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1 INTRODUCTION 

 

Wood attracts more and more interest nowadays, as the demand on environment friendly 

products raises. From buildings to furniture, through sport equipment, it has always been widely 

used, and today’s demand and concurrence of other materials have motivated a lot of research 

about it.  

 

Wood is a renewable resource, as far as the production and the harvesting are done in 

respect to a well managed plan of development. All the part of a tree can be used either as a 

primary raw material, or as combustible, or as a secondary raw material, when mixed with 

chemicals to give panels. Wood can easily be milled, shaped, and is available in most parts of the 

world in large quantities at a low price. Compared to a lot of other materials like steel, its 

production, use and recycling requires very few energy.  

 

Wood has been one of the first materials used by human beings to build tools. It has also 

been the first energy source, used to make fire. When humans started to become sedentary, 

they used wood to build houses, when they developed agriculture, wood was once again the 

answer to their need for new machines. Later on, some new materials, displaying better 

qualities than wood started to take over. Stone and cob were used to build houses, metals for 

weapons and tools. Wood products still remained widely used in many fields like lumber, or 

paper industry. But wood relatively low mechanical properties and environment resistance kept 

it away from many other fields, like building structure, where the current knowledge could not 

allow its use. This lasted until the 20th century. Then, as other materials showed their limits as 

mass production materials at a world scale, with the environmental issues they were causing, 

wood came back as a serious alternative. In order to be a credible one, it needed to be improved 

so that its properties would make it a suitable and competitive material again. Many derivates 

from wood were created, such as  laminates, fibreboards, or more lately composites using wood 

derivates like wood fibres or cellulose. Engineered wood proved it competitiveness compared to 

steel or concrete in many situations, and the latest developments let make out other fields 

where wood could be used in an unusual way, like medicine (A. Tampieri, 2009). 

 

Canada is one of the world’s leading countries on wood research, manufacturing and 

producing. Among all the companies working in the wood and forestry field, FPInnovations is 

the biggest non-profit research institute on wood and forestry in the world. With more than 600 

employees all around Canada working in 22 research centres, FPInnovations regroups 4 divisions 
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(FPInnovations, 2010). It is financed by federal, provincial and private funding, depending on the 

type of research and contract (Figure 1). 

 

The Canadian Wood Fiber Center (CWFC) makes a link between research and industry to 

make it benefit from the high standards and quality of the Canadian wood fibre. The aim is to 

bring the research innovations to the Canadian forest sector to keep it competitive at a world 

scale.  

 

Paprican, also called FPInnovations – Pulp and Paper, was founded 80 years ago. It provides 

cost competitive research and technology transfer to the industrial field. Their research is aimed 

at the top-priority technical issues of the industry, like product quality or environment and 

sustainability, backed up by several partnerships with Canadian universities. 

 

FERIC is the division working on forestry, harvesting, and transport solutions. This also leads 

them to research how to prevent and manage forest fires or how to lower the impact of wood 

industry on nature through diminishing the emission of harmful gases.  

 

 

 
Figure 1 FPInnovations revenue sources (from (FPInnovations, 2010)) 
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The last division, where I was doing my internship, is FPInnovations Wood Products, 

formerly called Forintek. Its role is to develop products or improve producing processes to help 

member companies to remain competitive on the wood market, and to reach their goals in 

terms of performance, either intrinsic or economical. The fields where FPI Wood Products 

operates is quite wide, going from lumber to building systems, through value added products. 

 

As a trainee at FPInnovations, I have been part of two different projects. As a member of the 

Value Added Products department, I worked on the project named “New properties for wood 

products by the use of nanosol technique” and on the project named “Development of a wood 

based reinforced composite”. 

1.1 Nanosol Project 

 

In the project on “New properties for wood products by the use of nanosol technique”, 

different water based dispersions of nanoparticles had to be used to improve the properties of 

wood for two different applications. Furniture market has always been closely related to wood. 

Even though a lot of them are know made of polymers or composite, wood furniture keep up 

with this spirit and style they carry, which makes wood impossible to avoid in this field. Even 

furniture made out from other materials are actually often available in several colours, one of 

them being a wood like coating. The first application here was indoor furniture. To get good 

basic properties, the wood specie used in that case was maple. It has a good hardness and is 

easy to treat. Its properties allow it to be shaped to make furniture with simple processes. The 

use of nanosol for this type of application is aimed to improve the resistance of the wood to all 

the dangers of the indoor life: scratches, shocks or weight support. The second application was 

outdoor furniture. The wood specie used here was black spruce. The cost of the raw material is 

low, and allows to obtain a finished product within a low range of prizes. Its mechanical 

properties are not that good though, and it has to be treated to endure the hard weather 

conditions in Canada. Its main enemies are fungus and mould, mainly caused by moisture, UV 

degradation, caused by the exposition to the sun, and thermal shrinkage because of the high 

differences in temperature between summer and winter in Canada. All aspects of the process 

had to be studied in order to reduce the costs of the process, which meant reducing the number 

of steps within the impregnation process, and the amount of raw material needed, especially as 

regards the dispersions of nanoparticles that are still expensive even though they are turning 

into easily available preparations. 
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1.2 Laminate Project 

 

In the project on the “Development of a wood based reinforced composite”, the aim was to 

produce a composite structure to make laminates for flooring applications. Engineered flooring 

are already a reference in Europe, and have since nearly 30 years taken over the old bulk wood 

flooring, which are difficult to display, clean and maintain. In North America, the development 

of the engineered flooring market is younger, but is now on its way to raise to the European 

level, with more than 90% of engineered floorings and less than 10 percent of bulk wood 

floorings. The reference taken for this project was the Baltic birch. The laminates made from this 

specie, even though they are rather expensive, are widely sold in the countries with tough 

weather conditions such as Canada, Norway, Sweden, Finland or Russia. Two countries are the 

main providers of BBL (Baltic Birch Laminates). Finland is known to make really good products at 

a high cost, and Russia to make cheaper products but that are less reliable and durable. In the 

project, easily available resources at a local scale had to be used to design a composite that 

would be able to compete with the Baltic birch products, reaching the same performances, 

without exceeding their price. The two wood materials chosen to be the basis of the new 

composite were aspen and HDF (High Density Fiberboard). The first laminates to be tested were 

3 layer laminates based on these two materials. Different adhesives had to be tested, and the 

insertion of reinforcement fibres in the adhesive joint were to be tried. As an exploratory 

project, this project induced several trails. The different adhesives were the first one, among 

those PUR (polyurethane), PVA (polyvinyl acetate) or MF (melamine formaldehyde). The second 

trail to follow was the addition of different reinforcement fibres, synthetic ones like carbon 

fibre, aramid fibre or glass fibre, and natural ones like horse hair or hessian (also called burlap, a 

woven fabric of jute).  
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2 OBJECTIVES 

2.1 Nanosol Project 

 

In this project, the objectives were to improve the properties of bulk wood by using the 

nanosol technique. This technique consists in impregnating the wood with a dispersion of 

nanoparticles into water. These nanoparticles are typically around 20 to 40 nm in diameter. As 

the whole project was divided in two parts depending on the application aimed at, so where the 

nanosols used to improve the wood properties.   

 

For outdoor applications, mainly furniture, black spruce had to be improved in order to 

resist the hard conditions in Canada. That meant making its resistance to fungus and mould rise. 

The nanoparticles used to do that are silver oxide nanoparticles and zinc oxide nanoparticles. 

They have a double action on black spruce. First they lower the intake of moisture within wood, 

which means it creates some unfavourable conditions for the growth of fungus. The second 

effect is that the nanoparticles themselves fight the fungus and avoid, or at least slow down the 

destruction of the wood by the fungus. These nanoparticles also have a repulsing effect to the 

termites and other insects that could attack the wood and degrade its structure. Finally, they 

also help the wood to cope with the UV rays, avoiding or slowing down the loss in colour after 

several months of exposition. Another objective of the project was to improve the initial intake 

of dispersion black spruce could take. This specie has a natural resistance to water absorption. 

Due to its internal structure, it is very difficult to impregnate it. Thus the first thing to do was to 

find a way to make the wood pieces able to receive the treatment properly. In order to achieve 

an internal modification of the wood structure, microwave treatment was to be investigated 

and optimized. This treatment basically acts on the water present in the wood, turns it into 

vapour, making its volume rise, and destroys the cell parts keeping the liquids away from 

impregnating  wood. 

 

For indoor applications, maple tree was used. Its basic properties and easy availability in 

Canada make it a good choice for this type of applications. But as the offer in exotic woods 

expands, those coming at a low price and with very good resistance properties, maple tree 

properties need to be improved to face the concurrence and keep up as a high performance 

material. As maple tree furniture is to be used indoor, fungus are not the main concern. But 

mechanical properties such as scratch resistance or hardness are then very important to make 

long lifetime products. The nanoparticles used to reach this aim are silicon oxide and aluminium 

oxide. As they are naturally very hard compounds, they were hoped to give the bulk wood 

surface a better hardness and scratch resistance. They are expensive though, that is why the 
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impregnation had to lead to a surface improvement, and not to a bulk impregnation that would 

waste too much raw material. This cost matter had to be kept in mind all along the project, as 

furniture is a convenience good, and should not end up at a very high cost after the steps that 

will be added to the original producing process. A lot of parameters were to be controlled, as 

they could have an influence on the final properties of the wood: solid content of the nanosols, 

impregnation process, conditioning conditions, nanoparticles type, etc... 

2.2 Laminate Project 

 

In this project, the aim was rather simple to define. The clear objective was to equalize or 

pass ahead the well known Baltic birch properties, especially in terms of flexural modulus, 

where Baltic birch is very competitive with a modulus of 8,5GPa. This project was the first part 

of a longer study of Canada based wood laminates, therefore a very exploratory project where a 

lot of possibilities had to be tested. 

 

First objective was to obtain reference figures about the mere laminates, with only the three 

layers of aspen and HDF (Hard Density Fibreboard), and with two very common adhesives in the 

wood industry, polyurethane (PUR) and polyvinyl acetate (PVA). The Baltic birch laminates 

property that was aimed was the flexural modulus, thus it is what has been mainly tested. First 

tests concerned to modulus in the main wood fibre direction. IB (Internal Bonding) tests also 

had to be performed, in order to make sure that the polymerised adhesive was not turning out 

to be a weak point in the laminate structure. Next objective was to build up samples with 

different reinforcement fibres directly added in the adhesive layer while pressing. Fibres already 

available at FPInnovations were to be used, while looking for a provider of high quality fibres in 

Canada. The aim of this stage was to investigate whether it is was possible or not to create a 

matrix transmitting the constraints within the material good enough for the reinforcement 

fibres to be fully operative in the prototypes. 

 

The next step was to broaden the range of adhesives and fibres, in order to find the best 

compromise between brute performance and low costs. Well known fibres were to be used, 

from synthetic carbon or glass fibres, to natural hessian. Once again, tests were focused on the 

flexural elasticity and the internal bonding. This step was expected to lead the project to one or 

two trails that would be investigated in the last months on the internship. 

 

These trails appeared to be to the mix of aspen laminates and HDF laminates, along with 

tests about another adhesive, MF (Melamine Formaldehyde) resin. In a further step, 

confirmation tests for the yet validated solutions were to be launched. These tests are 
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dimensional stability tests, performed in a conditioning room simulating the conditions of 

humidity and temperature the laminates will have to bear from summer to winter in North 

America.  
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3 BACKGROUND 

3.1 Nanosol Project 

3.1.1 Black spruce 

 

Black spruce is a very common specie all around Canada. It belongs to the conifer family. It is 

also possible to find it in the rest of North America, mainly in Alaska and in the northern states 

of the USA.  

 

 

 
Figure 2 Black spruce (Picea Mariana) (from www.stolaf.edu) and Black spruce 

population range  (from forestry.about.com) 

 

 

Black spruce trees are typically from 8 to 20 metres high, mainly depending on the climate, 

wind and sun exposition, with a fast growth. It can reach 5 metres in less than 20 years. It is a 

http://0.tqn.com/d/forestry/1/0/I/m/spruce_black_color_big.jpg
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dense tree with sloping branches. It grows in thick banks, often with other species like balsam 

fir, white spruce or white birch. 

 

It can be compared to the European common spruce that is mistakenly called “Christmas 

tree”, and that can be found in all eastern and northern Europe. It is presently the main specie 

used to reimplant and colonise empty field in Canada. That way, every year in Canada, around 

100.000ha of black spruce are planted (L.A. Viereck, 1990). Black spruce is also well known for 

its ability to repopulate fire devastated fields.  

 

In eastern Canada, black spruce is the most important specie in terms of economical fall out. 

Its main use is wood pulp. This industry is very developed and used a very large amount of black 

spruce. It is also used as lumber, as it is a rather light and easily available material. The third 

utilisation is essential oil. Its properties are numerous, among which being antibacterial, anti-

inflammatory, fungicide and antitussive. This application does not need any exclusive plantation 

as oil is obtained mainly from the secondary material of the two first applications in lumber and 

paper pulp. Recently, its use expanded to engineered products like MDF (Medium Density 

Fibreboard), jointed wood or engineered beams (Bustos, 2003). 

 

Black spruce main physical and mechanical characteristics are a density of 480kg/m², and a 

modulus of elasticity of around 10.4GPa (Jessome, 1977). These data are however to consider 

cautiously, as wood is a very variable material. A commonly accepted variability of data is 15%, 

because all the properties, mechanical, physical or even chemical depends on a very important 

number of parameters. The density of trees in the plantation, its geographical situation or the 

forest management all have an influence on the properties. Even in a single tree, properties are 

different all along the trunk (A.J. Panshin, 1980). If the studied sample is coming from the early 

wood or late wood, from the bottom or the top of the tree, all these factors will influence the 

sample characteristics. 

3.1.2 Maple tree 

 

Maple tree is a famous specie in Canada, as its leaf is the national symbol of the country. It is 

a tree of the Acer genus. The actual specie of maple used in this project was the Sugar Maple. It 

can be encountered in all the north-eastern America, as much in southern Canada than in 

northern USA. A few zones in Europe are also populated with sugar maples, like Limousin, in 

France, but those specimens are smaller than their American cousins. 

 



 

 

 

 
 10 

 

 
Figure 3 Sugar Maple (Acer Saccharum) (from www.cirrusimage.com) and Sugar Maple 

population range  (from forestry.about.com) 

 

Sugar maple is typically around 35 metres high (35 metres for the European trees), with a 

luxurious foliage. Its possesses spreading branches, with groups of generally five of its 

characteristic leaves. It can live up to 250 years. Like black spruce, it is a fast growing specie, 

sugar maple trees can easily reach 10 metres in 20 years. It needs a deep rich soil, and a fresh 

climate to reach its maximum potential. It is often grouped with beech and yellow birch. 

 

Sugar maple is very important for the north-eastern part of American from an ecological 

point of view. It has a huge impact on the local wild life, as many animals like moose, deer, a lot 

of bird species and even smaller animals like hedgehog or rabbits eat either the tree itself, or 

the wildlife it contains, like bugs or worms. It also favours the growth of other vegetal species as 

its roots drag up water from the depth they are reaching, and that way also allows the smaller 

trees and bushes around the tree to access more water. Of course, as a widespread specie, it is 

also part of the huge north American forests that are the third lung of Earth after Russian forests 

and Amazonia’s ones. Sugar maple is however a declining specie. It is very sensitive to its 

environment, and human activities are seriously harming the specie. From air pollution to other 

pollutant like salt, widely used in Canada in winter on the roads, sugar maple resists badly to 

these aggressions.  

 

Sugar maple is also a very important player of the forestry commercial field in north 

America. Its uses are numerous, in a lot of different parts of the wood industry.  It is a dense and 

http://www.cirrusimage.com/Trees/sugar_maple_1.jpg
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pretty hard wood, resistant to wear and abrasion, which makes it really appreciated to make 

furniture. This is the field that was aimed at in this project. But it has a lot of other applications. 

These properties also makes it a valuable specie for the flooring market. Maple flooring has a 

high reputation for its stability and durability over time, and its particular colour is prized a lot. It 

is locally used as a source of heating, as burning sugar maple wood products a lot of heat and 

maple logs last long on fire. A lot of sport equipments made of wood is made of sugar maple, 

because of its hardness, strength and stability. To take up one of the applications already 

encountered above, NBA stadium floorings are made of sugar maple. Another American sport 

using a lot of wood of this specie is baseball. Mostly made of ash, baseball bats require qualities 

(strength, impact resistance) that maple can give them. The first maple bat appeared in the MLB 

(Major League of Baseball) in the USA in 1997, and since that day maple bats become more and 

more demanded, and since some records of home-runs were beaten with maple bats, this 

demand is raising on and on. Other examples of sport applications include pool and snooker cue 

shafts. 

3.1.3 Nanosols 

 

The term “nanosol” refers to a dispersion of nanoparticles in a liquid. These nanoparticles 

are typically nano-sized particles, which means that their biggest dimension does not exceed 

100nm.  They were developed to answer different needs.  

 

Firstly, wood has always been modified in order to gain resistance to its environment. It is a 

material that is rather easy to destroy, and many factors can cause it. Whether it is affected by 

the UV rays, or fire, or fungus and insects, or mould, wood is not really naturally able to last and 

resist these conditions for years when the tree has been felled. As interest in wood is growing 

up again, solutions had to be found to improve its environment resistance properties, both 

respecting high improvement of the basic properties and a no toxicity condition that appeared 

at the end of the nineteenth century when most of the competitive treatments for wood were 

containing copper, chrome or arsenic, making it unsuitable for any application close to a human 

being. Specific nanoparticles have been proved to enhance different wood properties, without 

affecting its abilities to me manufactured and without any known and studied danger for human 

health. 

 

Secondly, until nowadays, several treatments have been applied to wood. It actually began 

nearly at the same time as the use of the manufactured wood itself. Traces of wood treatment 

are even found in the Bible (Moses, Unknown). It is said that to build his Ark, Noah used pitch or 

tar to protect the wooden boat and make it able to resist the Deluge. Over the last century, 

several techniques have been designed to protect wood, among them oiling and waxing, 
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acetylation (R.M. Rowell, 2008), waterborne additives like CCA (Chromated Copper Arsenate) (J. 

McQueen, 1998), borate, potassium silicate or sodium silicate preservatives (G.M. Hunt, 1967) , 

ionic liquids(J. Pernak, 2004), and many others. But all these techniques have their qualities and 

faults. Some of them require expensive raw materials, some others are disadvantaged by their 

process price. Reducing the size of the used chemical particles is hoped to improve the wood 

preservation, and that was the key point to look into nanoparticles. 

 

As reduced size particles, nanoparticles are easier to impregnate wood with. But they of 

course cannot be used directly, a solvent is required in order to manipulate them more easily. 

That is possible to achieve with the use of waterborne nanosols, which are the type of products 

used in this project. Nanosols can be prepared following a lot of techniques, but the most used 

is the hydrolysis of alkoxides, catalysed by acid or alkali compounds (B. Mahltig, 2008).  

 

 
Figure 4 Nanoparticles preparation method (from (B. Mahltig, 2008)) 

 

This method is called a sol-gel method. The production of the nanoparticles starts form an 

aqueous solution which is acting as a precursor for the gel, a network of dispersed 

nanoparticles. The result is then a colloidal suspension of the particles in water. The precursors 

are obviously to be chosen in accordance to the type of nanoparticles desired.  

 

This method allows the production of the nanosols used in this project, that is to say silicon 

oxide nanosols, zinc oxide nanosols and aluminium oxide nanosols. Silicon oxide nanoparticles 

can also be cheaply produced with an ion exchange process (G.P. Thim, 2000). Another great 

interest of waterborne nanosols is that it can be mixed with other compounds to improve the 

wood properties after the impregnation. Which means that not only it acts as a property 

enhancer for the wood, but it also is a good solvent to introduce other chemicals. These 

chemicals can make wood exhibit several different new properties, summed up in figure 5. 
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Figure 5 Possible additives and aimed wood property (from (B. Mahltig, 2008)) 

3.2 Laminate Project 

3.2.1 Wood bases 

 

The wood bases used in the laminate project were aspen and HDF panels. They are both 

easily available in Canada, produced locally, and it is possible to buy them at a low price 

(Zarnovican, 1987). The laminates aimed at was a 3 layer composite, with an overall thickness of 

around 9mm. The materials used then had to be available in 3mm panels in order to meet this 

expectation.  

 

HDF is part of the fibreboard family. Its High Density designation means that its density has 

to reach at least 800kg/m3. Even though it is a cheap material, its production requires several 

steps. Wood must first be shredded into plates. This step is the main reason why HDF is a cheap 

material. Not only bulk wood pieces can be processed here, but also residues and secondary 

material from other processes like milling. Plates are destined for both HDF and MDF (Medium 

Density Fibreboard), whereas smaller particles are used to make LDF (Low Density Fibreboard) 

that does not exhibit qualities as good as HDF. The shredded plates have to be turned into 

fibres, which is done thanks to a vapour treatment. Fibres are then blended into a resin. Most 

commonly used resin is UF (Urea Formaldehyde), as it is a low cost resin. It is also cured fast 

which makes the production process faster. Its main disadvantage is that it emits formaldehyde 

even after curing. To get rid of this problem, panels are either stored in ventilated rooms until 
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emission stops, or PF (Phenol Formaldehyde) resin is used. Its cost is higher and it is cured 

slower than UF, but it does not release any formaldehyde emission after the production. When 

fibres have been blended, they are dried and pressed, which gives the HDF panel. Last steps are 

cooling and stabilisation. However it exhibits lower mechanical properties than bulk wood, 

fibreboards are more convenient to manufacture, and they possess a quasi-isotropic behaviour 

that cannot be reached with any wood specie. 

 

 
Figure 6 HDF panels (from tradeget.com)  

 

 

Aspen is a deciduous tree found in the cool areas of northern America. It is often referred to 

as trembling aspen, because it has very flexible leaves that tremble with the slightest breeze.  

 

It is a fast growing specie, that reaches 20 to 25 metres when grown up. It is known as a 

pioneer specie, which means it often develops on abandoned or catastrophed fields. It is a very 

popular specie among worms, and can be inhabited by more than 500 variety of worms or bugs. 

Its bark is a source of food for hedgehogs and beavers. Aspen exhibits rare properties for a  

deciduous tree (Lamb, 1967). Deciduous tree wood is most of the time harder than conifer, 

whereas aspen wood is very soft, and many conifer wood like grey pine or black spruce are 

harder than aspen wood. It is mostly used for paper pulp, even if it presents very good 

processing qualities. Its long fibered structure makes it impossible to sand properly, which is the 

reason which it is not used as a raw material to make furniture. 
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Figure 7 Aspen (Populus Tremuloides) (from jardindupicvert.com) and Aspen 

population range  (from forestry.about.com) 

3.2.2 Reinforcement fibres 

 

Reinforcement fibres are fully part of the composite materials since their invention, which 

was during the Neolithic period. Nowadays, materials and techniques obviously evolved a lot, 

and fibre reinforced composites took a huge place within the range of engineered materials. 

 

Most known reinforcement fibres are glass and carbon fibres, because of their utilisation in 

high technology applications, but there are several other types of fibres available, like natural, 

polymeric or metallic fibres. Mechanical properties of the most famous of them are displayed in 

the following figure. 

 

http://0.tqn.com/d/forestry/1/0/N/I/tremuloides.jpg
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Figure 8 Mechanical properties of different fibres (adapted from (J-P. Baïlon, 2000)) 

 *(Hessian stands for a woven fabric of jute) 

3.2.2.1 Glass fibre 

 

Glass fibres are often used to improve materials in applications where it has to take large 

deformations. Skis and poles for pole vault are the best examples. Different types of glass fibres 

exist, each one of them engineered to correspond to a typical use. The difference between the 

type, along with finishing, is mainly the chemical composition of the glass. 

 

The glass fibre type to be used in the project was the E-type. E-type glass fibre was first used 

for its electrical properties, before switching until nowadays to an utilisation as a mechanical 

reinforcement fibre. E glass fibres are pretty easy to prepare, with a relative low cost of 

production, and its mechanical properties are very interesting. It exhibits a Young modulus of 

around 76GPa, for a density equal to 2560kg/m3. E-type glass is an aluminium-boron-silicate 

glass, with a low percentage of alkaline metals. More than 50% of actual reinforcement glass 

fibres are E-type glass fibres. Even within the E-type class there are different glass compositions. 

Classic E-glass for mechanical reinforcement contains less than 5% of boron oxide. For 

electronic, and aeronautical applications, the boron oxide rate is raised to between 5 and 10%, 

Fibre Yound Modulus (Gpa) Elongation at break (%) Stress at break (Mpa) Density

E Glass 72 3 2200 2,54

Carbon

Toray T300 230 1,5 3530 1,8

Thorneel P120S 825 0,3 2350 1,9

Aramid

Kevlar 49 124 2,9 3620 1,44

Linen 58 3,27 1340 1,53

Hemp 35 1,6 389 1,07

Hessian 26,5 1,7 393-773 1,44

Sisal 9-21 3-7 350-700 1,45

Cotton 5,5-12,6 7,5 287-597 1,55

Silkworm

Attacus atlas 5 18 200

Bombyx mori 16 15 650

Spider 7 30 600

Synthetic fibres

Vegetal fibres

Animal fibres
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and it also exists a specific E-CR glass, without any boron oxide, in order to improve its 

resistance in an acid environment. 

3.2.2.2 Carbon fibre 

 

Carbon fibres start the rise in the 50’s, and they are more and more used even nowadays. If 

at the beginning and until 10 years ago, they were restrained in high technology fields like 

aeronautics and automotive sport, in very high added value products, the production cost drop 

today allow them to show up in other applications like general public sports, transport means, 

gas filters, or building material reinforcement. 

 

Even though they became more democratic, carbon fibres still keep on appealing a lot of 

firms and research groups. This acts on their wider and wider fields of application, and their 

growth keeps up. 

 

Just like for glass fibre, it exists several types of carbon fibres. The difference here comes 

from the process of fabrication, which gives different properties to the fibres, either oriented to 

a better tensile strength (High Resistance fibre) or a better Young modulus (High Modulus 

fibres). The total number of carbon fibre types is 5. They are classified according to their Young 

modulus. The GU (General Use) fibres exhibit a Young modulus lower than 200GPa. Until 

250GPa, they are called HR (High Resistance) fibres. Up to 350GPa stand the IM (Intermediate 

Modulus) fibres. HM (High Modulus) fibres are carbon fibres reaching a Young modulus from 

350 to 550GPa. Finally, VHM (Very High Modulus) fibres are state-of-the-art fibres with a Young 

modulus passing over 550GPa. Even lowest grades of carbon fibres are still quite expensive 

compared to the other reinforcement fibres, but their mechanical properties are unrivalled. 

Besides Young modulus, they also resist compression better than both glass and aramid fibres, 

typically with a 1,5 factor to the glass fibres, and 4 to the aramid fibres. Fatigue resistance is also 

an asset, however it also depends on the matrix used. Property drop after a million cycles is 

typically between 20 and 30%, when glass fibre properties would drop of 50% and aramid fibres 

properties of 70%. 

3.2.2.3 Polymer fibre 

 

Polymer fibres are quite rarely used due to their generally poor mechanical properties 

compared to the other available reinforcement fibres. Still, some polyethylene fibres are worth 

to take a look at, as they do not exhibit a very high Young’s modulus, but are rather cheap to 

produce. Aromatic aramid fibres, commonly called aramid fibres or Kevlar under the most 
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famous commercial name, exhibit mechanical constants equivalent to glass fibre constants. 

Furthermore, these mechanical performances are reached with a density equal to half of glass 

fibre one. They can also be used in complement to carbon fibres, for example in racing bikes, 

where carbon fibres give its rigidity to the frame, and aramid fibres take care of the vibrations. 

Aramid fibre exhibits other advantages like a very high impact resistance, used in the bulletproof 

jackets, or a very low thermal dilatation. On the cons side though, its properties make aramid 

fibre difficult to integrate to some composites, and it is quite sensitive to humidity conditions 

(Caramaro, Unknown). 

3.2.2.4 Natural fibre 

 

Natural fibres have historically been the first reinforcement fibres to be used. Although they 

are cheap and available everywhere, their low mechanical properties when unprepared led 

them to be forgotten during a long time. But with the recent peak of interest for environment 

friendly products, they came back in the reinforcing part of engineering, getting past their usual 

fields of textile, paper, and rope. For example, they are nowadays more and more used as 

reinforcement for car door panels. But the interest in natural fibres is not only about 

engineering. It allows the valorisation of local resources in countries in development, or the 

responsible conception of materials taking their impact on environment into account. 

 

Natural fibres are usually divided in three groups, depending on their origin. Most important 

is the vegetal fibre group. It contains fibres obtained from seeds (e.g. cotton), from stem (e.g. 

linen, hemp, jute), from leaves (e.g. sisal) or fruit peel (e.g. coconut). The second group is the 

animal fibre group. Fibres here come either from the animal hair (e.g. horse hair), or from the 

anima secretion (e.g. silkworm, spider). The last group is the mineral fibre group, with fibres 

such as asbestos , which are not widely used. 

 

Focus will be put on vegetal fibres here, as they present the best performance to price ratio 

of the 3 groups. 

 

Linen (Linum usitatissimum) is an annual plant with a 0,6 to 1,2m stem. The fibres are 

extracted from the stem under a bundle form. The usable fibre, called ultimate fibre of linen is 

an imperfect polygonal cylinder, sometimes with a lumen. This extraction necessitate 3 steps: 

retting, stripping and carding.  It is mainly cultivated in Europe, in countries such as France, 

Poland, Belgium or Russia. The linen economy is currently undergoing a renewal thanks to the 

new market possibilities offered by the use as a reinforcement fibre. 
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Hemp (Cannabis sativa) is another annual plant cultivated for its fibres. It can grow 1 to 3 

meters tall. It is mainly produced in eastern Europe, plus France and Italy. It is quite a common 

culture there, whereas in some other countries like Canada, it has been forbidden for many 

years and until recently because of its resemblance with another variety of the specie. It 

production requires the same process as linen one. 

 

Jute (Corchorus capsularis) is a tropical plant with a stem reaching 4 to 6 metres, for a 3cm 

diameter. It is mainly cultivated in Bangladesh, that country being nearly in a situation of 

monopoly. It exists two variety, one red and one white, which creates a need for sorting the 

stems before starting the extraction process. The ultimate fibre is very short and lignified. It is 

extracted by retting and peeling. Fibres are detached after retting, then washed and rinsed.  

 

Vegetal fibres have all a lot in common. As pros, they are not expensive to produce, have 

good specific mechanical properties (mere constants divided by the density), they do not 

damage the cutting tools, and do not present any danger for the workers. They are 

biodegradable, renewable, and are considered as neutral to the CO2 emissions, as cultivated 

plants compensate the emissions produced to grow them. As cons, they are anisotropic, and 

present dissimilarities along a single fibre even in one direction.  Depending on where it comes 

from and the annual meteorology, the quality of the fibres cannot be kept constant. On the 

property level, they have a low dimensional stability, and cannot bear temperatures over 200°C. 

3.2.3 Adhesives 

 

The adhesives chosen to be part of this project were all among the most commonly used in 

laminates production. As one of the objectives was to remain below or at the level of the Baltic 

birch, it could not be afforded to integrate expensive and exotic adhesives. 

 

First adhesive selected was PVA (Polyvinyl Acetate). PVA is probably the most well known 

adhesive for wood bonding. It is actually the white glue, or the so-called wood glue, available in 

any drugstore. That is why its most common use is for furniture construction. PVA adhesive has 

a lot of advantages. It is a cheap product, it does not require any special equipment, is very easy 

to use. Important point to note when it comes to use it with fibres, PVA is a thermoplastic, even 

though it is possible turn it into a thermoset by crosslinking the polymer chains. In its 

thermoplastic version, it is produced by self-polymerisation of vinyl acetate monomer in 

emulsion. 
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Figure 9 Self-polymerisation of vinyl acetate (from (Rowell & Frihart, 2005)) 

 

PVA adhesive is a flexible adhesive, allowing a remaining adhesion even after a big 

deformation. It also builds strong bonds with the wood, reaching a high adhesion strength. PVA 

is delivered in water, with various solid contents. This makes it able to penetrate far into wood 

and to create efficient adhesive joint even on wood surfaces that have been roughly prepared 

for gluing (Pizzi, 1989). It should not be used in an environment with alkali, which would make 

PVA undergo an hydrolysis and give acetic acid. Also, its moisture resistance is really low. PVA is 

among the two most used adhesives in northern America for plywood production (Sellers, 

2000). 

 

The second chosen adhesive was PUR (Poly Urethane). They are very usual in every adhesive 

and coating fields, actually except for wood. Still it is a very strong adhesive, and had to be 

tested here. Polyurethane adhesives are normally defined as those adhesives that contain a 

number of urethane groups in the molecular backbone or are formed during use, regardless of 

the chemical composition of the rest of the chain. Thus a typical urethane adhesive may contain, 

in addition to urethane linkages, aliphatic and aromatic hydrocarbons, esters, ethers, amides, 

urea and allophanate groups. It is available in both ready to use adhesive, or in two part 

preparation, with isocyanate on one side and the reactive on the other. Ready to use adhesive 

was used for this study. It is made of polymer functionalized with isocyanate groups, which will 
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react with water to polymerise and expand, forming the adhesive bonds. PUR adhesive has a 

good strength and great impact resistance (Rowell & Frihart, 2005).  

 

The third chosen adhesive was MF (Melamine Formaldehyde). The adhesives were first used 

when UF (Urea Formaldehyde) resins were failing to resist the moisture conditions of the 

environment.  The adhesive is a product of the condensation of unsubstituted melamine and 

formaldehyde. MF is used as much as adhesive than as a mere polymer, to produce kitchenware 

or to coat MDF panels. In this form it often is called Formica, its commercial name. Even though 

they are more expensive than the UF resins, they keep the costs low. MF resins are well-known 

in plywood production for boats. Their moisture resistance make them perfect adhesives for this 

application. MF exhibit a very high Young modulus for a resin, around 10GPa. Its hardness is also 

exceptional. Its disadvantages are not numerous, main one being the fact that it is produced for 

formaldehyde, which is a hazardous compound. It also requires high temperature to be cured, 

unlike most of other resin in this project (Eckelman, Unknown).  
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4 MATERIALS AND METHODS 

4.1 Nanosol Project 

4.1.1 Impregnation methods 

 

The first step for the nanosol project was to evaluate the performance of different 

impregnation methods, and to choose the best one to keep on further with the different types 

of nanosols. Among the 5 different processes tested, 3 were conducted at FPInnovations, one at 

the Laval University in Quebec and one in BoaFranc workshop in Saint Georges de Beauce. 

BoaFranc was the partner company for this project, thus they agreed to lend us their finishing 

line to apply these products. The nanoparticle dispersion used to conduct these tests was the 

Bindzil CC40, a silica nano-dispersion with a 40% weight solid content. 

4.1.1.1 Samples disposal 

 

For the 3 processes tested at FPInnovations facilities, the same sample disposal was 

used in order to avoid any interaction from this side in the obtained results. Samples were 

impregnated 12 by 12. Sample series were composed of 5 samples for this study, thus 2 

additional wood pieces had to be used to complete the batch and assure a good holding of the 

samples in the nanoparticle dispersion. Figure 10 describes the disposal of the sample in the 

impregnation bowl, and is thus common to vacuum, vacuum-pressure, and soaking processes. 

 

 

 
Figure 10 Sample disposal for vacuum, vacuum-pressure and soaking processes 
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The disposal was made with a layer of metallic grids at first, to ensure that the dispersion 

height under the samples was sufficient to guarantee a quasi-homogeneous impregnation. First 

tries were conducted using polymer grids to separate the different layers of samples. This lead 

to a problem concerning the impregnation. As weights were used to assure that the samples 

stay immerged in the dispersion, it created airlocks in the grid alveolus when the nanosol was 

poured into the impregnation bowl. The result was an imperfect impregnation, with visible 

impact on the homogeneity of the dispersion intake, as shown in figure 11. 

 

 

 
Figure 11 Airlock marks on a sugar maple sample 

 

To avoid this issue, wood sticks were used to separate the samples from the grids (figure 

10.1). There are thus 3 layers of 4 samples in the impregnation bowl. Higher polymer grids than 

the metallic ones were used in between the samples, once again to make sure that there was 

enough nanosol to perform a correct impregnation (figure 10.2). The wooden sticks, allowing to 

reduce the surface that is not directly in contact with the dispersion, are used on both sides of 

the samples (figure 10.3). To maintain the samples under water, cast iron weights were disposed 

all over the samples. They were to avoid any floating of the samples (figure 10.4).  

4.1.1.2 Vacuum pressure 

 

Vacuum-pressure pressure process used the previously described sample disposal. The 

impregnation bowl was placed within a cylindrical autoclave, allowing the application of the 
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vacuum-pressure cycles. The bowl is filled with nanosol (figure12.1), and is inserted in the 

impregnation autoclave, which is then hermetically closed.  

 

Process was conducted with 3 cycles of vacuum and pressure. During each cycle, pressure in 

the autoclave is to be kept at the expected pressure for 5 minutes. Pressure was manually 

controlled with a manometer, and could permanently be adjusted for a gap was occurring 

(figure 12.2). The whole vacuum part of the cycle took 11 minutes, and the pressure part 7 

minutes. The complete impregnation process was quite long in this case, around 1 hour 

altogether. For the vacuum part, the vacuum was 24 mmHg, and for the pressure part, pressure 

in the autoclave was kept at 78 psi. To obtain the most stable conditions possible, the isolation 

of the autoclave was kept at its best. Joints were thus wetted before each impregnation 

(figure12.3). 

 

While impregnating the samples, as the nanoparticle dispersion penetrated wood, the 

dispersion level in the impregnation bowl lowered. It is then to be taken into account that filling 

the bowl at a too low level will provoke the samples to emerge before the end of the 

impregnation, ruining the entire process (figure 12.4). The typical height over the sample is 

around half an inch, but it of course depends on the bowl size and sample number. The wood 

specie also has an influence on this parameter, as dense and hard to impregnate specie will 

need less dispersion over the sample than a light easy to impregnate one. If an industrial 

production was to be started, the estimation of intake by square foot would allow to estimate 

how much additional dispersion is needed. 

 

 

 
Figure 12 Vacuum and vacuum-pressure common steps 
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4.1.1.3 Vacuum  

 

The vacuum process is very similar to the vacuum-pressure process. The vacuum conditions 

are the same, maintained at 24 mmHg. The difference lies in the end of the vacuum part, 

instead of raising to a high pressure, air is just reintroduced into the autoclave, before applying 

the vacuum again. Compared to the vacuum-pressure process, this exhibits many advantages. 

The first one is that the needed time to perform the entire impregnation is cut off from 40%. 

Another one is that the equipment need is simpler and cheaper. Vacuum-only autoclaves are 

indeed a lot less expensive than the ones equipped with a pressure system. 

4.1.1.4 Soaking  

 

The soaking process is the simplest possible to impregnate the samples. After the disposal, 

and the fill of the impregnation bowl, samples are just left in for 15 minutes. Conditions of 

temperature and pressure are the ambient conditions. Even though it was unlikely to work very 

well, this process is the cheapest and the simplest existing, thus it has been decided to give it a 

try.  

4.1.1.5 Spray  

 

The spray process has been conducted at the Laval University. The spraying gun pressure 

has been fixed to 85psi. It is the commonly used pressure to apply coatings on wood surfaces, 

with finishing products exhibiting a viscosity near the viscosity of the nanoparticle dispersions. 

Two different methods were tried, first one with only one applications, and the other one with 3 

applications, with a 5 minute drying in between them. A manual gun has been used, but any 

positive result could lead to the reservation of the industrial-like spraying machine, with 

possibilities to change and improve parameters, from pressure to the number of applications 

through the choke size. Spray sample were let to dry, on the contrary of the manually dried 

samples of the other processes. 

4.1.1.6 Roller coater 

 

The roller coater process has been performed at BoaFranc’s workshop. The roller coater 

process is the industrial version of the paint roller. The nanoparticle dispersions is poured in 

between two cylinders of which gap can be adjusted to obtain the required grammage of 

solution. The chosen grammage was 30g/in² for each cycle. 
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As the pressure applied by the rollers on the sample is very low, both one and two cycles 

have been tried, along with an extreme 10 cycles on only one sample to have an idea of the 

effect of the addition of cycles. 

 

Some additional samples have been treated at the Laval University, in the Research Centre 

on Wood. The equipments were equivalent in both workshops. A single roller coater unit is 

shown on the picture below. It was available as pictured at the Laval University, whereas at 

BoaFranc’s workshop it was part of the finishing line. 

 

 
Figure 13 Roller coater machine (from http://www.crb.ulaval.ca)  
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4.1.2 Materials and testing methods 

4.1.2.1 Materials 

 

The following materials have been used for this study: 

 

Nanoparticles: 

-SiO2: NanoBYK 21277, Eka Chemicals Bindzil CC40 

- Al2O3: NanoBYK 21493 

 

Wood specie: 

-Sugar Maple 

-Black Spruce 

 

All tests have been carried out on 15 samples. 

4.1.2.2 Drying and conditioning 

 

After the impregnation, samples are taken out of the impregnation bowl, and immediately 

dried out manually. In order to guarantee a good acuity and traceability of the results, they are 

all stocked in a conditioning room at 20°C and 50% of humidity. Conditioning also includes 

weighing out the samples before the conditioning to be able to check their stability before 

starting the tests. Once they have reached a stable state, they are kept in the conditioning room 

for at least one more day, in order to avoid any down and up effect, that is to say a sample 

losing water quickly until a certain point, and then taking some back before being stable. Black 

spruce and sugar maple samples were stable after 6 days, so conditioning was decided to be 7 

days. 

The condition for a sample to be declared stable was that it had a weight difference of less 

than 0,1% over a 24 hour period. This conditioning constraint is to be taken seriously into 

account, as from the moment the wood is received, it has to be cut into pieces to give easy to 

manipulate samples and then conditioned once. After the impregnation, another conditioning 

takes another week, and samples still have to be cut into pieces able to fit in the test machines. 

Taken on its own, a one week conditioning is not so bad, but altogether, it can take a long time 

between receiving the wood and obtaining the results of the tests. 
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4.1.2.3 Microwave treatment 

 

The microwave tests have been performed in a conventional microwave oven. An industrial 

unit costs around 50k€ and such an expense obviously couldn’t be afforded. To heat the water 

contained in the wood, three different powers and times were tested.  The objective was to get 

as close as possible to what was called the pop corn effect: the wood, undergoing too much 

deformation from the water turning to vapour, starts to pop, cracks appear and the mechanical 

properties decrease drastically. 

4.1.2.4 Density profiles 

 

The first test conducted on the samples after the conditioning is a density profile test. This 

test allows to obtain the depth of penetration of the nanoparticle dispersion, by an X-ray 

measure of the density of the sample. The unit used here is the QMS Density Profiler. The 

samples were around 2 cm thick, and thanks to this machine, it has been possible to scan the 

samples on the whole thickness. Thanks to this results, it has been possible to decide whether a 

process had to be kept and looked further into, or to be abandoned. Indeed, not only is it 

possible to know if a process does not provide a good impregnation, but also if a process gives a 

too important penetration, leading to a waste of nanosols. 

 

The obtained result is a density curve, given in function of the position in the sample. It is a 

very  easy to read result, and it can be obtained rather quickly, as one series of 15 samples 

requested only 1 hour of testing. On the obtained curve, the 0 position corresponds to the 

surface, and further positions means the machine is scanning deeper into the sample. The steps 

are 0.2 mm along the thickness of the sample. 

 

 
Figure 14 Typical density profile curve 
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4.1.2.5 Microscopy 

 

Transmission Electron Microscopy has been performed at the Laval University after a 

formation on the use of the microscope. The microscope available was the Jeol JEM-1230. In 

order to obtain good results, sample slivers had to be cut using the microtoming technique. The 

slivers were then dry and impregnated with a polymer solution. This method is called the LR-

White (London Resin White) impregnation. This acrylic resin main advantage is its viscosity of 8 

cPs, which is really close to water viscosity. This low value allows to easily impregnate even very 

thin samples. In this case, as wood is easily degradable, impregnation time had to be reduced to 

its maximum, and even then, cracks were observed on the samples, without interacting with the 

observations. The observed samples were 150nm thick. Observation was made difficult by the 

size of the researched particles. As nano-sized particles were to be found, a very high magnitude 

had to be reached, which sometimes led to the destruction of a part of the sample because of 

the electron beam concentrated power (electron acceleration voltage was 30kV). This problem 

was solved by adjusting the focus on a casual zone before moving to the interesting areas. 

Tries were performed on Scanning Electron Microscopy in the same laboratory using a Jeol 

JSM-6360-SV, but no good pictures of the impregnated nanoparticles were obtained, which led 

to the abandon of this technique. 

Optical microscopy has also been performed on coloured slivers of the samples, giving 

useful results and allowing an easy estimation of the impregnation efficiency.  

4.1.2.6 Zetasizer 

 

The Zetasizer Nano ZS unit is able to measure three important property of particles in 

solution : the particle size, the Zeta potential and the molar mass. It can also determine the 

protein degradation temperature or to make temperature scans. 

 

The laser light goes through the measurement cell containing the studied solution and the 

light diffused by the particles is detected by the sensor. Depending on the property to study, the 

unit treats the signal differently. For the measure of the particle size, based on the DLS (Dynamic 

Light Scattering) principle, the calculation is about the correlation between the Brownian 

movement of the particles (random movement of the particles in a solution due to the shocks 

with the neighbour particles) and their dimension. What is precisely measured is the fluctuation 

of the light diffused by the particles. This fluctuation is related to the speed of the particles, this 

speed itself varying function of their size. The parameters to know about the studied solution 

are the refraction index and the viscosity. The Zetasizer Nano ZS possesses a He-Ne laser with a 

633nm wavelength, and a power of 4 mW. An attenuator adjust the incoming light in function of 
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the sensor level of detection. The Zetasizer Nano ZS can measure particles down to 0.6 nm and 

up to 6 μm. 

 

The Zetasizer program iterates three measures for each sample. 

4.1.2.7 Modified Brinell hardness 

 

The Brinell hardness test consists in applying an F force on a sample through a usually steel 

ball (HBs) or tungsten carbide ball (HBw), when the material to test is hard enough to deform 

the steel ball. This choice is really important, as the ball should absolutely not be deformed in 

any way or it would strongly influence the results. The HB value is obtained thanks to the 

following formula: 

   
   

                
 

 

In this formula, F is the applied force, g the gravity acceleration, D the ball diameter and d 

the print diameter. 

 

The force is generally applied for 15 seconds, at 30 kN. The usual ball diameter is 10 mm. 

These parameters can be changed, in which case the notation of the obtained value must 

precise them. 

 

This method however presents a major drawback. The measurement of the ball print is 

submitted to the tester appreciation. Indeed, reading of the print diameter is made manually, 

even though nowadays some machines presents helping features. It means that each reading is 

related to the operator, thus hardly reproducible, especially if several persons are in charge of 

the tests. 

 

In order to remedy this matter, FPInnovations developed a modified method to test material 

hardness. A steel ball is pushed into the material at a constant pace until it reaches a 

penetration depth of 1mm, using a compression machine. The test bench measures, thanks to a 

charge cell, the applied force needed to achieve this result. This value gives a very good 

estimation of the material hardness. This method is then easily reproducible, faster, and 

describes better the soft and anisotropic materials such as wood as it does not induce a big 

penetration in the sample. 

 

Three hardness tests were made on each sample. 
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4.1.2.8 Scratch test 

 

The scratch test is used to test the resistance of the samples to a scratch, as it could happen 

to the final product on a everyday basis. It is a very popular test among wood furniture 

companies as it is really representative if real life situation. Thin tips can simulate small stones, 

or animal and larger tips can stand for stiletto heels or chair feet.  

 

The scratch test was divided in two steps. The first one was the scratch itself, performed 

with a Taber Multifinger Scratch/Mar Tester, shown on the following figure. A weight of 20N 

was applied on a 0.7mm diameter tip. After applying the tip on the sample, a pneumatic table 

performed the scratch at a pace rate of 10cm/s. The test was performed scratching the sample 

twice, one time in each direction.  

 
Figure 15 Taber Multifinger Scratch/Mar tester 

 

The second step was to read the results. There are many options to do that, from very basic 

ones like visual estimation, to elaborated ones, like the 3D profilometry. This is the one that has 

been chosen for this study. It allowed us to obtain precise values of the scratch resistance. Once 

the scanning window size chosen, the analysis software is indeed able to calculate the precise 

amount of matter taken out of the sample within this window. By keeping this parameter 

constant, it has been possible to compare the results for all those samples. The 3D profilometer 

available at FPInnovations is the Bruker ContourGT-K1. This last generation unit uses light 

interferometry to capture surface roughness down to 130nm high, until steps around 1mm high. 

It is equipped at FPInnovations with a pneumatic table, assuring a perfect stability of the whole 

equipment and of the samples in all circumstances, and minimizing the possible error sources. It 

is delivered with a dual-LED light source, a focus module controlled by computer and a measure 
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table that can be tilted or moved to ensure a greater precision and allow more sample 

geometries. Furthermore, the Bruker software plainly uses the capacities of the last computers 

and allows measures and data treatment to be until 10 times faster than with other metrology 

systems. The tests run until now were performed using the VSI (Vertical Scanning 

Interferometry) mode of the ContourGT-K1, along with one of the diverse filters available in the 

software library, “Remove Tilt” filter, that compares every single point to its neighbours and 

provides a 3D picture of the sample free of tilt influence on the obtained results. 

 

One scratch test was performed on each sample. 

4.1.2.9 Pull off test 

 

All of the samples for the pull-off tests were used as they were after treatment and 

conditioning at 20 °C and 50% relative humidity for one week. The tests were performed by 

securing a loading stud or fixture perpendicular to the surface of the coating with a two-

component epoxy resin. After the resin was cured, the area around the loading fixture was 

scored and the test-loading fixture was attached in a perpendicular orientation to a V-type 

testing apparatus, the Positest Adhesion Tester here, as described in ASTM D 4541. The 

apparatus was aligned to apply tension normal to the stress surface. The pull-off strength of the 

coating was calculated on the basis of the maximum load applied before the stud was detached 

from the coating surface, and is determined by:  

 
where:  

X is the greatest mean pull-off strength achieved at failure (psi);  

F is the actual force applied to the test surface (pound);  

D is the diameter of the original surface area of the loading stud (inch).  

 

Three pull off test have been carried out on each sample. 

4.1.2.10 Impact test 

 

The impact test has been designed at FPInnovations to simulate one of the most common 

danger for a wood product, the fall of an object leading to the degradation of the surface. A 2lb 

weight is coupled to a 1cm diameter ball, and dropped on the sample from a 10 inch height. The 

weight is contained in a linear tube to ensure that it falls really vertically for each test. 



 

 

 

 
 33 

 

 

The impact print is coloured using a pastel pencil to enhance the edges. The print has to be 

manually measured using a calliper for the diameter (2 measures were taken for each print to 

make sure the shape of the print doesn’t influence the results) and a vertical tip mounted 

micrometer to measure the depth of the print. 

 

Two impacts were made on each sample. 

4.2 Laminate Project 

4.2.1 Materials 

 

The following materials have been used for this study: 

 

Adhesives: 

-PUR 1: Henkel Macroplast UR-8346RD 

-PUR 2: Dural UL803G 

-PVA: Nakan Dorus 300KL 

 

Veneer type: 

-HDF (3 mm thick) 

-Aspen (3 mm thick) 

 

Reinforcement fibres: 

-Aramid: JB Martin TA-05P 

-Carbon : JB Martin TC-09U 

-Glass : JB Martin TG-09P 

-Polyester : JB Martin TP-05P 

-Glass/Polyester : JB Martin TH-09N 

-Hessian (jute) : Textile fibre 

-Horse hair: Textile fibre 

 

All tests have been carried out on 12 samples. 
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4.2.2 Pressing parameters 

 

Except for the process optimisation part, all pressings have been carried out at 70°C and 274 

psi for 15 minutes, with two laminates pressed simultaneously.  

4.2.3 Flexural modulus 

 

The static bending test is a three-point bending test and was conducted according to ASTM 

D 1037. The machine used was a MTS Insight. The length of the sample was 24 times the 

thickness of the sample plus 50mm, to minimize shear stress created between the tension layer 

and the compression layer. During the test, the load and deflection curve was recorded and 

apparent modulus of elasticity (MOE) was calculated using the following equations:  

 

 
where:  

MOE is in MPa  

b = width of the sample (mm)  

d = thickness of sample (mm)  

L = length of span (mm)  

P = maximum load (N) 

P1= load at proportional limit (N)  

y1= center deflection at proportional limit load (mm) 

4.2.4  Internal bonding 

 

The internal bonding test is used to determine the composite strength of the laminate. In a 

composite, the adhesive joint has to be stronger than the material itself, in order not to become 

the weakness point of the constructed structure. Sample are cut to a dimension of 2*2 in². Both 

surfaces are glued to IB devices as shown on the following picture. A hot gluing adhesive with 

very high adhesion properties is used to make sure the failure does not occur between the 

sample and the experiment devices. 
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Figure 16 IB testing construction 

 

The IB devices are glued with a 90° angle to avoid any influence of a possible misalignment 

between the upper and lower parts. The sample is then submitted to a traction on both 

surfaces, and the peak load before breaking is measured and recorded as the internal bonding 

value. The testing  machine used for the IB tests was the MTS ReNew Upgrade Package. 

 

  



 

 

 

 
 36 

 

5 PRELIMINARY RESULTS 

5.1 Nanosol Project 

5.1.1 Process comparison 

 

The first comparison tool used were the density profiles. All processes have been compared 

to a control sample, which in addition to show the repartition of the density along a non treated 

sample, is also the baseline for the penetration depth estimation. For all process, this depth is 

the difference between one side of the sample, and the crossing position of the density curve of 

the processed sample and the control sample.  

 

 
Figure 17 Density profile comparison for sugar maple 

*(T: Soaking, V:Vacuum, VP: Vacuum Pressure, RCn: Roller Coater and number of cycles, Sn: 

Spray and number of cycles) 

 

For the sugar maple samples, 2 processes are clearly above the others in terms of density 

improvement. Both vacuum and vacuum-pressure processes give the best impregnations in 

terms of both penetration depth are density increasing. For both of them, the penetration depth 

is reaching nearly 2 mm, whereas other processes hardly achieve more than 0,5 mm. Vacuum-
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pressure process exhibits the best results, but has to be remembered that the vacuum process is 

40% faster. The difference between them, from this point of view, is not so important. 

 

 
Figure 18 Density profile comparison for black spruce 

 *(T: Soaking, V:Vacuum, VP: Vacuum Pressure, RCn: Roller Coater and number of cycles, Sn: 

Spray and number of cycles) 

 

Three processes are clearly passing over the others for black spruce. Two of those are 

vacuum and vacuum-pressure, just like for sugar maple samples. The third one was a try made 

at the BoaFranc factory on only a few samples, with 10 cycles of roller coater. It has been tried 

to see if rising to an indecent number of cycles would have any positive effect. The actual result 

is that there is a lot of impregnation product very near to the surface, more than with the one or 

two cycle samples, but the penetration depth is not any better. Furthermore, the waste of 

nanosol during the process is huge and would make it an expensive process for a penetration 

depth of 3,37 mm only. On the other side, vacuum and vacuum-pressure process are the only 

ones to clearly achieve a penetration deeper than half a centimetre. All processes applied on 

black spruce gave mitigated results, with sometimes a very high density increase, but a general 

poor penetration depth. 
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Process Cycles 
Average mass gain 

(g) 

Penetration depth 

(mm) 

Modified Brinell 

hardness (kgf/mm²) 

Spray 
1 0,24 0,28 6,009 

3 1,08 0,23 5,894 

Roller Coater 
1 6,2 0,32 5,503 

2 8,3 0,28 5,394 

Soaking 1 4,6 0,74 5,425 

Vacuum 3 17,66 1,72 5,198 

Vacuum-

Pressure 
3 38,15 1,94 4,707 

Figure 19 Overall results for sugar maple process comparison 

 

The sugar maple overall result table clearly shows the superiority of vacuum and vacuum-

pressure again. The nanoparticle dispersion  intake is without challenge for both processes. 

Once again, the results have to be related to the time and cost parameters to appreciate them. 

However, modified Brinell hardness tests showed unexpected results. Control value for a sugar 

maple sample was 4,516 kgf/mm². And not only vacuum and vacuum pressure gave the worst 

results, but the whole table gave reversed results compared to what was expected. Statistics 

have to be taken into account here because of the wood variability, but the overall shape of the 

results is still valid, and both spray and RC processes brought the best results, surprising even 

better, with less cycles of impregnation. 

 

 

Process Cycles Average mass gain (g) 
Penetration 

depth (mm) 

Modified Brinell hardness 

(kgf/mm²) 

Spray 
1 0,37 0,35 2,112 

3 1,13 0,36 1,932 

Roller Coater 
1 5,2 0,36 1,911 

2 6,9 0,32 2,2115 

Soaking 1 3,54 0,44 1,806 

Vacuum 3 10,91 0,88 1,73 

Vacuum-

Pressure 
3 17,74 0,72 1,857 

Figure 20 Overall results for black spruce process comparison 

 

As regards black spruce samples, the results were quite the same, with the vacuum and 

vacuum-pressure clearly being the best on mass gain and penetration, and still the unexpected 
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modified Brinell hardness results. Spray and roller coater processes actually act less than the 

other processes on the hardness value, as the control sample batch value was 2,41 lbf/mm². The 

other important information given here is the poor mass gain with every process. 

5.1.2 Nanoparticles characterisation 

 

Another preliminary goal of the project was to be able to characterize the size of the 

nanoparticles to be used. Two methods were used in this aim, TEM (Transmission Electron 

Microscopy) and Zetasizer measurements. 

5.1.2.1 Microscopy 

 

Imaging of the nanoparticles have been made possible in both sugar maple and black spruce 

thanks the ultra thin cutting of the samples using a microtome, and an LR White impregnation of 

the obtained slivers. 

 

 

   
Figure 21 TEM images of silica nanoparticles in black spruce 

 
Pictures show a good impregnation of the samples, as slivers have been cut right on the 

surface to maximize the chances to be able to measure the nanoparticles. No image analysis has 

been performed as the aim was to control the companies data about their nanoparticles. Image 

B shows that impregnation make the nanoparticle dispersion penetrate the wood nearly until 

saturation on the surface, and that the nanoparticles do not make wood impregnation more 

difficult. The size of the particles, and the low viscosity of the dispersion are confirmed to be  

two assets to this technique. In the picture A imaging has permitted to roughly measure the 
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nanoparticles. As the scale is 50 nm long, it can be deduced that the particles are between 15 

and 20 nm in diameter. 

 

 

 
Figure 22 TEM images of silica nanoparticles in sugar maple 

 
The same imaging has been conducted on sugar maple. The LR White impregnation of the 

slivers sometimes damaged the films a bit, which resulted in black cracks on the pictures at a 

low resolution, without interacting with the quality of the results. Another side effect of LR 

White impregnation is that it is most likely to flush out some of the nanoparticles, but 

parameters have been adjusted to reduce this problem to its minimum. Both pictures show 

wood cells impregnated with nanoparticles, in both longitudinal and transversal way. 

Impregnation gave good results, with a high rate of nanoparticles transferred into the wood. 

 

 
Figure 23 TEM images of silica nanoparticles in sugar maple 
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Pictures at high magnitude have been recorded. On B picture, it is possible to see that there 

are cracks in the net that nanoparticles build. It might be due to the LR White impregnation, or 

to an aggregation of the nanoparticles altogether. On the A picture, magnitude was 300.000X, 

and aim was to obtain the size of the particles. The results were in accordance with those 

obtained from the black spruce samples, with a particle size between 15 and 20 nm. 

5.1.2.2 Zetasizer 

 

Samples of both new and used nanoparticle dispersion were taken to the Laval University to 

perform Zetasizer measurements. Several dilutions were tested, from pure commercial 

dispersion to 1% dilution into distilled water. 

 

Dispersion Bindzil 100% New 

Try 1 2 3 Average 

Nanoparticle size 23,12 23,40 23,22 23,25 

Polydispersity Index 0,54 0,55 0,54 0,54 

Refraction Index 1,37       

Viscosity 4,41       

     Dispersion Bindzil 100% Used 

Try 1 2 3 Average 

Nanoparticle size 23,77 22,60 23,00 23,12 

Polydispersity Index 0,53 0,53 0,54 0,53 

Refraction Index 1,37       

Viscosity 4,33       

     Dispersion Bindzil 10% New 

Try 1 2 3 Average 

Nanoparticle size 11,75 12,30 11,80 11,95 

Polydispersity Index 0,23 0,23 0,23 0,23 

Refraction Index 1,34       

Viscosity 4,21       

     Dispersion Bindzil 1% New 

Try 1 2 3 Average 

Nanoparticle size 3,76 3,66 3,72 3,71 

Polydispersity Index 0,38 0,37 0,38 0,38 

Refraction Index 1,37       

Viscosity 3,86       

Figure 24 Zetasizer measurements for 1% to 100% Bindzil content in the dilutions 
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If the used and new dispersions gave similar results, there was though a high difference 

between the mere dispersion and the dilutions. The refraction index and the viscosity have a 

huge influence on the obtained results as they play a big role in the interpretation of the 

Brownian movement. This influence reflects in the results, as there is a 6 factor between the 

results with mere dispersion and the 1% dilution. The Zetasizer software include a whole battery 

of indexes and figures that have to meet quality criteria in order to be declared good enough. All 

the measurements met these criteria, even though there is quite obviously a interference in the 

measures. A light absorbance measure was then performed on an infinitesimal dispersion, that 

is to say one droplet of Bindzil into a lot of distilled water. It showed that even this dispersion 

was absorbing enough of the wavelengths used by the Zetasizer to strongly influence the 

results. Decision has then been made to stick to the microscopy measurements. 

5.1.3 Process optimisation 

 

 

 
Figure 25 Density profiles of different vacuum and vacuum pressure processes 
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In order to improve both the impregnation and process efficiency, different times of vacuum 

and pressure were tried, and density profiles were taken to decide which one was to be kept for 

the rest of the study. The objective was to obtain a reasonable penetration depth without 

wasting nanosols. Vacuum pressure process gave very good results, going past a 4 mm 

penetration depth. The properties to be improved are surface properties, thus a 2 mm 

penetration depth was decided to be more suitable. The ideal process had to give a high density 

rise on the surface and to drop quickly to the control value after 2 mm. The closest candidate to 

this perfect scheme was the process with 3 cycles of 5 minutes vacuum. Not only was it 

corresponding to the objective, but it also had other advantages like the speed of the process, 

that only took around half an hour to be fully conducted, or the absence of pressuring facilities.  

5.2 Laminate Project 

5.2.1 HDF laminates 

 

Preliminary part of the project in the laminate project induced IB (Internal Bonding) tests 

and bending tests. As the aim of the project was to reinforce the laminates with fibres, available 

2,5mm thick glass fibre was used to have better clues about the effect of the addition of fibre to 

the laminate structure.  Results were not expected to be very good as the glass fibre mat was 

too thick, but it was hoped to obtain more information to order than actual fibres for the 

project. 

 

HDF  

Internal Bonding 

Peak Stress (Mpa) 

Adhesive Average Std Dev 

PUR 0,578 0,132 

PVA 0,665 0,166 

Figure 26 Internal Bonding results for a 3 HDF layer laminate, and 3 HDF layer laminate 

reinforced with glass fibre 

 

Mere HDF laminates exhibited usual IB values, typical from this kind of wood product. 

Rupture occurred in the wood part, meaning that the adhesive joints were strong enough to 

obtain a reliable product. When reinforced with glass fibre, two very different results were 

obtained. With the PUR adhesive, IB raised of nearly 10% thanks to the glass fibre addition. 

Whereas with the PVA, the result was a drop of 43% of the IB strength. The delamination 

occurred in the glass fibre mat, meaning that either the adhesive did not penetrate the mat 

HDF+Glass 

fibre  

Internal Bonding 

Peak Stress (Mpa) 

Adhesive Average Std Dev 

PUR 0,631 0,112 

PVA 0,379 0,106 
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enough to obtain a good adhesive joint, or that the interactions between the PVA and the glass 

fibres were weak, and led to this delamination. 

 

 HDF 

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Average Std Dev 

PUR 2350 162 

PVA 2654 382 

 

Figure 27 Static bending results for a 3 HDF layer laminate, and 3 HDF layer laminate 

reinforced with rough glass fibre 

 

Bending tests have been conducted on the samples. Once again, mere HDF laminates 

exhibited casual results of agglomerated wood panels, with a modulus of elasticity around 

2,5GPa. PVA glued samples showed a slightly higher average modulus, which is to take with 

precaution as the standard deviation is more than twice as high as the standard deviation for 

PUR glued samples. In fibre reinforced samples, not only standard deviations were identical, but 

results were very close. In this test, PVA samples did not undergo a drop of their properties, 

even gaining 12% on their modulus of elasticity. Most impressive result happened with the PUR 

adhesive though, with a modulus 42% higher than in the mere laminate. As precised before, this 

was performed with a 2,5mm thick glass fibre, far too thick to obtain very good properties. 

5.2.2 Aspen laminates 

 

Aspen  

Internal Bonding 

Peak Stress (Mpa) 

Adhesive Average Std Dev 

PUR 1,535 0,454 

PVA 1,288 0,248 

Figure 28 Internal Bonding results for a 3 aspen layer laminate, and 3 aspen layer 

laminate reinforced with glass fibre 

 

3 aspen layer laminates presented a high IB strength, 3 times as strong as the HDF laminates 

with the PUR, and twice as strong with the PVA. These values are very high for wooden 

laminates, meaning that aspen intrinsic properties might make it a good candidate for the 

reinforcement if a good adhesion is achieved. Unfortunately, that didn’t happen with the 

current glass fibre. PUR glued samples lost 34% of their IB strength when fibre added. The 

HDF + glass 

fibre  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Average Std Dev 

PUR 3326 391 

PVA 2987 391 

Aspen + 

glass fiber  

Internal Bonding 

Peak Stress (Mpa) 

Adhesive Average Std Dev 

PUR 1,019 0,42 

PVA 0,444 0,084 
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delamination occurred at the joint between wood and fibre, which means that the adhesive 

could  not penetrate through the mat enough to build a strong joint. Problem was even worse 

with the PVA adhesive. PVA glued samples dropped of 66% after the addition of glass fibre. This 

time, delamination occurred right in the middle of the fibre mat, meaning that not only the joint 

was not strong enough, but that there was actually no joint at all from wood to wood, but one 

from wood to one side of the fibre, and another one on the other side. 

 

Aspen  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Average Std Dev 

PUR 9730 145 

PVA 9346 657 

 

Figure 29 Static bending results for a 3 aspen layer laminate, and 3 aspen layer laminate 

reinforced with rough glass fibre 

 

The bending tests revealed the same weaknesses for the composite laminates. The wood 

laminates exhibited a very good flexural modulus, reaching more the 9 GPa with both PUR and 

PVA adhesives. On the other hand, a decrease was observed on the fibre reinforced samples. It 

seems that unlike with HDF samples, the modulus reached here is too high for a rough fibre to 

bring any improvement. To this level of flexural modulus, the fibre cannot help to improve the 

properties without a full composite effect with the wood and adhesive. As the fibre is thick, 

even using a higher adhesive amount is not enough to make the fibres able to work at their best. 

Furthermore, not only the modulus is 16% lower with PUR and 27% lower with PVA, but 

standard deviations are much higher, with respective factors of 10 and 4. This means that an 

industrial production would not be possible because the variation in the properties would be far 

too high for the product to be reliable. 

 

 
Figure 30 Density profile of 3 aspen layer laminates 
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Elastic modulus in Flexion (Mpa) 

Adhesive Average Std Dev 
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The figure above shows the density profiles performed on 3 aspen layer laminates. The aim 

of the test was to see if the good results of the aspen samples could be due to a penetration of 

the adhesives within the wood. The two peaks correspond to the adhesive joints and the flat 

zones are the wood layers. The results were similar with both PUR and PVA adhesives. The thin 

peaks observed revealed that there is nearly no penetration into wood. The thickness of the 

joint only comes from the polymerisation of the adhesives, that expand and create a layer up to 

1 mm. 
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6 RESULTS AND DISCUSSION 

6.1 Nanosol Project 

6.1.1 Results 

6.1.1.1 Black spruce 

 

The preliminary results on spruce pointed out the very low ability to be impregnated of the 

specie. Before any further experiment on improving the wood weather resistance properties, 

priority has been given to increasing the means to improve them, that is to say the possible 

intake. The low propensity for impregnation is a property of the bulk wood, a manner to protect 

itself against the water in its growing areas. The internal structure of the wood makes it hard to 

impregnate, and it is this structure that had to be modified to achieve the final goal. The chosen 

way to do it was a microwave treatment. 

 

 
Figure 31 Microwave test results on black spruce  

*(control is dark, treated is light) 

 

On the previous graph, the 14 minutes treatment at 400W exhibits the best improvement of 

the wood intake. The wood intake raised of around 33%, according to what was found in the 
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literature.  The 2 and a half minutes treatment at 1000W also gave good results, with a 19% 

wood intake improvement. Important thing to note is that it happens more than 5 times faster 

than with the other treatment. 

6.1.1.2 Sugar maple 

 

As spruce exhibited a disappointing ability to be impregnated, focus was put on sugar 

maple. All the planned tests have been performed on this specie. 

6.1.1.2.1 Density profiles 

 

Density profiles have been recorded for all the samples with both chosen impregnation 

methods and the three nanosols. An average is been calculated for each position along the 

samples. Single sample curves can be polluted by a particularity in the sample, like a knot, 

whereas the averaged curves are much softer and give a better idea of the process action on the 

samples. 

 

 

 
Figure 32 Density profiles of sugar maple samples after vacuum impregnation 
 *(Ctrl: control, f0: without finishing, f2: finishing 2) 
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Previous figure displays the density profiles for the vacuum process. The three results are 

equivalent, with a control sample exhibiting a density around 750kg/m3, and the impregnated 

samples showing typical impregnated curves. The left part of the curve is sometimes cut away, 

as the equipment used can scan further than 2 cm thick, so if a sample was a bit thicker that 

part might be truncated. 

 

Both finished and unfinished samples underwent a good impregnation, even a bit higher 

than what was expected from the preliminary results. The finishing only raised the density for 

the 21493 nanosol impregnated samples. For the two others, it was rather equal to the 

unfinished sample density.  

 

 

 
Figure 33 Density profiles of sugar maple samples after roller coater impregnation 

 

The figure above shows the same results but with the roller coater process. As the curves 

displayed above are not zoomed in to the penetration zone anymore, it has been confirmed that 

the results obtained during the preliminary study were due to a residual layer of nanoparticles, 



 

 

 

 
 50 

 

and not to a good impregnation. The impregnation depth is nearly impossible to see, and only 

the finished sampled exhibit a real increase of the density on the surface. 

6.1.1.2.2 Microscopy 

 

Transmission Electron Microscopy (TEM) observation has been performed in order to 

achieve two different objectives. The first one was to measure the nanoparticle size in all the 

nanosols. The second one was to confirm the presence of nanoparticles within the impregnated 

samples. 

 

In order to be able the nanoparticle size, a drop let of nanoparticle dispersion has been let 

to dry on a TEM grid. This measurement method has been used because the dispersion 

viscosities and refraction indexes did not allow a reliable measure with the Zetasizer facility.  

 

 

 
Figure 34 TEM images of dried nanosols 
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Both alumina and silica nanoparticle dispersions are presented in the figure above. The 

drying of the dispersions created an agglomeration of the particles. In the case the aluminium 

oxide nanoparticles (W630, 21493), microstructures of agglomerated particles were observed. 

Furthermore, astigmatism is present on the 21493 picture. Those problems made the measure 

of the nanoparticles harder, but the selection of suitable areas allowed a precise measure. For 

the silicon oxide nanoparticles (21277, Bindzil), the clear spherical shape of the nanoparticles 

and their excellent contrast allowed a fast and reliable measurement of their size. 

 

Nanoparticles Particle size (provided) Particle size (measured) 

Aluminium oxide 
W630 13 12 

21493 10 14 

Silicon oxide 
21277 20 22 

Bindzil 12 16 

Figure 35 Nanoparticle size 

 

All provided values were confirmed by this method. Image analysis has been conducted at 

the Laval University by the microscopy department. 

 

The main difference between alumina and silica nanoparticles lied in their microstructures 

and interactions. Alumina particles tended to form aggregated structures of around 140 nm in 

size, whereas silica particles were better dispersed even after drying. 

 

Impregnated samples were observed at both low and high magnification. The aim was to 

verify the impregnation of the wood, to be able to picture the nanoparticles within the wood, 

and to determine how the impregnation was happening in the samples and where the 

nanoparticles were anchored.  

 

 
Figure 36 TEM images of W630 nanosol in sugar maple 

10μm 200nm 
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The picture above describes the W630 impregnated maple samples.  Low magnification 

study on a longitudinal cut revealed an impregnation of the lumen of the wood cells, where dark 

zones are the nanoparticles. It is to be noticed that nanoparticles agglomerated. This might be 

due to the impregnation itself or the drying prior to the LR-White impregnation. High 

magnification observation showed a good dispersion of the particles within the agglomerated 

parts, without very dark parts that would mean that the nano-sized effect of the nanoparticles is 

lost. 

 

 
Figure 37 TEM images of 21477 nanosol in sugar maple 

 

The low magnification study of the 21277 impregnated samples illustrated the problems of 

the wood observation with TEM. The impregnation of the ultrathin sample with the LR-White 

acrylic solution degraded the sample and led to the film overlapping observed. The high 

magnification observation showed again a good dispersion of the nanoparticles even though 

dark spots are viewable in the high density impregnated areas. 

 

 
Figure 38 TEM images of 21493 nanosol in sugar maple 

10μm 200nm 

10μm 200nm 
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The low magnitude pictures of the 21493 impregnated samples were taken on transversal 

cuts of the samples. It showed not all the cells are equally impregnated. It is to be remembered 

that this difference may come either from the impregnation itself or from the sample 

preparation for the microscopy. Nanoparticles can be flushed out during the microtoming from 

to sample into ultrathin slivers, and during the LR-White impregnation. Still it has been possible 

to observe fully filled cell lumens with only a few cracks in the nanoparticle network due to the 

drying of the sample. The high magnitude observation revealed a higher agglomeration rate in 

this alumina nanosol. Single nanoparticles were still present around the agglomerated zones. 

 

 
Figure 39 TEM images of Bindzil nanosol in sugar maple 

 

The low magnification pictures of the Bindzil impregnated sample regrouped all the hazards 

of the TEM observation of wood. Film overlapping happened, the transversal vessels seemed to 

have been washed of their impregnated particles during the sample preparation, and it is also 

possible to observe dark cracks that occurred during the polymer solution curing. Still a fully 

impregnated area was observed in the longitudinal direction. High magnification pictures 

showed a very high impregnation rate, with a dense network of nanoparticles.  

 

Optical microscopy was performed on thicker slivers. The samples were coloured to improve 

the contrast between the nanoparticles and the wood itself. These observations were 

conducted at the Laval University by the microscopy department, and unfortunately no record 

was kept about scale bars.  

 

10μm 200nm 
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Figure 40 Optical microscopy images of W630 nanosol in sugar maple 

 

All samples provided the same results. The basic sample already allowed the nanoparticles 

to be visible. Thanks to the colouration, the wood appeared shiny blue, whereas the 

nanoparticles were dark blue or purple. A closer look at the sample showed again an 

impregnation in all directions, as much in the long wood fibre lumen than in the transversal 

vessel elements of wood.  

6.1.1.2.3 Modified Brinell hardness 

 

The modified Brinell hardness results are summed up in the following figure. The first thing 

to remark is the variation between all the control samples. Even if the percentage of variation is 

not very high, thee values influence a lot the reading of the impregnated sample results. 

 

 
Figure 41 Modified Brinell hardness test results 
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The results obtained with the roller coater process, with all the nanoparticle dispersions, 

clearly show a decrease of the hardness of the samples. The difference with the preliminary 

study lies in the previously discussed residual layer. Samples have been brushed in this step, and 

thus the results confirm the hypothesis previously made.  

 

On the contrary, vacuum impregnated samples all exhibit an increase of their modified 

Brinell hardness, with a 5% rate in average. There is no clear difference between the two type of 

nanosols here, both alumina and silica give the same improvement. 

6.1.1.2.4 Pull off test 

 

The pull off tests have been performed on all the samples ready to be tested before the end 

of the project. Some data is missing, but the amount of tested samples, results of which are 

displayed below, is far enough in order to notice that both f1 and f2 finishing exhibit rather 

constant results, typical for this wood specie and in accordance with the literature. The only 

result that is out of the ordinary is the vacuum impregnated 21493 sample. As the same nanosol 

with the roller coater process also gave a slightly low result, the interaction between Al2O3 

nanoparticles and the f2 finishing system is to be questioned. 

 

 
Figure 42 PullOff test results 

6.1.1.2.5 Impact test 

 

The impact test has been carried out on all available samples. First thing to notice is that, as 

expected, both diameter and depth value evolve in the same way in function of the process and 

nanosol used. For once, all results revealed themselves as positive. Indeed, the six highest values 

for both diameter and depth are the control samples.  
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Figure 43 Impact test results 

 

An estimation of the improvement on impact resistance has been performed, considering 

that the print of the impact ball is a part of a perfect sphere. The volume of the print could then 

be calculated thanks to the following formula: 

                
 

 
  

with Vprint the approximated volume of the print 

 d the measured depth of the print 

 R the radius of the impact ball 

 

According to this method, the average gain on impact resistance was 21%. The results were 

similar for both roller coater and vacuum impregnation techniques, respective gains were 20% 

and 22%. 

6.1.2 Discussion 

6.1.2.1 Black spruce 

 

The study of the impregnation of black spruce by nanoparticles stayed on its early stages. 

Black spruce impregnation was made difficult by the structure of the wood. Indeed, wood 

species exhibiting such a low density usually are easy to impregnate. But in the case of black 

spruce, its tracheids possess small pores of which central part, called the torus, easily stick to 

the cell walls, keeping the liquids away from going through. This phenomenon is called aspirated 

pits, and is the main reason why black spruce had to be treated before being impregnated. The 
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plasmodemata, those thin canals going through the cell walls, also are very thin, of piceoide 

type, which does not allow the liquid flow to use this way either.  

 

This structural particularity of black spruce made all the techniques tried to impregnate it 

inefficient. Spraying, soaking and roller coating techniques gave very low penetration depth, 

these methods being close to a natural water impregnation, that black spruce inner structure 

naturally fights. But even the vacuum and vacuum pressure techniques did not get past the 

natural protection of black spruce, and did not allow a sufficient penetration depth. 

 

TEM could be conducted on the samples anyway, as the slivers microtomed could be cut 

very close to the surface, where impregnation was achieved. The results showed a good 

impregnation, meaning that if the intake of the wood could be improved, interesting results 

could be obtained from the impregnation of black spruce. The microscopy study also allowed a 

rough measurement of the nanoparticle size even within the wood. As the nanoparticles used 

were silicon oxide nanoparticles and not the zinc oxide and silver oxide used against UV and 

fungus, only a rough verification of the size has been made, but it matched the provider 

announcement. This was a good news as Zetasizer measurements failed. This unit is very 

sensitive to the solution properties, and needs a very low refraction index to be reliable. 

Furthermore, wavelength absorption measures revealed that the dispersions tended to absorb 

the wavelength used by the Zetasizer, creating another source of error. 

 

One way to deal with the impregnation problem is to destroy some of the aspirated pits of 

spruce thanks to a microwave treatment. The results showed a good improvement of the 

impregnation after the microwaving. Times and power were tried, but the industrial application 

aimed at made the faster process the best one. By microwaving the samples for a minutes at 

1000W, the impregnation intake raised of 19%. Different Better results could be achieved with 

an industrial microwave facility, with bigger magnetrons producing more power to irradiate the 

samples. It would also reduce the treatment time, and allow a continuous exposition of the 

samples, making it suitable for an inline integration in an industrial production. The microwaves 

act on the water contained in the wood, turning it into vapour. When the volume of the water 

raises because of its change of state, the pressure created within the wood makes some of the 

aspirated pits explode. As most of the wood fibres remain intact, the wood macrostructure is 

safe and the treatment does not affect mechanical properties. This is true with a well designed 

process. Indeed, wood cannot evacuate a lot of water in a short time, and the microwave 

treatment can turn water into vapour at a much higher rate. It means that a too long treatment 

will engender too much pressure within the samples and provoke cracks, especially on 

constraint concentration points like knots or tree-rings. The microwave treatment has also 

another unexpected advantage. As water is brought out of the sample, it also provokes  a 

leaking of the sap. This leaking often happens with time or during the manufacturing processes 
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and is a matter when it comes to finishing the products because it induces different finishing 

product adhesion, changes in colour, or equipment degradation over time. By microwaving the 

samples and provoking this leaking early in the manufacturing process, the wood can be sanded 

before the rest of the production chain and by this mean avoid any further problem with sap 

leaking. 

6.1.2.2 Sugar maple 

 

Thanks to the good impregnation performance obtained during the preliminary work, a full 

study has been performed on maple. This first investigation also allowed the choice of two 

different impregnation processes for the main study. Both choices were reasonable trails to 

follow, but both for different reasons. The first one was the vacuum process, which produced an 

ideal penetration depth, with a decent treatment time and raw material consumption. The 

second one was the roller coater process, which provided samples with a high hardness and that 

was easy to implement in a finishing line, as it is already used to realize coatings. 

 

Microscopy was conducted on maple samples as on black spruce sample in this preliminary 

study. The results were similar, with a good impregnation near the surface, and a confirmation 

of the measurements on nanoparticle size made within the wood. 

 

To conclude the preliminary work, both impregnation processes had to be optimized. If 

roller coater parameters were fixed in accordance to the standards of Boa Franc’s workshop, 

and thanks to the expertise of the technicians there, tests were made on different vacuum and 

vacuum pressure cycles. The best result, from the density profiling performed, came from the 3 

cycles of 5 minutes vacuum process, combining good penetration depth and fair impregnation 

pace. Releasing the vacuum during the process creates a pumping effect and strongly influences 

the shape of the density profile. Instead of making the dispersion further and further, it allows 

more material to penetrate wood, giving a higher impregnation in surface without penetrating 

to far within the wood, where nanoparticle dispersions would be wasted. 

 

The main study started with another density profile study of the maple sample with both 

processes and several different nanoparticles (alumina and silica). It confirmed the results of the 

preliminary study about both processes efficiency. Roller coater process didn’t achieve a high 

penetration depth but the somehow remaining surface layer of nanoparticles made it efficient 

for some of the performed tests. Vacuum process showed typical results, and that there was no 

difference of impregnation efficiency between the different nanoparticle dispersions even 

though the particle sizes were different.  Down to 100nm in diameter, nanoparticles are smaller 
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than the smallest microstructures of maple like cell lumen or vessel elements, and a few 

nanometres more or less do not have an influence on the impregnation. 

 

The microscopy confirmed the good impregnation of the samples. In both directions, a lot of 

wood cells were filled with nanoparticles. Microscopy also revealed that only the cell lumens are 

impregnated, whereas the cell walls remain untouched. Penetrating the lumen, that is quite 

large, is easy with nanoparticles, but cell walls have very tiny pores and the agglomeration of the 

nanoparticles did not allow them to be impregnated. All particle sizes have been verified thanks 

to the TEM investigation and the image analysis, on both dried dispersions and wood samples. A 

major drawback was the incertitude created by the sample preparation, inducing a very likely 

flushing out of the nanoparticles from the wood slivers. 

 

Hardness tests proved the roller coater residual layer point. In this second part, samples 

were brushed to avoid any influence of non impregnated nanoparticle agglomerates. Modified 

hardness method, that tests the hardness to 1 mm deep, showed a decrease in the hardness 

after the roller coater impregnation as the nanoparticles do not reach that depth with this 

process. On the other hand, hardness was improved with the vacuum impregnation. Both 

alumina and silica nanoparticles enhanced the hardness of around 5%. As maple is a natural 

hard wood, these 5% are already a good gain. Finished samples showed an higher hardness than 

the unfinished ones. As the chosen finishing system was a casual furniture finishing, those 

values are expected to be improved again by adding nanoparticles to the finishing system as 

well.  

 

The pull off tests presented common values for furniture finishing systems on maple. As 

samples were brushed before the finishing was coated on, the interaction between the wooden 

substrate and the finishing did not change, thus the impregnation did not degrade the adhesion. 

The pull off tests were conducted not looking for an improvement, but as a condition sine qua 

non for the nanosol technique to have a chance to be used in industry. Maple furniture are high 

quality products, and the manufacturers could not afford degrading the adhesion of the 

finishing on the wood, as it would affect the quality of the product itself and its life time as well.  

 

Finally, impact tests were performed on all the samples. Every impregnated samples 

presented a gain in impact resistance compared to the control samples. On the contrary to the 

hardness method, impact tests acts on the sample for a very short amount of time, thus even 

the low impregnated zone of the roller coater process brought an improvement to the samples. 

Actually, as the depth of the prints is really low, no noticeable difference occurred between the 

roller coater process and the vacuum process results. The main drawback of this method is its 

impreciseness. The drop of the weighted impact ball is not controlled by computer, but 

subjected to the operator point of view, way of dropping and so on. The manual measures 
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themselves highly depends on the operator. A try was made on a single series, measured twice 

by the same operator at a 24h interval, and by two others in the meantime. All measures were 

different. Still, they were considered close enough (around 7% at most) for the test to be 

convincing. In addition, it is to fight this kind of matter, as much as wood natural variability, that 

all tests were conducted on 15 samples, and in this precise test, twice on each sample. The 

estimation of the impact print volume allowed the gain in impact resistance to be calculated, 

being around 21%. Once again, as for hardness measurement, maple is a naturally  resistant 

specie to this kind of solicitation. An improvement of 21% represents a very good result. 

6.2 Laminate Project 

6.2.1 Results 

6.2.1.1 Reinforced laminates 

6.2.1.1.1  Internal bonding 

 

According to the results obtained during the preliminary study, several fibre reinforced 

laminates were designed and tested. The HDF laminate sample have been reduced, as the 

relative weakness of the material itself and of the PVA adhesive did not brought a viable 

strength of the material. The aspen laminates, which exhibited very good properties during the 

preliminary experiments, have been divided in three groups depending on the adhesive used, 

the different PUR adhesive and one PVA adhesive. The formulations of the PUR adhesives can 

vary and that is why two different products had to be tested. 

 
Figure 44 Reinforced laminates IB results 
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The general results confirmed what had been obtained in the preliminary work. The HDF 

samples present a much lower internal bonding than the aspen sample. It is to be noticed 

though that some reinforcement fibres brought a huge improvement of the internal bonding, 

the highest one surprisingly being the horse hair fabric. On the other hand, the glass fibre and 

polyester/glass fibre reinforced laminates presented a drop of their IB property. 

 

The results on aspen laminates are completely unambiguous. The PVA assembled samples 

are clearly overtaken by the PUR glued ones. About PVA samples, aramid and hessian reinforced 

samples are the only ones to have a decent IB value, but they are still not as good as the PUR 

ones, and do not present any interesting improvement. What is first important to note about 

the PUR glued samples is that the standard deviations are very different. The Henkel PUR (PUR1) 

kept them in a reasonable range, when the Dural PUR (PUR2) exhibited huge deviations 

especially with carbon and aramid fibres. The second important thing is that if the results are 

looked at as a curve and not an histogram, both curves have the same shape. Whether the PUR 

is form Henkel or Dural, the ranking of the reinforcement fibres is the same. Compared to the 

results without reinforcement fibres, PUR 1 samples presented statistically comparable results 

considering the standard deviations. PUR 2 samples showed some good improvements with 3 

reinforcement fibres: carbon, aramid, and glass/polyester. 

6.2.1.1.2 Flexural modulus 

 

The same range of samples has been submitted to a static bending test. The results are 

presented in the following figure. One additional sample was added to the list. It was a 3 layer 

unenforced laminate, with a core layer of HDF and both surface layers in aspen. 

 

 
Figure 45 Laminates static bending results 
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As expected, there is a clear correlation between the static bending results and the internal 

bonding results. The first difference that can be observed is about the standard deviations. They 

are very low for the static bending tests, which makes the interpretation a lot easier.  

 

HDF samples, reinforced with thin fibre mats, all showed a increase of the flexural modulus. 

The most impressive raise was obtained with carbon fibre reinforcement, with a modulus that 

was 81% higher. This result is very positive. Even the cheap horse hair fabric brought to the 

laminate an increase of around 30%, similar to all the improvement of the other fibres. 

 

Aspen samples presented important changes depending on the adhesive used. PUR 1 

samples exhibited very few improvement compared to the new series of unenforced control 

samples. If the polyester reinforced samples were still the weakest, according to the internal 

bonding results, only carbon and glass reinforced samples showed an improvement. This 

improvement was not impressive, as low as 7.5% for carbon reinforced samples and for glass 

reinforced samples, when hessian samples only remained at the same level as the control 

samples, and all the other additional fibres made the flexural modulus drop. PUR 2 glued 

samples exhibited a better stability compared to the control sample. Still, only carbon reinforced 

samples achieved a improvement of the modulus, with a 5% rate. PVA assembled samples were 

once again less competitive than the PUR samples. But compared to the control samples of the 

preliminary study, 4 fibres brought an improvement. Unfortunately, this improvement was not 

enough to challenge the PUR samples. 

 

The hybrid laminate made of aspen and a HDF core exhibited a great flexural modulus, 

higher than all the unenforced laminates tried before. If the internal bonding results should be 

the same as the HDF samples, which were pretty low, the static bending revealed it as a good 

candidate for further tests. 

6.2.1.2 Further study and pressing process optimisation 

 

The next step in this project was to try further option to improve the laminates again.  

 

The first option was to aim not for reinforcement fibres but meshes, in this case metallic 

meshes. Their spaced meshes were expected to allow a composite effect to be created more 

easily. On the other hand, metallic meshes are a lot stiffer and less inclined to adapt themselves 

to the wood veneer surface shape.  
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The transversal flexural strength of the unenforced samples was to be investigated, and a 

comparison with Baltic birch had to be performed. The performance of a laminate as a flooring 

materials depends on many parameters, and to be able to find a product challenging the Baltic 

birch ones, this aspect of the mechanical properties had to be explored. 

 

Finally, the pressing process had to be improved. All lot of tries have been made to design a 

laminate competitive and industrially viable, but cheap improvements can also be achieved only 

by adjusting the pressing parameters. The number of simultaneous pressed laminates, the 

pressure and the temperature of the hot pressing have been investigated. 

6.2.1.2.1 Metallic reinforcement 

 

The first metal mesh (metal net 1) was made of 0.7 mm steel wires. The elements of the net 

were 4 mm² wide. The meshes were built on a woven scheme. The second mesh (metal net 2) 

was made from the same material. The difference lied in the dimensions, the second reinforcing 

mesh having a wire thickness of 0.25mm, and an element surface of 2.5 mm². 

 

 
Figure 46 Metal reinforced Aspen laminates static bending results 

 

The meshes have been used to reinforce both aspen laminate and HDF cored aspen 

laminates. The first net, as the thickest one, hardly reached 80% of the unenforced sample 

performance. The thickness of the grid did not allow a good adhesion to happen, and 

delamination occurred during the bending tests, with both structure. On the other hand, the 

thinnest mesh brought a good improvement, reaching around 11GPa with both structures, for a 
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5% gain. The main drawback of this kind of structure is the basic principle of the construction. If 

reinforcement fibres can easily be cut once glued in between the laminate layers, the meshed 

structure of the metallic nets made the sample much harder to cut. Common milling disks could 

not be used cause the teeth of it could get caught in an element of the mesh and tear it out, 

ruining the laminate properties. An industrial metal saw had to be used, but it got filled which 

wood fibres quickly, making the cutting harder and even dangerous, as at some point the stuck 

wood fibres started to burn. 

6.2.1.2.2 Transversal flexural modulus 

 

Static bending tests have been carried out in the transversal direction on aspen laminates, 

HDF cored aspen laminates and Baltic birch laminates. The Baltic birch sample has been received 

directly from a distributor, thus no information was available on the exact type of adhesive used 

in this precise construction.  

 

 
Figure 47 Transverse static bending results 

 

The comparison between Baltic birch and the samples in this project products was rather 

impressive. Aspen and HDF cored aspen samples respectively exhibited terrible modulo of 769 

and 392 MPa. Those values are respectively 9 and 18 times lower the Baltic birch modulus. On 

contrary to the Baltic birch which is nearly orthotropic (7144 MPa to 8500 MPa), the aspen and 

HDF cored aspen samples are very anisotropic, respectively 769 MPa to 10720 MPa and 392 

MPa to 10970 MPa. 
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6.2.1.2.3 Pressing process optimisation 

 

In order to improve the performance of the designed laminates, without adding any extra 

cost to the production, an optimisation of the pressing parameters has been performed. During 

the whole project, laminates were hot pressed at 70°C for 15 minutes, 2 by 2, at a pressure of 

274 psi. All those parameters have been investigated to understand and optimize their influence 

on the static bending results. 

 

The comparison of the influence of the number of laminates simultaneously pressed has 

been conducted on aspen laminates, pressed for 15 minutes at a temperature of 70°C and at a 

pressure of 377 psi. 

 

 
Figure 48 Influence of simultaneous pressing on  bending results 

 

The samples pressed one by one exhibited a higher flexural modulus. The difference 

compared to the previously used technique was a gain of 7%, the single pressed laminates 

reaching a flexural modulus of 13103 MPa. 

 

The temperature influence has been studied on both aspen and HDF cored aspen laminates. 

Only one try was performed at 30°C, with aspen, because the pressing time exceeded 30 

minutes, making it irrelevant in comparison to the others. Indeed, pressing time was maintain to 

15 minutes, even though it could easily be reduced for the pressing at high temperature. Other 

studied temperatures were 70 and 120°C. The increase in temperature led to a problem with 

the HDF cored samples. As temperature was raised over the boiling temperature of water, the 

moisture within the HDF turned into vapour and made the samples literally explode. A new 

pressure curve had to be designed, with the real pressing time reduced to half of the initial one, 
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and the last half when the laminates were pressed at 1/5 of the initial pressure, allowing the 

vapour to gently evacuate the laminates without any mechanical damage. 

 

 

 
Figure 49 Temperature influence on static bending results 

 

 

The results showed a high influence of the temperature, and a big increase of the flexural 

modulus of the laminates when pressed at 120°C. Compared to the results at the initial 

temperature of 70°C, aspen laminates gained 23% in flexural modulus. Result was even better 

with HDF cored samples, with which the flexural modulus increased of 32% to reach a value of 

14470 MPa in average. 

 

The pressure applied on the samples was the last parameter to be investigated. To compare 

with the initial pressure of 274 psi, pressing at two other pressures have been performed, with a 

step around 100 psi. The two other pressures were measured at exactly 377 and 479 psi. Tests 

were conducted on both constructions again. 
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Figure 50 Pressure influence of  static bending results 

 

Both constructions resulted in the same evolution curve. There seemed to be a plateau 

starting around 400 psi. The initial pressure applied is lower than that, thus another gain was 

obtained by modifying the pressure. From 274 to 479 psi, the flexural modulus raised of 13% for 

the aspen laminates, and of 21% for the HDF cored samples. 

6.2.2 Discussion 

 

The preliminary work in laminates project included both obtaining comparable data on 

wood only laminates, and some general results about fibre behaviour and difficulties to process 

with available rough glass fibre while looking for which fibres would be investigated further and 

ordering them.  

 

The results of both static bending tests and internal bonding tests on HDF laminates gave 

usual results. This material has been extensively studied at FPInnovations, and aim was to 

confirm the conditions of conditioning and pressing were correct. The flexural modulus was as 

low as expected, and would have needed to be multiplied by a factor 4 to challenge the 

objective, the Baltic birch laminates. For the internal bonding tests, rupture occurred within the 

wood layers, proving that the adhesive joint was not the weak point of the laminates. The tests 

on aspen were more surprising. Aspen is not reputed for its mechanical properties, but the 

wood only laminates flexural modulus was already higher than the Baltic birch modulus. Internal 

bonding also provided a good surprise as it reached more than 1 MPa in peak stress with both 

PVA and PUR adhesives. Aspen is actually penalized by its very low property in the transversal 

direction, but its properties following the longitudinal direction are very good. Another element 



 

 

 

 
 68 

 

that helped aspen laminates to reach such high flexural modulus is that it possesses very long 

fibres, making it impossible to sand. When glued and pressed, the adhesives filled in the 

irregularities of its surface, providing it a surplus of stiffness. 

 

The mechanical tests on the glass fibre reinforced laminates pointed out the progresses that 

had to be achieved before reaching good results with the fibre addition in the adhesive joints. 

Both flexural modulo and internal bonding were lower than the mere wood laminate ones. It 

appeared that the adhesives were too viscous to penetrate fully within the fibre mat and create 

a real composite effect. This was also due to the mat thickness, over 1 mm, and to the density of 

glass fibres by cm². These matters resulted in a weaker flexural modulus because instead of 

reinforcing the laminates the glass fibre mat was degrading the good adhesion between the 

wood layers. Furthermore, the bad adhesive joint did not allow a good transmission of the 

constraint through the sample and create constraint concentration points which resulted in a 

low stiffness. The internal bonding tests clearly showed the absence of adhesive penetration 

within the fibre mat, as delamination often occurred within the fibre mat, revealing a non glued 

zone that could only weaken the laminate. 

 

As this project was exploratory, a lot of different fibres were tried, both synthetic and 

natural ones. The aim of the main study was to investigate their effect on the laminates 

properties. An additional PUR adhesive was tried as well.  

 

The internal bonding tests showed very few improvements and even some drops, whether 

with the PVA or the PURs. Results were qualitatively similar with aspen or HDF. The main 

disappointment was the glass fibre reinforced laminates, which we expected to be much better, 

and that showed a huge drop, especially with the PVA adhesives. Glass fibre is fairly cheap and 

still present high properties, that is why a lot of hope were put on it. The explanation of the drop 

with the PVA adhesive is the preparation of the fibres themselves. As reinforcement fibres, 

there are not only made of glass, but coated to improve the load transfer from the matrix to the 

fibres. This coating is made to work better with thermosets than with thermoplastics like the 

PVA, which explains the very low properties of the glass reinforced PVA assembled laminates. 

The density of the glass or glass/polyester fibre mats also explain why they did not reach high 

values. Unlike carbon or aramid fibre mats, they are densely plait, which even with a low 

thickness did not allow the adhesives to penetrate the mats well. On the other hand, carbon, 

aramid or more surprisingly horse hair fibre reinforced laminates exhibited an improvement of 

their peak load. As the test direction is perpendicular to the reinforced joints and thus to the 

fibre mats, those were just hoped to keep the internal bonding property stable. But some gain 

appeared due to the fibre addition. This occurred because even if the test is designed to reduce 

the effect of misalignment , it cannot be completely avoided. When both upper and lower 
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testing devices are not perfectly aligned, the reinforced joints distribute the load all over the 

test sample, avoiding the creation of constraint concentration points. 

 

The static bending tests pointed out the weaknesses of the natural fibres. Even soaked into 

a polymer matrix, they still could not improve the laminate stiffness, no matter which adhesive 

was used. Synthetic fibres showed better results, even with the PVA adhesive. 

 

A difference has to be pointed out between HDF and aspen laminates. Indeed, HDF 

laminates gains with the addition of fibres were tremendous (until 81% with carbon fibre), but 

the starting point is too low to compete with the Baltic birch products. To be able to achieve 

that, a 400% improvement would be needed, which is far from what occurred. These results will 

though be kept in mind for other applications, and also as clues for further work in this project. 

All fibre additions improved the stiffness of the laminates from 17% for the polyester fibres to 

81% for the carbon fibres. 

 

Gains in aspen based laminates were much lower. That basis value is much higher, and to 

improve it, the cohesion between the fibre mats and the adhesive have to be very good, and 

create a real composite effect. All tested samples were statistically at the same level than the 

unenforced sample, highest improvement being achieved by the carbon fibre reinforced 

composite again, but only reaching 5 and 7% with PUR adhesive. 

 

Another solution of unenforced laminate was tested as well at this level. As HDF could not 

be used as a full composite, it has been tried to use it as a core material for the aspen laminates. 

HDF is even cheaper than aspen veneer as it is made of wastes from the wood industry, and 

using it in this way can improve the economical viability of the product. Another reason why it 

was tested is that in the [0-90-0] aspen laminates, the core layer is in the transversal direction, 

which means that it does not bring any support to the composite as aspen is really weak in this 

direction. The bending test confirmed that this solution was a viable alternative, as the flexural 

modulus reached a value of nearly  11 GPa, thus a 12% gain compared to the aspen only 

laminate. 

 

Metallic reinforcements were tried as well to improve the laminates properties. Two 

different meshes were tried. The first one clearly degraded the composite properties as it was 

too thick, making a good adhesive joint an impossible goal to reach. The second one though, 

that was thinner, was able to match much better the wood surface. Those metallic 

reinforcements were tried on both aspen and HDF/aspen laminates. The results with the thin 

wired metallic mesh resulted in the highest flexural modulo obtained at this point of the of the 

project with nearly 11 GPa for the reinforced aspen laminate and over that for the HDF/aspen 

reinforced one. The thinner metal net allowed a full inclusion of the net within the adhesive, and 
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the large elements of the mesh assured what could not be achieved with glass fibre for example: 

a real composite effect. 

 

The next investigation trail was to check on the other direction properties compared to the 

Baltic birch properties. The transversal flexural modulus of the aspen and HDF/aspen was 

tested, and the results were shocking. Where Baltic birch exhibited a transversal modulus of 7 

GPa, the laminates designed in this project could net even reach 1 GPa. The appalling properties 

of aspen in the transverse direction showed up in this test. The effect of this difference between 

aspen and Baltic birch will have to be part of a further investigation. As we saw before, if the 

fibre addition did not bring much improvement on the already competitive aspen laminates in 

the wood fibre direction, it improved a lot the properties of the weaker HDF laminates. The 

addition of fibre within the joints could then help not to increase again a property that already 

gets past the Baltic birch ones, but to reduce the effect of the weak point of the designed 

laminates and make the aspen and HDF/aspen laminates credible challengers to the Baltic birch 

products. 

 

The last part of the project was dedicated to the optimisation of the pressing process. When 

designing a composite, the pressing details are very important. From the temperature until the 

pressure through the pressing time, all these parameters have an influence on the mechanical 

properties of the adhesives, thus on the properties of the whole composites. Briefly summed up, 

all parameters could be improved compared to the first pressing. The reduction from 2 to 1 

laminate pressed at the same time, the increase in temperature and in pressure all improved 

the stiffness of the laminates.  

 

The temperature in particular brought some amazing results with a HDF cored aspen 

laminate flirting with the 14,5 GPa of flexural modulus. Combining all these improved 

parameters and check whether the gains add to the others or annihilate each other is one of the 

further study that will bring the most important information. Raising the temperature modifies 

the polymerisation kinetics and even allows to reduce the pressing time, which improves the 

whole process.  

 

The pressure influence acts at several levels. The first one is the veneer density. At 400psi, 

starting from three 3 mm layers, the final laminate was less than 8 mm thick. It means that the 

aspen veneers were densified, increasing their mechanical properties along the way. The second 

one is the adhesive joint itself. The more the adhesive is allowed to expand, the worse its 

properties are. While increasing the pressure, the adhesive polymerize in a dense thin layer 

providing the laminate a strong adhesion between the wood layers and a mechanically 

competitive polymer layer at the joint.  

 



 

 

 

 
 71 

 

The number of simultaneous presses laminates mixes the temperature and pressure effects. 

When to laminates are pressed at the same time, the two layers in the middle absorb each other 

load, which does not occur when the wood in directly in contact with the press steel plates. The 

temperature in the two adhesive joints that are the closest to the middle is also slightly lower 

than on the outside, and as it was just explained, it has a huge influence on the laminate 

properties. 
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7 CONCLUSION 

 

The nanosol project took an unexpected direction for one part and went to its end for the 

other.  

 

The black spruce part objectives had to be redefined. An efficient method was designed to 

improve the black spruce impregnation and allow further experiment as it had been planned at 

the beginning of the project.  

 

The sugar maple part went to its end. The use of the nanosol technique achieved improving 

the wood properties for indoor applications. Both roller coater and vacuum impregnation 

methods exhibited good results, but the vacuum technique clearly over took the other one. If 

some properties remained constant, both alumina and silica nanosols efficiencies have been 

proved from several points of view. Hardness and impact resistance were improved on this 

already naturally resistant wood specie. 

 

 

The laminate project also diverged a bit from its original aim. It was expected though, as it 

was an exploratory project destined to give a strong database to start narrowing the range of 

solutions to achieve its goal. 

 

The mechanical properties of the fibre reinforced composites hugely differed depending on 

the adhesive and the fibre used, but good improvements on the flexural modulus have been 

achieved, and deserved to go deeper into them. If only the thickness of the fibre mats was 

questioned in this project, the penetration of the adhesive within the fibre mat is the critical 

point, as demonstrated with the thin metallic net addition. The internal bonding tests of the 

fibre reinforced composites revealed another interest of the fibre addition and proved its 

efficiency to improve the laminates properties. 

 

Wood only laminates have been extensively investigated and gave surprisingly good results. 

An hybrid solution of aspen and HDF in particular marked itself out as a very interesting 

alternative to the Baltic birch products. Three aspen layer laminates also exhibited high level 

properties and filled the objectives as first stated, that is to say challenge the Baltic birch on its 

flexural modulus in the longitudinal direction. 

 

A broad range of solutions to design a real challenger  to the Baltic birch have been tested, 

and the actual final product will be one among all those solution.  
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8 FURTHER WORK 

 

The nanosol project will now have to be clearly divided in two parts. 

 

The nanosol project first aim still has to be achieved with black spruce. This means that a full 

study of the efficiency of nanosols use in order to fight UV and fungus degradation of wood has 

to be performed. Silver and zinc oxide are the two candidates to be tried, and accelerated 

ageing will be conducted on the impregnated samples. Colour tests will judge the efficiency of 

the nanoparticles. 

 

It is believed that the nanosol technique can still be improved with sugar maple. To improve 

the anchorage of the nanoparticles within the wood, the addition of several resins to the 

impregnation solution will be tested. Another route also deserved to be deepen. As the nanosol 

technique proved its efficiency to improve the wood properties, it will be tried to enhance the 

hardness and impact resistance of the finishing system itself, designing by this means a fully 

nanosol improved process. 

 

The laminate project has been completed. But as it was an exploratory project, opening 

routes for further studies, there is still a lot than can be done. 

 

Two more adhesives are to be tested with both wood only and fibre reinforced laminates: 

MF (melamine formaldehyde) and PF (phenol formaldehyde). 

 

The most important thing is to investigate the influence of the bad transverse flexural 

modulus on the dimensional stability over time and under hard conditions as it can be found in 

Canada. The results on HDF laminates showed that a low flexural modulus can be improved a lot 

by the addition of reinforcement fibres within the adhesion joint, and this is a trail to follow if 

the transverse modulus has to be increased to challenge Baltic birch products. 

 

The adhesive penetration is another key point to investigate. Less dense mats have to be 

tested with the optimized process conditions. Another route is the pre-impregnation of the fibre 

mats, or the use of an already designed thin composite layer. 
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APPENDIX 1 

 

 
Figure 51 Optical microscopy images of 21277 nanosol in sugar maple 

 

 
Figure 52 Optical microscopy images of 21493 nanosol in sugar maple 
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Figure 53 Optical microscopy images of Bindzil nanosol in sugar maple 

 

  

Hardness 

  

Hardness 

Average Std Dev Average Std Dev 

    

W630 

RC ctrl 5,91 0,67 

21493 

RC ctrl 5,91 0,72 

RC-f0 5,58 0,68 RC-f0 5,63 0,73 

RC-f1     RC-f1 5,77 0,51 

RC-f2 5,77 0,78 RC-f2 5,71 0,84 

V-Ctrl 5,67 0,55 V-Ctrl 5,66 0,66 

V-f0     V-f0 5,73 0,83 

V-f1     V-f1     

V-f2     V-f2 5,8 0,59 

    

21277 

RC ctrl 5,95 0,73 

Bindzil 

RC ctrl 6,12 0,76 

RC-f0 5,74 0,81 RC-f0 5,84 0,81 

RC-f1     RC-f1 5,98 0,76 

RC-f2 5,74 0,74 RC-f2 6,03 1,02 

V-Ctrl 5,75 0,6 V-Ctrl 5,82 0,52 

V-f0 5,92 0,66 V-f0 5,98 0,54 

V-f1     V-f1     

V-f2 5,98 0,85 V-f2 5,95 0,66 

Figure 54 Modified Brinell hardness test results 
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  Pull Off   Pull Off 

  Average   Average 

      

W630 RC-f1  21493 RC-f1 5,78 

 RC-f2 3,54  RC-f2 3,54 

 V-f1   V-f1  

 V-f2   V-f2 2,68 

      

21277 RC-f1  Bindzil RC-f1 5,19 

 RC-f2 4,25  RC-f2 4,37 

 V-f1   V-f1  

 V-f2 3,81  V-f2 3,48 

Figure 55 PullOff test results 

 

  

Width (mm) Depth (mm) 

Average Std Dev Average Std Dev 

  

W630 

RC ctrl 7,29 0,22 0,36 0,05 

RC-f0 6,48 0,32 0,29 0,04 

RC-f2 6,43 0,32 0,34 0,05 

V-Ctrl 7,25 0,21 0,38 0,03 

  

21277 

RC ctrl 7,28 0,22 0,37 0,04 

RC-f0 6,17 0,31 0,3 0,05 

RC-f2 6,61 0,27 0,36 0,04 

V-Ctrl 7,27 0,23 0,37 0,04 

V-f0 6,73 0,25 0,31 0,04 

V-f2 6,57 0,22 0,3 0,03 

  

21493 

RC ctrl 7,26 0,18 0,36 0,03 

RC-f0 6,15 0,47 0,27 0,04 

RC-f1 6,49 0,25 0,33 0,03 

RC-f2 6,48 0,26 0,33 0,04 

V-Ctrl 7,28 0,3 0,38 0,03 

V-f0 6,7 0,26 0,34 0,04 

V-f2 6,69 0,23 0,33 0,04 

  

Bindzil 

RC ctrl 7,23 0,28 0,35 0,04 

RC-f0 7 0,28 0,32 0,04 

RC-f1 6,49 0,2 0,31 0,04 

RC-f2 6,47 0,31 0,33 0,05 

V-Ctrl 7,29 0,19 0,37 0,03 

V-f0 6,85 0,25 0,36 0,04 

V-f2 6,61 0,24 0,33 0,03 

Figure 56 Impact test results 
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APPENDIX 2 

 

 Aspen 

Internal Bonding 

Peak Stress (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 1 

Carbon 1,899 0,422 

Aramid 1,423 0,464 

Glass 1,696 0,162 

Glass-

Polyester 1,542 0,254 

Polyester 1,242 0,337 

Hessian 1,471 0,266 

Horse 

hair 1,705 0,302 

PUR 2 

Carbon 2,106 1,192 

Aramid 2,209 0,902 

Glass 1,475 0,185 

Glass-

Polyester 2,177 0,48 

Polyester 1,155 0,138 

Hessian     

Horse 

hair 1,569 0,137 

PVA 

Carbon 0,194 0,074 

Aramid 1,125 0,372 

Glass 0,344 0,196 

Glass-

Polyester 0,389 0,189 

Polyester 0,569 0,16 

Hessian 1,177 0,186 

Horse 

hair 0,345 0,295 

Figure 57 Reinforced Aspen laminates IB results 
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Aspen  

Bending test 

Elastic modulus in 

Flexion (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 1 

None 9817 558 

Carbon 10588 338 

Aramid 9707 629 

Glass 10553 987 

Glass-

Polyester 8808 1066 

Polyester 8376 844 

Hessian 9817 336 

Horse 

hair 9016 988 

PUR 2 

None 10720 682 

Carbon 11289 704 

Aramid 10678 522 

Glass 10420 674 

Glass-

Polyester 9609 239 

Polyester 9963 441 

Hessian     

Horse 

hair 9043 143 

PVA 

Carbon 9303 554 

Aramid 10071 373 

Glass 10168 446 

Glass-

Polyester 8244 1031 

Polyester 10165 540 

Hessian 8671 1203 

Horse 

hair 7547 701 

Figure 58 Reinforced Aspen laminates static bending results 
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 HDF 

Internal Bonding 

Peak Stress (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 1 

Carbon 0,833 0,194 

Aramid 0,701 0,209 

Glass 0,436 0,036 

Glass-

Polyester 0,543 0,117 

Polyester 0,634 0,073 

Hessian     

Horse hair 0,855 0,171 

Figure 59 Reinforced HDF laminates IB results 

 

 Aspen + HDF core 

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 1 None 10966 704 

Figure 60 Aspen/HDF laminates static bending results 

 

HDF  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 1 

Carbon 4244 222 

Aramid 3161 328 

Glass 3150 83 

Glass-Polyester 3103 384 

Polyester 2744 142 

Hessian     

Horse hair 3048 516 

Figure 61 Reinforced HDF laminates static bending results 
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Aspen  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 2 
Metal net 1 7685 1569 

Metal net 2 10851 751 

Figure 62 Metal reinforced Aspen laminates static bending results 

 

Aspen/HDF core  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Fibre Average Std Dev 

PUR 2 
Metal net 1 8183 419 

Metal net 2 11058 871 

Figure 63 Metal reinforced Aspen/HDF  laminates static bending results 

 

  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Specie Average Std Dev 

PUR 2 

Aspen 769 60 

Aspen HDF 392 32 

Baltic birch 7144 656 

Figure 64 Mere laminates static bending results in transversal direction 

 

 Aspen 

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Temperature (°C) Average Std Dev 

PUR 2 

30 10421 653 

70 10720 682 

120 13173 1087 

Figure 65 Temperature effect on Aspen  laminates static bending results 
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 Aspen/HDF core 

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Temperature (°C) Average Std Dev 

PUR 2 

30     

70 10966 704 

120 14470 663 

Figure 66 Temperature effect on Aspen/HDF  laminates static bending results 

  

Aspen  

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Pressure (psi) Average Std Dev 

PUR 2 

274 10720 682 

377 12209 709 

479 12142 641 

Figure 67 Pressure effect on Aspen laminates static bending results 

 

Aspen/HDF core 

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Pressure (psi) Average Std Dev 

PUR 2 

274 10966 704 

377 12366 480 

479 13232 640 

Figure 68 Pressure effect on Aspen/HDF  laminates static bending results 

 

 Aspen 

Bending test 

Elastic modulus in Flexion (Mpa) 

Adhesive Number of laminates Average Std Dev 

PUR 2 
1 13103 787 

2 12209 709 

Figure 69 Number of simultaneous pressing effect on Aspen laminates static bending 

results 

 


