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CHARACTERIZATION OF PF/PVAC HYBRID ADHESIVEWOOD -
INTERACTION AND ITS EFFECT ON WOOD STRAND

COMPOSITES PERFORMANCE

ABSTRACT

by Yang Cao, M.S.
Washington State University
August2010

Co-Chairs: Vikram Yadama
Jinwen Zhang

A multifunctional hybrid adhesive system developed for profiled composite
manufacturig was examined in this studd.binary adhesive system, phenol formaldehyde
(PF)/polyvinyl acetate (PVAc)pffers initial adhesiomo improve wooestrand mat handling
during the first stage of composite processing, after which a durable bond is achieved through
curing of PHesin under heat and pressuBefore effectively applying thisdhesive, it is

important to understand adhesiweod irteraction 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 betweEfP¥Ac
hybrid adhesive and the wood substrate by evaluating bond stegrgtrescale and gross
adhesive penetration at miesgale in sugar maple (tangential and radial surfaces). The bond
performance and adhesive penetration of PF/PVAc were fourel comparable with that of

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



obvious deterioration when PVAc content rose beyond 50%.

Results regarding wood strand composite performance using a response surface mode
indicate that addition of PVAc does rsnificantlyaffect MOE. However, PVAc content has a
positive effect on MOR, IRBinder normal conditionsvater absorptioandthickness sweilhg;
whereas, under changing environmental conditions, increase in €mentbeyond optimum
ratio has a negative effect on MOR. In general, applying PF first during the blending process in
manufacturing woogtrand composites leads to improved performance in terms of mechanical
and physical propertieResults indicate a peentagedependent 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 severBH 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 raticpndssing of woogtrand

composites.
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CHAPTER 1 INTRODUCTION

Woodstrand 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 influ@higsle 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 effiaggometry, for example, in the corrugated shape
of strand mats, which is already a mature development in plastic and sheet metal in@astges

et d. 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 wiihapeet
design. These processes that are continuous in nature reofhirdne integrity of the wood
strand mat and durable bonding between adhesive and wood strands in the optimization of
product quality. Having a mulfunctional adhesive, which can offer both enough initial
adhesion to avoid unwanted shifting of straretrednts during handling and a strong adhesive
bond at the end of the curing process, will facilitate development of continuous manufacturing

systems for neshape composite production.

Wang et al. (2010have proposed an effective mfiinctional adhesive system that can
potentially be used in thermoforming of westtand composites. A combination of
thermoseding 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 achievedaodiirag



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 potentalitie p
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 combinatielAF Resole and Polymeric Diphenylmeth@nisocyanate (pMDI) hybrid
adhesive was studied for its rheological and viscometric properties, penetration and curing
behaviors, as well as its chemistry and morphol@ineng 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 eceaction.

When the morphologies of PF/pMDI were studied, it was concludedrta liquid
emulsion morphology was preserved in the resulting solid, although there was some inter
diffusion between phases during cur{i®jedlinge andFrazier 2008)This PFpMDI 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
437.193 standards. Th@SL with pure PF and hybrid adhesives also passed thickness, swelling

and bond durability tests, although the ppiDI failed to pasgPreechatiwongteal. 2007)

Another hybrid adhesive composed of melarforenaldehyde and polyvinyl acetate
was investigated in a series of pap@&sn and Kim 2005, 20064, b; Kim et al. 200@jhd 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

2



increases as PVA®atent 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 ureéormaldehyde resin and polymeric diphenylmethane diisocysnate
(pMDI) blend was also conductédieland et al. 2007)A resin blend of polyvinyl acetate and a
novolac type phenolic resin was stutieend the blend seemed miscible in the amorphous phase,
with strong interassociation hydrogen bonds between the hydroxyl group of phenolic and the
carbonyl group of PVA¢Huang et al. 2002)Another study on the application of a polyvinyl
acetate emulsion (PVAc) fortified with urdarmaldehyde (UF) on laminated bamboo found no
significant difference between PVAc fortified UF and neat UF in ternmsaufulus of elasticity
and modulus of ruptur@alabgaew and Laemlaksakul 200Phenol formaldehyde resole has
alsobeen added into PVAAICI ; catalyzed latexo improve its durabilitypy LopezSuevos and

Frazier(2006)

Objective of the thesis

The cure kinetics of this PF/PVAc hybrid adhesive has been previously sfWhed et
al. 2010)and results showed that the curing process of PF slowed as PVAc increased. With a
PF/PVACc ratio of less than 1:1, cure kinetics did not differ significantly from that of ne&t PF
order toevaluate the properties of the binary adhesreed 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 comprehensivesaratipe
understanding of the binary adhesiweod surface interaction, performance must also be
evaluated using different spatial scaleghart 2005) This thesis explores these factors, as well

as the processing parameters that influence manufacturing of asivand composite. The main



goal of this thesis is to understand thieraction 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-patssing of woogtrand composite and the

effects ofresin ratios and their application sequence on composite performance.

The specific objectives of this thesis are to:

1 Study the physical properties of the resin blend, and understand its influence on
adhesivewood interaction and bond performance

1 Study thanteraction 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

1 Evaluate the physical and mechanical properties eptedsed woodtrand
compasite as they are affected by the ratio and application sequence of the two

individual resins in the hybrid adhesive system



Organization of the thesis

The structure of the thesis is organized as showgurel-1.

Project background

Previous studies regarding hybrid adhesiv
Chapter 1 Introductio
Objective of the thesis

Structure of the thesis

Introduction

Chapter 2 Characterizatio
of PF/PVAcWood
Interaction: Bond

Objective

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

Performance and Adhesiv

Penetration Quantification Background

Experimental

Bond performance of PF/PVAc

hybrid ahdeisv&hear strength,

wood failure and adhesive grosg
penetration

Figure 1-1 Structure of the thesis



Introduction
Objective
Chapter 3 Influence of t

PF/PVAc Ratios and Background Mechanical
Application Sequences properties (MOE
Wood Strand Compositg MOR, IB)

Performance ExperimentaWood
Strand composites
performances
Physical properti
( Density, WA, TS

Chapter 4 <
Further Work

Figure 1-2 Structure of the thesis
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CHAPTER 2 CHARACTERIZATION OF PF/PVAC-WOOD
INTERACTION: BOND PE RFORMANCE AND ADHESI VE

PENETRATION QUANTIFI CATION

Intr oduction

Profiled woodstrand composites offer a potentially effective solution for manufacturers
to produce specialty composites, such as4wggight laminates, while reducing the consumption
of wood fiber and adhesives. Thermoforming, such agawiliing and matched die forming, are
potential manufacturing methods when producing profiled veneer comp&sitgmuous
forming of stranebased composites, however, poses some difficulties during the fabrication
process due to discontinuous nature efgtrand mat. There is a high potential for strands to
break apart during the mat handling process. A ruttictional adhesive that provides initial
bonding for mat integrity followed by the required bond strength after the manufacturing process
is a potatial solution pursued in an overall project that this study is part of. A-fouakttional,
hybrid adhesive, composed of Phefamimaldehyde (PF) and Polyvinyl acetate emulsion

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

PF is a commonly useatihesive in structural wood composites. It offers good bond
strength and durability by forming al3 network of molecular structures during the high
temperature curing process. PVAc is a ductile adhesive that offers high initial tackiness under
room tempeature(Ebnesajjad 2008and is commonly used for manufacturing furniture.

However, both PF and PVAc have weaknesses. PF is a brdtiadketting 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 wegsrstance and durability. In order to
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effectively use a blend of these twesins, 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
tempeature for complete curin(yVang et al. 201Q}his 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 exadmingéraction between
hybrid adhesive and the wood substrate in terms of bond development and performance.

Objectives to achieve this goal are to:

1 Determine physical properties of hybrid adhesive, including pH, viscosity and
dispersion and understand itheffects on adhesive bond performance

1 Evaluate the binary adhesive bond strength and wood failure, and understand the
effect of varying proportions of PVAc on bond performance

1 Investigate the bond performance difference between tangential and radial glue
surfaces

1 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

1 Analyze the relationship between adhesive interaction and bond performance



Background

Phenol Formaldehyde (PF) and Polyvinyl Acetate (PVACc) 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, buildsdnd strength as the solvent evaporates.

Phenol formaldehyde (PF) is one of the most common adhesives in the wood industry
due to its excellent durabilifFrihart 2005a)Normally, there are two types of ppelymers 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 &ormaldehyde/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
woodwetting properties. The fact that it can only be cured under hetath&etallows extra

product assembly time. A typical chemical reaction is shovigare2-1.

Polyvinyl acetate (PVAc)¢o temmbdelyykoewd
cloth, plastics, leather and metal fibnesajjad 2008PVAc is commonly used for furniture
constructiorand possesses the advantages of low cost, low toxicity, low flammability, and
simple applicatiorfPizzi 1989) For processing, the monomers aresadliged 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 cheahformula is shown ifrigure2-2.

10



OH OH

OH OH
Hy 2
HOH:C c
HaOH HOH

Phenol Formaldehyde Oligomer

10H

Polymerization

Phenol Formaldehyde Crosslinked Polymer

Figure 2-1 Chemical reaction of phenol formaldehydgFrihart 2005a)
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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
performancgMarra 1992) Wood is an orthotropic material withree mutually perpendicular
axes: longitudinal, radial, and tangentigigure2-3). In most cases, glued wood surfaces are

neither completely radiaor 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 raditiied(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 penetratigiMarra 1992) There are typically two kinds of elongated cells: fibers and
vessels. Fibers, usually called fiber trachieds, mainly exstftwood, 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 softwoocke Hemdwood

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 Figure2-4.

Bark —— %

N - Sapwood

Pith

~Heartwood—|

H-- Radial surface

!=i (Edge grain)
|

- = Cross-cut surface
TN (End grain)

Figure 2-3 Macroscopy of wood structure (Marra, 1992)
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Figure 2-4 Micrograph of hardwood Red Oak, X100; Softwood, Eastern white pine, X15MHoadley

1990)

Adhesive bonding

Adhesive motbns 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 serfacansfer, 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 stragthens 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 Wwatee. Wateiborneadhesives are able to

wet wood because wood has a relatively polar surface. Wetting can be hindered with the
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presence of nepolar substances such as extractives on the wood s(ifseeand Kuo 1988)
Consolidation is the final motion of an adhesive, which hardens the adhesive. There are three

types of adhesive consolidatiMarra 1992; Frihart 20053)

1 Loss of solvents: polymers are dissolved in a liquid, contynwater. The loss of the
solvent converts these liquids to solids, such as PVAc.

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

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

such as &otmelt.

Marra (1992) proposed a chdink analogy regarding the mechanism of adhesion with
wood (igure2-5). Based on this theory, bond strengtliletermined by the weakest link in the
chain, and pure wood in link 8 and 9 should be that weakegtdarkke and Lee 200%yhen

there is ideal adhesion.

Mechanical interlocking —» External surface

Adhesion mechanism
A

| N

interface

Covalent bonding .

Contact surface

Secondary chemical bonds 7
Adhesive boundary layer

Pure adhesive

Wood cell modified by
preparation /bonding process

Pure wood

Figure 2-5 Chain-link analogy for adhesion in wood (Marra 1992)
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Woodos effect on adhesive bond performance

Two physical properties of wood, density andisture 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 PVAchewates 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, althougtettenately affect
bond performance. Strength is thought to be related to link 8 &fig@€2-5) and establishes
the maximum load carrying capacityhereas 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 volumeof 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 moistate cont

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 whotedrea, 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 tbe edges of the bond, usually at -@mdin 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 brittlerretsie load is still applied for the
unbounded area, causing it to fail from the weak pditatrra 1992) A finite elementnalysis
study(Serrano 20049f brittle and ductile adhesives also concluded that more brittle an adhesive
is, lower the observed local bond strength it tends to have because of inéfioom stress

distribution

Wood failure percentage is normally obtained from the fracturedcsuafiéer 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 {idada 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 confikaetke and Lee 2007)
Adhesive penetration in wood substrate occurs on two levels: geossration 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 fio 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 actionKamke and Lee 2007Hydrodynamic flow is induced by external compression
force, which mate 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 occur

through vessels as they are connectedteahd with perforation plates without pit membranes.

Many factors influence lumen penetration. Some are weladed, such as lumen size
and exposure of the wood surface; others are adhedated, such as adbive viscosity and
surface energy; still others are procesisited, 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* gi@eater than in the transverseedtion (Siau
1995) Penetration also varies between earlywood and latewood and sapwdwhenadod.
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 reashmaximum with moisture content of 9%. A study by
Sernek (2002ndicated that PF adhesive penetrate morsjea 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, urebormaldehyde, and melamifiermaldehyde hee all been shown to

penetrate at cell wall levéBolton et al. 1988; Gindl et al. 2004; Laborie 2Q02¢Il 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. Onlyone case (Nearn 1965) adhesive components in the
cell wall have been claimed to improve bond strerigtinart (2005aproposed four models for

the cell wall penetration effect on bond strength:

1 Oligomers and monomers dissolve in the cell walls without a reaction, which reduces
stress because of lower dimensional change

1 Adhesive reacts with cell Wacomponents and forms crosslink structures, which
increases the strength of the surface wood cells

1 Adhesives polymerize and form a mechanical interlock in a fibger at nanecale
level

1 Adhesives form an interpenetrating polymer network with thewcelll | 6 s pol ymer

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 ophal penetration can repair machining damage and enable better stress
transfer between laminates. Too much penetration can lead to a $taneeliheresulting ina
weak bridge between the wood surfaces, whereas too little penetration can limit theofoohat
wood-adhesive interactio(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 microgeopthods, such as SEM and TEM
offer higher magnification, but the grsgale image makes differentiation between adhesive and
wood phases hard to achieVegure2-6). However, quantification of adhesive penetration can
be studied in combination with energy dispersivea) analysis (EDXA) or electron energy loss
spectroscopy (ELLS). Kamke and Lee (206&ye reviewed literature regarding adhesive

penetration and described these methods in details.

Adhesive bond line

Adhesive filled lumen
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Interphase

Figure 2-6 PF-Sugar maple adhesion interphase taken biyEl 200F SEM

Penetration quantification via fluorescence microscopy and stain technique

Fluorescent microscopy, which can offer good color conthastshown much promise
for differentiating the adhesive from neat wood in the adheso®d interphaséKamke and
Lee 2007) Some adhesives are atfitworescent, whereas others are only fluorescent when
treated with dyes or pigmeni€hander 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 showrFigure-2-7.

1 Energy is absorbed by the atom, which becomes excited. The atom absorbs the
energy when it is excited by light of a specific wavelength.

1 The electron jumps to a higher energy level.

1 The electrorfalls back to the ground state, releases some energy, and then emits a

fluorescence photon.
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Absorption
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Figure -2-7 Principles of fluorescence atom¢ i Nobel Web, The Fluorescence |

The stain technique is usually used along with fluorescence microscopy to increase color
contrast. In terms of adhesive penetration quantification, a mamtlabdwas conducted by
Brady and Kamke (1988They used film photography to create photomicrograph®nd 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 quantifiedrimuch faster wagdohnson and Kamke
1992) Penetration of PF with different molecular weight disitions in flakes have been
studied using a combination of fluorescence microscopy, stain technique and digital image
analysig(Johnson and Kamke 1992; Johnson and Kamke 198#8)e2-1 summarizes the
parameers in fluorescence microscopy and stain technigues 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

Douglasfir, PF 410/510 0.2% acridine red Brady and Kamke
Aspen (1988)
Yellow poplar PF 365/420 0.5% toluidine blue O  Johnson and
Kamke (1992)
Beech UF 365/420 0.5% brilliant Sernek et al.(1999)
sulphaflavine +0.5%
safranin O
Yellow poplar, MDI 365/420 0.5% safranin O Kamke (2004)
Loblolly pine
Beech UF 450/515 0.5% safranin O Gavr i-Gomu
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 Epoxy 360/400/420 0.5% safranin O Kamke (2004)
oak
Southern red polyvinyl  470/500/515 0.5% safranin O Kamke (2004)
oak acetate

A study byChandler etl. (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/pMVDI 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 wagnasd to be

underestimated with this method as it penetrated to the molecula(Zéeslg etal. 2004)

More advancedtechnigueconfocal 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 thamoahvent
fluorescence microscopyVhite et al. 1987)It has several key advantages, such as a
controllable depth of field, the elimination of eaftfocus noise, and detestability for thick and
opaque specimens with optical sections. CLSM uses spatial filtering to eliminatefoaus

light or flare in spcimens 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 aucial factor in differentiating spots of interest from background
noise(Confocaltutorial 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 createeak 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 (shownkigure2-8). In this case, noise light from both the unttaral
plane and the abovecal-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 analyqi€yr et al. 2007; Grigsby et al. 2005; Lontet al. 2003)
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Figure 2-8 Key point for confocal microscopypinhole (Confocal tutorial 2010)
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Material sand Methods

Experimental Design

To efficiently investigate the effect of PF/PVAc ratio on hybrid adhesived
interaction, design points were determined based on Combhugdifal design with
components PF and PVAc as mixture components and grain surface (tangential, radial) as a
categrical factor (shown ifTable2-2). Information from this analysis can be used to optimize
the settings of a process (such as PF/PVACc ratio) to givaxamum or minimum response (such
as penetration or bond strength) while also taking into consideration influence of other factors
(such as radial or tangential surfacejoftimal design was chosen to minimize the error of the
model coefficients (StaEase 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.

Material s

Sugar mapleAcer saccharumlumber (1.5m long by 25.4mm @k by 76-152 mm wide)
was utilized in preparing all specimens for penetration and bond performance characterization.
Specimens were prepared such that adhegoed interaction can be studied on both tangential
(plain-sawn) and radial surfaces (quaisawn). Adhesives used in this study are commercially

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

polyvinyl acetate homopol ymer emul sion (Assem

Adhesive properties given by the comyes are shown imable2-3.
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Table 2-2 Ratio points of PF/PVAc and corresponding specimen replicates

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 PVACc resin

PF 10115 230330 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 hgbhidsive 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 mibith PVAc, which was weighted ahead of time. Then resins
were mixed with a onréch 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 Resi 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 inth wiscosity of the resin
blends was measured with a Brookfield viscometer with-agétmperature at 26 based on
ASTM Standard B108497 (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 aik@dOrpm 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 dropresin 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 preparirjshiear block
specimens. Material was conditioned for over two weeks at a temperature of 20C 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 mmshfzar block test based on
guidelines specified in ASTM D 143STM Standard 2006b)he thcknesses of three pieces

varied as it ensured the specimens having solid wood in the shedfigteaZ-9).

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

28



Adhesive Assembly joints

To test the shear strength of the adhesive ioadconditioned sugar maple lumber was
planned to 19.05mm thickness and then cut to length and wid@%@r8Bm 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 malolekbat a spread rate of 55g/&m

After applying the resin, blocks were clamped at a pressure of 1MPa. Pressure was
applied by 4 clampsgure2-10). Torque exerted by each clamp was determined based on a

simplified formula(Bickford and Nassar 1998) Equation 21.

i 8¢ A Equation 2-1

Where, T is torque, 0.2 is the nut factoisfhe clamp force (preload), and D is the
nominal diameterfThe 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 daoelchecked 20 minutes after the assembly joints were placed in the oven.
PVACc shear block specimens were prepared in a similar manner; however, they were not placed
in a preheated oven but in a conditioning room with a relative humidity of 50% and a
tempeature of 20C 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 afrajyses2(11). The total

shear block specimens and penetration specimens are shballe2-2 .
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Figure 2-11 Specimens cutting from assembly joint

Based on a preliminary study, wood failure was difficult to calculate since resin blend
with higherPVAc 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 adhesetegtiem as well.
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Figure 2-12 Shear block test conducted with Instron 4400R

Shear test was conducted according to ASTM D@ERASTM Standard 2004)ith an
Instron 4400 R series universal testing machiigure2-12). 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 wod failure. Threshold was adjusted based on a modified image alg@Yitmg 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 alljufltuorescent, whereas PVAc
is not. However, when PVAc was bond to wood with heat, Pb@w linebecame fluorescent

32



(Figure2-13). 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 heatingsome 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 aromalike structure which leads to a similar fluoresocen

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 2-13Bond 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 imageof 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

guantify 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 wasted, smoothed and sectioned into 80 pm thick
along the entirdond lineby sliding microtomeKigure2-14). Although thicker specimens can
be observe 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 dvgaiterdand 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 spesis, 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 1800pmx1800um. Around 15 images were taken along the

bond lineof each section. The sampecedures were followed for all assembly joints.

i

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

Penetration images were converted to 8 bits and the thresholtijuased afterwards
(Figure2-15). For eacltbond linesection, the quantified penetration value was based on 15
images across th®ond line To compréensively understand adhesive penetration, three

different quantification methods were conducted.

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

2004), was calculated basedBquation 22.

Total area of penetrated adhesive particlesin the field of view

Effective Penetration (EP) = _ i ] )
Bonding Lengthin the field of view Equation 2-2

Figure 2-15Images of adhesive penetration Lefhand, binary adhesivebond line taken with CLSM

(tangential surface); Righthand, 8bit image after applying athreshold
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