF) adhesive in the surface layer. pMDI has good bonding 

strength making the panel more waterproof and reducing the curing temperature when 

compared to PF (Nishimura, 2015). Separate drums for surface and core layers allow 

different resin addition rates for strands applied in them (Chapman, 2006). pMDI produces 

strong bonds with metal, so it is not that suitable as an adhesive for the surface layer because 

of the contact with the metal platens (Nishimura, 2015). 

After the resin is blended with the strands, the OSB matt is formed for the pressing. The aim 

is to produce a matt of the resinated material with a width equal the press width (Chapman, 

2006). The weight of the matt is chosen so, that after pressed to required thickness in the 

press, the board will have the density desired in the final product (Chapman, 2006). The 

density needs to be the same in all points in the panel. OSB strands are oriented in a certain 

way in the matt forming process, shown in Figure 5. The strands are aligned along the mat 

direction in the surface layers and across the matt direction in the core layer of the matt 

(Chapman, 2006). Mat formers for the strand orientation can range from electrostatic 
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equipment to mechanical devices with spinning disks to align the strands in certain way 

(Stark, 2010). A disk screen is often applied to form the along the mat oriented layer (Stark, 

2010). For the core layer, the strands are caught in a series of rolls running across the width 

of the mat. The strands fall into radial pockets which then discharges the aligned strands so 

that they fall into the matt across its width (Chapman, 2006). The strand orientation is done 

in three steps. First the bottom face layer is oriented on a moving belt, then the core layer is 

built in cross forming station, and lastly the top face is laid down on the matt to complete 

the matt formation process (Chapman, 2006). 

 

Figure 5 Orientation of the strands in typical OSB panel. Face layers and core layer are 

oriented in 90° angle (a) (Worldpanelindustry.com, 2019). OSB is produced from 

oriented strands on a long continuous mat (b) (Performancepanels.com, 2019). 

2.1.3 Hot pressing and pressing time 

After the matt formation, the produced matt is led into the hot press where pressure 

compresses the material to the required thickness and heat cures the resin (Chapman, 2006). 

During the curing process, the thermoset adhesive undergoes irreversible chemical change 

and form cross-linked polymers with wood (Frihart and Hunt, 2010). This gives the panel 

its strength. Resin curing is described in more detail later.  
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In the pressing step, the adhesive applied must withstand the steam pressure inside the panel 

when the applied pressure is released from the panel (Frihart and Hunt, 2010). If the adhesive 

is not strong enough, the rise of the internal steam pressure will cause the panel to blow up 

resulting in weak strength of the panel (Frihart and Hunt, 2010). The hot press determines 

many aspects of the plant design. The press platen size defines the maximum size of the 

panels produced. It also defines how these panels can be cut into the needed sizes for the 

markets. The total area of the platens of the press also determine the capacity of the plant 

(Chapman, 2006). Press closing rate has also major effect on the density profile development 

through the thickness of the panel (Chapman, 2006). 

The pressing time is an important character for OSB production. The panel must be in the 

press long enough for the resin to cure and the adhesive bonds of sufficient strength to form. 

The platen temperature, pressing time and the heat transfer through the mat affects this 

(Chapman, 2006). Heat transfer in the mat is influenced by the density of the OSB panel and 

the resin type. The most important factor affecting the heat transfer is however the moisture 

content of the resinated material in the press (Chapman, 2006). 

Press factors as given as seconds/mm panel thickness (Chapman, 2006). When the panel 

thickness increases, the press factor increases also. This is because in this case the heat must 

move longer distance through the panel (Chapman, 2006). For continuous processes the 

press factors are lower. The aim of the pressing step is to compress the resinated material 

into a required density. However, the press has the capability of compressing the material to 

too thin panel with too high density (Chapman, 2006). Thus, the pressing needs to be 

controlled so that the desired thickness and density are achieved. There is very little 

advantage if the material is pressed beyond the wanted thickness point where the satisfactory 

level of bonding happens (Chapman, 2006).  

After the pressing, the produced panels are trimmed and sawed to wanted measurements. 

OSB is not sanded to smooth surface, but usually one face is roughened to provide a non-

slip surface (Chapman, 2006). 

2.1.4 OSB Standards  

Manufacturers in the markets use different process techniques, which result in different 

physical properties of OSB panels. With growing markets, standards are needed to ensure 

the product uniformity. There are several standards concerning OSB manufacturing and the 
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panel performance. The standard levels are dependent on the end-use applications and end 

use country of the panels (Chapman, 2006). For clarity, only European patents are described 

here. According to EN 300:2006 OSB panels are divided into four types in relation of their 

end-use application: 

“OSB/1 General purpose boards and boards for interior fitments (including furniture) 

for use in dry conditions 

OSB/2  Load-bearing boards for use in dry conditions 

OSB/3  Load bearing boards for use in humid conditions 

OSB/4   Heavy-duty load-bearing boards for use in humid conditions.” 

Load-bearing boards for use in humid conditions are the major OSB type in Europe, counting 

over 85% of the whole output (Mantanis et al., 2017). The most important characteristics for 

OSB panel performance include modulus of rupture (MOR) and modulus of elasticity 

(MOE), internal bond (IB) and thickness swell (TS) (Wang et al, 2004). The European 

standards for measuring these are shown in Table 2.  

Table 2 European standards for measuring OSB panel performance characteristics.  

Performance Characteristic 
European 

standard 
Applications 

Modulus of Rupture MOR, 

(Bending strength) 
EN 310 

All applications, floors, walls, roofs and 

non-construction use 

Modulus of Elasticity MOE, 

(Bending stiffness) 

Internal Bond (IB) EN319 

Swelling Thickness ST, 

(Durability) 
EN 317 

 

EN 325 and EN 326 are applied as a base for many other standards concerning the property 

measurements of OSB panels. EN325:2012 specifies the measuring of the thickness, length 

and width of test pieces of wood-based panels. EN326-1:1994 defines the sampling and 

cutting of test pieces and expression of test results. EN326-1:1994 defines also the minimum 

amount of test samples needed for test methods. The most important properties of OSB 

panels are the dimensions, moisture content and the density of the board. The standards for 

measuring these and the standardized tolerances for them are shown in Table 3. 
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Table 3 Tolerances for different properties for all OSB types according to EN300:2006. 

Property Test method Tolerance 

Thickness (sanded) within and between boards1,2 

EN324-1:1993 

± 0,3 mm 

Thickness (un-sanded) within and between 

boards1,2 
± 0,8 mm 

Length and width1,2 ± 3,0 mm 

Edge straightness1,2 
EN324-2:1993 

1,5 mm/m 

Squareness1,2 2,0 mm/m 

Moisture content2 EN322:1993 2 to 12 % 

Mean density within a board1 EN323:1993 ± 15% 

1Values are characterized by a moisture content in the material corresponding to a relative humidity of 65% and temperature 

20 °C 
2Certain users of OSB can require other tolerance     
   

2.2 Resin adhesive systems for OSB 

When choosing the resin for the process, moisture content at the bonding time, mechanical 

property and durability requirements of the product, end-use application of the product and 

resin system cost needs to be considered (Stark, 2010). Most commonly applied 

thermosetting (heat-curing) resin adhesive systems for wood panel manufacturing include 

melamine- formaldehyde (MF), urea-formaldehyde (UF), phenol-urea-formaldehyde (PUF), 

phenol-formaldehyde (PF) and isocyanates (Stark, 2010). In wood adhesives isocyanate 

refers to methylene di-isocyanate (pMDI). In OSB production, pMDI is the dominant 

adhesive system applied in Europe and PF in North America (Mantanis et al., 2017). In 

Europe, pMDI count for 45%. The aminoplastic adhesives such as UF and MUF count a 

much smaller part of the European OSB resin usage (Mantanis et al., 2017). Usually, 

hardeners are not applied in OSB production but special emulsifiers (e.g. polyols) for better 

distribution of the adhesive are sometimes applied (Mantanis et al., 2017).   

MF resins are water resistant and they have high temperature stability (Shields, 1984a). 

However, MF resins are not that common in OSB manufacturing because they are more 

expensive (Stark, 2010). Urea-Formaldehyde (UF) resins are built by condensation 

polymerization (Pizzi, 2003b). UF resins are more sensitive for temperature and moisture 

change than PF because the exposure to moisture breaks the bond-forming reactions (Stark, 

2010, Shields, 1984a). Also, excessive heat exposure will result in chemical breakdown of 

cured UF resins (Stark, 2010, Shields, 1984a). However, UF resins are water soluble, hard, 

colorless and they have good thermal properties (Pizzi, 2003b). UF resins have lower curing 

temperatures than PF resins and their curing conditions can vary (Stark, 2010). Phenolic or 
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resorcinol additives can be added to UF to improve its resistance to water, weather and 

temperature changes (Shields, 1984a). This improves the durability but increases the cost of 

the adhesive. Due to these characteristics, UF resins are not that common in OSB 

manufacturing.  

Phenolic resins have many advantages as being applied in OSB manufacturing. PF resins 

have excellent durability regarding to water resistance and thermal stability (Oh and Kim, 

2015, Ormondroyd, 2015).  PF resins are also resistant to weather, so they are excellent for 

construction materials such as OSB (Shields, 1984a). pMDI resins are typically more 

expensive than PF resins but their curing process is more rapid, and they tolerate higher 

moisture content in the wood (Stark, 2010). Due to this, pMDI resins are usually applied for 

the core layer in OSB manufacturing (Stark, 2010).  pMDI resins however have a health risk, 

since uncured resin can result in chemical sensitization of persons exposed to it (Stark, 

2010). According to Brochmann et al. 2004 combination of PF face and pMDI core produced 

the best dimensional stability performance. PF produce strong bonds with surface strands 

improving surface bonding and slightly increasing hydrophobicity. pMDI in the core layer 

cures faster and probably more completely, increasing the water absorption. Brochmann et 

al. (2004) also stated that resin type and its position in the panel has major effect on the 

thickness swell of the OSB panel. Phenol-urea-formaldehyde (PUF) resins have also been 

utilized in OSB panels by Oh and Kim, (2015). In general, a small amount of urea is applied 

to react with the residual free formaldehyde content in the final step of the resin synthesis. 

Oh and Kim, (2015) formulated PUF resins with 14% and 24% urea addition and PF resin 

with no urea. This urea addition level proved to be sufficient to keep the free formaldehyde 

content low and the viscosity range low. These resins were applied to produce OSB panels 

and panel performance was tested. The study showed, that the amount of urea is critical, 

since panel mechanical strength properties decreased with increased urea addition while 

dimensional stability properties increased. This study further emphasized the fact that the 

resin type and properties have major effect on the panel strength properties. 

3 Phenol Formaldehyde (PF) Resins 

Phenol-Formaldehyde (PF) resins were the first synthetic polymers developed commercially 

(Pizzi,2003a). They have become very popular specially in wood-based products (Pizzi and 

Ibeh, 2014). PF resins are highly reactive, quickly gelling and hardening adhesives. They 

form solid cross-linked structures after cured and a steep increase in their bonding strength 
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can be observed even in low degree of curing. PF resins are relatively low cost, easy to 

manufacture and need relatively low plant investment for production. (Pizzi and Ibeh, 2014) 

PF resins are formed by a chemical reaction between phenols and formaldehyde solutions 

(Pizzi and Ibeh, 2014). Aromatic phenols include one or more hydroxyl groups which are 

attached to an aromatic ring.  Formaldehyde is the simplest aldehyde with one carbon atom. 

The chemistry of PF polymerization is complex due to the polyfunctionality of phenol. 

However, some analytical techniques have been utilized to measure the reaction mechanisms 

of PF synthesis, such as Nuclear Magnetic Resonance (NMR), Gel Permeation 

Chromatography (GPC) and Infrared (IR) spectroscopy (Laborie, 2002). It has been 

established that phenolic resins are formed when phenol and formaldehyde react together 

under either acidic or basic conditions (Pilato, 2010). The reaction is known to be initiated 

by the activation of the benzene ring by the hydroxyl group so that a methylol group can join 

the benzene nucleus at ortho- and para positions (Pizzi and Ibeh, 2014). With formaldehyde 

excess a resol type phenolic resin will be produced and with phenol excess a novolac type 

will be produced (Marra, 1992, Pizzi, 2003a, Ormondroyd, 2015). Resol type PF resins are 

the most dominant in industrial use (Ormondroyd, 2015) and in wood applications (Pizzi, 

2003a). Either ortho or para methylol phenol is formed when phenol and formaldehyde react 

together under basic conditions (Pilato, 2010). Resols are rich in methylol groups and 

capable to polymerize into cross-linked, insoluble state without addition of other ingredients 

(Marra 1992). Resols are good to harden but they have limited lifetime due to the 

polymerization (Marra, 1992). Novolacs have little or none methylol groups and the 

molecular structure is linear in nature under acid conditions (Marra, 1992). Novolacs are 

unable to polymerize on their own. Thus, to convert novolac to insoluble state, formaldehyde 

must be added as a hardener. The acidic novolac process and the basic resol routes are shown 

in  Figure 6. 
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Figure 6 Resol type PF resin is produced in basic conditions with formaldehyde-to-phenol 

ratio larger than one and novolac type PF resin is formed in acidic conditions with 

formaldehyde-to-phenol ratio smaller than one (Pilato, 2010). 

Resol goes through certain stages when formed. The first stage is the A stage where the 

reaction of phenol and formaldehyde happens and methylols are formed (Marra, 1992). The 

resin formed at this stage is thermoplastic and soluble in inorganic solvents. The B stage is 

the condensation step and some cross-linking and increase in the molecular weight and 

viscosity happens (Pizzi and Ibeh, 2014). The resin is not fully cured in the B-stage. Thus, 

as hot it is soft and fusible and as hard it is brittle (Pizzi and Ibeh, 2014). C stage is the final 

cured stage where the degree of polymerization and cross-linking is very high (Marra, 1992). 

C stage is the curing step and it will be discussed in more detail in chapter 5.2. In B stage 

the formaldehyde addition splits off its hydroxyl group. This hydroxyl group takes one 

hydrogen atom from a passing phenol molecule and forms a water molecule. Thus, water is 

split in this condensation reaction. The ratio of formaldehyde and phenol, temperature, 

reaction time, pH, concentration and the catalyst define the extent of the condensation 

reaction. Due to this condensation reaction, a methylene bridge is formed between the two 

phenol molecules. Methylene bridge is a very strong covalent, carbon-to-carbon connection. 

This is believed to be the strongest and most durable connection that can be formed between 

two organic molecules. (Sellers, 1985) 

3.1 PF resin synthesis 

PF resins are typically produced in batches in a jacketed stainless-steel reactor with reflux 

condenser, vacuum equipment and heating and cooling facilities. Explosion proof devices 

and corrosive proof material needs to be applied (Lang and Cornick, 2010). This chapter will 
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focus on resole production, since it is more applied in wood applications. Resol production 

usually includes the following steps shown in Figure 7. 

 

Figure 7 Production of resole in batch process (Modified from Lang and Cornick, 2010). 

Pizzi (2003a) describes the process as follows. In the first step, phenol and formalin 

(containing 37 to 42% formaldehyde or paraformaldehyde) are put in the reactor and stirred 

mechanically. Alkaline catalyst, such as sodium hydroxide is added to produce basic 

conditions. Phenol and formaldehyde react to monomethylolphenol. Batch is then heated to 

80 to 100 °C and the reaction temperature is kept between 95 to 100 °C by applying a vacuum 

to the reactor or by cooling water in the reactor jacket. Phenol/formaldehyde ratio, pH, 

presence or absence of reaction retarders and temperature affect the reaction time. The 

reaction times can vary between 1 to 8 hours. Resol may gel in the reactor, which is why 

dehydration temperatures are kept well below 100 °C. This is done by applying a vacuum. 

Tests are done during the process to determine the degree of advancement of the resin and 

to determine when the batch is ready to be discharged. These can be done by measuring the 

gel time of a resin or by measuring the turbidity point. Turbidity point can be measured by 

precipitating the resin in water or solution of certain concentration. When resins are applied 

for wood applications, it is important that the resins retain their ability to mix with water 

easily. 

Dosing of phenol and 
formaldehyde

Heating to reach 
condensation 
temperature

condensation until the 
desired parameters are 

reached

Distillation of excess 
water

Cooling
Adjustment of final 

parameters

Unloading and 
filtration of resin
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3.2 Properties 

PF resins can be applied in three forms, liquid, powder and solid. They have a characteristic 

smell and their color may range from light brown to shades of red. (Marra, 1992) Liquid 

form is the preferred one (Marra, 1992), especially for wood applications. Hardened PF 

resins are relatively stable up to 200 to 250 °C. Above this temperature, they begin to char 

and at approximately 400 °C decomposition is rapid, and phenols and aldehydes are 

produced. (Pizzi, 2003a). Properties of typical resins are shown in Table 4. 

Table 4 Properties of typical Phenol-Formaldehyde resins (Modified from Pizzi, 2003a). 

Viscosity (20 °C) 100-200 cP 

Solid content 55-60 % 

Water mixibility min. 2500 % 

pH 7 to 13  

 

There are several variables that correspond to the resin properties (Pilato, 2010, Gollob, 

1989). Gollob (1989) has proposed one possible compilation of variables and their 

interactions and this is shown in Figure 8. Phenolic resins are hydroscopic due to their 

significant heat exposure during curing, which makes them chemically stable at elevated 

temperatures (Stark, 2010, Oh and Kim 2015). One property of phenolic resins is their dark 

color (Stark, 2010) which might be a disadvantage in some applications. Due to the cross-

linked structure of PF resins, they are resistant to heat, fusion and solvation (Marra, 1992). 

Storage life of produced thermosetting PF resins is limited, because they continue 

polymerization even at low temperatures of 5 °C to 15 °C (Sellers, 1985). Due to this, 

phenolic resins are usually frozen if they need to be stored for longer than few weeks.  

Phenolic resins cure slowly when compared to other thermosetting resins (Stark et al. 2010). 

Due to this they require longer press times and higher press temperatures. In cured resole 

resin, the most common crosslink structure is the methylene bridge (Lenghaus et al. 2001). 

Major advantage of a fully cured phenolic resin is its resistance to degradation due to its 

benzene ring and carbon-carbon bonds produced in the polymerization step (Marra, 1992). 

Phenolic resins can maintain the composite dimensions and mechanical properties relatively 

well under wet conditions (Stark et al. 2010), thus they are applied when exposure to weather 

during construction is required (Stark, 2010). This is the main advantage why PF resins are 

applied for construction materials such as OSB. 
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Figure 8 Interaction of resin synthesis, structure and property relationships (Modified from Gollob, 1989).
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4 Lignin-Phenol-Formaldehyde (LPF) Resins 

Even though phenolic resins have many advantages as thermosetting adhesive resin for OSB 

manufacturing, they still have some drawbacks. Major drawback is the fossil-based phenol 

(Oh and Kim, 2015). The cost of phenol is subject to the price of oil, which is getting higher 

in long term. Oil price is also prone to fluctuation. Fossil-based phenol also has negative 

association due to environmental impacts. The ending fossil resources are the driving force 

for new more environmentally friendly solutions. Lignin, as being composed of phenyl 

propane units (Kalami et al., 2018), has been an interesting substituent for toxic and 

expensive phenol in phenol-formaldehyde (PF) resins during the past decades (Vázquez et 

al., 1994, Zhao et al., 2016, Siddiqui et al., 2017, Kalami et al., 2018). Lignin also has many 

advantageous characteristics for adhesive applications, such as high hydrophobicity, low 

glass transition temperature and many functional groups (Xu and Ferdosian, 2017). All 

lignocellulosic material, such as woods and plants, is composed of cellulose, hemicellulose 

and lignin. Lignin is produced as a side product in wood pulping process. The most common 

technical lignin produced is Kraft lignin, which is extracted from the black liquor obtained 

by sulphite pulping of wood (Klašnja and Kopitović, 1992). 

4.1 Lignin 

Lignin’s function in plant cell microfibrils is to keep the fibers together. It works as a 

structural component giving strength and rigidity to the cell walls (Figueiredo et al., 2018). 

Lignin distribution in wood cells is shown in Figure 9a. Its main function is also to transport 

water and solutes through the vasculature system of the plants and protect the plants from 

the stresses that come from the environment (Figueiredo et al., 2018). Lignin structure is 

irregular so that the different structural elements are not linked to each other in a systematic 

way, like for example in cellulose (Alén, 2011). Lignin molecule is built from three basic 

phenylpropanolic monomers, known as monolignols (Figueiredo et al., 2018). These 

monolignols are p-coumaryl, coniferyl and sinapyl alcohols, shown in Figure 9b. These 

building blocks are linked together with ether linkages (C-O-C) and carbon-carbon bonds 

(C-C), form which the ether linkages are the dominate ones (Alén, 2011).  
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Figure 9  Function of lignin is to keep the fibers together and give strength to the cell walls 

(a). Lignin is composed of three different monolignols (b) (Figueiredo et al., 2018). 

The botanical origin of the lignocellulosic biomass applied for the lignin extraction process 

defines the lignin molecule structure. For example, in softwood, lignin is mainly composed 

of coniferyl alcohol (~95%), in hardwood coniferyl (~50%) and sinapyl (~50%) alcohol and 

in grass lignin all these monolignols are present (Henriksson, 2009). The functional groups 

in the lignin molecule also vary according to the lignocellulosic material. Alén (2011) has 

collected the approximate values of different functional groups in softwood and hardwood 

lignin and these are shown in Table 5. The functional groups of lignin have effect on the 

chemical reactions that happen during the delignification process.  

Table 5 The amount of different functional groups varies according to the wood species 

(modified from Alén, 2011). 

Functional group 

Native lignin (per 100 C6C3 units) 

Softwood lignin Hardwood lignin 

Phenolic hydroxyl 20-30 10-20 

Aliphatic hydroxyl 115-120 110-115 

Methoxyl 90-95 140-160 

Carbonyl 20 15 

Lignin can be extracted from lignocellulosic biomass with different routes. These routes can 

be chemical, physical, mechanical or enzymatic processes (Xu and Ferdosian, 2017). The 

most common technical routes for lignin separation are shown in Figure 10. In addition to 

the raw material, the separation method also defines the composition of the produced 

technical lignin molecule and therefore also its properties.  
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Figure 10 Technical lignins are produced as a by-product from different wood extraction 

processes.  

Kraft lignin is the most dominant industrial lignin in the markets because the Kraft pulping 

is most widely applied pulping process worldwide (Lora, 2008).  Commercial applications 

for Kraft lignin are for example dye dispersants, agrochemical dispersants, concrete 

additives and plywood and board adhesive resins.  The major differences between Kraft 

lignin and lignosulphonates is that lignosulphonates are soluble in water and Kraft lignin is 

soluble in alkali and organic solvents (Lora, 2008). Kraft lignin, however, have been 

successfully utilized as a phenol substituent in phenol-formaldehyde resins with different 

substitution ratios for wood adhesive applications. Mansouri and Salvadó (2006) made a 

study about the structure of technical lignins regarding the production of LPF wood 

adhesives. They characterized kraft lignin, lignosulphonate, soda-anthraquinone, organosolv 

and ethanol process lignins to consider their suitability for lignin-phenol-formaldehyde 

resins. They stated that kraft lignin is the best lignin type for wood adhesive applications due 

to its phenolic and aliphatic hydroxyl groups, structures that can form quinone methide 

intermediates and unsubstituted 3- or 5-positions on phenolic C9 units. Kraft lignin also has 

relatively low molecular weight average, when compared to other lignins, which makes it 

more reactive.  

4.2 LPF formulation 

When a part of phenol is substituted with lignin in resin synthesis, the produced resins are 

called lignin-phenol-formaldehyde (LPF) resins. LPF resins are environmentally friendly 

and cheaper options for conventional PF resins. There have been several studies about 
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replacing certain amount of phenol with lignin in PF resins. Different lignin types have been 

applied as replacements. Kalami et al. (2018) replaced 100% of phenol with kraft lignin, 

enzymatic hydrolysis lignin, organosolv lignin, lignosulphonate and soda lignin in PF resin. 

Also, Ghorbani et al. (2016) produced LPF resins from different lignin types. They 

substituted 0 to 40 % of phenol with grass soda lignin, straw soda lignin, pine kraft lignin 

and beech organosolv lignin to produce LPF resoles. Vázquez et al. (1995) substituted 

successfully phenol with acetosolv delignificated lignin in substitution rates between 20 and 

40%. Matsushita et al. (2005) replaced 15 and 30 w-% of phenol with lignosulphonate and 

7 and 15 w-% with kraft lignin to produce LPF resins. Siddiqui et al. (2017) substituted 

phenol with hydrolytically depolymerized Kraft lignin at substitution rates from 25% to 

75%. However, lignin has some characteristics due to why LPF resin properties differ from 

PF resins. Lignin has complex molecular structure and high molecular weight. To overcome 

this, high press temperatures and long pressing times are needed with LPF resins for effective 

crosslinking in panel production (Pizzi, 2003c). LPF resins also produce darker color boards 

due to the brownish color of lignin and the decomposition reactions and charring caused by 

high temperatures (Pizzi, 2003c).   

Conventionally LPF resins have been applied in plywood manufacturing (Klašnja and 

Kopitović 1992, Vázquez et al. 1995, Zhao et al., 2015), however nowadays LPF resins have 

been produced also for OSB manufacturing. Cavdar et al. (2008) studied the properties of 

OSB produced by using kraft lignin phenolic resin (KLPF). The kraft lignin (KL) was 

precipitated from black liquor with sulphuric acid (H2SO4) and applied as phenol substitute 

in KLPF resin. Cavdar et al. (2008) produced panels with acceptable physical and 

mechanical properties. Mansouri et al. (2007) applied LPF resins for particleboard. The 

adhesives yielded good internal bond results and the boards pass the relevant standard 

specifications. Arnould et al. (2010) applied lignin and tannin-based resins to produce eco-

friendly OSB panels and modelled the elastic properties of the panels. 

Crude lignin is unreactive, due to which its condensing with itself and with PF resins is 

limited (Vázquez et al., 1994). Lignin molecule structure depends on the raw material 

applied for lignin extraction and the extraction process. All in all, lignin molecule is complex 

and three dimensional which limits its reactivity. Due to this, the accessibility of 

formaldehyde to the reactive sites of lignin molecule is difficult in LPF formulation (Kalami 

et al., 2018).  Aromatic C3 and C5 (ortho) positions in the aromatic structure of lignin are 
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important when considering the reactivity of a lignin molecule towards formaldehyde 

(Kalami et al., 2018). The amount of these ortho positions depend according to the 

monolignols of lignin (syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H)). In S unit, these 

ortho positions are occupied by methoxyl groups but in G and H unit there are one and two 

free ortho positions. (Kalami et al., 2018) The ratio of these monolignols differ according to 

the raw material (softwood, hardwood, annual crops) and the isolation method of lignin. 

Softwood contain mostly G and H units, which makes softwood lignin more reactive than 

hardwood in general (Kalami et al., 2018).  

Various studies have been made about improving the reactivity of lignin for producing LPF 

resins. Vázquez et al., (1997) and Alonso et al., (2005) have applied phenolation at acidic or 

basic media to this purpose. Methylolation (hydroxymethylation) of lignin with 

formaldehyde has also proved to be suitable for this by Mansouri et al. (2007) and Alonso 

et al. (2004b). In methylation and phenolation of lignin, formaldehyde or phenol is added to 

the lignin molecule before the resin synthesis (Xu and Ferdosian, 2017) to increase the 

reactivity of lignin and the degree of polycondensation during the resin synthesis. 

Thermochemical processes, such as pyrolysis and depolymerization of lignin, can also be 

applied to enhance the lignin reactivity (Xu and Ferdosian, 2017). Patent by Pietarinen et al. 

(2016) describes a novel method to increase the reactivity of lignin. This invention combines 

the alkalation, phenolation and hydroxymethylation. The patent includes the production of 

lignin modified with four different routes; lignin subjected to alkalation; phenolation and 

alkalation; alkalation and hydroxymethylation; phenolation, alkalation and 

hydroxymethylation. In alkalation, lignin is mixed first with alkali and heated to 50-95 °C 

to produce alkalated lignin. Alkalated lignin is more reactive because the alkalation opens 

the macromolecular structure of lignin allowing the hindrances disabling the reactive groups 

to be removed. Alkalation can also add charged groups to the lignin molecule. In phenolation 

step, the aliphatic part of lignin reacts with phenol increasing the number of phenolic groups 

attached to the aliphatic part of lignin. This opens the lignin structure making it more 

reactive. The phenolation first step is carried out in 100-140 °C for 1-3 hours in the presence 

of catalyst. In hydroxymethylation step aldehyde, derivative of an aldehyde or a combination 

of them is added to the alkalated lignin. In produced hydroxymethylated lignin the reactivity 

is increased further due to the formation of hydroxymethyl groups. The last step of this 

process is the cooking the lignin treated with one of the option described above, a 
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polymerizable substance and a crosslinking agent in the presence of a catalyst in 60-95 °C. 

The reactant components are cooked until a solution with desired viscosity level is formed. 

5 Curing in the adhesive bonding process 

Adhesive bonding of wood is applied in manufacturing building materials such as oriented 

strand board from wood. Adhesives increase the strength and stiffness of wood products by 

transferring and distributing loads between components (Frihart and Hunt, 2010). Adhesion 

in general involves both mechanical and chemical factors (Frihart and Hunt, 2010). Frihart 

and Hunt (2010) defines the standard for excellent bonding to be that the wood breaks from 

the adhesive joint and the bond strength is equal to the strength of the solid wood. Chemical 

forces between the molecules of the adhesive and the wood contribute to the adhesion. 

According to Frihart and Hunt (2010) covalent bonds do not contribute to the strength of 

adhesive bonds that much, even though they seem promising with some adhesives. Inter-

molecular forces, such as Van der Waals’s forces, dipole-dipole forces and hydrogen 

bonding, however, attribute more importantly for the bond strength.  

When a bond is formed in the glue line, the adhesives go through five distinct actions. These 

actions include flowing in the plane of the glue line in response to pressure, transferring to 

the opposite surface, wetting the wood substance to produce adhesion and solidifying to 

produce strength (Marra, 1992). To achieve the maximum adhesive bond strength, the liquid 

adhesive must be equally distributed on the wood and wet the whole wood surface. Liquid 

adhesive must flow over and penetrate the wood obtaining direct molecular contact between 

the adhesive molecules and wood molecules. With this, the best mechanical interlock and 

intermolecular attraction between the wood is achieved. (Frihart and Hunt, 2010)  

The adhesive bonds form after the adhesive is solidified. The solidification can happen 

through different mechanisms. These mechanisms can be the loss of solvent from adhesive 

through evaporation and diffusion into the wood, cooling of molten adhesive or by chemical 

polymerization into cross-linked structures due to softening or heating (Frihart and Hunt, 

2010). This chemical polymerization is called curing. Polymerization can happen through 

different curing methods. One common method is direct heat curing, in which heat can be 

applied with ovens, liquid baths or hot presses or panels (Shields, 1984b). Bond formation 

can also happen through radiation curing, electric heaters, high frequency dielectric heating, 

induction heating, low voltage electric heating or ultrasonic activation (Shields, 1984b). In 
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curing of PF and LPF resins in OSB manufacturing the curing happens through direct heat 

curing and the heat is applied with hot press. In addition to heat exposure, bond formation 

usually requires pressure application. The pressure is applied also in OSB manufacturing. 

The application of pressure prevents the formation of volatile components during the heat 

curing of phenolic resins (Shields, 1984b). However, if the pressure applied is too much, it 

will result in either decrease in bond strength or early failure. Figure 11 shows the optimum 

bonding conditions. 

 

Figure 11 Relationship between adhesive consistency and bonding pressure for thermosetting 

adhesives is critical because overpenetration and excess squeeze-out of the adhesive 

results in a starved joints and weak interior bond strengths. (Modified from Frihart 

and Hunt, 2010). 

5.1 Curing phenomena 

In curing process of a polymer, a viscoelastic fluid is transformed into a viscoelastic solid 

through a series of chemical reactions (Hossain et al., 2013). Heat-curing adhesives, also 

known as thermosetting adhesives, set quickly, within a minute, due to a heat exposure 

(Shields, 1984b). Curing causes changes in the chemistry giving the polymer its final cross-

linked form. As PF formation, also the curing process includes certain stages. Dodiuk and 

Goodmann (2014) describe these stages as follows. In the first, A stage, the cross-linking 

has yet not started. As time and cross-linking progresses due to the heating, the material goes 

through the B-stage. During this B-stage the resin starts to partially cure, and larger and more 

branched molecules are formed. In the last C-stage, the fully cross-linked polymer has been 

formed and the resin has obtained its final configuration. These stages are shown in Figure 

12. 
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Figure 12  In A-stage the resin is uncured, during B-stage partially cured and in C-stage fully 

cured. 

PF cure is known to undergo two thermosetting events, gelation and vitrification (Alonso et 

al., 2007) during their chemical transformation.  In gelation the average molecular weight of 

a material becomes infinite due to the crosslinking (Alonso et al., 2007). The gelation process 

can be monitored by observing the viscosity over time in given temperature. At t0 the 

material has a viscosity η0. After this, the heat generated due to the exothermic reaction 

produces a small viscosity decrease η1 and after this the viscosity increases due to the 

increase of the molecular weight of the mass. The increase continues until gel point is 

reached. This gel point is determined as the point, when gel-like “lump” in the material can 

be seen. The gel point occurs in the very early stages of the curing and it is influenced by the 

temperature and the mass.  As the temperature is increased the rate of curing reaction 

increases which shortens the gel time. As the cross-linking mass increases, the ability to 

transfer the exothermically generated heat away from the reaction site is decreased also. This 

is due to the thermally insulative nature of polymers. This leads to shorten gel time. (Dodiuk 

and Goodmann, 2014). This phenomenon can be seen in Figure 13. 

 

Figure 13 The influence of temperature and mass to the gel time tgel. When the temperature is 

increased, the gel time is decreased (curve 2) and when the temperature is decreased 

the gel time is increased (curve 3).  Parallel to this, when the cross-linking mass is 

doubled, the gel time is decreased (curve B) whereas when the cross-linking mass is 

halved, the gel time is increased (curve C) (Dodiuk and Goodman, 2014). 
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After the gel point the viscosity goes to infinity. Vitrification is the point where the material 

is changed to a glassy state as glass transition temperature (Tg) coincides with the curing 

temperature (Tc) (Alonso et al., 2007). At this vitrification point, the polymer behavior 

changes from rubber-like to glass-like behavior (Laborie, 2002). During vitrification, the 

reaction rate progressively declines (Alonso et al., 2007), resin is solidified and forms an 

insoluble highly crosslinked three-dimensional network (Laborie, 2002). The complete cure 

leads to a rigid, highly cross-linked system with high glass transition temperature Tg 

(Gardziella et al. 2000). This phenomenon makes the polymer nonfusible and insoluble. 

After this, the polymer no longer flows and cannot be processed further (Alonso et al., 2007). 

Time-Temperature-Transition (TTT) diagrams originally developed by Gillham and Enns in 

1983 can be applied to model the cure behavior of thermosets. TTT diagrams show the 

different phenomena of curing process, gelation and vitrification and lastly charring (Vidil 

et al. 2016). Like mentioned before, the gelation is the state at which the material does not 

flow anymore and cannot be processed. Vitrification is the stage when the material changes 

from rubber-like state to glass-like state. The temperature and curing time in TTT diagram 

define in which state the material is. In TTT-diagrams there are three important temperature 

points; Tg0 as the glass transition temperature of the uncured material; gelTg as the point where 

the gelation and vitrification coincide and Tg∞ as the glass transition of the fully cured 

material (Vidil et al. 2016). TTT-diagrams show well the complex range of polymer 

properties during the curing process. First, the polymer is behaving as a viscous fluid, 

transitioning into a rubber and glass through a viscoelastic stage. Due to the broad range of 

the stages in the curing process, usually several different analysis methods are needed to 

really understand the curing process of a thermosetting polymer. Producing TTT-diagrams 

give important information about the curing characteristics of resins. According to Alonso 

et al. (2006) it allows to optimize the curing conditions for thermosetting resins for the final 

applications. With TTT-diagrams it is possible to find out the minimum time and 

temperature that the material needs to cure in the final application.  
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Figure 14 An example of a TTT-diagram for a thermosetting polymer (Vidil et al. 2016). 

Since curing of thermosetting resins is a complex process, there are many different methods 

to characterize it. According to Tanaka et al. (2015) phenomena occurring during the 

adhesive curing can be divided into four categories. Changes in adhesive strength can be 

measured with mechanical methods, changes in viscoelasticity with rheological methods, 

changes in functional groups with analytical methods (eg- FT-IR) and changes in the heating 

value with thermoanalytical methods (eg. DSC). It must be mentioned, that in wood 

composite materials the interactions between the wood and the resin also affect the cure 

reactions and kinetics. He and Riedl (2004) studied the curing kinetics of phenol 

formaldehyde resin and wood-resin interactions in the presence of wood substrates. They 

stated, that phenol-formaldehyde resins in the presence of wood have a higher activation 

energy than the PF resin alone. The curing in the wood-based composite is difficult to 

characterize in-situ by conventional methods, like thermomechanical analysis and swelling 

studies (Schmidt and Frazier, 1997). Thus, most of the methods applied in literature are 

studying the curing of neat resin. 

5.2 Curing of PF resole 

Curing of PF resoles is a very complex chemical process and after the curing, the polymers 

become insoluble and infusible which makes the study of their curing difficult in 

conventional techniques like proton and carbon-13 nuclear magnetic resonance spectroscopy 

(NMRS), infrared spectroscopy (IR) and gel permeation chromatography (GPC) (Solomon 

and Rudin, 1990). Thus, clear understanding of the complex reaction chemistry is still 
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lacking.  Some studies about the curing of the prepolymers of phenolics have been made. 

Christjanson et al. (2010) studied the structure and curing mechanism of phenol-

formaldehyde resol with NMR spectrometer. Christjanson et al. (2010) stated that the main 

reaction of the curing of prepolymer is the polycondensation reaction between the ortho-

hydroxymethyl group and the para position substituted previously with one o, p’ -methylene. 

This reaction leads to the formation of o, p’ -methylenes. Solomon and Rudin (1990) 

attempted to follow the curing reactions of resoles with different alkaline catalysts and 

formaldehyde-to-phenol ratios and reaction times. Solomon and Rudin (1990) proposed a 

following stages for the curing reactions of PF resoles: 

1. mixture of simple mono-nuclear methylolphenols are formed by initial substitution 

reactions between phenol and formaldehyde 

2. higher molecular weight prepolymers are formed by condensation reactions 

between methylolphenols and with phenol in many possible ways. 

3. further methylolation and condensation occurs. 

During the second step dibenzyl ether bridges and methylene bridges both exist and 

polyoxymethylene oligomers and benzyl-type hemiformals are also formed (Solomon and 

Rudin, 1990). The ratio of reactants and reaction conditions define the extent of the 

formation of these species in the resole curing. In the third step the dibenzyl ether bridges 

and methylene bridges both still exist.  

The study by Solomon and Rudin (1990) showed that the resin made with different catalysts 

(sodium hydroxide, barium hydroxide and sodium carbonate showed the same chemical 

composition. However, the formaldehyde-to-phenol ratio showed major effect on the curing 

reaction. With higher formaldehyde-to-phenol ratio the resin has higher degree of 

crosslinking. Salomon and Rudin (1990) also studied the effect of the curing conditions. 

They stated that at curing temperatures around 160 °C the bridges are less stable and may be 

converted into methylene bridges with the loss of formaldehyde and water. But curing 

temperatures over 180 °C, however, lead to decrease of the methylene bridges due to thermal 

and oxidative decomposition of the resins. Salomon and Rubin (1990) also clarified the 

effect of the curing conditions to the curing process. The ultimate degree of cure depends on 

the resole composition, the curing time and the curing temperature. The pH of the curing 

process had effect on the resole crosslinking degree also as well as the types of linkages 

formed. At high or very low pH the methylene bridges were almost exclusive but with neutral 
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pH the dibenzyl ether bridges were predominant. Salomon and Rubin (1990) also stated that 

the high resolution 13-C NMR spectroscopy is the most powerful tool for analyzing the 

chemical composition of soluble resoles. Solid state 13-c NMR is also useful analysis tool 

to study the solid-state polymers. However, this method includes some technical limitations 

and potential errors. 

A key parameter affecting the curing of PF resin is the phenol-to-formaldehyde ratio (Sellers, 

1985). Generally, characteristics of curing are better with higher formaldehyde to phenol 

ratios but resin flow decreases, as shown in Table 6 (Sellers, 1985). The molar ratio of 

formaldehyde to phenol affect this reaction and it is typically in the range of 1.6:1 to 2.5:1 

(Ormondroyd, 2015 Sellers, 1985). When the formaldehyde ratio is lower, linear structures 

are produced and when higher, more cross-linking happens (Ormondroyd, 2015 Sellers, 

1985). Thus, when considering the strength of the produced panel, higher formaldehyde 

amount produces stronger panels due to the cross-linking. Formaldehyde to phenol ratio can 

also be applied to affect the free phenol content. If the formaldehyde-to-phenol ratio is low, 

less formaldehyde will be attached to the phenols and more linear polymers will result 

(Holopainen et al. 1997). 

Table 6 Curing properties of PF resin depend on the formaldehyde to phenol ratio (Sellers, 

1985). 

Property of cure 

Formaldehyde:Phenol mol ratio 

1:1 2:1 3:1 

------- characteristic of cure ------ 

Flow high variable low 

Migration tendency high variable higher 

Moisture resistance low good higher 

Strength (stiffness) medium high higher 

Urea is usually added in the PF resin synthesis. This is because urea reacts with the free 

formaldehyde in the resin, improves the tackiness, shortens the pressing times and increases 

the resin functionality (Gollob, 1989). Oh and Kim (2015) studied the addition of urea to PF 

resin and its effect on the mechanical properties of OSB panels. The urea addition was 14% 

and 24% of the resin solid weight and pressed OSB panels from them in laboratory scale. 

They did not measure directly the effect of urea addition to the curing, but they stated that 

the panel strength decreased with higher urea amount. Thus, it can be stated that the urea 
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amount is critical factor for the curing process of PF resins, since most likely the higher the 

mechanical properties of the board are the higher the curing and crosslinking of the polymer 

is. If urea addition level is too high, it might produce weak strength panels. 

5.3 Curing of LPF resole 

Alonso et al., (2007) produced TTT-diagrams for lignin-phenol-formaldehyde and phenol-

formaldehyde resols. Thermomechanical analysis (TMA) was applied to study the shrinkage 

of the resole due to the gelation and differential scanning calorimetry (DSC) was applied to 

study the kinetics of the reactions. The iso-Tg curves obtained with isothermal DSC show 

the change of glass-transition as a function of curing temperature. The obtained TTT-

diagrams are shown in Figure 15. The vitrification lines show same tendencies for PF and 

LPF both. The vitrification is sigmoidal in both. During the curing process two zones can be 

determined. In the first zone, the crosslinking of the resin is controlled with the chemical 

reaction and in the second zone the reaction rate starts to decrease due to the overall process 

becoming controlled by the diffusion of the components. The first zone is the gelation zone 

and the second the vitrification zone. The black line, which indicates the vitrification 

contour, shows the border up to which the no degradation happens during the curing process 

of resins. After this point, the resin starts to thermograde and loose its properties. 
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Figure 15 TTT curves obtained for (a) lignin-phenol-formaldehyde resol and (b) phenol-

formaldehyde resol by Alonso et al. (2007). 

The Tgo, gelTg and Tg∞ values obtained by Alonso et al. (2007) for PF and LPF resins are 

shown in Table 7. LPF shows higher Tg∞ and gelTg. This shows that the lignin molecule makes 

the curing process more difficult and slower. Lignin-phenol-formaldehyde resin has higher 

Tg0, which shows that the lignin makes the LPF molecule more stable than PF resol. Lower 

gelTg of PF resin also tells that the onset of diffusion occurs before LPF resin during their 

curing processes. All in all, due to the phenolic nature of lignin the curing mechanisms of 

LPF and PF resins are similar. Both go through gelation and vitrification steps and the most 

important structures in the cured molecules are the methylene bridges. The biggest difference 

is that LPF resins are slower to cure due to the large molecular size of lignin. However, these 

results indicate that even though the LPF curing is slower the produced polymer is more 

stable than the one produced from PF resin.  
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Table 7 Tgo, gelTg and Tg∞ values obtained for LPF and PF resols by Alonso et al. (2006). 

  Tgo(°C) gelTg (°C) Tg∞ (°C) 

Phenol-formaldehyde (PF) -5,4 141 161 

Lignin-Phenol-Formaldehyde (LPF) -3,4 147,5 197 

6 Curing characterization with rheological methods 

Rheology studies the deformation and flow of matter (Mezger, 2014). Materials in general, 

are divided to viscous (liquids) and elastic (solids). However, most materials are actually in 

between, called as viscoelastics. Viscoelastic materials have viscous portion and elastic 

portion. Viscous portion is the portion which flows and the elastic portion not. During the 

curing process, a thermoset is changed from viscous to elastic. Thus, rheology is an 

advantageous field of study that can be applied to study the curing process. 

6.1 Rheology basics 

Viscosity is an important characteristic of a material at the early stages of reaction (Hargis 

et al. 2005).  Viscosity gives information about the material flow. Thus, rheology can be 

applied to evaluate the changes in viscosity during the curing process of thermosets 

(Domínguez, 2017). Viscosities can be studied with rotational rheometers. The viscosity is 

defined with equation 1: 

 𝜂 =
𝜏

�̇�
, (1) 

where  𝜏  shear stress 

  �̇�  shear rate. 

Equation 1  is also called the Law of Viscosity, Newton law (Mezger, 2014). Liquids with 

flow properties obeying this Newton’s law are called the Newtonian liquids and liquids that 

do not obey this equation are Non-Newtonian liquids (Malkin and Isayev, 2012). However, 

rotational rheometer can only obtain the viscosities around the point in which the thermoset 

starts to gel. This is because when the gelation happens, the viscosity increases to infinity 

(Malkin and Isayev, 2012). However, oscillating rheometer can measure the curing process 

further from this stage to vitrification and to the final cured state because it is based on the 

elastic modulus measurements. A schematic drawing of the evolution of the main rheological 

parameters during the curing process is shown in Figure 16. 
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Figure 16 When resin starts to cure the viscosity increases to infinity. Rotational rheometers 

cannot measure the rheology anymore. Oscillating rheometers can measure the 

whole curing process. 

Whereas rotational rheometer uses continuous rotation, oscillating rheometers use 

oscillating force with constant frequency (Figure 17). Due to this the sample is subjected to 

a strain and the modulus change of the sample is measured (Mezger, 2014). Oscillating 

rheometry can measure the elastic and viscous fractions of the sample. Oscillating 

rheometers are more suitable for studying the whole curing process of thermosets (Mezger, 

2014 Malkin et al., 1997). 

 

Figure 17 Rheometer can use rotational (left) or oscillating (right) movement (Mezger, 2014). 

Oscillating rheometer measures the shear storage modulus G’ and the shear loss modulus 

G’’ of the sample. The storage modulus describes the elastic portion (solid-state behavior) 

of the material and the loss modulus describes the viscous portion (liquid-state behavior) 

(Mezger, 2014). The phase shift angle 𝛿 describes the lag for the response signal of the sin 

wave (Mezger, 2014). This lag is due to the viscoelastic behavior of the sample.  Loss factor 

or also called as damping factor tan 𝛿 describes the ratio of the solid-state and liquid state 

viscoelastic behavior, and can be calculated with equation 2 (Mezger, 2014): 
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𝑡𝑎𝑛𝛿 =
𝐺′′

𝐺′
 

(2) 

The total modulus is called the complex modulus and it can be describes as the ratio of shear 

stress 𝜏 and the shear strain or shear deformation 𝛾, equation 3 (Mezger, 2014): 

 𝐺∗ =
𝜏

𝛾
 (3) 

The relationship of complex modulus G*, elastic modulus G’, loss modulus G’’ and the 

phase shift 𝛿 can be described with Figure 18.  

 

Figure 18 Relationship between complex modulus G*, storage modulus G’ and loss modulus 

G’’ with the phase-shift angle 𝛿. 

Oscillating rheometers can be operated in different modes. Usually, an amplitude sweep is 

applied first to determine the linear viscoelasticity (LVE) region of the sample prior other 

tests. In amplitude sweep, a constant frequency and temperature is applied, and the strain or 

stress is varied. LVE region indicates the range in which the test can be performed without 

destroying the sample (Mezger, 2014). The limit of the LVE range is determined as the end 

of the plateau in lgG’ curve, shown in Figure 19. 
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Figure 19 An example of how linear viscoelastic region LVE is defined for a thermosetting 

resin. 

Frequency sweep is usually applied to describe the time-dependent behavior of a sample 

inside LVE range. By using high frequencies, fast motion on short timelines can be described 

and by using low frequencies fast motion on long timescale can be described (Mezger, 2014). 

Frequency sweeps give information on the behavior and inner structure of polymers and 

long-term stability of dispersions. This sweep is not that important for curing 

characterization. Time-sweep however, is often applied to study the curing process of 

thermosets. Time sweep shows the isothermal curing of a thermoset in the LVE range. 

Constant temperature, frequency and amplitude is applied and the change in G’ and G’’ is 

measured as a function of time. Strain or stress is also kept constant. A schematic oscillation 

time sweep curve is shown in Figure 18. The gelation point can be observed from time sweep 

as the crossing point of G’ and G’’ curves.  

 

Figure 18 A typical oscillation time sweep curve obtained with rotational rheometer, from 

which the gel point can be determined. 
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Temperature sweeps are applied to evaluate the temperature-dependent behavior of 

viscoelastic materials. Amplitude and frequency are kept constant and temperature is 

modulated (Mezger, 2014). With this method, glass transition temperature can be obtained 

for materials. The curing process can also be measured with temperature sweeps. Usually, a 

controlled strain tests are preferred (Mezger, 2014). The change in G’ and G’’ can be 

observed over time.  

6.2 Curing characterization with oscillating rheometers 

Chemorheology is the rheology of reacting systems and it can be applied to study the curing 

process of thermosets. Several chemorheological (also called rheokinetic) models about 

curing of thermosets can be found from the literature (Domínguez, 2017). The applied model 

in each case depends on the temperature conditions, curing step studied and variables 

considered in the rheological behavior. According to Domínguez et al. (2017) rheology can 

also be applied to determine the curing degree with complex modulus G*, storage modulus 

G’ and logarithm of G’, shown in equations 4, 5 and 6: 

 𝛼(𝑡) =  
𝐺∗(𝑡) − 𝐺∗(𝑡𝛼=0)

𝐺∗(𝑡𝛼=1) − 𝐺∗(𝑡𝛼=0)
, (4) 

where  𝐺∗(𝑡)  complex modulus at time t 

𝐺∗(𝑡𝛼=0) complex modulus for the uncured resin 

𝐺∗(𝑡𝛼=1) complex modulus for the fully cured resin, 

 𝛼(𝑡) =  
𝐺′(𝑡) − 𝐺′(𝑡𝛼=0)

𝐺′(𝑡𝛼=1) − 𝐺′(𝑡𝛼=0)
, (5) 

where  𝐺′(𝑡)  storage modulus at time t 

𝐺′(𝑡𝛼=0) storage modulus for the uncured resin 

𝐺′(𝑡𝛼=1) storage modulus for the fully cured resin, 

 𝛼(𝑡) =  
log (𝐺′(𝑡)) − log (𝐺′(𝑡𝛼=0))

log (𝐺′(𝑡𝛼=1)) − log (𝐺′(𝑡𝛼=0))
, (6) 

where  𝐺′′(𝑡)  loss modulus at time t 

𝐺′′(𝑡𝛼=0) loss modulus for the uncured resin 
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𝐺′′(𝑡𝛼=1) loss modulus for the fully cured resin. 

Different determinations for gel point in thermosets studied with rheological methods have 

been proposed. As described earlier, commonly applied determination is that the gel point 

can be determined as the crossing point of G’ and G’’ curves from oscillatory time sweep 

rheological measurement (Domínguez, 2010).  Disposable geometry is needed, because after 

the cure the resin is solidified. The plate-plate geometry is the recommended one for studying 

the rheological behavior of gels, pastes, soft solids and polymer melts (Mezger, 2014). After 

the gel point G’ becomes larger than G’’, meaning that the elastic (solid-state) portion of the 

sample becomes larger than the viscous portion (liquid). Another determination for gelation 

point is to be the time moment when the tan  𝛿 curve reaches its peak correlating the 

maximum difference between the storage and the loss modulus (Martin et al. 2000). The 

maximum difference is due to the crosslinking happening in the polymer.  

Martin et al. (2000) studied the curing reaction of a vinyl ester resin with oscillating 

rheometer with disposable plate-plate geometry. A constant oscillating force was applied to 

the sample. As the viscosity is increasing, the motion of the probe starts to damp 

progressively due to the viscous forces. The rheometer measures the shear storage modulus 

G’, shear loss modulus G’’ and dynamic viscosity 𝜂′ and the tan 𝛿 as a function of time. 

Martin et al. (2000) performed isothermal experiments at different temperatures (30, 40, 50, 

60, 80 °C) and oscillation frequency of 1 Hz and determined the gel time with two following 

criterions: “Criterion of the tangent line to G’ curve: the gel time has been taken at the point 

corresponding to the crossing between the tangent drawn at G’,  when G’ reaches a fixed 

value, and the baseline (G’=0); Criterion of the viscosity: at this point the real dynamic 

viscosity 𝜂′ reaches several determined values (100 and 500 Pas)”.  

Laza et al. (2001) applied oscillating rheometry as well but for phenolic resins. They applied 

spade-shaped probe geometry and vertical oscillation below the liquid surface with 

frequency of 2 Hz. They carried out the experiments in isothermal conditions with 

temperatures between 60 to 105 °C and determined the gel time and applied empirical model 

to predict the reaction kinetics. They defined the gel time as the point when an infinite 

network of polymer chains appears and develop, and the reactive system loses its solubility 

and fusibility. The gel time was determined with the following criteria; the criterion of the 

maximum peak in 𝑡𝑎𝑛𝛿; criterion of G’=G’’; criterion of the tangent line to the G’ curve 

and criterion of the viscosity for 𝜂′= 1000, 2000 and 5000 Pas. Laza et al. (2001) stated that 
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the gel time values decreased when temperature and weight percent increased. This is since 

the increased mobility of the molecules and their active centers leads to faster curing 

reactions.  

Hargis et al. (2005) applied dynamic rheometer (oscillating) with normal parallel plates and 

grooved plates for determination of the curing degree of epoxies and compared it to curing 

degree calculated from enthalpy measurements with DSC. The rheokinetic models were 

applied. It was shown that the reaction rates derived from these conversions with rheokinetic 

models were different for calorimetry and rheometry. Domínguez et al. (2010ab) have also 

applied rheological methods for studying the curing process of phenolic resol and novolac 

resin. They also applied oscillating rheometer with plate-plate geometry with a 25 mm upper 

plate and chemorheological modelling to study the curing kinetics. For resol resin the 

rheological experiments were carried out at five temperatures between 80 °C to 100 °C and 

for novolac resin at six temperatures between 95 °C to 120 °C. All runs were performed with 

frequency of 1 Hz. For resol resin the curing runs were carried out for 30 min with 20 °C/min 

heating ramp to reach the operating temperature and for novolac resin for 15 min first with 

20 °C/min heating ramp to overcome the glass transition temperature and then with 10 

°C/min to reach the curing temperature. 

7 Curing characterization with thermal analyses 

Thermal analyses include many different techniques that study the effect of heat. In thermal 

analyses a change in the property of a sample related to an imposed temperature alteration 

is analyzed (Brown, 2001). From thermal analysis methods differential scanning calorimetry 

(DSC), thermomechanical analysis (TMA) and dynamic mechanical thermal analysis 

(DMTA) have been widely applied to study the curing of a thermoset. According to the 

literature found, DSC is the most applied one to study the curing.  

7.1 Differential Scanning Calorimetry (DSC) 

According to Höhne et al. (2003) differential scanning calorimetry (DSC) scan can be 

determined as the measurement of the change of the difference in the heat flow rate to the 

sample and to a reference sample while they are subjected to a controlled temperature 

program. In DSC measurement, the difference between the sample and a reference material 

is recorded while same heating program is applied on both. Endothermic thermal event 

(∆𝐻 < 0) will happen when the temperature of the sample is below the reference and 
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exothermic thermal event (∆𝐻 > 0) when the temperature of the sample is higher than the 

reference. In DSC the thermal events show as a deviation of the DSC baseline depending 

whether more or less energy needs to be supplied on the sample regarding to the reference 

sample (Brown, 2001). Endothermic responses have negative reaction enthalpy and 

therefore the recorded peak in the DSC curve is negative whereas exothermic peaks with 

positive reaction enthalpy are positive.  

According to Korde et al. (2014), there are four different DSC instrument types. These are 

heat flux DSC, power compensated DSC, modulated DSC, hyper DSC and pressure DSC. 

The most common ones are heat flux DSC and power compensated DSC. In heat flux DSC 

the difference in heat flow into the sample and reference is measured as a function of 

temperature. There are different measuring systems for heat flux DSC, which are the disk 

type, cylinder type and the turret-type measuring system. In power compensation DSC the 

power needed to keep the temperature of the sample and reference equal while temperatures 

are increasing, or decreasing is measured. Modulated DSC performs in a same manner as 

the heat flux DSC, but it is a valuable extension of the conventional heat flux DSC. The 

advantage of modulated DSC is that with this, the separation of the overlapping events in 

DSC scans is possible. A linear heating ramp is overlaid with sinusoidal function with a 

certain frequency and amplitude. This produces a sinusoidal temperature versus time 

function. The hyper DSC is an extension of a power compensating DSC. It increases the 

sensitivity at higher rates and needs smaller amount of the sample. Thus, it is commonly 

applied in pharmaceutics industry, where fast heating rates are needed to avoid other 

unwanted reactions. In pressure DSC, a sample is submitted to different pressures. Due to 

this, it is possible to characterize the substances in the specific process pressures. Pressure 

DSC is applied in pressure sensitive reactions and evaluation of catalysts. 

Differential scanning calorimetry (DSC) is widely applied for characterizing thermosetting 

materials. Because chemical reactions are either generating or consuming heat, DSC can be 

applied to describe them. The extent of the chemical reaction, often indicated by the degree 

of cure, can be defined based on a measure of the heat produced during bond formation 

(Johnston, 2014). Two exothermic peaks have been typically observed during the PF resin 

curing. There have been studies focusing on the effect of formaldehyde-to-phenol ratio on 

the nature of the DSC peaks. Christiansen and Gollob (1985) applied DSC to study the cure 

behavior of resoles with different formaldehyde-to-phenol ratios and pH. Study showed two 
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major exothermic peaks, the first between 98 °C and 129 °C describing the addition of 

formaldehyde to phenolic rings and the second peak between 139 °C and 151 °C attributing 

to the condensation reactions of methylol groups. Holopainen et al. (1997) also studied the 

effect of formaldehyde-to-phenol ratio on the curing of PF resoles with DSC. The DSC curve 

gives important information about the temperature range and the heat of the curing reaction 

(area of both peaks). Holopainen et al. (1997) also found that the shape of DSC signals 

changes as the formaldehyde-to-phenol ratio increases. With ratios from 1.9 to 2.0 the 

signals were overlapping and with higher ratios (2.15 to 2.30) the signals were well 

separated. Also, the temperature of the first signal decreases slightly and the second signal 

increases as the formaldehyde-to-phenol molar ratio increases.  

DSC for measuring the curing of thermosets is usually applied in dynamic or isothermal 

mode. In dynamic DSC, a certain heating rate is applied, and the heat flow is measured as a 

function of temperature. With dynamic run, the reaction heats of the curing reactions and the 

peak temperature can be obtained.  In isothermal DSC runs the temperature is kept constant 

and the heat generation is measured as a function of time. (Lei et al. 2006) With isothermal 

run, the According to Alonso et al. (2006), the conversion degree can be calculated from the 

enthalphy obtained with dynamic DSC data with equation 7 and from the enthalpy obtained 

with isothermal DSC data with equation 8: 

 𝛼 =
(∆𝐻𝑝)𝑡

∆𝐻0
, (7) 

where  (∆𝐻𝑝)t  heat released up to time t (integral if the calorimetric signal) 

∆𝐻0  total reaction heat, 

 𝛼 = 1 −
(∆𝐻)𝑡,𝑟𝑒𝑠

∆𝐻0
, (8) 

where  (∆𝐻)𝑡,𝑟𝑒𝑠 residual heat obtained after isothermal curing up to time t. 

The dynamic DSC scan can be applied to obtain the extrapolated onset peak temperature 

Tonset, extrapolated peak temperature Tpeak, extrapolated peak endset temperature Tendset and 

peak left and right limits as shown in Figure 20. 
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Figure 20 Example of a dynamic DSC curve, from which the characteristic temperatures of the 

curing process can be obtained. 

7.1.1 Curing Kinetics with DSC 

There are also studies focusing on using DSC for studying the curing kinetics. Curing 

kinetics can be modelled with model-fitting or model-free kinetics. Wang et al. (2005, 2007) 

has studied both methods. Model fitting kinetics are commonly applied to describe the curing 

behavior of thermosets. Yet, according to Wang et al. (2007) the best model has still not 

been established. 

Conversion rate of a thermoset can be determined with equation 9: 

 
𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) (9) 

where  𝛼 chemical conversion of the reaction 

  t reaction time, s 

  k(T) rate constant, s-1 

  𝑓(𝛼) function describing the reactant concentration, a kinetic model. 

The temperature dependence of the conversion rate can be described with the Arrhenius 

equation 10: 

 𝑘 = 𝐴 exp(−
𝐸

𝑅𝑇
) (10) 
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where  A pre-exponential factor, s-1 

  E activation energy, Jmol-1 

  R  gas constant, Jmol-1K-1 

  T reaction temperature, K. 

According to Lei et al. (2006), thermoset curing reactions can be divided into two general 

categories which are nth-order and autocatalytic reactions. For nth order, function 𝑓(𝛼) is 

described with equation 11: 

 𝑓(𝛼) = (1 − 𝛼)𝑛, (11) 

where  n reaction order. 

 

For autocatalytic reaction it is described with equation 12: 

 𝑓(𝛼) = 𝛼𝑚(1 − 𝛼)𝑛, (12) 

where  m  reaction order. 

 

Thus, for nth order cure reaction, the conversion rate can be described with equation 13: 

 
𝑑𝛼

𝑑𝑡
= 𝑘(1 − 𝛼)𝑛 = 𝐴 exp (−

𝐸

𝑅𝑇
) (1 − 𝛼)𝑛, (13) 

and for autocatalytic cure reaction, the conversion rate can be described with equation 14: 

 
𝑑𝛼

𝑑𝑡
= 𝑘𝛼𝑚(1 − 𝛼)𝑛 = (𝑘′ + 𝑘𝛼𝑚)(1 − 𝛼)𝑛 (14) 

where  k ’= 
𝑑𝛼

𝑑𝑡
 at t=0. 

In a dynamic differential scanning calorimetry (DSC) the temperature varies but the heating 

rate is fixed (Lei et al. 2006). The temperature rises to the maximum value at the peak 

temperature Tp. After this, the temperature returns back to zero because the reactant is 

exhausted with the temperature increase (He and Riedl, 2004). Some equations have been 

proposed to model curing kinetics of resoles with dynamic DSC thermogram results. One of 

them is the Borchardt and Daniels method (Borchardt and Daniels, 1956), which is based on 
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a single-heating rate run and assuming the nth order kinetics. According to Alonso et al. 

2004a, Borchardt-Daniels equation can be expressed by rearranging and taking natural 

logarithms from equation 13 resulting in equation 15: 

 ln (
𝑑𝛼

𝑑𝑡
) = 𝑙𝑛𝑘 −

𝐸

𝑅𝑇
+ 𝑛 𝑙𝑛(1 − 𝛼). (15) 

By multiple linear regression, equation 15 can be applied to obtain the parameters k, E and 

n. However, according to Alonso et al. (2004), this method usually overestimates the results 

obtained for cure of thermosets with respect to the isothermal data. Another kinetic model 

for describing the curing kinetics of resoles is Ozawa’s method. Ozawa’s method is based 

on the linear relationship between the logarithm of the resin heating rate and the inverse of 

the peak temperature, shown in equation 16 (Alonso et al. 2004a): 

 log 𝛽 = −2.315 − 0.4567 (
𝐸

𝑅𝑇𝑝
) + log (

𝑘0𝐸

𝑅
) − log 𝑓(𝛼) (16) 

where   𝛽 dT/dt, heating rate, Ks-1. 

The dynamic DSC runs for Ozawa equation were performed with different heating rates and 

the reaction kinetics were again assumed to follow nth kinetics. According to Khoudary et 

al. (2012), the Ozawa equation can be simplified to equation 17. The curing activation energy 

can therefore be determined from the slope when graphically displaying log𝛽 versus  
1

𝑇𝑝
  

(Alonso et al. 2004a). The heating rates 𝛽  are the ones applied in the DSC scan and the Tp 

is the peak temperature obtained from the DSC scan. 

 

𝐸

𝑅
= −2.19

𝑑(𝑙𝑜𝑔𝛽)

𝑑 (
1
𝑇𝑝

)
 

(17) 

Similar method to determine the activation energy is the Kissinger method (Kissinger, 1957). 

With graphically presenting the equation 18 , the activation energy and the pre-exponential 

factor of curing kinetics can be determined (Alonso et al. 2004a). 

 − ln (
𝛽

𝑇𝑝
2

) =
𝐸

𝑅𝑇𝑝
− ln (

𝑘0𝑅

𝐸
) (18) 

According to Kissinger (1957) this can be simplified to equation 19: 
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 −
𝐸

𝑅
=

𝑑 [ln (
𝛽

𝑇𝑝
2)]

𝑑(
1
𝑇𝑝

)
. (19) 

With Kissinger method the dynamic DSC runs were again done with different heating rates 

and the reaction kinetics were assumed to follow nth order. Now, by plotting ln (
𝛽

𝑇𝑝
2) versus 

1

𝑇𝑝
  the activation energy can be determined. These equations 17 and 19 have been 

standardized as a methods to calculate the activation energy from differential scanning 

calorimeter results for reactions that can be described with the Arrhenius equation and the 

general rate law (ASTM E698:2016).  

Alonso et al. (2004a) determined the curing kinetic parameters for lignin-phenol-

formaldehyde resol resins with several dynamic DSC methods and compared the result to 

commercial phenol-formaldehyde resol resin. They applied equations 15, 16 and 18 to 

calculate the curing activation energies for PF and LPF resins. The results are shown in Table 

8. It can be seen, that the activation energies obtained for LPF were slightly higher with all 

the methods applied. This is due to the lower reactivity of lignin. 

Table 8 Activation energies obtained by Alonso et al. (2004a) with dynamic differential 

scanning calorimetry for PF and LPF resins. 

Method Ea (kJ/mol) (PF)  Ea (kJ/mol) (LPF)  

Ozawa 77,1 77,7 

Kissinger 74,2 74,8 

Borchardt-Daniels 96,3 119,2 

 

Calorimetric runs performed with DSC were applied to produce the dynamic DSC data. 

These thermograms are shown in Figure 21. Two peak temperatures can be seen from the 

thermograms, Tp
1 and Tp

2. The first peak at lower temperature is assumed to be the result of 

the free formaldehyde in the resin and the second one due to the condensation reactions 

among the phenol and the formaldehyde. In the case of LPF resin, the second peak is 

assumed to be due to the condensation reactions of the methylolated lignosulphonate. It can 

be seen, that the peak temperatures of LPF resins are lower than for PF resins. To obtain the 

kinetic parameters for the reactions, the data was treated with Borchardt-Daniels, Ozawa’s 

and Kissinger’s methods. Borchardt-Daniels was applied by using non-linear regression to 

fit the experimental data to the expression of the proposed model. With this, the reaction 
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rate, total heat, partial heats and resin cure degree were determined. Ozawa’s and Kissinger’s 

methods are linear methods, and with them the data of the heating rate and the peak 

temperature Tp
1 were applied to linearly fit the models for LPF and PF resins. The R2 values 

were in both cases 0,992 so the model fitted well to the data.  

 

Figure 21 DSC diagrams obtained for PF and LPF resol resins by Alonso et al. (2004a). 

Lei et al (2006) studied the cure kinetics of phenol-formaldehyde resins applied for OSB 

manufacturing with isothermal DSC at different temperatures and dynamic DSC with 

different heating rates. They applied two different PF resins, a core and face resin.  

Isothermal DSC data was applied to determine activation energy and pre-exponential factor. 

These were also determined by dynamic DSC results with Kissinger method. They compared 

the accuracy of the models obtained with both DSC method for face resin. The study showed 

that there was obvious difference in the kinetics obtained with isothermal and dynamic 
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methods. It was stated that the model constructed from isothermal data fit the experimental 

data much better than that obtained from the dynamic data (Figure 22). Significant 

differences in the curing reactions of face and core PF resins were also seen. Curing of face 

resin was nearly 1st order reaction but the core resin showed to follow much more complex 

curing kinetics, obeying both nth order and autocatalytic kinetics. Even though according to 

Lei et al. (206) the isothermal DSC method is more reliable to predict curing of PF resoles, 

but dynamic DSC method is much simpler and easier to use.  

 

Figure 22 Theoretical and experimental conversion rates for the face PF resin in study made 

by Lei et al. 2006.  

There is not a clear consensus regarding the reaction kinetics for thermosets and more 

precisely PF or LPF resins. Studies found about curing kinetics of thermosets are collected 

to Table 9. Most of the studies are employing dynamic DSC method and kinetic models 

assuming that the reactions follow nth order kinetics. However, the complex curing reactions 

can also follow autocatalytic kinetics or combining nth order and autocatalytic kinetics, like 

observed with Lei et al. (2006). The more complex kinetics can be seen more clearly with 

isothermal DSC rather than dynamic DSC. Liu and Gao (2001) also stated that the isothermal 

cure reaction of boron containing LPF resin follows an autocatalytic reaction. They obtained 

the kinetic parameters with Kamal model. Park et al. (1999) showed with isothermal DSC 

runs that the carbonate-modified PF resol followed autocatalytic reaction mechanism but 

sodium-carbonate and potassium carbonate modified PF resins followed nth order kinetics. 

It can be thus stated that the complexing agents in the PF resins have major effect on their 
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kinetic behavior. The literature concerning the modelling of the curing reaction kinetics of 

PF and LPF resins include somewhat contradictory information. This is because the reaction 

kinetics obey different models in different situation due to different chemical structures of 

the resin molecule. 

Table 9 Studies about using DSC for curing kinetic characterization of thermosets, collected 

from literature.  

Study 
Thermoset 

material 
Technique Kinetic Model 

Lei et al. (2006) 

PF resin for 

face and 

core layer of 

OSB 

Isothermal 

DSC and 

dynamic 

DSC 

Isothermal temperatures 125, 

135, 145, 155 °C, dynamic 

heating rates 2.5, 5, 7.5, 10, 15 

and 20 °C/min between 40 °C 

and 220 °C 

nth order, 

Arrhenius and 

Kissinger 

He and Riedl 
PF resin (in-

situ) 

Dynamic 

DSC 

heating rates 5, 10, and 20 

°C/min, between 30 and 250 

°C 

nth order, 

Kissinger 

Alonso et al. 2004a 
PF and LPF 

resins 

Dynamic 

DSC 

heating rates 2, 4, 6, 8, 10, 12 

°C/min between 30 and 250 °C 

nth order, 

Borchardt-

Daniels, 

Ozawa and 

Kissinger 

Khoudary et al. 2012 BPA resole 
Dynamic 

DSC 
14, 16, and 20 ◦Cmin 

nth order, 

Ozawa 

Ferdosian et al. 2015 
lignin-based 

epoxy resins 

Dynamic 

DSC 

heating rates 6, 8 and 10 °C 

between 25 and 300 °C 

nth order, 

Kissinger 

Liu et al. 2002 
PF resin 

with boron 

Isothermal 

and 

dynamic 

DSC 

Dynamic: heating rates 2.5, 5, 

7.5, 10, and 

12.5◦C/min Isothermal: 155, 

160, 165, 170, 175, 180 °C 

autocatalytic, 

Kamal model 

Park et al. 1999 

PF resin 

with 

propylene 

carbonate, 

sodium 

carbonate 

and 

potassium 

carbonate 

Isothermal 

and 

dynamic 

DSC 

Dynamic scand with heating 

rates 5, 10, 20 °C/min between 

30 and 240 °C. Isothermal: 80, 

110, 120, 130 °C 

nth order and 

autocatalytic, 

Borchardt-

Daniels and 

Kissinger 

7.2 Thermomechanical Analysis (TMA) 

Conventional thermomechanical analysis (TMA) can be applied to obtain Tgs that are 

difficult to obtain with DSC, such as highly cross-linked thermosets (Menard, 2014). The 

glassy transition temperature Tg is obtained from the crossing point of the tangents drawn to 

the dynamic TMA curve, shown in Figure 23. The Coefficient of Thermal Expansion (CTE) 

can be obtained from the linear sections of the curve (Menard, 2014). Knowing the thermal 

expansion is important because thermosets are usually applied in contact with other material, 
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like adhesives in OSB, where the expansion has effect on the bonding properties (Menard, 

2014).  Coefficient of thermal expansion can give important information as low CTE may 

result in poor wood joints, composite splitting on bond lines or increased internal stress 

(Menard, 2014).  

 

Figure 23 A typical dynamic TMA curve, from which the Tg can be determined as the cross 

point of the tangents for thermosetting resins (Menard, 2014). 

In addition to calorimetric studies, it is possible to study the cure of resins with 

thermomechanical analysis (TMA). Conventional TMA machines apply a constant force to 

a sample, to measure the expansion of a material as a function of temperature (Brown, 2001). 

However, TMA can also be used by applying an oscillating force to the sample to measure 

the gelation of it. When the sample has reached gelation, the TMA measuring probe is unable 

to respond to the force applied and at this moment a sudden decrease in the amplitude of the 

oscillations can be observed. (Alonso et al. 2007) 

Unlike common thermosets, the PF and LPF resins are usually water solutions. When the 

water is evaporated, and the curing reaction and cross-linking happens, the material 

dimensions change during the gelation and shrinkage can be observed. The gelation can be 

observed from isothermal TMA scan as the intersection between the tangents drawn to 

shrinkage rate curve (dL/dt) (Ramis et al., 2003), as shown in Figure 24.  Alonso et al., 2006a 

and 2007 obtained the gelation point with periodic force TMA for phenolic resins (PF and 

LPF) by using the cycle time 12 s and force of 0,03 N in 110, 120, 130 and 140 °C 

isothermally. They placed the liquid resin between two silica disks. Perez et al. (2010) 

applied the same cycle time but 0,01 N and measured the isothermal shrinkage of LPF and 
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PF novolacs in 140, 150, 160, 170, 180°C to study the gelation. Perez et al. (2010) also 

placed the liquid resin between two silica disks. 

 

Figure 24  PF resin powder isothermal TMA curve from which the gelation can be seen (Ramis 

et al. 2003). 

TMA can also be applied to determine the curing shrinkage (Domínguez, 2017). Ramis et 

al. (2003) determined the curing shrinkage of a thermosetting coating with TMA in nitrogen 

atmosphere. They applied static force of 0.01 N and impregnated the coating on a cellulose 

support and placed the sample between two discs. Isothermal curing was performed at 110, 

120, 130, 140 and 150 °C. The shrinkage was calculated with the equation 20: 

 ∆𝐿 = 𝐿𝑡 − 𝐿0, (20) 

where  𝐿𝑡 the thickness of the sample at time t, mm 

  𝐿0 the thickness of the sample at onset, mm. 

Also, the thermal expansion can be applied to calculate the degree of mechanical conversion. 

Ramis et al. (2003) calculated it with TMA and equation 21: 

 𝛼𝑇𝑀𝐴 =
𝐿𝑡 − 𝐿0

𝐿∞ − 𝐿0
, (21) 

where  𝐿∞ the thickness of the fully cured sample, mm. 

7.3 Dynamic Mechanical Thermal Analysis (DMTA) 

Dynamic mechanical thermal analysis (DMTA or called also DMA) can also be applied to 

measure the curing process of a thermoset. It works by applying stress to a material in a 
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sinusoidally oscillating form and analyzing the response of the material to that force 

(Menard, 1999). The difference between TMA and DMTA is that DMTA applies an 

oscillatory force to the sample measuring the modulus change whereas TMA measures the 

material’s dimensional changes (expansion) after being subjected to a constant or periodic 

force.  DMTA analyzer determines the sample moduli E’, E’’ and 𝑡𝑎𝑛𝛿 as a function of time 

or temperature. TMA measures the material’s expansion L.  Since DMTA measures 

rheological properties, it can be also divided into rheological curing measurement methods. 

However, as an analysis device a DMTA analyzer is usually divided as a thermal analysis 

tool. 

DMTA can be applied to measure the curing of a thermoset with dynamic runs with 

temperature ramp or isothermally with fixed temperature. Tg can be detected in a DMTA 

curve as seen in Figure 25. Tg can be seen from the storage modulus E´ curve as the onset 

point and from the loss modulus E´´ as the peak point. From 𝑡𝑎𝑛𝛿 curve the Tg point can be 

measured as the peak point of the curve.  (TA instruments, 2010).  

 

Figure 25 An example of how Tg can be measured with dynamic DTMA (TA instruments, 

2010). 

Ramis et al. (2003) calculated the degree of mechanical conversion by measuring the storage 

modulus with DMTA, equation 22: 

 𝛼𝐷𝑇𝑀𝐴 =
𝐸′𝑡 − 𝐸′0

𝐸′∞ − 𝐸′0
, (22) 

where  𝐸′𝑡 storage modulus at time t 

  𝐸′0 storage modulus at onset 



53 

 

  𝐸′∞ storage modulus of the fully cured resin. 

Ramis et al. (2003) also applied DMTA to measure the gelation time and Tg of a 

thermosetting powder coating. DMTA measurements were carried out in nitrogen 

atmosphere with frequency of 1 Hz. Solid coatings were applied to a fiberglass support and 

brought to fusion to attain complete impregnation of the support. Isothermal curing was 

performed at 110 and 150 °C. After isothermal scan, a dynamic scan with heating rate of 2 

°C/min to determine the Tg of partially and fully cured materials. The gel point is the highest 

peak of the tan 𝛿 curve in isothermal scan as shown in Figure 26 and the Tg was obtained 

from the peak temperature of the tan 𝛿 curve as shown previously in Figure 25. At the 

gelation the material viscosity reaches to infinity which causes an increase in dissipated 

energy and thus also in the shear loss modulus E’’ (Ramis et al. 2003). After the gelation, 

the viscous portion of the material starts to decrease, leading the tan 𝛿 curve to decrease 

because tan 𝛿 is determined as E’’ divided to E’. 

 

Figure 26 Gelation point can be seen from the isothermal DTMA curve as the peak of the tan 

𝛿 curve (Ramis et al. 2003). 

Liquid samples can also be measured with DMTA. However, in some cases sample 

preparation is needed. Cadenato et al. (1997) applied DMTA to measure the evolution of E’, 

E’’ and tan 𝛿 during the curing process of liquid epoxy samples. These samples were 

supported in a glass fiber fabric. DMTA has also been applied to study the curing of liquid 

PF resin by Christiansen et al. (1993). They impregnated the resin into a glass microfiber 

filter and then dried the samples and cut them to small 35 mm long pieces. These pieces 

were clamped into the DMTA analyzer and the isothermal test run was performed in 150 °C. 
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This temperature was chosen because it is higher than the temperature usually obtained in 

the core of the composite boards during hot pressing but below the temperature in which 

degradation happens (usually degradation of PF resins is observed in 180-210 °C).   

Lee and Kim (2007) studied the curing of PF resins modified with urea and curing catalysts 

for strand board manufacturing. The liquid resin was uniformly spread on a fiberglass braid 

and clamped horizontally between sample holding hands. Run was performed fist by 

increasing the temperature from 30 °C to 180 °C with 25 °C/min heating rate and then held 

isothermal for 20 min to obtain storage and loss modulus and tan 𝛿 curves. Lee and Kim 

(2007) obtained the gel time as the time elapsed to the initial increasing point of storage 

modulus curve E’ and the cure time as the elapsed time at the intersection of the tangents 

drawn to the peak of the storage modulus rise. The cure rate was obtained as the maximum 

slope of the storage modulus curve.  

Kim at al. (1991) studied the curing of liquid PF resin with DMTA. They impregnated 16-

20 mg of resin uniformly to a glass cloth and clamped the sample horizontally between two 

sample holding arms. The dynamic run was performed with 25 °C/min heating rate until the 

cure temperatures were reached at 110, 125, 150, 175, 200 and 225 °C. The fast heating rate 

was applied to simulate the heating in wood composite manufacturing. DMTA run was 

performed for 30-50 min after reaching the curing temperature. PF resins with different 

formaldehyde-to-phenol ratios (2.0, 2.25 and 2,5) and with different viscosity levels (700, 

500 and 1100 cP).  

8 Summary of the literature part 

Oriented strand board manufacturing has been increased during the past years due to its low 

production costs and versatile end-use opportunities. Phenol-formaldehyde resins are 

typically applied in applications, where high weather resistance and stability is needed. Due 

to this, phenol-formaldehyde resins are common in OSB manufacturing. However, phenol-

formaldehyde resins include toxic and expensive phenol. Lignin is a possible phenol 

replacement in PF resins due to its phenolic nature. Lignin also has many characteristics 

which makes it a good adhesive component. Lignin-phenol formaldehyde resins with 

different substitution rates have been produced successfully for wood applications for many 

years now. LPF resins for OSB are however relatively new field of study. Due to the high 

molecular size of lignin and low reactivity, LPF resins usually need longer pressing times 
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and higher temperatures when applied as a resin in wood applications because their curing 

process is slower. During the curing process, concurrent water evaporation and chemical 

reactions happen, and the resin forms its final rigid and highly crosslinked structure. 

PF and LPF resins go through certain stages when curing. In the A-stage, the resin cross-

linking has yet not started. During the B-stage, as the time and temperature increases the 

cross-linking starts to happen and the resin is partially cured. In the final C-stage the resin 

has cured completely and formed its final cross-linked structure. The curing process of a 

resin includes many complex chemical reactions and for PF and LPF resins these reactions 

are not truly known. However, it has been stated that the resins go through gelation and 

vitrification during the curing process. During gelation, the average molecular weight of the 

resin becomes infinite and the resin no longer flows. In vitrification the viscoelastic fluid is 

transformed into a glass. In vitrification, the reaction changes from chemically controlled to 

diffusion-controlled reaction. 

The aim of this literature research was to find out how to measure the curing process of a PF 

and LPF resin. The most commonly applied methods found from the literature are collected 

to Table 10. Oscillating rheometers measure the modulus change in material when it is 

heated. With oscillating rheometer, the whole curing process from gelation to vitrification 

can be studied. Differential scanning calorimetry is based on measurement of the change of 

the difference in the heat flow rate to the sample and to a reference sample while they are 

subjected to a controlled temperature program. DSC is widely applied to study the reaction 

enthalpies of thermoset curing reactions and the conversion degrees. DSC can also be 

applied to model the curing kinetics of thermosets by applying different models. However, 

the applied model depends a lot on the thermoset material and its reaction rate. There is not 

a clear consensus on the kinetic model for PF or LPF resins. Thermomechanical analysis 

(TMA) measures the change in the dimensions of the material due to heating. For liquid 

resins, it is usually applied to measure the curing shrinkage and gelation. When TMA is 

applied for liquid resins, the material is usually placed between two silica disks. Dynamic 

mechanical thermal analysis (DMTA) measures the modulus change in the material due to 

heating. DMTA is based on rheology, like oscillating rheometer, however its heating system 

is more precise and the technology more automatized. With DMTA, the gelation is possible 

to measure from the isothermal run and the glass transition temperature from the dynamic 

runs.  
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Table 10 Analysis method to study the curing of PF and LPF resins found from the literature. 

Analysis method 
Parameters 

obtained 
Test methods Characteristic 

Oscillating rheometer with 

parallel-plate geometry 
G' G'' η' tanδ 

time sweep gel time 

temperature sweep glass transition 

Differential scanning calorimetry ∆H 

dynamic run 
curing temperature, 

reaction heat 

isothermal run α 

Thermomechanical analyzer L isothermal run gelation, ∆L 

Dynamic mechanical analyzer E' E'' tanδ 

isothermal run gelation 

dynamic run Tg 
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II EXPERIMENTAL PART 

9 Aim of the experimental part 

The scope of the experimental part is to analyze the curing phenomenon of lignin-phenol-

formaldehyde (LPF) resins with methods found from the literature and to determine the 

effect of the resin properties on the OSB panel properties and strength. Aim is to find out 

whether there are relations between the resin and panel properties and whether the LPF resin 

OSB panels have properties close to PF resin panel properties. 

The methods applied to study the curing of the lignin-phenol-formaldehyde (LPF) resins are 

differential scanning calorimetry (DSC), oscillating plate-plate rheometer, dynamic 

mechanical analyzer (DMTA) and thermomechanical analyzer (TMA). The experimental 

part includes nine resins to be studied, eight of them being LPF resins and one of them being 

a conventional reference PF resin. The properties of the resins are analyzed including gel 

time, B-time, solid content, viscosity, pH, alkalinity, free formaldehyde content and molar 

mass. OSB panels are pressed from the resins and properties of the panels are analyzed. 

These properties include internal bond (IB), thickness swelling (TS), modulus of rupture 

(MOR) and modulus of elasticity (MOE), moisture content of the board and formaldehyde 

content of the board in moisture content of 6,5%. In addition, OSB panel strength after 

immersion to water is analyzed by measuring IB, MOE and MOR after boiling the OSB 

panel samples in water for 2h. The resins are synthesized, and the panels are pressed by a 

collaborating company. Principal component analysis (PCA) and partial least square (PLS) 

regression are applied as statistical methods to study the high dimensional data obtained in 

the experimental part and to find correlations in the data. 

10 Materials and methods 

To analyze the effect of the resin synthesis parameters on the resin curing and the OSB panel 

strength, lignin phenol formaldehyde (LPF) resins with different properties were 

synthesized. The experimental setup was produced by the collaborating company and the 

factorial design method was applied to produce it. Based on the literature study, four 

parameters were chosen as the factors to be evaluated. Two levels for each parameter was 

applied because two level analysis is relatively quick and informative. To study these four 

factors at two levels would require total of 16 trial runs if full factorial design would be 

applied.  This full factorial design can be very costly and time consuming, thus fractional 
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factorial design at two levels was applied to produce the sample matrix. With fractionating, 

the amount of test trial runs needed was reduced to 8. Fractional factorial design is a suitable 

method to evaluate the importance of the factors and to screen which factors are the most 

important ones. Thus, 8 different LPF resins were produced.  

10.1 Resin synthesis and characterization 

Resins were synthesized according to the best practice of the collaborating company. LPF 

resins were produced with 50% phenol substitution rate, target viscosity 200 mPas and solid 

content approximately 50%. The synthesis parameters chosen based on literature were 

formaldehyde-to-phenol molar ratio, urea addition level, NaOH addition level and amount 

of NaOH added in the first step of the resin synthesis (referred as 1st step NaOH). NaOH 

works as the catalyst in the reaction, and it is added in two parts. Urea is added in the end of 

the synthesis process and its main function is to capture the free formaldehyde in the resin, 

improve the tackiness, functionality and to control the viscosity of the resin. Molar ratio of 

phenol and formaldehyde affect the synthesis reaction. With higher formaldehyde-to-phenol 

ratio the resin has higher degree of crosslinking and more branched molecule is produced. 

The experimental layout produced from these four parameters with fractional factorial 

design is shown in Table 11. Also, a reference PF resin (PF9) was produced. The PF resin 

synthesis parameters were chosen based on previous work by the collaborating company.  

Table 11 The produced resin series to be studied included eight LPF resins and one PF resin 

as reference resin with the following synthesis parameters. For all LPF resins the 

phenol substitution rate was 50%. 

Sample ID MR % Urea % NaOH % 1st shot of NaOH 

LPF1 2.2 10 5 65 

LPF2 2.2 10 6 80 

LPF3 2.2 15 5 80 

LPF4 2.2 15 6 65 

LPF5 2.6 10 5 80 

LPF6 2.6 10 6 65 

LPF7 2.6 15 5 65 

LPF8 2.6 15 6 80 

PF9 2.3 10 5 65 
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Resin properties were analyzed by the collaborating company. The solid content of the resins 

was determined by drying the resin samples in 120 °C for 2 hours and the wet and dry weight 

was measured. Also, the gel time, B-time, viscosity, pH, alkalinity and free formaldehyde 

amount were measured. Resin molar weight distribution was also analyzed with in-house 

developed method (GPC). The standards in which the resin analyzes were based on are 

shown in Table 12. 

Table 12 Standards and methods applied for the resin analysis. 

Analysis Standard 

Gel time internal method 

B-time EN ISO 8987:2005 

Viscosity EN ISO 2555:2018 and EN 12092:2001 

Alkalinity DIN 16916-2:1987 

pH EN 1245:2011 

Free Formaldehyde ISO 9397:1995 

Molar weight distribution internal method 

From these analyses done for the resins, the gel time and B-time are the most important ones 

regarding to the curing of the resin. The gel time of the resins was determined by hand in 

100 °C. 10 ml of resin was poured into a test tube and a wooden stick was immersed in the 

resin. The tube was immersed in boiling water (100 °C) and the wooden stick was vertically 

raised with repeating manner. When the resin starts to gel, the wooden stick cannot be lifted 

anymore without the resin tube lifting also. The time is measured and the time at which the 

whole resin tube is lift with the wooden stick is the gel time.  B-time test was done according 

to modified EN ISO 8987:2005.  B-time is the time at which the resin is still moldable after 

heating to certain temperature. The B-time was measured in 130 °C by adding the resin into 

a depression of a heated B-time measuring plate. The modification from the standard was 

that the sample amount was slightly bigger than it was said in the standard. The resin was 

stirred with a glass rod and lifted at time to time. Circular continuous movements were 

introduced from the edges of the depression into the middle. The time at which the filament 

of the resin produced in the end of the glass rod was broken in a rubber-like manner was 

determined as the B-time and the timer was stopped.  
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10.1.1 DSC measurements 

The differential scanning calorimetry measurements were performed with a Mettler Toledo 

DSC1 apparatus with Stare software. Both, dynamic and isothermal DSC runs were 

performed. High pressure Golden plate 30 µl sample cups were applied and approximately 

5 mg sample size was applied. A dynamic run was performed by first keeping the sample in 

25 °C for 2 min and then heating with heating rate 10 °C/min to 300 °C and then kept in 300 

°C for 2 min. The isothermic run was performed in 105 °C for 60 min. Two replicates for 

each run were done to ensure the repeatability of the analysis. With DSC runs, the 

exothermic curing reaction was observed as a peak in the scan. The integrated peak area is 

the heat released in the reaction. Also, the onset, peak and the endset temperatures of the 

reaction were observed from the dynamic and isothermal scans. Conversion curves were also 

obtained from the isothermal run. Curing kinetic studies based on DSC runs were not 

performed due to the time limitations and bad consensus of suitable models on literature. 

10.1.2 Rheological measurements 

The change in storage modulus G’ and loss modulus G’’ of the resins were studied with 

oscillating rheometer Anton Paar MCR302 and disposable plate-plate measuring system. 15 

mm measuring plate was applied to obtain reasonable measuring accuracy for both low 

modulus and high modulus stages of the curing process. The sample was pipetted to the 

bottom disk and the measuring probe was lowered to the sample so that 1 mm gap was 

obtained. Thus, sample was between two plates, as shown in Figure 27. Rheological 

measurements were performed first in dynamic conditions by increasing the temperature 

from 50 C to 180 C with aim to observe the glass transition as the change in storage and loss 

modulus G’ and G’’. Isothermal test runs were performed in 105 °C and 120 °C with aim to 

observe the gelation of the resins. The isothermal runs included a stress-controlled interval 

and strain-controlled interval. The stress-controlled interval was applied in the beginning of 

the curing process when the resin was mostly in liquid state. The stress applied was 5 Pa and 

frequency was 1 Hz. Temperature interval with heating rate 10 °C/min was applied to obtain 

the operating temperature. In the strain-controlled interval 0,01% strain was introduced so 

that the operation was inside the linear viscoelastic region and the sample structure was not 

disturbed. Frequency was kept in 1 Hz also in strain-controlled measurements. A hood was 

applied for the rheometer measuring system so that the temperature gradients could be 

minimized.  
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Figure 27 Disposable plate-plate measuring system for the analysis of PF and LPF resin curing 

with oscillating rheometer Anton Paar MCR302. LPF sample is between the two 

plates, shown with arrow.  

10.1.3 DMTA measurements 

DMTA analyses from the resins were performed with Netzsch DMTA 242 with compression 

mode. The sample was put between the compression clamps in an aluminum cup. Dynamic 

runs were performed by increasing the temperature from 20 °C to 300 °C with 3 °C/min 

heating rate. Frequency of 1 Hz and amplitude of 20 µm was introduced to disturb the 

sample. Replicates for each test run were performed to ensure the repeatability of the results. 

Aim was to obtain the tensile-based storage modulus E’, and the tensile-based loss modulus 

E’’ and the loss factor tand curves. According to literature, the onset of E’, peak of E’’ and 

peak of tand curve indicate the start of the curing process. 

 

Figure 28 DMTA measurements were performed with compression mode by putting the 

sample inside a small aluminum cup, shown with arrow. 
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10.1.4 TMA measurements 

Thermomechanical analysis test run was performed for the LPF1 resin sample to see whether 

the analysis method is suitable for this type of water-based resin. TMA apparatus was TMA 

Q400EM by TA Instruments and the liquid sample was measured inside an aluminum cup. 

The lid of the cup was smaller so that the water vapor could be removed during the 

experiment. The trial runs were performed in isothermic conditions in 105 °C for 

approximately 90 min to see the shrinkage of the resins. Two heating profiles were tested. 

First, the heat was raised from room temperature to 80 °C with 2 °C/min heating rate and 

then to 105 °C with 10 °C/min heating rate and then kept in 105 °C for approximately 90 

min. The second heating profile applied was to raise the temperature from room temperature 

to 105 °C with constant heating rate of 2 °C/min. Replicates were done to ensure the 

repeatability of the analysis. The force introduced for the probe was 0,001 N. Aim was to 

measure the shrinkage of the resin as a dimensional change.  

 

Figure 29 TMA analysis was performed by putting the resin sample inside a small aluminum 

cup which had a smaller lid (arrow) and the pressure was introduced to the sample 

with a probe. 

10.2 OSB panel pressing and characterization 

Oriented strand board (OSB) panels were pressed by the collaborating company in 

laboratory conditions without strand orientation. Resin addition level was 9% calculated 

from the dry mass of the strands and the resin. Panel pressing parameters were kept constant 

and they are shown in Table 13. 



63 

 

Table 13 Panel pressing parameters applied in the OSB panel. 

Structure One layer 

Target density, kg/m3  620 

Target thickness, mm  11 

Resin loading dry/dry wood, % 9 

Paraffin dry/dry wood, % 1,3 

Target mat moisture, % ~ 13,5 

Panel size, cm 43 x 43 

Press temperature, oC 215 

Press time, s/mm 35 

  

Panels were trimmed after pressing and cut into samples with dimensions suitable for each 

test according to modified EN 326-1:1994. The testing of the panels was performed 

according to EN300:2006. Panels durability and strength properties were measured 

according to standardized methods, including internal bond IB (EN319:1993), thickness 

swelling TS (EN317:1993), modulus of rupture MOR and modulus of elasticity MOE 

(EN310:1993). IB, MOE and MOR were also measured after boiling the panels for two 

hours. Also, formaldehyde content and the moisture content of the board were measured 

according to ISO 12460-5:2015.  

10.3 Data analysis 

Principal component analysis (PCA) and partial least square (PLS) regression analysis were 

applied with MATLAB software to analyze the multivariate data. PCA is a method for fitting 

a linear model to a set of data points in a high-dimensional space to explain the variations in 

the data (Jolliffe, 2010). PCA is usually applied when conventional multiple linear 

regression cannot be applied due to high collinearity of the data and when there is a large 

data matrix. In PCA, the data is in high dimensional space with dimensions as many as 

variables. For example, when the data matrix has 3 variables, the data is 3-dimensional. 

Before PCA can be applied, the data is centered and auto scaled, so that the different units 

of the data do not affect the results. (Dunn, 2019) The principal components (PC) are defined 

as the fitted components which are uncorrelated and can explain the variations in the data 

(Jolliffe, 2010). First PC is defined so that it can explain most of the variation in the data 

matrix with minimum residual error (Dunn, 2019). These steps are shown in Figure 30. PCs 

show the directions that explain most of the variance and the most information of the data 

(Jolliffe, 2010).  
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Figure 30 In PCA, the data is first scaled and centered (1 and 2), and after this, the first PC 

component is fitted so that it explains most of the variation in the data (3) (Dunn, 

2019). 

After the first PC is defined, the location of each data point along the line is marked. A score 

for each data point is calculated by finding a 90-degree projection of each data point onto 

the line and calculating the distance between the origin and this projected point along the 

line, as shown in Figure 31. Some score values are negative and some positive. The second 

principal component is then added to the data so that it is orthogonal to the first one and it 

explains the second most of the variance in the data. All PCs go through the origin. (Dunn, 

2019) The number of PCs can be as many as the rows or the columns in the data matrix, 

however, usually two main PCs are applied in the interpretation of data. 

 

Figure 31 The scores for each data point are calculated by drawing a 90-degree line from the 

data point to the PC and by calculating the distance between the origin and the data 

point along this line (1). The second principal component is fitted so that it goes 

through the origin and it is orthogonal to the first one (2). (Dunn, 2019) 

After the second PC is fitted to the data, the score values are calculated again by projecting 

each data point to the second PC. The score values are now the distances between the origin 

and the PC along this newly drawn line. Now, with the two principal components, a plane is 

defined (Figure 32). This plane is also described as latent variable model with two 

components (Dunn, 2019). These principal components now can be drawn as the new axes 
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for the scores, which represent the data. The PCs produce now a plane, which is inside the 

multidimensional space (Dunn, 2019).  

 

Figure 32 The scores are also calculated by projecting each data point towards the second PC 

(1). 1st PC and 2nd PC together model a plane, in which the scores are shown. (Dunn, 

2019) 

Loading are calculated values, which show how each variable is now located on this PC 

plane. Loadings are expressing the importance of the variables on forming each PC. The 

higher the absolute values are, the higher is the importance of the particular variable. By 

plotting the loadings in this plane, the correlations between the values can be discussed, as 

shown in Figure 33. If the variables are loaded only on one of the principal components, it 

shows that only that principal component can explain the variation in that variable (Dunn, 

2019). The variables in the same quarter, are correlated to each other because they are loaded 

similarly on the PCs (Dunn, 2019). The variables, which are in diagonally opposite quarters 

of the plane, have negative correlation due to their opposite loadings on the PCs (Dunn, 

2019). Thus, the loading plot shows how the original variables are contributed to creating 

the principal components and how the variables are correlated with each other. 
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Figure 33 An example of a PCA loadings plot. Variable groups in opposite sides of the arrows 

are negatively correlated and the variables inside one color group are positively 

correlated.  

Partial least square (PLS) regression, or as some call it, projection to latent structures, is a 

regression analysis method that utilizes features from PCA and conventional multiple linear 

regression. It is applied to predict a set of dependent variables from a set of independent 

variables by extracting a set of orthogonal factors called the latent variables from the 

dependent variables (Abdi, 2010). These latent variables are chosen so that they predict the 

variables as strongly as possibly. The overall goal of PLS is to predict Y matrix from X 

matrix and to describe their common structure (Abdi, 2010). PLS is particularly useful when 

the number of predictors is large. PLS can be applied also to process monitoring, for 

optimizing the performance of a process, new product development for improving the 

already existing products (Dunn, 2010). The biggest advantages of PLS regression is that it 

can be applied for multiple correlated Y variables (Abdi, 2010). The difference between 

PCA and PLS is that in PLS the latent vectors are found so that X variable explains variation 

in Y as well as possible. In PLS the covariance between X and Y is maximized, whereas 

PCA calculates the latent vectors so that it explains the variance in variables X and Y (Dunn, 

2010). 

When producing a PLS model, the data is again fist centered and auto scaled, like in PCA. 

One dot represents a row from X and Y matrix, thus, there is one dot in X for each dot in Y 

(Dunn, 2010). Whereas in PCA, the scores as the perpendicular projection of each data point 

onto each PC were calculated, in PLS both X and Y are first modelled independently. The 

point in which each variable is in this plane is called X-space score (ti) or Y-space score (ui). 
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Scores are calculated so that the covariance between the X-space scores and Y-space scores 

is maximized (Dunn, 2019). Thus, the first latent variable is oriented so that it best explains 

X and Y and have the biggest possible relationship between the X and Y. In the second step, 

the solutions are rotated to maximize the covariance between X and Y. Thus, the score 

vectors formed in X or Y are rotated and the second latent variable is orthogonal to the first 

latent variable (Dunn, 2019). 

 

Figure 34 In PLS the direction vectors w1 (1) and c1 (2) are fitted to the data and the scores ti 

and ui are found so that the covariance between the t-values and u-values is 

maximized (Dunn, 2019). 

After the PLS regression model is produced, usually a regression coefficient plot is applied 

to investigate the effect of the dependent variables on the independent variables. A bar plot 

is useful for this, showing which X variables explain the modelled phenomena (Dunn, 2010). 

These X variables (x1, x2, x3, x4) are the independent variables and the phenomenon (Y) is 

the dependent variable in the model. In regression coefficient plots of PLS regression model, 

the height of the bars show how big is the effect of the dependent variable on the independent 

variable. As shown in Figure 35, the x1 variable is the main explanatory variable. With higher 

x1 level, the independent variable Y could be maximized. Variables x2 and x4 do not explain 

the variation in Y. Variable x3 has little effect, by increasing the variable x3, the Y is 

decreased because the coefficient is negative. 
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Figure 35 An example of a regression coefficient bar plot for PLS regression model predicting 

the independent variable Y with dependent variables x1, x2, x3 and x4. The coefficient 

of determination for this model is 93% so the variables explain the variation in the 

variable Y well. 

11 Results and discussion 

The measured resin properties of the resins are shown in Table 14. The influence of the resin 

synthesis parameters and resin analysis results on the panel properties are evaluated with 

partial least square (PLS) regression in chapter 11.2.2. 

Table 14 Resin analysis results, PF = phenol-formaldehyde reference resin, LPF = lignin-

phenol-formaldehyde resin with 50% of phenol substituted with lignin. 

  Lignin substitution rate 50%  REF 

  LPF 1 LPF 2 LPF 3 LPF4 LPF 5 LPF 6 LPF 7 LPF 8 PF9 

MR 2,2 2,2 2,2 2,2 2,6 2,6 2,6 2,6 2,3 

%NaOH 5 6 5 6 5 6 5 6 5 

% Urea 10 10 15 15 10 10 15 15 10 

% 1st shot NaOH 65 80 80 65 80 65 65 80 65 

Solids, %  50,01 50,35 49,94 50,03 49,56 49,25 49,67 49,45 50,92 

Viscosity, mPas  220 220 185 165 260 250 165 175 200 

pH  10,92 11,27 11,07 11,69 10,92 11,18 11,06 11,28 11,3 

Alkalinity, %  4,47 5,3 4,47 4,8 4,37 4,66 4,29 4,86 4,33 

Free Formaldehyde, %    0,23 0,23 0,2 0,18 0,33 0,39 0,28 0,3 0,05 

Gel Time 100oC, min  30 35 27 30 18 20 23 25 23 

B- stage 130oC, s  58 47 64 60 47 46 55 44 100 

Mn, g/mol 157 176 182 185 175 228 185 199 281 

Mw, g/mol 2463 2720 3765 3289 3531 3592 4718 5495 2694 

Mz, g/mol 8694 16325 12265 8096 21165 14120 16480 19194 5100 

% Fraction with MW          

0-300 39,8 37,7 32,9 31,8 41,4 30,6 35,1 28,8 20,2 

300-10000 55,5 56,7 57,4 59,4 50,6 60,5 51,4 55 78,5 

>10000 4,7 5,9 9,7 8,8 8,4 8,9 13,6 16,3 1,4 
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The OSB panel analysis results are shown in Table 15. The influence of the resin synthesis 

parameters and resin analysis results on the panel properties are evaluated with partial least 

square (PLS) regression in chapter 11.2.2. 

Table 15 Panel analysis results, PR = panel pressed from ref.PF, PL = panel pressed from 

LPF.  

Panel  PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PR9 

Resin LPF 1 LPF 2 LPF 3 LPF 4 LPF 5 LPF 6 LPF 7 LPF 8 PF9 

MR 2,2 2,2 2,2 2,2 2,6 2,6 2,6 2,6 2,3 

%NaOH 5 6 5 6 5 6 5 6 5 

% Urea 10 10 15 15 10 10 15 15 10 

% 1st shot NaOH 65 80 80 65 80 65 65 80 65 

Loading, % 9 % 

Press time, s/mm 35 

Press temperature, °C 215 

Express Density, kg/m3 632 644 646 641 639 629 615 643 619 

Express thickness, mm  10,9 10,9 10,9 10,9 10,9 10,9 11,1 10,9 10,8 

Density of test pieces, 

kg/m3 
642 643 636 633 611 638 612 623 618 

STD 33 44 37 48 53 45 45 51 39 

Thickness of test pieces, 

mm 
11 11,1 11,1 11,1 11 11,1 11,1 11,1 10,9 

STD 0,07 0,19 0,14 0,16 0,08 0,09 0,23 0,23 0,08 

IB, MPa 0,38 0,31 0,4 0,42 0,55 0,46 0,43 0,44 0,4 

STD 0,05 0,12 0,17 0,15 0,1 0,12 0,11 0,15 0,19 

Swelling, % 27,86 29,43 30,33 28,87 27,39 28,72 29,26 30,78 25,01 

STD 3,12 0,89 2,69 4,01 2,58 2,39 2,34 1 2,5 

MOR, MPa 18,9 18,9 19,7 24,4 25,3 22,9 26,3 21,2 22,5 

MOE, MPa 3172 3554 3743 4131 4104 3924 3894 3625 3651 

IB 2h boil, MPa 0,16 0,22 0,17 0,23 0,2 0,22 0,16 0,18 0,3 

STD 0,06 0,07 0,03 0,02 0,05 0,05 0,04 0,05 0,04 

MOR 2h boil, MPa 17 15 13 13 17 12 9 17 8 

MOE 2 h boil, MPa 1854 1921 1808 1742 2061 1549 1522 1828 1118 

Moisture content of 

board, % 
7,34 7,01 6,66 7,15 6,47 7,05 6,86 6,69 7,56 

Formaldehyde content 

at 6,5% MC 
0,96 0,56 0,44 0,28 1,51 0,56 0,69 0,44 0,47 

 

11.1 Resin curing 

In addition to gel time and B-time, the curing of the resin samples was also measured with 

differential scanning calorimetry (DSC), oscillating plate-plate rheometer and dynamic 

mechanical analyzer (DMTA). Test trial runs were also performed with thermomechanical 
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analysis (TMA), but it encountered problems due to why the whole resin series was not 

analyzed. 

11.1.1 DSC measurements 

The dynamic and isothermal DSC runs were performed. Figure 36 and Figure 37 show the 

dynamic DSC peaks obtained for all of the resins and Figure 38 and Figure 39 show the 

isothermal peaks. Parallel runs were performed and significant differences between the 

replicates were not observed.  Only LPF1 dynamic and isothermal runs, LPF2 and PF9 

dynamic runs had slight differences between the replicates. The parallel runs for these resins 

are shown in APPENDIX I. 

Based on literature, PF resins are generally more reactive than LPF resins due to lignin’s 

large molecular size. However, these DSC curves showed relatively small peaks for this PF 

resin when compared to LPF resins. Dynamic DSC curves (Figure 36 and Figure 37) show 

that for all of the resin tested, the reaction happens approximately between temperature range 

120 °C and 180 °C. Based on literature study, PF resin DSC curves usually include two 

peaks in the dynamic scan. According to study made by Christiansen and Gollob (1985), the 

first peak most likely describes the addition of formaldehyde to phenolic rings and the 

second peak describes to the condensation reactions of methylol groups. However, from 

Figure 36 and Figure 37,  it can be seen, that only LPF3 and LPF4 have double peak in the 

DSC scan.  It must be stated, that dynamic DSC peak integration included some 

ambiguousness. Depending on the integration manner, two peaks might be seen for most of 

the resins. However, the second peaks are not as clear for other resins as for LPF3 and LPF4.  

If the resins are put into an order based on the total peak area of the dynamic DSC scan, the 

biggest peak area would be with LPF5, 115,81 J/g. However, LPF5 has relatively long 

reaction time. The pressing times in OSB panel manufacturing are usually relatively short. 

In this experiment, the OSB panels were pressed for 6,41 min. Thus, the resin needs to react 

quickly. Thus, even though LPF5 has the largest peak area, it shows to be inefficient for 

OSB production. Same for LPF3 and LPF5 which also have relatively slow reaction times, 

approximately 13,5 min and 18,5 min. LPF6 however, shows a high peak (1,28 W/g) in the 

dynamic DSC scan, indicating that it is very reactive. The height of the peak is better 

indicator on the reactivity of the resin rather than the peak area.
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Figure 36 Dynamic DSC curves for resins LPF1-LPF4 and reference PF9 resin.  
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Figure 37 Dynamic DSC curves for resins LPF5-LPF8 and reference PF9 resin. 
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The isothermic DSC curves all show, that the resin curing reaction happens relatively slow 

in 105 °C.  The conversion curves were calculated from the isothermal DSC curves. These 

conversion curves are also an indicator of the curing degree 𝛼. The conversion percentages 

are shown in Table 16 and the conversion curves are shown in APPENDIX I. In isothermal 

curing runs of all resins tested approximately the 80% cure had been completed at time 20 

min and the final cured state have been reached at time 40 min. This indicates that the final 

20% of the total cured stage is difficult to obtain and it takes most of the total curing time. 

All the isothermic DSC curves show a peak in the beginning, when the reaction starts, but 

the main reaction happens a bit later. The peak in the beginning of the run is most likely due 

to water in the resin, which starts to evaporate quickly. However, the resin curing reaction 

and the water evaporation happen concurrently, thus it is difficult to see which peak shows 

the curing and which the water evaporation.  

Table 16 Conversions for PF and LPF resins calculated from isothermic DSC (105 °C) run. 

PF9 LPF1 LPF2 LPF3 LPF4 LPF5 LPF6 LPF7 LPF8 

% min % min % min % min % min % min % min % min % min 

0 1,1 0 0,9 0 1,1 0 4,5 0 1,2 0 1,0 0 1,4 0 1,0 0 1,1 

5 1,9 5 1,7 5 1,7 5 6,9 5 2,4 5 2,0 5 4,5 5 1,9 5 1,8 

10 2,8 10 2,4 10 2,4 10 8,4 10 3,6 10 2,9 10 5,9 10 3,2 10 2,7 

15 3,8 15 3,4 15 3,4 15 9,9 15 5,0 15 4,0 15 6,6 15 6,3 15 4,3 

20 4,8 20 4,9 20 5,1 20 11,2 20 6,4 20 5,3 20 7,0 20 10,3 20 6,6 

25 5,9 25 6,6 25 7,1 25 12,4 25 7,5 25 6,8 25 7,4 25 12,5 25 8,7 

30 7,1 30 8,5 30 8,2 30 13,6 30 8,5 30 8,4 30 7,7 30 13,8 30 9,8 

35 8,4 35 10,2 35 8,8 35 14,7 35 9,3 35 9,7 35 8,1 35 14,8 35 10,5 

40 9,8 40 11,5 40 9,3 40 15,8 40 9,9 40 10,7 40 8,4 40 15,6 40 11,1 

45 11,6 45 12,4 45 9,6 45 16,8 45 10,6 45 11,5 45 8,8 45 16,3 45 11,5 

50 13,8 50 13,2 50 10,0 50 17,8 50 11,3 50 12,1 50 9,4 50 17,0 50 11,9 

55 15,9 55 13,9 55 10,4 55 18,7 55 12,2 55 12,7 55 10,2 55 17,6 55 12,3 

60 17,5 60 14,6 60 10,8 60 19,7 60 13,2 60 13,2 60 11,3 60 18,3 60 12,7 

65 18,7 65 15,3 65 11,3 65 20,8 65 14,5 65 13,8 65 12,7 65 19,0 65 13,2 

70 19,7 70 16,1 70 11,9 70 21,9 70 16,2 70 14,4 70 14,4 70 19,8 70 13,7 

75 20,6 75 17,2 75 12,7 75 23,2 75 18,4 75 15,1 75 16,5 75 20,8 75 14,3 

80 21,5 80 18,6 80 13,9 80 24,7 80 21,2 80 16,0 80 19,0 80 22,1 80 15,1 

85 22,5 85 20,6 85 15,6 85 26,6 85 24,5 85 17,5 85 22,0 85 23,9 85 16,1 

90 23,8 90 23,4 90 18,2 90 29,0 90 28,4 90 19,8 90 25,7 90 26,4 90 17,6 

95 25,7 95 27,9 95 22,8 95 32,3 95 33,3 95 23,8 95 30,8 95 30,6 95 20,3 

100 30,2 100 41,5 100 42,0 100 40,0 100 42,7 100 36,1 100 42,4 100 40,2 100 28,1 

 



74 

 

LPF3 shows no significant peak in isothermic DSC run. The curve is relatively flat.  The 

same is for reference PF9. In isothermal conditions, LPF6 shows again the highest peak, 

indicating that it is the most reactive resin from there nine resins tested. LPF8 is the fastest 

LPF resin to cure.  It has reached 100% cure already after 28 minutes. Thus, it is also closest 

to the reference. However, the peak of LPF8 is not as high as for other, indicating that LPF8 

is less reactive. Based on peak height, the most reactive resin is LPF6 which has the highest 

peak.  Overall the fastest curing is with PF9, which reached 100% cure after 30 min.  The 

slowest one is LPF4 taking 43 min to reach the 100% cure. In chapter 11.2.2 partial least 

square regression (PLS) is applied to explain the differences in the DSC curves with resin 

synthesis parameters and resin analysis results to see what causes the differences.
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Figure 38 Isothermic DSC curves for resins LPF1-LPF4 and reference PF9 resin.  
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Figure 39 Isothermic DSC curves for resins LPF1-LPF4 and reference PF9 resin.
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11.1.2 DMTA measurements 

The DMTA measurements were performed to obtain the change in tensile-based storage 

modulus E’ and tensile-based loss modulus E’’ of the resins. In Figure 40 the DMTA 

thermogram for LPF1 is shown. It can be seen, that the E’ onset temperatures and especially 

the shape of the modulus curves changes a lot between the two replicates. High water content 

of the resins caused problems in the measurements. When the water starts to evaporate from 

the resin, the structure of the resin changes which makes it difficult to measure the modulus 

change. Due to the randomness caused by the boiling, the replicates for some of the resins 

had variation. However, for some resins the repeatability was good. The DMTA curves for 

LPF2-LPF8 and PF9 with two replicates are shown in APPENDIX II . DMTA analysis with 

this method is not suitable for the water-based resins because the water boiling causes the 

results to be unreliable. DMTA method for liquid LPF and PF resins would need more 

investigation and analysis development to ensure the repeatability. 

 

Figure 40 DMTA thermogram for LPF1 showing the replicates 1.1 and 1.2. 

11.1.3 TMA measurements 

TMA test measurement was performed for LPF1 with two different heating profiles to 

measure the dimensional change in the resin. Sample was heated inside an aluminum cup. 

However, unexpectedly the heating caused the material dimensions to grow during the 



78 

 

measurement, which made it difficult to measure the shrinkage. The swelling was most likely 

because the evaporation of the water and the crosslinking reaction happens concurrently 

during the curing process of phenolic resins. Due to this, the resin can be cured into a hollow 

structure with holes inside it which makes the dimensions grow. This so-called swelling can 

be seen in Figure 41. The sample should be inside the aluminum cup, however, it got swollen 

so that the lid was lifted. 

 

Figure 41 In TMA measurements the resin sample was inside an aluminum cup. The sample 

got swollen and pushed out of the cup. 

The swelling can be seen from the dimension curve shown in Figure 42. Runs 1.1 and 1.2 

are replicates and the sample was heated from room temperature to 80 °C with heating rate 

10 °C/min and then with heating rate 2 °C/min from 80 °C to 105 °C. Run 2.1 was performed 

with slower heating rate, 2°C/min from room temperature to 105 °C. Replicate run for 2.1 

was failed due to the high swelling. The sample was completely pushed out of the aluminum 

cup, so the test was stopped. 
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Figure 42 TMA curve for LPF. The first run (1.1 and 1.2) is heated from room temperature to 

80 °C with heating rate 10 °C/min and then with heating rate 2 °C/min from 80 °C 

to 105 °C. The second run (2.1) is heated with heating rate 2 °C/min from room 

temperature to 105 °C. Both runs are then kept in 105 °C for 90 min. 

The dimensions first start to grow, then a sudden decrease happen, after which the 

dimensions return to the same level. This peak happened during the heating of the sample to 

the operating temperature 105 °C, more closely, the peak happened during the temperature 

range 80 to 100 °C (Figure 43). After this the dimensions start to stabilize. The sudden 

decrease in the TMA curve is most likely due to the boiling of the water in the resin. The 

slower and more constant heating profile introduced in 2.1 was better to measure the 

dimensional change. However, the swelling of the sample and the evaporation of the water 

caused too much problems, so TMA analyses were not performed for the rest of the resins 

in the trial series. TMA method for liquid LPF and PF resins would need more investigation 

and analysis development. 
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Figure 43 The TMA curve of LPF1 resin showed a sudden peak at temperature range 80 °C to 

100 °C. 

11.1.4 Rheological measurements 

The rheology of the curing resins was observed by measuring the shear storage modulus G’ 

and the shear loss modulus G’’ with oscillating plate-plate rheometer. Again, high water 

content of the resins caused problems in the dynamic test runs. When the water started to 

boil during the temperature ramp, it disturbed the measuring of G’ and G’’. Due to the 

boiling, the sample was pushed out of the measuring gap. Thus, the experiments were 

continued only in isothermal conditions in 105 °C and 120 °C. However, 120 °C was 

observed to be too high temperature causing the sample to boil too much again and being 

pushed out of the gap. Thus, the trial run series was performed in 105 °C. Three replicates 

were made for sample LPF1 to see if there is variation in the results. Only slight difference 

between the replicates was seen. Thus, replicates were not made for the other resins in the 

test trial series. Figure 44 shows the obtained storage modulus G’ curves for all of the resins. 

There is a significant difference in the rheology of PF resin and the LPF resins. G’ value 

starts to raise much steeper for PF resin (black curve) and it reaches the highest G’ value in 

the three-hour experiment. 
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Figure 44 Curing of resins was measured with oscillating plate-plate rheometer to obtain the 

storage modulus G’ change. 

According to literature, the gel point can be obtained with oscillating rheometer as the 

crossing point of G’ and G’’ curves. After the gelation point the G’ is higher because the 

sample starts to get more solid due to curing. However, for these resins, the G’ was higher 

than G’’ almost immediately. Due to this, gel point is not meaningful to measure for these 

resins according to this criterion. However, the curing speed was extrapolated from the G’ 

curve by drawing a tangent to the line and calculating the slope of the tangent as shown in 

Figure 45. Figures for resins LPF2-LPF8 and reference PF9 are shown in APPENDIX III .  

 

Figure 45 Curing speed of LPF1 in 105 °C, measured as change in storage modulus G’.  
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Also, the storage modulus G’ at 180 min was obtained for each resin. This and the slopes of 

the tangents are collected in Table 17.  It can be seen, that from the LPF resins the curing 

speed is the highest for LPF1 and LPF2, and the slowest for LPF4. LPF1 and LPF2 are also 

cured to highest G’ value, which could be an indicator that the cured stage for these resins 

is strong and these resins would produce strong OSB panels. G’180 value for LPF4 is lowest, 

only 26 MPa, which indicates that LPF4 would probably produce OSB panels with lower 

strength properties. The reference PF resin showed to cure quickest, which was expected 

based on literature. PF resin obtained a plateau, which indicated that it cured completely 

during the trial run. The rheological measurements were performed in 105 °C as the 

isothermal DSC runs also. However, the results are not comparable since the analysis 

methods measure different phenomenon. DSC measures the heat released due to the curing 

reaction and rheometer measures the modulus change of the resin due to the curing reaction. 

Thus, there cannot be seen any clear similarities between the rheometer and DSC results. 

Table 17 Middle point of the tangents, G’ at time 180 min and slope of the tangent for each 

sample resin in 105 °C. 

  LPF1 LPF2 LPF3 LPF4 LPF5 LPF6 LPF7 LPF8 PF9 

MR 2,2 2,2 2,2 2,2 2,6 2,6 2,6 2,6 2,3 

NaOH, % 5 6 5 6 5 6 5 6 5 

Urea, % 10 10 15 15 10 10 15 15 10 

1st shot, % 65 80 80 65 80 65 65 80 65 

G'180, MPa 53 52 44 26 35 30 37 37 73 

Curing 

speed, 

dy/dx 

1,02 0,833 0,642 0,394 0,551 0,49 0,575 0,5 1,47 

 

Visual analysis of the cured sample disks was also made, and the cured disks are shown in 

Figure 46. Some of the disks were broken after being detached from the measuring plate. 

Samples number 1 and 3 were curled more than others and sample 4 contained many white 

spots. The white spots might be caused by the precipitation of the urea on the surface of the 

disk. LPF samples (1-8) are much darker than the PF sample (9) due to the darker color of 

lignin resins. All the disk contained some holes but samples 5 and 6 contained the most. 

These holes are due to the simultaneous water boiling and crosslinking reaction. This same 

phenomenon was observed in TMA analysis. Disks of LPF5 and LPF6 also had yellowish 

color on the surface of the disks. This might also be due to the urea precipitation on the disk 

surface or the formation of sodium salts. 
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Figure 46 Cured resin sample disks, 1=LPF1 2=LPF2 3=LPF3 4=LPF5 6=LPF6 7=LPF7 

8=LPF8 and 9=PF9. 

The curving of the cured resin disks can be assumed to be due to the thermal shrinkage. The 

simultaneous evaporation of the water and the chemical cross-linking reaction caused the 

gap to shrink in the oscillating rheometer. The change in the gap is shown in Figure 47. It 

can be seen, that LPF1 and LPF2 have cured almost completely, since the gap is stabilized. 

For LPF5 and LPF6, however, the gap starts to increase and after this the shrinkage can be 

observed. This increase in the gap is most likely due to the swelling of the resin, which was 

also observed in TMA test run. Due to the high boiling and foaming of these resins the 

measuring probe is pushed up causing the gap to grow. For reference resin PF9 the gap is 

stabilized at time 80 min. After this the resin is cured completely. The small changes in the 

gap after this are probably due to detachment of the cured sample from the probe. 

 

Figure 47 The gap of the plates in the oscillating rheometer measuring system change during 

the curing process due to the resin shrinkage. 
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All in all, the rheological studies showed, that the curing speed of all LPF resins tested 

accelerated between 80 min to 180 min. Before that small changes in storage and loss 

modulus could be observed, however, these changes were relatively small compared to the 

final cured state modulus values. The resins curing speed started to slow after certain point, 

and it could be stated that the final cured state where G’ plateau could be seen was difficult 

to obtain. Few longer test trials over 8 hours were performed, in which the G’ did not reach 

the final cured state where G’ would be constant. This slow final curing was also observed 

in the isothermal DSC measurements. It was also seen that the rheological properties of these 

LPF resins differed significantly from PF resin reference. PF resin cured faster and obtained 

higher G’ value. 

11.2 Data analysis 

Principal component analysis (PCA) and partial least square regression (PLS) was applied 

by MATLAB software to analyze the multivariate data. The data included the resin synthesis 

parameters, resin analysis results, DSC results, oscillating plate-plate rheometer results and 

panel analysis results from all the nine resins in the series, so in total the data matrix was 

nine-dimensional. The DMTA and TMA were excluded from the data analysis due to the 

uncertainty of the results. The aim of this data-analysis is first to determine the correlations 

in the data with PCA and then to determine which parameters explain the variations in the 

resin properties and panel strength properties by using PLS. Table 18 shows the resin 

synthesis parameters and the resin analysis results, Table 19 shows the resin curing analysis 

results (oscillating plate-plate rheometer and DSC results) and Table 20 shows the panel 

analysis results. The codes indicating each parameter in the PCA and PLS are also shown in 

the tables.  
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Table 18 Resin synthesis parameters and resin analysis parameters for the data analysis and 

codes for each parameter. 

  MR 
U, 

% 

NaOH, 

% 

1st shot, 

% 

GT, 

min 

BT, 

s 

Visc, 

mPas 

Mw, 

g/mol 

Alk, 

% 
pH 

FF, 

% 

LPF1 2,2 10  50  65  30 58 220 2463 4,47 10,92 0,23 

LPF2 2,2 10 60  80  35 47 220 2720 5,30 11,27 0,23 

LPF3 2,2 15 50  80 27 64 185 3765 4,47 11,07 0,20 

LPF4 2,2 15 60  65 30 60 165 3289 4,80 11,69 0,18 

LPF5 2,6 10 50  80 18 47 260 3531 4,37 10,92 0,33 

LPF6 2,6 10 60  65 20 46 250 3592 4,66 11,18 0,39 

LPF7 2,6 15 50  65 23 55 165 4718 4,29 11,06 0,28 

LPF8 2,6 15 60  80 25 44 175 5495 4,86 11,28 0,30 

PF9 2,3 10 50 65 23 100 200 2694 4,33 11,30 0,05 

 
MR=molar ratio; U= urea, %; NaOH=NaOH%, 1st=% of NaOH in 1st add; GT= gel time, min; BT=B-time, s; 

Visc=Viscosity, mPas; Mw= molar mass, g/mol; Alk=Alkalinity; pH=pH, FF%=Free formaldehyde % in resin 

 

Table 19 Rheometer and DSC analysis results for the data analysis and codes for each 

parameter.  

  
CS 

G180,  

MPa 

ApDYN,  

J/g 

P1DYN, 

 °C 

P2DYN,  

°C 

ApISO, 

J/g 

P1ISO,  

min 

P2ISO, 

min 

DSC 

80% 

DSC 

100% 

LPF1 1,02 53 44,72 135 0 102,23 1,47 14,47 18,61 41,51 

LPF2 0,83 52 36,64 128 0 69,96 1,53 9,83 13,9 41,96 

LPF3 0,64 44 76,85 134,5 149 45,98 17,57 0 24,74 39,95 

LPF4 0,39 26 69,12 155,5 136,17 64,51 1,72 10,07 21,24 42,68 

LPF5 0,55 35 115,81 135,17 0 111,77 1,67 13,17 16,04 36,1 

LPF6 0,49 30 55,24 128,5 0 119,09 7,77 0 18,95 42,41 

LPF7 0,58 37 35,48 133,67 0 62,15 1,47 17,28 22,09 40,21 

LPF8 0,50 37 29,77 129 0 45,89 1,47 12,15 15,05 28,07 

PF9 1,47 73 26,1 137,33 0 52,67 1,53 20,62 21,48 30,18 

CS=curing speed measured with rheometer; G180=G’ at 180 min measured with rheometer; ApDYN=area of dynamic 

peak; P1DYN=peak 1 dynamic; P2DYN= peak 2 dynamic; ApISO=area of isothermic peak; P1ISO=peak 1 isothermic; 

P2ISO=peak 2 isothermic; DSC80%=time at isothermic 80% cure; DSC100%=time at isothermic 100% cure 
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Table 20 Panel analysis results for the data analysis and codes for each parameter. 

  

IB, 

MPa 

TS, 

% 

MOR, 

MPa 

MOE, 

MPa 

IB 2h, 

MPa 

MOR 2h, 

MPa 

MOE 2h, 

MPa 

FC, 

% 

MC, 

% 

LPF1 0,38 27,86 18,9 3172 0,16 17 1854 0,96 7,34 

LPF2 0,31 29,43 18,9 3554 0,22 15 1921 0,56 7,01 

LPF3 0,40 30,33 19,7 3743 0,17 13 1808 0,44 6,66 

LPF4 0,42 28,87 24,4 4131 0,23 13 1742 0,28 7,15 

LPF5 0,55 27,39 25,3 4104 0,2 17 2061 1,51 6,47 

LPF6 0,46 28,72 22,9 3924 0,22 12 1549 0,56 7,05 

LPF7 0,43 29,26 26,3 3894 0,16 9 1522 0,69 6,86 

LPF8 0,44 30,78 21,2 3625 0,18 17 1828 0,44 6,69 

PF9 0,4 25,01 22,5 3651 0,3 8 1118 0,47 7,56 

IB=internal bond; TS=thickness swell; MOR=modulus of rupture; MOE=modulus of elasticity; IB 2h=internal bond 

after 2h boil; MOR2h= modulus of rupture after 2h boil; MOE2h=modulus of elasticity after 2h boil; 

FC%=formaldehyce content of board in MC 6,5%; MC%=moisture content of board 

 

11.2.1 Principal Component Analysis (PCA) 

Principal component analysis for the data matrix was performed to see which variables 

correlate. A loadings plot was applied to plot the data in plane with two main principal 

components as axes to see how the variables are located on the principal components. This 

is shown in Figure 48. There are many correlations in the data matrix. This was expected 

because it was known that the variables affect each other.  Variables in the opposite ends of 

the arrows are loaded on the principal components in opposite manner, indicating that they 

are negatively correlated. Thus, if another variable is increased, the other is decreased. 

Variables inside the same color group are loaded similarly on the principal components, thus 

they have positive correlation. When other increases, the other increases also. In turn, when 

other decreases, the other decreases also. Variables outside the color groups are loaded only 

on one of the principal components and the other principal component cannot explain any of 

the variation in the data. 
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Figure 48 A loadings plot of the data matrix built with PCA. The variables within the same 

color group correlate positively and the variables in opposite ends of the arrows 

correlate negatively. Distance between the variables show the strength of the 

correlation. 

The PCA loadings plot variable groups are simplified in Figure 49. When discussing the 

correlations between the resin properties and panel results, gel time (GT) and B-time show 

to have negative correlation with many of the panel results. Gel time and B-time are 

relatively simple analysis method which show to give a lot of information about the panel 

properties. With lower gel time the resin is cured faster. Thus, when the gel time is decreased, 

the panel IB and MOR are increased. However, with lower gel time the formaldehyde 

content is also higher. B-time (BT), has negative correlation on thickness swelling (TS) and 

positive correlation with internal bond measured after 2h boil (IB2h).  
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Figure 49 A simplified illustration of the correlating variables in PCA model of all data. 

Variables with same color have positive correlation and variables in opposite ends 

of the arrows have negative correlation. 

PCA loadings plot was also built with resin analysis results (including gel time, B-time, 

molar weight, viscosity, alkalinity, pH and free formaldehyde amount) and panel analysis 

results (including IB, TS, MOE, MOR, IB2h, MOE2h, MOR2, formaldehyde content of the 

board and moisture content of the board). The resin synthesis parameters (MR, U, NaOH 

and 1st shot NaOH) and the resin curing analysis (DSC and rheometer) results were excluded 

from this PCA model to simplify the figure and to investigate the correlations between resin 

properties and panel results more closely. The loadings plot figure is shown APPENDIX IV   

and the simplified version of the loadings plot from this PCA model is shown in Figure 50. 

Here, it can be seen even more clearly that the B-time and gel time correlate with most of 

the panel results. Moisture content and free formaldehyde amount are loaded only on the 

first principal component. 
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Figure 50 A simplified illustration of the correlating variables in PCA model including resin 

analysis results and panel analysis results. Variables with same color have positive 

correlation and variables in opposite ends of the arrows have negative correlation. 

PCA loadings plot for resin synthesis parameters and resin curing analysis results (including 

gel time, B-time, oscillating plate-plate rheometer and DSC results) was also produced. Aim 

was to see the correlations between the resin curing and the resin synthesis parameters more 

closely. This PCA loadings plot is shown in APPENDIX IV   and a simplified figure is 

shown in Figure 51. The gel time is not correlated with any of the curing results because it 

was outside the variable groups. Urea level is highly correlated with first peak in isothermal 

and dynamic DSC runs. Urea might react in the DSC run causing an extra peak to show in 

the scan.   

 

Figure 51 A simplified illustration of the correlating variables in PCA model including resin 

synthesis variables and curing analysis results. Variables with same color have 

positive correlation and variables in opposite ends of the arrows have negative 

correlation. 
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11.2.2 Partial Least Square Regression (PLS) 

PLS was applied by using MATLAB software to study the influence of the variables on each 

other. First, the panel results (including IB, TS, MOE, MOR, IB2h, MOE2h, MOR2, 

formaldehyde content of the board and moisture content of the board) were explained with 

resin synthesis parameters (including MR, urea and NaOH addition levels, and 1st shot 

NaOH level). Regression coefficient bar plots were built to display the results. PLS model 

was built with two latent vectors. By adding too many latent vectors to explain the variation, 

there is a risk of overdesigning. By overdesigning the model, the added vectors would bring 

only little more captured variance but a lot more randomness to the model, which is not 

desirable.  The influence of resin synthesis parameters on resin properties was also evaluated. 

The model explaining resin analysis results (including gel time, B-time, molar weight, 

viscosity, alkalinity, pH and free formaldehyde amount) with resin synthesis parameters was 

built with two latent vectors and the model explaining the resin curing results (including 

rheometer and DSC results) with resin synthesis parameters was built with three latent 

vectors. Lastly, the OSB panel results were explained with resin analysis results to evaluate 

the effect of resin properties on OSB panel strength. These models were built with four latent 

vectors. 

From the OSB panel properties the most important one is internal bond, which is an indicator 

of the panel strength. OSB is applied as construction material, thus it needs to be durable. 

Thickness swelling is also important parameter if OSB panels are applied in severe weather 

condition where the panel swelling is undesirable. Third very important panel property is the 

formaldehyde content. Too high formaldehyde content in board might cause formaldehyde 

emissions to the environment, which is not desired.  

11.2.2.1 Influence of resin synthesis parameters on OSB panel properties 

The PLS regression analysis explaining panel analysis results with resin synthesis 

parameters is shown in Figure 52. The coefficients of explanation are shown above each 

parameter figure. It can be seen, that the coefficient values are relatively good (over 65%) 

for thickness swelling, formaldehyde content and moisture content of board. For other 

parameters the coefficients of explanation are low, which means that this PLS model does 

not explain the variation in the data. The variation is more likely randomness.  

For thickness swelling the urea addition level proves to be the biggest explanatory variable. 

The coefficient for urea is positive, which means that with higher urea addition level the 
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thickness swelling of panel is also higher.  Naturally, the thickness swelling is desired to be 

low for OSB panel as construction material. This observation was also found by Oh and Kim 

(2015). The urea addition level is critical, since even though urea is applied to react with the 

excess formaldehyde and to improve the tackiness of the resin, with too high urea level the 

panel properties start to weaken. Oh and Kim (2015) also observed that the thickness swell 

started to increase with increasing urea addition level for PUF resins. NaOH and 1st shot 

NaOH amount are also important explanatory variables when it comes to thickness swelling. 

NaOH is applied as the catalyst and the amount of the catalyst added in the first step naturally 

affects the crosslinking reaction in the resin production process. With higher NaOH and 1st 

shot levels a more complete reaction most likely happens, but the thickness swell of the panel 

also shows to increase. 

 

Figure 52 PLS regression coefficient bar plot explaining panel analysis results with resin 

synthesis parameters. The coefficient of determination for each model is above the 

figure. The height of the bar indicates how strong is the effect of the synthesis 

parameter on the panel analysis result. 

For formaldehyde content of the board, the most important explanatory variables are urea 

and NaOH addition levels. Their affect is negative, which means that to minimize the 

formaldehyde amount, higher urea and NaOH levels are desirable. Urea’s function is to 

capture the free formaldehyde in the resin by reacting with it and forming urea-

formaldehyde. Thus, with higher urea amount, less free formaldehyde is left in the produced 

resin. This leads to lower formaldehyde amount in the produced OSB panel.  Molar ratio and 
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1st shot NaOH levels are also quite significant explanatory factors for formaldehyde content, 

however, their effect on formaldehyde content are less significant.  

The fitting of the produced PLS models for the data is shown in Figure 53. The numbers are 

the corresponding resin samples (1=LPF1, 2=LPF2, 3=LPF3 etc.) and 9 is the reference PF 

resin. The properties of LPF resins and how they are related to PF resin reference can be 

discussed from Figure 53. LPF resins swell more than PF resins but the panel moisture 

content is lower than for PF resin. What comes to formaldehyde content, most of the LPF 

resins show to be close to PF reference. The fit for internal bond is visually better than 

expected based on the coefficient of determination. Most of the LPF resins are placed close 

to PF9 reference and only two LPF resins are out of the line. The same PLS model was built 

without the reference resin (9) to see if the fit would be better with only LPF resins. This is 

shown in APPENDIX V . The coefficient of determination for formaldehyde content, 

internal bond after 2h, modulus of elasticity after 2h, moisture content was improved. The 

improvements for other parameters were not significant. Thus, it can be stated that the LPF 

resin panel properties are relatively close to PF resin panel properties. All in all, the 

coefficient of determinations stayed relatively low. Only moisture content had coefficient of 

determination over 90%. Due to this, it can be also stated that the resin synthesis parameters 

do not explain the changes in panel results in a clear manner. 

 

Figure 53 Fitting of PLS model produced by explaining panel results with resin synthesis 

parameters. The orange line corresponds the predicted model and the numbers are 

the resin samples analyzed. 
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11.2.2.2 Influence of resin synthesis parameters on resin properties and curing 

To evaluate the influence of resin synthesis parameters on the resin properties and curing, 

PLS regression model was applied by explaining the resin analysis results (including gel 

time, B-time, molar weight, viscosity, pH, alkalinity and free formaldehyde amount) with 

resin synthesis parameters.  The DSC and oscillating plate-plate rheometer results were first 

excluded from this PLS model. The regression coefficient bar diagrams were produced to 

display the results. The regression coefficient bar plot for this PLS model is shown in Figure 

54. The coefficients of determination are high (over 70%) for all other parameters except B-

time and free formaldehyde amount. For molar weight, the coefficient of determination is 

96%. For molar weight the molar ratio and urea proved to be the most important explanatory 

variables. With higher urea and molar ratio levels the molar weight is also higher. This is 

naturally since with higher molar ratio and urea levels the crosslinking is also higher leading 

into higher molar weight of the molecules. Gel time is also explained with resin synthesis 

parameters and the main explanatory variable is molar ratio with negative coefficient. Thus, 

with higher molar ratio the gel time is shorter, which is desirable. This is because higher 

molar ratio produces more branched and crosslinked resin molecules, which cure faster than 

straight molecule chains. 

 

Figure 54 PLS regression coefficient bar plot explaining resin analysis results with resin 

synthesis parameters. The coefficient of determination for each model is above the 

figure. The height of the bar indicates how strong is the effect of the synthesis 

parameter on the resin analysis result. 
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Figure 55 shows the fitting of the predicted model on the data. What is noticeable is the fact, 

that in this model the reference PF9 is fitted well with LPF resins in all other analysis results 

except in B-time and free formaldehyde. The model was also built without the reference PF9 

and this is shown in APPENDIX V . The fit got significantly better only for B-time and free 

formaldehyde and their coefficients of determination increased to 94%. Thus, it can be said 

that in general the LPF resin properties are simil to PF resin properties.  

 

Figure 55 Fitting of PLS model produced by explaining resin analysis results (excluding DSC 

and rheometer results) with resin synthesis parameters. The orange line corresponds 

the predicted model and the numbers are the resin samples analyzed. 

PLS model explaining the resin curing analysis results (including oscillating plate-plate 

rheometer and DSC results) with resin synthesis parameters and resin analysis results was 

also built. The coefficients of determination were low for all parameters indicating that the 

resin synthesis parameters or resin analysis results do not explain the variance in rheometer 

and DSC results. Oscillating plate-plate rheometer and DSC runs might include 

measurement errors due to the relatively new analysis method application for liquid PF and 

LPF resins, which might be a partial reason for the poor explanation. The variation might be 

just randomness and thus it is not explained. Also, it might be that the variations in the 

rheometer and DSC results are due to some other resin properties. 

The curing analysis  (DSC and rheometer) results were explained  next with both, resin 

synthesis parameters (MR, urea, NaOH, 1st shot NaOH) and resin analysis results (including 

gel time, B-time, viscosity, molar weight, alkalinity, pH and free formaldehyde amount) to 

see if these together would explain the variations in the results. Regression coefficient bar 
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plots were built and they are shown in Figure 56. By adding the resin analysis results as 

explanaytory variables, the coefficient of determinations for these models were improved. 

However, none of the explanatory variables stood out from the figures and all curing analysis 

results had many significant explanatory variables. 

 

Figure 56 PLS regression coefficient bar plot explaining oscillating plate-plate rheometer and 

DSC results with resin synthesis parameters and resin analysis results. The 

coefficient of determination for each model is above the figure. The height of the 

bar indicates how strong is the effect of the resin analysis result on the resin curing 

analysis result. 

11.2.2.3 Influence of resin properties on OSB panel properties 

Lastly, PLS was applied to evaluate the influence of resin properties on the panel strength 

properties. First model was built by explaining the panel analysis results (IB, TS, MOE, 

MOR, IB2h, MOE2h, MOR2h, formaldehyde content and moisture content) with resin 

analysis results (including gel time, B-time, viscosity, molar weight, alkalinity, pH and free 

formaldehyde amount).  After this, the panel properties were explained with the curing 

analysis (DSC and rheometer) results.  

The regression coefficient bar plots for explaining panel results with resin analysis results 

are shown in Figure 57. The coefficients of explanation are significantly better when 

explaining the panel results with resin analysis results rather than with resin synthesis results 

earlier. Like mentioned before, high internal bond is desirable for OSB panel. The most 

significant explanatory variable for internal bond is the gel time. When the internal bond is 

wanted to be maximized, lower gel time is more desirable. In OSB panel production, the 
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pressing times are relatively short (6 min), thus the efficient resin curing is important. For 

thickness swell gel time, B-time, viscosity and molar weight are the most significant 

explanatory variables. All in all, it can be said that from resin analysis variables the most 

significant ones are gel time and B-time because they stand out from most of the figures.  

 

Figure 57 PLS regression coefficient bar plot explaining panel results with resin analysis 

results. The coefficient of determination for each model is above the figure. The 

height of the bar indicates how strong is the effect of the resin analysis result on the 

panel analysis result. 

In Figure 58, the fitting of the PLS model explaining panel results with resin analysis results 

is made. Regarding to internal bond, LPF resins and the reference PF resin are fitted well in 

line. This indicates that the LPF resins’ internal bond is close to the reference’s internal bond.  

However, for thickness swell the LPF resins differ significantly from the reference. The same 

was observed when using resin synthesis parameters as explanatory variables. Internal bond 

after 2h boil is also much better for PF resin panel than for LPF resin panels. Thus, from all 

these panel properties, thickness swell and internal bond after 2h boil should be optimized 

more to obtain LPF resin based OSB panels with same properties as PF resin based panels. 

When looking at Figure 57, this thickness swell could be optimized by affecting on gel time, 

B-time, viscosity or alkalinity, since they are the biggest explanatory variables for thickness 

swell. Then, when looking at Figure 55, these resin parameters can be affected by changing 

the MR or the amount of urea, which are the biggest explanatory variables. In the same 
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manner, to optimize internal bond after 2h boil the NaOH level and molar ratio should be 

optimized in the resin.  

 

Figure 58 Fitting of PLS model produced by explaining panel results with resin analysis 

results. The orange line corresponds the predicted model and the numbers are the 

resin samples analyzed. 

The same fitting was done by excluding the reference PF9 to see how only the LPF resins 

are fitted. This model is shown in APPENDIX V . The PLS was done again by explaining 

panel results with resin analysis results (excluding DSC and oscillating plate-plate rheometer 

results). The improvements in the coefficient of determination were not significant. Even 

though PF differs from LPF resins for thickness swell and internal bond after 2h boil, PF is 

still in line with the LPF resins. Due to this, the fit did not improve significantly when PF 

resin was removed from the model.  

The final PLS model was produced by explaining panel results with resin curing analysis 

results (including gel time, B-time, DSC results and rheometer results). This is shown in 

Figure 59. With using resin curing analysis results, the coefficients of determination for all 

panel analysis results were extremely good. Only for modulus of elasticity and internal bond 

after 2h boil the coefficients were below 90%. For internal bond and modulus of rupture, the 

most significant analysis to explain the variations is the gel time and for moisture content 

and free formaldehyde the most significant variable is viscosity. For others there are many 

important variables explaining the variations. 
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Figure 59 PLS regression coefficient bar plot explaining panel results with resin curing 

analysis results (gel time, B-time, DSC and rheometer results). The coefficient of 

determination for each model is above the figure. The height of the bar indicates 

how strong is the effect of the resin curing analysis result on the panel analysis result. 

Figure 60 shows the fitting of this PLS model explaining panel results with resin curing 

analysis results (including gel time, B-time, DSC results and rheometer results). It can be 

seen than the fits are generally good and the LPF resins are again close to reference PF9, 

except for internal bond after 2h boil and thickness swell. LPF resins swell more than PF 

resins and due to this their internal bond after immersion to water is much weaker. It is 

noticeable, that the LPF resins have higher modulus of rupture and modulus of elasticity 

after 2h boil than the PF resin. 
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Figure 60 Fitting of PLS model produced by explaining panel results with resin curing analysis 

results (gel time, B-time, DSC and rheometer results). The orange line corresponds 

the predicted model and the numbers are the resin samples analyzed. 

12 Summary of the experimental part 

Eight LPF resins were synthesized with different synthesis parameters and panels were 

pressed from these resins to determine the effect of the resin properties and resin curing on 

the OSB panel strength. One PF resin panel was pressed as a reference. Resin properties 

were analyzed including gel time, B-time, viscosity, molar weight distribution, alkalinity, 

pH and free formaldehyde amount. Panel properties were analyzed including internal bond 

(IB), thickness swelling (TS), modulus of elasticity (MOE), modulus of rupture (MOR), 

formaldehyde content in the board and board moisture content. IB, MOE and MOR were 

also measured after boiling the panels for 2h to test the panel strength after immersion to 

water.  The curing of the eight LPF resins and one PF resin was studied with differential 

scanning calorimetry (DSC), oscillating plate-plate rheometer, dynamic mechanical thermal 

analysis (DMTA) and thermomechanical analysis (TMA). The interactions between the 

resin and panel analysis results were studied with principal component analysis (PCA) to 

find the correlations in the data and to figure out which parameters contain similar 

information. Partial least square (PLS) regression was applied to study the influence of resin 

synthesis parameters on resin properties, resin curing and panel strength. The influence of 

resin properties and resin curing on panel strength was also studied with PLS. 

DMTA and TMA analyses showed to be unreliable when applied for liquid LPF and PF 

resins. Resins included approximately 50 percent water which started to boil during the 
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experiment causing too much randomness to the results. In DMTA, the results between the 

replicates differed significantly for some of the resins. TMA analysis was performed for only 

one resin as a trial and it showed not to be suitable for these resins. When the resin is cured, 

the water is evaporated concurrently with the cross-linking reaction, which causes the resin 

to be cured with hollow structures. Thus, measuring the resin shrinkage with TMA was 

problematic because the resin ended up swelling due to the curing. Oscillating rheometer 

studies were possible only in isothermal mode again due to high water content of the resin. 

In dynamic runs, the boiling of the water caused the resin to be pushed out of the measuring 

gap. DSC runs were performed in dynamic and isothermic mode successfully. However, the 

DSC peaks were broad, and the integration of the dynamic peaks was not as distinct as 

expected. Some DSC replicates contained slight differences, but not as significantly as 

DMTA and TMA results. DMTA results were excluded from the PCA and PLS models due 

to the uncertainty of the results. 

PCA showed that there were many correlations in the data matrix. The gel time and B-time 

correlated with many of the panel analysis results, indicating that they are important resin 

analyses. No clear patterns were obtained with the rheometer and DSC results’ correlations. 

PLS models explaining the panel properties with resin synthesis parameters were produced 

to analyze the influence of resin synthesis parameters on panel results. These models showed 

relatively low coefficients of determination. Only thickness swell, formaldehyde content and 

moisture content of the board had coefficients of determination over 65%. The urea addition 

level proved to be the most significant explanatory variable for thickness swell. With higher 

urea level, the thickness swell is also higher. Naturally, the thickness swelling is desired to 

be low for OSB panel applied as construction material. Thus, it can be stated that the urea 

level is critical because with too high urea level the panel properties start to weaken. For 

formaldehyde content of the board, the most important explanatory variables are Urea and 

NaOH addition levels. To minimize the formaldehyde amount, higher urea and NaOH levels 

are desirable. Urea and higher amount of the NaOH (catalyst) favor the more complete 

reaction with urea and formaldehyde with less free formaldehyde left in the molecule. For 

moisture content, the main explanatory variable was the amount of NaOH added in the first 

shot. 

Next, the influence of resin synthesis parameters on resin properties and curing was 

evaluated. First, the resin analysis results (gel time, B-time, viscosity, molar weight, 
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alkalinity, pH and free formaldehyde amount) were explained with resin synthesis 

parameters. After this, the curing results including DSC and rheometer results were 

explained with resin synthesis parameters. From resin properties, gel time, viscosity, molar 

weight, alkalinity and pH were explained with coefficient of determination over 70%. For 

gel time the main explanatory variable was molar ratio and for viscosity urea addition level. 

For pH and alkalinity, the main explanatory variable was NaOH. From resin curing analysis 

results, none of the parameters were explained with over 70% coefficient of determination. 

The variations in the results was therefore due to some other parameter or property in the 

resins. To see if the explanatory variables would be some of the resin properties, the curing 

results were explained with resin synthesis and resin analysis results. Now, many 

explanatory variables were found and the coefficients of determination were better. 

However, no clear pathway was seen. Many variables proved to explain the variations in 

many of the results.  

Lastly, to analyze the influence of resin properties on panel properties, panel results were 

explained with resin analysis results (gel time, B-time, viscosity, molar weight, alkalinity, 

pH and free formaldehyde amount). The coefficients of determination were significantly 

better when explaining the panel results with resin analysis results rather than with resin 

synthesis results. The most significant explanatory variable for internal bond was gel time 

and for thickness swell it was gel time, B-time, viscosity and molar weight. For internal bond 

after 2h boil none of the variables stand out as the most significant one. For formaldehyde 

content the B-time and pH show to be the most significant explanatory variables. All in all, 

it can be said that from resin analysis variables the most significant ones are gel time and B-

time because they stand out from most of the figures.  

When explaining the resin properties (including gel time, B-time, viscosity, molar weight, 

alkalinity, pH and free formaldehyde amount) with resin synthesis parameters, PF resin 

stood out from the PLS fit model regarding to B-time and free formaldehyde amount. In 

other models, the LPF resins were close to PF resin. Thus, it can be said that the other LPF 

resin properties except B-time and free formaldehyde amount were close to reference PF 

resin properties. When explaining the panel results with resin analysis results, thickness 

swell and internal bond after 2h for LPF resin-based panel differed from PF resin based one. 

However, the fit for internal bond and formaldehyde amount in the board was good and the 

reference did not stand out. When explaining the panel results with resin analysis results 
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without the reference resin, the coefficients of determination were not significantly 

improved. This indicates that in general the LPF panel properties are close to PF panel 

properties. 

To improve the LPF resin panels to be even closer to PF resin panel properties, the most 

important parameters to focus on would be thickness swell and IB after 2h boil. They had 

the biggest differences between the LPF resin-based and the reference PF resin-based panel. 

To obtain smaller thickness swelling for LPF resins, the gel time should be decreased, 

viscosity should be increased, or the molar weight should be decreased. These are the main 

explanatory variables of thickness swell. B-time is also important explanatory variable for 

thickness swell, however, B time is not explained with the resin synthesis parameters. For 

gel time, the main explanatory variable is molar ratio. To obtain shorter gel time, the higher 

molar ratio is more desired. For viscosity, the main explanatory variable is urea. To obtain 

higher viscosity, smaller urea amount is more desired. For molar weight, the main 

explanatory variables are molar ratio and urea level. To obtain smaller molar weight, smaller 

molar ratio and urea level are more desired. In the same manner, to obtain higher internal 

bond after 2h boil for the LPF resins, higher pH and lower gel time of the resin is desired. 

By increasing the NaOH amount the pH of the resin is increased and by increasing the molar 

ratio, the gel time is decreased.  
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13 Conclusions 

Figure 61 shows the main conclusions of this thesis and the answers obtained for the research 

questions. 

 

Figure 61 Graphical conclusions including the answers for the research questions. 
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Oriented strand board panels are wood composite material produced from wood strands that 

are glued and pressed together with thermosetting (heat-curing) resins. When heat and 

pressure is subjected to a water based thermoset resin, the evaporation of the water and the 

complex crosslinking reaction happen concurrently. The crosslinking produces a strong, 

high dimensional network structure. This process is called the curing. PF cure is known to 

undergo two events, gelation and vitrification, during their chemical transformation from 

liquid to solid.  In gelation the average molecular weight of a material becomes infinite due 

to the crosslinking and water evaporation. Gelation occurs in the very early stages of the 

curing. After the gelation, the viscosity goes to infinity and the vitrification is the next step. 

Vitrification is the point where the material is changed to a glassy state and the polymer 

behavior changes from rubber-like to glass-like behavior.  

Commonly applied resin for OSB panels is PF resin because it is relatively cheap and can 

be applied in severe weather conditions. However, PF resin includes toxic and fossil-based 

phenol, which have been the driving force for safer and environmentally friendly solutions. 

Phenol have been substituted with phenol-like lignin to produce LPF resins for gluing 

applications. LPF resins have already been applied in plywood, but their use for OSB panels 

is relatively new. Due to lignin’s large molecular size lignin is unreactive and therefore LPF 

resins are slower to cure than PF resins. The curing of the resin has major impact on the 

strength properties of the produced OSB panel. Thus, the knowledge of the resin curing and 

the parameters affecting it is vital for producing strong panels.  

The aim of this thesis is to characterize the curing of LPF resin and the effect of resin 

synthesis parameters on the resin properties and on the strength of the produced OSB panel. 

This thesis includes a literature part and experimental part. In the literature part the suitable 

methods to study the curing of thermosetting resins are introduced. For the experimental 

part, eight LPF resins with different synthesis parameters and one reference PF resin were 

produced. Synthesis parameters were formaldehyde-to-phenol molar ratio, amount of urea, 

total amount of NaOH and amount of NaOH added in the first step of the synthesis process. 

Experimental setup for the resins was produced with fractional factorial method. OSB panels 

were pressed from these resins. Resin properties were analyzed including gel time, B-time, 

viscosity, molar weight distribution, alkalinity, pH and free formaldehyde amount. Panel 

properties including internal bond (IB), thickness swelling (TS), modulus of elasticity 

(MOE), modulus of rupture (MOR), formaldehyde content in the board and board moisture 
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content were analyzed. IB, MOE and MOR were also measured after boiling the panels for 

2h to test the panel strength after immersion to water. Resin curing was analyzed with 

differential scanning calorimetry (DSC), dynamic mechanical thermal analyzer (DMTA), 

thermomechanical analyzer (TMA) and oscillating plate-plate rheometer.  

The experimental part showed that DMTA and TMA are not suitable for water-based PF 

resins. The boiling of the water in the resin causes the results to be too unreliable. DSC 

proved to be the most reliable method to study the curing of LPF and PF resins, even though 

the dynamic peaks were broad, and the integration of the peaks was not distinct. Isothermal 

oscillating plate-plate rheometer runs were also performed successfully, but the temperature 

sweep (dynamic run) to study the vitrification of the polymer was not possible due to high 

water content of the resin. The heating caused the water to boil and the resin to be pushed 

out of the measuring gap. The DSC results showed that the most of the LPF resins were more 

reactive than PF reference resin. The most reactive PF resin proved to be LPF6 with the 

highest DSC peak. Oscillating plate-plate rheometer results showed that the rheological 

properties of the LPF resins differ from the reference PF resin during the curing process. The 

storage modulus is increased much faster during the curing process of PF resin than during 

the curing process of LPF resins. 

Principal component analysis (PCA) and partial least square (PLS) regression was applied 

to study the correlations and interactions in the large data matrix. The high dimensional data 

included the resin synthesis parameters, resin analysis results, resin curing analysis result 

and panel analysis results. PCA analysis of the results concluded that the produced data 

matrix included many correlated variables as expected. It was shown that the B-time and gel 

time are correlated with many of the panel results, indicating that these analyses are 

important indicators of the panel properties. Partial least square (PLS) regression was applied 

to study the influence of resin synthesis parameters on resin properties, resin curing and 

panel strength. The influence of resin properties and resin curing on panel strength was also 

studied with PLS. 

PF resin stood out from the PLS fit figures only regarding to B-time and free formaldehyde 

amount when explaining the resin analysis results (gel time, B-time, viscosity, molar weight, 

alkalinity, pH and free formaldehyde amount) with resin synthesis parameters (MR, urea, 

NaOH, 1st shot NaOH). PF resin had higher B-time and lower free formaldehyde amount 

than most of the LPF resins. Thus, it can be stated that the other LPF resin properties except 
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B-time and free formaldehyde amount were close to reference PF resin properties. When 

explaining the panel results with resin analysis results, the fit for internal bond and 

formaldehyde amount in the board was good and the reference did not stand out. This is 

promising, because the internal bond and formaldehyde content are important OSB panel 

properties in commercial use. When explaining the panel results with resin analysis results 

without the reference resin, the coefficients of determination were not significantly 

improved. This indicates that in general the LPF panel properties are relatively close to PF 

panel properties. 

To improve the LPF resin panel properties to be are even more close to PF resin panel 

properties, the most important parameters to focus on would be thickness swell and IB after 

2h boil. They had the biggest differences between the LPF resin-based and the reference PF 

resin-based panel. LPF panels swelled more than PF panels and the internal bond after 2h 

boil was weaker for LPF panels than for PF panels.  To obtain smaller thickness swelling for 

LPF resins, the gel time should be decreased, viscosity should be increased, or the molar 

weight should be decreased. These are the main explanatory variables of thickness swell. To 

obtain shorter gel time, the higher molar ratio is more desired. To obtain higher viscosity, 

smaller urea amount is more desired and to obtain smaller molar weight distribution, smaller 

molar ratio and urea level are better.  In the same manner, to obtain higher internal bond 

after 2h boil for the LPF resins, higher pH and lower gel time of the resin is more desired. 

By increasing the NaOH amount the pH of the resin is increased and by increasing the molar 

ratio, the gel time is decreased.  

As a conclusion, it can be stated that these resin synthesis parameters had effect on the resin 

properties and the produced OSB panel properties. From resin synthesis parameters molar 

ratio and urea proved to have the most effect on the panel properties.  Even though the direct 

effect of the resin synthesis parameters were not so strong regarding all the panel properties, 

the indirect effects through the resin curing and resin properties were much stronger. The 

curing of liquid LPF resin is difficult to analyze due to high water content of the resin. This 

caused problems in many of the thermal analyses performed for the resin. The most reliable 

method to study the resin curing from these analysis methods tested, proved to be the 

conventional gel time and B-time because they had strong correlations with the panel results. 

DSC and oscillating plate-plate rheometer results were also reliable, even though the 

dynamic DSC peak integration included some ambiguousness. However, the variations in 
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the DSC and rheometer results were not clearly explained with any of the resin synthesis 

parameters or resin analysis results. To get better insight of the LPF resin curing, the 

analytics for studying the curing of liquid phenolic resins require further study. The overall 

result of this thesis is that the LPF resin curing is efficient enough to produce strong OSB 

panels with high internal bonding. However, LPF resin based panels showed to swell more 

than PF resin based panels and thus their internal bond after 2h boil was also a bit weaker. 

LPF resins are very promising alternatives for fossil-based PF resins in OSB manufacturing.  
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