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Abstract 

Radiation curable coatings are presently the standard in the wood flooring industry. Their great properties 
paired with their fast curing explain why they are now the most used coatings for prefinished wood 
flooring. Although important improvements can still be brought to these coatings. During the last years, 
nanoparticles have gained increasing interest in the paint and coatings industries. It could lead to similar 
results for the thermoset materials. 
 
In this project, metal oxides (alumina, silica and zirconia) and clay nanoparticles were added in a typical 
UV acrylate formulation for wood flooring. This formulation was chosen mostly for its wear resistance, 
low yellowing and fast curing. 
 
Nanoparticles were added in the acrylate formulation by different techniques (high speed mixing, ball 
milling, bead milling and three roll milling). Then, article size characterization was performed. Different 
techniques were employed according to the nanoparticles studied (metal oxides or clay). Microscopic 
experiments were also performed with an aim of supporting these results. 
 
Then, nanoparticles and coupling agents addition effects on curing (speed and percentage of curing) were 
studied by photo-calorimetry (photo-DSC) and real-time infrared spectroscopy (RT-FTIR).  
 
Mechanical properties (hardness, adhesion, scratch resistance, wear resistance, direct and reverse impact 
resistance) were evaluated. Optical properties (color, gloss, haze and optical clarity) and thermal 
properties were also assessed. 
 
For clay-based coatings, an analysis of variance (ANOVA) was performed in order to determine if clay 
loading and clay dispersion affect the mechanical and optical properties. 
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1 Introduction 
The use of coatings cured by irradiation, ultraviolet (UV) or electron beam (EB) has grown considerably 
since the technology began in the 1970s. In 2005, the quantity of UV or EB products grew for the 35th 
consecutive year, reaching 95,000 tonnes. Wood and graphic arts are the primary activity sectors using 
these coatings. In 2005, secondary wood breakdown industries held a 22% share in volume of UV or EB 
products (Cohen, 2006). Floor covering industries are the main users of these coatings.  
 
The wood floor covering industry is perfectly suited for high solid content ultraviolet curing. The surface 
to be overlaid is two-dimensional, which allows for the use of an applicator roll. The coatings used are 
most often translucent. These are the optimal conditions for applying and curing high solid content UV 
coatings. The wood floor covering industry has been using this technology and enjoying its major 
advantages for many years. Rapid curing, mechanical and chemical performance greatly superior to past 
conventional finishing systems, reduced emissions of volatile organic compounds and other atmospheric 
pollutants, transportation costs, energy required for curing the coatings, and reduced storage space are 
among the advantages behind the fast spread of this technology within this North American industry.  
 
Yet, this technology is not sufficient to maintain a competitive and strategic advantage for the North 
American industry. Over the last few years, by far the greater part of the world’s wood floor covering 
industry has turned toward UV-cured high solid content acrylate coatings. The North American and 
European industries are, therefore, no longer the only ones taking advantage of this curing technology. 
The North American floor covering market has been subject to strong competition from emerging 
economies, chief among these being China and Brazil. They have cheap labour and/or vast forests of 
tropical species with prized wood on the world market. For these reasons, it is relatively easy for these 
countries to invade the markets that North American businesses could traditionally count on.  
 
For these reasons, the North American industry has been in a crisis that has severely affected its sales in 
the past few years. In 1997, Canadian imports of Chinese wood floor covering were negligible. They now 
hold one third of the Canadian market. The situation is similar in the United States. From 1999 to 2005, 
the Chinese share of the American import market went from 3.5% to 46.5%. This huge increase, 
combined with a drop in wood floor covering market share vs. other types (carpets, laminates, ceramic, 
rubber, etc.), is seriously threatening the financial health of several North American wood flooring 
businesses. 
 
This major crisis requires the development of new products that the North American industry can use to 
distinguish itself from its competitors and justify the sale of its floor coverings at higher prices. A number 
of avenues have been explored, some of which suggest improvement or promotion of the finishing 
products being used. 
 
Hundreds of studies on thermoplastic nanocomposites have been published over the last two decades. 
They clearly indicate an improvement in the properties of polymer matrices following the addition of 
nanoparticles. It has been unequivocally established that the addition of certain nanometric particles to a 
polymer matrix can improve mechanical, optical, physical, rheological, electrical and other properties. 
These studies have been essentially carried out for thermoplastic polymers such as polyolefin 
(polyethylene, butadiene rubber, polypropylene, etc.).  
 
Studies on thermosetting nanocomposites are far less common. Some studies on epoxide matrices and 
UV-cured acrylate coatings have now been published. Their results are highly promising.  
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However, it is not simple to add nanoparticles to polymer matrices. Because they are more expensive than 
their chemical counterparts on a micrometric scale, they must be used to their full potential. They must be 
well-dispersed and used parsimoniously to keep costs of preparation and use down. With that in mind, 
using them only in the topcoats of floor finishing systems could significantly improve the quality of 
coatings.  
 

2 Objectives 
The overall goal of this project is to assess the potential for nanoparticles in UV-cured acrylate coatings 
for floor coverings.  
 
Specific objectives are: 
 

o Incorporate and spread various nanoparticles in a typical acrylate formula used for wood floor 
coverings. The dispersion of nanometric particles should be applied in brief periods of time. The 
processes used should be easily transferable to industry. To remain cost competitive, the 
percentage of nanoparticles incorporated into resins should be kept as low as possible, i.e., less 
than 10% by weight. 

o Second, study and image the dispersion of nanoparticles. Analytical techniques will be selected 
according to the nanoparticles tested. 

o Third, evaluate the kinetics and curing level of the various formulations to obtain a better 
understanding of the mechanical, thermal and optical properties being studied. 

o Finally, evaluate the mechanical, optical and thermal properties and the stability of prepared 
formulations and compare them to commercial products prepared with a micrometric aluminum 
oxide. 

 

3 Staff 
This project is a collaboration between the Université Laval and FPInnovations Forintek Division.  
 

Name Role Affiliations 

Véronic Landry Ph.D. Candidate Université Laval,  
FPInnovations – Forintek Division 

Pierre Blanchet Group Leader and Adjunct 
Professor 

FPInnovations – Forintek Division, 
Université Laval 

Bernard Riedl Professor Université Laval 
Martin O’Connor Technician FPInnovations – Forintek Division 

 

4 Results 
The results of this project were presented in three scientific publications. The first one is entitled 
“Alumina and Zirconia Nanocomposites Coatings for Wood Flooring: Photocalorimetric 

Characterization”. This paper was accepted in the journal Progress in Organic Coatings. The second 
paper is entitled “Nanolay Dispersion Effects on UV Curing” and was also accepted in the Progress in 

Organic Coatings journal. Last paper is entitled “Mechanical and Optical Properties of Clay-based 
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Nanocomposite Coatings for Wood Flooring” and will be submitted in the journal Surface and Coatings 

Technology. 
 

4.1 Article 1: Alumina and Zirconia Nanocomposites Coatings for Wood Flooring: 
Photocalorimetric Characterization 

4.1.1 Introduction 

Many nanocomposites studies were published in the last decade. Thermoplastic polymers like 
polyolefins (PP. and PE), polyurethanes, polyimides and nylons are among the most studied matrices 
(Ray and al., 2006). Their uses in the automotive and aerospace industries explain the widespread interest 
for new and improved products. In many cases, fillers and coupling agents are added in polymers to 
enhance properties. The most used fillers are aluminum oxide (Al2O3), clay, calcium carbonate (CaCO3), 
silica (SiO2) and titanium dioxide (TiO2). Studies show that their addition in polymers is often related to a 
great improvement of mechanical properties. Improved scratch and impact resistance, Young’s modulus, 
modulus of rupture are among the most researched properties for thermoplastic nanocomposites. Flame, 
fire and moisture resistance seem to be improved by clay introduction and exfoliation in thermoplastic 
polymers (Utracki and al., 2004). Thermoset nanocomposites studies are fewer then those performed for 
thermoplastic matrices. Processes with the first ones are more difficult to develop and applications, even 
if they cover a wide range of industries, are less diversified than for thermoplastics. Adhesives and 
coatings are two very widespread industries who are both under continuous development and use large 
quantities of thermoset polymers, especially epoxies and acrylates. The uses of reinforcing agents in these 
industries are quite important and this is one of the reasons why nanocomposite studies are popular 
presently. Epoxy nanocomposites studies in the last few years showed a strong increase. Montmorillonite 
exfoliation in epoxy polymer was one of the major interest (Chen and al., 2003; Chin and al., 2001). 
Exfoliated nanocomposites were shown to increase the Young’s modulus (Yu and al., 2004) and fracture 
toughness (Liu and al., 2004). Nanocomposites were also prepared with carbon fiber and silica (Zheng 

and al., 2005). Those prepared with carbon nanofiber presented higher temperature performance 
capability, better mechanical performance, an extreme environment corrosion resistance and an improved 
dimensional control compared to neat epoxy. Epoxy-silica nanocomposites showed elastic modulus 
improvement and epoxy glass transition increased.  
 
Acrylate thermoset nanocomposites studies started to be published in 2000 (Glasel and al., 2000). These 
studies are largely due to the growth of UV radiation curable coatings in many industries. These coatings, 
developed in the last ‘70s, now have a wide market share in all the important coatings areas (metal, plastic 
and wood) and are still under development. UV curing is an important technology for printing inks, 
overprint varnishes, adhesives, food packaging and in the electronic devices industries. UV coatings 
present an important advance for the finishing technology. In fact, their curing rate and mechanical 
performance make the UV coating technology very popular for many wood industries (Van den Branden, 

2000). While wood flooring industries have switched to UV technology ten years ago, they are still 
looking for mechanical resistance improvement, especially with regard to scratch and wear resistance. To 
obtain a strong and resistant coatings, curing has to be well done. The photo-calorimetry technique is 
certainly among the best ways to evaluate and to quantify UV curing. 
 
In the last five years this technique appeared to be a state of the art technique to study radiation curable 
coatings. A small number of studies have been published on photo-DSC technique, and the technique 
already has shown a great analytical potential. Popular topics studied with photo-DSC are oxygen 
inhibition (Bentivoglio Ruiz and al., 2004; Uhl and al., 2004; Lee and al., 2004) of photocured systems, 
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acrylate polymerization kinetics (Lee and al., 2003), influence of monomers and oligomers structure on 
photocuring rate and new photoinitiators efficiency (Cavitt and al., 2004; Davidenko and al., 2003). 
Recently, a few studies on acrylate nanocomposite were reported. Cho and al (2004) have studied the 
effects of different loadings of silica nanoparticles in acrylate formulations. They studied the heat of 
reaction and curing rate as a function of silica loading. Similar studies were performed for clay 
nanocomposites coatings (Shemper and al., 2004). In this study, nanoclay particles were added in the 
formulation as well as alumina and zirconia nanoparticles in a typical wood UV curing formulation. 
Coupling agents were also considered in those formulations. Photo-DSC was used to study the effect on 
polymerization rate and amount. The effects of nanoparticles and coupling agents introduction on curing 
of radiation curable coatings were investigated by the aim of Photo-DSC.  
 
4.1.2 Materials and Methods 

4.1.2.1  Materials  

Basic formulation was prepared from two acrylate monomers and oligomers. The acrylate 
monomers which were used are 1,6 hexanediol diacrylate (HDODA, SR 238, 9 cps) and tripropylene 
glycol diacrylate (TRPGDA, SR 306, 15 cps), two bifunctional monomers. HDODA is a low viscosity 
and fast curing monomer. TRPGDA has a low volatility and viscosity. The oligomers chosen are an 
aliphatic polyester-based urethane hexaacrylate oligomer (CN 968, 18000 cps) and a difunctional 
bisphenol A based epoxy acrylate blended with TRPGDA (CN 104A80, 36000 cps). CN 968, an 
hexafunctional oligomer which shows good abrasion and heat resistance, is also a fast cure response 
monomer. CN 104A80, a high reactivity bifunctional acrylate, is the lowest color bisphenol A based 
epoxy acrylate. Moreover, it provides a good balance of water properties and high reactivity. All acrylate 
products were provided by Sartomer. The free-radical photoinitiator chosen is 2-hydroxy-2-methyl-1-
phenyl-1-propanone (Darocur 1173) from Ciba Specialty Chemicals. This one decomposes in a benzoyl 
radical and an isopropanol radical, both able to initiate and propagate quickly the free radical 
polymerisation. Darocur 1173 is a liquid photoinitiator with good solvency properties so it is easy to 
incorporate in acrylate formulation and is recommended for minimal yellowing. This photoinitiator 
presents UV absorption peaks in methanol at 245, 280 and 331 nm.  
 
Four different reinforcing agents were added in the basic formulation, three nanofillers and one 
comparative micrometric filler. The last was a 5 microns alumina, mostly used in UV topcoat for wood 
flooring applications. The three nanofillers chosen were two aluminas and one zirconia. The first 
nanometric alumina was received in powder form and the second was received already dispersed at 
30%w/w in one of the acrylate monomers used in this study, TRPGDA. Zirconia was also received in 
powder form. Table 1 compares the properties of the nanofillers: mean particle size, surface area and 
refractive index in visible light. 
 

Table 1 Properties of the three different nanofillers used in this study: Mean particle size, 

Surface area and Refractive index 

 

Properties 1-Al2O3 2-Al2O3 ZrO2 
Hardness (Mohs Scale) 9 9 6.5 
Surface Area (m2/g) 100 ±15 unknown 15-40 
Mean Particle Size (nm) 13 40 30-60 
Refractive Index 1.7-1.8 1.7-1.8 2.13-2.20 
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Two coupling agents were also added into the different formulations in order to enhance the coupling 
between the metal oxide fillers and the acrylate matrix. Silanes are the most used coupling agents in 
radiation curable coatings and in paint and coatings in general. A methacrylfunctional silane that can be 
used as adhesion promoter, surface modifier, co-monomer for polymer systhesis and crosslinker was our 
first choice (a trimethoxysilylpropylmethacrylate, Dynasylan MEMO, from Degussa). The alkoxy group 
undergoes hydrolysis then reactive silanol groups produced can bond to a variety of inorganic substrates 
with hydroxyl groups, like alumina. A zirconate coupling agent was also used, 
neopentyl(diallyl)oxytriacrylatezirconate, NZ 39, from Kenrich Petrochemicals. Due to proton reactivity 
of zirconate, mixer and all laboratory accessories were beforehand washed with isopropanol solution of 
zirconate. Silane coupling agent was added at 1%w/w of nanoparticles and zirconate coupling agent at 
2%w/w of nanoparticles, following manufacturer’s specifications. These coupling agent were added in 
two different ways in the neat acrylate formulation, as described in the following section. Figure 1 shows 
the structure of both coupling agents. 

                                            
                          (a)                                                                                    (b)  

Figure 1 (a) Silane coupling agent: 3-(trimethoxysilyl)propyl methacrylate; (b) Zirconate 

coupling agent: neopentyl(diallyl)oxytriacrylate 

 
4.1.2.2  Neat acrylate formulation 

Basic acrylate formulation was prepared from acrylate monomers and oligomers, defoaming 
agent and photoinitiator. The two acrylate oligomers were first mixed together, then defoaming agent was 
added. Mixing was performed for five minutes. Then, monomers were added and mixed again for five 
minutes. If needed, fillers and coupling agent can be added, as explained in the following section. 
Photoinitiator was always added at the end of the mixing process to prevent as much as possible the 
evaporation of this reactant. 
 
4.1.2.3 Nanocomposites preparation 

Nanocomposites were prepared by in situ and ex situ method. Both methods are presented in the 
literature, despite only the first one being used in industry. In the first case, nanoparticles were added into 
basic acrylate formulation, and then coupling agent was added. Formulations were mixed for 10 minutes 
with high speed mixer in order to favour coupling between filler and coupling agent. Photoinitiator was 
the last component added. For ex situ method, fillers were first refluxed under nitrogen atmosphere for 
eight hours in ethanol. Coupling agents were added at the beginning of the reflux. Once this treatment 
was completed, solvent was evaporated and the treated particles were washed three times with fresh 
ethanol. Table 2 presents the composition of the different formulations. 
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Table 2 Composition of the different formulations 

 

Name Monomer Oligomer Filler Coupling agents 

  g ± 0.1 g ± 0.1 g ± 0.1 Filler  Addition  type  g ± 0.01 

B 27.7  68 0       0.00 

A1 26.3  64.7 8 Al2O3 5 µm in situ   0.00 

A2 26,3 64.7 8 2-Al2O3 in situ   0.00 

A3 26.3  64.7 8 1-Al2O3 in situ   0.00 

A4 26.3  64.7 8 1-Al2O3 in situ silane 0.08 

A5 26.3  64.7 8 1-Al2O3 ex situ silane 0.08 

A6 26.3  64.6 8 1-Al2O3 in situ zirconate 0.16 

A7 26.3  64.6 8 1-Al2O3 ex situ zirconate 0.16 

Z1 26.3  64.7 8 ZrO2 in situ   0.00 

Z2 26.3  64.7 8 ZrO2 in situ silane 0.08 

Z3 26.3  64.6 8 ZrO2  in situ zirconate 0.16 
 
4.1.2.4 Methods 

Metal oxide dispersion was assessed by a particle analyser, Zetasizer Nano ZS, from Malvern 
instruments. This apparatus allows the determination at higher particle concentration then conventional 
light scattering techniques. Back scatter technology increased the concentration limits and the sensitivity 
of the technique. In a conventional light scattering apparatus, detection angle is 90o, the maximum sample 
concentration is affected by the multiple scattering. NIBS detection is performed at 173o, which is very 
helpful to decrease multiple scattering. Then, sample concentrations can be as high as 5%w/w, depending 
of particle size. Zetasizer Nano ZS allows to determine particle size distribution of highly concentrated 
solutions. Metal oxide dispersions were prepared in HDODA in a ball mill for two hours. Z-average 
diameter and polydispersity index (PDI) are presented in this paper. 
 

The impact of nanoparticles addition on curing behaviour was evaluated with a Photo-DSC (DSC822e 
from METTLER-Toledo). The UV source used is LightningcureTM L8333, which is a Mercury-Xenon 
lamp (240 nm to 400 nm) from Hamamatsu with a maximum absorption at 360 nm. Figure 2 presents the 
output curve of the UV lamp used. Nanocomposites samples prepared for these experiments were 
prepared at 2.0 ± 0.1 mg and they were cured at an intensity of 40 mW/cm2 at a thickness of 200 µm. 
Experiments were performed under air flow of 50 ml/min at 30oC. Heat of reaction and induction times 
are obtained from exotherms. Kinetic parameters of the different formulations like reaction orders and 
rate constant were determined.  
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Figure 2 Spectral distribution of the Hamamatsu UV light source (02 type) 

 

4.1.3 Data reduction 

Photo-DSC allows the obtention of an exotherm related to the radiation curing of the acrylate 
coatings. Thermosetting resins have two general kinetics models: nth-order and autocatalytic models. The 
first one can be expressed by the following equation: 
 

nk
dt

d
)1( α

α
−=                                                                                                                Equation 1 

 
Where dα/dt is the reaction rate given in sec-1, α is the extent of reaction or the fraction conversion after 
time t, k is the specific rate constant and n is the reaction order. The radiation curable coatings studied 
here follow an autocatalytic model. This model was first introduced by Kamal (Kamal and al., 1973), 
processes following the autocatalytic model can be represented by eq. (2): 
 

nmkk
dt

d
)1)(( 21 αα

α
−+=                                                                                                Equation 2 

 
k1 is the externally catalyzed rate constant and k2 is the autocatalyzed rate constant with Arrhenius 
temperature dependency. The reaction orders m and n represented respectively the initiation and 
propagation step. If the initial rate of the reaction is negligible, eq. (2) can be reduced to: 
 

nmk
dt

d
)1( αα

α
−=                                                                                                          Equation 3 
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For both models, temperature dependance of the specific constant rate, k, was assumed to follow the 
Arrhenius equation presented below: 
 

)/exp( RTEAk −=                                                                                                         Equation 4 

 
Where A is the frequency or the pre-exponential factor which is a constant, Ea is the activation energy of 
the system, R is the universal gas constant (8.31 Jmol-1K-1) and T the temperature. Parameters dα/dt and α 
can be both obtained from the DSC curves. The reaction rate, dα/dt, is given by (dH/dt)/∆Ho and α, the 
extent of reaction, by ∆Hp /∆Ho. ∆Hp is the curing enthalpy after time t and ∆Ho is the maximun enthalpy, 
calculated from the area under the DSC curve. 
 
Autocatalytic model data fit is presented in Figure 3. Points represent the experimental data obtained for 
our basic formulation and full line is for the autocatalytic model. 
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Figure 3 Representation of autocatalytic model and experimental cure for formulation  

 
4.1.4 Results and discussion 

4.1.4.1 Zetasiser experiments 

Figure 4 presents an example of the results obtained with zetasizer Nano ZS for a dispersion of 
Nanobyk in HDODA, one of the monomer used in this study. In this case, particle size distribution is 
relatively sharp so only one peak is present on the resulting graph and the absence of peaks at higher sizes 
shows absence of aggregation.  
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Figure 4 Size distribution of nanoparticules for HDDA with 30%w/w of Nanobyk 3602 

 
Table 3 presents the results obtained for the different nanofillers in HDODA monomer at different 
concentrations. Mean particle size (nm) is presented in this table. Dispersions of 2-Al2O3 were done from 
0.5 to 30%w/w and no aggregation was observed, even at 30%w/w. 2-Al2O3 is a commercial dispersion of 
nanometric alumina. Particle size given by the manufacturer for those nanoparticles is 40 nm. Zetasizer 
studies give particle size (Z) from 35.5 to 37.2 nm, which are very close to company values. This means 
that aggregation is not important in this case. 1-Al2O3 and ZrO2 dispersions concentrations are 0.1, 1 and 
1.5%w/w. Zetasizer apparatus allows analysis of very concentrated samples, up to 30%w/w, but strong 
aggregation prevents good analysis and results obtained are often incorrect. Polydispersity index (PDI) is 
a mesasure of the width of the particles dispersion. Polydispersity index (PDI) inferior at 0.2 is related of 
a narrow dispersion and PDI values superior at 0.2 represent a broad dispersion. Polydispersity indexes of 
1 were found for concentration dispersions up to 1.5%w/w of nanoparticles. These results mean that 
strong aggregation occured for Al2O3 and ZrO2 dispersions as performed in our laboratory. PDI values of 
1 also revealed that the distribution of particle size in those formulations is very broad, single 
nanoparticule and aggregates of different sizes being both present. Zetasizer experiments showed that for 
a concentration of more than 1.5%w/w, the nanoparticules can easily form aggregates in acrylate 
formulations. As the formulations studied in photo-DSC were prepared at 4%w/w of nanoparticles, 
aggregates and also nanoparticles at single state were present in formulation.  

Table 3 Mean particle size (Z) of the alumina zirconia dispersions in HDODA  

Name %w/w Z (nm) 

2-Al2O3 0.5 35.5 
2-Al2O3 1 35.6 
2-Al2O3 5 36.7 
2-Al2O3 10 35.7 
2-Al2O3 20 37.7 
2-Al2O3 30 37.2 
1-Al2O3 0,1 40.8 
1-Al2O3  1 42.2 
1-Al2O3  1.5 129.9 

ZrO2 0,1 62,8 

ZrO2 1 101,5 

ZrO2 1,5 210,0 
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4.1.4.2 Photo-DSC Studies 

Table 4 shows the results obtained from the exotherms of the different formulations. Heats of 
reaction, induction times and conversion percentages are presented in this table. For a thermoset material, 
the heat of reaction represents the curing amount which is proportional to consumption of double acrylate 
bonds and crosslinking density. Heats of reaction obtained for the different formulations go from 329 J/g 
to 401 J/g. Formulation A2, prepared with Nanobyk 3602, presents poor heat of reaction. It means that a 
higher percentage of acrylate moieties in formulation remains unreacted. Zirconia nanocomposite 
coatings showed poor heats of reaction compared to neat acrylate formulation and alumina 
nanocomposite coatings. The high value of zirconia refractive index can explain these results. In fact, 
light scattering by zirconia can decrease the reactivity of the formulations.  

 

Table 4 Heat of reaction, conversion percentage and induction time of the formulations 

 

Formulations ∆H %conv. tind 

  (J/g)   seconds 

A1 379 87.1 0.21 

A2 333 76.5  0.27 

A3 372 85.5  0.27 

A4 401 92.18  0.21 

A5 361 82.9  0.24 

A6 369 84.8  0.22 

A7 359 82.5  0.24 

Z1 341 78.4  0.26 

Z2 350 80.5  0.25 

Z3 329 75.6  0.25 

Neat   370     
 

The formulations prepared with 1-Al2O3 (A3 to A7) gave better results but the heat of reaction values 
vary a lot depending of the coupling agent used and the addition technique employed. In fact, in situ 
preparation gives better results then ex situ preparation for both coupling agents. For DYNASYLAN 
MEMO, the silane coupling agent used, heat of reaction drops from 401 J/g to 361 J/g and for NZ 39, the 
zirconate coupling agent, from 369 J/g to 359 J/g. For the same preparation technique, silane coupling 
agent shows better results than zirconate. This situation is observed for alumina and also for zirconia 
nanocomposites. Silane and zirconate coupling agents have different ways to form bonds between 
molecules, although silanes are sometimes preferred because their chemistry is more simple than 
zirconates. Although some comparative studies were performed between silanes and titanates/zirconates 
coupling agent, in some cases, titanates and zirconates have shown good results. Like silica, alumina and 
zirconia used in this study are two metal oxides who can easily react with silane. Exotherms obtained for 
all the formulations prepared in this study are shown on Figure 5(a), 5(b) and Figure 6 respectively for the 
alumina and the zirconia nanocomposites. It is possible to see the difference between the curing of the 
different formulations. 
 



Application of Nanotechnology for Flooring Finishes  

 
 

 
 

 

 11 of 51 

 

0

20

40

60

80

100

0 2 4 6 8 10 12 14 16

Time (s)

In
te
n
si
ty
 (
m
W

)

A4

A7

A5

A6

 

Figure 5 Exotherms obtained from alumina-acrylate nanocomposites with the different 

aluminas used in this study 

 
The induction time is the time necessary to attain 1% of conversion. The induction time can be influenced 
by many factors including photoinitiator efficiency and oxygen inhibition. In this study, experiments were 
performed under air flow, so oxygen inhibition occurs. Still, results presented in Table 4 show that filler 
and additive type can also influence the induction time. Induction times found here are related to heat of 
reaction. In fact, the more complete is the reaction, the higher the heat of reaction and the shorter the 
induction time are. It means that the length of the induction period is closely related to the final state of 
the coatings. 
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Figure 6 Exotherms obtained from alumina-acrylate nanocomposites with the silane and 
zirconate coupling agent with in situ and ex situ methods 
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Figure 7 Exotherms obtained from zirconia-acrylate nanocomposites 
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Table 5 presents the reaction orders and the rate constant of the autocatalytic model for the different 
nanocomposite formulations. Main differences between formulations came from the rate constant. Neat 
formulation present a rate constant of 0.92 s-1. Addition of 4%w/w of micrometric alumina (A1) did not 
change the rate constant of the radiation curing. Nanobyk addition, though, change drastically the curing 
rate of the coatings. In fact, reaction is highly slowed down by the addition of 4%w/w of these 
nanoparticles which were already dispersed. Formulations prepared from nanoparticles powder showed a 
completely different behavior. In fact, no decrease in the reaction rate was observed. A slight increase 
was actually observed for all the samples. The higher rate constant value is for A4 sample, where silane 
coupling agent was added by in situ technique. This sample also shows the higher conversion percentage 
and heat of reaction. Sample prepared with silane coupling agent by ex situ technique shows a reaction 
rate slightly inferior than A4 sample. The same situation was observed for the heat of reaction and 
conversion percentage. Zirconate coupling agent addition shows basically the same behavior than silane. 
In fact, in situ preparation technique gives higher reaction rate and conversion than ex situ preparation. 

Table 5 Kinetic parameters (k, m, n) of the autocatalytic model for each nanocomposite 

formulations 

Formulations m n k(s-1) 
neat 

formulation 0.53 1.46 0.92 

A1 0.53 1.42 0.92 

A2 0.48 1.5 0.74 

A3 0.52 1.47 0.94 

A4 0.57 1.47 0.99 

A5 0.53 1.44 0.96 

A6 0.52 1.52 0.97 

A7 0.53 1.44 0.94 

Z1 0.47 1.55 0.73 

Z2 0.52 1.48 0.80 

Z3 0.51 1.50 0.85 
 

According to results obtained for aluminum oxide formulations, in situ preparation method only was used 
for formulations prepared with zirconium oxide only. In this case, silane still shows a conversion and 
reaction rate higher than zirconate coupling agent. If we compare the zirconium oxide formulation with 
silane with any others formulations prepared with aluminium oxide, except the one with Nanobyk, the 
rate constant is very low. An hypothesis for the explication of this result is the increase of light scattering 
caused by the high refractive index of zirconia, around 2.14. This one is really high compared to those of 
alumina and acrylate resin. In order to keep transparency of the acrylate coatings, particles added have to 
present a refractive index close to the one of the acrylate resin. The different acrylate components of the 
formulation used in this study present refractive index from 1.456 to 1.534. These values are smaller than 
the refractive index of zirconia. On the other hand, alumina presents a refractive index near that of the 
acrylate products. In fact, the alumina refractive index is between 1.7 to 1.8, depending of the particle size 
of alumina. Thus, refractive indexes values can explain the lower curing of the radiation curable coatings 
studied here.  
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However, refractive index hypothesis cannot explain the rate constant reduction observed for formulation 
prepared from Nanobyk dispersion. Silane and zirconate coupling agents give very different results. For 
zirconia and alumina nanocomposites, silane improves the heat of reaction. Silanes are the most studied 
and used coupling agents in the paint and coatings industry. They have been used in the past majoritarely 
with silica particles, even if some studies reported enhancement of mechanical properties when silanes are 
added to alumina and zirconia composites. Silica shows a higher density of hydroxyl groups than alumina 
and zirconia and good improvement have been observed in this study. Zirconate molecules are highly 
different from silane. According to literature, zirconate could react in different ways with fillers. 
Neoalkoxy type titanate, like the one used in this study, has been reported to react with surface protons at 
the inorganic interface of the particles resulting in the formation of matrix compatible/reactive 
monomolecular layers on the inorganic surface. Although results obtain in this study did not show curing 
improvement with zirconates addition. 
 
4.1.5 Conclusion 

Coatings formulations were prepared with 4%w/w alumina and zirconia nanoparticles. Two 
coupling agents were added in these formulations, silane and zirconate. They were added by in situ and ex 
situ technique. Zetasizer experiments show that commercial dispersion of alumina nanoparticles present a 
very narrow particle size distribution compared to dispersions performed in our laboratory. From the 
exotherms obtained for each formulation, heat of reaction and induction times were determined. They 
follow the same trend, a higher conversion associated with a shorter induction time. Photo-DSC shows 
that acrylate coatings of this study follow the autocatalytic model. The kinetic paramaters (k, m, n) of the 
autocatalytic model allow the comparison of the rate consumption of the acrylate bond for the different 
formulations. In situ preparation clearly shows better results in terms of rate of reaction and conversion 
than results obtained with ex situ preparation. The formulation which has presented the higher level of 
curing and the higher rate of reaction is the formulation A4, prepared with alumina nanoparticles with 
silane in situ preparation. Silane addition gives better results than zirconate addition. For both alumina 
and zirconia nanocomposites, conversion of acrylate resin is faster and more important with silane. 
Addition of zirconia decreased the quality of the curing. The conversion and the rate are both decreased 
by this filler. Silane improves slightly the curing quality but the heat of reaction and the rate constant 
remain lower than for neat formulation and the major part of the formulation prepared from alumina.  
 

4.2 Article 2: Nanoclay Dispersion Effects on UV Coatings Curing 

 
4.2.1 Introduction 

UV radiation curing is a technique widely used to prepare transparent coatings with good 
properties. The widespread interest for UV systems can be explained by several reasons such as their 
rapid polymerization, which can be controlled by light intensity, and their very low energy consumption. 
Moreover, UV curing technology allows low temperature operation, application versatility and good 
viscosity control. This technology is also very attractive from the environmental point of view since no 
organic solvents are required. The greatest advantage of UV coatings comes from the general properties 
improvement. Polymers cured by UV light usually exhibit superior mechanical, chemical and heat 
resistance because of their higher crosslinking density. All these advantages make UV curing an excellent 
choice for the wood product industries, especially for wood flooring where coatings have to remain in 
good conditions over their lifetime to meet warranties (up to 35 years). Despite the superiority of UV 
coatings over other coatings systems, reinforcing agents must be used to increase the properties of neat 
polymers. Most of the time, fillers like alumina and silica are mixed with polymers at the micron scale. 
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Recently, polymer nanocomposites appeared to be the most promising hybrid-organic materials. Even if 
usual fillers, like alumina and silica, were added successfully at the nanometric scale (Bauer and al., 

2002, 2003, 2004, 2005), laminate plate-like particles like mica and clay have shown the most promising 
results. Their aspect ratio, higher than those of spherical particles, can explain the widespread interest for 
the clay-based nanocomposites. Clay addition may result in great properties improvement (Leszczynska 

and al., 2007; Utracki and al., 2004; Yu and al., 2004; Liu and al., 2004) including thermal stability and 
chemical resistance. Rheological, mechanical and physical properties were also enhanced by low clay 
loading (1-5%wt). Clay-based nanocomposites have been  mostly prepared from thermoplastic polymers 
(Seyhan and al., 2007; Ray and al., 2006) like polyolefins (Picard and al., 2007; Fedullo and al., 2007), 
polyurethanes (Chen-Yang and al., 2007), polyimides (Agag and al., 2001) and nylons (Liu and al., 

2003). In fact, nanocomposites preparation is easier with thermoplastic matrices but it still leads to 
materials with lower chemical and mechanical resistance than those prepared from thermoset matrices. 
For this reason, the number of clay-based nanocomposites studies with thermoset matrices increased 
considerably in the last few years. Good clay dispersion appeared to be the key issue to the achievement 
of good properties. Over the last decade, clay exfoliation was the main concern in clay-based 
nanocomposites. The most widely used phyllosilicate in organic-inorganic hybrid materials is 
montmorillonite, a 2:1 phyllosilicate (Saint-Diaz and al., 2000). Clay is composed of platelets stacked 
together. One montmorillonite platelet is made from two Si tetrahedral sheets separated by one Al 
octahedral sheet. Isomorphic substitution of Al3+ by Mg2+ generates permanent negative charge within the 
layers. Thus, to counterbalance the negative charge, inorganic cations like Ca2+ and Na+ are located 
between the layers. To achieve great properties improvement, many studies have shown that clay layers 
have to be separated. However, clay platelets exfoliation is difficult to achieve due to strong ionic 
bonding between the negatively charged clay layers and the intergallery inorganic cations. Substitution of 
Ca2+ and Na+ ions by organic cations leads to a more organophilic filler than the original hydrophilic clay 
and facilitates the separation of the clay layers. Alkylammonium salts have been used to treat unmodified 
clay. This process allows resin penetration between the clay layers, thus clay exfoliation can be achieved. 
However, even if cations exchange facilitates exfoliation, clay still has to be added in polymer matrix by 
mechanical way. Decker and al. (2005) have used seven hours ultrasound treatment to disperse 
montmorillonite in their acrylate and epoxy functionalized resin. Transmission electron microscopy 
(TEM) and X-ray diffraction (XRD) have shown that ultrasound treatment leads to exfoliated structures 
when modified clay is used and to intercalated structures for unmodified clay. Similar treatments were 
performed by Uhl and al. (2006). In this case, clay-oligomer/monomer mixtures were sonicated for eight 
hours and intercalated morphology was observed, no matter a modified or unmodified clay was added. 
 
Many studies have demonstrated that sonication can affect polymer chains (Lost and al., 1989). In fact, 
ultrasound treatments often lead to a substantial degradation or scission of the polymer matrices. In 
addition, sonication treatments performed in many clay-based nanocomposites studies are too time-
consuming for some industries like wood flooring where production times have to be as short as possible. 
Shorter mechanical treatments can be more suitable for this kind of industries. Three roll milling, bead 
milling and ball milling treatments are among those. These treatments are shorter than those performed 
with ultrasound and they are also more appropriate for large volumes. Yasmin and al (2003) have 
demonstrated that the use of three roll mill results to a good clay dispersion in a short period of time. 
These results can be explained by the intensive shear forces which are applied on compounds when three 
roll mill equipment is used properly. Moreover, Gojny et al. (2007) have demonstrated that this technique 
is more effective to disperse carbon nanotubes in an epoxy resin than sonication. 
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Bead milling and ball milling are two others processes used in industrial processing for grinding or 
dispersing agglomerates of particles which have a primary particle size in the submicrometer range. They 
are usually employed for low viscosity formulations.  
 
In this paper, we have studied the effect of three roll milling, bead milling, ball milling and high-speed 
mixing treatments on clay dispersion in an acrylate formulation used for wood flooring varnishing. The 
general objective is to determine which treatment is more effective for montmorillonite dispersion. The 
study of the effect of clay dispersion on UV curing was also carried out. 

 
4.2.2 Experimental Part 

4.2.2.1 Materials 

Basic formulation was prepared from two acrylate monomers and oligomers. The acrylate 
monomers which were used are 1.6 hexanediol diacrylate (HDODA, SR 238, 9 cps) and tripropylene 
glycol diacrylate (TRPGDA, SR 306, 15 cps), two bifunctional monomers. HDODA is a low viscosity 
and fast curing monomer. TRPGDA has a low volatility and viscosity. The oligomers chosen are an 
aliphatic polyester-based urethane hexaacrylate oligomer (CN 968, 18000 cps) and a bifunctional 
bisphenol A based epoxy acrylate blended with TRPGDA (CN 104A80, 36000 cps). CN 968, an 
hexafunctional oligomer which shows good abrasion and heat resistance, is also a fast cure response 
monomer. CN 104A80, a high reactivity bifunctional acrylate, is the lowest color bisphenol A based 
epoxy acrylate. Moreover, it provides a good balance of water properties and high reactivity. All acrylate 
products were provided from Sartomer. The free-radical photoinitiator chosen is 2-hydroxy-2-methyl-1-
phenyl-1-propanone (Darocur 1173) from Ciba Specialty Chemicals. This one decomposes in a benzoyl 
radical and an isopropanol radical, both able to initiate and propagate quickly the free radical 
polymerization. Darocur 1173 is a liquid photoinitiator with good solvency properties so it is easy to 
incorporate in acrylate formulation and is recommended for minimal yellowing. This photoinitiator 
presents UV absorption peaks in methanol at 245, 280 and 331 nm. The montmorillonite used is Cloisite 
30B from Southern Clay products. This is a natural montmorillonite modified with a quaternary 
ammonium salt. The organic modifier used is presented at Figure 8.  

 

Figure 8 The organic modifier of Cloisite 30B is methyl, tallow, bis-2-hydroxyethyl 

quaternary ammonium salt where T is tallow (~65% C18; ~30% C16; ~5% C14), 

a fatty acid moiety 

 
The distance between clay platelets, as reported in the literature, is 18.5 Å and the cation exchange 
capacity is 90 mequiv/100 g of montmorillonite. A coupling agent was used in order to help the 
separation of clay platelets. The selected coupling agent is a methacrylfunctional silane that can be used 
as adhesion promoter, surface modifier, co-monomer for polymer synthesis and crosslinker (a 
trimethoxysilylpropylmethacrylate, Dynasylan MEMO, from Degussa). The alkoxy group undergoes 
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hydrolysis, then reactive silanol groups produced can bond to a variety of inorganic substrates with 
hydroxyl groups. Formulations were prepared with 1, 3 and 10%wt of Cloisite 30B. Basic acrylate 
formulation was prepared from acrylate monomers and oligomers, defoaming agent and photoinitiator. 
The two acrylate oligomers were first mixed together, then defoaming agent was added. Mixing was 
performed for five minutes. Then, monomers were added and mixed again for five minutes. The ratio 
monomer/oligomer used is 0.4. Silane coupling agent was added before the clay at 1%wt of clay. Clay 
was added before or after the addition of the monomers according to the dispersing equipment used. 
Formulations were prepared with 1, 3 and 10%wt of clay. Photoinitiator was added at 4%wt of the 
acrylate reactives (monomers and oligomers). Photoinitiator was always added at the end of the mixing 
process to prevent as much as possible the evaporation of this reactant. 
 
4.2.2.2  Processing 

Clay was dispersed in acrylate formulation by four different methods; high-speed mixing, ball 
milling, bead milling and three roll milling.  

 
4.2.2.2.1 High-speed Mixing 

High-speed mixing was performed on clay-acrylate formulations for 15 minutes at approximately 
1,000 rpm. The high speed mixer used is from Gast MFG Corp.; the model was 4AM FRV 13C. The 
shear created by this kind of equipment is low, and a good dispersion is generally difficult to obtain even 
at micrometric scale. 

 
4.2.2.2.2  Ball Milling 

In this case, the high speed mixer presented previously was used with the addition of small glass 
beads. The mixer was put in rotation in the formulation/glass beads media. Long treatment times are 
usually required in order to achieve a good dispersion. For each formulation, ball mill processing was 
performed for two hours. Once the mixing was completed, formulation was filtered in order to remove 
glass beads and photoinitiator was added. 

 
4.2.2.2.3 Bead Milling 

Bead mill equipment usually allows a good dispersion. A spinning rotor inside the bead mill 
chamber activates the beads. Particles aggregates are broken by the high liquid and shear gradients and 
collision with the beads. In this study, a self-contained horizontal bead mill was used to disperse clay. The 
apparatus used is a Laboratory MINI mills model 250-VSE-EXP from Eiger. Zirconium beads of 0.8-
1.0 mm were used. Bead mill processing was performed at 2,000 rpm for five minutes followed  by five 
minutes at 3,500 rpm and a last 5 minutes at 5,000 rpm.  

 
4.2.2.2.4 Three Roll Milling 

Three roll milling is mainly used for materials of high viscosity. The pressure between the rolls is 
important and it leads to a strong shear. The ideal processing viscosity for this equipment is higher than 
10 000 cP. The viscosity of the neat formulation used in this study is about 400 cP, so clay was first 
dispersed in the oligomer mix only. A fully hydraulic three roll mill from Bühler, model SDY 200, was 
used to disperse clay. For the formulations with 1 and 3%wt of clay, 2 passes were performed and for the 
formulation with 10%wt, 3 passes were performed. For the first pass, the pressure between rolls was fixed 
at 40N/mm and for the second and third passes, the pressure was elevated at 48 N/mm. All passes were 
performed at 34 oC. After three roll milling, monomers and photoinitiator were added. 
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4.2.2.3 Characterization 

4.2.2.3.1 Dynamic Viscosity 

The viscosity of the neat acrylate formulation and the different acrylate/clay formulations were 
determined using a Viscolab 4000 from Cambridge Applied Systems. Three measurements were 
performed on each formulation and the average is presented here. 
 
4.2.2.3.2 Real Time Infrared Spectroscopy (RTIR) 

The sample was placed in the compartment of a Perkin-Elmer 781 infrared spectrophotometer 
where it was exposed for 1,000 seconds to the UV radiation of a medium pressure mercury lamp (HOYA-
SCHOTT-UV-200) via a fiber optic light pipe. The light intensity used for these experiments was 18.7 
mW/cm2. The polymerization was followed in situ using RTIR spectroscopy. The degree of conversion of 
the UV-exposed sample was evaluated by infrared spectroscopy through the decrease of the IR band at 
812 cm-1 or 1,625 cm-1 of the acrylate double bond. Percentage conversion was calculated using equation 
1 where Ao is the absorbance before irradiation and At is the absorbance at time t. 
 

% Conversion = [(Ao-At)/Ao] x 100                                                                                 Equation 5 

 
Polymerization rates were determined from the initial linear portion of the conversion curve 
(% conversion versus time plot).  
 

Rp = [((A1625)t1-(A1625)t2)/(t2-t1)]                                                                                       Equation 6 

 

4.2.2.3.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) was used for visual observation of the level of 
exfoliation of the silicate platelets. One hundred fifty microns films were prepared for each formulation. 
They were cured with a UV equipment from Waymar Manufacturing Co., Model EC 801 Serial 8101. 
These ones were cutted using a Reichert-Jung ultramicrotome, model Ultracut E (Vienna, Austria). Films 
of 80 nanometers were obtained and they were dyed with uranyl acetate and lead citrate. Images were 
recorded at an acceleration voltage of 80 kV. 
 
4.2.2.3.4 Photo-calorimetry (Photo-DSC) 

A photo-differential scanning calorimeter was used to collect the photopolymerization exotherms. 
From these exotherms, peak maximun height and area under the curve were determined. The photo-DSC 
was constructed from a Perkin-Elmer DSC 7 by modifying the DSC head with quartz windows. A 450 W 
medium pressure mercury lamp from Ace Glass served as the light source and was shielded from the DSC 
head by an electric shutter. 2.0 ± 0.1 mg of sample was placed inside an aluminum pan previously washed 
with acetone for 24 hours. The light intensity used in this study is 10 mW/cm2. 
 
4.2.2.3.5  Small Angle X-ray Scattering (SAXS) 

Small Angle X-ray Scattering was used to study the distance between clay platelets of the 
different nanocomposites. Experiments were performed using a X-ray diffractometer  (Siemens/Bruker). 
The source used is a graphite monochromatized copper radiation (Kα = 1.5458 Å). The instrument 
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consists of a Kristalloflez 760 generator, a 3-circle goniometer, a hi-star area detector and is equipped 
with GADDS software. The operation power is 40 K and 40 mA. The uncured samples were inserted in 
thin walled (0.01 mm) glass capillary tubes (1.0 mm diameter) and diffractograms of all samples were 
recorded. 

 
4.2.3 Results and Discussion 

4.2.3.1 Evaluation of the Clay Dispersion 

In order to evaluate the clay dispersion, small angle X-ray diffraction (SAXS) and transmission 
electron microscopy (TEM) were employed. Viscosity and stability measurements were performed to 
complete the information on the dispersions.  
 
4.2.3.1.1 Viscosity Measurements 

Viscosity was determined for each formulation and the data obtained are presented in Table 6. 
For each treatment, viscosity increases with clay loading. Although viscosity increase differs from one 
treatment to another. Many studies reported that exfoliation or even intercalation of clay leads to a strong 
viscosity increase. In fact, the viscosity change was reported to be highly related to the degree of 
exfoliation achieved. Gopakumar and al. (2002) have demonstrated that exfoliation of their 
clay/polypropylene composites leads to a more important increase of complex viscosity compared to 
composites who remain unexfoliated. 

Table 6 Viscosity data for formulations prepared at 1, 3 and 10%wt of clay with the three 

roll mill (3-rm), the ball mill (ba-m), the bead mill (be-m) and the high speed 

mixer (hsm) 

 
Treatments Viscosity (cP) 

 1%wt 3%wt 10%wt 

Neat Polymer                               432 

3-roll mill 610 902 1212 

ball mill 490 542 769 

bead mill 530 658 950 

High speed mixer 439 487 624 

 
According to them, this viscosity change is an evidence of improved surface area/adhesion between the 
polymer matrix and the exfoliated clay. Yudin et al. have shown that a significant viscosity increase of 
their oligoimide/MMT was observed after the application of the strong shear flow fields which  led to a 
partial exfoliation of the MMT. According to these studies, hypothesis was made that formulations 
prepared with lower shear equipment, high speed mixer and ball mill, must show lower viscosity than 
formulations prepared with high shear equipment like three roll mill and bead mill. Indeed, the lowest 
viscosities were found for formulations prepared by high-speed mixing. Formulations with 1%w of clay 
exhibit a smaller viscosity increase than formulation with 3%w and 10%w. This result was expected since 
the neat formulation presents a relatively low viscosity. The addition of rigid nanoparticles into this 
system inherently raised the viscosity as in any suspension of particles in fluid matrix. Viscosities 
obtained for ball milled formulations are slightly higher than those found for formulations prepared with 
the high speed mixer. The addition of balls to the high speed mixer increased the shear, and this should 
allow a more important breaking-up of the aggregates. Viscosities obtained for formulations prepared 
with bead mill and three roll mill are significantly higher. When only 1%w of clay is added, important 
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increase can be observed. In comparison to the formulation without clay, the viscosity of the formulation 
prepared by bead milling is doubled when 10%wt of clay is added and, for 3-roll mill processing, the 
viscosity is tripled. Viscosity seems to increase with the force of the processing equipment. These results 
suggest that clay is dispersed at a greater extent with bead mill and three roll mill processes. Transmission 
electron microscopy and small angle X-ray diffraction presented hereafter were used to confirm these 
results. 
 
4.2.3.1.2 Small Angle X-ray Diffraction 

Small angle X-ray experiments were performed to determine the quality of the clay dispersion 
into the different formulations. With X-ray experiments, it is possible to determine the mean distance 
between the clay platelets. Figure 2 presents the diffractograms for the formulations prepared with 1%wt 
of clay and the one of the Cloisite 30B. The peak of the Cloisite 30B is at 4.6o which means, according to 
the Bragg’s law, that the distance between the clay platelets is 1.85 nm. In Figure 9(a), no peak can be 
observed at 4.6 for all the formulations prepared with 1%wt of clay. The disappearance of the d001 peak 
means that polymer chains have penetrated between the clay platelets and the exfoliation is achieved. 
However, at a low clay loading, it is possible that the peak of the Cloisite 30B is simply too small. In 
order to confirm or infirm if exfoliation was really achieved for all the formulations prepared at 1%wt, 
transmission electron microscopy was performed and the results will be presented in the next section. 
Figure 9(b) presents the diffractograms obtained for the 3%wt formulations. The results are quite similar 
for all the formulations. The presence of the peak at 4.6o reveals that part of the clay or all the clay 
platelets remain unexfoliated and unintercalated. As no other peak can be observed, it is difficult to know 
only on the basis of these experiments if all the clay platelets remain unexfoliated or only a fraction of the 
clay. No important difference is observed between the formulations prepared with the different dispersing 
equipment at 3%wt. Still, the diffractograms obtained for the formulations prepared with 10%wt of clay 
are very different from one to another.  
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Figure 9 Comparison of the diffractograms obtained for the formulations prepared with 1 

(a), 3 (b) and 10%wt (c) of clay by three roll milling, ball milling, bead milling and 

high-speed mixing with the diffractogram of the Cloisite 30B. 

 
For the formulations prepared with the high speed mixer, we can observe a peak at 4.6 slightly higher, i.e. 
more intense, than the same peak for the other formulations (three roll mill, bead mill and ball mill). 
 
The height difference between the four formulations for the peak at 5o is very small. The formulations 
prepared with the three roll mill and the bead mill present a peak at 2.3. This peak cannot be observed for 
the formulations prepared with the two lowest shear equipments. This peak reveals that part of the clay is 
intercalated by the polymer chains or monomers. This intercalation leads to a space between the platelets 
which is more important than the space between the clay platelets of the Cloisite 30B powder. The 
distance between two clay platelets goes from 1.85 nm to 3.83 nm. Finally, for all the formulations 
prepared with 10%wt (Figure 2(c)), a peak can be observed at 1.3o. This means that for all the 
formulations, intercalation of part of the clay was achieved. This intercalation leads to a distance of 
6.78 nm between the clay platelets. In brief, the diffractograms of the 10%wt formulations revealed that a 
part of the clay is intercalated and another part remains unchanged for all the formulations. It is 
impossible to say at this point if a portion of the clay for the formulations prepared at 10%wt is exfoliated. 
Transmission electron microscopy was used to support and clarify the X-ray experiments and to image 
the composites prepared in this study. 
 
4.2.3.1.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy was employed to evaluate the dispersion of clay into the 
different formulations and to probe the structure of the clay-acrylate nanocomposites. Pictures taken by 
TEM revealed that for all formulations, even at low clay loading with an high shear dispersion equipment, 
aggregates can be observed. This means that for formulations prepared with 1%wt of clay, even if we can 
observe the disappearance of the peak on the diffractograms, a portion of the clay remains unexfoliated. 
In some cases, few platelets remain stacked together, but for low shear treatments, important micrometer-
size particles were mainly observed. Figure 10 shows the formulations with 1%wt of clay prepared 
respectively with three roll mill, bead mill, ball mill and the high speed mixer equipment. Formulations 
prepared with more energetic equipment, like three roll mill and bead mill, present aggregates of less 
important size. For the formulation prepared at 1%wt of clay by three roll milling, almost no aggregates 
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were observed, although at high magnification, even if the dispersion performed by three roll milling is 
very good, very small stacks can be observed. Bead milling dispersion is also good, although bigger 
aggregates can be found. Figure 4 presents an image of the formulation prepared with 1%wt of clay by 
bead milling. It is possible to see that aggregates are present and also single platelets. On the other hand, 
the dispersion obtained by ball milling and high-speed mixing is really unsatisfactory compared to the one 
obtained by the two first dispersion equipments. A very small number or none of the clay platelets 
observed are single and they are all stacked together in micrometric-size particles of MMT. Moreover, 
high-speed mixing dispersion leads to clay particles of a length of more than 20 microns in some cases. 
These results are coherent with the viscosity values obtained previously. As observed in the literature 
before, the better is the dispersion, the more important is the viscosity increase. Figure 12 presents the 
morphology of the formulations prepared with 10%wt of clay. One more time, it is possible to see that the 
best dispersion can be achieved by the use of the three roll mill and bead mill. For the ball milling and the 
high-speed mixing dispersion, large aggregates were observed. In this case, this morphology is the one of 
a microcomposite. Single platelets were not observed and important micrometric aggregates were 
observed only. The pictures taken for the formulations with 3%wt show the same results, high shear 
equipment (three roll mill and bead mill) lead to a good dispersion. At 3%wt, we can still observe single 
platelets, but the presence of aggregates is important. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 10 Transmission electron microscopy images for the formulation prepared with 1%wt 

of clay by (a) three roll milling (b) bead milling (c) ball milling and (d) high-speed 

mixing 
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Figure 11 Presence of clay aggregates and single clay platelets in the formulation prepared 

at 1%wt of clay by bead milling (bar = 50 nm) 

 
Clay dispersion studies have shown that the morphology of the different formulations depends of the clay 
loading and also of the dispersion equipment used. We found that three roll milling leads to the best 
dispersion, followed by bead milling. Ball milling and high-speed mixing were not found to be suitable to 
disperse the clay in the acrylate resin. Even at 1%wt of clay, important micrometric aggregates were 
observed. Viscosity increase is directly related to the level of exfoliation and intercalation of the clay. The 
smaller are the aggregates, the more important is the viscosity increase. However, we found that even if 
three roll milling treatment leads to an higher dispersion extent than bead milling treatment, the stability 
of the formulations prepared with the three roll mill is less than for those prepared with the bead mill. As 
explained earlier, the destruction of the organic functional groups at the surface of the nanoclay platelets 
can decrease the hydrophobicity of the clay, thus decrease the compatibility with the acrylate resin. This 
could explain the decrease of stability of the clay suspension. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 12 Transmission electron microscopy images of the formulation prepared with 10%wt 

of clay by (a) three roll milling (b) bead milling (c) ball milling and (d) high-speed 

mixing.  

 
4.2.3.2 Effects of Clay Dispersion and Clay Loading  on UV Curing 

Real time infrared spectroscopy (RTIR) and photo-DSC were both used to study the effect of clay 
dispersion and clay loading on UV curing process. Those techniques follow the conversion of the liquid 
formulation to a highly cross-linking system.  

 
4.2.3.2.1 Real Ttime Infrared Spectroscopy (RT-FTIR) 

The percentage conversion of the coating formulation was determined by following the change in IR 
absorbance of the C=C stretching band of the acrylate bond  (1625 cm-1) and the =C-H out of plane band 
at 812 cm-1. Figure 6 shows the absorbance decrease of the 812 cm-1 band upon UV light exposure for the 
formulation without nanoparticles. For each formulation, from the intensity of the acrylate band on the IR 
spectras recorded before and until 1000 s of UV irradiation, the percentage conversions were calculated 
every second and percentage conversion versus time plots were traced. The rate of reaction determined by 
the initial slope of the percentage conversion versus time plots, the percentage conversion after 
10 seconds and the final percentage conversion are presented in the Table 3 for all the formulations 
prepared in this study. Figure 7 shows the curves obtained for the three formulations prepared by bead 
milling. Similar results were obtained for each dispersing equipment. From these curves, we can see that 
after a fast start, the cross-linking of the acrylate slows down. This deceleration can be attributed to the 
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mobility restrictions. The viscosity increase of the system after the beginning of the polymerization leads 
to a slower reaction rate. The oxygen inhibition is also another factor which is well known to slow down 
reactions. From the comparison of the three formulations prepared with the bead mill, we found that the 
formulation prepared with 1%wt of clay leads to a faster curing than the formulations prepared with 3%wt 
and 10%wt of cloisite 30B. Moreover, the final percentage conversion obtained is more important for a 
low clay loading. Some research groups found that the addition of clay can enhance the polymerization 
rate to a certain extent, and some others found that it can decrease significantly the rate of polymerization 
(Yuelin and al., 2005; Keller and al., 2004). In this study, we found that the effect of the clay on the 
polymerization rate and percentage conversion is related to the clay loading and also to the quality of the 
dispersion. 
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Figure 13 Acrylate band decrease by real time infrared spectroscopy (RTIR) for the neat 

acrylate formulation for a period of 1,000 seconds. 
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Table 7 Polymerization rate (Rp), percentage conversion after 10 seconds (% 10 s) and 

total conversion percentage (% total) of formulations prepared at 1, 3 and 10%wt 

of clay with the three roll mill (3-rm), the ball mill (ba-m), the bead mill (be-m) 

and the high speed mixer (hsm) 

Formulations Rp % 10 s % total 
       

Neat Polymer 5.65 27.01 75.32 

3-rm 1%wt 5.33 30.29 76.34 

3-rm 3%wt 2.97 18.70 73.78 

3-rm 10%wt 1.82 8.31 72.16 

ba-m 1%wt 4.33 26.63 75.72 

ba-m 3%wt 4.14 25.67 75,47 

ba-m 10%wt 3.13 19.31 72.05 

be-m 1% 6.45 38.26 85.03 

be-m 3% 4.94 31.38 77.38 

be-m 10% 3.67 23.46 73.03 

Hsm 1% 3.45 25.42 75.07 

Hsm 3% 2.64 18.33 74.82 

Hsm 10% 2.54 15.01 72.91 
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Figure 14 Percentage conversion versus time plots for the formulations prepared with 1, 3 

and 10%wt of clay by bead milling 
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Figure 8(a) presents the formulations prepared with 1%wt of clay with the different dispersing equipment. 
As we can see in this Figure and in Table 3, bead milling treatment gives a faster curing formulation than 
the formulations prepared with the other equipments. The clay dispersion obtained by bead milling is not 
as good as the one obtained by three roll milling, although the curing is a lot better. An hypothesis to 
explain this result is the viscosity change related to the clay dispersion. The very good dispersion obtained 
with the three roll mill leads to a very strong viscosity increase even at 1%wt of clay. Viscosity has been 
known for a long time to have a determining role on free radical polymerization kinetics. In fact, viscosity 
changes can lead to a decrease in mobility of the monomers and oligomers molecules and to a lower 
curing. Curing has to be high enough if a good scratch and wear resistance, which are necessary for wood 
flooring applications, want to be achieved. The two others processing equipment, the ball mill and the 
high speed mixer, give similar results than for the neat formulation, which means that the penetration of 
UV light into these thin samples is not reduced significantly by the presence of 1%wt of clay. If we look 
at the polymerization rate (Table 3), we can see that for the 1%wt formulations, except for the one 
prepared by bead milling, present similar curves to neat formulation. Conversion curves related to the 
3%wt formulations are presented at Figure 8(b). Bead milling formulation still leads to the faster and 
more complete curing. At 3%wt of clay, the dispersion is still good and the viscosity increase is small 
compared to the one obtained by three roll milling. So, the curing can still proceed quickly and the good 
dispersion of the clay did not slow down the reaction. Neat formulation curing is quite slower and less 
efficient than for the formulation prepared at 3%wt of clay by bead mill processing, although if we 
compare the neat formulation conversion curves with those obtained for formulations prepared with the 
three roll mill, ball mill and high speed mixer equipment, we can see that the addition of 3%wt of clay 
leads to a curing speed and conversion decrease. 
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Figure 15 Percentage conversion versus time plots of the formulations prepared with 1, 3 

and 10%wt of clay with the three roll mill, the ball mill, the bead mill and the high 

speed mixer 

 
High-speed mixing equipment leads to a very poor dispersion and with the addition of 3%wt of clay, the 
curing begins being affected. The presence of big aggregates can reduce the penetration of the UV light. 
The three roll mill formulation curing amount was found to be between the one with the ball mill and that 
of the high speed mixer treatment. For the three roll milling treatment, at 3%wt of clay content, the 
viscosity is more than doubled if we compare with the one of the neat formulation. Finally, Figure 8(c) 
presents the conversion curves obtained for the 10%wt formulations. It is possible to see that all 
formulations are slowed down by the addition of clay. The final percentage conversion is strongly 
decreased. At 10%wt of clay, the differences between the formulations is less important than for the 
1%wt and 3%wt formulations. Lower cure rate and cure amount may be offset by better mechanical 
properties. 
 

4.2.3.2.2 Photo-DSC Experiments 

Photo-DSC experiments were performed on each formulation. The heat flow evolution in 
function of time was monitored. Even if photo-DSC is also a technique which allows the study of the UV 
curing, results found with photo-DSC are quite different to those obtained with RT-FTIR. Table 4 
presents the maximun heat flow and the area under the curve for each nanocomposite. The maximun heat 
flow is proportional to the rate of polymerization and the area under the curve is related to the conversion 
extent. From this table and from the Figure 9 we can see that the area under the curve decreases with the 
clay loading. Figure 9 presents the exotherms for the formulations prepared by three roll milling. As for 
the RT-FTIR experiments, the three other dispersing equipments lead to the same results. These results 
were expected since the fraction of polymerizable chemicals, the acrylate, decreases with the addition of a 
higher clay loading. Although this change is not proportional to the clay loading. If we look at the 
formulations prepared with 1%wt of clay (Figure 10), we found that in two cases (bead mill and three roll 
mill), the area under the curve is more important than the one of the neat formulation (Table 4). The heat 
flow determined for these two formulations is also higher than the one of the neat formulation. These 
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results mean that the addition of a small amount of well-dispersed clay can increase the curing speed and 
the conversion of the acrylate function. When strong aggregates of clay are present, the curing is less 
efficient, probably because of the absorption of UV light. As it was observed with the RT-FTIR, the 
viscosity increase of the formulation prepared with the three roll mill seems to influence the curing if we 
compare with the bead mill formulation, although the difference between the two formulations seems to 
be less important here. When we add more than 1%wt of clay, the heat flow and the area under the curve 
drop under the values found for the neat formulation, except for the 3% bead mill formulation. For the 
three others formulations prepared with 3%wt of clay, the heat flow and the area under the curve are 
smaller than the values obtained for the neat formulation. 
 

Table 8 Maximun heat flow (Hmax) and the area under the curve for the formulations 

prepared with 1, 3 and 10%wt of clay with the three roll mill (3-rm), the ball mill 

(ba-m), the nead mill (be-m) and the high speed mixer (hsm) 

 
Formulations Hmax Area under curve  

  (W) (J) 

Neat Polymer 11.09 91.66 

3-rm 1% 11.61 97.75 

3-rm 3% 10.74 91.42 

3-rm 10% 10.32 76.78 

ba-m 1% 11.00 87.03 

ba-m 3% 10.83 85.31 

ba-m 10% 10.31 77.02 

be-m 1% 11.39 104.50 

be-m 3% 11.16 89.35 

be-m 10% 10.32 78.45 

Hsm 1% 11.17 90.10 

Hsm 3% 10.696 94.29 

Hsm 10% 10.27 73.59 

 
These results are consistent with the RT-FTIR measurements. The formulations prepared with 10%wt of 
clay, as it was observed by RT-FTIR, present a much slower and less important curing time than the neat 
formulation. In all cases, the decrease of conversion or curing is more important than 10% relative to the 
neat formulation. Since 10% is the clay fraction, which does not cure, this means that the presence of clay 
leads to a less efficient penetration of the UV light or it somehows interferes with the cure. This result 
was expected because the photo-DSC experiments are performed with thick samples, almost 200 µm, 
which is mych thicker than for real-time infrared spectroscopy samples. Thinner films are generally used 
for UV coatings applications.  
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Figure 16 Exotherms obtained for the formulations prepared by three roll milling with 1, 3 

and 10%wt of Cloisite 30B 
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Figure 17 Exotherms obtained for the formulations prepared with 1%wt of Cloisite 30B with 

the three roll mill, the ball mill, the bead mill and the high speed mixer 
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4.2.4 Conclusion 

In this paper, clay-based acrylate nanocomposites were prepared for low clay loading with the use 
of high shear equipment. Small angle X-ray diffraction and transmission electron microscopy have shown 
that the addition of 1%wt and 3%wt of Cloisite 30B in the neat acrylate formulation by three roll milling 
and bead milling leads to a good dispersion. In all cases, aggregates were observed, although for these 
formulations many single platelets are present. For the dispersions performed by the ball milling and the 
high-speed mixing, at any loading, strong clay aggregates are present and this is the same situation for the 
formulations prepared with the high shear equipment at 10%wt of clay. TEM shows clearly the dispersion 
efficiency of each dispersing equipment. On the other side, SAXS shows that high shear and low shear 
equipment both lead at a certain extent to the intercalation of the clay platelets by the polymer chains or 
monomers. The more important is the clay loading, the more important is the clay fraction which remains 
unexfoliated or intercalated. Viscosity measurements were also realized and the results showed that 
viscosity increase is related to the clay dispersion. A better dispersion or an increase of the clay 
exfoliation/intercalation leads to a more important viscosity.  
 
The effect of the clay dispersion on the ultraviolet curing was investigated in this study. RT-FTIR and 
photo-DSC measurements were performed on each formulation and they showed that the speed and the 
level of UV curing is related to the quality of the dispersion and to the viscosity increase of these 
formulations. It was found that a better clay dispersion increases the curing speed and the total conversion 
of the acrylate band. For the three roll mill treatment, the good clay dispersion leads to an important 
increase of the viscosity and slows down the curing process. The mobility restrictions decreased the 
total/final dispersion. 
 
Thus, we found that the best dispersion was obtained with the three roll mill equipment. The bead mill 
treatment gives a better and faster curing than the three roll treatment. The viscosity increase in the 
formulations prepared with three roll milling is so high that the curing is affected by mobility restrictions. 
Moreover, the destruction of the functional groups on the surface of the clay platelets  (due to the high 
shear force during the three roll milling treatment) could lead to unfavorable interactions between the clay 
platelets and the acrylate resin. Further work was performed to relate these results to the mechanical 
performance of the varnish films and results will be published elsewhere. 
 

4.3 Article 3: Mechanical and Optical Properties of Clay-based Nanocomposite 
Coatings for Wood Flooring 

 

4.3.1 Introduction 

Quality of wood flooring products is closely related to the finishing process. Proper 
selection of coatings system is very important in order to obtain appropriate mechanical, optical 
and chemical performance. 

UV radiation curing is a technique widely used to prepare transparent coatings with good 
mechanical properties. In 1998, in the European market for radiation curable coatings, wood 
products held 50% while only 14% of the North American market was held by wood. Since this 
time, many North American wood industries have moved to radiation curing technology, 
especially those in the wood flooring industry. Radiation curable coatings were first introduced 
in the wood flooring industry in the ‘80s. In 2005, their use reached 84% of the wood flooring 
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market (Anonymous 2005). Wood flooring industries are looking for fast curing and wear 
resistant coatings. UV curing needs low energy consumption and low operation temperature 
systems. For all those reasons, UV curable high solids coatings are a judicious choice for the 
wood flooring industry (Modjweski, 1999; Ross et al. 2006). Despite all the advantages of this 
technology and its superiority over other coatings systems, flooring industries are still looking to 
improve attribute of their product with efficient topcoats.  

Since the ’80s, the increasing use of nanoparticles has led to a new class of materials, the 
polymer nanocomposites (LeBaron et al., 1999; Ray et al., 2003; Thostenson et al., 2005). 
Thermoplastic nanocomposites studies have shown that the addition of nanoparticles can 
enhance significantly the properties of polymer matrices. Flexural and tension properties, barrier 
effect, fire and flame resistance were and are still among the most studied properties. Radiation 
curable high solids coatings are thermoset polymers. Those polymers, infusibles and insolubles, 
were by far less studied then the thermoplastics nanocomposites. Few studies were published on 
epoxy-clay nanocomposites. Malucelli et al. have prepared epoxy nanocomposites by the 
addition of a modified montmorillonite containing quaternary ammonium salts having two 
hydroxyethyl functionalities. Their studies have shown that the addition of modified clay with 
maleinized polybutadienes increase the storage modulus, Young’s modulus as well as the pencil 
hardness and the glass transition temperature. Carbon nanotubes, silica and graphite were also 
added into epoxy matrices (LeBaron et al., 1999; Ray et al., 2003; Thostenson et al., 2005; 

LePluart et al., 2002; Okada et al., 2006) and have led to a huge properties improvement. Few 
acrylate nanocomposites cured by UV light have already been prepared. Bauer (Bauer et al., 

2000, 2002, 2003, 2004, 2005, 2006, 2007) et Gläsel (Gläsel et al., 2000, 2003) have dispersed 
alumina, silica, titania and zirconia nanoparticles into tetraethoxypentaerythritol tetraacrylate. 
Metal oxide nanoparticles were beforehand treated with silane coupling agent. Their studies 
revealed that the addition of 35%wt of these nanoparticles, especially when they are modified by 
silane coupling agent, lead to an improved scratch/abrasion resistance and microscratch 
hardness. Radiation curable clay-based acrylate nanocomposites have also been prepared and 
these studies have shown the addition of a small clay loading can increase the mechanical 
properties. Uhl et al. (2004, 2005, 2006) prepared acrylate nanocomposites by ultrasonication 
treatment from urethane, epoxy and polyester acrylate oligomers. They showed that the quality 
of the dispersion was quite different according to the acrylate oligomer employed. Their 
experiments revealed that clay modification and clay loading affect the curing efficiency and the 
coating properties. Decker et al. (2005) also found similar results. They dispersed clays of 
different polarities by ultrasonication treatment into a mix of 1.6-hexanediol acrylate and 
polyurethane acrylate. They found that curing efficiency decrease with an increased clay loading. 
Though, break elongation and tensile strength increased with the addition of clay.  

 

Previous results present the study of clay dispersion and its effect on coating curing or acrylate 
conversion (Landry et al.). This study reveals that the quality of clay dispersion increase from 
high speed mixing, to ball milling, to bead milling. Curing efficiency (speed and level) was 
found to be related to the quality of the dispersion. In fact, it was found that a better dispersion 
leads to a more efficient curing. Three roll milled formulations presented different results. Even 
if the utilization of three roll mill leads to very good clay dispersion, even better than for bead 
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milled formulations, curing was found to be lower than for bead milled formulations. One 
hypothesis enounced was that the important increase in formulation viscosity highly decreases 
the polymer chain mobility and hinder the curing of the formulation. On the other hand, three roll 
milling treatment is slightly different than the other processes. In fact, as three roll mill treatment 
requires a minimal viscosity of 10,000 cP, clay dispersion was performed in the oligomer mix 
only, then the monomers were added. For the three others processes, clay was dispersed directly 
into the oligomers and monomers mix. This difference in the preparation way can lead to a 
different curing, less important for the three roll mill as the homogeneity is less effective than for 
the three others treatments. 

As mentioned earlier, nanoparticles incorporation in acrylate systems has shown promising results. In 
studies presented in the literature, treatments used to perform a good nanoparticles dispersion are 
generally long and difficult to transpose in industry. In this study, the aim was to disperse clay with the 
aim of four different dispersing equipments used in the paint and coating industry and compared the 
mechanical and optical properties of the different nanocomposites. Dispersing processes performed are 
relatively shorts compared to those used in studies carried out previously. Moreover, nanocomposites 
were prepared from a typical acrylate formulation used in the wood flooring industries. Experiments were 
performed at relatively low clay loadings (1-10%wt) in order to keep being costs competitive. 
 
4.3.2 Methods and materials 

 

4.3.2.1 Materials 

Basic formulation was prepared from two acrylate monomers and two acrylate oligomers. 
Reactives were selected for their resistance to the aggressions that usually undergo wood flooring. The 
acrylate monomers which were used are 1.6 hexanediol diacrylate (HDODA, SR 238, 9 cps) and 
tripropylene glycol diacrylate (TRPGDA, SR 306, 15 cps), two bifunctional monomers. HDODA is a low 
viscosity and fast curing monomer. TRPGDA has a low volatility and low viscosity. The oligomers 
chosen are an aliphatic polyester-based urethane hexaacrylate oligomer (CN 968, 18000 cps) and a 
bifunctional bisphenol A based epoxy acrylate blended with TRPGDA (CN 104A80, 36000 cps). CN 968, 
an hexafunctional oligomer that shows good abrasion and heat resistance, is also a fast cure response 
monomer. CN 104A80, a high reactivity bifunctional acrylate, is the lowest color bisphenol A based 
epoxy acrylate. Moreover, it provides a good balance of water properties and high reactivity. All acrylate 
products were provided by Sartomer. The free-radical photoinitiator chosen is 2-hydroxy-2-methyl-1-
phenyl-1-propanone (Darocur 1173) from Ciba Specialty Chemicals. This one decomposes in a benzoyl 
radical and an isopropanol radical, both able to initiate and propagate quickly the free radical 
polymerization. Darocur 1173 is a liquid photoinitiator with good solvency properties so it is easy to 
incorporate in acrylate formulation and is recommended for minimal yellowing. This photoinitiator 
presents UV absorption peaks in methanol at 245, 280 and 331 nm. The montmorillonite used is Cloisite 
30B from Southern Clay Products. This is a natural montmorillonite modified with a quaternary 
ammonium salt. The organic modifier used is presented in Figure 1. The distance between clay platelets is 
18.5 Å and the cation exchange capacity is 90 mequiv/100 g of montmorillonite. In order to help the 
separation of clay platelets, a coupling agent was used. The selected coupling agent is a 
methacrylfunctional silane that can be used as adhesion promoter, surface modifier, co-monomer for 
polymer synthesis and crosslinker (a trimethoxysilylpropylmethacrylate, Dynasylan MEMO, from 
Degussa). The alkoxy group undergoes hydrolysis then reactive silanol groups produced can bond to a 
variety of inorganic substrates with hydroxyl groups.  
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Figure 18 The organic modifier of Cloisite 30B is methyl, tallow, bis-2-hydroxyethyl 

quaternary ammonium salt where T is tallow (~65 % C18; ~30% C16; ~5% C14), 

a fatty acid moiety. 

 
4.3.2.2 Preparation of the basic acrylate formulation 

Basic acrylate formulation was prepared from acrylate monomers and oligomers, defoaming 
agent and photoinitiator. The two acrylate oligomers were first mixed together and then defoaming agent 
was added. Mixing was performed for five minutes. Then, monomers were added and mixed again for 
five minutes. The ratio monomer/oligomer used is 0.4. Silane coupling agent was added before the clay at 
1%wt of clay. Clay was added before or after the addition of the monomers according to the dispersing 
equipment used. Formulations were prepared with 1, 3 and 10%wt of clay. Photoinitiator was added at 
4%wt of the acrylate reactives (monomers and oligomers). Photoinitiator was always added at the end of 
the mixing process to prevent as much as possible its evaporation. 

 

4.3.2.3 Nanocomposites Processing 

Clay was dispersed in acrylate formulation by four different methods; high-speed mixing, ball 
milling, bead milling and three roll milling. High-speed mixing was performed for 15 minutes at 
approximately 1,000 rpm. The high speed mixer used is from Gast MFG Corp.; the model is 4AM FRV 
13C.  

 
Ball-milled formulations were also prepared. In this case, the high speed mixer presented previously was 
used with the addition of small glass beads (1 mm) in the formulation. Long treatment times are usually 
required in order to achieve a good dispersion. For each formulation, ball mill processing was performed 
for two hours.  
 
Two more powerful dispersing equipments were also employed, a bead mill and a three roll mill. A self-
contained horizontal bead mill was first chosen to disperse clay. This apparatus is a Laboratory MINI 
mills model 250-VSE-EXP from Eiger. A spinning rotor inside the bead mill chamber activates the beads. 
Zirconium beads of 0.8-1.0 mm were selected. Bead mill processing was performed at 2,000 rpm for five 
minutes followed by five minutes at 3,500 rpm and a last five minutes at 5,000 rpm.  
 
Three roll milling is mainly used for mixing of high viscosity materials. The pressure between the rolls is 
important and it leads to a strong shear. The ideal processing viscosity for this equipment is higher than 
10 000 cP. The viscosity of the neat formulation used in this study is about 400 cP, so clay was first 
dispersed in the oligomer mix only. A fully hydraulic three roll mill from Bühler, model SDY 200, was 
used to disperse clay. For formulations with 1 and 3%wt of clay, two passes were performed and for the 
formulation with 10%wt of clay, three passes were performed. For the first pass, the pressure between 
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rolls was fixed at 40 N/mm and for the second and third passes, the pressure was elevated at 48 N/mm. 
All passes were performed at 34 oC. After three-roll milling, monomers and photoinitiator were added. 
 
4.3.2.4 Methods 

The hardness of 150 µm (6 mil) coatings films was measured by monitoring the damping time of 
the oscillations of a pendulum swinging in a vertical plane from an initial angle of 12o to a final angle of 
4o. UV-cured sample were coated onto an horizontal glass plate and were cured using a EQIP 6000, 
Fusion DEMO equip. No. 583 from Fusion Systems Corporation. Experiments were performed according 
to ASTM standard D 4366 “Standard Test Methods for Hardness of Organic Coatings by Pendulum 

Damping Tests”. 
 
Abrasion resistance was determined using the Taber Rotary Platform Abraser. The abrasives selected for 
this study are the S-42 sandpaper strips attached to the periphery of the CS-0 resilient rubber wheels. 
Mass loss was determined after 100 rotations and was compared for all the nanocomposites formulations. 
Samples were applied on sugar maple. Rough wood was planed, riped and moulded. Then, wood was 
sanded with 80, 100 and finally 120 aluminum grit sandpaper. Four layers of sealer were applied at a 
loading of 15-20 g/m2 each (15 microns). Sealer was sanded with 320 aluminum grit sandpaper before 
topcoat application. Nanocomposite formulations were used as topcoat layers. Two layers were applied at 
a loading of 8 g/m2 (7 microns). 
 

Impact and reverse impact resistance were determined according to ASTM standard D 2794 “Resistance 

of Organic Coatings to the Effects of Rapid Deformation”. Direct impact (coatings side) and reverse 
impact resistance (steel plates side ) were determined using the falling weight test. One hundred fifty 
microns films were applied on steel plates. Samples were subjected to the impact of a 4 lbs weight at 
different height. The height at which cracking or pick-off of the coating was observed was noted as the 
impact resistance for each formulation. 
 
Color of the acrylate formulations was determined by means of a color-guide 45/0 from BYK-Gardner. 
The CIELAB color scale, which is presented in Figure 2, was used for color measurements. Three basics 
coordinates (L*, a* and b*) were determined for each sample. They were compared with parameters 
found for the neat acrylate formulation. Delta values (∆L*, ∆a* and ∆b*) were calculated for each 
coordinate. 

 

Figure 19 Schematic representation of the CIELab color scale 
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Influence of clay on gloss and haze of the coatings was determined by the haze-gloss equipment from 
BYK Gardner. This instrument determines simultaneously the gloss at three different geometries, 20o, 60o 
and 85o and the haze. Color, gloss and haze measurements were performed on coatings films applied on 
steel plates and they were cured using a EQIP 6000, Fusion DEMO equip. No. 583 from Fusion Systems 
Corporation. 
 

Transparency or optical clarity of the coatings films was determined by means of a UV-visible 
spectrophotometer (Cary 500 Scan UV-vis spectrophotometer). The percentage of transmittance between 
400 and 800 nm was measured and compared for the nanocomposite formulations. 
 
In order to evaluate the effect of clay loading and treatment on mechanical and optical properties, a 
factorial analysis of variance (ANOVA 2 x 2) was performed. Moreover, one-factor ANOVA was 
performed in order to compare clay-based formulations with the neat acrylate formulation. 
 
4.3.3 Results and discussion 

Table 1 presents mechanical properties results compared to neat acrylate formulation. Table 2 
presents the effect of the treatment, of the clay loading and the effect of the treatment coupled with clay 
loading for each mechanical property. Pendulum hardness measurements were first performed. Results 
obtained are presented in Figure 3.  

Table 9 Comparison of clay-based formulations with the neat acrylate formulation for 

mechanical properties  

Formulations Hardness Abrasion Impact  
Reverse 
Impact 

Ball mill 1%  ⇑⇑⇑⇑    ⇓⇓⇓⇓    ⇓⇓⇓⇓    

Ball mill 3%   ⇓⇓⇓⇓     

Ball mill 10%  ⇑⇑⇑⇑    ⇓⇓⇓⇓     

Bead mill 1%  ⇑⇑⇑⇑    ⇑⇑⇑⇑    ⇑⇑⇑⇑    

Bead mill 3% ⇑⇑⇑⇑      ⇑⇑⇑⇑    

Bead mill 10%  ⇑⇑⇑⇑      

High speed mixer 1%  ⇑⇑⇑⇑    ⇓⇓⇓⇓     

High speed mixer 3% ⇑⇑⇑⇑    ⇑⇑⇑⇑    ⇓⇓⇓⇓     

High speed mixer 
10% 

 ⇑⇑⇑⇑    ⇓⇓⇓⇓     

Three roll mill 1%   ⇓⇓⇓⇓     

Three roll mill 3%  ⇑⇑⇑⇑      

Three roll mill 10%     
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Figure 20 Persoz hardness for the formulations prepared by ball milling, bead milling, high 

speed mixing and three roll milling at 1, 3 and 10 %wt. 

 
Clay-based formulations have shown hardness values dispersed around control formulation. This one 
leads to a Persoz hardness of 286 seconds. However, according to the one-factor ANOVA performed, 
only two formulations give significantly different hardness than the formulation prepared without clay 
(Table 1). These formulations are those prepared at 3%wt of clay by bead milling (405 seconds) and high 
speed mixing (318 seconds). Bead milled formulation presents a particularly high hardness. It could be 
explain by the strong acrylate conversion observed for the bead milled formulation (Landry et al., 2008). 
Good clay dispersion observed for this formulation led to a good curing.  
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Table 10 Two-factor ANOVA tables for mechanical properties 

Property Source DF F value Pr > F 

Treatment 3 7.11 0.0014 

% nano 2 1.16 0.3312 
Abrasion 

Treatment * % 
nano 

6 4.82 0.0023 

  

Treatment 3 240.07 <.0001 

% nano 2 6.89 0.0043 
Impact 

Treatment * % 
nano 

6 19.63 <.0001 

  

Treatment 3 96.73 <.0001 

% nano 2 6.45 0.0057 Reverse 
Impact Treatment * % 

nano 
6 26.18 <.0001 

  

Treatment 3 40.16 <.0001 

% nano 2 86.4 <.0001 
Hardness 

Treatment * % 
nano 

6 50.55 <.0001 

 
 
As reported in Table 2, ANOVA reveals that hardness varies differently with clay loading according to 
the dispersing equipment used. The two-factor ANOVA sliced by treatment reveals that ball milled, bead 
milled and high speed mixed formulations present different hardness values according to clay loading. 
Three roll milled formulations hardness remains unchanged no matter the clay loading. The analysis 
sliced by clay loading (% nano) also reveals that hardness of the formulations prepared at 3 and 10%wt of 
clay change according to the process employed. Although at 1%wt, the choice of the dispersing 
equipment is not important, as hardness remains unchanged. For bead milled and high speed mixed 
formulations, we found a maximum hardness at 3%wt of clay as reported in literature. Wang and Sheng 
performed yield stress and Izod impact strength measurements on their polypropylene/org-attapulgite. 
Their experiments demonstrated that the addition of 3%wt of organically modified attapulgite to 
polypropylene leads to an improvement of Izod impact strength of 70%. On the other hand, yield stress 
went to 32 Mpa to 36 Mpa with the addition at the same clay loading. At an higher clay loading, they 
found that a good dispersion is difficult to obtain. It leads to a weaker adhesion between the matrix and 
the inorganic charge. Then, a drop in the mechanical properties is observed.  
 
Abrasion resistance measurements were also realized. Figure 4 presents mass losses observed after 100 
rotations of S-42 sandpaper strips on formulations films with a Taber abraser.  
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Figure 21 Mass loss of the formulations prepared by ball milling, bead milling, high speed 

mixing and thee roll millingthree-roll milling at 1, 3 and 10%wt 

 
Control formulation led to a mass loss of 0,1578 mg. According to mass losses found for the different 
clay-based formulations, control formulation showed the lower abrasion resistance of all. Although 
according to the one-factor ANOVA performed (Table 1), few formulations only were found to be 
significantly different than the neat acrylate formulation (p value < 0.01). These formulations are those 
prepared with 1%wt of clay by ball milling, high speed mixing and bead milling, at 3%wt of clay by high 
speed mixing and 10%wt of clay by all the treatments. Adhesives and coatings are multiphase materials. 
In our case, the rigid non rubbery-phase is the clay. Even if clay hardness is not as high as the one of 
alumina or silica particles, a micromechanism called crack pinning can be observed. Cracks that are 
generated by wear abrasion testing can be impeded by well bonded clay particles. In this case, fracture 
propagation requires a more important energy and the abrasion process is slowed down. That is an 
explanation why the addition of clay leads to a more important abrasion resistance (Mohan et al., 2006). 
Statistical analysis reveals that the effect of clay loading on abrasion resistance is related to the dispersion 
equipment used. Two-factor ANOVA sliced by treatement shows that three roll milling is the only 
process that leads to a difference in abrasion resistance according to clay loading. The three other 
dispersing methods leads to statiscally similar abrasion resistance no matter the clay loading used. 
Moreover, ANOVA sliced by clay loading reveals that all treatments lead to the same abrasion resistance 
for a clay loading of 3%wt. On the other side, for clay-based formulations prepared with 1 and 10%wt of 
clay, treatment choice is important as abrasion resistance varies upon the equipment used. In fact, for a 
clay loading of 1%wt, high speed mixing was found to be the best way to disperse clay. As mention 
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earlier, crack pinning can explain the increase of abrasion resistance for clay-based formulations. 
Although particle size seems to be the predominant factor in order to obtain a good abrasion resistance. At 
1 %wt of clay, high speed mixed formulations show clay aggregates of more than 10 microns of length 
(Landry et al, 2008). Each top coat layers are roughly seven microns thick. This means that clay 
aggregates stand out at the surface of the films and it could be the reason why abrasion resistance is 
significantly higher for this formulation. At 10%wt, it was observed that ball milling, bead milling and 
high speed mixing lead to the same abrasion resistance. Three roll milling leads to a less effective 
resistance. It could be explained by the combination of the poor curing found for this formulation and the 
small size of the clay aggregates in comparison with the others treatments. Bead milling also leads to 
relatively small clay aggregates compared to ball milled and bead milled formulations, although curing is 
more effective than for three roll milling.  
 
Impact results are presented in Figure 5. Control formulation carries out to an impact resistance of 71,5 
cm*kg. As reported in Table 1, eight formulations were found to be different than the control. The only 
formulation that is more impact resistant, is the one prepared by bead milling at 3%wt of clay. All 
formulations prepared by high speed mixing, ball milling and by three roll milling at 1%wt of clay were 
found to be statistically less resistant to direct impact than the formulation prepared without clay.  
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Figure 22 Direct impact resistance of the formulations prepared by ball milling, bead 

milling, high speed mixing and thee roll millingthree-roll milling at 1, 3 and 10 

%wt. 
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The two-factor ANOVA reveals that the effect of clay loading on the impact resistance varies according 
to the treatment performed (Table 2). Bead milled and three roll milled formulations exhibit different 
impact resistance according to clay loading. High speed mixing and ball milling leads to statiscally 
identical impact resistance no matter the clay loading. ANOVA sliced by clay loading demonstrated that 
at least one treatment leads to a different abrasion resistance than the other treatments at each clay 
concentration. At 1 and 3%wt of clay, bead milled formulations clearly lead to an higher impact 
resistance than the other clay-based formulations. At 10%wt of clay, bead milled formulations still 
presents a slighly higher impact resistance than the other formulations but it is not statistically 
significative. The decrease in impact resistance observed when clay is added into an acrylate formulation 
(high speed mixed and ball milled formulations) could be explained by the fact that large clay aggregates 
(more than 10 microns for high speed mixing and 5 microns for ball milling) serve as stress concentrators 
that lead to premature and brittle fracture. In order to achieve crack pinning, a good dispersion must be 
achieved. Large aggregates do not affect positively direct impact resistance as it was observed for 
abrasion resistance.  
 
Reverse impact experiments were also performed (Figure 6).  
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Figure 23 Reverse impact resistance of the formulations prepared by ball milling, bead 

milling, high speed mixing and three-roll milling at 1, 3 and 10%wt 

 
This test is often related to adhesion as we measure the impact at which coating will detach from the steel 
plate. Reverse impact results found are slightly different than results obtained for direct impact tests. 
Control formulation presents a reverse impact resistance of 16.3 cm*kg. Formulations prepared by bead 
milling at a clay loading of 1 and 3%wt lead to a more important reverse impact resistance than the 
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control formulation (Table 1). Conversely, the formulation prepared at 1%wt of clay by ball milling leads 
to an inferior reverse impact resistance. All other formulations were found to be statistically similar to the 
control formulation. As for direct impact testing, reverse impact varies with clay loading in different ways 
according to the treatment performed (Table 2). High speed mixing, the method that presents the lower 
dispersion efficiency, is the only treatment that shows no significant difference in reverse impact 
resistance upon the clay loading. The three other processes showed different behaviors with clay loading 
variation. For clay-based formulations prepared with 1 and 3%wt of clay, different behaviors were 
observed depending on the dispersing method used. As for direct impact testing, bead milled formulations 
present an higher impact resistance at any loading. Athough at 10%wt the difference between the bead 
milled formulation and the others formulations is not statistically significative. Bead milled formulations 
exhibit an higher curing or acrylate conversion than the other formulations at any clay loading. A good 
clay dispersion that limits the stress concentrations in the films was also achieved. This could explain the 
good reverse impact resistance. Formulations prepared by three roll milling showed a different behavior 
than the formulations prepared by the other techniques as a decrease in reverse impact resistance was 
observed form 1 to 3%wt.   
 
Optical properties were also studied. Even if mechanical properties are improved by the addition of 
nanoparticles, it is important to maintain good optical properties in term of gloss, color change and a haze 
as much as possible. Table 3 presents the effect of the treatment, of the clay loading and the effect of the 
treatment coupled with clay loading for each optical property 

Table 11 ANOVA tables for optical properties  

 

Property Source DF F value Pr > F 

Treatment 3 97.53 <.0001 

% nano 2 294.86 <.0001 
60

o
 Gloss 

Treatment * % 
nano 

6 22.65 <.0001 

  

Treatment 3 354.47 <.0001 

% nano 2 5164.89 <.0001 
∆b 

Treatment * % 
nano 

6 227.64 <.0001 

  

Treatment 3 43128.0 <.0001 

% nano 2 87993.8 <.0001 
Haze 

Treatment * % 
nano 

6 4773.81 <.0001 

 

Gloss measurements were first performed. Sixty-degree-gloss results are shown in Figure 7. According to 
the one-factor analysis of variance carried out, all the formulations present a gloss significantly different 
than the one found for the control formulation. This formulation leads to a gloss of 123. Clay addition 
into acrylate formulation was found to decrease signicantly the gloss at any clay loading no matter the 
treatment performed. As for mechanical properties experiments, 60o gloss depends on clay loading and 
varies differently in function of the dispersing equipment employed (Table 3). The two-factor analysis of 
variance sliced by treatment showed that for each process, gloss values are statistically different at the 



Application of Nanotechnology for Flooring Finishes  

 
 

 
 

 

 43 of 51 

 

three studied clay loading. In a similar way, at each clay loading, we found that gloss is statiscally 
different from one treatment to another. Bead milled formulations lead to slightly lower gloss values than 
the three other processes at 1 and 3%wt. Though, if we compared with literature, we found that the gloss 
decrease observed in our study is not really important. Decker and al. (2005) found a gloss decrease of 
roughly 75% with the addition of 3%wt of clay in their acrylate resin. In our case, we found a gloss 
decrease of 11% at the same clay loading. The gloss decrease observed in this study are significant but 
not important. All formulations studied can be considerated as high gloss coatings, even those at 10%wt 
of clay. 
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Figure 24 Gloss of the formulations prepared by ball milling, bead milling, high speed 

mixing and thee roll millingthree-roll milling at 1, 3 and 10%wt 

 
Color measurements were performed. L*, a* and b* parameters were determined. ∆b* values are 
presented in Figure 8. As mention earlier, b is the yellowness-blueness coordinate. Our attempt was to 
determine if clay addition leads to an important yellowing as cloisite 30B is a slightly yellow 
montmorillonite. Statistical analysis indicate that ∆b* values are all statistically different between each 
others (Figure 8). At 1 and 3%wt of clay, except for three roll milled formulations, statistically 
significative but not that high change was observed for the clay-based formulations. As reported in 
literature, it is possible to naked eye to perceive a difference of color when the difference in a*, b* and L* 
parameters are higher than 2. Clay-based formulations prepared with 10%wt of clay lead to different 
results. Whereas bead milled formulations lead to very small changes for the formulations prepared with 1 
and 3%wt of clay, smaller than for the other treatments, it is not the case at 10%wt of clay. In fact, bead 
milling leads to an important yellowing. Although the important thing is that for clay loading of 1 and 
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3%wt, delta values remain under 2 (detectable naked-eye limit). Other delta values (L* and a*) are not 
presented in this paper, like they are not affected as much as the b* values. As regards, delta E gives 
similar results that delta b*.  
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Figure 25 Delta b of the formulations prepared by ball milling, bead milling, high speed 

mixing and thee roll millingthree-roll milling at 1, 3 and 10%wt 

 
Haze was found to change with the addition of clay (Figure 26). Control formulation led to a haze of 135. 
All the clay-based formulations presented a statistically higher haze than the control formulation. As for 
gloss experiments, the analysis of variance has shown that for each treatment, the haze values at 1, 3 and 
10%wt of clay are statiscally different. A strong increase in haze values was observed from 1 to 10%wt of 
clay. Moreover, ANOVA sliced by treatement reveals that at each clay loading, the four processes 
showed statistically different haze values. High speed mixed and ball milled formulations presented very 
similar results according to clay loading. Three roll milled formulations presented a smaller increase in 
haze values. In fact, the haze found for the three roll milled formulations at 10%wt of clay is less than the 
half of the haze found for the other formulations at the same clay loading. According to literature, the 
haze of a coating decreases with a better particle dispersion. Results found for three roll milled, high 
speed mixed and three roll milled formulations are conforming to this statement. Bead milled 
formulations presented haze values particularly importants which suggest poor dispersion. This 
observation is surprising. In fact, as bead milled formulations lead to a dispersion definitely better than 
the high speed mixed and ball milled formulations, it would have been logical to find lower haze values. 
However, as reported in literature, haze changes according to many factors, not only the particle 
dispersion. Surface roughness due to large size of crystallites, a wide range in crystallite sizes and/or 
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particulates embedded in the film surface are among the parameters that increase the haze. Haze can also 
be due to voids or pinholes, fine orange peel, Benard cells, material that has exuded to the surface (as 
excess of photoinitiator or defoaming agent), absorption or trapping of moisture, overbaking, etc. It is 
difficult to find the exact cause of haze as it covers a large number of defects. Although as the 
formulations prepared for this study were prepared from the same reactives, it limits the number of causes 
that can generate hazy aspect. Bead milled formulations lead to a more important curing than the other 
formulations. It can explain the dulling of the coating. Thermoset resins undergo shrinking at the end of 
their curing. Domains of different shrinkage or an higher shrinkage density can lead to orange peel and 
decreases the haze of the coating.  
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Figure 26 Haze of the formulations prepared by ball milling, bead milling, high speed 

mixing and thee roll millingthree-roll milling at 1, 3 and 10%wt 

 
To find out if the hazy aspect of bead milled formulations is really important and can limit the utilization 
of this process, optical clarity was finally assessed. Important haze leads to a decrease in visible light 
transmission or optical clarity through coatings film. Figure 10 presents the curves obtained for the neat 
formulation and the clay-based formulations prepared by bead milling. As it can be seen, optical clarity 
decreases from 1 to 10%wt. This means that the % of transmittance decreases with clay loading. Though, 
in comparison with Decker study (Decker et al., 2005), very good optical clarity results were found no 
matter the clay loading. In fact, Decker observed a minimal decrease of 10% for a nanocomposite 
prepared with 3%wt of clay compare to the neat polyurethane acrylate. In our case, similar results were 
obtained for all the treatments, this means that a decrease in optical clarity was observed from 1 to 10%wt 
of clay not only for the bead milled formulations but for all the dispersion techniques.  
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Figure 27 Percentage of transmittance of the formulations prepared by bead milling with 1, 

3 and 10%wt of cloisite 30B 

 
4.3.4 Conclusion 

Clay-based formulations were prepared with the aim of four different dispersing equipments. 
Mechanical properties were found to be significantly different according to clay loading and the 
dispersing equipment employed. Persoz hardness was found to be better for the bead milled formulation 
prepared at 3%wt. Similar result was obtained for the reverse impact measurement. For direct impact 
measurement, bead milling also leads to very performant formulations, though the one prepared with 
1%wt of clay leads to superior result. Abrasion resistance was found to be dicted predominantly by 
particle size. In fact, high speed mixed formulation prepared with 1%wt of clay shows a very low mass 
loss comparatively to the other formulations. Optical properties were also affected by clay addition.  

 
Bead milled formulations, even if they present a good clay dispersion and an higher curing than 
formulations prepared by the other processes, were found to decrease the gloss and increase the haze. The 
superior curing of bead milled formulations is suspected to be the cause of these optical properties 
changes. Yellowing of the formulations was also assessed. We found that the introduction of small clay 
loading ( 1 and 3%wt) do not change significantly the color of the coating, except for three roll milled 
formulations.  
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Bead milling seems to be the equipment that allows the preparation of the best clay-based acrylate 
formulations. In fact, the direct impact resistance, reverse impact resistance and Persoz hardness were 
found to be significantly higher than the control and the other formulation. High speed mixing and ball 
milling treatment leads to a poor clay dispersion. Ball milling is a treatment that is much longer than high 
speed mixing and it did not bring improvement of the properties. Then, the use of ball mill is not 
suggested as it is time consuming and it requires the use of glass beads. Three roll milling, even if it leads 
to a very good clay dispersion, did not lead to mechanical performant formulations.. This can be allot to 
the inhomogeneity of the formulations.  
 

5 Conclusion 
UV-cured nanocomposite acrylates with a potential for use in the wood floor covering industry were 
prepared. The goal of the project was to determine if the addition of nanoparticles to high-solid content 
UV coatings could improve their mechanical performance. The basic formula chosen for this project was 
one typically applied in the wood floor covering field.  
 

Since many studies demonstrated that a good dispersion of particles is critical to obtaining good 
mechanical and optical properties, the dispersion of nanometric particles used was analyzed. The 
techniques used vary according to the type of nanoparticle being studied. For clays, the quality of 
dispersion varies according to the dispersion apparatus and the percentage of clay added. For metal 
oxides, it has been shown that the aggregation of particles is difficult to control. 
 

Studies on curing were also performed. These enabled us to understand how the addition of nanoparticles 
affects the mechanical properties of UV coatings. Whether for metal oxide nanoparticles or clay 
nanoparticles, the particles affect the curing of coatings – in some cases for the better and in others for the 
worse. Our research found that adding a small amount of well-dispersed particles could accelerate and 
augment the curing of coatings. 
 

Of course, changes in curing cause changes in the mechanical and optical properties. Coatings with better 
curing generally result in improved mechanical performance. Our research has found that the addition of 
clay can improve mechanical properties provided that the clay used is well-dispersed in the acrylate resin 
and that the dispersion is done in the complete mix to achieve good homogeneity. We also demonstrated 
that the best equipment to achieve this result is the bead mill, which is easy and quick to use, and can be 
used continuously.  
 

Well-dispersed clay improved many mechanical properties. For acrylate coatings, hardness as well as 
resistance to impacts, inverse impacts and abrasion all improved while optical properties (colour, bloom, 
brilliance and optical clarity) were only slightly affected. A bead mill obtained the best results. A very 
small quantity of clay (1 to 3% by weight; mechanical properties were observed to decrease with greater 
concentrations) provided a substantial increase in curing levels or acrylate conversion. This change in 
curing level seems to explain the improvement in mechanical properties. Coating hardness and impact 
resistance (direct and inverse) are the two properties that benefited the most from the addition of clay. 
They increased by nearly 30% compared to charge-free formulations. Abrasion resistance behaves 
differently. The best results were obtained from a dispersion prepared with the high speed mixer (poor 
clay dispersion). 
 

This project has shown that by adding small concentrations of well-dispersed nanoparticles, the 
mechanical properties of high solid content UV coatings can be improved while maintaining their positive 
optical properties. 
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