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Abstract 
This is the second report on wood hardening technologies. In this report, the performance for flooring 
based on wood treatability, chemical retention, dimensional stability, wear resistance, pull-off strength, 
and hardness were investigated in Douglas fir, western hemlock, hard maple, aspen, and Amabilis fir 
treated using two different processes. Tests were also conducted on wood modified with nanoparticles 
with sol-gel method, wood hardened by different methacrylates formulations, and wood impregnated with 
MUF resin and polymerized with hot press compression. 

On the basis of the wood samples treated at Mill A, it was concluded that hard maple sapwood had the 
best treatability. Western hemlock and Douglas fir had very good treatability. Aspen and Amabilis had 
poor treatability. Chemical treatments at both Mill A and Mill B increased the density of the five tested 
wood samples, compared with control samples. Under the same treatment conditions, Amabilis fir and 
western hemlock had the highest chemical retention. Hard maple had the lowest chemical retention. 

Generally, chemical treatments at both Mill A and Mill B improved the dimensional stability and water 
absorption property of five tested wood samples, compared with control samples. Under the same 
treatment conditions, western hemlock had the highest anti-swelling efficiency in radial and tangential 
direction and the greatest improvement in water absorption. Chemical treatments did not improve the 
wear resistance of all treated wood samples. But both Mill A and Mill B treatments improved the wear 
resistance of hard maple and western hemlock, compared with untreated controls. Hard maple had lower 
wear index than western hemlock, but western hemlock had greater wear resistance improvement than 
hard maple. 

Chemical treatments at both Mill A and Mill B improved the hardness of the samples of five tested wood 
species, compared with untreated controls. Western hemlock treated at Mill B was the hardest and had the 
greatest improvement in hardness. Compared with untreated hard maple, western hemlock and Douglas 
fir treated at Mill B were harder. Chemical treatments at both Mill A and Mill B improved the pull-off 
strength of tested wood species, compared with controls. Of all the samples, hard maple treated at Mill B 
had the greatest pull-off strength. Western hemlock and Douglas fir both treated at Mill B had greater 
pull-off strength than untreated hard maple. They also had the greatest pull-off strength improvement. 

On the basis of two Chinese wood species tested, the sol-gel method can be selectively applied to wood to 
improve wood hardness. One of the factors that determined the level of hardness improvement in wood 
was chemical retention. 

Different methacrylates had different impacts on modified hard maple. Monomer retention by volume in 
treated hard maple was similar regardless of formulation combinations, but monomer retention by weight 
was different than formulation combinations because of differences in monomer densities. Methacrylates 
in wood enhanced wood hardness and hardness modulus. The Brinell hardness correlated highly with 
hardness modulus. Different methacrylates resulted in different wood water absorptions and had different 
effects on treated wood dimensional stabilities in tangential direction. 

Hard maple and poplar impregnated with MUF resin improved wood hardness and dimensional stability 
in terms of thickness swelling and water absorption, compared with controls. Resin-impregnated-hybrid 
poplar was harder than untreated hard maple. Compression had a tendency to decrease chemical retention 
in poplar. Impregnation together with compression improved hybrid poplar hardness, but had a tendency 
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to decrease the hardness of compressed hard maple. With the experimental parameters used, impregnation 
of wood with MUF resin caused cracks, especially in compressed wood samples. 
 
Successfully applying wood hardening technologies in the wood flooring industry depends heavily on the 
processing cost and on marketing. It also relies on empathy for better life, better quality and better 
environment. Thus, research should be focused on reducing production costs and long-term performance. 
MUF resin offers an alternative for hardening wood at a relatively low cost. Preliminary test results 
indicate that impregnating hybrid poplar and hard maple improved the wood hardness and dimensional 
stability. Impregnation, together with hot press compression, improved the hardness and dimensional 
stability of poplar. Compression has the potential to reduce chemical retention in wood and reduce 
process cost without compromising wood hardness and dimensional stability. Thus, impregnation 
together with hot press compression should be tested in a methacrylates-wood system. A comparison 
between a methacrylates-wood system and MUF resin-wood system would be very helpful. Further 
research on MUF resin impregnation and hot press compression should be done on low-density wood 
species to improve impregnation efficiency and reduce chemical retention. The resin formulation and hot 
press compression parameters should be optimized. The long term durability of the treated wood should 
be confirmed. 
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1 Objectives 
To benchmark existing wood hardening processes that will allow softwoods and hardwoods to participate 
in high-end markets that require more durable, wear-resistant products. 
 
To investigate the fundamentals and feasibility of new wood hardening technologies. 
 

2 Introduction 
Most Canadian coniferous species and some important hardwoods are not sufficiently dense or resistant to 
wear to participate in flooring markets or high-end furniture and cabinet applications. Yet these are 
markets in which more Canadian species could successfully compete if their hardness and wear resistance 
were improved. 
 
In the United States, the total sales value of flooring materials increased from $17.2 billion in 1992 to 
$30.9 billion in 2000. The market is shared by five main products: carpet, resilient flooring, ceramic, 
hardwood, and laminates. Hardwood and laminated flooring are the highest growth sectors. The carpet 
industry’s market share decreased from about 71% in 1992 to 63% in 2000, while hardwood and 
laminated flooring industries increased market share from 5% to 8.4% and 0% to 3.7%, respectively, over 
the same period. In 2003, laminated flooring sales in the US were about $1.1 billion, while hardwood 
flooring sales were $2.6 billion.  
 
Increasing competition in the flooring market is forcing producers to examine the production of higher 
quality products in order to remain competitive. Increasing the surface hardness and wear resistance 
would add value to existing flooring products and may also permit the use of softer wood species in the 
production of flooring. 
 
Pine flooring currently sells for about $1000/Mfbm or $424/m3, compared with maple, which sells at over 
$3000/Mfbm or $1271/m3. Softwoods could potentially close much of this price gap if their performance 
was improved. Some softwoods would offer a “new look” as flooring, and some species, such as hem-fir, 
would be available in longer lengths and wider widths than traditional wood flooring is available. 
 

3 Background 
Canadian industry’s recent interest in wood hardening technologies is driven by value-added 
opportunities for wood with enhanced wear and dent resistance. Consequently, information is required on 
(1) practical, state-of-the-art technologies to harden wood, (2) the economics of hardening wood, and (3) 
existing and potential markets for hardened wood products. Additionally, any technical challenges for 
hardening Canadian wood species, particularly softwoods, need to be clearly identified. 
 
This study was divided into two phases. Phase I of the project involved identification of existing and 
potential markets for hardened wood products and a thorough and critical review of existing literature and 
hardening technologies. Phase I was finished and a report on wood hardening technologies review was 
completed (Ayer et al. 2003). The review of existing technologies was originally intended in order to 
select one or two approaches for further study, on the basis of the expectation of achieving adequate 
performance levels at a reasonable cost. (Process costs are known to have been a major impediment to the 
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success of a number of hardening processes developed in the past.) However, it was proposed that, in 
Phase II, Forintek undertake a more detailed investigation of the effectiveness of up to 15 existing 
technologies used to harden five Canadian wood species. Thus in Phase II, samples of selected wood 
species were prepared and sent to co-operating companies or mills with wood hardening technologies to 
be treated (hardened). After treatment, samples were returned to Forintek for testing and evaluation, and 
the economics of the wood hardening processes were assessed. 
 
For different reasons, several selected technologies could not be used and several companies were unable 
to participate in Phrase II research. To satisfy the industry’s interest, impregnation of wood by nano 
material, methacrylates, and melamine urea formaldehyde (MUF) resin was conducted at Forintek. 
 
This report describes the experiments conducted in Phrase II. 
 

4 Staff 
Ron Nielson, Manager, Secondary Manufacturing (now retired), Vancouver Laboratory 
Steven Ayer, Research Scientist, Durability & Protection Group, Vancouver Laboratory 
Manon Gignac, Research Scientist, Durability & Protection Group, Ste-Foy Laboratory 
Martin Feng, Research Scientist, Wood Composites Products, Vancouver Laboratory 
Torsten Lihra, Research Scientist, Value Added Products, Ste-Foy Laboratory 
Pierre Blanchet, Research Scientist, Value Added Products, Ste-Foy Laboratory 
Hui Wan, Research Scientist, Wood Composites Products, Ste-Foy Laboratory 
 
Yaolin Zhang, Post-Doctoral Researcher, Ste-Foy Laboratory   
WenHuan Man, Post-Doctoral Researcher, Beijing Forestry University, China 
KuiYan Song, Visiting Professor, Northeastern Forestry University, China 
 
Shane McFarling, Technologist, Durability & Protection Group, Vancouver Laboratory  
Martin O’Connor, Technologist, Value Added Products, Ste-Foy Laboratory 
Antoine Henry, Technologist, Wood Composites Products, Ste-Foy Laboratory 
 

5 Materials and Methods 
All measures were done in general agreement with the specified standards and protocols. The precision 
levels were in accordance with the technical requirements. 
 
5.1 Benchmarking tests 
Three softwood and two hardwood species were selected for the Phase II feasibility study (Table 1). 
Amabilis fir is a popular wood species in Japan and constitutes the reference softwood with treatable 
heartwood in this study. Trembling aspen, an inexpensive and underutilized Canadian hardwood, may, 
with improved hardness, be suitable for many value-added uses. Hard maple was selected as an Eastern 
Canadian hardwood species that may benefit from increased hardness. With appropriate hardening and 
staining, western hemlock may provide an exclusive edge-grain Douglas-fir-like appearance for flooring 
applications. Douglas fir was selected on the basis of colour (not white) and because the wood is difficult 
to treat. A company that can successfully harden Douglas fir will demonstrate technology that most 
wood-hardening companies may be unable to duplicate. 
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Specimens of the five selected wood species were kiln dried and cut into pieces with dimensions of 
635 mm x 68 mm x 19 mm (longitudinal x tangential x radial). The samples to be treated were sent to 
each mill and treated with the process the mill possessed. End-matched untreated controls were prepared 
and kept at Forintek for comparison purposes. Three mills or technologies participated in Phrase II of the 
experiment. Due to confidentiality agreements and Forintek policy, the companies were given 
pseudonyms: Mill A, Mill B, and Mill C. One of the mills applies microwaves to heat the wood and then 
compresses the heated wood under a hot presser so that the wood becomes denser and harder. The other 
two mills use methacrylates to harden the wood; however, one mill applies radiation to polymerize 
methacrylates, while the other applies a thermo-activated catalyst to polymerize methacrylates.  
 
Table 1 Canadian wood species selected for phase II 
 

Common Name Latin Name Treatability Colour 

Amabilis fir Abies amabilis (Dougl.) Forbes Easy Pale 

Aspen, trembling Populus tremuloides Michx. Easy Pale 

Douglas-fir  Pseudotsuga menziesii (Mirb.) Franco Difficult Darker 

Hard (hard) maple Acer saccharum Marsh. Difficult Pale 

Western hemlock Tsuga heterophylla (Raf.) Sarg. Difficult Pale 

 
After the samples were treated and sent back to Forintek, they were conditioned at 65% relative humidity 
and 21 °C for three weeks. The treated wood samples were then tested for density (ASTM D-1037), 
hardness (EN1534), thickness swelling, water absorption (ASTM D-1037), wear resistance (ASTM D-
4060-95), and pull-off-finishing coating strength (ASTM D-4541). 
 
5.1.1 Density tests 

The length and width of a conditioned wood sample was measured to an accuracy of not less than ± 0.3%; 
the thickness of that sample was determined by the average of three measurements to an accuracy of not 
less than ± 0.3%. The weight was recorded to an accuracy of not less than ± 0.2%. The density of the 
samples was determined by: 
 
Density = F/(LWT) 
 
Where: 
Density is in kg/m3,  
F = weight of conditioned wood, kg 
L = length of conditioned wood, m 
W = width of conditioned wood, m 
T = thickness of conditioned wood, m 
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5.1.2 Hardness tests 

A ball indenter of diameter of 10 ± 0.01 mm was applied to the tangential face of a test wood specimen 
under a load. The load was applied at such rate that a force of 1 kN was reached after 15 ± 3 seconds, 
maintained for 25 ± 5 seconds, and then withdrawn completely. The resistance to indentation was 
determined by the diameter of the indentation measured after testing for at least three minutes. To 
determine the hardness of one sample, two penetrations were done on the same face of the sample, at least 
one inch apart. The hardness of a wood sample was determined by: 
 
HB = 2F/(G*π*D*(D-(D2-d2)1/2) 
 
Where: 
HB is the Brinell hardness in kilogram per square millimetre 
G is the acceleration of gravity, in metres per second square 
π is the “pi” factor (≈3.14) 
F is the nominal force, in newtons 
D is the diameter of the ball, in millimetres 
d is the diameter of the residual indentation, in millimetres 
 
5.1.3 Dimensional stability tests 

Test specimens with dimensions of 635 mm x 68 mm x 19 mm (longitudinal x tangential x radial) were 
conditioned at 20  ±  3 °C and 65% RH for three weeks; after conditioning, sample masses and 
dimensions were recorded (denoted as the dry data). The conditioned specimens were then submerged in 
distilled water at 20  ±  1 °C, subjected to vacuum (28 in Hg, 15 min.) / pressure (80 psi, 15 min.) 
treatment, and soaked at ambient pressure for 24 hours; the sample masses and dimensions were then 
determined (wet data). Thickness swelling in radial direction, linear expansion in longitudinal and 
tangential directions, and water absorption of the samples were calculated on the basis of the dry and wet 
data using the following formula. 
 
M = 100((W-D)/D) 
 
Where: 
M is thickness swelling, water absorption, linear expansion in longitudinal direction (length), and 

linear expansion in tangential direction (width), respectively 
W is the thickness, weight, length, or width of the sample in wet conditions, respectively, 
D is the thickness, weight, length, or width of the sample in dry conditions, respectively. 
 
5.1.4 Wear resistance test  

An abrasive wheel was mounted on a test specimen and rotated for a specified number of cycles. The 
wheel, number H-22, was weighted with a 1-kg load. The size of the wood specimen was 4 inches by 
4 inches (two 635 mm x 68 mm x 19 mm test samples were glued together). Wear resistance is 
determined by the wear index (I), which is calculated according to the equation:  
 
I = (A - B) x 1000/C /A 



Wood Hardening Technologies 

 
 
 

 
 

 

 5 of 115 

 

Where: 
I  is the wear index, in mg/turn/g 
A is the weight of test specimen before abrasion 
B is the weight of test specimen after abrasion 
C is the number of cycles for abrasions recorded 
 
5.1.5 Pull-off tests 

All of the samples for pull-off testing were sent to a Forintek member mill (Tuile Bois Franc—
St-Romuald, Quebec) for coating application. The coating finish was a two-layer polyurethane system, 
and the coating film thickness was 35-170 microns. The coated samples were then conditioned at 21 °C 
and 65% relative humidity for three weeks before the pull-off tests. The tests were performed by securing 
a loading stud or fixture perpendicular to the surface of the coating with a two-component epoxy resin 
(Araldite®, Vantico, 4917 Dawn Ave. East Lansing, Michigan, 48863-5691). After the resin was cured, 
the area around the loading fixture was scored and a V-type testing apparatus, described in ASTM D 
4541, was attached perpendicular to the test-loading fixture. The apparatus was aligned to apply normal 
tension to the stress surface. The pull-off strength of the coating was calculated on the basis of the 
maximum load applied before the stud was detached from the coating surface, and is determined by: 
 
X = 4F/π/D2 
 
Where: 
X is the greatest mean pull-off strength achieved at failure 
F is the actual force applied to the test surface 
D is the diameter of the original surface area of the loading stud 
 
5.2 Improving wood hardness with silicon oxides by Sol-Gel method 
In this test, Chinese Fir (Cunninghamia lanceolata Hook) and Camphor wood (Cinnamomum Camphora 
(L.) Presl.) were treated with tetraethyl orthosilicate (TEOS) (Si(OC2H5)4) at different concentrations by 
the Sol-Gel process using HCl as a catalyst. The TEOS-treated wood samples were then dried at 105 °C 
for 24 hours. A scanning electron microscope was used to show SiO2 compounds formed on/in treated 
wood and to show the minimum size of SiO2 compounds. Chemical retention in wood was correlated with 
TEOS concentration, wood hardness, and wood species.  
 
5.3 Improving wood hardness with methacrylates 
In-situ thermoactivated polymerization of methacrylates was investigated with a mixture designed to 
evaluate the effect of different methacrylates on the physical properties of solid hard maple samples. The 
results are presented in several papers. In this study, three methacrylates were chosen: methyl 
methacrylate (MMA), hydroxyethylene methacrylate (HEMA), and ethylene glycol dimethacrylate 
(EGDMA). Hard maple samples were impregnated with these methacrylate mixtures by a vacuum and 
pressure process, and in-situ polymerized by a catalyst-thermal procedure. The effect of polymeric 
monomers and their combinations on monomer retention by volume and weight, polymer retention, 
Brinell hardness, and hardness modulus were analyzed.  
 



Wood Hardening Technologies 

 
 
 

 
 

 

 6 of 115 

 

5.4 Improving wood hardness with melamine urea formaldehyde (MUF) resin by 
hot press compression 

Water-based MUF resin has been used extensively in wood engineering products for decades. It has a 
crosslinking function and is hard; in addition, MUF prices vary according to the melamine content. 
Therefore, it was chosen to harden wood. In this study, lower molecular MUF resin was made at 
Forintek’s Western Laboratory. The melamine content of the MUF resin was 10%, based on solution 
weight. The solid content of the resin was 65%. Hard maple samples with dimensions of 4.36 mm x 
70 mm x 82 mm (thickness x width x length) from a Forintek member mill and hybrid poplar samples 
with dimensions of 20.84 mm x 20.84 mm x 90 mm (thickness x width x length), donated by Ministere 
des Ressources naturelles Quebec (Natural Resource of Quebec), were oven dried at 105 °C for 24 hours 
and then impregnated with MUF resin. During the impregnation process, wood samples were weighed 
down and submerged in the MUF resin in a vessel. The vessel containing the wood samples and MUF 
resin was vacuumed at 71 cmHg for 45 minutes. Then the vacuum was released, and the vessel was 
pressurized at 75 psi for 45 minutes. After this treatment, the resin and wood sample mixture was kept in 
the ambient atmosphere overnight. Before being dried at 60 °C for four hours, the treated samples were 
wiped with paper towel to remove extra resin from the wood surface. The treated hard maple samples 
were then hot pressed at 160 °C for seven minutes at compression ratio of 8.3% and 26.6%, respectively. 
The treated poplar samples were hot pressed at the same temperature for 33 minutes at compression ratio 
of 10.8% and 22.9%, respectively. Both were with six replicates. During hot pressing, the core 
temperature of wood samples was recorded with a thermal couple. The hot-pressed samples were 
conditioned at 21 °C and 65% relative humidity for 21 days to equilibrate moisture content. The 
conditioned samples were measured for dimension, weight gain, and hardness according to EN1534. 
After the hardness test, the samples were tested for dimensional stability according to ASTM D-1037. 
 

6 Results and Discussion 
6.1 Benchmarking tests 
Of the three companies that participated in Phrase II research, the test results of the two companies using 
methacrylates to treat wood were reported in this report. Wood samples of the third company with hot-
press-compression technology were sent twice; the first set of samples was damaged due to mis-
opearation. The second set of samples was sent later and was treated. However, because of a delay in 
returning the samples, the tests for this company were also delayed. As a result, these test results will be 
reported elsewhere. Anyone interested in this technology should contact Forintek. 
 
When the treated samples arrived, both samples from Mill A and Mill B smelled of uncured 
methacrylates. This shows that the methacrylate(s) in the treated wood were not completely cured or 
polymerized. From an environmental concern, measures should be taken so that it is possible to work on 
the treated wood immediately. 
 
6.1.1 Treatability of five wood species 

6.1.1.1 Douglas fir 

Douglas fir had quite good treatability. Chemical penetration in Douglas fir was quite even and limited in 
only a few sections (Figures 1 to 4). Douglas fir is a wood species notorious for its poor heartwood 
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treatment, but these test results did not fully support this reputation. Figures 2 and 3 reveal that poor 
treatability was found in areas other than heartwood. Adjusting impregnation parameters may improve the 
treatability of this wood species. 
 
6.1.1.2 Western hemlock 

Chemical penetration in western hemlock was quite even, and only a few places were not accessible to 
chemicals (Figures 5 to 8). 
 
6.1.1.3 Hard maple 

By examining samples treated at Mill B (Figures 9 to 12), one can tell that chemicals can penetrate hard 
maple very well. This may be because the hard maple samples are mainly sapwood. Figures 10 and 11 
show that the variation in chemical penetration is very low. Only part of one sample did not have 
chemicals. 
 
6.1.1.4 Aspen 

Chemicals did not penetrate the aspen samples very well (Figures 13 to 16). In these samples, chemical 
penetration was irregular: sometimes the chemicals penetrated sapwood, sometimes they penetrated 
heartwood, and in some cases they only penetrated earlywood. The reason for this is unknown. These 
results show that in order to improve aspen hardness by impregnation, further research is needed to 
improve the permeability of aspen. These results also show that dyeing aspen by impregnation may result 
in colour variation problems if the aspen is not pretreated to improve permeability. 
 
6.1.1.5 Amabilis fir 

In Amabilis fir (Figures 17 to 20), chemical distribution was uneven. The penetration had a particular 
pattern, chemical was usually found in earlywood, but not latewood. Since earlywood is usually softer 
than latewood, the structure of Amabilis fir may allow for an improvement in hardness selectively within 
earlywood. 
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Figure 1 Tangential section of treated Douglas fir 
 

 
 
Figure 2 Cross section of treated Douglas fir 
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Figure 3 Close-up of treated Douglas fir 
 

 
 
Figure 4 Side view of treated Douglas fir 
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Figure 5 Tangential section of treated western hemlock 
 

 
 
Figure 6 Cross section of treated western hemlock 
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Figure 7 Close-up of treated western hemlock  
 

 
 
Figure 8 Side view of treated western hemlock 
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Figure 9 Tangential section of treated hard maple  
 

 
 
Figure 10 Cross section of treated hard maple  
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Figure 11 Close-up of treated hard maple  
 

 
 
Figure 12 Side view of treated hard maple  
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Figure 13 Tangential section of treated aspen  
 

 
 
Figure 14 Cross section of treated aspen  
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Figure 15 Close-up of treated aspen  
 

 
 
Figure 16 Side view of treated aspen 
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Figure 17 Tangential section of treated Amabilis fir  
 

 
 
Figure 18 Cross section of treated Amabilis fir  
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Figure 19 Close-up of treated Amabilis fir 
 

 
 
Figure 20 Side view of treated Amabilis fir  
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Figure 21 compares the appearance of different wood species treated by the same chemicals and under the 
same process conditions. The species shown, from the left to right, are aspen, maple, western hemlock, 
Douglas fir, and Amabilis fir. As can be seen by the appearance of the wood cross sections and tangential 
sections, the chemical penetration and distribution in hard maple was the most even. Aspen had the 
poorest chemical penetration and distribution. Figure 21 also shows that, after treatment, the differences 
between Douglas fir and western hemlock were negligible. 
 

 
 
Figure 21 Comparison of wood samples treated at Mill B 
 
6.1.2 Density of control and treated samples 

Generally, the density of all five untreated wood species chosen is similar to the density of those that 
Jessome (2002) tested. The density of hard maple or sugar maple is the highest, followed by Douglas fir, 
western hemlock, aspen, and, finally, Amabilis fir. These results show that the wood treated in this study 
is a good representation of the five wood species normally used in Canada. 
 
After treatment, treated wood density increased greatly. Of those samples treated with the Mill A process, 
western hemlock had the highest density; this was followed by hard maple, Douglas fir, and then 
Amabilis fir. Aspen had the lowest density. Of the samples treated at Mill B, hard maple had the highest 
density, followed by western hemlock, Douglas fir, and Amabilis fir. Aspen treated at Mill B had the 
lowest density. Statistical analysis of Duncan test results shows that, overall, untreated Amabilis fir had 
the lowest density, while hard maple and western hemlock both treated at Mill B had the highest density, 
on the basis of the 0.05 significance level. Detailed discussions are given in the following sections. 
 
6.1.2.1 Douglas fir 

Compared with the Douglas fir control samples, both samples treated at Mills A and B had higher 
densities (Figure 22). Assuming that the volume of treated wood did not change and that the dimensions 
of the control and treated wood samples were the same, the difference in densities between the control 
samples and the treated wood samples was the difference in weight between the control and treated wood 
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samples, i.e., the weight of the chemicals residing in the treated wood. On the basis of this assumption, 
chemical retention in the treated wood samples can be estimated. As shown in Table 2, the chemical 
retention of samples treated at Mill A was about 57%, while the chemical retention of samples treated at 
Mill B was about 41%. This shows that the same species of wood had different levels of chemical 
retention when treated with different processes. 
 
Table 2 Comparison of density between different treatment methods (kg/m3) 
 

 Douglas 
Fir 

Western 
Hemlock 

Hard 
Maple 

Aspen Amabilis 
Fir 

Control 579 (81)F 511 (56)F 718 (29)DE 419 (29)F  364 (27)G  
Mill A 910 (89)B 1003 (51)A 913 (53)B 686 (138)E 803 (78)CD 
Mill B 818 (146)C 1008 (60)A 1084 (40)A 673(153)E 757(183)CDE

Chemical retention A (%) 57 96 27 64 121 
Chemical retention B (%) 41 97 51 61 108 

Note: Each datum is an average of 10 measurements. 
Values in parentheses are sample standard deviations. 
Values with the same letters are not statistically different by Duncan test.  
Chemical retention A is obtained by the equation (Dt-Dc)/Dc×100.  
Dt stands for density of treated and Dc stands for density of control. A stands for Mill A and B for mill B 
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Figure 22 Density of control and treated Douglas fir  
 
6.1.2.2 Western hemlock 

Figure 23 shows that the treatments at both mills produced western hemlock with higher densities than 
those of the control samples. The difference in density in the two treated samples was negligible. The 
chemical retention in both treated samples was about 97%, showing that the treatability of western 
hemlock did not change much with the treatments used.  
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Figure 23 Density of control and treated western hemlock 
 
6.1.2.3 Hard maple 

Figure 24 shows that the treatments at both mills produced hard maple with higher densities than those of 
the control samples. Compared with samples treated at Mill A, samples treated at Mill B had higher 
densities. Chemical retention in wood samples treated at Mill A was 72% while it was 51% in samples 
treated at Mill B. 
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Figure 24 Density of control and treated hard maple 
 
6.1.2.4 Aspen 

In aspen, the density of the control samples was lower than that of the treated samples. Among treated 
samples, there were little differences in densities. Chemical retention in wood samples treated at Mills A 
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and B was about 60%. This value was quite low, compared with the chemical retention in poplar in other 
studies (Section 6.4). Usually the chemical retention of aspen was found to be about 100%. The 
difference in the retention values may be a result of the wood chosen. 
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Figure 25 Density of control and treated aspen 
 
6.1.2.5 Amabilis Fir 

Figure 26 shows that the treatments at both mills produced Amabilis fir with higher densities than those 
of the control samples. Wood samples treated at Mill B had a slightly lower density compared with wood 
samples treated at Mill A. Chemical retention in wood samples treated at Mill A was 121% while it was 
108% in samples treated at Mill B. 
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Figure 26 Density of control and treated Amabilis Fir 
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By comparing the level of chemical retention in different wood species, it is clear that Amabilis fir had 
the highest level of retention (Figure 27), which may be related to the low density of untreated Amabilis 
fir. Hard maple treated at Mill A had the lowest level of chemical retention. Usually the differences in 
density between the different wood species samples treated at the two mills were not significant, except 
for Douglas fir and hard maple. The differences between the two mills were not so obvious when the 
chemical retention in wood treated at the two mills was compared. 
 
Higher chemical retention in Amabilis fir did not necessarily mean that it had good treatability; low 
chemical retention in hard maple did not mean that it had poor treatability. In fact, quite the opposite was 
true: hard maple had good treatability with respect to chemical penetration depth and distribution. This 
may mean that wood sample selection is very important in order to get good chemical distribution. In 
addition, this shows that in order to modify aspen and Amabilis fir evenly by impregnation, further 
research is needed. 
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Figure 27 Comparison of chemical retention in different wood samples 
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Table 3 Dimensional properties of different wood samples 
 

Douglas Fir 

Linear expansion (%) Wood Species TS 
(%) 

WA 
(%) Longitudinal Tangential 

Control 4.1 (0.79)BC 69.7 (12.04)B 0.13 (0.13)CDE 2.9 (0.54)CB 

Mill A 2.4 (0.79)EF 10.9 (3.83)DEF 0.04 (0.29)DE 0.8 (0.58)FG 
Mill B 1.38 (0.71)G 8.44 (2.23)EF -0.11 (0.20)E 1.35 (0.64)EDFG 

Improvement A 42 84 100 72 
Improvement B 66 88 N/A 53 

Western Hemlock 
Control 5.2 (1.21)A 123.7 (23.11)A 0.4 (0.29)AB 2.7 (1.04)BCD 
Mill A 2.3 (1.43)FE 12.3 (3.93)CDEF 0.01 (0.12)DE 0.54 (0.59)GF 
Mill B 0.04 (0.41)H 5.87 (1.24)F 0.1 (0.16)CDE 0.15 (0.25)G 

Improvement A 56 90 100 81 
Improvement B 99 95 75 94 

Hard Maple 
Control 5.3 (1.29)A 72.3 (4.61)B 0.5 (0.30)A 7.5 (0.9)A 
Mill A 2.8 (0.91)DE 25.4 (11.83)CD 0.1 (0.22)CDE 3.5 (1.99)BC 
Mill B 1.79 (0.33)FG 12.5 (1.96)CDEF 0.22 (0.13)BCD 2.5 (1.01)BCDE 

Improvement A 47 65 80 53 
Improvement B 66 83 65 67 

Aspen 
Control 4 (1.10)BC 76.6 (41.3)B 0.34 (0.40)ABC 2 (0.83)CDEF 
Mill A 4.4 (0.91)AB 27.5 (17.1)C 0.1 (0.27)CDE 3.5 (4.68)BC 
Mill B 1.81 (0.89)FG 15.51 (2.86)CDEF -0.09 (0.42)E 1.08 (0.54)EFG 

Improvement A -10 64 67 -75 
Improvement B 55 80 N/A 46 

Amabilis Fir 
Control 4 (1.21)BC 131 (19.3)A 0.25 (0.26)BCD 4 (1.35)B 

Mill A 3.4 (0.77)CD 21.5 (8.21)CDE 0.04 (0.26)DE 2 (1.27)CDEF 
Mill B 0.99 (1.00)G 14.58 (6.95)CDEF -0.06 (0.21)E 0.63 (0.55)FG 

Improvement A 15 84 100 50 
Improvement B 75 89 N/A 84 

Note: Each datum is an average of 10 measurements. 
Values in parentheses are sample standard deviations. 
Values with the same letters in the same column are not statistically different by Duncan test. Improvement 
is obtained by equation (Tc-Tt)/Tc×100. Tc stands for thickness swelling of control and Tt stands for 
thickness swelling of treated. A and B stand for Mill A and Mill B, respectively. 
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6.1.3 Dimensional stability of wood treated with different processes 

The dimensional properties of the control and treated wood species samples are listed in Table 3. 
Generally, treated wood samples had better performance than the control samples did in terms of TS, 
WA, and linear expansion. 
 
Statistical analysis of TS shows that hard maple controls and western hemlock had the highest TS, and 
western hemlock treated at Mill B had the lowest TS, on the basis of the 0.05 significance level. Thus, 
Mill B treatment significantly improved the dimensional stability of western hemlock in terms of TS. 
 
Statistical analysis of WA shows that the control samples of Amabilis fir and western hemlock had the 
highest WA, and western hemlock treated at Mill B had the lowest WA, on the basis of the 0.05 
significance level. Mill B treatment significantly improved the dimensional stability of western hemlock 
in terms of WA. 
 
Statistical analysis on linear expansion in longitudinal direction (LEL) shows that maple controls had the 
highest LEL, and that western hemlock, Amabilis fir, and Douglas fir treated at Mill A had the lowest 
LEL, on the basis of the 0.05 significance level. Douglas fir, aspen, and Amabilis fir treated at Mill B 
shrank. 
 
Statistical analysis on linear expansion in wood tangential direction (LET) shows that hard maple controls 
had the highest LET and that western hemlock treated at Mill B had the lowest LET, on the basis of the 
0.05 significance level. This indicates that Mill B treatment significantly improved the dimensional 
stability of western hemlock in terms of LET. 
 
Detailed discussions are given in the following sections. 
 
6.1.3.1 Thickness swelling 

As shown from the data in Table 3, among untreated five wood samples, hard maple appeared to have the 
highest thickness swelling, followed by western hemlock and Douglas fir. Aspen and Amabilis fir had the 
lowest thickness swelling. The five treated wood species samples had lower thickness swelling than the 
control samples did, except for the aspen samples treated at Mill A, which had the highest thickness 
swelling—even higher than the control samples. The lowest thickness swelling was found in western 
hemlock treated at Mill B. The thickness swelling improvement for Douglas fir, western hemlock, hard 
maple, aspen, and Amabilis fir treated at Mill A was 42%, 56%, 47%, -10%, and 15%, respectively. The 
greatest improvement was in western hemlock. The reason that aspen had a negative improvement is 
unknown. The thickness swelling improvement for Douglas fir, western hemlock, hard maple, aspen, and 
Amabilis fir treated at Mill B was 66%, 99%, 66%, 55%, and 75%, respectively. Again, the greatest 
improvement was in western hemlock. It appeared that Mill B treatment resulted in less variation when 
the results of the thickness improvement of different wood species between the two treatments are 
compared. It is also evident that Mill B treatment was more effective in reducing thickness swelling, 
especially for western hemlock (Figure 28), compared with Mill A treatment. These results show that the 
treatments used were able to improve wood dimensional in terms of thickness swelling or radial direction 
swelling.  
 



Wood Hardening Technologies 

 
 
 

 
 

 

 25 of 115 

 

-30

0

30

60

90

120

Douglas Fir Western
Hemlock

Hard Maple Aspen Amabilis Fir

A
SE

r (
%

) 
Mill A Mill B

 
 
Figure 28 Anti-swelling efficiency in radial direction (ASEr), or improvement in thickness 

swelling, of treated wood samples 
 
 
6.1.3.2 Water absorption 

Among the untreated wood, Amabilis fir had the highest water absorption, followed by western hemlock, 
aspen, and hard maple. Douglas fir had the lowest water absorption. Compared with the water absorption 
of control wood samples, that of treated wood samples was much lower. Among treated samples, western 
hemlock treated at Mill B had the lowest water absorption. Compared with Table 2, neither the 
highest-density hard maple nor the lowest-density aspen, both treated at Mill B, had the lowest water 
absorption. This shows that the interaction between the wood and the chemicals played a role in 
determining the water absorption of chemically modified wood samples. The water absorption 
improvement for Douglas fir, western hemlock, hard maple, aspen, and Amabilis fir treated at Mill A was 
84%, 90%, 65%, 64%, and 84%, respectively. The greatest improvement was in western hemlock. The 
water absorption improvement for Douglas fir, western hemlock, hard maple, aspen, and Amabilis fir 
treated at Mill B was 88%, 95%, 83%, 80%, and 89%, respectively. Again, the greatest improvement was 
in western hemlock. These results show that the treatments used were able to improve wood water 
absorption. Between two treatments, a comparison of the improvements in water absorption of the 
different wood species suggests that Mill B treatment was superior to Mill A and had less variation 
(Figure 29). 
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Figure 29 Improvement in water absorption of treated wood samples 
 
6.1.3.3 Linear expansion 

6.1.3.3.1 Longitudinal direction 

Among control wood samples, hard maple had the highest longitudinal expansion, followed by western 
hemlock, aspen, and Amabilis fir. Douglas fir had the lowest longitudinal expansion (Table 3). Chemical 
impregnation also reduced the linear expansion in longitudinal direction of the five treated wood species. 
Compared with control samples, the linear expansion of samples treated at the two mills was usually 
lower. The Douglas fir, aspen, and Amabilis fir treated at Mill A did not expand, but rather shrunk, when 
subjected to water. The reason for this phenomenon needs to be determined. Due to this abnormal 
shrinkage, the values for the improvement in LEL for these three wood species treated at Mill A were not 
included. Based on Figure 30, the improvement in LEL in softwood was greater than it was in hardwood. 
Of the two treatments, the Mill A treatment usually resulted in a more significant improvement than the 
Mill B treatment. 
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Figure 30 Anti-swelling efficiency in longitudinal direction (ASEl), or improvement in 

longitudinal expansion, of treated wood samples 
 
6.1.3.3.2 Tangential direction 

Among control wood samples, hard maple had the highest linear expansion in tangential direction (LET). 
Amabilis fir, although it had the lowest density, had the second highest LET (second to hard maple). The 
reason for this was not clear. Compared with LET of control wood samples, the LET of the treated wood 
samples was much lower except for aspen treated at Mill A, which had greater LET than the control aspen 
did. Western hemlock treated at Mill B had the lowest LET. The improvement in dimensional stability in 
wood tangential direction for Douglas fir, western hemlock, hard maple, aspen, and Amabilis fir treated at 
Mill A was 72%, 81, 53%, -75, and 50%, respectively. The greatest improvement was in western 
hemlock. The improvement in tangential direction for Douglas fir, western hemlock, hard maple, aspen, 
and Amabilis fir treated at Mill B was 53%, 94%, 67% 46%, and 84%, respectively. Again, the greatest 
improvement was in western hemlock. Compared with the improvement in LET of the different wood 
species between the two treatments, it appeared that the Mill B treatment was superior to that of Mill A 
and that Mill B treatment resulted less variation (Figure 31). 
 
A comparison of the improvements in the dimensional stability of the different wood species treated at 
either Mill A or Mill B show that western hemlock had the greatest improvement (Table 3 and Figures 27 
to 30); while aspen had the poorest improvement in most cases. This shows that different wood species 
had different reactions to the same type of treatment and that wood sample preparation and characteristics 
are very important in the application of a method to modify wood properties. 
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Figure 31 Anti-swelling efficiency in tangential direction (ASEt), or improvement in 

tangential expansion, of treated wood samples 
 
 
6.1.4 Wear resistance 

Wear indices of the different wood species treated by the different processes are listed in Table 4. To 
show the differences in the different wood species and processes, the data are listed according to wear 
cycles. Generally, the wear indices of the various wood species were different from one another, and the 
improvement in the wear index was different according to the process. Statistical analysis of Duncan test 
on 500-wear cycle data shows that, per a unit density, aspen treated at Mill A had the highest wear index, 
while hard maple and western hemlock treated at Mill B had the lowest wear index, on the basis of the 
0.05 significance level. Detailed descriptions are in the following sections. 
 
6.1.4.1 Wear index of control sample 

Figure 32 shows that the wear indices of the various wood species were different. Among the five wood 
species tested, Douglas fir had the lowest wear index, followed by hard maple, Amabilis fir, and aspen. 
Western hemlock had the highest wear index. Normally, as the wear cycle increased, the wear index of 
the control wood species decreased, except for western hemlock. Repeated tests confirmed that as the 
wear cycled increased, the wear index of control western hemlock increased. The reason for this needs to 
be determined. 
 



Wood Hardening Technologies 

 
 
 

 
 

 

 29 of 115 

 

Table 4 Wear index of different wood samples 
 

Treatment No. Wear Cycles Douglas Fir Western 
Hemlock 

Hard Maple Aspen Amabilis Fir 

100 8.9 13.8 9.8 13.3 10.6 
200 8.4 13.9 9.1 12.3 9.9 
300 8.0 14.6 8.8 12.0 9.4 
400 7.8 14.4 8.5 11.9 9.1 

Control 
 

500 7.7 (2.3)EF 14.6 (1.2) CB 8.5(1.1)E 12.0(3.2)CD 9.0(2.8)DE 
100 13.4 10.0 6.3 23.0 13.0 
200 13.3 10.0 6.5 23.2 13.9 
300 13.0 9.8 6.7 23.2 14.1 
400 12.7 9.5 6.8 23.5 14.1 

Mill A 
 

500 12.6(2.3) C 9.3(1.3)DE 7.0(1.6)EF 23.4(6.1)A 14.0(4.6)CB 
Wear index improved A (%) -37.3 46.5 34.0 -47.1 -30.5 

100 8.0 7.0 4.0 15.5 17.8 
200 8.1 6.7 4.1 13.2 16.8 
300 8.2 6.7 4.3 13.3 16.7 
400 8.3 6.5 4.5 13.2 16.3 

Mill B 
 

500 8.4(2.3)E 6.4(2.1)EF 4.5(0.4)F 13.4(6.9)BC 16.2(4.8)B 
Wear index improved B (%) -0.6 114.8 108.5 -10.3 -42.7 

Note: Each datum is an average of 10 measurements. 
Values in parentheses are sample standard deviations. 
Values with the same letter(s) are not statistically different by Duncan test. 
Wear Index improved is obtained by (wear index of control - wear index of treated) x 100/wear index of 
treated 
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Figure 32 Wear index of control wood species 
 
6.1.4.2 Wear index of different wood species treated at Mill A 

The wear index of the different wood species treated at Mill A was different. Figure 33 reveals that 
treated hard maple had the lowest wear index, followed by western hemlock, Douglas fir, and Amabilis 
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fir. Aspen had the highest wear index, even higher than that of the control. Wear index improvement 
(Table 4) demonstrates that the wear index of both hard maple and western hemlock were improved, with 
the greatest improvement being in western hemlock. The wear index of the remainder of the treated wood 
species did not improve, especially for aspen. This indicates that the Mill A treatment may be suitable for 
hard maple and western hemlock, for improved wood wear resistance. Figure 32 also indicates that after 
Mill A treatment, the wear index of aspen, Amabilis fir, and hard maple had a tendency to increase with 
wear cycles.  
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Figure 33 Wear index of different wood species treated at Mill A 
 
 
6.1.4.3 Wear index of different wood species treated at Mill B 

As with Mill A, wood species treated at Mill B had different wear indices. Figure 34 reveals that treated 
hard maple had the lowest wear index, followed by western hemlock, Douglas fir, and aspen. Amabilis fir 
had the highest wear index. Wear index improvements shown in Table 4 demonstrate that the wear index 
of both hard maple and western hemlock were improved, with the greatest improvement being in western 
hemlock. The wear index of the rest of the treated wood species was not improved, especially that of 
Amabilis Fir. These results indicate that Mill B treatment may be suitable for hard maple and western 
hemlock for improved wood wear resistance. Figure 33 indicates that after undergoing Mill B treatment, 
the wear index of Douglas fir and hard maple had a tendency to increase with wear cycles, similar to Mill 
A treatment. 
 
By comparing the wear index improvement of Mills A and B (Figure 35), it appears that Mill B treatment 
would be a preferable process, since it resulted in the highest wear index improvement. 
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Figure 34 Wear index of different wood species treated at Mill B 
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Figure 35 Improvement in wear index of different wood samples 
 
6.1.5 Hardness of wood treated with different processes 

Data in Table 5 show that, among control samples, untreated hard maple was the hardest wood. Aspen 
and Amabilis fir were the softest wood. Compared with data in Table 2, in untreated wood, generally 
higher density means harder wood. Data also show that wood modification improved wood hardness. 
Compared with the hardness of control samples, the hardness of treated wood samples was much greater. 
In most cases, treated Douglas fir, western hemlock, and Amabilis fir were harder than untreated hard 
maple; this shows the potential of substituting untreated hard maple with the treated Douglas fir, western 
hemlock, and Amabilis fir, in terms of hardness. In wood treated at Mill A, western hemlock had the 
highest hardness values. In wood treated at Mill B, western hemlock also had the highest hardness. 
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Statistical analysis shows that western hemlock treated at Mill B was the hardest wood. Untreated aspen 
and Amabilis fir were the softest wood, on the basis of the 0.05 significance level.  
 
The hardness improvement for Douglas fir, western hemlock, hard maple, aspen, and Amabilis fir treated 
at Mill A was 39%, 154%, 11%, 142%, and 193%, respectively. The greatest improvement was in 
Amabilis fir and western hemlock. The hardness improvement for Douglas fir, western hemlock, hard 
maple, aspen, and Amabilis fir treated at Mill B was 152%, 350%, 74%, 162%, and 307%, respectively. 
The greatest improvement was in western hemlock and Amabilis fir. The treated western hemlock was 
even harder than treated hard maple. Compared with the hardness improvement of different wood species 
between the two treatments, Mill B treatment appeared to be better than that of Mill A (Figure 36).  
 
Table 5 Hardness of different wood samples 
 

 Douglas fir Western 
hemlock 

Hard maple Aspen Amabilis fir 

Control 1.85 (0.62)FG 1.32 (0.32)GH 2.95 (0.38)CDE 0.82 (0.17)H 0.9 (0.23)H 
Mill A 2.57 (1.1)DEF 3.35 (0.90)CD 3.28 (0.77)CD 1.98 (0.88)FG 2.64 (1.2)DEF 
Mill B 4.66(1.7)B 5.94 (1.5)A 5.14 (1.5)B 2.15 (1.5)EFG 3.66 (2.8)C 

Improvement A 38.9 153.8 11.2 141.5 193.3 
Improvement B 151.9 350 74.2 162.2 307 

 
From Figure 36, it appears that the two mill treatments were most effective in improving the hardness of 
“soft” wood, especially for western hemlock, aspen, and Amabilis fir. The hardness improvement in hard 
maple is the lowest. This shows that in order to more efficiently improve the hardness of hard maple, 
further research is needed.  
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Figure 36 Improvement in hardness of different wood samples 
 
6.1.6 Pull-off strength of different wood samples 

Overall, the pull-off strength of the different wood samples was different. Statistical analysis indicates 
that hard maple, western hemlock, and Douglas fir treated at Mill B and hard maple treated at Mill A had 
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the greatest pull-off strength value, while untreated Amabilis fir had the lowest value, on the basis of the 
0.05 significances level. 
 
The pull-off strength of control wood specimens appeared different. Among the five wood species tested, 
hard maple had the highest pull-off strength, followed by aspen, western hemlock, Douglas fir, and 
Amabilis fir. This shows that different wood species react differently under the same coating system, 
although statistical analysis indicate that there was no difference in the pull-off strength of these wood 
samples. 
 
Both Mill A and Mill B treatments improved the treated wood pull-off strength. Of the wood samples 
treated at Mill A, hard maple had the highest pull-off strength, followed by aspen, western hemlock, 
Amabilis fir, and Douglas fir. The greatest improvement in pull-off strength was in treated western 
hemlock. Of the samples treated at Mill B, hard maple had the highest pull-off strength, followed by 
Western hemlock, Douglas fir, aspen, and Amabilis fir. The greatest improvement in pull-off strength was 
in Douglas fir and western hemlock. 
 
Figure 37 illustrates a comparison of the improvement in pull-off strength among five wood species 
treated at Mill A and Mill B. Based this figure, it appears that Mill B was more efficient at improving the 
pull-off strength off Douglas fir and western hemlock. 
 
Table 6 Pull-off strength of different wood samples 
 

 Douglas Fir Western 
Hemlock 

Hard Maple Aspen Amabilis Fir 

Control 1.96 (0.40)DE 2.04(0.34)CDE 2.3 (0.65)CDE 2.23(0.45)CDE 1.78 (0.24)E 
Mill A 2.19(0.65)CDE 2.84 (0.56)AB 3.13 (0.76)A 2.91 (0.45)AB 2.46(0.46)BCD 
Mill B 3.17 (0.47)A 3.29 (0.60)A 3.31(0.58)A 2.55 (0.51)BC 2.46 (0.44)BCD 

Improvement A (%) 11.7 39.2 36.1 29.1 38.2 
Improvement B (%) 61.7 61.3 40.0 14.3 38.2 
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Figure 37 Improvement in pull-off strength of different wood samples 
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6.1.7 Economics of wood hardening 

Listed in Table 7 is the chemical loading or retention supplied at Mill B for the treatment of the five wood 
species tested. The loadings are presented by percentage and by kg per cubic metre, respectively. The cost 
of chemical loading was based on the bulk price of monomer methacrylate (MMA), $2.90/kg. Data in 
Table 7 show that, for example, to have methacrylate(s)-treated western hemlock perform as in the above 
sections, it would cost at least an additional C$1,418 for the chemicals required to produce one cubic 
meter of chemically modified western hemlock. If other operation costs were included, the total cost of 
methacrylate-treated western hemlock would be higher. 
 
Table 7 Chemical loading and cost of different wood samples 
 

 
 

Douglas Fir Western 
Hemlock 

Hard Maple Aspen Amabilis Fir 

Loading (%) 72.5 97.2 48.6 66.4 90.8 
Loading (kg/m3) 387 468 349 272 336 

Cost (CND) 1175 1418 1059 824 1018 
 
6.2 Improving wood hardness with silicon oxides by Sol-Gel method 
The work in this section was contained in a paper and presented at the 2004 annual meeting of Forest 
Product Society Eastern division and at the 7th Pacific Rim Bio-Based Composites Symposium. This 
paper is attached in appendix. Generally, it was observed that hardening wood with silicon oxides by 
nanotechnology or sol-gel method was feasible. Scanning electron microscope images show that SiO2 
compounds were formed in the treated wood. The minimum size of SiO2 compounds was approximately 
50 nanometres. The chemical retention level in the wood was optimized at an intermediary 
Tetraethoxysilane (TEOS) concentration. Moreover, the chemical retention level of Chinese Fir was much 
higher than that of camphor wood. Similarly, at a certain chemical concentration level, the improvement 
in wood hardness reached approximately 120% for Chinese Fir, while little improvement was noted in 
camphor wood. 
 
6.3 Improving wood hardness with different methacrylates 
The work in this section was presented in several papers and a poster. One of them was accepted for 
publication by the journal Holzforschung. The poster was presented in the Forest Product Society 58th 
Annual Meeting on June 27-30 2004, at Grand Rapids, Michigan, USA and was awarded the second place 
certificate in poster competition. Three of the papers are attached in appendix. 
 
General observations were that monomer retention by volume in treated hard maple was similar 
regardless of formulation combinations, but monomer retention by weight was different in different 
formulation combinations due to differences in monomer densities. Methacrylates in wood enhanced 
wood hardness and hardness modulus. The wood Brinell hardness was highly correlated with hardness 
modulus; it is recommended that hardness modulus be used to substitute for Brinell hardness 
measurement. Different methacrylates resulted in different wood water absorptions and had different 
effects on treated wood dimensional stabilities in tangential direction. 
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6.4 Improving wood hardness with melamine urea formaldehyde (MUF) resin by 
hot press compression 

During hot pressing, some of hard maple samples at 8.3% compression ratio and all almost all hard maple 
samples at 26.6% compress ratio had wet spots or delamination. The higher the compress ratio, the more 
resin that bled out of the wood. Hybrid poplar at 10.8% compression ratio had a lot of resin that bled out 
during hot press and had springback. The heartwood of hard maple had less resin bleed out. It may be due 
to low resin retention in the heartwood. Tests showed that four hours drying time at 60 °C was not long 
enough to avoid delamination in hard maple and poplar. 
 
Hot press temperature measurements showed that the centre of the 4.3-mm-thick hard maple sample 
reached 136 °C in about 30 seconds and reached 160 °C in about two minutes. The total hot press time for 
hard maple was seven minutes. Hot press temperature measurements also showed that the centre of 
20.84-mm thick-poplar block reached 144 °C at the end of 33 minutes. 
Wood impregnated with MUF resin was quite brittle. It was also found that MUF-resin-treated poplar and 
maple developed some splits, especially in compressed wood samples. 
 
The test results are listed in Tables 8 and 9. A comparison of the chemical retention in treated hard maple 
and poplar samples shows that the chemical retention in poplar decreased as compression ratio increased, 
while it did not decrease in hard maple. This shows that in order to reduce chemical retention in poplar, 
compression can be used. Discussions about the results are given in the following sections.  
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Table 8 Test results of different hard maple samples 
 

 Control Compression ratio (%) 
  0 8 27 

Chemical Retention (%) 0 48 (8.75) 49.6 (11.64) 50.7 (8.42) 
Hardness (MPa) 4.4 (0.73) 20.1 (8.21) 18.3(7.64) 13.9 (5.57) 

Thickness Swelling (%) 6.34(1.02) 1.75 (0.58) 2.48 (1.36) 1.5 (6.02) 
Water Absorption (%) 45.7 (5.5) 6.59 (1.31) 9.52 (2.56) 11.64 (2.97) 
Linear Expansion (%) 0.34 (0.22) 0 (0.19) -0.1 (0.23) -1.2 (3.10) 

 
Table 9 Test results of different poplar samples 
 

 Control Compression ratio (%) 
  0 10.8 

Chemical Retention (%) 0 148 (45.95) 104 (25.5) 
Hardness (MPa) 1.33 (0.36) 5.3 (2.32) 7.4 (3.61) 

Thickness Swelling (%) 3.5 (2.12) 0.59 (0.40) 1.47 (0.39) 
Water Absorption (%) 57.37 (13.04) 8.07 (1.08) 7.06 (3.12) 
Linear Expansion (%) 0.26 (0.16) 0.34 (0.32) 0.16 (0.25) 

 
6.4.1 Hardness of treated hard maple 

Figure 38 shows that impregnating hard maple with MUF resin increased wood hardness. With the right 
process, i.e., impregnating wood with 48% MUF resin and no compression, the wood hardness of hard 
maple was four times higher than that of untreated samples. 
 
As compression ratio increased from 0 to 26.6%, the wood hardness decreased. This shows that, with the 
hot press parameters used, an increase in wood compression ratios together with the use of resin 
impregnation to increase hard maple hardness was not feasible. 
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Comparison of Hardness of MUF Resin Treated and Untreated Sugar 
Maple at Different Compression Ratios 
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Figure 38 A comparison of hard maple hardness at different chemical retentions and 

compression ratios 
 
6.4.2 Thickness swelling and water absorption of treated hard maple 

The TS of hard maple impregnated with MUF resin was much lower than that of untreated hard maple 
(Figure 39). This shows that impregnating hard maple with MUF resin improved wood dimensional 
stability. As compression ratio increased, TS of the samples varied; this shows that, after resin 
impregnation, further compressing may not improve wood dimensional stability, with the experimental 
parameters used.  
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Figure 39 A comparison of hard maple TS at different chemical retentions and compression 

ratios 
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Resin impregnation decreased the WA of treated hard maple (Figure 40) showing that when the cavities 
in the wood are filled with resin, it helps repel water. As compression ratio increased, WA of compressed 
wood also increased. 
 
It is well known that when wood deformations are not fixed, the wood will try to restore its original 
shape, or springback, when it is subjected to moisture; this allows the wood to absorb more moisture. An 
increase in WA with the compression ratio may reveal that with about 50% MUF resin in the wood, the 
resin did not help fix the deformation caused by compression. Usually an increase in water absorption in 
wood also means an increase in TS. However, Figure 39 results did not show this tendency. So, in order 
to reach a conclusion about hot press compression effect on hard maple dimensional stability, further 
research is necessary.  
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Figure 40 A comparison of WA of hard maple at different chemical retentions and 

compression ratios 
 
6.4.3 Linear expansion of treated hard maple 

In hard maple samples, MUF resin impregnation also decreased LE in longitudinal direction (Figure 41). 
The LE of MUF-resin-impregnated hard maple was almost zero, while the LE of untreated hard maple 
was almost 0.3%, showing that MUF resin treatment improved wood dimensional stability. 
 
It is of interest to note that as compression ratio increased from 0 to 26.6%, LE of treated wood became 
more negative, showing that compression caused wood shrinkage at longitudinal direction. The reason for 
this needs to be determined. 
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Comparison of LE of MUF Resin Treated and Untreated Sugar 
Maple at Different Compression Ratios 
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Figure 41 A comparison of LE of hard maple at different chemical retentions and 

compression ratios 
 
6.4.4 Hardness of treated poplar 

The wood hardness of MUF-resin-treated hybrid poplar was almost four times harder than that of 
untreated hybrid poplar, showing that impregnating MUF resin into the poplar also improved poplar 
hardness (Figure 41). As compression ratio increased, the chemical retention decreased and wood 
hardness increased, showing that compressing resin-impregnated poplar further improved wood hardness.  
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Figure 41 A comparison of hybrid poplar hardness at different chemical retentions and 

compression ratios 
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6.4.5 Thickness swelling and water absorption of treated poplar 

The TS of MUF-resin-impregnated hybrid poplar was lower than that of untreated one (Figure 42). As 
compression ratio increased, the TS of the treated poplar had a tendency to increase, which shows that in 
order to improve everything of treated poplar, hot press condition should be modified. The WA of 
MUF-resin-treated hybrid poplar was much lower than that of untreated hybrid poplar (Figure 43). The 
WA of resin-treated and compressed hybrid poplar either did not change a great deal or tended to 
decrease, as compression ratio increased. 
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Figure 42 A comparison of hybrid poplar TS at different chemical retentions and compression 

ratios 
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Figure 43 A comparison of WA of hybrid poplar at different chemical retentions and 

compression ratios 
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6.4.6 Linear expansion of treated poplar 

The impact of MUF resin treatment on the LE of hybrid poplar was quite different. The LE of MUF-
resin-impregnated hybrid poplar was higher than that of untreated hybrid poplar (Figure 44). When the 
resin-impregnated wood was compressed, the LE of the compressed poplar was lower than that of the 
uncompressed wood and controls.  
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Figure 44 A comparison of LE of hybrid poplar at different chemical retentions and 

compression ratios  
 
Generally, by comparing the results of impregnation and compression of hard maple and hybrid poplar, it 
becomes clear that impregnating the two wood species with MUF resin improved the hardness and 
dimensional stability of the wood. Impregnation together with compression improved the hardness of 
hybrid poplar only, under those conditions used. The results of this experiment show that in order to 
improve hard maple hardness using a combination of impregnation and compression, hot press conditions 
should be changed. 
 
Compared with untreated hard maple, MUF-resin-treated hybrid poplar was harder (Figure 45). This 
shows the feasibility of using modified fast-growth or low-quality wood species as a substitute for some 
slow growth wood species or high quality wood.  
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Comparison of Hardness of Chemical Treated Hybrid Poplar with 
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Figure 45 A comparison of hardness of MUF-resin-treated hybrid poplar with that of 

untreated hard maple 
 

7 Conclusions 
7.1 Treatability 
On the basis of the wood samples treated at Mill B, it was concluded that hard maple sapwood had the 
best treatability. Western hemlock and Douglas fir had very good treatability. Aspen and Amabilis fir had 
poor treatability. 
 
7.2 Density and chemical retention 
The chemical treatments of both Mill A and Mill B increased the density of the five wood samples tested 
compared with that of control samples. Under the same treatment conditions, Amabilis fir and western 
hemlock had the highest chemical retention. Hard maple had the lowest chemical retention. 
 
7.3 Dimensional stability  
Generally, the chemical treatments of both Mill A and Mill B improved the dimensional stability and 
water absorption property of the five wood samples tested compared with those of the control samples. 
Under the same treatment conditions, western hemlock had the highest anti-swelling efficiency in radial 
and tangential direction and the highest improvement in water absorption. 
 
7.4 Wear resistance 
Chemical treatments did not improve the wear resistance of all treated wood samples. However, both Mill 
A and Mill B treatments improved the wear resistance of hard maple and western hemlock, compared 
with untreated controls. Hard maple had a lower wear index than that of western hemlock, but western 
hemlock had greater wear resistance improvement than did hard maple. 
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7.5 Hardness  
The chemical treatments of both Mill A and Mill B improved the hardness of the five tested wood 
species, compared with that of the untreated controls. Western hemlock treated at Mill B was the hardest 
and had the greatest hardness improvement. Compared with untreated hard maple, Mill B treated western 
hemlock and Douglas fir were harder. 
 
7.6 Pull-off strength 
The chemical treatments of both Mill A and Mill B improved the pull-off strength of tested wood species, 
compared with that of controls. Of all samples, hard maple treated at Mill B had the greatest pull-off 
strength. Western hemlock and Douglas fir treated at Mill B had greater pull-off strength than did 
untreated hard maple. They both had the greatest pull-off strength improvement. 
 
7.7 Others 
7.7.1 Improving wood hardness by nanotechnology 

On the basis of the two Chinese wood species tested, the sol-gel method can be selectively applied to 
wood to improve wood hardness. One of the factors that determined the level of hardness improvement in 
wood was chemical retention. 
 
7.7.2 Improving wood hardness by different methacrylates 

Different methacrylates had different impacts on modified hard maple. Monomer retention by volume in 
treated hard maple was similar regardless of formulation combinations, but monomer retention by weight 
was different than formulation combinations because of differences in monomer densities. Methacrylates 
in wood enhanced wood hardness and hardness modulus. The Brinell hardness correlated highly with 
hardness modulus. Different methacrylates resulted in different wood water absorptions and had different 
effects on treated wood dimensional stabilities in tangential direction. 
 
7.7.3 Improving wood hardness by MUF resin and hot press compression 

Impregnation of hard maple and poplar with MUF resin improved wood hardness and dimensional 
stability in terms of thickness swelling and water absorption, compared with controls. Resin 
impregnated-hybrid poplar was harder than untreated hard maple. Compression had a tendency to 
decrease chemical retention in poplar. Impregnation together with compression improved hybrid poplar 
hardness, but had a tendency to decrease the hardness of compressed hard maple. With the experimental 
parameters used, impregnation of wood with MUF resin caused cracks, especially in compressed wood 
samples. 
 

8 Recommendations 
Benchmarking test indicates that different wood species react differently when subjected to the same 
process. The cost of applying existing technology in order to harden wood was quite high. Thus 
methacrylates modified wood is most suited to use as the top layer of engineering flooring. 
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For western hemlock, impregnation of methacrylates by both Mill A and Mill B processes improved 
wood hardness, dimensional stability, wear resistance, and pull-off strength. Thus, if cost is not a concern, 
Mill B process is ready to be applied to western hemlock, for flooring applications, as a substitute for 
untreated hard maple. 
 
Hard maple, like western hemlock, is one of the two wood species in which all properties improved when 
it was subjected to both processes. If treated hard maple also shows the long time durability, its chance 
being accepted by market will be greater.  
 
For Douglas fir, Mill B process can be used to make Douglas fir flooring as a substitute for untreated hard 
maple floor. Mill A process can also be applied to make Douglas fir flooring as a substitute for untreated 
hard maple floor if efforts are made to improve the pull-off strength and wear resistance. 
 
For the aspen tested, a key issue in applying impregnation technologies, in order to make aspen flooring, 
may be the improvement of the treatability, or permeability, of aspen. In this way, the dimensional 
stability and wear resistance of treated aspen will be improved. Since the aspen tested was from western 
Canadian species, in order to apply the conclusions drawn from this report to aspen grown Eastern 
Canada, further research is necessary. 
 
For Amabilis fir, both Mill A and Mill B processes can be used to manufacture flooring, if measures are 
taken to improve the wear resistance of treated wood. Since impregnated chemicals dwell mainly in 
earlywood, dyeing systems should not be used, unless measures have been taken to improve the latewood 
treatability. 
 
Research on the impacts of different methacrylates on wood-polymer composites revealed some of the 
fundamental aspects of wood modification. Further research should be correlated with optimization of 
methacrylates impregnation and the polymerization process.  
 
Nanotechnologies represent a multimillion-dollar business; their application is quite new to the wood 
industry. It would, therefore, be worthwhile to conduct fundamental research to better understand the 
relation between nano-materials and wood, to determine the impact of nano-material application 
processes on wood, and to find applications for nano-wood composites. 
 
Successfully applying wood hardening technologies in the wood flooring industry depends heavily on the 
processing cost and on marketing. It also relies on empathy for better life, better quality and better 
environment. Thus, research should be focused on reducing production costs and long-term performance. 
MUF resin offers an alternative for hardening wood at a relatively low cost. Preliminary test results 
indicate that impregnating hybrid poplar and hard maple improved the wood hardness and dimensional 
stability. Impregnation, together with hot press compression, improved the hardness and dimensional 
stability of poplar. Compression has the potential to reduce chemical retention in wood and reduce 
process cost without compromising wood hardness and dimensional stability. Thus, impregnation 
together with hot press compression should be tested in a methacrylates-wood system. A comparison 
between a methacrylates-wood system and MUF resin-wood system would be very helpful. Further 
research on MUF resin impregnation and hot press compression should be done on low-density wood 
species to improve impregnation efficiency and reduce chemical retention. The resin formulation and hot 
press compression parameters should be optimized. The long term durability of the treated wood should 
be confirmed. 
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Abstract 
In this study, Chinese Fir (Cunninghamia lanceolata Hook) and camphor wood (Cinnamomum Camphora 
(L.) Presl.) were treated with a sol-gel process that used tetraethyl orthosilicate (TEOS) (Si(OC2H5)4) at 
different concentration levels and HCl as a catalyst. Scanning electron microscope images show that SiO2 
compounds were formed in the treated wood. The minimum size of SiO2 compounds was approximately 
50 nanometres. The chemical retention level in the wood was optimized at an intermediary TEOS 
concentration. Moreover, the chemical retention level of Chinese Fir was much higher than that of 
camphor wood. Similarly, at a certain chemical concentration level, the improvement in wood hardness 
reached approximately 120% for Chinese Fir, while little improvement was noted in camphor wood. 

1 Introduction 
Forintek has undertaken a detailed investigation of the suitability, effectiveness, and economics of 
commercially available technologies to harden Canadian wood species. Emphasis has been placed on the 
development of hardened wood products for the flooring and furniture markets. The Institute of 
Fundamental Mechanics and Material Engineering at Xiangtan University, China has developed a unique 
process (Zhang 2003) to modify polymers with silicon nano-materials. It is the principles of this process 
that were applied here to harden wood. 
 
Silicon is available in abundant amounts and has been used by human beings for centuries. Wood treated 
with silicon compounds has been shown to be resistant to fire (Furuno et al. 1993), decay (Reinsch et al. 
2002), and termites (Ogiso and Saka 1993). The principle of applying a sol-gel process to treat wood with 
silicon compounds is the following: silicon compounds such as tetraethoxysilane (TEOS) are hydrolyzed 
under either acid or base conditions into siloxanes; the siloxanes are then further condensed into 
polysiloxanes (Mai and Militz 2004). With heating and under proper conditions, it is possible for the 
polysiloxanes to react with wood and/or condense into polymeric silicon oxide.    
   
≡Si-OR+H20↔ ≡Si-OH+ROH    1) 
 
≡Si-OH+HO-wood →≡Si-O-wood   2) 
 
nSi(OH)4→(Si-O-Si)n     3) 
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The objective of this experiment was to verify the feasibility of applying a silicon compound with a sol-
gel process to harden two Chinese wood species. 

2 Materials and Method 
In this experiment, SiO2, derived from a sol-gel in situ, was used to harden two different types of wood 
species. Tetraethoxysilane (TEOS) together with ethanol and acetic acid was mixed with a bio-polymer in 
different ratios, using a hydrochloric acid as a catalyst. The final, respective TEOS concentration levels in 
the solutions, based on weight percentage, were 9%, 16% and 27%, and the hydrochloric acid 
concentration levels, 1.8%, 2.7% and 3.8% (Table 1). The chemicals were purchased and used as is. The 
concentration of hydrochloric acid was 10%. 
  
Table 1 TEOS solutions used to produce SiO2 through the sol-gel method 
TEOS solution A B C 
TEOS concentration (%) 9 16 27 
Hydrochloric acid concentration (%) 1.8 2.7 3.8 
 
The lumber for the two wood species was obtained commercially and end-matched, defect free sapwood 
was selected for control and treated samples. Both control and treated samples were dried at 105°C for 24 
hours. Their weight and density were then measured. Oven dried samples for nano-treatment were first 
soaked in distilled water for 24 hours, then soaked in acetone for another 24 hours and finally dried at 
105°C for another 24 hours. The soaked samples were then impregnated with the selected TEOS mixtures 
at a vacuum of 20 in. Hg for 24 hours. The impregnated samples were dried in two stages: 1) at 78°C for 
24 hours and 2) at 105°C for another 24 hours. The treated samples were also weighed and their weight 
gains, calculated. Some of the samples were used for SEM observation; the treatment procedure for SEM 
observation is described elsewhere (Wan 2000). The rest of the samples were sent to Forintek for 
hardness testing. Before hardness testing, the samples were conditioned at 65% relative humidity and 
20°C for three weeks to equilibrate the moisture content of the samples. The hardness test was conducted 
according to EU standard EN1534 (Brinell test). 
 
In this experiment, the weight gain (WG) of treated wood was defined as: 
WG (%)= (Wat-Wbt)/Wbt*100 
  
where Wbt was the sample's weight before treatment  

Wat was the sample's weight after treatment. 
 
 

The hardness change (HCh) of a treatment was defined as: 
 
HCh (%)= (Ht-Hc)/Hc*100 
 
Where Ht was the hardness of the treated sample 
 Hc was the hardness of the control sample 
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3 Results and Discussion 
Figure 1 shows that SiO2 was formed and deposited on the wood surface, indicating the feasibility of 
applying sol-gel derived SiO2 to modify wood. Figure 1 also shows that the when the bio-polymer was 
used, SiO2 was quite compatible with wood and that, even during SEM scanning, no wood surface cracks 
were noted.  
 
Figure 2 shows that SiO2 clustered in some of the wood lumens, thereby revealing that the TEOS solution 
could penetrate inside the wood. However, given that neighboring lumens or wood cells did not contain 
SiO2 clusters, the penetration of TEOS solution seemed to be limited by the wood's structure or flow 
path. This phenomenon is quite similar to that which occurs when wood is impregnated with other 
chemicals. 
     
  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1  Wood surface after sol-gel treatment at 27% TEOS concentration 



Wood Hardening Technologies 

 
 
 

 
 

 

 50 of 115 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2  SiO2 clusters in wood lumen 

 
Figure 3 shows that SiO2 was deposited or aggregated on the surface of the wood vessel. Comparing this 
to the shape of SiO2 aggregations in Figures 4 and 5, one can see that SiO2 nano-material can produce 
different morphologies in wood. Figure 5 also shows that the minimum size of the nano material was 
about 50 nanometers. This relatively large size was the result of SiO2 aggregation or reaction, since a 
single nano-particle is normally much smaller than 50 nanometers in size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 SiO2 deposited on the surface of wood cells  
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Figure 4 Amplified SiO2 clusters from Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Figure 5  SiO2 aggregations from Figure 3 
 
Figure 6 shows that a peak weight gain in nano-materials was reached at a TEOS concentration level of 
16%. It was known that as the TEOS concentration level increased, the hydrochloric acid content in the 
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treated wood also increased. The hydrochloric acid was used as catalyst in the TEOS solution to form 
SiO2; however, it also hydrolyzed the wood. It was not sure whether or not the weight gain decrease at the 
27% TEOS concentration level was due to the hydrolysis of the wood, since an increase in the 
hydrochloric acid level might have accelerated the formation of large SiO2 clusters which had difficulty 
penetrating into the wood, thereby reducing the weight gained in nano-materials. 
 
The peak improvement in the wood hardness of the Chinese Fir was also reached at the 16% TEOS 
concentration level (Figure 7). Comparing this result to the weight gain in Figure 6, it can be seen that 
wood hardness increased with weight gain as the TEOS concentration level increased from 9% to 16%. 
However, at the 27% TEOS concentration level, even though the SiO2 weight gain was about 13%, the 
change in wood hardness was negative, with a decrease to 60% of its initial value. The explanation for 
this would seem to be the hydrolyzing action of the hydrochloric acid in the TEOS solution. The high 
concentration of hydrochloric acid would seem to have hydrolyzed the wood and reduced its hardness. 
Consequently, when using the TEOS sol-gel method to improve wood hardness with SiO2, controlling the 
amount of hydrochloric acid could be critical.                  
 
In the Chinese Fir treated with the TEOS mixture, there was a corresponding increase in wood hardness 
and weight gain (Figure 8).   
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Figure 6 TEOS retention vs. TEOS concentration in Chinese Fir 
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Figure 7 Wood hardness vs. TEOS concentration in Chinese Fir 

 

Wood Hardness vs. Chemical 
Retention

-100

-50

0

50

100

150

0 10 20 30 40

Weight Gain (%)

Ha
rd

ne
ss

 
Im

pr
ov

em
en

t (
%

)

 
Figure 8 Wood hardness vs. chemical retention in Chinese Fir 

 
Figure 9 shows the results when the TEOS solutions were used to treat camphor wood. It is noteworthy 
that the weight gain of the TEOS treated camphor wood was much lower than that of the Chinese Fir 
(Figure 10). Despite this difference, Figure 10 shows that the weight gain of both treated Chinese Fir and 
camphor wood followed the same pattern, namely, that, of the three TEOS concentration levels (9, 16 and 
27%), it was the intermediary level that produced the maximum weight gain.   
 
The hardness of the TEOS treated camphor wood was higher at TEOS concentration levels of 9% and 
27% than it was at 16% (Figure 11). The reason for this is not yet understood. 
 
Figure 12 shows that as chemical retention or weight gain of treated camphor wood increased, the wood 
hardness of treated camphor wood decreased. Comparing Figure 8 with Figure 12, one can see that the 
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change in hardness between Chinese Fir and camphor wood was quite different. A direct comparison is 
shown in Figure 13. 
 
The fact that both types of wood treated at the 27% TEOS concentration level showed negative changes 
in hardness suggests that the hydrochloric acid hydrolyzed the wood and decreased its hardness (Figure 
13). Since the change in hardness of treated camphor wood showed negative values at the 16% and 27% 
TEOS concentration levels, this might indicate that camphor wood is more easily hydrolyzed than is 
Chinese Fir.  
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Figure 9 TEOS retention vs. TEOS concentration in Camphor wood 
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Figure 10 A comparison of TEOS retention in Chinese Fir and camphor wood 
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Figure 11 Hardness vs. TEOS concentration in camphor wood 
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Figure 12 Hardness vs. chemical retention in camphor wood 
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Figure 13 A comparison of wood hardness in Chinese Fir and camphor wood 

4 Recommendations and Conclusion 
Though nano-technologies represent a multimillion dollar business, their application is quite recent in the 
wood industry. It would therefore be worthwhile to conduct fundamental research so as to better 
understand the relation between nano-material and wood, to determine the impact on wood of nano-
material application processes and to find applications for nano-wood composites. 
 
This experiment shows that hardening wood by applying TEOS solutions with the sol-gel method is 
technically feasible, though many aspects need to be improved. The results suggest that the hydrolysis of 
wood by hydrochloric acid is crucial to improve wood hardness. However, different wood species react 
differently to the same sol-gel process. Future research should therefore focus on finding a way to reduce 
the hydrolysis of wood by hydrochloric acid and discovering why different wood species react differently. 
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Hard Maple Wood-Polymer Composites Based on 
Impregnation & In-situ Polymerization of Monomers with 

Mixture Design 
Part 1: Monomer Retention, Polymer Retention and Hardness 

Yaolin Zhang, Hui Wan, and Shu Yin Zhang, 
Forintek Canada Corp. (319 rue Franquet, Québec, Canada), G1P 4R4  

Summary 
In situ polymerization of polymeric monomers was investigated with a mixture design to evaluate the 
effect of the monomers on the physical properties of solid wood. The results are presented in a series of 
four papers. In part 1 of the study, three methacrylates were chosen: methyl methacrylate (MMA), 
hydroxyethylene methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA). The formulation 
combinations were determined by a mixture design. Hard maple samples were impregnated with these 
methacrylates mixture by vacuum and pressure process, and in-situ polymerized by catalyst-thermal 
procedure. The effect of polymeric monomers and their combinations on monomer retention by volume 
and weight, polymer retention, Brinell hardness and hardness modulus were analyzed. An attempt was 
made to correlate hardness modulus with Brinell hardness. Monomer retention by volume is similar 
regardless of formulation combinations, but monomer retention by weight is different from formulation 
combinations due to difference of monomer densities. Wood impregnation enhances Brinell hardness and 
hardness modulus. It is found that hardness modulus is proportional to Brinell hardness. 
 
Key words 
Hard maple, wood impregnation, in situ polymerization, methyl methacrylate, hydroxyethylene 
methacrylate, ethylene glycol dimethacrylate, monomer retention, polymer retention, Brinell hardness, 
hardness modulus 

1 Introduction 
The shortage of high-quality hardwoods has driven researchers and wood products’ manufactures to look 
for alternative low-quality resources for value-added applications. To reach these propose, suitable 
technologies are needed to improve specific wood quality attributes (e.g. dimensional stability, durability, 
mechanical properties, and hardness) to meet end-use requirements. The low-quality resources could be 
modified through proper treatments to acquire these attributes to meet the specific requirements. On the 
other hand, wood is an important raw material that is abundantly available and easily to work with. 
However, wood has some unfavourable behaviours (e.g. high moisture uptake, biodegradation, and 
dimensional instability) especially when it is for external uses. These defects have greatly been ascribed 
to the presence of numerous hydroxyl groups in the major components of wood (cellulose, hemi-
cellulose, and lignin) and various cavities in the wood. The hydroxyl groups are considered to be reactive 
sites and the cell cavities are main paths for moisture movement in wood. Blockade of these reactive sites 
or plugging the cavities could not only make the wood more resistant to moisture, but also improve its 
dimensional stability and physical and biodegradation properties. Treating of wood to modify wood 
structure so as to improve its physical and mechanical properties, dimensional stability, and resistance to 
termites, decay, and marine organisms has been carried out via chemical modification, chemical 
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impregnation, the compression of wood while heating, and heating wood at high temperature (Rowell 
1987).  
 
One of the techniques to improve the properties of solid wood, which has received considerable attention 
in the past decades, is the formation of wood plastic composites (WPC), by impregnating into wood with 
polymeric monomers [such as methyl methacrylate (MMA) (Blankenhom et al. 1977; Miettinen et al. 
1972; Sjöö et al. 1977; Witt 1986, Rowell 1987), styrene (ST) (Witt 1986, Schneider 2001), unsaturated 
polyester (Sjöö et al. 1977, Doss et al. 1991), methacrylates (Fuller et al. 1997a, 1997b, Guyonnet and 
Gohar 2001, Mathias et al. 1991)], thermoset resins [epoxy resin (Moore et al. 1983 & 1984), phenol 
formaldehyde (Lewis, 1995a, 1995b) urea formaldehyde (Fujiki et al. 1996), melamine-formaldehyde 
resin (Gindl et al. 2003)] and then in-situ polymerizing by radiation or catalyst-thermal treatment. 
Norimoto et al. (1992) classified chemical wood modification to double criterion: modification of the 
lumens (cellular level) and modification of the cell wall materials (molecular level). In thermoset resin 
chemical impregnation, the chemicals that can enter the cell wall or react to the hydroxyl groups of wood 
components improved the dimensional stability of wood, such as phenol formaldehyde resin (Lewis 
1995a & 1995b, Rowell 1987). However, these treatments generally reduced bending strength and 
toughness of wood. For mostly used polymeric monomers impregnation, such as MMA and ST, the WPC 
generally exhibited enhanced strength properties, and hardness, while displayed a relatively poor 
dimension stability in water due to the fact that these monomers are mostly confined in lumen, but not in 
the cell wall. 
 
To improve the penetration of monomers into cell walls, the multifunctional monomer, HEMA, as a 
candidate was chosen. This monomer contains four different functionalities, including an alcohol, ether, 
ester, and polymerizable double bond. The hydroxyl group was expected to increase monomer 
hydrophilicity and hydrogen bonding capability with various components of wood. After or during the 
polymerization, intermolecular trans-esterification would occur through reaction of the hydroxyl groups 
of HEMA units and cellulose with monomer ester groups to form a very strong three-dimensional 
network that provides good dimensional stabilities to the WPC. Further improvement in properties may 
be possible via crosslinking of the polymeric monomers using added dimethacrylate crosslinking agent 
EGDMA was chosen as crosslinking agent. Many studies of polymer-impregnated wood have centered on 
vinyl monomers, particularly MMA for several reasons: 1) low viscosity, 2) availability, and 3) 
enhancement of wood properties after impregnation and polymerization. However, MMA has some 
undesirable properties, such as 1) high vapor pressure which tends to result in monomer depletion on the 
surface before polymerization, and 2) high volumetric shrinkage upon polymerization. 
 
The objectives of our research were to investigate the effect of multifunctional monomer- 
hydroxyethylene methacrylate (HEMA), mostly used monomer- MMA, and crosslinker- ethyleneglycol 
dimethacrylate (EGDMA) and the combinations with a mixture design on impregnability, and physical 
properties including hardness, water repellency, dimensional stability, fungi resistance, and dynamic 
mechanical properties of hard maple, and obtained optimal formulation. In the first part of this study, this 
paper focuses on the effects of monomers and formulation combinations on the monomer retention, 
polymer retention, and hardness of wood or WPC. 

2 Literature Review 
Mathias et al. (1991) reported that Southern pine treated with multifunctional monomer ethyl α-
hydroxylmethacrylate (EHMA), vinyl azlactone, and with/without diacrylate crosslinking agent followed 
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by catalyst thermal in-situ polymerization significantly improved the water repellency values, and 
significantly lower the volumetric swelling coefficient. Hazer et al. (1993) studied the effect of 
impregnation of mixtures of polyazoester, toluene diisocyanate, HEMA and ST into different wood 
species (Scotch pine, eastern spruce, and eastern beech), and found that the polymer load in WPC varies 
different wood species, and water–repellent effectiveness (58.15-77.23%) and volumetric antiswelling 
efficiency (15.38-42.43%) also varies. The mechanical properties (longitudinal compression strength and 
bending strength) were improved. Wright and Mathias (1993) characterized wood and WPC prepared 
through impregnating and in-situ polymerizing with EHMA, p-acetoxystyrene (ASM), ST and MMA. 
They found that copolymers containing EHMA, especially EHMA-ST mixtures could improve the 
dimensional stability and mechanical properties. Rozman et al. (1998) prepared WPCs by impregnating 
rubber wood with glycidyl methacrylate (GMA), diallyl phthalate (DAP), combinations of GMA and 
DAP and in-situ polymerizing by catalyst-heat treatment. They found that WPC based on GMA exhibited 
dimensional stability about five times greater than those based on DAP alone. The flexural properties 
[modulus of elasticity, modulus of rupture, and toughness], compressive, and impact properties of WPC 
are improved, especially for those with higher chemical retention. Şolpan and Gűven (1999) studied the 
preservation of beech and spruce wood by impregnating different combinations of allyl alcohol (AA), 
acrylonitrile (AN), and MMA and polymerizing by gamma irradiation, and found that WPCs improved 
the mechanical properties of wood and protected the samples against aging and biodegradation, especially 
WPC made from AA-MMA give best results for protecting the wood against various attacks. Dale Ellis 
and O’Dell (1999) evaluated dimension stability, water repellency and hardness of WPCs prepared by 
impregnating different chemical combinations of HEMA, hexanediol diacrylate (HDDA), maleic 
anhydride (MAn) and hexamethylene diisocyanate (HDI) into solid woods. They found that WPC made 
with HDDA-HEMA-HDI combination were hardest, had the least discoloration with treatment, and had 
lower moisture sorption rate and swelling rate in water and water vapor. HEMA increased hardness, water 
exclusion properties and decreased the rate of volumetric swelling at 30% and 90% relative humidity 
(RH). However, they found all samples, WPC, and untreated woods, showed little or no difference in the 
extent of volumetric swelling after 96 hours immersed in water. 
 
As we know, mixture design is different from random factorial design. The distinguishing feature of the 
mixture is that the controllable factors represent proportionate amounts of the mixture rather than 
unrestrained amounts where the proportions are by volume, by weight, or by mole fraction, and the 
proportions sum to unity if they were expressed as fractions of the mixture. It is to explore whether there 
exist mixtures of two or more components that produce more desirable product properties than do the 
single ingredients individually (Cornell 1990). With mixture design, it is hoped to find an optimal 
formulation combination which not only enhance the mechanical properties, but also improve the 
dimension stability and durability.  
 
Hardness implies the ability of a body to resist deformation. There are wide variety of hardness 
procedures including static indentation test, scratch test, plowing test, rebound test, damping test, cutting 
test, abrasion test and erosion test (Tabil et al. 2002; Briscoe and Sinha 2003).  
 
There are lot of researches for improving the wood hardness through impregnation of the polymeric 
monomers into wood and in situ polymerization [Rowell & Konkol 1987; Şolpan and Gűven 1998, 1999; 
Doss et al. 1999; Wright & Mathias 1993b; Dale Ellis & O’Dell (1999); Magalhães & da Silva 2004; 
Elvy et al. 1995]. The hardness values of WPC depended on the polymer retention in WPC, chemical 
composition of impregnants, hardness of wood species etc. All WPC samples had greater hardness than 
their corresponding untreated wood samples. Increase in polymer load in WPC results in increment of the 
hardness [Şolpan and Gűven 1998, 1999; Elvy et al. 1995]. Dale Ellis & O’Dell (1999) found that WPC 
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with the different chemical formulations combinations (HDDA, HEMA, MAn and HDI) can significantly 
affect the hardness of WPC, in which WPC with HEMA increase the hardness of all WPC specimens. 
Elvy et al. (1995) pointed out that the hardness values of the WPC prepared depend on the hardness of the 
wood species used. Wright and Mathias (1993b) comments recognized that hardness does not depend as 
much on cell wall modification as on lumen filling. It is easy to obtain significant improvement in 
hardness with little improvement in dimension stability, and mechanical properties (modulus, toughness, 
and strength). In the next three papers of this series, we will present the dimensional stability, dynamic 
mechanical properties and fungi resistance properties and etc.  
 
In the wood science, the typical method for measuring hardness is static indentation test, which involves a 
hard tool of known geometry to force into the sample body. The hardness is defined as the ratio of the 
applied force to the size of indentation. Brinell hardness is defined as the ratio of the applied force to the 
area of surface contact, whereas Meyer hardness is the ratio of applied force to the projected contact area. 
For elastic materials, the size is determined under load because there are no permanent deformations of 
this kind of material, whereas for plastic materials, the size of the permanent indentation is measured after 
releasing the force. Wood is a compressive material containing voids, which behaves as viscoelastic 
properties. Doyle and Walker (1985) suggested that the contact area under indentation was used to 
calculate the Brinell or Meyer hardness for several reasons: 1) difficulties in measuring the impression, 
especially for shallow indentation where the imprint is indistinct; 2) the adjacent material of sample 
around the edge of tool becoming densified which exaggerating the size of the permanent indentation and 
3) less permanent indentation of green timber than dry timber resulting in the illogicality that green timber 
appears harder than in the dry state if the permanent indentation was used to calculate the hardness of 
wood. In this study, the true contact area under indentation was used to calculate the hardness of wood.  
 
Brinell hardness is calculated as: 
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where HB is the Brinell hardness (N/mm2), F, the maximum applied force (N), D the diameter of the ball 
(mm), d the diameter of indentation under load (mm).  
 
The actual diameter of indentation is calculated as: 
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where D is diameter of steel ball (mm), and h is indentation depth (mm). 
The Brinell harness becomes as: 
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Hardness is a mechanical characteristic routinely measured, which is sensitive to structure parameters as 
well as to mechanical behaviour (Baltá Calleja et al. 1998; Mina et al. 2004; Zamfirova et al. 2003). The 
relationship between hardness and other mechanical properties were established and applied at beginning 
for metals because of their better-investigated structure and mechanical properties, and then for polymers 
and other materials. Tabil et al. (2002) correlated Meyer hardness to the hardness modulus for alfalfa 
cubes, which was expressed by a binomial model. Zamfirova et al. (2003) found that logarithmic Vickers 
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microhardness is proportional to the logarithmic moduli for polyolefin. Lewis (1968) established the 
relationship between indentation Janka hardness and the hardness modulus, especially for wood-based 
materials, and noted that there is an advantage in determining the hardness value indirectly from a 
shallow indentation. In this study, it will be tested if there are relationship between Brinell hardness and 
hardness modulus. 

3 Materials and Methods 

Materials 
Wood samples were chosen from the defect-free boards of hard maple wood from local supplier. End-
matched samples with dimensions of 55 mm × 70 mm × 4.5 mm (longitudinal × tangential × radial) were 
obtained in a pattern for treated sample and control sample alternatively.  
2, 2’-Azobis (2, 4-Dimethylvaleronitrile) (Vazo 52), a free radical source, was kindly donated by Dupont 
Specialty Chemicals (Wilmington, Delaware 19898 USA), and 0.5% wt Vazo 52 was used based on 
weight of the mixture of polymeric monomers. Methyl methacrylate (MMA), 2-hydroxylethyl 
methacrylate (HEMA), ethyleneglycol dimethacrylate (EGDMA) were partly generously donated from 
Degussa Canada Inc. and Degussa Corp. (Piscataway, NJ 08855, USA) and partly bought from Monomer 
and Polymer Lab. (Philadelphia, USA) and used without further purification. The formulation of these 
polymerizable chemicals was determined by a mixture design. 

Mixture Design 
According to Cornell (1990), the support points of an optimum design on the hypercube consist of points 
[the vertices, the edge centroids, and the c-dimensional centroids (2 ≤ c ≤ q-1,if 3 ≤ q ≤ 6 where q is 
components)] to fit the Scheffé quadratic model. In this study, chemical impregnants are MMA, HEMA, 
and EGDMA, in which MMA and HEMA are as monomers, and EGDMA is as crosslinker, usually 
accounts for 5-10% of mixture by weight. The ingredients of mixture were expressed as the fraction of 
mixture by weight as follow: 1) MMA as component x1 ( 10 1 ≤≤ x ), 2) HEMA as component x2 
( 10 2 ≤≤ x ), and 3) EGDMA as component x3 ( 1.00 3 ≤≤ x ). Based on the principles of mixture 
design, the recommended points of design were shown in Figure 1. The formulation was listed in Table 1. 

Impregnation procedure 
The hard maple wood samples at approximately 8% moisture content were oven dried to constant weight 
at 105°C for 24 hours. Samples were then placed into an impregnation case, in which each sample did not 
contact with each other, and a weight was applied on the samples so that no flotation occurs during 
impregnation. A selected monomer mixture was introduced into the case to immerse the sample. Then the 
system was evacuated to 25 in Hg for 15 minutes. After that, compression air was applied to system to 
maintain 80 psi for another 15 minutes. Later on, the pressure was released. The samples were taken out 
from the case and excess chemicals were wiped out from the sample surface. Specimens were weighted 
and then wrapped in aluminium foils and polymerized by compression mold press with conditions: 1) 
60°C for 5minutes, 2) 100°C for 15 minutes, and 3) 120°C for 20 minutes. The WPC samples were then 
sanded to remove the excess polymers on the surface. All data on weight and dimension of wood samples 
were recorded before impregnation and after polymerization. A minimum of 15 specimens was used for 
the impregnation of each combination. 
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Measurements 
The monomer retention was calculated as: 
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where Wwood-dry and Wimp are oven-dry weight of wood samples, and weight after impregnation, MRW is 
monomer retention by weight, DM is the density of polymeric monomer mixture, Vwood is volume of the 
oven-dry wood samples, and MRV is monomer retention by volume. 
The polymer retention for the composites was calculated as follows:  
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where DWPC-dry and Dwood-dry are oven-dry densities of WPC and wood respectively. 

Hardness 
The samples used for hardness measurement was cut by 5 x 5 x 4-5 mm x mm x mm from treated and 
untreated wood. The hardness tests were performed on untreated and treated hard maple samples with 
Alliance RT /50 systems from MTS Systems Corporation (Eden Prairie, MN 55344-2290 USA). The test 
specimen was placed on the table of the loading head. Lower the indenter (11.3 mm diameter steel ball) to 
the surface of the test specimen. 1-2 N loads were applied before the test to make sure that the indenter 
contacts with sample. Forced applied was increased at such rate that the nominal value of 1000 N was 
reached in 15 s, and maintained at this value for 30 s. The load-deformation data were collected at the rate 
of 10 data points per second. Brinell hardness and were calculated by Eq. 3. At least three specimens were 
tested for each combination. The hardness modulus was calculated automatically as the slope of load vs. 
indentation between 20% and 60% indentation range. 

4 Results and Discussion 

Monomer Retention 
The monomer retention by volume (MRV) and monomer retention by weight (MRW) were calculated with 
Eq. 4 and 5 respectively. Figure 2 depicts the MRV and MRW of different formulations. From Figure 2 it 
can be seen that difference of mean MRW among different combinations was larger than that of MRV. It 
also showed that there was not big difference for MRV among different formulations. There are many 
factors that affect the impregnability of wood apart from wood structure, such as the molecular size or 
molecular weight of impregnants, the viscosity of the impregnants, and the polarity of impregnated 
molecules, in which the viscosity of the impregnants plays important roles to incorporate impregnants in 
wood (Matias et al. 1991). The effects of MMA, HEMA, EGDMA and formulation combinations on MRV 
and MRW were evaluated by Tukey method (see Appendix) in Table 2. In this study, the viscosities are 
0.63 mPa·s for MMA (20°C), 5 mPa·s for HEMA (20°C) and 3.2 mPa·s for EGDMA (20°C) respectively. 
From Table 2, it doesn’t show that combination with lowest viscosity has the highest MRV. MRV 
decreased as the weight fraction of EGDMA increased. This means that molecular structure, such as 
polarity, could more or less affect the incorporation of monomers in wood. However, Means for MMA, 
HEMA, EGDMA and combinations are not significantly different at 95% probability. This means that 
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MMA, HEMA, EGDMA and their combinations give similar MRV (overall mean 41.35 %). This 
indicated that with vacuum-pressure impregnation procedure, different polymer monomers or their 
combinations could incorporate in wood with similar volume, and could reach the same level of wood 
structure, such as wood lumen, wood rayon or wood cells.  
 
Rowell and Konkol (1987) also reported that MMA was almost completely located in the lumen and only 
minor amounts are in the cell wall after impregnation. HEMA might not penetrate the cell walls or only 
very little HEMA penetrate the cell wall as MMA did because the MRV of HEMA are similar to that of 
MMA, and different formulation combinations. Otherwise, MRV for HEMA should be higher than that for 
MMA. This is contradicted to our expectation.  
 
From Table 2, the formulation combinations with high MMA content (90% wt, 95%% wt and 100% wt) 
have the lowest MRW values due to the low density of MMA, and that with higher content of HEMA 
(95%wt and 100% wt) give the highest MRW for the high density of HEMA. With Tukey analysis, the 
mean of combination 6 (HEMA 95%wt and EGDMA 5%wt) have significantly different from that of 
combination 1 and 4 (MMA 100%wt; MMA 90%wt with EGDMA 10%wt) at 95% probability due to the 
difference of densities of these monomers (densities of MMA, HEMA and EGDMA are 0.94, 1.07 and 
1.05 g/cm3 at room temperature). This show that impregnates’ density plays important role in the MRW. 
Comparing MRW and MWV, it is better to use MRV as an indicator to express the impregnability of wood 
with polymeric monomers. 
 
The linear regression was applied to see if the wood densities have an impact on the MRV in Table 3. It 
indicates that wood density has an impact on the MRV with 95% probability. The curves of MRV as 
function of wood densities were shown in Figure 3. From Figure 3, higher the densities of hard maple are, 
lower the MRV will be, which is corresponded to study of Moore et al. (1983), in which the impregnant 
volume fraction (epoxy resin) is reverse to density of wood species (red pine sapwood, yellow-poplar 
sapwood and heartwood, willow sapwood and heartwood, red maple sapwood, and sweet birch sapwood). 

Polymer Retention 
After impregnation, the treated wood was in-situ polymerized to obtain WPC via catalyst-heat procedure. 
The polymer retention (PR) was calculated with Eq. 6. Figure 4 depicts the curve of the mean PR as 
function of different formulation. Pairwise comparisons for the amount of MMA, HEMA, EGDMA and 
their combinations were evaluated by Tukey method in Table 4. It was found that MMA, HEMA, 
DGDMA, and formulation combinations have a significant effect on PR (Table 3).For MMA, mean of PR 
with 50% wt MMA impregnant is significantly different from that with 90%wt and 100%wt MMA. For 
HEMA, mean of PR with 95%wt HEMA is significantly different from that with 90%wt. and without 
HEMA, and the mean of PR with 50%wt HEMA is significantly different from that without HEMA. For 
EGDMA, mean of PR with 5%wt EGDMA is significantly different from that with 10% wt EGDMA. PR 
in Table 4 are some different from MRW in Table 2 for several reasons. Firstly, the vapor pressures of 
these monomers are different from each other: ~3870 Pa (20°C) for MMA, ~10 Pa (20°C) for HEMA, 
and < 100 Pa (20°C) for EGDMA. Higher the vapor pressure of the monomer, the easier the depletion of 
this monomer from the impregnated wood surface, especially at high temperature during polymerization. 
Secondly, coefficients of thermal expansion are different for polymeric monomers. At polymerization 
temperature, there are some losses of polymeric monomers from impregnated samples due to monomer 
thermal expansion, and the losses of mass are different due to different coefficient of thermal expansion. 
Thirdly, different volumetric shrinkage that occurs during polymerization for these polymeric monomers 
affects the polymer retention in WPC. The volumetric shrinkages for these monomers into polymers are 
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~20% for MMA, ~7% for HEMA, and ~ 5% for EGDMA. During polymerization at high temperature, 
the monomer with higher volumetric shrink could reduce mass loss of this monomer into polymer than 
others. Fourthly, the evaporations during polymerization are different in which the boiling point is 
100.3°C for MMA, ≥250°C for HEMA and 240°C for EGDMA. During the polymerization, the monomer 
with lower boiling point could retain less mass into polymer in WPC. Fifthly, free radical polymerization 
are typical highly exothermic while the specific heat and coefficient of thermal conductivity of polymers 
are low, which results in an increase in temperature to accelerate the polymerization rate, and to further 
increase the temperature. At high temperature, part of organic volatile components of wood would be 
gasifiable which have driven some impregnants out of impregnated wood. Additionally, during in situ 
polymerization, some interaction between different monomers (MMA, HEMA, and EGDMA) existed and 
affected the activate energy to pursue the polymerization, including polymerization rate and exothermic 
amounts. All these factors competed in in-situ polymerization, and results in different PR in WPC from 
MRW in impregnated wood. The linear regression was applied to see if the wood densities have an impact 
on the PR in Table 3. It indicates that wood density have the important impact on the PR. The curves of 
PR as function of wood densities are shown in Figure 5. The empirical relationship among PR, 
components of impregnants and density of hard maple wood was obtained with the R2value of 0.52 by 
linear regression: 
 

drywoodDxxxPR −−++= 97.15624.15958.16848.156(%) 321                                            7 
where PR is polymer retention in WPC, x1 weight fraction of MMA in mixture, x2 weight fraction of 
HEMA in mixture and x3 weight fraction of EGDMA in mixture with 0.1321 =++ xxx , Dwood-dry 
density of wood after oven dry and before the impregnation. 
 
From Figure 6 and Eq. 7, it can be seen that increase of density of hard maple results in decrement of 
polymer retention in WPC. 

Hardness 
The average hardness of wood and WPC as function of the formulation combination was shown in Figure 
6. From Figure 6, it can be seen that WPCs have the higher hardness than untreated wood, in which 
formulation with 95%wt and 90%wt HEMA have the highest value whereas formulation with 10% wt 
MMA and 10%wt EGDMA gave the lowest value in all WPC. As we know, the improvement of hardness 
was also dependent on hardness of wood. The normalized hardness, ratio of treated wood to untreated 
wood, was used to eliminate the effect of hardness of untreated wood (control sample). The Tukey HSD 
test for normalized hardness was applied to analyze the data in Table 5. From Table 5, it can be seen that 
the value of normalized hardness is different among each other. The highest PR does not generate highest 
normalized hardness, which indicated the chemical formulation had impact on the normalized hardness. 
However, for each sub-catalog, Tukey groups with same letter indicated that there are not significantly 
different from their means of normalized hardness at 95% probability. This means that all WPC with 
different chemical compositions have similar impact on the Brinell hardness, improving hardness around 
57%. As we know, the combination 6 (95%wt HEMA and 5% wt EGDMA) has the highest PR value 
whereas combination 1 (100% wt MMA) gives the lowest PR value. However, all different treatments 
give the similar enhancement for hardness. This means that if all treatment with similar PR value, 
combination 1 (100% wt MMA) could generate more improvement for hardness than combination 6 
(95%wt HEMA and 5% wt EGDMA). 
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Hardness modulus 
The hardness modulus as function of wood and WPC with different combinations was shown in Figure 6. 
Apparently, WPC has the higher value of hardness modulus than untreated wood. Combination 6 (95% 
HEMA and 5% EGDMA) gave highest value whereas combination 8 (95% MMA and 5% EGDMA) 
generated lowest value. Similarly, the normalized hardness modulus, ratio of WPC to control sample, was 
used to eliminate the effect of hardness modulus of untreated wood. The Tukey HSD test for normalized 
hardness modulus was applied in Table 5. From Table 5, it was found that even though there were some 
differences between the different level of MMA, HEMA and EGDMA and between different formulation 
combinations, there were no important differences of the mean normalized hardness modulus at 95% 
probability, which means that all treatment gives similar improvement on hardness modulus. The overall 
mean of normalized hardness modulus was 1.64, which means that WPC improved the hardness modulus 
by around 64%.  

Relationship between Brinell hardness and hardness modulus 
Hardness modulus as function of Brinell hardness of WPC and untreated wood were shown in Figure 7. 
From Figure 7, it can be seen that hardness modulus increased along with increment of Brinell hardness. 
With linear regression, the linear model is better than the quadratic model. The empirical relationship 
between Brinell hardness (HB) and hardness modulus: 07.940.45 −= BHMOH  with the R2value of 
0.90. Most of the data points fall within the 95% confidential limits. This result is correspondent to study 
of Tabil et al. (2002).   

5 Conclusion 
From this study, the following conclusions were drawn: 

1. the impregnation of hard maple wood with different combinations of three methacrylates resulted 

in similar MRV, which implied that the HEMA could not penetrate the cell walls or only very part 

of HEMA penetrate the cell wall as MMA did. The difference in MRW for different combination 

was due to the density difference of the monomers. 

2. The polymer retention (PR) was the highest (59.41%) for combination (95%wt HEMA and 5%wt 

EGDMA) whereas the lowest for combination (100%wt MMA). 

3. Brinell hardness and hardness modulus were generally enhanced through impregnation and in-

situ polymerization. However, it was found that WPC with different monomers and their different 

combinations have similar effect on Brinell hardness and hardness modulus..  

4. The empirical relationship between hardness modulus and Brinell hardness was established that 

hardness modulus is proportional to Brinell hardness for WPC and hard maple. 
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8 Appendix 
The “Honestly Significantly Different” (HSD) test proposed by the statistician John Tukey is based on 
what is called the “studentized range distribution”. To test all pairwise comparisons among means using 
the Tukey HSD, compute t for each pair of means using the formula: 
 

h

ji
s

n
MSE

t
µµ −

=    A-1 

 
where µi - µj is the difference between the ith and jth means, MSE is the Mean Square Error, and nh is the 
harmonic mean of the sample sizes of groups i and j. The critical value of ts (tα/2,ν) is determined from the 
distribution of the studentized range, in which ν is total degree s of freedom, and α level stands for 100(1-
α)% probability. If υα ,2/tts < , this means that µi is not significantly different from µj at 100(1-α)% 
probability, otherwise, the difference between µi and µj is significant at 100(1-α)% probability(Hsu 
1996).  
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                            Table 1 Chemical composition of impregnants* 
Combination MMA HEMA EDDMA 

 (wt fraction) (wt fraction) (wt fraction) 
1 1 0 0 
2 0 1 0 
3 0 0.900 0.100 
4 0.900 0 0.100 
5 0.500 0.500 0 
6 0 0.950 0.050 
7 0.450 0.450 0.100 
8 0.950 0 0.050 
9 0.475 0.475 0.050 

                           *Vazo 52 was added with 0.5% wt based on mixture of monomers 
Table 2 Tukey’s Studentized Range (HSD) Test for MRV and MRW 

                  M R V                                  M R W                 
T u k e y  G r o u p * Mean N Level Tukey Group Mean N Level 

MMA MMA 
A 43.37 15 0.500 A 61.91 45 0 
A 41.67 15 1.000 A 61.86 15 0.500 
A 41.43 45 0 B  A 59.01 30 0.450 
A 41.25 15 0.950 B  A 58.67 30 0.475 
A 41.20 30 0.475 B  A 56.94 15 0.950 
A 40.99 30 0.45 B  A 56.35 15 1.000 
A 40.63 30 0.900 B 55.52 30 0.900 

HEMA HEMA 
A 43.37 15 0.500 A 63.44 15 0.950 
A 42.20 15 0.950 A 62.37 15 1.000 
A 41.29 15 1.000 B  A 61.86 15 0.500 
A 41.20 30 0.475 B  A 59.92 15 0.900 
A 41.05 60 0 B  A 59.01 30 0.450 
A 40.99 30 0.450 B  A 58.67 30 0.475 
A 40.81 15 0.900 B 56.08 60 0 

EGDMA EGDMA 
A 42.11 45 0 A 60.19 45 0 
A 41.47 60 0.050 A 59.43 60 0.050 
A 40.81 75 0.100 A 57.80 75 0.100 

Combination Combination 
A 43.37 15 5 A 63.44 15 6 
A 42.20 15 6 B  A 62.37 15 2 
A 41.67 15 1 B  A 61.86 15 5 
A 41.29 15 2 B  A 59.92 15  3 
A 41.25 15 8 B  A 59.01 30 7 
A 41.20 30 9 B  A 58.67 30 9 
A 40.99 30 7 B  A 56.94 15 8 
A 40.81 15 3 B 56.35 15 1 
A 40.63 30 4 B 55.52 30 4 
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* Tukey groups with same letter at same sub-catalog are not significantly different from their means at 
95% probability; N: number of specimens 

Table 3 The analysis results of ANOVA of MRV and PR with wood density 
Model Source DF Sum of 

squares 
Mean 

Square 
F value P value* 

MRV 
Wood  model 1 625.55 635.55 85.08 <0.0001 

Density Error 178 1329.66 7.47   
 Total 179 1965.21    

PR 
Wood  model 1 634.02 634.02 15.51 0.0002 

Density error 57 2330.37 40.88   
 Total 58 2964.39    

* if P value is less than α level, it means that model is important at 100(1-α)% probability.  
                                Table 4 Tukey’s Studentized Range (HSD) Test for PR 

T u k e y  G r o u p * Mean N Level 
MMA 

A 55.99 5 0.500 
B  A 53.25 10 0.475 
B  A 52.83 14 0 
B  A 50.92 10 0.450 
B  A 49.24 5 0.950 

B 45.11 10 0.900 
B 43.44 5 1.000 

HEMA 
A 59.41 5 0.950 

B  A 55.99 5 0.500 
B  A  C 53.25 10 0.475 
B  A  C 50.92 10 0.450 
B  A  C 50.68 4 1.000 
B       C 47.98 5 0.900 

C 45.72 20 0 
EGDMA 

A 53.79 20 0.050 
B  A 49.99 14 0 

B 48.01 25 0.100 
Combination 

A 59.41 5 6 
B  A 55.99 5 5 

B  A  C 53.25 10 9 
B  A  C 50.92 10 7 
B  A  C 50.68 4 2 
B  A  C 49.24 5 8 
B      C 47.98 5 3 
B       C 45.11 10 4 

C 43.44 5 1 
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* Tukey groups with same letter are not significantly different from their means  
 

Table 5 Tukey’s Studentized Range (HSD) Test for Normalized Hardness Modulus and Normalized 
Brinell Hardness 

N o r m a l i z e d  H a r d n e s s  M o d u l u s N o r m a l i z e d  B r i n e l l  H a r d n e s s 
T u k e y  G r o u p * Mean N Level Tukey Group Mean N Level 

MMA MMA 
A 1.77 3 0.500 A 1.78 3 0.500 
A 1.77 6 0.475 A 1.66 6 0.475 
A 1.66 9 0 A 1.59 6 0.450 
A 1.65 6 0.450 A 1.59 3 1.000 
A 1.56 6 0.900 A 1.56 9 0 
A 1.52 3 1.000 A 1.45 6 0.900 
A 1.45 3 0.950 A 1.37 3 0.950 

HEMA HEMA 
A 1.77 3 0.500 A 1.78 3 0.500 
A 1.77 6 0.475 A 1.66 6 0.475 
A 1.74 3 1.000 A 1.63 3 0.950 
A 1.72 3 0.950 A 1.59 6 0.450 
A 1.65 6 0.450 A 1.56 3 0.900 
A 1.53 3 0.900 A 1.50 3 1.000 
A 1.52 12 0 A 1.47 12 0 

EGDMA EGDMA 
A 1.68 12 0.050 A 1.62 9 0 
A 1.68 9 0 A 1.58 12 0.050 
A 1.59 15 0.100 A 1.53 15 0.100 

Combination Combination 
A 1.77 3 5 A 1.78 3 5 
A 1.77 6 9 A 1.66 6 9 
A 1.74 3 2 A 1.63 3 6 
A 1.72 3 6 A 1.59 6 7 
A 1.65 6 7 A 1.59 3 1 
A 1.56 6 4 A 1.56 3 3 
A 1.53 3 3 A 1.50 3 2 
A 1.52 3 1 A 1.45 6 4 
A 1.45 3 8 A 1.37 3 8 

* Tukey groups with same letter are not significantly different from their means 
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Figure 1 The mixture design (extreme vertices: 1-4, midpoints of edges: 5-8 and centroids of faces: 9) 
 

 
Figure 1 
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Figure 2 MRV and MRW of different formulation combinations (combination 1 to 9 of MMA: HEMA: 
EGDMA by weight referred to Table 1) 

 
Figure 2 
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Figure 3 MRV as function of wood density 

 
Figure 3 
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Figure 4 PR and MRW as function of formulation combinations (combination 1 to 9 of MMA: HEMA: 
EGDMA by weight referred to Table 1) 

 
Figure 4 
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Figure 5 PR as function of wood density 

 
Figure 5 
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Figure 6 Brinell hardness and hardness modulus as function of formulation combinations (combination 1 
to 9 of MMA: HEMA: DGDMA by weight referred to Table 1) 

 

 
Figure 6 

 
 



Wood Hardening Technologies 

 
 
 

 
 

 

 80 of 115 

 

Figure 7 Hardness modulus as function of Brinell hardness [▲ untreated wood specimen, number 1-9 
stand for WPC with different formulation combination, referred to Table 1, — (solid line) predicted value 
with MOH = 45.40HB - 9.07, where MOH is hardness modulus, and HB is Brinell Hardness ⋅⋅⋅⋅⋅ (dot line) 
95% confidential limits for the individual observations] 

 
 

Figure 7 
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Impregnation and in situ Polymerization of Methacrylates 
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1) Forintek Canada Corp., 319 rue Franquet, Sainte-Foy, Quebec, Canada, and 2) Faculty of Forestry and 

Environmental Management, University of New Brunswick, Fredericton, New Brunswick, Canada   
 

Corresponding author: Hui Wan (hui.wan@qc.forintek.ca) 
Summary 

Wood-polymer composites (WPC) were prepared through impregnation of polymeric monomers in wood 
and in situ polymerization. In this study, three methacrylates were chosen: methyl methacrylate (MMA), 
hydroxyethylene methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA). The effect of 
polymeric monomers and their combinations were investigated on moisture adsorption (M) at 65% 
humidity and 21°C, anti-moisture adsorption efficiency (AME), water uptake (D) after soaking in water 
for 7 days, water repellence efficiency (WRE), swelling properties (S) (longitudinal, radial, tangential and 
volumetric) after soaking in water for 7 days, and anti-swelling efficiency (ASE) were investigated. An 
attempt was made to correlate these properties with polymer combination and retention in the WPC, and 
dimensional stability with moisture adsorption and water uptake properties. M was different for different 
combinations, and depended not only on the compositions of impregnants, but also on polymer retention. 
Water uptake was similar regardless of the formulation of the WPC. WPCs with high MMA contents 
displayed enhanced dimensional stability, but this was not the case for WPCs with high HEMA contents. 
ASEL (longitudinal ASE) and ASER (radial ASE) were similar for different WPCs. However, ASET 
(tangential ASE) and ASEV (volumetric ASE) were strongly dependent on the type of treatment. It was 
found that ASET and ASEV increased along with AME, but were not correlated to WRE. 

1 Introduction 
Wood is a porous material consisting of various cell structures composed primarily of biopolymers 
(carbohydrate polymers of cellulose and hemicellulose and phenolic polymers of lignin) and minor 
amounts (5%-10%) of extractives. Wood is not a homogeneous substance, and is anisotropic 
longitudinally, radially, and tangentially. Wood also swells differently in each of the three dimensions 
when it absorbs moisture and/or water. In general, tangential swelling is in the range of 8-12%, radial 
swelling reaches 4-6% and very little swelling occurs in the longitudinal direction (Rowell, 1984). 
Different moisture contents in wood cause different effects on wood mechanical properties such as such 
as tension, bending, and compression strength (Rowell, 1996). Because of these facts, attempts are often 
made to modify wood chemically so as to improve its dimensional stability and  mechanical properties.  
In  the previous work (Zhang et al. 2004), hard maple wood polymer composites were prepared by 
impregnation of combinations of methyl methacrylate (MMA), hydroxyethylene methacrylate (HEMA) 
and ethylene glycol dimethacrylate (EGDMA) followed by in-situ thermal polymerization, and the effects 
of these polymeric monomers and their combinations on monomer retention by volume and weight, 
polymer retention, Brinell hardness and hardness modulus were investigated. Monomer retention by 
volume was similar regardless of the combination of impregnants used. However, monomer retention by 
weight varied among combinations of impregnants due to differences in monomer densities. Wood 
impregnation enhanced Brinell hardness and hardness modulus by 57% and 64%, respectively.  
Wright and Mathias (1993a, 1993b) mentioned that it is possible for WPCs to garner a significant 
improvement in hardness with little increase in dimensional stability, toughness, or strength. Şolpan and 
Güven (1999) studied dimensional stabilities of oak and cedar woods by impregnation and in situ 
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polymerization of polymeric monomers (allyl glycidyl ether, acrylonitrile and methyl methacrylate). They 
found that the water uptake capacity of WPC prepared from different wood species and different 
combinations of impregnants were different,  resulting from the functions of polymer characteristics, 
wood structure and the interaction between wood components and polymers. However, this experiment 
was carried out in storage water. Thus, the materials extracted from the samples affected the accuracy of 
the data because the viscosity of storage water increases with time. To eliminate this defect, fresh running 
water was applied in this study. 
This paper was aimed at evaluating the ability of combinations of MMA, HEMA and EGDMA to 
improve the moisture adsorption, water uptake, and dimensional stability of wood, and to determine the 
relationships between moisture adsorption, water uptake and dimensional stability. The previous paper 
(Zhang et al. 2004) gave an overview of the impregnation procedure used in this  study. Data presented in 
that paper was valuable for discussion of the results obtained here. 

2 Materials and Methods 

Materials 
Wood samples were chosen from the defect-free boards of hard maple wood donated by BOA-FRANC 
(Quebec, Canada), a wood flooring company. End-matched samples with dimensions of 55 × 70 × 4.5 
mm (longitudinal × tangential × radial) were obtained in a pattern of treated specimen and control 
specimen alternatively.  
2, 2’-Azobis (2, 4-Dimethylvaleronitrile) (Vazo 52), a free radical source, was kindly donated by Dupont 
Specialty Chemicals (Wilmington, Delaware 19898 USA), and 0.5% wt/wt Vazo 52 was used based on 
the weight of the mixture of polymeric monomers. Methyl methacrylate (MMA), 2-hydroxylethyl 
methacrylate (HEMA), and ethyleneglycol dimethacrylate (EGDMA) were partly generously donated 
from Degussa Canada Inc. and Degussa Corp. (Piscataway, NJ 08855, USA) and partly bought from 
Monomer and Polymer Lab. (Philadelphia, USA) and used without further purification. The formulations 
of these methacrylates are listed in Table 1. 

Preparation of composites 
The hard maple wood samples at approximately 8% moisture content were oven dried to constant weight 
at 105°C for 24 hours. Samples were then placed into an impregnation case. The appropriate monomer 
mixture was introduced into the case to immerse the sample. The impregnation and polymerization 
procedure was as follows: 1) vacuum of 635 mm Hg (25 in Hg) for 15 minutes, 2) 550kPa (80 psi) for 15 
minutes, 3) wiping out excess chemicals after release of pressure and wrapping in aluminium foil, and 4) 
in-situ polymerization in a compression mold press under the following conditions: a) 60°C for 5 minutes, 
b) 100°C for 15 minutes, and c) 120°C for 20 minutes. A minimum of 15 specimens was treated  for each 
type of impregnation. 

Humidity Adsorption 
The samples of both control and WPC were oven dried at 105°C for 24 h and placed in a chamber with 
constant 65% relative humidity and temperature of 21°C for 6 weeks. The samples (7 replicates) were 
weighed after oven drying and at the end of the 6 week period in the chamber. 
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Water Uptake and Dimensional Stability 
Both control and treated samples ( 5 replicates) were immersed in water at 21°C in a tray side by side 
with water flowing at a rate of 20 ml/sec for 7 days. A plastic frame was put on the samples to make sure 
no sample floated on the water surface. The sample dimensions were determined by two measurements 
each of length, width and thickness, measured at marked positions on the specimen, and the weights of 
specimens were recorded after over drying and after soaking. Swelling (longitudinal, radial and 
tangential) and anti-swelling efficiency (longitudinal, radial and tangential) were calculated with data 
acquired from WPC and control samples. 

Measurements 
The anti-moisture adsorption efficiency (AME) was determined by the following equations: 

100/)((%) ×−= CWPCC MMMAME                                                                    1 
where M is the moisture adsorption, and the subscripts C and WPC indicate the control and solid wood 
polymer composite samples, respectively. M was calculated as: 

100/)(%)( 00 ×−= wwwwtM m                                                                     2 
where w0 is the initial weight of the oven-dried sample, and wm is the weight after 6 weeks at 65% relative 
humidity at 21°C. 
Similarly, water repellence efficient (WRE) was defined as: 

100/)((%) ×−= CWPCC DDDWRE                                                                     3 
where D is the water uptake of a sample, and subscripts C and WPC stand for the control and treated 
samples, respectively. D was expressed as: 

100/)(%)( 00 ×−= wwwwtD soak                                                                   4 
where w0 is the initial weight of the oven-dried sample, and wsoak is the weight after water immersion for 7 
days at 21°C.  
Swelling coefficient (S) was calculated as: 

100(%)
0

0 ×
−

=
α

αα
α

soakS                                                                    5 

where α stands for sample volume or one direction dimension (longitudinal, tangential or radial). αsoak is 
sample volume or one direction dimension after soaking, and α0 is the volume or one direction dimension 
of the oven-dried sample. 
Anti-swell efficiency (ASE) was expressed as: 

100(%) ×
−

=
−

−−

C

WPCC

S
SS

ASE
α

αα
α                                                                  6 

where Sα-C is the swelling coefficient for the control sample, Sα-WPC is the swelling coefficient for the 
WPC sample, and the subscript α stands for the volume or one dimension (longitudinal, tangential or 
radial). 
The data were analyzed using analysis of variance and regression analysis (proc MIXED and REG, SAS 
Software. SAS Institute Inc. SAS/STAT® software. Release 8, 1999). The Tukey’s Studentized Range 
(HSD) Test under procedure GLM was used to test significance of differences among properties of wood-
polymer composites prepared through impregnation with different polymeric monomers. 
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3 Results and Discussion 

Moisture Adsorption and Anti-Moisture Adsorption Efficiency 
Moisture adsorption (M) at 65% relative humidity and 21°C is presented in Figure 1. It shows that values 
of M for all WPCs are lower than those of control samples. The different combinations of impregnants 
(MMA, HEMA and EGDMA) also resulted in different values for M. To eliminate the effect of the 
variation due to the wood sample, the normalized moisture adsorption, i.e. the ratio of M of the WPC 
specimen to that of the cognate control, was calculated individually and used to evaluate the effect of 
combination and components of impregnants. The results of Tukey’s Studentized Range (HSD) Test for 
water uptake and moisture adsorption are presented in Table 2. They indicate that MMA, HEMA and 
different combinations of polymeric monomers have significant impact on M, where WPCs with higher 
HEMA contents (combinations 2, 3, and 6) give higher values than do those with higher MMA contents 
(combinations 1, 4, and 8). This could result from several factors: 1) Different polymer compositions have 
different capacities of M. Because MMA, HEMA and EGDMA have different hydrophilic groups in their 
molecular structures (one ester group for MMA, one ether, one hydroxyl and one ester group for HEMA, 
and two ether and two ester groups for EGDMA), the copolymers with different combinations should 
have different M capacities. The HEMA could be more hydrophilic than MMA because HEMA has more 
hydrophilic groups in the molecular unit; 2) Different polymer retentions of each WPC may affect 
moisture adsorption because the polymer and wood have different moisture adsorption capacities; 3) 
Interactions between polymer and wood might also affect the M. According to Rowell (1991), 
modification of wood by the application of propylene oxide, butylene oxide, and acetic anhydride makes 
the wood more hydrophobic, which results in lower equilibrium moisture contents than control samples. 
If the components of impregnants react or have strong interactions with hydrophilic groups of wood cell 
walls, moisture adsorption should be reduced. It is very possible that HEMA does not have chemical 
reactions or very strong interactions with the hydrophilic groups of woods.  
The significant differences in AME for different wood-polymer composites  (Figure 2) clearly indicate 
that AME is strongly affected by the different treatments. High HEMA content (2, 3, and 6) results in the 
lowest AME values, whereas samples containing high MMA contents  have the highest AME values. 
Linear regression analysis shows that AME depends on polymer retention and composition of copolymers 
(R2 = 0.77) as: 
 

1)024.039.0()71.072.14((%) XPRAME ×±+±=                                                          7 
 
where PR is polymer retention  in WPC (wt %), X1 stands for MMA, and is represented by weight 
fraction with 1321 =++ XXX  in which X2 stands for HEMA, and X3 for EGDMA. 
This equation indicates that the AME of WPC was affected not only by the composition of copolymers, 
but also by the polymer retention in WPC. 

Water Uptake and Water Repellency Efficiency  
The water uptake (D) measurements of WPC and control samples after 7 days immersed in water are also 
shown in Figure 1. The Dc was around 84 wt% and DWPC are in the range of 34.7 to 39.4 wt%, showing 
that the water uptake values of WPC were greatly reduced as compared to control samples. As we know, 
the water in wood can be in two forms: 1) free water held in cell cavities, mainly in cell lumens, which 
are free of interaction from hydrophilic groups of the cell walls, and 2) bound water held in the cell wall 
by hydrogen bonds. According to Rowell (1999), after impregnation of MMA into wood and in-situ 
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polymerization the polymer resides almost exclusively in the lumen. This occupies a large portion of the 
cell lumen, and reduces the volume that could be occupied by free water. Similarly, the normalized water 
uptake, that is, the ratio of values for WPC and for control samples, was used to eliminate the effect of the 
control sample. Results from the Tukey HSD test for normalized water uptake are presented in Table 2. 
Tukey groups demarcated with the same letter are not significantly different from their means of 
normalized water uptake at 95% probability. 
Even though combination 4 had the highest mean value (0.46) whereas combination 6 had the lowest 
mean value (0.40), the different combinations have no significant impact on the water uptake at 95% 
probability. However, different chemical compositions have different effects on water uptake. HEMA 
does not affect the normalized water uptake, but MMA and EGDMA do. The WREs for all composites 
shown in Figure 2 indicate that in the range of standard deviations, there is no significant difference 
between different combinations. Combination 6 (90% HEMA and 10% EGDMA) has the highest WRE 
value (59.8%) for its highest polymer retention (59.1%) and combination 4 (90% MMA and 10% 
EGDMA) has the lowest WRE value (53.65%) for its lower polymer retention (45.11%). Linear 
regression analysis shows that WRE can be expressed as a function of polymer retention and composition 
of copolymer (R2 = 0.62) using the equation: 
 

21 )04.042.0()05.047.0()24.280.35((%) XPRXPRWRE ×±+×±+±=                      8 
 

where PR is polymer retention (wt %), X1 stands for MMA, and X2 for HEMA, which are represented by 
weight fraction under the condition of 1321 =++ XXX  (X3 for EGDMA, with 1.03 ≤X ) 
This equation clearly suggests that the WRE be  affected not only by the polymer retention in WPC, but 
also by the composition of impregnants. 

Dimensional Stability 
The swelling coefficients (S) for WPC and control samples are shown in Figures 3 and 4. SL, SR, ST and 
SV are 0.32-0.4%, 6.2-8.8%, 8.9-12.7% and 16.8-21.3% for all samples, respectively. In some cases, 
swelling of WPC was larger than in controls and, in some other cases, it was less than in controls, which 
means that WPC made with certain formulations had  improved  dimensional stability. The larger 
standard deviations of swelling coefficients for WPC and controls in Figures 3 and 4 may be due to 
several factors: 1) the end-matched specimens for WPC and control did not have the same extent of 
earlywood and latewood, resulting in different dimensional stabilities of untreated specimens; 2) density 
differences between specimens of each group could result in different dimensional stabilities among the 
specimens. As Wright and Mathias (1993) indicated,  swelling depends on both wood density and 
moisture adsorption; and 3) after oven drying and water soaking, some degree of warp developed in some 
samples, which affected the accuracy of measurement of sample dimensions. All these factors together 
could have resulted in a large range of standard deviation. The Tukey method was applied to see if the 
different formulations and/or compositions of each impregnant had a significant difference on 
dimensional stability. The ASE measurements evaluate the dimensional stability of the treated wood. The 
volumetric ASE (ASEv), longitudinal ASE (ASEL), tangential ASE (ASET) and radial ASE (ASER) were 
analyzed in Tables 3 and 4. Because of different standard deviations for ASEL, ASER, ASET and ASEV, it 
was found that the different formulations for making WPCs have no significant impact on ASEL and 
ASER even though there are apparent differences for their means. In future studies, more specimens for 
each sample should be adopted to deal with this issue (ASEL and ASER). Table 4 depicts that different 
combinations of impregnants have significant effects on ASEV and ASET, where formulation 1 (100% wt 
MMA) imparted the highest ASEV (12.07%) and ASET (8.50%), whereas combination 6 (95% wt HEMA 
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and 5% wt EGDMA) resulted in the lowest ASEV (-7.64%) and ASET (-16.08%). High contents of 
HEMA give lower or negative values of ASEV and ASET. These results contradict expectations. Even 
though some formulations can enhance the ASEV and ASET of WPCs, the improvements were limited as 
the highest values of ASEV and ASET were only 12.07% and 8.50%, respectively. These values are much 
less than those seen for wood modification by formaldehyde, acetic anhydride, methyl isocyanate, and 
thermoset resins (epoxy resin, phenolic-formaldehyde resin, melamine-formaldehyde resin, thiourea-
formaldehyde etc.) (Moore et al. 1983, Rowell 1991, Rowell 1999, Mahmoud et al. 2000, Gindl. et al. 
2003a, Gindl et al. 2003b). This indicates that methacrylates (MMA, HEMA, and EGDMA) don’t alter 
the hygroscopic characteristics of wood, which supports results of many studies showing that dimensional 
stabilization of wood by acrylate or methacrylate monomers was not successful. (Rowell and Konkol 
1987, Dale Ellis and O’Dell 1999) 

Relationships of Water Uptake and Moisture Adsorption to 
Dimensional Stability  
Shrinkage of solid wood depends on moisture adsorption of the wood (Simpson and TenWolde, 1999). In 
this study , chemical treatments were used to lower the moisture adsorption and/or water uptake so as to 
enhance dimensional stability. ANOVA (ANalysis Of Variance) method was used to see if dimensional 
stability (ASEL, ASER, ASEV and ASET) is related to AME and WRE, shown in Table 5. WRE had no 
relationship to dimensional stability (ASEL, ASER, ASEV and ASET) at 95% probability; similarly, AME 
did not affect ASEL and ASER in this study. However, the AME showed a strong relationship with ASEV 
and ASET at > 99.9% probability. Linear regression analysis shows that ASET and ASEV can be expressed 
as a function of AME (R2 = 0.44 and 0.30 respectively) using the equations: 

(%))08.081.0()99.138.18((%) AMEASET ×±+±−=                      9 
 (%))09.047.0()25.267.7((%) AMEASEV ×±+±−=                     10 

 
ASEV and ASET expressed as functions of AME are shown in Figures 4 and 5, respectively. They 
demonstrate that ASEV and ASET increase along with AME of WPC 

4 Conclusion 
From this study, the following conclusions were drawn:  

5. The impregnation of hard maple with different combinations of three methacrylates resulted in 

altered moisture adsorption properties of the resulting wood-polymer composite, where MMA 

treated wood had the lowest moisture adsorption and WPCs with higher HEMA had the highest 

moisture adsorptions. AME depends on the polymer retention and composition of impregnants.  

6. Water uptake was the highest (59.41%) for 100% wt MMA and lower for  47.5% wt HEMA, 

47.5% MMA and 5% wt EGDMA. However, it was found that all formulations had a similar 

impact on water uptake in this study. 
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7. Different combinations do not significantly affect the ASEL and ASER, but play important roles in 

ASEV and ASET. 

8. ASEV and ASET increase along with AME in a manner that can be roughly described by a linear 

relationship, however, there was no relationship between the ASE and WRE. 
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Table 1 Chemical composition of impregnants* 
Combination MMA HEMA EDDMA PR  

 (wt 
fraction) 

(wt fraction) (wt fraction) (wt%) 

1 1 0 0 43.44 
2 0 1 0 50.68 
3 0 0.900 0.100 47.98 
4 0.900 0 0.100 45.11 
5 0.500 0.500 0 55.99 
6 0 0.950 0.050 59.41 
7 0.450 0.450 0.100 50.92 
8 0.950 0 0.050 49.24 
9 0.475 0.475 0.050 53.25 

                    *Vazo 52 was added at 0.5% wt based on mixture of monomers 
                   Detailed information in previous paper of Zhang et al (2004). 
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Table 2 Tukey’s Studentized Range (HSD) Test for water uptake and moisture adsorption 

Normal ized  Water  Uptake N o r m a l i z e d  M o i s t u r e  A d s o r p t i o n  
Tu ke y  G r o up * Mean N Level Tukey Group Mean N Level 

MMA MMA 
A 0.46 10 0.9 A 0.85 21 0 

A B 0.44 10 0.45 B 0.76 7 0.5 
A B 0.43 5 1 B 0.76 14 0.475 
A B 0.43 15 0 B 0.75 14 0.45 
A B 0.41 10 0.475 C 0.69 14 0.9 
B 0.41 5 0.95 C 0.68 7 1 
B 0.40 5 0.5 C 0.67 7 0.95 

HEMA HEMA 
A 0.45 5 0.9 A 0.87 7 0.95 
A 0.44 5 1 A 0.87 7 0.9 
A 0.44 20 0 A 0.82 7 1 
A 0.44 10 0.45 B 0.76 7 0.5 
A 0.41 10 0.475 B 0.76 14 0.475 
A 0.40 5 0.5 B 0.75 14 0.45 
A 0.40 5 0.95 C 0.68 28 0 

EGDMA EGDMA 
A 0.45 25 0.1 A 0.76 28 0.05 

A B 0.42 15 0 A 0.75 21 0 
B 0.41 20 0.05 A 0.75 35 0.1 

Combination Combination 
A 0.46 10 4 A 0.87 7 6 
A 0.45 5 3 A 0.87 7 3 
A 0.44 5 2 A 0.82 7 2 
A 0.44 10 7 B 0.76 7 5 
A 0.43 5 1 B 0.76 14 9 
A 0.41 10 9 B 0.75 14 7 
A 0.41 5 8 B C 0.69 14 4 
A 0.40 5 5 C 0.68 7 1 
A 0.40 5 6 C 0.67 7 8 

Tukey groups marked with the same letter in the same sub-catalog are not significantly different from 
their means at 95% probability; N = number of specimens 
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Table 3 Tukey’s Studentized Range (HSD) Test for ASEV and ASET 
ASEV ASET 

Tu ke y  G r o up * Mean N Level Tukey Group Mean N Level 
MMA MMA 

A 12.07 5 1 A 8.50 10 1 
A B 6.85 5 0.95 A 7.71 20 0.9 

A B C 5.84 10 0.9 A B 3.33 10 0.95 
A B C 3.62 10 0.45 A B 2.16 20 0.475 
B C 1.82 10 0.475 B C 0.43 20 0.45 
B C  -0.99 5 0.5 C D -5.48 10 0.5 
C -1.93 15 0 D -10.75 30 0 

HEMA HEMA 
A 7.65 20 0 A 6.81 40 0 

A B 4.92 5 1 A 2.16 20 0.475 
A B 3.62 10 0.45 A B 0.43 20 0.45 
A B 1.82 10 0.475 B C -5.48 10 0.5 
B C -0.99 5 0.5 C -7.04 10 1 
B C -1.69 5 0.9 C -8.38 10 0.9 
C -7.64 5 0.95 D -16.08 10 0.95 

EGDMA EGDMA 
A 5.36 15 0 A 1.581 50 0.1 
A 3.45 25 0.1 A -0.93 30 0 
A 0.71 20 0.05 A -2.11 40 0.05 

Combination Combination 
A 12.07 5 1 A 8.50 10 1 

A B 6.85 5 8 A B 7.71 20 4 
A B 5.84 10 4 A B 3.33 10 8 
A B 4.92 5 2 A B 2.16 20 9 
A B 3.62 10 7 B C 0.43 20 7 
B 1.82 10 9 C D -5.48 10 5 

B C -0.99 5 5 C D -7.04 10 2 
B C -1.69 5 3 D -8.38 10 3 
C -7.64 5 6 E -16.08 10 6 

Tukey groups marked with the same letter in the same sub-catalogue are not significantly different from 
their means at 95% probability; N = number of specimens 
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Table 4 Tukey’s Studentized Range (HSD) Test for ASEL and ASER 
ASEL ASER 

Tu ke y  G r o up * Mean N Level Tukey Group Mean N Level 
MMA MMA 

A 28.93 20 0.9 A 14.97 10 1 
A 23.13 10 0.5 A B 8.40 10 0.95 
A 18.03 20 0.475 A B 7.83 30 0 
A 15.98 30 0 A B 5.56 20 0.45 
A 13.38 10 1 A B 3.34 10 0.5 
A -2.27 20 0.45 B -0.093 20 0.9 
A -4.46 10 0.95 B -0.362 20 0.475 

HEMA HEMA 
A 38.63 10 1 A 13.69 10 1 
A 23.13 10 0.5 A 8.46 10 0.9 
A 18.03 20 0.475 A 5.80 40 0 
A 16.69 40 0 A 5.56 20 0.45 
A 8.25 10 0.9 A 3.34 10 0.5 
A 5.59 10 0.95 A 2.51 10 0.95 
A -2.27 20 0.45 A -0.36 20 0.475 

EGDMA EGDMA 
A 24.08 30 0 A 10.45 30 0 
A 12.31 50 0.1 A B 3.88 50 0.1 
A 9.30 40 0.05 B 2.55 40 0.05 

Combination Combination 
A 38.63 10 2 A 14.97 10 1 
A 28.93 20 4 A 13.69 10 2 
A 23.13 10 5 A 8.46 10 3 
A 18.03 20 9 A 8.40 10 8 
A 13.38 10 1 A 6.56 20 7 
A 8.25 10 3 A 3.34 10 5 
A 5.59 10 6 A 2.51 10 6 
A -2.27 20 7 A -0.09 20 4 
A -4.46 10 8 A -0.36 20 9 

Tukey groups marked with the same letter in the same sub-catalogue are not significantly different from 
their means at 95% probability; N = number of specimens 
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Table 5 Results of ANOVA of AME and WRE with dimensional stability 
Model Source DF Sum of 

squares 
Mean 

Square 
F value P value 

ASEL 
 model 1 22.19 22.19 0.01 0.91 

AME Error 118 211337 1821.87   
 Total 119 211359    
 model 1 2038.46 2038.46 1.13 0.29 

WRE Error 118 209321 1804.49   
 Total 119 211360    

ASER 
 model 1 28.59 28.59 0.15 0.70 

AME error 118 21547 185.75   
 Total 119 21575    
 model 1 0.44 0.44 0 0.96 

WRE error 118 21575 185.99   
 Total 119 21575    

ASET 
 model 1 4296.92 4296.92 92.40 <0.0001 

AME error 118 5394.45 46.50   
 Total 119 9691.37    
 model 1 185.88 185.88 2.27 0.13 

WRE error 118 9505.49 81.94   
 Total 119 9691.37    

ASEV 
 model 1 742.48 742.48 24.95 <0.0001 

AME error 58 1695.97 29.75   
 Total 59 2438.45    
 model 1 20.81 20.81 0.49 0.49 

WRE error 58 2417.64 42.41   
 Total 59 2438.45    

.  
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Figure 1 Moisture Adsorption and Water uptake 
 

 
                                                                       Figure 1 
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Figure 2 AME and WRE 
 

 
                                                                 Figure 2 
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Figure 3 SL and SR 
 

 
                                                                       Figure 3  
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Figure 4 SV and ST 
 

 
                                                                Figure 4  
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Figure 5 ASET and AME  
 

 
 
                                                                      Figure 5 
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Figure 6 ASEV and AME 
 

 
                                                                Figure 6 
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Summary 
The improvement of Brinell hardness of sugar maple (Acer saccharum Marsh.) wood through 
impregnation and in-situ polymerization of polymeric methacrylates monomers was investigated. The 
formulation combinations were determined by a mixture design. Sugar maple samples were impregnated 
with these methacrylates mixtures by a vacuum and pressure process and polymerized in-situ by a 
catalyst-thermal procedure. The effects of polymeric monomers and their combinations on Brinell 
hardness and hardness modulus were analyzed. Chemical impregnation enhances Brinell hardness and 
hardness modulus. A useful relationship between hardness modulus and Brinell hardness was found.  
 
Key words: Brinell hardness, ethylene glycol dimethacrylate, hardness modulus, hydroxyethylene 
methacrylate, in-situ polymerization, methyl methacrylate, monomer retention, polymer retention, sugar 
maple, polymer impregnation  

1 Introduction 
Most Canadian coniferous species and some important hardwoods are not sufficiently dense and resistant 
to wear for use in the flooring markets, high-end furniture and cabinet. Yet these are markets where more 
Canadian species could successfully compete if their hardness and wear resistance were improved. 
 
Hardness implies the ability of a body to resist deformation. There is a wide variety of hardness 
assessment procedures including static indentation, scratch, plowing, rebound, damping, cutting, abrasion 
and erosion tests (Tabil et al. 2002; Briscoe and Sinha 2003). Hardness is a routinely measured 
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mechanical characteristic which is sensitive to structural parameters as well as to mechanical behavior 
(Baltá Calleja et al. 1998; Zamfirova et al. 2003; Mina et al. 2004). In wood science, the typical method 
used for measuring hardness is the static indentation test, which involves forcing a hard tool of known 
geometry into the sample body. The hardness of the sample is then defined as the ratio of the applied 
force to the size of indentation. Brinell hardness is defined as the ratio of the applied force to the area of 
surface contact, whereas Meyer hardness is the ratio of applied force to the projected contact area.  
 
For an elastic material, the size of indentation is that under loading because there are no permanent 
deformations for this kind of material, whereas for a plastic material, the area of the permanent 
indentation is measured after releasing the applied load. Wood is a lingo-cellulosic material containing 
voids, which behaves visco-elastically. Doyle and Walker (1985) suggested that the contact area under 
indentation be used to calculate the Brinell or Meyer hardness for several reasons: 1) there might be 
difficulties in measuring the impression, especially for shallow indentations where the imprint is unclear; 
2) the sample material adjacent to the edge of the tool could become densified, which would exaggerate 
the size of the permanent indentation; and 3) less permanent indentation occurs using green wood than 
dry wood, resulting in the false conclusion that green wood is harder than dry wood if the permanent 
indentation is used to calculate hardness. 
 
One of the techniques used to improve the properties of solid wood, which has received considerable 
attention in the past decades, is formation of wood plastic composites (WPC) by impregnating wood with 
polymeric monomers such as methyl methacrylate (MMA), styrene (ST), unsaturated polyester and 
(meth)acrylates, or with thermoset resins including epoxy resin, phenol formaldehyde, urea 
formaldehyde, and melamine-formaldehyde resin, followed by in-situ polymerization by radiation or 
catalyst-thermal treatment. In thermoset resin chemical impregnation, the chemicals that can enter the cell 
wall or react with the hydroxyl groups of wood components, such as phenol formaldehyde resin, 
improved the dimensional stability of wood (Lewis 1995a, 1995b; Rowell and Konkol 1987). However, 
these treatments generally reduced bending strength and toughness of wood. For the more commonly 
used polymeric impregnation monomers, such as MMA and ST, the WPC generally exhibited enhanced 
strength properties and hardness, while displaying a relatively poor dimensional stability caused by 
moisture changes in wood due to the fact that these monomers are mostly confined to the lumen, and not 
the cell wall. 
 
There have been many studies into improving wood hardness through impregnation of polymeric 
monomers into wood and in-situ polymerization to form wood polymer composites (WPC) (Rowell and 
Konkol 1987; Wright and Mathias 1993a; Elvy et al. 1995; Şolpan and Gűven 1998, 1999; Dale Ellis and 
O’Dell 1999; Doss et al. 1999; Magalhães and da Silva 2004). These studies have shown that the hardness 
of WPC depends on the polymer retention in WPC, the chemical composition of impregnants, and the 
natural hardness of wood species. All WPC samples tested in these studies were found to be harder than 
their corresponding untreated wood samples. 
 
The relationships between hardness and other mechanical properties were established and applied 
originally for metals because of their better-investigated structural and mechanical properties, and only 
later for polymers and other materials (Baltá Calleja et al. 1998; Zamfirova et al. 2003; Mina et al. 2004). 
Tabil et al. (2002) correlated Meyer hardness to the hardness modulus for alfalfa cubes, which was 
expressed by a binomial model. Zamfirova et al. (2003) found that logarithmic Vickers micro-hardness is 
proportional to the logarithmic modulus for polyolefin. Lewis (1968) established a relationship between 
indentation Janka hardness and the hardness modulus, especially for wood-based materials, and noted that 
there was an advantage in determining the hardness value indirectly from a shallow indentation by the 
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hardness modulus. 
 
Despite the research to date on WPC, much work is still needed to reduce cost and improve performance 
of the final product in service. A key to improving the mechanical properties and dimensional stability of 
WPC is the degree of penetration of the treatment chemical into cell wall. To this end, the multifunctional 
monomer hydroxyethylene methacrylate (HEMA) was chosen as a candidate monomer in this study. 
HEMA contains four different functionalities, including an alcohol, an ether, an ester, and a 
polymerizable double bond. The hydroxyl group in these compounds was expected to increase monomer 
hydrophilicity and hydrogen bonding capability with various components of wood. After or during the 
polymerization, intermolecular trans-etherization would occur through reaction of the hydroxyl groups of 
HEMA units and wood components (cellulose, hemicellulose and lignin) to form a strong three-
dimensional network that would provide good dimensional stability to the WPC. Further improvement in 
properties might be possible via crosslinking of the polymeric monomers by adding the dimethacrylate 
crosslinking agent ethyleneglycol dimethacrylate (EGDMA). Many studies of polymer-impregnated wood 
have centered on vinyl monomers, particularly MMA, for several reasons: 1) low viscosity; 2) 
availability; and 3) enhancement of wood properties after impregnation and polymerization. However, 
MMA has some undesirable properties, such as 1) high vapor pressure during treatment, which tends to 
result in monomer depletion on the surface before polymerization, and 2) high volumetric shrinkage upon 
polymerization. 
 
The objective of our research program was to investigate the effects of the multifunctional monomer 
HEMA, the more commonly used monomer MMA, the crosslinker EGDMA, and their combinations with 
a mixture design on properties of WPC, including impregnability and hardness, and to arrive at an optimal 
formulation. In the first study of this program, the effects of these monomers and their combinations on 
monomer retention by volume (MRV), and polymer retention (PR) were investigated (Zhang et al. 2004a). 
It was found that the impregnation of sugar maple with different combinations of three methacrylates 
resulted in similar MRV value, showing that these three methacrylates have similar permeability into 
sugar maple using an applied vacuum-pressure process. Most impregnants reside in the vessel and lumen. 
PR was related to the combination of impregnants and inversely related to wood density. In the second 
study of this program, the effects of these monomers and their combinations on dimensional stability 
were evaluated (Zhang et al. 2004b). Different combinations of polymeric monomer did have effect on 
the dimension stability. HEMA did not improve the dimensional stability, which was contradictory to our 
expectation. This paper focuses on the effects of monomers and formulation combinations on the Brinell 
hardness, and evaluates the relationship between harness and hardness modulus. 

2 Materials and Methods 

Materials 
Wood samples were chosen from the defect-free boards of sugar maple wood. End-matched samples with 
dimensions of 55 × 70 × 4.5 mm (longitudinal × tangential × radial) were obtained in a pattern of treated 
specimen and control specimen alternatively. 2, 2’-Azobis (2, 4-Dimethylvaleronitrile) (Vazo 52), a free 
radical source, was obtained. A 0.5% weight percentage was used based on the weight of the mixture of 
polymeric monomers. Methyl methacrylate (MMA), 2-hydroxylethyl methacrylate (HEMA), and 
ethyleneglycol dimethacrylate (EGDMA) were used without further purification. The formulation 
combinations of MMA: HEMA: EGDMA were determined by a mixture design, and are listed in Table 1. 
Further details on the mixture design are given in an earlier paper (Zhang et al. 2004a). 
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Preparation of composite specimens 
The sugar maple wood samples at approximately 8% moisture content were oven dried to constant weight 
at 105°C for 24 hours. Samples were then placed into an impregnation case. The appropriate monomer 
mixture was introduced into the case to immerse the sample. The impregnation and polymerization 
procedure was as follows: 1) vacuum at 635 mm Hg (25 in Hg) for 15 minutes, 2) pressure at 550kPa (80 
psi) for 15 minutes, 3) wiping out excess chemicals after release of pressure and wrapping in aluminum 
foil, and 4) in-situ polymerization in a compression mold press at contact without pressure at the 
following temperatures: a) 60°C for 5 minutes, b) 100°C for 15 minutes, and c) 120°C for 20 minutes. 
The schedule for different treatments was randomly selected. A minimum of 15 specimens were treated 
for each impregnation listed in Table 1. Polymer retention (PR) was calculated using Eq. [1] and the 
average results are shown in Table 1. 

Scanning Electron Microscope (SEM) 
SEM was used to examine the impregnated and control wood samples. The interior portions of radial and 
tangential planes were exposed by cutting with a surgery blade, carbon coated, gold sputter coated, and 
examined with JEOL JSM 6400 SEM (Tokyo, Japan) with different magnifications. 

Hardness tests  
The hardness tests were performed on untreated and treated sugar maple samples using a universal test 
machine, Alliance RT /50 systems from MTS Systems Corporation (Eden Prairie, MN USA). The size of 
hardness test specimens was 55 × 70 × 4.5 mm. During a test, the indenter (an 11.3 mm diameter steel 
ball), which was attached to the loading platen of a test machine, was lowered to the surface of the test 
specimen. A pre-load of 1 to 2 N was applied to stabilize the test specimen. The applied load was then 
increased at such a rate as to reach a target level of 1000 N in 15 s, and was maintained at this value for 
25 s. The actual contact area under indentation was used to calculate the hardness of wood. The load-
deformation data were collected at a sampling rate of 10 data points per second. Brinell hardness was 
calculated using Eq. [3]. The hardness modulus was calculated as the slope of load versus indentation 
response within the 20% to 60% indentation range. At least ten specimens were tested for each 
combination. 

Analysis of test data 
The polymer retention of the treated specimens was calculated as follows:  

100 P % ×
−

=
−

−−

drywood

drywooddryWPC

D
DD

R    [1] 

where DWPC-dry and Dwood-dry are oven-dry densities of WPC and wood respectively. 
Brinell hardness was calculated from Eq [2]: 

Dh
F

dDDD
FH B ππ

=
−−

=
))()(2/( 2/122      [2] 

where HB = the Brinell hardness (N/mm2)  
F = the maximum applied force (N) 
D = the diameter of the steel ball (mm) 
d = diameter of indentation under load (mm) 

222 2)2( hDhhDD −=−−=  
h = indentation depth (mm). 
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3 Results and Discussion 

Brinell Hardness 
The average Brinell hardness (HB) of wood and WPC for each formulation combination are shown in 
Figure 2. It can be seen that WPCs have higher hardness than untreated wood. Figure 3 shows the 
micrographs of the cross sections of treated and untreated wood. There are vessels and lumens of 
untreated sugar maple cells available for chemical filling, shown in Fig. 3(0). The impregnation of 
methacrylates into sugar maple was mainly accounted for by vessel and lumen filling, which improve the 
hardness of sugar maple. This is consistent to surface hardness does not depend as much on cell wall 
modification as on lumen filling by Wright and Mathias’s study (1993b). 
 
The formulations containing 50% wt HEMA and 50% wt MMA has the highest values for hardness, 
whereas formulations with 90% wt MMA and 10% wt EGDMA gave the lowest values. As is known, the 
improvement in hardness was also dependent on the natural hardness of the wood. The normalized 
hardness, that is, the ratio of treated wood to end-matched untreated wood, was used to eliminate the 
effect of hardness of untreated wood (control sample).  
The Tukey Honestly Significantly Different (HSD) test for normalized hardness was analyzed in Table 2. 
For each sub-catalogue, Tukey groups demarcated with the same letter are not significantly different from 
their means of normalized hardness at 95% probability. In this study, different chemical compositions 
have varying levels of impacts on the Brinell hardness: HEMA, EGDMA and combinations of 
methacrylates impact the wood hardness significantly but MMA did not. It was expected that the addition 
of EGDMA would increase the hardness of WPC. However, it was not proven with the test results 
obtained here.  
 
As was discussed in a previous paper (Zhang et al. 2004a), addition of EGDMA in the system resulted in 
a non-liner polymer and more cracks formed in the system, which could affect the efficiency of 
enhancement of hardness.  
 
According to ANOVA analyses, PR had a definite impact on the hardness  as shown in Table 3. Linear 
regression analysis shows that normalized Brinell hardness (RHB) can be expressed as a function of PR 
and formula combination (R2 = 0.27) using the equation: 
 

21 )02.0012.0()002.0013.0()096.0048.1( xPRxPRRH B ×±+×±+±−=                     [3] 
where PR is polymer retention in WPC, and x1, and x2 are the weight fractions of MMA,  and HEMA in 
the mixture. 

Hardness modulus 
The hardness modulus (MH) as a function of wood and WPC with different combinations is shown in 
Figure 2. Apparently, WPC has a higher value for MH than does untreated wood. Combination 5 (50% wt 
HEMA and 50% wt MMA) gave the highest value for MH, whereas combinations with the highest MMA 
content (100%, 95% and 90%) generated the lowest value. As before, the normalized hardness modulus 
(RMH), that is, the ratio of WPC to control sample, was used to eliminate the effect of the MH of end-
matched control sample. The Tukey HSD test results for RMH are shown in Table 2. From the table, it 
was found that there were definitely differences of the mean RMH for different formulation combinations 
and different HEMA contents at the 95% probability. It was also found that PR had a definite impact on 
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the RMH, as proven by the ANOVA analysis results in Table 3. An empirical model relating RMH, PR and 
formulation of impregnants can be expressed as (R2 = 0.37) as follows: 
 

21 )002.0016.0()002.0015.0()103.0981.0( xPRxPRRM H ×±+×±+±=                     [4] 
 
where PR is polymer retention in WPC, x1 and x2 are the weight fractions of MMA, and of HEMA in the 
mixture respectively. 

Relationship between Brinell hardness and hardness modulus 
Figure 4 shows a plot of MH versus HB of WPC and untreated wood. It can be seen that hardness modulus 
increases with Brinell hardness. Linear regression analyses showed that the linear model and the quadratic 
model give similar prediction. The empirical linear relationship between HB and MH can be expressed, 
with a R2 value of 0.96, as: 
 

96.14004.45 −= BH HM                                                                                                  [5] 
 
Most of the data points fall within the 95% confidence limit. It is shown that there exists a strong 
relationship between MH and HB. As Lewis (1968) noted, it could be an advantage to obtaining the 
hardness value indirectly from the hardness modulus especially for shallow indentation. Since the 
hardness modulus can be read from the test machine, using harness modulus to substitute hardness 
measurement will help to reduce the variation during hardness measurements and allow the hardness 
calculation to be computerized and to be more efficient.  

4 Conclusion 
Brinell hardness (HB) and hardness modulus (MH) are generally enhanced through impregnation and in-
situ polymerization. It is found that WPC with different monomers and their different combinations 
improved both Brinell hardness and hardness modulus. Addition of a crosslinker such as EGDMA does 
not enhance HB and MH. This may indicate that composite morphology formed during in-situ 
polymerization affects the performance of WPCs. An empirical relationship between HB and MH is 
established, in that MH is proportional to HB for WPC and sugar maple. The Brinell hardness could be 
indirectly determined by hardness modulus. 
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                            Table 1 Chemical composition of impregnants* 
Combination MMA HEMA EGDMA PR 

 (wt 
fraction) 

(wt fraction) (wt fraction) (% wt) 

1 1 0 0 43.44 
2 0 1 0 50.68 
3 0 0.900 0.100 47.98 
4 0.900 0 0.100 45.11 
5 0.500 0.500 0 55.99 
6 0 0.950 0.050 59.41 
7 0.450 0.450 0.100 50.92 
8 0.950 0 0.050 49.24 
9 0.475 0.475 0.050 53.25 

                           *Vazo 52 was added at 0.5% wt based on mixture of monomers 
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                                    Table 2 Tukey’s HSD Test for RHB and RMH 
RHB  RMH 

Tu ke y  G r o up * Mean N Level Tukey Group Mean N Level 
MMA MMA 

A 1.73 10 0.500 A 1.81 20 0.475 
A 1.72 20 0.45 A 1.81 20 0.450 
A 1.71 20 0.475 A 1.79 10 0.500 
A 1.63 30 0 A 1.75 30 0 
A 1.63 10 0.950 A 1.62 20 0.900 
A 1.57 10 1.000 A 1.62 10 0.950 
A 1.57 20 0.900 A 1.61 10 1.000 

HEMA HEMA 
A 1.83 10 1.000 A 1.91 10 1.000 

A B 1.73 10 0.500 A B 1.81 20 0.475 
A B 1.72 20 0.450 A B 1.81 20 0.450 
A B 1.71 20 0.475 A B 1.79 10 0.500 
B C 1.58 40 0 A B C 1.77 10 0.950 
B C 1.58 10 0.950 B C 1.62 40 0 
C 1.48 10 0.900 C 1.57 10 0.900 

EGDMA EGDMA 
A 1.71 30 0 A 1.77 30 0 

A B 1.66 40 0.050 A 1.75 40 0.050 
B 1.61 50 0.100 A 1.69 50 0.100 

Combination Combination 
A 1.83 10 2 A 1.91 10 2 

A B 1.73 10 5 A B 1.82 20 9 
A B 1.72 20 7 A B 1.81 20 7 
A B 1.71 20 9 A B C 1.79 10 5 

A B C 1.63 10 8 A B C 1.77 10 6 
B C 1.58 10 6 B C 1.62 20 4 
B C 1.57 10 1 B C 1.62 10 8 
B C 1.57 20 4 B C 1.61 10 1 
C 1.48 10 3 C 1.57 10 3 

• Tukey groups marked with the same letter are not significantly different from their means 
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Table 3 Results of ANOVA of RHB and RMH with PR 
Model Source DF Sum of 

squares 
Mean 

Square 
F value P value* 

RHB 
PR model 1 0.89 0.89 35.31 <0.001 

 error 118 2.96 0.025   
 Total 119 3.85    

RMH 
PR model 1 1.775 1.775 61.88 <0.0001 

 error 118 3.385 0.029   
 Total 119 5.161    

 
* if P value is less than α level, it means that the model is significant at 100(1-α)% probability.  
 
 
Figure 1. The mixture design (extreme vertices: 1-4, midpoints of edges: 5-8 and centroids of faces: 9) 
 

 
Figure 1 
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Figure 2. Brinell hardness and hardness modulus as functions of formulation combinations (combination 
1 to 9 of MMA: HEMA: DGDMA by weight as described in Table 1) 

 

 
Figure 2 
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Figure 3. SEM micrographs of different formulation combinations (numbers refers to combination 1 to 9 
of MMA: HEMA: EGDMA by weight as described in Table 1, number 0 refers to control sample) 
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                                                        Figure 3 
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Figure 4. Hardness modulus as a function of Brinell hardness [▲, untreated wood, numbers 1-9 indicate 
WPCs with different formulation combinations, — (solid line) indicates the predicted value with Eq. 5, 
⋅⋅⋅⋅⋅ (dotted line) indicates 95% confidence limits for the individual observations] 
 

 
 

Figure 4 
 


