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CHARACTERIZATION OF PF/PVAC HYBRID ADHESIVE-WOOD -

INTERACTION AND ITS EFFECT ON WOOD STRAND                                   

COMPOSITES PERFORMANCE 

        ABSTRACT 

 

by Yang Cao, M.S. 

Washington State University 

August 2010 

Co-Chairs: Vikram Yadama 

       Jinwen Zhang 

A multifunctional hybrid adhesive system developed for profiled composite 

manufacturing was examined in this study. A binary adhesive system, phenol formaldehyde 

(PF)/ polyvinyl acetate (PVAc), offers initial adhesion to improve wood-strand mat handling 

during the first stage of composite processing, after which a durable bond is achieved through 

curing of PF resin under heat and pressure. Before effectively applying this adhesive, it is 

important to understand adhesive-wood interaction at different scales. 

This thesis evaluated the physical properties of PF and PVAc resin blend as individual 

resin proportions were varied, and then characterized the interactions between the PF/PVAc 

hybrid adhesive and the wood substrate by evaluating bond strength at macro-scale, and gross 

adhesive penetration at micro-scale in sugar maple (tangential and radial surfaces). The bond 

performance and adhesive penetration of PF/PVAc were found to be comparable with that of 

neat PF when PVAc content was less than 50% in the resin blend, while they underwent an 



vi 

 

obvious deterioration when PVAc content rose beyond 50%.  

 Results regarding wood strand composite performance using a response surface model 

indicate that addition of PVAc does not significantly affect MOE. However, PVAc content has a 

positive effect on MOR, IB under normal conditions, water absorption and thickness swelling; 

whereas, under changing environmental conditions, increase in PVAc content beyond optimum 

ratio has a negative effect on MOR. In general, applying PF first during the blending process in 

manufacturing wood-strand composites leads to improved performance in terms of mechanical 

and physical properties. Results indicate a percentage-dependent effect of PVAc on the 

interference between PF and wood strands. Because PVAc has good deformability, it can evenly 

transfer stress from strand to strand, increasing bond strength. However, there is an inverse effect 

of PVAc under severe RH treatment because of the poor water resistance of PVAc. A PF/PVAc 

ratio range from 1:0.6 to 1:0.77 is suggested as an optimized ratio in hot-pressing of wood-strand 

composites. 
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CHAPTER 1 INTRODUCTION 

Wood-strand composites are playing an increasingly important role in the wood industry, 

due to their efficient utilization of raw materials. In terms of optimizing the performance of wood 

composites, several factors have been found to be most influential. These include resin content, 

additives, flake geometry, flake alignment, and processing parameters such as temperature and 

moisture content. A promising approach to improving the structural properties of wood 

composites panels is to develop a more efficient geometry, for example, in the corrugated shape 

of strand mats, which is already a mature development in plastic and sheet metal industries (Pang 

et al. 2007). 

An efficient solution to process profiled wood composite panel is for strand mat to go 

through a thermoforming process such as pultrusion to manufacture products with a net-shape 

design. These processes that are continuous in nature require both the integrity of the wood 

strand mat and durable bonding between adhesive and wood strands in the optimization of 

product quality. Having a multi-functional adhesive, which can offer both enough initial 

adhesion to avoid unwanted shifting of strand elements during handling and a strong adhesive 

bond at the end of the curing process, will facilitate development of continuous manufacturing 

systems for net-shape composite production. 

Wang et al. (2010) have proposed an effective multi-functional adhesive system that can 

potentially be used in thermoforming of wood-strand composites. A combination of 

thermosetting resin, phenol formaldehyde (PF), and thermoplastic resin, polyvinyl acetate 

emulsion (PVAc), was suggested and cure kinetics of the resin blend was investigated. The 

initial adhesion between strands with such an adhesive system can be achieved for mat handling 
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with PVAc in the first stage, and durable bond strength can be obtained with PF under complete 

curing in second stage.  

Previous research regarding hybrid adhesives 

Hybrid adhesives, a combination of two or more adhesives, have the potential to provide 

multi-functionality in wood composites, as they take advantage of the strengths of several 

adhesives. Several studies have been conducted on resin blends during the last few years. For 

instance, a combination-PF Resole and Polymeric Diphenylmethane Diisocyanate (pMDI) hybrid 

adhesive was studied for its rheological and viscometric properties, penetration and curing 

behaviors, as well as its chemistry and morphology (Zheng 2002). The study showed that good 

bond line performance could be accomplished with good resin penetration, a fast cure rate and a 

certain degree of co-reaction. 

When the morphologies of PF/pMDI were studied, it was concluded that the liquid 

emulsion morphology was preserved in the resulting solid, although there was some inter-

diffusion between phases during curing (Riedlinger and Frazier 2008). This PF/pMDI hybrid 

adhesive was also applied to oriented strand lumber, and properties including the modulus of 

rupture, modulus of elasticity and internal bond strength proved to be qualified for the CSA O 

437.1-93 standards. The OSL with pure PF and hybrid adhesives also passed thickness, swelling 

and bond durability tests, although the pure pMDI failed to pass (Preechatiwong et al. 2007).  

Another hybrid adhesive composed of  melamine-formaldehyde and polyvinyl acetate 

was  investigated in a series of papers (Kim and Kim 2005, 2006a, b; Kim et al. 2007), and it was 

concluded that adding more PVAc not only reduced formaldehyde emissions, but curing 

temperature as well. Furthermore, the studies found that the thermal stability of the MF/PVAc 
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increases as PVAc content increases, and initial tackiness can be achieved when the blend is 

applied on decorative veneer and plywood surfaces. A study on the microcrystallinity and 

colloidal peculiarities of urea-formaldehyde resin and polymeric diphenylmethane diisocyanates 

(pMDI) blend was also conducted (Wieland et al. 2007). A resin blend of polyvinyl acetate and a 

novolac type phenolic resin was studied and the blend seemed miscible in the amorphous phase, 

with strong inter-association hydrogen bonds between the hydroxyl group of phenolic and the 

carbonyl group of PVAc (Huang et al. 2002). Another study on the application of a polyvinyl 

acetate emulsion (PVAc) fortified with urea-formaldehyde (UF) on laminated bamboo found no 

significant difference between PVAc fortified UF and neat UF in terms of modulus of elasticity 

and modulus of rupture (Talabgaew and Laemlaksakul 2007). Phenol formaldehyde resole has 

also been added into PVAc-AlCl3 catalyzed latex to improve its durability by Lopez-Suevos and 

Frazier (2006). 

Objective of the thesis 

The cure kinetics of this PF/PVAc hybrid adhesive has been previously studied (Wang et 

al. 2010) and results showed that the curing process of PF slowed as PVAc increased. With a 

PF/PVAc ratio of less than 1:1, cure kinetics did not differ significantly from that of neat PF. In 

order to evaluate the properties of the binary adhesive-wood bond, studies must explore the 

interaction between adhesives and adherends, since this influences the bond formation, bond 

strength, and durability of the bonded assembly. To obtain a comprehensive and persuasive 

understanding of the binary adhesive-wood surface interaction, performance must also be 

evaluated using different spatial scales (Frihart 2005). This thesis explores these factors, as well 

as the processing parameters that influence manufacturing of a wood-strand composite. The main 
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goal of this thesis is to understand the interaction between the individual resins in the PF/PVAc 

binary adhesive system and the wood substrate at different levels of scales, and to evaluate the 

efficacy of applying such a binary adhesive in hot-pressing of wood-strand composite and the 

effects of resin ratios and their application sequence on composite performance. 

The specific objectives of this thesis are to: 

 Study the physical properties of the resin blend, and understand its influence on 

adhesive-wood interaction and bond performance 

 Study the interaction between PF/PVAc resins of different blend ratios and wood 

substrate, and determine the effect of adhesive ratios on bond performance and 

adhesive gross penetration 

 Evaluate the physical and mechanical properties of hot-pressed wood-strand 

composite as they are affected by the ratio and application sequence of the two 

individual resins in the hybrid adhesive system  
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Organization of the thesis 

The structure of the thesis is organized as shown in Figure 1-1. 

 

 

 

Figure 1-1 Structure of the thesis 

Chapter 1 Introduction

Project background

Previous studies regarding hybrid adhesive

Objective of the thesis

Structure of the thesis

Chapter 2 Characterization 
of PF/PVAc-Wood 
Interaction: Bond 

Performance and Adhesive 
Penetration Quantification

Introduction

Objective 

Background

Experimental

Physical properties of PF/PVAc 
hybrid adhesive (pH, viscosity, 

dispersion)

Bond performance of PF/PVAc 
hybrid ahdeisve-Shear strength, 
wood failure and adhesive gross 

penetration



6 
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CHAPTER 2 CHARACTERIZATION OF PF/PVAC-WOOD 

INTERACTION: BOND PERFORMANCE AND ADHESIVE 

PENETRATION QUANTIFICATION  

Introduction 

Profiled wood-strand composites offer a potentially effective solution for manufacturers 

to produce specialty composites, such as light-weight laminates, while reducing the consumption 

of wood fiber and adhesives. Thermoforming, such as roll forming and matched die forming, are 

potential manufacturing methods when producing profiled veneer composites. Continuous 

forming of strand-based composites, however, poses some difficulties during the fabrication 

process due to discontinuous nature of the strand mat. There is a high potential for strands to 

break apart during the mat handling process. A multi-functional adhesive that provides initial 

bonding for mat integrity followed by the required bond strength after the manufacturing process 

is a potential solution pursued in an overall project that this study is part of. A multi-functional, 

hybrid adhesive, composed of Phenol-formaldehyde (PF) and Polyvinyl acetate emulsion 

(PVAc), is proposed to provide this dual functionality. 

PF is a commonly used adhesive in structural wood composites. It offers good bond 

strength and durability by forming a 3-D network of molecular structures during the high-

temperature curing process. PVAc is a ductile adhesive that offers high initial tackiness under 

room temperature (Ebnesajjad 2008), and is commonly used for manufacturing furniture. 

However, both PF and PVAc have weaknesses. PF is a brittle thermosetting resin that does not 

provide the required adhesion in a strand mat for profile forming, especially at room temperature. 

PVAc is a thermoplastic adhesive that lacks water-resistance and durability. In order to 



9 

 

effectively use a blend of these two resins, it is critical to understand the interaction between PF 

and PVAc, as well as the interaction between PF/PVAc and wood materials. Studies on the cure 

kinetics of PF/PVAc offer insight into the interaction between PF and PVAc and the required 

temperature for complete curing (Wang et al. 2010), this study will explore the interaction 

between PF/PVAc and the wood substrate.  

Objective 

The goal of this study is to characterize the effect of varying proportions of PVAc in PF 

resin on the physical properties of the hybrid resin blend, and examine the interaction between 

hybrid adhesive and the wood substrate in terms of bond development and performance. 

Objectives to achieve this goal are to:  

 Determine physical properties of hybrid adhesive, including pH, viscosity and 

dispersion and understand their effects on adhesive bond performance 

 Evaluate the binary adhesive bond strength and wood failure, and understand the 

effect of varying proportions of PVAc on bond performance 

 Investigate the bond performance difference between tangential and radial glued 

surfaces  

 Quantify the gross penetration of PF/PVAc binary adhesive into sugar maple and 

study the effects of varying proportions of PVAc in PF on the gross penetration 

 Analyze the relationship between adhesive interaction and bond performance 
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Background 

 Phenol Formaldehyde (PF) and Polyvinyl Acetate (PVAc) Resin 

PF is a common adhesive applied for wood composites which can offer permanently 

strong bond once it forms a three dimensional network after completely curing. PVAc, on the 

other hand, builds bond strength as the solvent evaporates. 

Phenol formaldehyde (PF) is one of the most common adhesives in the wood industry 

due to its excellent durability (Frihart 2005a). Normally, there are two types of pre-polymers of 

PF which can be classified according to formaldehyde/phenol ratios. Novolac, with a 

formaldehyde/phenol ratio of less than 1, is normally produced under acidic conditions. Resole 

has a formaldehyde/phenol ratio larger than 1, and is generally formed under base conditions. 

Resole resin is commonly applied to wood products, since it is a soluble adhesive with good 

wood-wetting properties. The fact that it can only be cured under heat treatment allows extra 

product assembly time. A typical chemical reaction is shown in Figure 2-1.  

Polyvinyl acetate (PVAc), commonly known as “white glue” is widely used for paper, 

cloth, plastics, leather and metal foil (Ebnesajjad 2008). PVAc is commonly used for furniture 

construction and possesses the advantages of low cost, low toxicity, low flammability, and 

simple application (Pizzi 1989). For processing, the monomers are dissolved in water as an 

emulsion accompanied with polyvinyl alcohol. The monomers in the emulsion droplets are 

polymerized, forming a dispersed organic polymer in water. Small droplet sizes are required to 

maintain product stability (Frihart, 2005). The chemical formula is shown in Figure 2-2. 
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Figure 2-1 Chemical reaction of phenol formaldehyde (Frihart 2005a) 

 

Figure 2-2  Chemical formula of PVAc (Kim and Kim 2006) 

 

 Characteristics of wood 

Understanding wood structure is essential as it influences adhesive movement and bond 

performance (Marra 1992). Wood is an orthotropic material with three mutually perpendicular 

axes: longitudinal, radial, and tangential (Figure 2-3). In most cases, glued wood surfaces are 

neither completely radial nor tangential surfaces, but in between. Wood is mainly composed of 
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elongated cells aligned in the longitudinal direction of the stem. Lumens are passageways in the 

elongated cells, and openings or pits connect these longitudinally and radially-oriented (ray) cells. 

When liquid resin is applied to wood, it flows and penetrates through lumens, rays, and pits 

among the wood cells. The variations of the lumens and pits have an important effect on 

adhesive penetration (Marra 1992). There are typically two kinds of elongated cells: fibers and 

vessels. Fibers, usually called fiber trachieds, mainly exist in softwood, and offer both strength 

and conductivity. Vessels exist only in hardwood and serve as conductive tissue; fibers in 

hardwood provide strength. Hardwood fibers are normally with thicker walls and less 

interconnecting pits, making it harder for resin to penetrate than in softwood. Hence, hardwood 

vessels play a dominant role in adhesive penetration. Wood species differ in the sizes, amounts, 

distribution and porosity of their vessels and fibers. The differences between typical hardwood 

and softwood are shown in Figure 2-4.  

  

Figure 2-3 Macroscopy of wood structure (Marra, 1992) 



13 

 

 

Figure 2-4 Micrograph of hardwood Red Oak, X100; Softwood, Eastern white pine, X150 (Hoadley 

1990) 

Adhesive bonding 

Adhesive motions for bond formation 

In general, five steps are involved in adhesive motion: resin flow, transfer, penetration, 

wetting and consolidation (Marra, 1992). Flow occurs when there is enough mobile adhesive and 

proper contact pressure with the opposite surface. Transfer, affects the opposite surface and can 

occur with or after flow. Transfer is not necessary when adhesive is applied to both surfaces. 

Penetration repairs the ruptures created in processing and interlocks the adhesive and wood, 

which in turn strengthens the interphase. Adhesive penetration will be discussed in detail later in 

this chapter. 

Wetting, a molecular action, follows or occurs with penetration, and plays an important 

role in adhesion since most wood adhesives are water-borne. Water-borne adhesives are able to 

wet wood because wood has a relatively polar surface. Wetting can be hindered with the 
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presence of non-polar substances such as extractives on the wood surface (Hse and Kuo 1988). 

Consolidation is the final motion of an adhesive, which hardens the adhesive. There are three 

types of adhesive consolidation (Marra 1992; Frihart 2005a):  

 Loss of solvents: polymers are dissolved in a liquid, commonly water. The loss of the 

solvent converts these liquids to solids, such as PVAc. 

 Polymerization: small molecules polymerize to form the adhesive, such as in PF.  

 Solidification by cooling: adhesive is melted and then cooled down to form a solid, 

such as a hot-melt.  

Marra (1992) proposed a chain-link analogy regarding the mechanism of adhesion with 

wood (Figure 2-5). Based on this theory, bond strength is determined by the weakest link in the 

chain, and pure wood in link 8 and 9 should be that weakest link (Kamke and Lee 2007) when 

there is ideal adhesion. 

 

Figure 2-5 Chain-link analogy for adhesion in wood (Marra 1992) 

Pure wood

Pure adhesive

Adhesive boundary layer
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 Wood’s effect on adhesive bond performance 

Two physical properties of wood, density and moisture content, have subtle roles on bond 

performance. Moisture content has a direct influence on the sorption characteristics and 

dimensional stability of wood, which affects bond formation and bond performance. A water-

borne adhesive, such as PVAc, penetrates into wood with the help of solvent and consolidates as 

the solvent evaporate.  

Stress is induced across bond lines when there is a dimensional change due to changes in 

moisture content. Density is believed to be related to strength, although they separately affect 

bond performance. Strength is thought to be related to link 8 and 9 (Figure 2-5) and establishes 

the maximum load carrying capacity, whereas density is related to link 6 and 7 as well as 

penetration behaviors (Marra 1992). Cell wall of wood, irrespective of species, has a specific 

gravity of approximately 1.5. Density differs among different species because of differences in 

the volume of voids. Since adhesive penetration mainly occurs in voids and pits, wood with 

lower-density allows easier adhesive penetration because of better porosity (Marra 1992). 

Furthermore, denser wood tends to produce more stress in bond lines when moisture content 

changes since thicker cell walls tend to shrink and swell more.  

Adhesive bond performance - shear stress test 

Shear tests are commonly used to evaluate adhesive bond performance. It is often 

assumed that load is distributed evenly across the whole bond area, but this is not necessarily 

true. When a load is applied to wood, it is transmitted to the bond, but is not likely to be 

distributed evenly due to the elastoplastic and anisotropic properties of wood (Marra 1992). The 

load tends to move mostly to the edges of the bond, usually at end-grain edges. The edges tend to 

fail first under the maximum load, followed by the rest of the bond. A good estimation of bond 
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strength comes from dividing maximum load by the total bond area. Bond strength in ductile 

adhesive tends to be higher than in brittle adhesive, because thermoplastic adhesive efficiently 

transmits stress to the entire bond area. In thermoplastic resin, the adhesive starved areas are 

bypassed by the applied load with deformability. In brittle resin, the load is still applied for the 

unbounded area, causing it to fail from the weak point (Marra 1992). A finite element analysis 

study (Serrano 2004) of brittle and ductile adhesives also concluded that more brittle an adhesive 

is, lower the observed local bond strength it tends to have because of the non-uniform stress 

distribution. 

Wood failure percentage is normally obtained from the fractured surface after testing. 

Deep wood failure reflects good adhesive penetration to some degree. A zero percent wood 

failure shows weaker adhesive bond strength than wood, whereas a hundred percent wood failure 

indicates stronger adhesive bond strength than wood (Marra 1992).  

 Adhesive penetration 

Contribution of adhesive penetration to bond strength has been studied by many 

investigators, but a clear link between the two has not been confirmed (Kamke and Lee 2007). 

Adhesive penetration in wood substrate occurs on two levels: gross penetration and cell wall 

penetration. Gross penetration is a mechanical interlock that provides additional mechanical 

strength, while penetration into the cell walls changes mechanical strength and reaction to 

moisture. 

 In the first level, resin flows from the external surface into the capillary structure of 

wood. Adhesive penetration into this level can repair voids induced by machine damage during 

processing. Gross penetration mainly happens in cell lumens, due to hydrodynamic flow and 
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capillary action (Kamke and Lee 2007). Hydrodynamic flow is induced by external compression 

force, which mates the wood surfaces that are to be bonded. Hydrodynamic flow occurs most 

easily in a longitudinal direction; penetrate through lumens of slender and long tracheids of 

softwoods, or the vessels of hardwood. Typically, adhesive penetration in hardwoods occurs 

through vessels as they are connected end-to-end with perforation plates without pit membranes. 

Many factors influence lumen penetration. Some are wood-related, such as lumen size 

and exposure of the wood surface; others are adhesive-related, such as adhesive viscosity and 

surface energy; still others are process-related, such as assembly time, pressure, and temperature 

(Frihart 2005a). Permeability and surface energy play important roles in wood penetration. Wood 

species and grain direction also affect permeability. It was concluded that permeability in the 

longitudinal direction can be approximately 10
4 

greater than in the transverse direction (Siau 

1995). Penetration also varies between earlywood and latewood and sapwood and heartwood. 

Moreover, penetration varies with the slope of grain of the bonded wood. Interestingly, 

penetration is enhanced when an oblique angle intersects between the cell lumens and external 

surface (Kamke and Lee 2007). 

Adhesive penetration is also affected by the moisture content of wood. UF resin 

penetration into beech was found to reach its maximum with moisture content of 9%. A study by 

Sernek (2002) indicated that PF adhesive penetrate more in aspen with 15%moisture content 

than with 4% moisture content, and penetration was not influenced by heat treatment. 

Varieties of methods were used to study cell wall penetration. Thus far, phenol-

formaldehyde, urea-formaldehyde, and melamine-formaldehyde have all been shown to 

penetrate at cell wall level (Bolton et al. 1988; Gindl et al. 2004; Laborie 2002). Cell wall level 
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penetration is usually related to the molecular size of adhesive components and the water or 

solvent swelling of the wall structure. Only in one case (Nearn 1965) adhesive components in the 

cell wall have been claimed to improve bond strength. Frihart (2005a) proposed four models for 

the cell wall penetration effect on bond strength: 

 Oligomers and monomers dissolve in the cell walls without a reaction, which reduces 

stress because of lower dimensional change 

 Adhesive reacts with cell wall components and forms crosslink structures, which 

increases the strength of the surface wood cells 

 Adhesives polymerize and form a mechanical interlock in a finger-type at nano-scale 

level  

 Adhesives form an interpenetrating polymer network with the cell wall’s polymeric 

components  

These models were all built on the idea that dimensional change in the surface cells will 

be reduced, which will improve the bond strength by decreasing the stress gradient between the 

adhesive and the wood. 

In general, an optimal penetration can repair machining damage and enable better stress 

transfer between laminates. Too much penetration can lead to a starved bond line resulting in a 

weak bridge between the wood surfaces, whereas too little penetration can limit the formation of 

wood-adhesive interaction (Frihart 2005b) . Hence, it is important to understand adhesive 

penetration and its influence on bond performance. 
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Penetration observation methods  

Adhesive penetration studies have been conducted using transmission electron 

microscopy (TEM), transmitted and reflected light microscopy, scanning electron microscopy 

(SEM), and fluorescence microscopy. Electron microscopy methods, such as SEM and TEM 

offer higher magnification, but the grey-scale image makes differentiation between adhesive and 

wood phases hard to achieve (Figure 2-6). However, quantification of adhesive penetration can 

be studied in combination with energy dispersive X-ray analysis (EDXA) or electron energy loss 

spectroscopy (ELLS). Kamke and Lee (2007) have reviewed literature regarding adhesive 

penetration and described these methods in details. 

  

Adhesive bond line 

Adhesive filled lumen 
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Figure 2-6 PF-Sugar maple adhesion interphase taken by FEI 200F SEM  

Penetration quantification via fluorescence microscopy and stain technique  

Fluorescent microscopy, which can offer good color contrast, has shown much promise 

for differentiating the adhesive from neat wood in the adhesive-wood interphase (Kamke and 

Lee 2007). Some adhesives are auto-fluorescent, whereas others are only fluorescent when 

treated with dyes or pigments (Chandler et al. 2007). The basic principle for fluorescence is that 

certain material emits visible fluorescence when it is irradiated by light of a specific wavelength; 

it involves three steps as shown in Figure -2-7. 

 Energy is absorbed by the atom, which becomes excited. The atom absorbs the 

energy when it is excited by light of a specific wavelength. 

 The electron jumps to a higher energy level. 

 The electron falls back to the ground state, releases some energy, and then emits a 

fluorescence photon. 

Interphase 

http://sbs.wsu.edu/fmic/protocol/new_sem.html
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Figure -2-7 Principles of fluorescence atoms (“Nobel Web, The Fluorescence Microscope” 2010) 

The stain technique is usually used along with fluorescence microscopy to increase color 

contrast. In terms of adhesive penetration quantification, a manual method was conducted by 

Brady and Kamke (1988). They used film photography to create photomicrographs of bond lines 

and projected them onto a calibrated grid. To quantify adhesive penetration, they counted the 

appropriate grid squares. As digital image processing and analysis technique developed rapidly 

in 1990s, adhesive penetration could be quantified in a much faster way (Johnson and Kamke 

1992). Penetration of PF with different molecular weight distributions in flakes have been 

studied using a combination of fluorescence microscopy, stain technique and digital image 

analysis (Johnson and Kamke 1992; Johnson and Kamke 1994). Table 2-1 summarizes the 

parameters in fluorescence microscopy and stain techniques based on a series of studies on 

penetration (Kamke and Lee 2007). 
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Table 2-1 Summary of parameters in fluorescence microscopy and stain techniques  

Species Resin Excitation/E

mission (nm) 

Stain Dye Reference 

Douglas-fir, 

Aspen 

PF 410/510 0.2% acridine red Brady and Kamke 

(1988) 

Yellow poplar PF 365/420 0.5% toluidine blue O Johnson and 

Kamke (1992) 

Beech UF 365/420 0.5% brilliant 

sulphaflavine +0.5% 

safranin O 

Sernek et al. (1999)  

Yellow poplar , 

Loblolly pine 

MDI 365/420 0.5% safranin O Kamke (2004) 

Beech UF 450/515 0.5% safranin O Gavrilović-Grmuša 

et al. (2008) 

Yellow poplar PF 360/400/420 0.5% toluidine blue O Zheng (2002) 

Yellow poplar  MDI 360/400/420 0.5% toluidine blue O Zheng (2002) 

Southern red 

oak 

Epoxy 360/400/420 0.5% safranin O Kamke (2004) 

Southern red  

oak 

polyvinyl 

acetate 

470/500/515 0.5% safranin O Kamke (2004) 

 

A study by Chandler et al. (2007) examined penetration of four commercial adhesives in 

acetylated and unmodified wood and concluded that adhesive penetration does not always relate 

to bond strength and wood failure. Zheng et al. (2004) observed in a study of penetration of 

PF/pMDI hybrid resin that the penetration among different hybrid resin ratios did not follow a 

logical pattern. They found the effective penetration of pMDI was not better than that of PF 
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although the viscosity of pMDI is lower than that of PF. The pMDI was assumed to be 

underestimated with this method as it penetrated to the molecular level (Zheng et al. 2004).  

More advanced technique-confocal microscopy application on adhesive penetration 

Confocal laser scanning microscopy (CLSM) uses a light microscope, a scanning 

mechanism, and a motorized focus and laser source. CLSM is more advanced than conventional 

fluorescence microscopy (White et al. 1987). It has several key advantages, such as a 

controllable depth of field, the elimination of out-of-focus noise, and detestability for thick and 

opaque specimens with optical sections. CLSM uses spatial filtering to eliminate out-of-focus 

light or flare in specimens thicker than the plane of focus.  

 In this study, CLSM was used rather than fluorescence microscopy because it yields a 

better image contrast. Image contrast, a difference between the maximum and minimum intensity 

of two points in the image, is a crucial factor in differentiating spots of interest from background 

noise (Confocal tutorial 2010). With a conventional microscope, the specimen is lit laterally and 

vertically at the same time, with ordinary extended light as light source. Image quality is affected 

by all the lit spots from the whole illuminated field. This can create a weak image contrast, since 

the illuminated dots interfere with each other laterally and produce stray lights.  

In confocal microscopy, a plate with a small hole called a pinhole is placed in front of the 

image detecting device (shown in Figure 2-8). In this case, noise light from both the under-focal-

plane and the above-focal-plane are focused at a plane either behind or in front of the pinhole, 

which is blocked by the pinhole. Only the light from focal plane, which is focused at the pinhole, 

can reach the image detector. CLSM was found to be effective and has been widely used for 

adhesive distribution analysis (Cyr et al. 2007; Grigsby et al. 2005; Loxton et al. 2003) . 
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Figure 2-8 Key point for confocal microscopy-pinhole (Confocal tutorial 2010) 
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Materials and Methods 

Experimental Design  

To efficiently investigate the effect of PF/PVAc ratio on hybrid adhesive-wood 

interaction, design points were determined based on Combined D-optimal design with 

components PF and PVAc as mixture components and grain surface (tangential, radial) as a 

categorical factor (shown in Table 2-2). Information from this analysis can be used to optimize 

the settings of a process (such as PF/PVAc ratio) to give a maximum or minimum response (such 

as penetration or bond strength) while also taking into consideration influence of other factors 

(such as radial or tangential surface). D-optimal design was chosen to minimize the error of the 

model coefficients (Stat-Ease 2005), and to minimize the number of runs while gaining sufficient 

information regarding influence of independent variables on the response. The runs were 

augmented with additional runs to provide estimates of lack of fit and pure error. In this Chapter, 

the total resin for each blend ratio applied on wood surface was constant based on solid content.  

Materials 

Sugar maple (Acer saccharum) lumber (1.5m long by 25.4mm thick by 76 -152 mm wide) 

was utilized in preparing all specimens for penetration and bond performance characterization. 

Specimens were prepared such that adhesive-wood interaction can be studied on both tangential 

(plain-sawn) and radial surfaces (quarter-sawn). Adhesives used in this study are commercially 

produced phenol formaldehyde (PF) for face layer of OSB from Hexion in Oregon, and 

polyvinyl acetate homopolymer emulsion (Assembly 161™) from Franklin International. 

Adhesive properties given by the companies are shown in Table 2-3. 

http://www.na.fs.fed.us/pubs/silvics_manual/Volume_2/acer/saccharum.htm
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Table 2-2 Ratio points of PF/PVAc and corresponding specimen replicates  

Component PF % Component PVAc % Grain direction Shear Blocks Penetration 

Specimens 

100 0 Tangential 20 5 

80 20 Tangential 16 4 

75 25 Tangential 20 4 

67 33 Tangential 16 4 

50 50 Tangential 20 4 

25 75 Tangential 24 4 

0 100 Tangential 16 3 

100 0 Radial 16 3 

75 25 Radial 12 3 

50 50 Radial 12 3 

25 75 Radial 12 3 

0 100 Radial 12 3 

 

Table 2-3 Parameters of PF and PVAc resin 

Resin PH 

(@25°C) 

Viscosity (@25°C, 

cps) 

Solid Content 

(%) 

Mw (g/mol) 

PF 10-11.5 230-330 55.7 Based on a typical commercial face 

PF for OSB 

PVAc 4.2-4.6 150-240 42-45 266,000 
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pH Testing 

Since PF was a strong alkaline and PVAc was acid, a potential reaction could occur once 

they are blended together. To determine if pH plays a role in hybrid adhesive behavior as blend 

ratios change, pH of resin blends with different ratios were measured prior to manufacturing the 

specimens. The total weight for each resin blend was the same. The calculated amount of PF was 

slowly poured into the beaker to mix with PVAc, which was weighted ahead of time. Then resins 

were mixed with a one-inch diameter mixer (Arrow 850) for 15 minutes at 1000rpm, and pH was 

immediately tested by OAKTON Acorn pH 5 meter at 25°C afterwards. 

 Viscosity and Morphology of PF/PVAc Resin Blends 

A polymer is a very complex chemical component, and behaves in an even more complex 

manner when two or more polymers are blended together. Since viscosity determines the flow 

characteristics of the adhesive which influences the penetration into wood, viscosity of the resin 

blends was measured with a Brookfield viscometer with a set-up temperature at 25⁰C based on 

ASTM Standard D-1084-97 (2004). To understand the influence of mixing time on blend quality 

of the two resins in terms of dispersion of one in the other, blends of resin mixed at 1000rpm to 

different time periods (5 minutes, 10 minutes, 15 minutes, and 20 minutes) was studied. The total 

weight for each resin blend was the same. Viscosity was measured using the Brookfield 

viscometer at 25°C while spinning it at 50 rpm. A drop of resin blend was placed on a glass slide 

after mixing and dispersion of PVAc in PF resin was observed under fluorescence microscopy. 
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Shear Strength 

Neat Sugar Maple 

Shear strength of solid maple was determined to compare with shear strength of adhesive 

assembly joints. Since the properties of different wood resources vary, we processed wood from 

the same batch of assembly joints with 25.4mm thickness for preparing wood shear block 

specimens. Material was conditioned for over two weeks at a temperature of 20°C and a RH of 

65%. Three 305 mm long and 63.5mm wide pieces with varied thicknesses were glued using PF 

and then cut to target dimensions (63.5 x 50.8 x 50.8 mm) for shear block test based on 

guidelines specified in ASTM D 143 (ASTM Standard 2006b). The thicknesses of three pieces 

varied as it ensured the specimens having solid wood in the shear area (Figure 2-9).  

 

Figure 2-9 Glued wood specimen for neat wood shear block test 
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Adhesive Assembly joints 

To test the shear strength of the adhesive bond line, conditioned sugar maple lumber was 

planned to 19.05mm thickness and then cut to length and width of 304.8mm and 63.5mm. Resins 

with different blend ratios (based on solid content) were mixed at 1000rpm for a period of 15 

minutes. The total weight for each resin blend was approximately 40 grams. Blended resin was 

then brushed on each surface of the maple block at a spread rate of 55g/cm
3
. 

After applying the resin, blocks were clamped at a pressure of 1MPa. Pressure was 

applied by 4 clamps (Figure 2-10).  Torque exerted by each clamp was determined based on a 

simplified formula (Bickford and Nassar 1998) in Equation 2-1. 

                                                                                                   Equation 2-1 

Where, T is torque, 0.2 is the nut factor, F is the clamp force (preload), and D is the 

nominal diameter. The actual pressure was applied slightly higher to account for their expansion 

when heated. Assembled joints were placed in a preheated oven to cure at 150°C for 3.5 hours 

and the torque was double checked 20 minutes after the assembly joints were placed in the oven. 

PVAc shear block specimens were prepared in a similar manner; however, they were not placed 

in a pre-heated oven but in a conditioning room with a relative humidity of 50% and a 

temperature of 20C for 48 hours. All assembled joints were conditioned at this humidity and 

temperature for over 10 days after curing until their weights stabilized and remained constant. 
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Figure 2-10 Clamp procedure for shear bonding, tangential to tangential surface 

At least four assembly joints were processed for each of the seven PF/PVAc resin blend 

ratios on tangential surface and three assembly joints for each of the five PF/PVAc resin blend 

ratios on radial surface. From each assembly joints, four shear block specimens and one thin 

specimen were obtained for shear test and adhesive penetration analysis (Figure 2-11). The total 

shear block specimens and penetration specimens are shown in Table 2-2 . 
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#1 Block shear specimen, #2 Adhesive penetration specimen 

Figure 2-11 Specimens cutting from assembly joint 

Based on a preliminary study, wood failure was difficult to calculate since resin blend 

with higher PVAc content is lighter in color and difficult to distinguish from wood. Fast green 

fluorescent dye with a concentration of 0.02% was added into the PVAc prior to resin blending 

to differentiate from maple, and obtain better image contrast for adhesive penetration as well.  

#1 

   #1 

#1 

#2 

#1 
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Figure 2-12 Shear block test conducted with Instron 4400R 

Shear test was conducted according to ASTM D 905-03 (ASTM Standard 2004) with an 

Instron 4400 R series universal testing machine (Figure 2-12). Loading speed was 5mm/min. The 

peak value of the load at breakage was recorded. Bonding area of each shear block was measured 

afterwards. Each fracture surface was photographed and analyzed using Image J software to 

calculate wood failure. Threshold was adjusted based on a modified image algorithm (Yang et al. 

2008). All the threshold images were double checked and compared with the original colored 

images for accuracy. 

Penetration Quantification 

Fluorescence of Resin 

In the preliminary studies, it was observed that PF is naturally fluorescent, whereas PVAc 

is not. However, when PVAc was bond to wood with heat, PVAc bond line became fluorescent 
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(Figure 2-13). Different fluorescence dyes were tried on PVAc to differentiate from PF. 

However, the fluorescence spectra of PVAc were always the same as those of PF and wood after 

it was cured at 150°C. The fluorescence of PF and wood was because of aromatic structures. 

During heating, some components of wood could have reacted with PVAc. This implies that 

either they form a fluorescent component strong enough to cover the fluorescence of the added 

dye in PVAc, or they form an aromatic-like structure which leads to a similar fluorescence 

pattern as that of PF and wood. We could not confirm this for certain. In this study, collective 

penetration of PF and PVAc was quantified and not individual adhesive penetration. 

 

Figure 2-13 Bond line of neat PVAc without dye after heating at 150°C, Tangential surface of sugar 

maple glued with radial surface, taken by Leica Fluorescence Microscopy 

In this study, both toluidine blue solution and safranin O solution were used to stain wood. 

A clear image of both wood and adhesive can be obtained with safranin O solution, whereas a 

good contrast between wood and adhesives can be acquired with toluidine blue. In order to 

quantify adhesive penetration, toluidine blue was used because of good contrast. 
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Sample Preparation for Penetration Image  

From each assembly joint, a block with dimensions of 6.35 mm by 38 mm by 50.8 mm 

from the middle was obtained for adhesive penetration. The penetration through the assembly 

joint was assumed to be the same. Block was trimmed, smoothed and sectioned into 80 µm thick 

along the entire bond line by sliding microtome (Figure 2-14). Although thicker specimens can 

be observed well with CLSM, thin section was obtained for easier and quicker staining in this 

study. Section was stained with 1% toluidine blue aqueous solution for 15 minutes to suppress 

the autofluorescence of the maple. Then the section was rinsed with distilled water and dried. 

Penetration image was taken with confocal laser scanning microscopy, Zeiss LSM 510 META. 

The equipment condition was set to a Diode laser of 405nm, a beam of splitter (HFT) of 405/488, 

and a long pass filter (LP) of 475nm for all the specimens, and the detection wavelength was 

narrowed to between 475 nm and 600 nm. Uniform magnification was applied to all the images, 

and the sight area of each image is 1800µm×1800µm. Around 15 images were taken along the 

bond line of each section. The same procedures were followed for all assembly joints. 

 

Figure 2-14 A 80 µm Section Cut from Sliding Microtome 
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Penetration Quantification Methods 

Penetration images were converted to 8 bits and the threshold was adjusted afterwards 

(Figure 2-15). For each bond line section, the quantified penetration value was based on 15 

images across the bond line. To comprehensively understand adhesive penetration, three 

different quantification methods were conducted. 

1. Effective penetration, using from previous studies (Sernek et al, 1999; Zheng et al, 

2004), was calculated based on Equation 2-2.  

 

Effective Penetration (EP) =

Total area of penetrated adhesive particles in the field of view

Bonding Length in the field of view  Equation 2-2 

 

Figure 2-15 Images of adhesive penetration Left-hand, binary adhesive bond line taken with CLSM 

(tangential surface); Right-hand, 8-bit image after applying a threshold 
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2. Maximum penetration depth 

 A straight distance from the bond line to the furthest penetrated lumen in each image was 

averaged based on 15 images across the bond line to characterize the best penetration ability of 

each hybrid adhesive blend ratio.  

3. Numbers of penetrated lumens 

The numbers of penetrated lumens in each image (1800µm×1800µm) were counted with 

a confined size area to exclude the lumens that filled less than half a percentage, and circularity 

was restricted to exclude the bond line area (Figure 2-16). Overlapped penetrated lumens were 

manually counted and added to the total number. Numbers of penetrated lumens were averaged 

and this is based on the sight area of 1800µm×1800µm. 

 

 

Figure 2-16 Image conversion for counting adhesive-filled Lumens 
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Results and Discussion 

pH Value 

The pH of neat PF was approximately 11.08±0.1 and the pH of PVAc was 4.03±0.23. 

When PF and PVAc were blended, their pH values were very close to that of the neat PF (Figure 

2-17). It’s not surprising since sodium hydroxide in PF is a strong alkaline, whereas polyvinyl 

acetate in PVAc is a weak acid (Kotz and Purcell 1991). Since there is no change in pH of hybrid 

adhesive compared to neat PF, the conditions in regards to pH for PF polymerization in the resin 

blend would not be altered significantly. 

 

Figure 2-17 pH of PF/PVAc resin blends at 25°C 
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Viscosity and Dispersion of Resin Blends 

When PF was mixed into PVAc, the viscosity of the blends first increased and then 

decreased dramatically, until it reached a relatively constant value. Blending periods of 5 

minutes, 10 minutes, 15 minutes and 20 minutes were tested for the different blend ratios. The 

viscosities of the PF:PVAc blend at a 3:1 ratio under different blending periods are shown in 

Figure 2-18. The viscosity with a blending period of 20 minutes was significantly higher than the 

other blending periods, indicating potential changes in polymer physical behavior. It is possible 

that high rate of shear mixing at longer mixing periods during resin blending may have increased 

the temperature of the blend thus initiating PF polymerization and an increase in blend viscosity. 

Based on characterization of viscosity (Figure 2-18), a mixing period of 15 minutes was chosen 

for the following study because lower viscosity is desired for sufficient adhesive penetration and 

easy application. Moreover, based on our preliminary study, the bond performance of hybrid 

adhesives with a mixing time of 15 minutes was generally better than that with 10 minutes. 
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Figure 2-18 Viscosity of PF:PVAc=3:1, mix for different time periods under 1000rpm, tested under 

50rpm at 25°C 

The same type of PF and PVAc were used for both the bond performance study (Chapter 

2) and wood strand panels manufacturing (Chapter 3) although they were from different batches. 

Batch 1 resins were used for experiments in this chapter, and batch 2 resins were used for the 

wood strand panels manufacturing in Chapter 3. The viscosities from both batches were tested, 

and the results are shown in Figure 2-19. All of the adhesive blends were mixed for 15 minutes. 

The viscosity dropped immediately after a small amount of PVAc was added, and then increased 

as more PVAc was added. Neat PVAc was stirred under 1000rpm with a period of 5 mins, 

10mins, and 15 mins, respectively to examine shear mixing rate effect on PVAc. No significant 

increase in viscosity of neat PVAc was observed which indicates the stability of PVAc particles 

under 1000rpm. 
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 The viscosity change of PF/PVAc blend is suspected to be related with change in pH and 

the PF/ PVAc ratios in resin blend. Generally, to stabilize the PVAc dispersions, sufficient 

electrostatic and/or steric repulsion are needed to resist particle aggregation (Lovell and El-

Aasser 1997). Surfactants functions as stabilizer through adsorption at the polymer-water 

interface. It is known that emulsion system is sensitive to pH and that influences its stability 

(Erbil 2000). Surfactants can be readily destroyed by changing in pH, which helps with 

demulsification treatment. The change in pH splits the surfactants and affects the interfacial 

properties of emulsion droplets, which influences the emulsion stability (Chen et al. 2000). When 

PVAc is dominant in the blend, the surfactant becomes instable due to the change in pH and the 

PVAc particles may start to agglomerate resulting in increased viscosity. However, when PF is 

dominant in the blend, the PF solution may dilute the agglomerated PVAc particles, which in 

turn decreases the viscosity.  

 

Figure 2-19 Viscosities of resin blends with increased PVAc percent, blend for 15 minutes under 

1000rpm, tested at 25°C 
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Dispersions were studied to better understand the viscosity change of resin blends. 

Dispersions of all blends and neat resins were observed right after blending. Pure PF was in a 

uniform status; whereas PVAc was in an emulsion status with small droplets dispersed inside 

water (Figure 2-20). Huang et al (2002) studied the miscibility of novolac PF resin and polyvinyl 

acetate blend and found that the blend was miscible in the amorphous phase because of the 

hydrogen bonding between hydroxyl groups of phenolic resin and carbonyl groups of PVAc. In 

our study, the resole type PF and PVAc were not miscible when PF dominated the blend as per 

the dispersion image. The blends separated into two phases once they were mixed together. 

However, the blend seemed to be more uniform when the PVAc content was higher than 50% 

(Figure 2-21).The immiscibility of the PF/PVAc blend could be advantageous for our study as it 

could enable PF and PVAc to function separately, forming both strong bonds and good initial 

adhesion. The dispersion of the resin in the blend improved with longer blending times, possibly 

leading to higher viscosity (Figure 2-22). 

 

Figure 2-20 Morphology of Neat PF (left) and PVAc (right) 
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Figure 2-21 Dispersion of resin blends, a, PF:PVAc =75%:25%; b, PF:PVAc =50%:50%; c, 

PF:PVAc =25%:75% 

 

Figure 2-22  Dispersion of PF: PVAc=50%: 50% under 1000rpm for; a, 5 minutes; b 10 minutes; c, 

15 minutes; d, 20 minutes 

Shear Block Strength of Neat Sugar Maple 

The results of shear strength tests of sugar maple are shown in Table 2-4. The densities of 

all the wood blocks were calculated based on wood weights with a moisture content of 8%. 
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COVs of shear strength variation are 8% and 11% for tangential and radial surfaces, respectively.  

A simple analysis of covariance (ANCOVA) was conducted to examine grain surface and 

density effects on bond performance. Based on SAS output, density is not a significant covariate 

for the shear strength of sugar maple, however, contribution of different grain surfaces to bond 

shear strength is significant. The bond shear strength of the tangential surface is significantly 

higher than that of the radial surface. Grain orientation effect on shear strength of maple parallel 

to the grain has been studied by Okkonen and River (1989) and they found the shear strength on 

tangential shear plane was significantly higher than that of radial shear plane. The difference on 

tangential and radial shear plane may due to the large ray volumes of maple which help to resist 

shearing in tangential plane, whereas in radial plane they readily shear (Okkonen and River 

1989).  

Table 2-4 Shear block strength of neat sugar maple on both tangential and radial surfaces 

Bonded Surface Density(g/cm3) Shear Strength 

(MPa) 

COV 

Tangential 0.69±0.01 22.31±1.85 8% 

Radial 0.70±0.03 18.21±1.92 11% 

 

Bond Performance and Adhesive Penetration of binary adhesives 

The densities of wood with adhesive bond on tangential (plain-sawn) and radial (quarter-

sawn) surfaces were 0.71±0.03g/cm
3
 and 0.69±0.03g/cm

3 
based on 8% MC, respectively. Since 

density varied greatly and theoretically affects bond performance, ANCOVA was conducted to 

examine effect of density as a suspected covariate. Test results of tangential and radial bonded 
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surfaces were examined separately, since the percentage levels for these two grain surfaces are 

different (7 ratios for tangential and 5 ratios for radial). 

As mentioned earlier, four shear block specimens and around 15 penetration images for 

each assembly joint were obtained. The average values of shear strength, wood failure, effective 

penetration, maximum penetration depth, and the number of penetrated lumens for each 

individual assembly joint were calculated and used to perform analysis of covariance (ANCOVA) 

using SAS. The interaction between density (covariate) and percentage (factor) was examined 

and then removed, since no significant interactions were found.  

 Neither shear strength nor wood failure was found to be significantly affected by density, 

which agrees with shear test results for neat sugar maple. Hence, shear strength and wood failure 

percentage were calculated without density adjustments. All responses related to penetration 

quantification were significantly influenced by density, and were adjusted by ANCOVA without 

interaction terms. Overall bond performance was found to be better on tangential surfaces than 

radial surfaces, while there were no obvious differences in terms of adhesive penetration. 

For joints bonded on tangential surface, the PF/PVAc ratio has a significant influence on 

both bond performance and adhesive penetration at 0.05 level (α=0.05). The shear strength of a 

hybrid adhesive with less than 50% PVAc is comparable with that of neat PF (Figure 2-23). Neat 

PVAc also has a relatively high shear strength which could be attributed to its ductility. The 

shear stress/strain curve also demonstrates that PVAc is more deformable than both hybrid 

adhesive and neat PF (Figure 2-24). As mentioned earlier, ductile adhesive tends to have higher 

observed local bond strength because the stress can be effectively transmitted through the entire 

bond area (Marra 1992; Serrano 2004). However, the high shear strength of PF and PVAc does 
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not lead to higher or equal strength of the hybrid adhesive. This indicates that the ductility 

advantage of PVAc does not effectively transfer to the hybrid adhesive, which could be due to 

the immiscibility of the two resins in the blend.  

As shown in Figure 2-23, wood failure decreases slightly as PVAc is added, and this 

becomes obvious as PVAc content increases above 50%. Obviously, neat PVAc has the weakest 

interaction with wood, as compared to hybrid adhesive and neat PF. Addition of PVAc in the 

blend certainly leads to a decrease in adhesive-wood interaction, especially when PVAc content 

dominates.  

In terms of adhesive penetration, no obvious decreases occur for hybrid adhesive with 

PVAc content below 50%. As shown in Figure 2-26, hybrid adhesive penetration with 75% PF is 

similar to neat PF; however, it tends to decrease as PVAc content increases to more than 50%. A 

noticeable decrease in adhesive penetration occurs with 50%PVAc and further decrease is 

observed with 75%PVAc. 

Based on penetration graph (Figure 2-25), the number of penetrated lumens of 80%PF 

blend is slightly higher than that of neat PF; however, 75% PF and 67%PF blends did not seem 

to differ significantly from neat PF. In theory, lower viscosity of resin leads to easier penetration, 

but it is not that simple because penetration is related to more than just one factor. Penetration 

was confirmed to decrease with higher weight average molecular weight of resin (Johnson and 

Kamke 1992). Generally, the molecular weight (Mw) of PF resole ranged from a couple hundred 

to 30,000 g/mol (Ani et al. 2004). Wang (2007) have studied the cure kinetics of two commercial 

PF resole used in face and core layers for OSB manufacturing and the measured Mw are 621 

g/mol for face PF and 6576 g/mol for core PF, respectively. The PF resole used in this study is a 
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typical face PF for OSB with relatively low molecular weight, whereas the Mw of PVAc in this 

study is approximately 266,000 g/mol. Hence, the Mw of hybrid adhesive should be greater than 

PF resole and smaller than PVAc. Although the viscosity of PVAc is slightly lower than PF, 

penetration is more difficult, since PVAc molecules are much bigger than PF molecules.  

We speculate that on one hand with PVAc content less than 50%, viscosity of hybrid 

adhesive is lower than PF which would facilitate deeper penetration; but, on the other hand, the 

molecular weight of hybrid adhesive is larger than PF and could play an opposite role on 

adhesive penetration. These conflicting effects could partially explain the slight and insignificant 

difference of penetration between hybrid adhesive with less than 50%PVAc and neat PF. As 

PVAc content increased beyond 50%, both the viscosity and molecular weight of hybrid 

adhesive could be higher than PF, which could have lead to significant decrease in penetration. 

However, this speculation has to be confirmed in future studies.   

Maximum penetration depth continually decreases as PVAc content increases in the resin 

blend. The continuous decrease in maximum penetration depth indicates that the penetration 

ability of hybrid adhesive is hindered by addition of PVAc. Neat PVAc had the lowest maximum 

penetration depth among all the formulations. A study by Mendoza et al. (2010) concluded that 

PVAc most likely stays in the bond line with only few vessels filling with adhesive, and they 

propose that the penetration limitation of PVAc relates to the hardening process. 

Effective penetration followed a similar decreasing trend, except for a relatively lower 

value at 67%PF. Note that the concept of effective penetration only considers overall penetration 

area, without taking lumen size into account. The average size of the penetrated lumen of the 

specimens with 67% PF is 3150µm
2
, whereas it is 3779 µm

2 
for specimens with 50% PF content. 



47 

 

Overall smaller lumen sizes result in a lower calculated effective penetration, which shows a 

lower effective penetration of 67% PF than of the 50% PF. Therefore, effective penetration 

method could not accurately demonstrate the penetration situation since it is interfered by 

variance of lumen sizes. Instead, the actual penetration is better indicated by counting the 

number of resin-filled lumens. 

As for bond performance on the radial surface, shear strength did not differ significantly 

among specimens with a PF content of 50% or more. Only the formulation with 25% PF content 

was significantly lower than the others (Figure 2-27). Wood failures for all the formulations 

cannot be concluded to be significantly different due to large variation (Figure 2-28); but it is 

noteworthy that the mean values of wood failure for both 25% PF and neat PVAc are lower, 

which could indicate weaker adhesive-wood interactions.  

Overall penetration on a radial surface of 75% PF was lower than that of 50% PF, and 

these differed from penetration on a tangential surface (Figure 2-28). However, analysis indicates 

a decreasing trend of penetration as PVAc percent increases. 
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Figure 2-23 Bond performance of assembly joints with wood on tangential surface 

 

Figure 2-24 Shear stress/strain curve of neat PF, neat PVAc and hybrid adhesive 
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Figure 2-25 Adhesive penetration of assembly joints with wood on tangential surface 
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Figure 2-26 Comparison of adhesive penetration into sugar maple on tangential surface 

 

                      

                   PF:PVAc=100%:0%                                        PF:PVAc-75%:25% 
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Figure 2-27 Bond performance of assembly joints with wood on radial surface 

 

Figure 2-28 Adhesive penetration of assembly joints with wood on radial surface 
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Summery and Conclusions 

PF/PVAc hybrid adhesive was first studied in terms of their physical properties which 

included pH, viscosity, and dispersion, all of which critically influence hybrid adhesive 

performance. The interaction between hybrid adhesive and wood substrate was also investigated, 

specifically in terms of adhesive bond performance and adhesive penetration. Performance on 

both tangential and radial bonded wood surfaces was evaluated as well. Conclusions include: 

 The pH of PF/PVAc resin blend is dominated by the pH of PF, resulting in a strong 

alkaline like neat PF. 

 The viscosity of resin blends is directly related to the mixing time and blend ratio. 

Viscosity decreases initially with small additions of PVAc, but then increases to an even 

higher value than that of neat PF as PVAc content rises beyond 50%, despite the fact that 

the viscosity of PVAc is slightly lower than that of PF. 

 Based on visual inspection of micrographs, the PF/PVAc blend is immiscible when PF 

dominates, but seems to be more uniform when PVAc dominates in the blend ratio. 

 The shear strength of the bond with the binary adhesive on tangential surfaces was 

generally greater than that on radial surfaces; however, there was no significant 

difference in adhesive penetration. 

 The bond performance of the PF/PVAc hybrid adhesive is comparable with neat PF when 

the proportion of PF is more than 50% in the blend. 

 The interaction between wood and hybrid adhesive deteriorates with increasing PVAc 

content in the blend, as reflected by decreased wood failure percentages and decreased 

adhesive penetration. 
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 Adhesive penetration was significantly influenced by density. The overall adhesive 

penetration does not significantly decrease when PVAc content was less than 50%, but 

dramatically decreased when PVAc dominated in the blend.  

 Among the three quantification methods, effective penetration method ran into 

limitations when lumen size varied widely. In this case, counting penetrated lumens 

seemed better to characterize penetration.  
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CHAPTER 3 INFLUENCE OF THE PF/PVAC RATIO AND ADHESIVE 

APPLICATION SEQUENCE ON WOOD STRAND COMPOSITE 

PERFORMANCE 

 

Introduction  

Wood strand panels, such as oriented strand board, are commonly used in structural 

panels for wood-framed buildings in the U.S., and is gaining market share outside the U.S. as 

well (Hansen 2006; Spelter et al. 2006). Wood strand composite is a panel product made by hot-

pressing a network of wood strands in a mat. Strands are flaked from small diameter logs 

potentially resulting in high conversion rates. A value-added product based on wood strand 

composite, such as lightweight sandwich panels (Voth 2009) , can be manufactured with reduced 

wood fiber and resin requirements 

Corrugated wood composites, as one of those value-added wood composites, have been 

investigated since 1970s and have shown the feasibility of processing. However, the method 

could not be commercially applied because of the complicated design and high cost (Pang et al. 

2007). Easier manufacturing method, such as conventional mat forming and pressing methods 

have shown adaptability for shallow corrugated composites, but more work is required before 

further application, including panel geometry, adhesive type and level (Pang et al. 2007).   

To make the three dimensional wood composite products, commercially adaptable and 

simpler fabrication method needs to be developed using thermoforming techniques. However, in 

processes involving continuous thermoforming it is critical to handle a mat of discontinuous 
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elements with little disturbance to maintain mat integrity and produce a quality end product.  

This project is part of a larger study where the goal is to develop a continuous method of 

manufacturing profiled wood-strand composite products. A hybrid adhesive system, which 

combines the excellent bonding capabilities of PF with the superior tackiness and toughness of 

PVAc, is being explored. The goal is to achieve good initial adhesion using PVAc for easier mat 

handling and develop a durable bond using PF during the curing process under heat and pressure. 

This study examines the performance of hybrid adhesives in wood-strand composite panels made 

of hybrid poplar. Before applying binary PF/PVAc adhesive system to manufacturing profiled 

wood strand composites, it is critical to understand the interaction between PF and PVAc resins 

during bond formation and its influence on wood strand composite’s performance in terms of its 

physical and mechanical properties. This will contribute significantly to the body of research on 

the use of hybrid adhesives in manufacturing of strand-based composites. 

To achieve desired initial adhesion, bond strength of PF could potentially be 

compromised by adding PVAc due to interference with direct interaction with wood (spreading, 

wetting, and penetration). It is hypothesized that use of PVAc with PF may interfere with 

spreading and penetration of PF into wood strands, and thus reduce bond quality among the 

strands in a wood-strand composite. This interference is speculated to be influenced by the 

proportion of PVAc in the resin blend and the sequence of resin application onto the strands 

during the blending process. 

Objective 

The objective of this study was to understand the influence of adhesive blend ratio and 

the sequence of adhesive application on the bond strength and performance of wood-strand 
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composite. To meet or surpass the required performance in a cost-efficient manner, PF/PVAc 

ratio and adhesive application method must be optimized. To meet the objective, laboratory-

based wood strand composites were evaluated by performing the following tasks: 

 Investigate the influence of PF/PVAc blend ratios on mechanical and physical 

properties of manufactured wood-strand composite, including its modulus of 

elasticity, modulus of rupture, internal bond strength, density profile, thickness 

swelling, and water absorption capacity 

 Study the impact of sequence of adhesive application on wood strand composite 

performance 

 Analyze the effect of hybrid adhesive composition and application sequence on 

composite performance when exposed to varying environmental conditions allowing 

it to shrink and swell 

 Optimize PF/PVAc blend ratios for acceptable performance in terms of mechanical 

and physical behavior 

Background 

Adhesive Blend for Wood Composite 

Value-added Wood Composites 

Three dimensional composites, such as corrugated fiberboard and metal plates, have been 

successfully applied for many years (LeBlanc et al. 1971; Sivachenko 1978).This idea has been 

applied to wood composites in 1970s; and different manufacturing methods, such as molds, have 

been tried(Bach 1989; Caughey et al. 1981; Geimer and Lehmann 1977). Shallow small 
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corrugated panels have been made by Price and Kesler (1974) in early 1970s but resulted in 

under-desired properties due to bad flow properties of the mat. Others studies have successfully 

manufactured deep corrugated panels b. However, those methods could not be commercially 

applied because of the complicated fabrication process which leads to high cost. Pang et al. 

(2007) manufactured shallow corrugated panel with conventional mat forming and pressing 

methods and stated that the resin type and level need to be further investigated.  

Application of Resin Blend 

In wood composites industry, there are several kinds of commonly used resins, phenol-

formaldehyde (PF), urea formaldehyde (UF), melamine formaldehyde (MF), melamine-urea-

phenol formaldehyde (MUPF), polymeric diphenyl methylene di isocyanate (pMDI) and 

polyvinyl acetate (PVAc) (Sellers 2000). Phenol-formaldehyde (PF) is widely used in almost all 

kinds of wood composites, such as plywood, laminated veneer lumber (LVL), oriented strand 

boards and hardboard. Polyvinyl acetate emulsion is mainly used as assembly glues for 

decorative plywood and glued hardwood lumber (Sellers 2000). 

Combination of different resins has been applied to wood composites for a long time for 

different reasons, such as lower cost and better composite properties. Resins that are applied at a 

high load (more than 5% resin solids on dry wood) account for up to 34% of the manufacturing 

cost, which is higher than wood materials (Adams and Broline 2006). Hence, manufacturers 

attempt to minimize the cost by partially replacing with a cheaper resin while achieving 

acceptable strength. 

Different types of resins have been applied to manufacturing the same panel. In OSB, for 

example, slow curing and pre-cure-resistant PF has been applied to the surface layer, as it 
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directly contacts the heated press platen and has better cure conditions. Faster-curing PF, with a 

higher molecular weight and lower cure condition, is applied to the core layer (Phillips 2000). 

This strategy helps to shorten press time and increase OSB properties.  

Phenol-formaldehyde (PF) and polymeric isocyanate (pMDI) are sometimes applied in 

combination in manufacturing OSB. PF is relatively cheap and does not adhere to the platens, 

thus suitable for face layers. Whereas, PMDI is exclusively used as a core adhesive (Phillips 

2000) since it performs well in the core, and tends to stick to the hot platen when applied to face 

layers. For example, Wang et al. (2007) studied indoor-use particleboard with low formaldehyde 

emissions made from recycled wood-waste particles, using pMDI for core layer and PF for face 

and back layers. They found that MOR, IB, and TS were superior to the conventionally 

fabricated particleboard. Another study (Preechatiwong et al. 2007) directly applied the 

PF/pMDI blend to oriented strand lumber, and found that the ratio of 75/25 performed the best, 

while a 50/50 ratio performed the worst due to phase separation in both adhesives. A 

combination of thermosetting and thermoplastic resin, Polyvinyl acetate emulsion (PVAc) 

fortified with urea-formaldehyde (UF), on laminated bamboo has been studied, where the results 

showed that there was no significant difference between PVAc fortified UF and neat UF in terms 

of modulus of elasticity and modulus of rupture (Talabgaew and Laemlaksakul 2007). 

Characteristics of Wood Composites Performance 

Density Profile 

Wood density is a critical quality factor of wood composite products in terms of both 

economy and efficiency (Hsu 1997). At the same panel density, raw wood materials with lower 

density can be highly compacted, leading to a higher contact surface area between wood 
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furnishings. Uniformity can also be achieved with lower density wood materials (Hsu 1997), 

which results in better mechanical properties and lower variability. 

Density distribution is classified in the horizontal and vertical directions. Horizontal 

density distribution (HDD) describes density variations through the plane of panel, while vertical 

density distribution (VDD) represents density variation through panel thickness. HDD is 

influenced by particle geometry and forming (Linville 2000). Variation occurs when different 

overlapped particle layers are pressed to the same thickness within a mat. For HDD, it is 

assumed that larger particles have larger variations (Linville 2000). According to Suchsland 

(1973), horizontal density variation should be avoided, since it causes differential thickness and 

swelling, which in turn leading to damaging stresses in the panels (Linville 2000). 

A typical vertical density profile of panels through the thickness includes high-density 

face layers, a low-density core and a nearly symmetrical pattern from the panel midpoint 

(Winistorfer et al. 1996). A vertical density profile is affected by varied furnish moisture content 

and the press closure rate. The tails of the vertical density distribution are also related to the press 

closure rate (Winistorfer et al. 1996). A vertical density profile is an important panel 

characteristic, since it influences panel’s properties (Wang and Winistorfer 2000; Winistorfer et 

al. 1996). These include panel surface quality, fastener performance, bending properties and 

internal bond strength. 

Modulus of Elasticity and Modulus of Rupture 

The modulus of elasticity (MOE) and the modulus of rupture (MOR) characterize wood 

composite mechanical performance. A laminate theory for a composite MOE model confirmed 

that the MOE of the board is likely to increase with a high surface density (Xu 1999). MOR also 
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showed an increasing trend as density increased (Kelly 1977). Other studies show that the MOR 

and MOE of Douglas fir flake-particle mixture board increased dramatically as resin content 

increased from 2% to 4%, and reached optimum levels with resin contents of 4% to 8% 

(Lehmann 1970). Normally, the strength and stiffness of wood tends to decreases as moisture 

content (MC) increases, when the MC is still below the fiber saturation point (Simpson and 

TenWolde 1999). For wood composites, the same trend occurs (Wu and Suchsland 1997). It was 

concluded that density and moisture content have significant effects on MOE and MOR (Kelly 

1977; Shi et al. 2005). 

Internal bond 

Internal bond (IB) refers to the tensile strength perpendicular to the panel plane, and is an 

important mechanical property. IB has been found to increase as the specific gravity of a board 

increases, although at a decreasing rate (Kelly 1977). Panel density has a positive influence on 

IB properties (Hse et al. 1975; Vital et al. 1974). Assuming that IB is correlated with density, IB 

specimens are more likely to break in the plane with the lowest density. In this case, failure tends 

to occurs in the core layer when a panel has a density profile with a high density surface and a 

low density core. Also, IB tends to be higher for a specimen with a more uniform density profile, 

since it has relatively uniform strength through panel thickness (Linville 2000). Moreover, higher 

IB strength can be achieved with higher resin content (Lehmann 1970). However, Strickler (1959) 

and Geimer (1975) claim that there is no significant correlation between core density and internal 

bonds, due to moisture and press cycle effects (Kelly 1977). A laboratory-based study by 

Maloney (1975) suggests that IB actually decreases with the specific gravities of boards above 

0.75 at a phenol formaldehyde resin of 6% (based on oven-dried wood). 
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Dimensional Stability 

Since wood composite is commonly used for structural purposes, it is more likely to 

serve as an exterior material and may be exposed to severe conditions including high humidity or 

temperature. Hence, it is important to understand the adhesive durability of wood composites 

under severe weather conditions.  

Among different composite directions, the most significant change occurs across the 

thickness direction (Wu and Lee 2002). Concluded by Kollman et al (1975), swelling in the 

thickness direction increases with moisture content at an increasing rate (Kelly 1977). Two 

mechanisms are proposed for thickness swelling: recoverable thickness swelling, originates in 

the wood itself, and non-recoverable swelling, generated by the relief of residual compression 

(commonly called spring-back) (Wang and Winistorfer 2003). 

Vital et al. (1974) concluded that panel density had an inverse effect on water absorption 

and thickness swelling. This could be due to the fact that boards with higher density have fewer 

voids, slowing water penetration speed (Kelly 1977). Thickness stability can also be enhanced 

with higher resin content. This probably occurs because spring-back and differential shrinkage 

stresses are enhanced with more resin (Hann et al. 1962; Lehmann 1970). Better interparticle 

bonding may also form when more resin is added, but cannot be further improved when resin 

content rises certain percentage (Kelly 1977).  

Wu and Piao (1999) studied the relationship between thickness swelling and internal 

bond loss with four types of commercial OSB. Although IB strength did not noticeably decrease 

when moisture content changed from oven-dried up to 8%,  it decreased significantly when the 

MC increased above 12%. A linear relationship formed between thickness swelling and water 
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absorption during a short-term soaking test, and the swelling rate varied based on specimen 

density.  

Effect of Resin Content 

The influence of resin on wood composite performance has been investigated in several 

studies (Lehmann 1970; Wu and Lee 2002). Extended press time is necessary to eliminate the 

moisture content of boards that will be treated with resin, since cured resin can be weakened by 

high moisture content (Geimer and Christiansen 1996).Some studies have evaluated the 

correlation between MOE, MOR and overall resin content, and found  no obvious increase on the 

strength of flake boards when the amount of urea-formaldehyde adhesive increased (Post 1958). 

Lehmann (1970) also ran studies with urea-formaldehyde at contents of 2%, 4% and 8%, and 

found only slight increases in MOE and MOR, whereas  a continued increase of IB in the resin 

range. Shuler (1973) studied the particleboard manufactured with chipping residues at 7 levels of 

urea-formaldehyde (from 2% to 12%), and found no obvious increase in both MOR and MOE 

when adhesive resin was increased by more than 5%. Furthermore, when board properties were 

compared between adhesive content of 10% and 12%, MOE and MOR were lower at resin 

content of 12% than resin content of 10%. In addition, thickness swelling after 2-hour and 24-

hour water soaking showed more swelling at resin content of 12% than at 10%. Studies by Clad 

W (1967) also conclude that board quality does not improve when adhesive content goes beyond 

12% (Kelly 1977). Particleboards made with two isocyanate resins, pMDI and EMDI, showed 

significant higher values of MOE, MOR when resin content increased from 2% to 4%, and MOE 

and MOR’s did not increase significantly when resin content increased from 4% to 6%. On the 

other hand, IB in particleboard increased as resin content increased from 2% to 4% to 6% 

(Papadopoulos et al. 2002). Another study regarding the fine particle content of OSB with PF 
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resin also concluded that resin content had no significant influence on MOE or MOR  (Lee and 

Tahir 2003). 

Materials and Methods 

  Experimental Design 

There are two main objectives in this Chapter. One is to study the effects of increasing 

PVAc content on PF’s ability to bond with wood strands during hot-pressing. The other is to 

investigate the influence of sequence of resin application (i.e., apply PF first then PVAc, apply 

PVAc first and then PF, or apply a blend of PF/PVAc) on the bond formation and performance. 

A response surface model was implemented with two numerical factors (PF and PVAc content) 

and one categorical factor (adhesive application sequence) for understanding and modeling the 

effects.  

Response surface methology (RSM) has been used for optimization of wood composites 

performance as it achieves the same results with minimum effort of process comparing with 

traditional methods of experimentation (Park et al. 1999; Wang and Lam 1999). RSM helps 

determine how a response is affected by a set of quantitative variables or factors over a specified 

region. The highly accurate models from this design (Wang and Lam 1999) can then be used to 

optimize the settings of a process (such as PF/PVAc ratio and application methods) to give a 

maximum or minimum response (MOE, MOR, IB, WA, or TS, in this case). D-optimal design 

was chosen to determine the test runs in the design space to minimize the number of runs and 

error (Adams 2006). Additional runs were added to provide estimates of lack of fit and pure error. 

A quadratic response model was chosen to determine the number of runs. Since the amount of 

PF used in manufacturing OSB is generally between 4 to 6 percent, PF resin content was 
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confined to between 4 and 6 percent. PVAc was confined to between 1 and 6 percent based on a 

previously conducted study on cure kinetics of PF/PVAc hybrid adhesive by Wang et al. (2010). 

The adhesive application sequence had three levels: apply blend, apply PF first, and apply PVAc 

first. The DesignExpert
®
 DOE software generated 23 runs based on the input factors and their 

ranges. Based on geometric candidate set of fixed coordinates, design points included vertices, 

edge and axial points, centroid, and intermediate points.  Two more runs of 6% PF were added as 

controls, and seven additional runs were included to minimize experimental error. All the 

formulations are shown in Table 3-1. 

Materials 

Hybrid poplar, an appropriate raw material for wood composite panels because of its high 

productivity (Zhou 1990), low density, and uniform cell structure, was chosen as the raw 

material for wood strand panel fabrication. 

The strands were produced using a disc strander at the Composite Materials and 

Engineering Center (CMEC) at Washington State University from hybrid poplar (Populus 

deltoides) logs. The target dimension of the produced strands was 150 mm long by 12 mm wide 

by 0.5 mm thick. Strands were conditioned to a MC of approximately 10% after processing 

(Wang et al. 2010). Commercially produced PF and PVAc resins described in Chapter 2 were 

used in fabricating the test panels. 
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Table 3-1 A total of 32 runs or design points implemented based on D-optimal response surface 

design by State-Ease 

PF (%) PVAc (%) Sequences PF(%) PVAc(%) Sequences 

6 6 Blend 4 1 PVAcFirst 

6 6 PFFirst 4 1 PFFirst 

6 6 PFFirst 4 1 Blend 

6 6 PVAcFirst 5 1 Blend 

6 6 Blend 5 2.25 PFFirst 

6 6 PVAcFirst 5 1 PVAcFirst 

4 6 PFFirst 6 1 PVAcFirst 

5.5 3.5 PVAcFirst 6 0 NA 

4 6 PFFirst 6 0 NA 

4 6 Blend 6 2 Blend 

4 3.5 PVAcFirst 6 2 PVAcFirst 

6 1 Blend 6 2 PFFirst 

6 1 PVAcFirst 5 2.25 PFFirst 

6 1 PFFirst 5.5 3.5 PVAcFirst 

5 3.5 Blend 6 1 Blend 

4 6 Blend 4 2 Blend 
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Wood Composite Manufacturing 

Strands were dried to a MC of approximately 3% and screened to remove fines. Based on 

the runs in Table 3-1, desired PF and/or PVAc adhesive was distributed onto the strands in a 

drum blender as per the application sequence. A study on cure kinetics of PF/PVAc hybrid 

adhesive by Wang et al. (2010) showed that the curing process of the PF/PVAc hybrid adhesive 

system takes longer than that of neat PF. A second curing peak was observed with the addition of 

PVAc, which moved towards higher temperatures as PVAc content increased. The first curing 

temperature peak occurred at around 145˚C, and the second peak was around 157˚C. Since the 

curing process slows down with increasing amount of PVAc, trial runs were conducted with 

maximum PVAc and PF contents included in experiment design (see Table 3-1) to determine the 

hot-pressing schedule. Resins were applied to strands with an air atomized sprayer in a rotating 

drum with three sequences: PF first, PVAc first or a predetermined blend. To prepare resin 

blends, desired PF and PVAc resin proportions were mixed for 15 minutes at 1000rpm until it 

formed a uniform-colored blend.  
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Figure 3-1 Pressing schedule for hot-pressing test panels 

Adhesive blended strands were hand-distributed through a forming box above an 

aluminum caul sheet (Figure 3-2). The table under the caul sheet oscillated to help the strands 

evenly pass through the vanes. All panels were manufactured with a hydraulic 0.914m
2
 oil-

heated press using a Pressman 
TM

 control system. Based on the gas pressure and core temperature 

recorded by temperature and pressure probes inserted into the core of the mat during trial runs, 

the hot-pressing schedule was determined (Figure 3-1). Loose mat was hot-pressed with a platen 

temperature of 160˚C (Figure 3-3). Finally, pressed boards were trimmed to 0.508m by 0.508m 

from 0.66m by 0.66m. A total of 32 test panels were manufactured. The target density and the 

thickness for all panels were 0.59g/cm
3 

and 6.35mm respectively.  
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Figure 3-2 Resinated strands distributed through forming box 

 

Figure 3-3 Loose mat and hot pressing 

 

Testing for Mechanical and Physical Properties  

The specimens from the first run were excluded from the data analysis as its opening time 

during hot pressing was extended to release excess gas pressure compared to all the other panels. 

Test specimens for all the 31 panels were cut as per the cutting scheme shown in Figure 3-4. 

Dimensions of the specimens are given in Table 3-2. Specimens were conditioned at 20⁰C and 

65% RH for over two weeks after manufacturing to reach an equilibrium moisture content (EMC) 

of 12%. Vertical density profiles were scanned for all internal bond specimens using a 
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nondestructive X-ray vertical density profiler.  

  

Figure 3-4  Specimen cutting pattern for test panels.  

Unit in Figure: cm; B-Bending; IB-Internal Bond; WA-Water absorption and Thickness Swelling; 

For Bending and IB, #1, 3, 5-Conditioned at 20⁰C and 65%RH; #2, 4, 6-Severe Condition 

Treatment 

 

 

 

 

 

 Strand Oriented direction 
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Table 3-2 Sampling scheme for each panel 

Test Target Dimensions 

(mm) 

# of specimens 

per panel 

Total # of 

specimens 

Bending under normal condition  50.8× 203.2× 6.35 3 93 

Bending with severe condition treatment 50.8× 203.2× 6.35 3 93 

Vertical density profile 50.8 × 50.8 × 6.35  6 186 

IB under normal condition 50.8 × 50.8 × 6.35 3 93 

IB with severe condition treatment 50.8 × 50.8 × 6.35 3 93 

Water absorption and thickness swelling 152.4× 152.4× 6.35 2 62 

 

Half the specimens for bending and IB remained in the same conditioning room, and half 

were subjected to varying cycles of temperature and relative humidity as shown in Figure 3-5 in 

a different conditioning chamber. These will be referred to as specimens subjected to severe 

relative humidity treatment. Specimens were conditioned at each step until they reached their 

EMC at the set condition.  

 

Figure 3-5 Severe relative humidity treatment to cycle the specimens through equilibrium moisture 

contents of 12%, 24%, 5% and back to 12%  

Three-point bending and internal bond tests were conducted using an Instron testing 

machine according to ASTM D1037-99 (ASTM Standard 2006) (Figure 3-6). Density of flexure 

•20⁰C
•65%RH   

Step 1
•20⁰C   

•95%RH
Step 2

•40⁰C
•25%RH

Step 3
•20⁰C
•65%RH

Step 4
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specimens and internal bond specimens were obtained based on the weights and dimensions right 

before testing; moisture content of flexure specimens were obtained based on dried weights after 

24 hours of oven drying. 

Thickness swell and water absorption were carried out in accordance with ASTM D1037-

99. Specimens were weighed, and thicknesses were measured at 5 fixed points for each specimen 

after 2-hours and 24-hours of water submersion.  

 

 

Figure 3-6 Static bending test (Left) and internal bond test (Right) 
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Figure 3-7 Water submersion (Left) and five-spots thickness measurement (Right) 

 

Results and Discussion 

Density Profile 

The average thickness of all the panels immediately after fabrication was 6.51±0.36 mm, 

which expanded to 6.87±0.40 mm after two weeks of conditioning at 20⁰C and 65% RH. Panels 

with more resin content generally have a smaller expand as more resin help to resist spring back 

and differential shrinkage stresses (Hann et al. 1962). The overall density profile pattern is 

similar for all panels (Figure 3-8) due to identical pressing schedule. The slight difference among 

formulations could be due to the different moisture content of raw materials (wood strands and 

resin blend) of different formulations before hot pressing. The resulting profile, which exhibits 

high density near the edge and low density in the core, is typical for a hot-pressed wood-strand 

panel. 
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Figure 3-8 Density Profiles 

Density Effect as a Covariate 

As the objective is to examine the influence of resin ratio and application sequence, 

density effects were analyzed for their significance especially as it influences flexure properties, 

internal bond strength, and dimensional stability. This study examined the effect of density on all 

responses using analysis of covariate (ANCOVA) with SAS statistical program. The interaction 

between covariates and factors was first examined and then removed from ANCOVA, since no 

significant interaction was found. Each corresponding response was then adjusted based on a 

homogenous slope model using ANCOVA excluding interaction term. Results show that density 
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was a significant positive covariate for flexure specimens under both normal and severe RH 

conditions. For IB specimen, the lowest density point in the core of density profile shows 

significant influence and its effect is removed by ANCOVA adjustment.  

For the water absorption and thickness swelling tests, there is no error term to examine 

interaction, since there are only two replicates in each run. Normally there are two options under 

this circumstance, one is to use analysis of variance (ANOVA), ignoring the covariate effect; the 

other is to apply ANCOVA, omitting the potential interaction term (Silknitter et al. 1999). In this 

case, density was analyzed as a covariate, since previous studies have shown that density 

significantly influences WA and TS properties (Shi et al. 2005; Qinglin Wu and Lee 2002; Zhou 

1990). And thus, it was assumed that there was no interaction between density and runs in this 

study. Density showed a significant negative effect on WA after 2-hours and 24-hours of water 

submersion, and also on TS after 24-hours of water submersion. TS after 2-hours showed an 

insignificant density effect, and were calculated using analysis of variance (ANOVA) instead.   

After proper adjustments, all response values were input into Design-Expert software. 

The best fitted models were chosen based on the statistical information from three aspects. 

Sequential model shows the statistical significance of adding each model terms in the model; the 

lack of fit test diagnoses if the data fits the chosen models well; and the model R
2
 value that 

estimates how well the model explains the variation of data (Stat-ease 2005). Response surface 

model gives a statistical trend in responses and offers valid information regarding difference in 

properties due to the treatment factor (PF and PVAc percent, application sequence) in this 

experimental design space. Statistics of each fitted model are shown in Appendix C . All 

specimens conditioned at 20 °C and 65% RH to reach a moisture content of 12% are referred to 

MOE1, MOR1 and IB1 from henceforth; and specimens exposed to a severe RH treatment are 
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referred to as MOE2, MOR2 and IB2 henceforth. Water absorption and thickness swelling under 

2-hours and 24-hours submersion are referred to as 2hrs WA, 24hrs WA, 2hrs TS and 24hrsTS, 

respectively. 

Effects of PF/PVAc ratios 

To evaluate the PF/PVAc ratio effect on mechanical and physical properties, the response 

surfaces are compared for the three application sequences (apply blend, apply PF first and apply 

PVAc first). Percentage differences of properties between hybrid PF/PVAc at 6%PF and varying 

proportions of PVAc and control specimens with 6%PF are shown in Table 3-4.  

Modulus of Elasticity 

The average MC of flexure specimens under normal condition was 8.72%±0.43% before 

testing. For specimens exposed to severe RH treatment, the MC of the flexure specimens 

increased to 18.48%±1.24% at 20⁰C and 95%RH, then dropped to 4.32%±0.43% at 40⁰C and 

25%RH, and reached an average MC of 9.60%±0.65% at the end prior to testing.  

Response surface analysis indicated that neither resin content nor application sequence 

has a significant influence on MOE in reduced models (Table 3-3). As shown in Figure 3-9, 

addition of PF under 5% has a slightly positive effect on MOE1 but an opposite effect with more 

than 5% PF. MOE2 under severe RH treatment has a significant decrease compared to those 

under normal condition. MOE2 showed a continuous but slight increase with increasing PF 

content up to 6%.  

Since the fitted reduced models for MOE is only significant at 0.1 level, conclusions need 

to be carefully drawn. As shown in Table 3-4, at 6%PF level, increase in PVAc content seems to 

have a positive followed by a negative effect on MOE, as reflected by the average change of 
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relative decrease of MOE1 from -4.9% to 10% and to -1.2% and average relative difference of 

MOE2 ranged from -2.5% to 8.9% to 4.9%. Increasing resin content to certain level was shown 

to have an insignificant increase in MOE in previous studies, and even a negative effect can be 

found at resin percent of more than 12% (Post 1958; Lehmann 1970; Kelly 1977; Papadopoulos 

et al. 2002). In this study, the trend in MOE is speculated to be influenced by application 

sequences, which will be discussed later.   

Modulus of Rupture 

As applied load is transferred through shear from element to element in a short fiber 

composite, the effects of bond formation and performance will be greater on MOR than MOE. 

As PVAc percent increased from 0% to 6%, the MOR1under normal condition had a slight 

increase with addition of either PF or PVAc (Figure 3-10); whereas MOR2 under severe RH 

treatment shows a turning point as PVAc content goes above 4-5%. It indicates that addition of 

PVAc above 4-5% could be detrimental to composite strength performance when subjected to 

severe and changing environmental conditions. We speculate that excess PVAc tends to interfere 

with PF in terms of spreading and penetration. With increased PVAc content, there is a greater 

chance for PVAc to be in direct contact with wood and thus interfere with PF bonding with wood. 

Under high humidity environment, the acetyle groups in PVAc are relatively ready to be partially 

hydrolyzed and turn into hydroxyl groups (Qiao and Easteal 2001). A comparatively weak 

interaction is formed with wood by secondary forces leading to water molecules easily 

penetrating into the interface between PVAc and wood. This leads to adhesive softening that 

reduced adhesion and cohesion. In this case, PVAc tends to weaken the bond between wood 

strands under severe RH treatment, and lead to a reduction in strength with repeated shrinking 

and swelling action of the composite. Bond strength could be potentially further hindered by 
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increase of PVAc to a higher percent and this interference becomes especially obvious when 

applying PVAc first, which will be discussed later. 

Internal Bond Strength 

Internal bond, which characterizes the bond strength between wood strands, affects mat 

integrity under hot-pressing. IB1 and IB2 followed a similar trend (Figure 3-11), with both 

showing a linear, increasing trend as overall resin (PF and PVAc) content increased. Furthermore, 

IB increased faster with the addition of PVAc from 1% to 6% than with the addition of PF from 

4% to 6%. Due to its ductile nature, PVAc deforms more easily and can transmit stress more 

evenly than brittle adhesive such as PF (Marra 1992). This ductility ensures that PVAc 

distributes stress more efficiently than PF, which in turn tends to increase internal bond strength. 

Advantage of this ductility of adhesive on bond performance was also manifested in the 

performance behavior of PVAc in Chapter 2, where shear strength of PVAc was comparable to 

that of neat PF and showed better deformability in the stress/strain curve. 

 Dimensional Stability 

The overall trend for water absorption (WA) and thickness swelling (TS) under 2 hours 

and 24 hours periods are very similar. Both WA and TS increased quickly during the first two 

hours of water submersion, and a large percent of thickness swelling occurred during the first 2 

hours of treatment. Both PF and PVAc content had a significant influence on water absorption 

and thickness swelling in most cases (Table 3-3). As shown in Figure 3-12 and Figure 3-13, 

more resin appears to increase water resistance and dimensional stability. Four percent PF and 

one percent PVAc had the most WA and TS, and 6% PF combined with 6% PVAc had the least 

WA and TS. In addition, PF reduced water absorption and thickness swelling more efficiently, 

water resistance and dimensional stability improved much more quickly as PF increased from 4% 



81 

 

to 6% than it did when PVAc increased from 1% to 6%. Resin combination of 6% PF and 1% 

PVAc exhibited lower WA and TS than 4% PF and 6% PVAc. 

Effects of Resin Application Sequence  

Generally Superior Performance when Applying PF First 

Although application sequence effect only shows significant difference in MOR1, IB1 

and IB2 (Table 3-3); similar trends in application sequence developed in all of the other 

responses as shown in response surface model graphs. In terms of overall mechanical 

performance, applying PF first is better (Figure 3-14 and Figure 3-16) in most cases. Some 

interactions can be seen in MOR2 and IB1 which will be discussed later.  

For WA and TS, applying PF resulted in the lowest values, suggesting better water 

resistance and dimensional stability in 2hrs WA, 2hrs, and 24hrs TS, although a difference was 

shown in 24 hrs WA (Figure 3-18 and Figure 3-20). Applying PVAc generally shows similar 

water resistance and dimensional stability as applying blend. 

Interaction in Application Sequences 

Analysis of the data indicates an interaction between the application sequence and the 

amount of PVAc applied. In cases where higher percentage of PVAc is applied first, there seems 

to be an interference with the PF penetration. We speculate that application of more PVAc first 

results in greater probability of PVAc sandwiched between the wood strands and PF (Figure 

3-21), thus potentially decreasing the spreading, wetting, and penetration capacity of PF. This 

behavior leads to a bond that weakens with repeated shrinking and swelling of the composite 

when exposed to changing relative humidity. Drop in properties (MOR2, IB1 and IB2) after 

undergoing severe RH treatment is an evidence of this behavior.  



82 

 

MOE is also speculated to be affected by application sequence although significance is 

not shown in fitted model, which could be due to the noises induced by other factors outside the 

design of experiment. At PF percent of 6% (Table 3-4), MOE2 had a continuous increase as 

PVAc increased from 1% to 2% to 6% when applying PF first, whereas MOE2 under severe RH 

condition showed a continuous decrease as PVAc increased from 1% to 2% to 6% when 

applying PVAc first.  

As mentioned earlier, PVAc offers good bond under normal condition, as shown in 

relatively high shear strength in Chapter 2. When high moisture is induced during severe RH 

treatment, the bond between resin and wood strands tend to deteriorate; and it could be further 

deteriorated as PVAc increases. As shown in Figure 3-14, MOR2 dropped as PVAc content 

increased when PVAc is applied first. We speculate that at lower amounts of PVAc, it 

contributes through its ductility and helps with the stress transfer among wood strands. However, 

with application of more PVAc, there is a negative effect as it is not known for its moisture 

durability. Applying PVAc first shows more severe decrease in MOR2 than applying PF first or 

applying blend (Figure 3-15).  

As for IB strength (Figure 3-16 and Figure 3-17), applying PVAc first leads to an 

increase in internal bond strength (IB1) at an increasing rate than the other two sequences. At 

4%PF level, applying PVAc is better especially at 6% PVAc. As PVAc percent is dominated in 

the blend and has more direct contact with wood, the ductility of PVAc plays an important role 

on increase in IB strength. However, after undergoing severe RH treatment, internal bond 

strength (IB2) lost its advantage with applying PVAc first compared to the other two appications 

sequences. This is further evidence of interference of PVAc with PF-wood interaction with 

increasing PVAc content when PVAc is applied to the strands first.  
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For 24hrs WA, applying blend shows the worst water resistance, however with an 

improvement with addition of more PVAc. As shown in Figure 3-19, applying blend is even 

better than the other two application sequences when PVAc is dominant in the blend (6%PVAc 

and 4%PF). This could be related to the uniform morphology of resin blend with more than 50% 

of the blend composed of PVAc, further explanation need to be explored. 

As more PVAc is added in resin blend, PF penetration is more likely to be hindered. 

When the adhesive was sprayed onto strands, it covered the strands with uniform small droplets. 

It is known that PF has better penetration ability than PVAc due to its small molecular structure, 

which was also confirmed by the penetration quantification results discussed in Chapter 2. When 

applying PF first, PF penetrates into wood easily and forms a strong interaction with wood 

(Figure 3-21). Bond between PF/PVAc and wood strand could be further strengthened with 

addition of more PVAc to some extent. When applying PVAc first, it could not penetrate into 

wood as easily as PF and PVAc may form thin film quickly on strand surface and hinder the 

interaction between PF and wood strands and interfere with the penetration of PF, thus leading to 

less durable bonding among strands under severe condition.  

As seen in Chapter 2, PF/PVAc was immiscible when the ratio was above 1. In an 

immiscible blend, the specimens could debond at the weakest point when the resins in the blend 

are not evenly distributed due to phase separation. The poor performance with applying blend 

rather than PF first, indicates that PVAc and PF could interfere with each other and result in 

neither of them interacting with wood adequately.   
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Table 3-3 Statistics of Fitted Models for each Response 

Responses Model  P-value 

model PF PVAc Sequences 

MOE1
#
 Reduced Linear 0.0736* 0.1232 NA NA 

MOE2
#
 Reduced Linear 0.0174* 0.0174* NA NA 

MOR1
#
 Linear 0.0423** 0.3024 0.1217 0.0493** 

MOR2
#
 Quadratic 0.0214** 0.0056** 0.0463** 0.3583 

IB1
#
 2FI <0.0001** 0.0069** <0.0001** 0.0029** 

IB2
#
 Linear <0.0001** 0.0385** <0.0001** 0.0188** 

WA
2hrs#

  Linear 0.0075** 0.0011** 0.0865 0.5403 

TS
2hrs^IS^

 Linear 0.0001** <0.0001** 0.0055** 0.5324 

WA
24hrs#

 
^P^

 2FI <0.0001** <0.0001** <0.0001** 0.1546 

TS
24hrs# ^I^

 Linear 0.0013** 0.0004** 0.0255** 0.3665 

1
-
Specimens under normal condition (20⁰C, 65%RH); 2-Specimens under severe condition cycle 

treatment 

#
 Response was adjusted by ANCOVA including density as covariate ; 

^IS^
 Data was under inverse 

square transformation; 
^I^

 Data was under inverse transformation;
^P^

 Data was under Power 

transformation with a Lambda of -1.89; **Significant at Alpha=0.05; *Significant at Alpha=0.1 
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Table 3-4 Percentage differences of hybrid adhesive with 6% PF and varying percent of PVAc relative to control test panels bonded with 

only 6%PF (All values in cells are percents) 

 

PF 6% 

PVAc 1% 
 

2% 
 

6%   

Sequences PF PVAc Blend Avg PF PVAc Blend Avg PF PVAc Blend Avg 

MOE1 -4.5 -3.9 -6.3 -4.9 4.2 8.4 17.3 10.0 12.8 -7.3 -8.9 -1.2 

MOE2 -9.2 9.2 -7.4 -2.5 0.4 4.7 21.6 8.9 17.4 2.5 -5.1 4.9 

MOR1 -1.3 -13.9 -18.7 -11.3 3.3 -6.9 2.0 -0.5 9.4 -6.0 -11.1 -2.6 

MOR2 -12.0 1.6 -15.6 -8.7 3.8 -0.4 5.6 3.0 5.4 -2.3 -6.9 -1.2 

IB1 65.5 4.6 -34.5 11.9 56.3 33.3 -8.0 27.2 86.2 101.1 33.3 73.6 

IB2 60.0 -17.3 -34.7 2.7 38.7 36.0 9.3 28.0 102.7 88.0 44.0 78.2 

2hrs-WA -16.9 0.0 27.3 3.5 -14.3 -1.3 9.1 -2.2 -7.8 -1.3 -14.3 -7.8 

24hrs-WA 2.7 5.4 14.9 7.7 -9.5 -2.7 4.1 -2.7 -8.8 -6.8 -6.8 -7.4 

2hrs-TS 4.0 12.0 52.0 22.7 -4.0 -4.0 36.0 9.3 -4.0 -8.0 -4.0 -5.3 

24hrs-TS -14.3 -5.4 0.0 -6.5 -17.9 -7.1 10.7 -4.8 -23.2 -17.9 -7.1 -16.1 
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Figure 3-9 Model graphs of MOE1 and MOE2 

 

Figure 3-10 Model graphs of MOE1 and MOE2 
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Figure 3-11 Model graphs of I B1and IB2 

 

 

Figure 3-12 Model graphs of 2hrs and 24hrs WA 
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Figure 3-13 Model graphs of 2hrs and 24hrs TS 

 

 

Figure 3-14 Effect of application sequence on MOR1 and MOR2 
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Figure 3-15 Interaction of application sequences of MOR2 at 4%PF, 5%PF and 6%PF, respectively 

 

 

Figure 3-16 Effect of application sequence on IB1 and IB2 
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Figure 3-17 Interaction of application sequences of IB1 at 4%PF, 5%PF and 6%PF, respectively 

 

 

Figure 3-18 Effect of application sequence on 2hrs WA and 24hrs WA 
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Figure 3-19 Interaction of application sequences of 24hrs WA at 4%PF, 5%PF and 6%PF, 

respectively 

 

Figure 3-20 Effect of application sequence on 2hrs TS and 24hrs TS 
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  Figure 3-21 Speculated mechanism of applying PF first and applying PVAc first, respectively 
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Optimization  

A numerical optimization was conducted in Design-Expert
®
  to determine optimum 

solutions (PF/PVAc ratios and sequence of application) which simultaneously satisfy the 

requirements placed on each factor and response. For optimization purposes, the insignificant 

terms of some responses with relatively low predicted R
2
 were removed from the model using 

backward elimination regression with a significance level of 0.1. This helped to reduce noise and 

create a model with better prediction capabilities. However, both MOE and MOR had relatively 

small predicted R
2
 for the reduced model, which means there are other factors excluded from this 

experiment design greatly influences the MOE and MOR. Therefore, MOE and MOR were 

excluded from the optimization process. All responses were set up according to their level of 

importance from 1 to 3, with 3 being the highest. IB1 was assigned a range from 0.43 MPa to 

0.95 MPa, with 0.43 MPa as the average for control specimens with 6% PF (typical required 

OSB IB is ~0.35 MPa). IB2 was given a range from 0.38 MPa to 0.75 MPa, with 0.38 MPa as 

the average for control specimens. All other factors were minimized. PVAc is minimized in the 

range of 1% to 5% since PVAc with more than 5% shows negative effect on MOR2, which 

implies a PVAc percent threshold. Four optimized solutions are shown below in Table 3-6. A 

PF/PVAc ratio ranging from 1:0.6 to 1:0.77 were suggested to produce wood-strand panels with 

comparable properties when bonded with only 6% PF. These results reinforce findings of Wang 

et al. (2010) that as long as proportion of PVAc is less than 0.5 in a PF/PVAc resin blend, it does 

not significantly hinder the bond formation and performance development with PF resin. Based 

on the first solution with a desirability of 0.506, all responses were predicted as a reference and 

compared against control 6% PF (Table 3-7). MOE, MOR, WA and TS of the optimal PF/PVAc 

ratio are all comparable with that of control 6% PF, and IB shows at least 30% better than that of 
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control 6%PF. 

Table 3-5 Optimization criteria for wood strand panel properties 

Name Goal Lower Limit Upper Limit Importance 

PF (%)  minimize  4 6 3 

PVAc (%)  minimize  1 5 1 

Sequences  is in range  PFFirst Blend 3 

IB 1 (MPa)  is in range  0.43 0.95 3 

IB 2 (MPa)  is in range  0.38 0.75 3 

2hrs WA (%)  minimize  28.7 67.0 2 

2hrs TS (%)  minimize  9.7 31.6 2 

24hrs WA (%)  minimize  64.8 104.6 2 

24hrs TS (%)  minimize  18.5 45.5 2 

 

Table 3-6 Four optimized solutions for wood strand panels performance 

# PF 

(%) 

PVAc 

(%) 

Sequences IB 1 

(MPa) 

IB 2 

(MPa) 

2hrs 

WA 

(%) 

2hrs 

TS 

(%) 

24hrs 

WA 

(%) 

24hrs 

TS 

(%) 

Desirability 

1 4.99 3.06 PFFirst 0.6 0.5 44 16 77 28 0.506 

2 4.84 3.41 PVAcFirst 0.6 0.5 44 17 79 28 0.499 

3 4.85 3.72 Blend 0.5 0.4 44 16 80 28 0.493 

4 4.84 3.71 Blend 0.5 0.4 44 16 80 28 0.493 
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Table 3-7 Comparison of Optimized solution with control of 6%PF 

Response Prediction 6%PF Response Prediction 6%PF 

 MOE1 (GPa) 6.63 6.34  MOE 2 (GPa) 4.8 4.87 

 MOR 1 (MPa) 61 60.4  MOR 2 (MPa) 49 51.38 

 IB 1 (MPa) 0.6 0.435  IB 2 (MPa) 0.5 0.38 

 2hrs WA (%) 44 38.45  24hrs WA (%) 77 74.1 

 2hrs TS (%) 16 12.2  24hrs TS (%) 28 28 

 

Summary and Conclusions 

This study explored the effect of PF/PVAc ratios and application sequence on wood 

strand composite performances. Response surface model is applied to understand the changing 

trends of mechanical and physical properties with varying PF/PVAc ratio and resin application 

sequences. Based on the results above, several conclusions can be drawn: 

 MOE is not significantly affected by change in resin ratio, but is suspected to be 

influenced by different application sequences 

 MOR is slightly improved with increase of PVAc under normal condition 

 Small amount of PVAc has a positive effect on MOR under severe RH treatment 

whereas turns to a negative effect as PVAc is increased beyond 5% because of 

PVAc’s poor moisture resistance  

 Internal bond strength under both normal and severe condition continuously increases 

with addition of PVAc up to 6% 
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 Addition of PVAc has a significant influence on reducing water absorption and 

thickness swelling although the effect is much less effective than adding the same 

amount of PF  

 In general, applying PF first lead to better performance 

 Application of PVAc first at a proportion of PVAc beyond optimum ratio could be 

detrimental to panel performance when exposed to severe relative humidity 

conditions that allowed the panel to undergo shrinking and swelling. 

 PF/PVAc ratio is optimized in a range from 1:0.6 to1:0.77 to obtain desired 

mechanical properties and dimensional stability of  wood strand composites for 

further study  
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CHAPTER 4 PROJECT SUMMARY, CONCLUSIONS AND FURTHER WORK 

 

Summary and Conclusions 

Profiled wood composite, a value-added product, is able to realize high performance with 

fewer raw materials. Manufacturing methods, such as roll-forming, shows promise for profiled 

wood strand composites because it is in a continuous processing flow which is easier for 

manufacturing application. However, this kind of methods requires good tackiness to 

compensate the dislocation of wood strand elements in loose mats during handling. This study 

evaluated the effectiveness of a multi-functional hybrid adhesive system, phenol-formaldehyde 

(PF) / polyvinyl acetate emulsion (PVAc) to solve difficulty in such manufacture process. This 

binary adhesive has an initial tackiness from PVAc that retains mat integrity at room temperature. 

Durable bonding of wood strand composites can be achieved as the mat go through shape 

forming process, accompanying with curing of PF under heat and pressure treatment. 

This study is based on the cure kinetics study of the PF/PVAc hybrid and its bond 

development in a multi-step hot-pressing schedule (Wang et al. 2010); and is further investigated 

regarding PF/PVAc adhesive –wood interactions, as well as its processing parameters, which 

contributes to developing a continuous manufacturing method for profiled wood strand 

composites. This thesis project systematically investigated the PF/PVAc binary adhesive 

interaction with varying proportions at different scales.  This research studied the interaction 

between the PF and PVAc in the resin blend and between the hybrid adhesive and the wood 

substrate; and also evaluated the performance of the wood strand panels that contained the 

PF/PVAc hybrid adhesive.   
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The first part of the study comprehensively characterized the interaction between 

PF/PVAc hybrid adhesive and the wood at the macro-scale and micro-scale, as well as 

evaluating the physical properties of the hybrid adhesive. The pH of PF/PVAc hybrid adhesive 

showed no significant difference from neat PF, remaining strongly alkaline. The viscosity of the 

binary adhesive decreased at first when a small portion of PVAc was added, and increased 

dramatically as more than 50% PVAc was added in the blend. Assembly joints glued on both 

tangential and radial surfaces were manufactured and tested to elucidate adhesive bond 

performance (shear stress and wood failure), as well as adhesive penetration. Adhesive bond 

performance on a tangential glued surface of sugar maple was superior to that of a radial glued 

surface, although no significant difference was found in adhesive penetration.  Bond 

performance and adhesive penetration did not decrease significantly when PVAc content was 

below 50%, whereas they deteriorated significantly when PVAc made up more than 50% of the 

resin blend.  

The second part of the study investigated the performance of wood strand composites 

using the hybrid adhesive, in order to identify the interference of PVAc between PF and wood 

strands in terms of mechanical properties and dimensional stability. The study also evaluated the 

effects of different adhesive application sequence effects in order to improve manufacturing 

process. The study found that the addition of PVAc did not contribute to the MOE, but did have 

an effect on the MOR.  Under severe conditions, MOR increased as PVAc content increased as 

long as PVAc content was less than 5%. However, the MOR decreased once the PVAc content 

rose beyond 5%. We speculated that a small amount of PVAc improves the bond between wood 

strands due to its good deformability, whereas too much PVAc weaken this bond due to PVAc’s 

poor moisture resistance. Internal bonding strength was continuously enhanced with the addition 
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of either PVAc, PF or both. This same trend also occurred in regard to water absorption and 

thickness swelling. In most cases, applying PF is superior to the other two sequences in terms of 

both mechanical properties and water resistance. Some interaction between the application 

sequence and PVAc content in MOR and IB indicates that PVAc at a certain high load level may 

deteriorate with the bond between PF and wood strands, especially under severe RH treatment. 

This study provided an optimized resin blend ratio ranging from 1:0.6 to 1:0.77, and also 

provided predicted properties as a reference for further study.  

Further Work 

This study provides an important framework for larger projects. However, more research 

is needed before this hybrid adhesive should be used in commercial application. In terms of 

hybrid adhesive-wood interaction, studies on adhesive penetration at the nano-scale would 

provide further information on penetration of this PF/PVAc hybrid adhesive. As PF has been 

confirmed that can penetrate into wood cell walls (Gindl et al. 2004; Laborie 2002), it is 

important to understand the interfere of PVAc on penetration at nano-scale. Moreover, to 

validate the optimization of wood strand composite performance, it is necessary to fabricate 

wood composites with the suggested blend ratios. Another interesting avenue for future research 

includes the processing of profiled wood strand composites and the study of other processing 

parameters. 
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APPENDIX A HOT PRESS SCHECULE 

 

Table A-1 Hot press schedule 

Segment Control Setpoint Seg. Time (s) End Condition 

1 Fastposn -1.27cm/s 10s Position <=2.54cm 

2 Position 50% 1s  

3 Position 0.66cm 20s  

4 Position 0.66cm 240s  

5 Pressure 0.2MPa 75s  

6 Pressure 0.14MPa 75s  

7 Pressure 0MPa 75s  

8 Fastposn 1.27cm/s 20s Position>=25.4cm 
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APPENDIX B STATISTICS ON BOND PERFORMANCE 

Table B-1 P-values of ANOVA & ANCOVA considering density as covariate on tangential 

surface 

 

Table B-2 P-values of ANOVA & ANCOVA considering density as covariate on radial 

surface 

 

 

 

  

Pr>F ANOVA ANCOVA 

Shear 

Stress 

Wood 

Failure 

Effective 

Penetration 

Max 

penetration 

# of penetrated 

lumens 

Percentage 0.0009** <0.0001** <0.0001** 0.0009** 0.0002** 

Density  NA NA 0.0004** 0.0198** 0.0008** 

Pr>F ANOVA ANCOVA 

Shear 

Stress 

Wood 

Failure 

Effective 

Penetration 

Max 

penetration 

# of penetrated 

lumens 

Percentage 0.0369** 0.4015 0.0023** 0.0599 <0.0001** 

Density  NA NA 0.0092** 0.0104** 0.0007** 
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Table B-3 Bond performances of assembly joints with wood on tangential surfaces based on 

SAS output  

PF Percent 

(%) 

Shear Stress 

(MPa) 

Wood 

Failure  

Effective 

Penetration (µm) 

Max 

penetration(µm) 

# of penetrated 

lumens 

100 26.12 58% 75.8 549 32 

80 26.03 55% 79.4 523 36 

75 27.23 48% 78.3 523 33 

67 25.06 51% 63.5 469 31 

50 20.35 28% 77.8 375 27 

25 22.67 15% 58.6 335 20 

0 26.07 1% 50.8 277 14 

 

Table B-4 Bond performances of assembly joints with wood on radial surfaces based on 

SAS output 

PF Percent 

(%) 

Shear 

Stress 

(MPa) 

Wood 

Failure  

Effective 

Penetration 

(µm) 

Max 

penetration(µm) 

# of 

penetrated 

lumens 

100 21.60 45% 91.6 710 40 

75 20.21 49% 77.5 572 34 

50 22.08 60% 97.6 684 36 

25 16.65 33% 56.9 363 20 

0 21.40 33% 54.1 394 17 
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APPENDIX C STATISTICS ON PROPERTIES OF WOOD STRAND 

COMPOSITES  

Table C-1 Statistics of fitted models for each response 

1- Specimens under normal condition (20⁰C, 65%RH) 

2-Specimens under severe condition cycle treatment 
#
 Response was adjusted by ANCOVA including density as covariate 

^IS^
 Data was under inverse square Transformation 

^I^
 Data was under inverse square Transformation 

^P^
 Data was under Power Transformation with a Lambda of -1.89 

**Significant at Alpha=0.05 

*Significant at Alpha=0.1 

 

Responses Model  P-value 

model Predicted 

R
2
 

lack of 

fit 

PF PVAc Sequences 

MOE1
#
 Reduced 

Linear 

0.0736* 0.005 0.4711 0.1232 NA NA 

MOE2
#
 Reduced 

Linear 

0.0174* 0.0776 0.2913 0.0174* NA NA 

MOR1
#
 Linear 0.0423** 0.0127 0.7528 0.3024 0.1217 0.0493** 

MOR2
#
 Quadratic 0.0214** -0.0105 0.629 0.0056** 0.0463** 0.3583 

IB1
#
 2FI <0.0001** 0.6444 0.8077 0.0069** <0.0001** 0.0029** 

IB2
#
 Linear <0.0001** 0.7265 0.6228 0.0385** <0.0001** 0.0188** 

WA
2hrs# 

 Linear 0.0075** 0.1769 0.1308 0.0011** 0.0865 0.5403 

TS
2hrs^IS^

 Linear 0.0001** 0.4341 0.2323 <0.0001*

* 

0.0055** 0.5324 

WA
24hrs# ^P^

 2FI <0.0001** 0.6232 0.2290 <0.0001*

* 

<0.0001** 0.1546 

TS
24hrs# ^I^

 Linear 0.0013** 0.2797 0.5317 0.0004** 0.0255** 0.3665 

 

 

 



108 

 

Table C-2 Summery of properties of wood strand composites 

Response Prediction SE 

Mean 

95% CI 

low 

95% CI 

high 

SE Pred 95% PI 

low 

95% PI 

high 

 MOE1 

(GPa) 

6.63 0.21 6.21 7.05 0.55 5.51 7.75 

 MOR 1 

(MPa) 

61 1.69 57.08 64.05 5.36 49.54 71.58 

 IB 1 

(MPa) 

0.6 0.031 0.53 0.66 0.095 0.39 0.79 

 MOE 2 

(GPa) 

4.8 0.079 4.67 5.00 0.43 3.95 5.72 

 MOR 2 

(MPa) 

49 1.19 46.82 51.72 3.74 41.60 56.95 

 IB 2 

(MPa) 

0.5 0.028 0.45 0.57 0.087 0.33 0.69 

 2hrs WA 

(%) 

44 1.29 41.20 46.47 7.03 29.43 58.24 

 

1/Sqrt(2hrs 

TS (%)) 

0.248 4.492E-

003 

0.24 0.26 0.025 0.20 0.30 

 (24hrs WA 

(%))-1.89 

0.000 9.053E-

006 

2.514E-

004 

2.892E-

004 

2.754E-

005 

2.128E-

004 

3.277E-

004 

 1/(24hrs 

TS (%)) 

0.036 8.517E-

004 

0.034 0.038 4.652E-

003 

0.026 0.045 

 


