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ABSTRACT: The improvement of Brinell hardness of
sugar maple (Acer saccharum Marsh.) samples through im-
pregnation and in-situ polymerization of methyl methacry-
late, 2-hydroxylethyl methacrylate, and ethylene glycol
dimethacrylate monomers was investigated. The formula-
tion combinations were determined by a mixture design.
Sugar maple samples were impregnated with these mixtures
by a vacuum and pressure process and polymerized in situ
by a catalyst-thermal procedure. The effects of the mono-
mers and their combinations on Brinell hardness and hard-

ness modulus were analyzed. Chemical impregnation en-
hanced both Brinell hardness and hardness modulus. A
significant relationship between hardness modulus and
Brinell hardness was found. Modulus of elasticity of sugar
maple was also improved through impregnation with
methacrylates. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 99:
1674–1683, 2006

Key words: Brinell hardness; composites; wood; in-situ po-
lymerization; impregnation

INTRODUCTION

Most Canadian coniferous species and some impor-
tant hardwoods are not sufficiently dense and resis-
tant to wear for use in the flooring, high-end furniture,
and cabinet markets. Hardness implies the ability of a
material to resist deformation. There is a wide variety
of hardness assessment procedures available, includ-
ing static indentation, scratch, plowing, rebound,
damping, cutting, abrasion and erosion tests.1,2 Hard-
ness is a routinely measured mechanical characteristic
that is sensitive to structural parameters as well as to
mechanical behavior.3–5 A classical method used to
measure 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
the resulting indentation. Brinell hardness is defined
as the ratio of the applied force to the actual area of
surface contact, whereas Meyer hardness is the ratio of
the applied force to the projected contact area.

For an elastic material, the size of the indentation is
measured under load because deformations of this

kind of material are not permanent, whereas for a
plastic material, the area of the permanent indentation
is measured after releasing the applied load. Wood
behaves visco-elastically. Doyle and Walker6 sug-
gested that the contact area of the 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 densi-
fied, which would exaggerate the size of the perma-
nent indentation; and (3) a less permanent indentation
occurs using green wood than dry wood, which
would result in the false conclusion that green wood is
harder than dry wood, if a permanent indentation was
used to calculate hardness. Recently, nanoindentation
techniques have become common for the investigation
of mechanical properties of thin films and small vol-
ume materials.7–13 Wimmer and coworkers14,15 ap-
plied this technique to the study of wood cell mechan-
ics, such as hardness and modulus of elasticity. Later,
Gindl et al.16,17 also adopted nanoindentation to study
the mechanical properties of wood cell walls. Hard-
ness was found to vary not only within a tree ring, but
also within a single tracheid. The hardness of the
radial S2 layer was higher than that of the cell corner
middle lamella.14,15 The hardness of a developing tra-
cheid was lower than that of mature tracheid, but the
lignin content in the wood cell showed no statistically
significant effect on the hardness of mature wood
cells. These studies indicate that the structure of wood
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cells affects hardness because of their heterogeneous
cell-wall structure.

One of the techniques used to improve the proper-
ties of solid wood, which has received considerable
attention in the past few decades, is the impregnation
of wood with vinyl monomers such as methyl methac-
rylate (MMA), styrene (ST), or unsaturated polyester,
and with thermoset resins including epoxy, phenol
formaldehyde, urea formaldehyde, and melamine
formaldehyde, followed by in-situ polymerization by
radiation or catalyst-thermal treatments.18–26 The re-
sulting products are generally known as wood–poly-
mer composite (WPC). In thermoset resin chemical
impregnation, chemicals that enter the cell wall or
react with hydroxyl groups of wood components,
such as phenol formaldehyde resin, improve the di-
mensional stability of wood.18–20 However, these
treatments generally reduce bending strength and
toughness of wood. For the more commonly used
monomers, such as MMA and ST, the WPCs generally
exhibit enhanced strength properties and hardness,
while displaying a relatively poor dimensional stabil-
ity due to the fact that these monomers do not react
with wood components and are mostly confined to the
lumen and are not in the cell walls.

Wood is anisotropic longitudinally, radially, and
tangentially.27 Wood anatomy indicates that wood
structures vary with wood species. Trees are classified
into softwoods and hardwoods. Hardwoods have ves-
sels that are responsible for water transport, but soft-
woods do not. Furthermore, hardwoods can be sub-
categorized by the diameters and distributions of
these vessels, such as ring-porous hardwood, semi-
ring-porous hardwoods, and diffuse-porous hard-
woods. In ring-porous woods, such as oak and elm,
the pores formed in the earlywood zone have a diam-
eter considerably larger than those in the latewood. In
diffuse porous woods, such as sugar and red maples,
the pores have the uniform diameters and distribu-
tions across the entire growth ring. This results in
differences in mechanical properties of woods. Holm-
berg28 investigated the hardness of Scots pine using
loads applied at angles between 0 and 90° against the
wood grain direction, and showed that hardness is
greatly dependent on load direction, and that at a
certain angle, hardness is fairly proportional to wood
density. Hirata et al.29 studied the hardness of woods
with distinguished earlywood and latewood in the
annual ring, and hardness distribution in radial and
tangential sections. Hardness of earlywood was found
to be lower than that of latewood, and there was no
large variation in the hardness for agathis, a tropical
coniferous wood with no clear growth ring. The hard-
ness distribution reflected the density distribution of
the wood surface. Ellis and O’Dell24 measured the
hardness of the softwood pine and the hardwoods oak
and maple. They found that hardness was different in

radial, tangential, and longitudinal directions, and
that hardness differences between different directions
varied with wood species. The hardness of maple was
similar in different directions, but pine and oak had
very different hardnesses in different directions, espe-
cially in the radial and longitudinal directions. These
studies indicated that woods without clear growth
rings, such as sugar maple and red maple, should
have less variation in hardness. Ellis and O’Dell24 also
indicated that WPC prepared with vinyl monomer
and other chemicals could improve hardness in all
directions and compensate for the large variations in
hardness of untreated wood of some species, such as
pine and oak.

Many studies have been reported to improve wood
hardness through impregnation of monomers into
wood and in-situ polymerization to form WPC.20–26

These studies have shown that the hardness of WPC
depends on the nature of impregnants, their retention,
and the natural hardness of the wood. All WPC sam-
ples tested in these studies were found to be harder
than their corresponding untreated wood samples.

The relationships between hardness and other me-
chanical properties were initially established for met-
als because of their better-known structural and me-
chanical properties. Subsequently, similar relationships
were derived for polymers and other materials.3–5

Tabil et al.1 correlated Meyer hardness to the hardness
modulus for alfalfa cubes by a binomial model. Zam-
firova et al.4 found that the Vickers micro-hardness of
polyolefin is proportional to Vickers micro-hardness
modulus on a logarithmic scale. Lewis30 established a
relationship between Janka hardness and the hardness
modulus for wood-based materials, and noted that
there was an advantage in determining the hardness
value indirectly from the hardness modulus, espe-
cially for small indentations.

Despite the research carried out to date on WPC,
much work is still needed to reduce manufacturing
costs and improve performance of the final product in
service. A solution to improve the mechanical proper-
ties and dimensional stabilities of WPC is to increase
the degree of penetration of the chemicals into the
wood cell wall. To realize this goal, the multifunc-
tional monomer hydroxyethylene methacrylate (HEMA)
was used in this study. HEMA contains four different
functionalities, including alcohol, ether, ester, and a
polymerizable double bond. The hydroxyl group in
this compound was expected to increase monomer
hydrophilicity and hydrogen bonding capability with
various components of wood. During or after in-situ
polymerization, the hydroxyl groups of HEMA units
and wood components (cellulose, hemicellulose, and
lignin) could participate in chemical reactions that
would provide good dimensional stability to the
WPC. Further improvements in properties may be
possible by crosslinking reactions via the addition of
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ethylene glycol dimethacrylate (EGDMA). Many stud-
ies have used MMA because of its low viscosity, avail-
ability, and ability to improve wood properties after
in-situ polymerization. However, MMA has some un-
desirable properties, such as high vapor pressure dur-
ing treatment, which leads to monomer depletion on
the surface before polymerization, and high volumet-
ric shrinkage upon polymerization.

The objective of this research was to investigate the
effects of MMA, HEMA, and EGDMA and of their
combinations on some properties of WPC, including
impregnability and hardness, and to arrive at an op-
timal impregnant formulation. The effects of these
monomers and of their combinations on monomer
retention by volume (MRv) and polymer retention
(PR) have been investigated previously.31 It was found
that the impregnation of sugar maple with different
combinations of the three methacrylates results in sim-
ilar MRv values, showing that these three methacry-
lates have similar impregnabilities into sugar maple
when applied with a vacuum–pressure process. Most
impregnants are located in the vessel and lumen. PR
depends on the combination of impregnants and is
inversely proportional to wood density. This article
focuses on the effects of monomers and formulation
combinations on Brinell hardness, and evaluates the
relationship between hardness and hardness modu-
lus.

EXPERIMENTAL

Materials

Wood samples were cut from defect-free boards of
sugar maple. End-matched samples with dimensions
of 55 � 70 � 4.5 mm3 (longitudinal � tangential
� radial) were obtained in an alternating pattern of
treated and control specimens. 2,2�-Azobis (2,4-dim-

ethylvaleronitrile) (0.5%; Vazo 52), a free radical
source, was used based on the weight of the monomer
mixture. Methyl methacrylate (MMA), 2-hydroxyl-
ethyl methacrylate (HEMA), and ethylene glycol
dimethacrylate (EGDMA) were used without further
purification. The combinations of MMA:HEMA:EG-
DMA were determined by a mixture design as shown
in Figure 1, and are listed in Table I. Further details on
the mixture design are given elsewhere.31

Preparation of composite specimens

The sugar maple wood samples, conditioned at �8%
moisture content, were oven-dried to a constant
weight at 105°C for 24 h. Samples were then placed
into an impregnation reactor. Impregnation solutions
were introduced into the reactor to immerse the sam-
ples. The impregnation procedure was vacuumed at
635 mmHg (25 in.) for 15 min followed by pressure at
550 kPa (80 psi) for 15 min. After impregnation, pres-
sure was released, excess chemicals were wiped from
the sample surface, and the treated samples were
wrapped in aluminum foil. The treated samples were
in-situ polymerized in a hot press without compres-
sion in three steps: (a) 60°C for 5 min, (b) 100°C for 15
min, and (c) 120°C for 20 min. A minimum of 15
specimens were treated for each impregnant combina-
tion. This three-step process was found appropriate
for obtaining complete polymerization of impreg-
nated samples. There was no exothermic and/or en-
dothermic peak in the temperature range 25–200°C
with a heating rate of 20°C/min for the treated wood
after in-situ polymerization, as determined by a DSC
2910 Differential Scanning Calorimeter from TA In-
struments, Inc. (DE). The WPC samples were then
sanded to remove excess polymers from their surfaces.
All data on weight and dimension of wood samples
were recorded before impregnation and after poly-
merization.

TABLE I
Chemical Composition of Impregnantsa

Combination

MMA HEMA EGDMA

(weight
fraction)

(weight
fraction)

(weight
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

a Vazo 52 was added at 0.5 wt % based on the mixture of
monomers.

Figure 1 The mixture design (extreme vertices: 1–4; mid-
points of edges: 5–8; and centroids of faces: 9).
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Scanning electron microscopy

Scanning electron microscopy (SEM) was used to ex-
amine the impregnated and control samples. The in-
terior portions of the radial–tangential plane, obtained
by cutting with a surgery blade, were coated with
carbon and gold before being observed with a JEOL
JSM 6400 SEM (Tokyo, Japan).

Measurement of density profile

The density distributions of the samples were mea-
sured with a commercial X-ray density profiler (QMS
Density Profiler, Model QDP-01X, Quintek Measure-
ment Systems, Inc., Oak Ridge, TN). The density data
were collected through the thickness of 50.8 � 50.8
mm2 (2 � 2 in.) specimens at 0.02-mm increments. The
50.8 � 50.8 mm2 (2 � 2 in.) specimens were equili-
brated at 21°C and 65% relative humidity before the
X-ray density scan. The data from 0 to 0.2 mm for each
end surface of 50.8 � 50.8 mm2 were removed so as to
make sure that the X-ray beams passed through the
entire surface of 50.8 � 50.8 mm2.

Relative thickness positions from 0 to 1 are used to
present the data.

Hardness tests

Hardness tests were performed on untreated and
treated sugar maple samples using a universal test
machine (Alliance RT/50 system, MTS Systems Corp.,
Eden Prairie, MN). The size of hardness test speci-
mens was 55 � 70 � 4.5 mm3. During the test, the
indenter (an 11.3-mm-diameter steel ball), attached to
the loading platen of a test machine, was lowered to
the surface of the test specimen. A preload of 1–2 N
was applied to stabilize the test specimen. The applied
load was then increased at such a rate so as to reach a
target load of 1000 N in 15 s, and was maintained at
this force for 25 s. The actual contact area under in-
dentation was used to calculate the hardness of the
specimen. The load-deformation data were collected
at a sampling rate of 10 data points per second. Brinell
hardness was calculated using eq. (2) shown later. The
hardness modulus was calculated as the slope of load
versus indentation response within the 20–60% inden-
tation range. At least 10 specimens were tested for
each monomer combination.

Modulus of elasticity

Flexural properties were evaluated as a function of
different treatments using a Rheometrics Solids Ana-
lyzer RSA II with a transducer of 10 N. The samples
were cut into rectangular bars, 55 � 6–8 � 1.0–1.5
mm3 in longitudinal � tangential � radial directions,
respectively. The tests were carried out at 25°C with a

strain rate of 0.002/s and a measurement time of 1 s.
The modulus was calculated from the slope of the
stress–strain curve. Duplicate measurements were
performed for different treatments and controls.

Analysis of test data

The PR of the treated specimens was calculated as
follows:

%PR �
DenWPC � dry � Denwood � dry

Denwood � dry
� 100 (1)

where DenWPC-dry and Denwood-dry are oven-dry den-
sities of WPC and wood, respectively.

Brinell hardness was calculated from eq. (2):

HB �
F

��D/2��D � �D2 � d2�1/2�
�

F
�Dh (2)

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

� �D2 � �D � 2h�2 � 2�Dh � h2

and h is the indentation depth (mm).
Data were analyzed by analysis of variance

(ANOVA), Student’s t-test, and analysis of covariance.
Analysis of covariance was applied as a method to
remove the variability in the experiment that could
not be controlled by the design structure, such as the
hardness and hardness modulus of untreated wood.
Mixed models and general linear models were used
for the analyses.

RESULTS AND DISCUSSION

Polymer retention

PR values for different treatments are presented in
Table II. Different treatments have a definite impact on
the PR. Previous studies32 showed that higher wood
density results in lower PR. In our case, PR was also
affected by wood density.31 The analysis of covariance
removed this variability by accounting for wood den-
sity as a covariate.33 With covariant analysis (mixed
model), the adjusted means of PR for different treat-
ments at a mean wood density of 700 kg/m3 are
presented in Table II.

After considering the pretreated wood density as a
covariate at 700 kg/m3, it became clear that the esti-
mated value of PR is dependent upon the treatment.
In general, a higher content of MMA in the mixed
impregnants results in lower PR. This is because the
density of the MMA monomer is lower than those of
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other monomers (HEMA and EGDMA). It appears
that there was higher depletion of MMA due to its
higher vapor pressure during high temperature in-situ
polymerization.

Linear regression analysis shows that a linear
model, shown in eq. (3), can be used to describe the
relationship between the weight fractions of methac-
rylate impregnants and PR with a R value of 0.79
based on the adjusted PR values.

PR � 44.70x1 � 54.56x2 � 66.33x3 � 21.28x1x2 (3)

where x1, x2, and x3 are weight fractions of MMA,
HEMA, and EGDMA in the system, respectively, with
the conditions x1 � x2 � x3 � 1 and x3 � 0.1.

Equation (3) confirms that WPC with high MMA
content had lower PR than that with high HEMA
content.

Morphology of WPC and untreated wood

Figure 2 shows the electron micrographs of the cross
sections of treated and untreated wood samples. There
were vessels and lumens of untreated sugar maple
cells available for chemical filling, shown in Figure
2(0). The impregnation of methacrylates into sugar
maple was mainly achieved by vessel and lumen fill-
ing, as shown in Figure 2(1–9).

Density profiles

The results of density measurements for different
treatments are summarized in Figure 3. WPCs had
much higher densities than control samples. It can be
found that for different treatments, the density pro-
files were different. Other treatments showed asym-
metric density profiles with low core density except
high MMA content combinations (1 and 4). However,

there were small variations in density from two sides
to the center. The standard deviation of density
through thickness accounted for 3% of the variation,
comparing with the average density. This indicated
that monomers penetrated all the wood and after in-
situ polymerization, the polymers were still evenly
distributed in the wood.

Brinell hardness

The average Brinell hardness (HB) values of untreated
wood and WPC for each combination are shown in
Table III. WPCs were harder than untreated wood.
Impregnation of methacrylates into sugar maple en-
hances hardness, but does not have distinct effects on
dimensional stability because it does not penetrate
into the cell wall, as shown by Zhang et al.,34 in which
WPCs with high MMA content obtained the best di-
mension stability among all the treatments, and im-
prove dimensional stability (12.07% for volumetric an-
tiswell efficiency), and higher HEMA treated sample
does not improve the dimension stability. This is con-
sistent with an earlier observation by Wright and
Mathias35 that surface hardness is influenced more by
lumen filling than cell wall penetration of chemicals.

Improvement in hardness was also dependent on
the natural hardness of the wood. Analysis of covari-
ance was applied in this case, where end-matched
sugar maple control and treatment samples were as-
sumed to have the same hardness, and hardness of the
end-matched control sample was used as a covariate
to adjust the mean of hardness. It was found that HB of
untreated wood samples has a definite interaction
with HB-WPC for different treatments, as shown in
Table IV. To eliminate the effect of wood density, the
HB-WPC was adjusted using the HB of untreated wood
as a covariate at a value of 14.45 N/mm2. The adjusted
mean hardness values are shown in Table III. It can be
seen that different chemical compositions had varying
degrees of impact on Brinell hardness (deviation was
from �6.18% to 0.65%). The formulations containing
90 wt % HEMA and 10 wt % EGDMA had the two
highest hardness values, whereas formulations with
90 wt % MMA and 10 wt % EGDMA gave the lowest
hardness values. A comparison of the difference in
adjusted means of HB-WPC in Table III shows that high
MMA content treatments (combinations 1, 4, and 8)
were significantly different from other treatments.
High MMA content (combinations 1, 4, and 8) gave
the lowest hardness values among all the treatments,
which is a result of the low PR when compared with
other treatments. It was expected that the addition of
EGDMA would increase the hardness of WPC. How-
ever, this occurred only in high HEMA content sys-
tems (combinations 2, 3, and 6), neither in high MMA
content systems (combinations 1, 4, and 8) nor the

TABLE II
PR of Different Combinations

Combination

Meana (%) Deviationb

I II (%)

1 43.4 (5.4) 42.0 (1.1) 3.36
2 50.7 (6.4) 53.1 (1.1) �4.81
3 48.0 (6.9) 53.3 (1.1) �11.09
4 45.1 (7.7) 49.1 (0.8) �8.78
5 56.0 (5.1) 57.5 (1.1) �2.66
6 59.4 (5.3) 59.1 (1.1) 0.54
7 50.9 (8.9) 54.2 (0.8) �6.38
8 49.2 (2.4) 46.6 (1.1) 5.46
9 53.3 (5.2) 53.7 (0.8) �0.92

a I is arithmetic PR mean of each treatment and II is
adjusted PR mean of treatments with Denwood�dry used as
covariate, at a mean of Denwood�dry (700 kg/m3).

b (Mean PR � adjusted mean PR)/mean PR � 100%.
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Figure 2 SEM micrographs of different formulation combinations (numbers refer to combinations 1–9 of MMA:HEMA:
EGDMA by weight, as described in Table I, number 0 refers to control sample).
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HEMA and MMA mixture systems (combinations 5, 7,
and 9).

Based on the adjusted mean of HB-WPC, a quadratic
model can be used to describe the relationship be-
tween weight fraction of methacrylate impregnants
and HB-WPC with a R2 value of 0.95, as shown in
eq.(4).

HB-WPC � 36.40x1 � 37.74x2 � 50.76x3

� 5.71x1x2 � 27.81x1x3 (4)

where x1, x2, and x3 are weight fractions of MMA,
HEMA, and EGDMA in the system, respectively, with
the conditions x1 � x2 � x3 � 1 and x3 � 0.1.

Equation (4) shows that whether the addition of
EGDMA increases the hardness or not depends not
only on the amount of EGDMA, but also on the inter-
actions among component impregnants.

Hardness modulus

The hardness modulus (MH) values for the different
combinations and controls are shown in Table V. WPC
samples had higher values of MH-WPC (1404–1607
N/mm) than did untreated wood samples (635
N/mm). End-matched controls were used as covari-
ates to see if the MH of untreated wood masked the
WPC results. The results presented in Table IV clearly
show that there were interactions between the MH of

Figure 3 Density profile as a function of thickness (0, untreated wood; numbers 1–9 indicate WPCs with different
formulation combinations, as described in Table I).

TABLE III
HB-WPC of Different Treatments (N/mm2)

Combination

Mean

Deviationc GroupingdIa IIb

1 36.0 (1.4) 36.5 (0.8) �1.39 A
2 37.7 (1.8) 37.8 (0.8) �0.11 B
3 37.1 (3.2) 39.4 (1.1) �6.18 B
4 35.3 (2.7) 35.7 (0.7) �1.36 A
5 39.0 (1.7) 38.8 (0.9) 0.56 B
6 37.0 (3.8) 38.1 (0.7) �2.81 B
7 38.4 (2.2) 38.1 (0.5) 0.91 B
8 35.4 (1.0) 35.4 (0.8) 0.08 A
9 38.6 (1.5) 38.3 (0.7) 0.65 B

Control 14.5 (2.7)

Values in parentheses indicate standard deviation.
a I is arithmetic HB mean of each treatment.
b II is adjusted HB mean of treatments with HB of wood

control used as covariate at mean of 14.45 N/mm2.
c (Mean HB-WPC � adjusted mean HB-WPC)/mean HB-WPC

�100.
d Test treatments in the same grouping were not different

at 0.05 significance level.

TABLE IV
Test of Fixed Effects

Source NDF DDF Type III F Pr 	 F

HB-WPC
K 9 102 65.91 
0.0001
HB-wood � K 9 102 3.64 0.0006

MH-WPC
K 9 102 21.27 
0.0001
MH-wood � K 9 102 6.50 
0.0001

NDF, numerator degrees of freedom; DDF, denominator
degrees of freedom; K, different combinations, shown in
Table I.
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untreated samples and different treatments (P

 0.0001). The adjusted means of MH-WPC are also
given in Table V. Based on the adjusted means of
MH-WPC, although combination 3 (90 wt % HEMA and
10 wt % EGDMA) gave the highest value for MH,
combinations with high MMA contents (95 and 90%)
generated the lowest values. In general, there is no
significant difference in hardness modulus between
the treatments. All the treatments generated similar
improvements in hardness modulus.

Relationship between Brinell hardness and
hardness modulus

Student’s t-test shows that MH versus HB of WPC and
untreated sugar maple had a strong relationship. Fig-
ure 3 shows a plot of MH versus HB of WPC and
untreated wood. It can be seen that hardness modulus
increased with Brinell hardness. Linear regression
analyses showed that both linear and quadratic mod-
els gave similar predictions. The empirical linear rela-
tionship between HB and MH can be expressed, with a
R2 value of 0.96, as:

MH � 45.04HB � 140.96 (5)

Most of the data fall within the 95% confidence
limit. This shows that there exists a strong linear rela-
tionship between MH and HB. As Lewis30 noted, there
could be an advantage to obtain the hardness value
indirectly from the hardness modulus, especially for
shallow indentations. Since the hardness modulus can
be read from the test machine, the use of hardness
modulus as a substitute for hardness measurement

reduces variation during hardness measurements and
allow for a more efficient hardness calculation.

Modulus of elasticity in bending

According to Gibson and Ashby,36 at small strains
(2%), the behavior of wood is linear–elastic in all three
directions (longitudinal, tangential, and radial), while
moduli of elasticity in the three directions are different
with the modulus of elasticity in the longitudinal di-
rection which is much higher than those in the tan-
gential and radial directions. The tangential and radial
directions have similar modulus of elasticity. The
treated and untreated wood all show linear–elastic
behavior below a strain of 0.2%, and the moduli of
elasticity of different treatments are given in Figure 4.
Because the vessels and lumens in WPC were filled
with polymers after impregnation, stress–strain prop-
erties of WPC depended not only on the wood com-
ponents, their structure, and their morphology, but
also on the properties of impregnated polymers, their
morphology, and their interaction with wood compo-
nents. The atactic polymers were obtained after in-situ
polymerization for different treatments. Formulation
combinations 1, 2, and 5 formed linear polymers,
while the other combinations formed nonlinear poly-
mers, including combinations 6, 8, and 9 with 5%
crosslinking agent EGDMA, and combinations 3, 4,
and 7 with 10% crosslinking agent EGDMA. The inti-
mate contact between polymers and wood cells (filled
vessels and lumen) restricted the spatial motion of
treated wood components, resulting in an increase in
MOE. When the MOE results were adjusted to account
for wood variability, the adjusted MOE of WPC was
within the range 14,890–16,040 MPa (Table VI). How-
ever, the differences between various groups were not
statistically significant. Analysis of the ratio of WPC
MOE to end-matched control sample MOE also
showed that different treatments generated similar
improvements (1.16–1.31).

In consideration of the cost, viscosity and process
abilities of monomers, and performance of resulted
WPCs (hardness and dimension stabilities), it would
be better to adopt the high MMA content combination
to treat wood so as to improve the dimensional stabil-
ity and hardness.

CONCLUSIONS

Impregnation of methacrylates into sugar maple re-
sulted in vessel and lumen filling. PR in sugar maple
was strongly dependent on the composition of the
impregnant, with high MMA content, giving the low-
est values among all the treatments. Brinell hardness
(HB) and hardness modulus (MH) were generally en-
hanced through impregnation and in-situ polymeriza-
tion. WPC with different monomers and their differ-

TABLE V
MH-WPC of Different Treatments (N/mm)

Combination

Meana

Deviationb GroupingcI II

1 1440 (89) 1521 (44) �5.60 A
2 1581 (169) 1515 (44) 4.14 A
3 1521 (209) 1589 (43) �4.44 A
4 1428 (158) 1503 (32) �5.29 A
5 1607 (167) 1556 (43) 3.19 A
6 1588 (227) 1549 (42) 2.49 A
7 1582 (176) 1536 (30) 2.87 A
8 1404 (103) 1489 (44) �6.09 A
9 1584 (109) 1525 (31) 3.72 A
Control 635 (133)

a Data in parentheses indicate standard deviation. I is
arithmetic mean of MH-WPC of each treatment and II is
adjusted mean with MH of wood control as covariate at
mean of 643.86 N/mm.

b (Mean MH-WPC � adjusted mean MH-WPC)/mean MH-
WPC �100.

c Test treatments in the same grouping were not different
at 0.05 significance level.
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ent combinations improved both Brinell hardness and
hardness modulus. Addition of a crosslinker such as
EGDMA did not always enhance HB and MH. This
may indicate that composite morphology formed dur-
ing in-situ polymerization affects the performance of
WPCs. An empirical relationship between HB and MH

was established, in which MH was proportional to HB

for both WPC and untreated sugar maple. The Brinell
hardness could be indirectly determined by hardness
modulus.

Modulus of elasticity was enhanced through im-
pregnation and in-situ polymerization. Different treat-
ments had the same impact on the modulus of elas-
ticity.

The authors thank Prof. Mostapha Mosto Bousmina of Laval
University for free access to a Rheometrics Solids Analyzer
RSA II, Dr. Daniel Deschambault of Degussa Canada Inc. for
the MMA and EGDMA samples, Ms. Ming Ma of the De-
gussa Corp. for the methacrylate samples, and Mr. Etienne
Poulin, Boa Franc Inc. for the sugar maple samples. The
helpful comments and assistance of data analysis from Dr.
Chuangmin Liu, Dr. Alfas Pliura, and Dr. Mahadev Sharma
are gratefully acknowledged. The technical assistance of Ms.
Francine Cote, Mr. Tommy Martel, Ms. Nathalie Fortie, and
Ms. Marie-Claude Giguere is also much appreciated.

References

1. Tabil, L. G., Jr.; Sokhansanj, S.; Crerar, W. J.; Patil, R. T.; Khosh-
taghaza, M. H.; Opoku, A. Can Biosystems Eng 2002, 44, 55.

2. Briscoe, B. J.; Sinha, S. K. Mat- wiss U Werkstofftech 2003, 34,
989.
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5. Mina, M. F.; Ania, F.; Baltá Calleja, F. J.; Asano, T. J Appl Polym
Sci 2004, 91, 205.

Figure 4 Hardness modulus as a function of Brinell hardness (0, untreated wood; numbers 1–9 indicate WPCs with different
formulation combinations, as described in Table I; —(solid line) indicates the predicted value with eq. (5); . . . . . (dotted line)
indicates 95% confidence limits for the individual observations).

TABLE VI
Modulus of Elasticity (MOE) of WPC and Control

Samples

Combination

Mean (�104

MPa)a

Ratiob
Differencec

(�103 MPa)I II

1 1.49 (0.00) 1.511 1.21 (0.03) 2.59 (0.28)
2 1.51 (0.06) 1.534 1.23 (0.09) 2.83 (0.97)
3 1.47 (0.08) 1.492 1.19 (0.04) 2.39 (0.51)
4 1.54 (0.05) 1.604 1.31 (0.02) 3.64 (0.26)
5 1.61 (0.09) 1.569 1.23 (0.00) 2.99 (0.21)
6 1.56 (0.09) 1.527 1.20 (0.04) 2.59 (0.50)
7 1.42 (0.03) 1.489 1.21 (0.01) 2.48 (0.01)
8 1.60 (0.05) 1.506 1.16 (0.05) 2.20 (0.70)
9 1.55 (0.01) 1.500 1.17 (0.03) 2.26 (0.30)

Control 1.26 (0.07)

a Data in parentheses indicate standard deviation. I is
arithmetic mean of MOE of each treatment and II is adjusted
MOE with MOE of untreated wood as covariate at 1.259
� 104 MPa.

b Ratio is equal to MOE of WPC divided by MOE of
end-matched control.

c Difference is equal to MOE of WPC minus MOE of
end-matched control.

1682 ZHANG ET AL.



6. Doyle, J.; Walker, J. C. F. Wood Fiber Sci 1985, 17, 369.
7. Holbery, J. D.; Eden, V. L. J Micromech Microeng 2000, 10, 85.
8. Martinez, E.; Esteve, J. Appl Phys A 2001, 72, 319.
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