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ORIGINAL ARTICLE

Relationship between wood porosity, wood density and methyl
methacrylate impregnation rate
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Sciences, Université du Québec à Chicoutimi, Chicoutimi, Québec, Canada

Abstract
Mercury intrusion porosimetry (MIP) was used to evaluate the impregnation mechanisms of wood by methyl methacrylate
(MMA) through examining the changes in porosity, pore volume, pore size distribution and bulk density of solid wood
before and after MMA impregnation. Porosities of MMA-impregnated (hardened) wood samples were lower than those of
solid wood samples for six studied species, five hardwoods and one softwood. Densities of hardened wood were enhanced
from 45 to 130% depending on the species. The pore volume available for mercury intrusion was shifted from pore
d�0.1 mm for solid wood to pore d50.1 mm for hardened wood. A pore diameter of 0.1 mm was used as the transition point
for MMA impregnation and the increased mercury penetration below this point was attributed to the MMA polymer pore
structure. Porosity as an intrinsic property of wood appears to be the main determinant of impregnation rate and polymer
retention, especially for porosity with pore diameter�0.1 mm. The results indicate that the MIP technique is an effective
tool with which to study the impregnation process.

Keywords: Density, hardened wood, impregnation, mercury intrusion porosimetry, pore size distribution, porosity.

Introduction

Since wood is a heterogeneous biomaterial which is

easily subject to dimensional changes, environmental

and biological attacks, its durability and mechanical

strength are not sufficient for long-term end uses.

Therefore, researchers have developed various meth-

ods to offset these disadvantages. Impregnation of

solid wood has been one of the most discussed

techniques in the past decade. The wood, including

both hardwood and softwood, has been impregnated

by many chemicals such as thermosetting resin

(epoxy resin, phenol formaldehyde, urea formalde-

hyde, etc.) or polymeric monomer (methacrylate,

acrylates, styrene, unsaturated polyester, etc.), fol-

lowed by in situ polymerization by radiation or

catalyst�thermal treatment (El-Awady, 1999; Solpan

& Güven, 1999a, b, 2000, 2001; Zhang et al., 2006).

To achieve adequate physical, mechanical and anti-

biological properties, the chemicals must have im-

pregnated into the wood pores before it is cured.

Types and conditions of wood are undoubtedly

essential for the degree of impregnation, along with

the properties of chemicals and impregnation con-

ditions (Solpan & Güven, 1999a; Wang & Yan,

2005).

Wood is a porous material, and its pore structure

affects its behaviour more than any other character-

istics. Knowledge of the pore structure is directly

related to the density, permeability, stability,

strength, thermal and dielectric properties as well

as growth characteristics of wood. Pore geometry

and porosity affect several commercial processes,

including wood drying, chemical treatment, pulping

and bleaching (Stayton & Hart, 1965; Hill &

Papadopoulos, 2001; Forsström, 2004).
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Abitibi-Témiscamingue, 445 BD de l’Université, Rouyn-Noranda, QC, Canada, J9X5E4. E-mail: ahmed.koubaa@uqat.ca

Wood Material Science and Engineering, 2008; 1�2: 62�70

(Received 22 September 2008; accepted 3 November 2008)

ISSN 1748-0272 print/ISSN 1748-0280 online # 2008 Taylor & Francis

DOI: 10.1080/17480270802607947

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
K
o
u
b
a
a
,
 
A
h
m
e
d
]
 
A
t
:
 
1
4
:
4
7
 
1
1
 
D
e
c
e
m
b
e
r
 
2
0
0
8



The anatomical structure of wood varies among

species. In general, wood can be divided into two

classes: hardwood and softwood. Hardwood has a

relatively complex structure comprising four main

cell types, namely vessels, fibres, ray parenchyma

and axial parenchyma, at 20�60%, 15�60%, 5�30%

and 1�24% of the volume, respectively (Ona et al.,

1999; Almerida & Hernández, 2007). Softwood

consists of axial tracheid cells, ray parenchyma and

resin canals (for some species), with tracheids as the

main component, making up 90�95% of the wood

volume (Andersson, 2006). These component cells

vary widely in size, ranging from vessels up to or

larger than 300 mm in diameter, to cell-wall pits with

a radius of 1.0�0.1 mm, to cell-wall cavities as small

as 1.5 nm (Stone, 1964; Almerida & Hernández,

2007). Wood microstructures and porosities vary

widely accordingly.

Although wood cell dimensions (opening radii)

differ, wood pores can be classified into three

groups: perforated, semi-open and isolated (Stone,

1964). These three types of pores are schematically

illustrated in Figure 1 (before and after mercury

intrusion, and after extrusion). Before intrusion,

pores are perforated and continuous (Figure 1a�c),

with an ‘ink-bottle’ shape (Figure 1b). Examples of

perforated pores are two-end open cutting cells,

porous middle lamella with less porous secondary

walls on each side and fibres connected laterally via

pits. Pores belonging to the semi-open group (Figure

1d�f) are closed-end pores. They include single

fibres with pits as openings, aspirated pits and one-

ended open cutting fibres. Isolated pores (Figure 1g)

are connected to neither interior nor exterior sur-

faces, and therefore do not contribute to the volume

filled by mercury. These voids are caused by cell-wall

collapse in oven-dried wood.

Various techniques have been used to determine

the wood pore properties, including measuring

scanning electron microscopy (SEM), gas adsorp-

tion isotherms, determining solute exclusion, ther-

moporosimetry, nuclear magnetic resonance, small-

angle X-ray scattering (SAXS) and mercury intru-

sion porosimetry (MIP) (Stayton & Hart, 1965;

Trenard, 1980; Schneider, 1983; Jakob et al., 1996;

Hill & Papadopoulos, 2001; Zhang et al., 2006;

Almeida & Hernández, 2007). All have limitations in

terms of accessibility to internal pore structure, pore

size range of application and physical distortion of

the pore structure during analysis. MIP is commonly

used to determine the characteristics of porous

media owing to its operational ease, rapidity and

reproducibility. MIP obtains pore size distributions

based on Washburn’s theory that a non-wetting

liquid (e.g. mercury), which typically has a greater

than 908 contact angle with material, cannot spon-

taneously enter the pore because of surface tension

force (Stayton & Hart, 1965; Hill & Papadopoulos,

2001). However, this force may be overcome by

external pressure, and the relationship between the

applied pressure and the equivalent pore diameter

(d) is determined using Washburn’s equation

(1921):

d�
�4gcosu

P
(1)

where P is the applied pressure (Pa), d is the pore

diameter (m), g is the surface tension (N m�1), and

u is the contact angle between wood and mercury

(degrees). The commonly accepted surface tension

value 0.484�0.473 N m�1 has been reported to have

a negligible effect on pore diameter determination

(Penumadu & Dean, 2000). Contact angles in

previous studies have varied from 130 to 1408,
depending on several factors such as solid surface

structure and mercury purity (Stayton & Hart, 1965;

Schneider, 1983; Moura et al., 2005; Almeida &

Hernández, 2007).

MIP test results must be interpreted with caution

(Roels et al., 2001). First, this method does not

measure actual pore size distribution, but rather pore

entrance size. For instance, ink-bottle pores (Figure

1b) are characterized not by the size of the bottle,

but by the size of the neck. This leads to over-

estimation of fine pore volume and underestimation

of large pore volume (Delage & Lefebvre, 1984;

Roels et al., 2001). Secondly, Washburn’s equation

assumes pores of a circular cross-section, although in

reality, it is somewhat closer to real pore shape.

Thus, Cook and Hover (1993) suggest that a shape

factor should be incorporated into eq. (1). Thirdly,

the particularly high pressure used in the test

inevitably leads to compression of specimens, and

consequently the collapse of a number of pores or

voids (Stone, 1964; Hill & Papadopoulos, 2001).

Before 
intrusion

After 
intrusion

After 
extrusion

a b c d f ge

Figure 1. Schematic illustration of wood pore types and their

states after mercury intrusion and extrusion. (All drawings assume

that openings are connected to the surface.)
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The isolated spaces produced could influence the

measured porosity. Finally, when applying MIP to

wood, the anisotropic characteristics of this material

must be taken into account, particularly in the

longitudinal direction (Almeida & Hernández,

2007).

Despite its limitations, MIP is effective in asses-

sing the responses of wood to several processes

and phenomena. Almeida and Hernández (2007)

applied MIP to seven hardwoods using a 3 mm

section cut in the longitudinal direction to detect

pore structure and illustrated the effect of pore

structure on moisture desorption under different

relative humidity conditions. This method was also

used to evaluate the pore structure of sheets of paper

(Moura et al., 2005). Stayton and Hart (1965) used

MIP

to determine pore size distributions and cell-wall

densities of three softwood species using thin sam-

ples 320 mm thick. Trenard (1980) compared pore

volumes and pore size distributions of beech, spruce,

Scots pine and fir using MIP and investigated the

effect of axial length (240 mm, 320 mm and 10 mm)

on mercury penetration. MIP was also used to

evaluate the impregnability of several hardwoods

and softwoods (22 mm axial length), and mercury

penetration was found to be comparable to wood

impregnation by a creosote preservative (Schneider,

1983). Wang and Yan (2005) used MIP at 138 MPa

intrusion pressure to characterize phenol formalde-

hyde resin penetration in birch and aspen veneer

under different curing conditions. Liquid resin

penetrated mainly into the large pores (]40 mm

for birch and ]10 mm for aspen) for specimens

cured in an oven. However, smaller pores (1 mm

BdB3 mm for birch and dB0.5 mm for aspen) were

filled under hot-press curing conditions.

Although many studies have focused on the pore

structures of wood, the mechanisms of polymeric

monomer impregnation in solid wood to form

hardened wood are still unclear. The relationships

between porosity and impregnation rate, porosity

and polymer retention, and location of the polymer

are still in question. Therefore, the objective of this

study is to evaluate the effects of wood porosity and

pore structure, measured using MIP, on the methyl

methacrylate (MMA) impregnation process.

Materials and methods

Materials

Five hardwoods: hybrid poplar (Populus�euramer-

icana), aspen (Populus tremuloides Michx), white ash

(Fraxinus rubra), red oak (Quercus alba) and silver

maple (Acer saccharinum); and one softwood: north-

ern white cedar (Thuja occidentalis), were obtained

from various suppliers. Specimens were randomly

selected from different boards. The five hardwoods

fall into two groups: (1) diffuse-porous hardwoods,

in which numerous and barely visible or invisible

pores are evenly distributed throughout the growth

ring (silver maple) or decrease gradually in size

from earlywood to latewood, sometimes appearing

as semi-ring porous (hybrid poplar and aspen); and

(2) ring-porous hardwoods, in which earlywood

pores (�100 mm) are much larger than latewood

pores (abrupt transition) (oak and white ash).

The impregnation formulation was made from

a hydroquinone-inhibited monomer [MMA: H2C�
C(CH3)COOCH3; Univar Canada, Richmond, BC,

Canada], mixed with 0.5 wt% of Vazo 52 [2,2?-
azobis-2,4-dimethylvaleronitrile, (CH3)2C(CN)N�
NC(CH3)2(CN)], a low-temperature polymerization

initiator purchased from DuPont Canada (Missis-

sauga, Ontario, Canada). The 0.5 wt% of Vazo

52 was based on the weight of the mixture with

polymeric monomer.

Preparation of hardened wood

All wood specimens (different size with thickness of

25 mm) from the six species were placed in a

conditioning room for 1 week to reach 9% moisture

content before impregnation. Specimens were then

weighed and placed in an impregnation autoclave,

then pressure vacuumed at below 75 mmHg for

20 min. Next, the impregnation solution was intro-

duced into the autoclave to immerse the wood

samples. A pressure of 1.38 MPa (200 psi) was

applied to the autoclave and room temperature was

maintained for 20 min to ensure maximum impreg-

nation. After pressure release, impregnated samples

were removed from the autoclave and excess mono-

mer was wiped from the surface. Specimens were

weighed and placed in the reactor for polymerization

at 690 kPa (100 psi) nitrogen pressure and cured for

4 h at 708C. After curing, the reactor was depressur-

ized and samples were removed and placed in a

ventilated area to allow the non-polymerized mono-

mer to evaporate. Excess polymer was removed from

the surface of some samples. Composite weights were

measured again in the final samples with all samples

weighed to the nearest 0.01 g. Polymer impregnation

(PI) and retention (PR) in the composites were

calculated according to the following equation:

IR(%)�(wIW�wS)=wS�100 (2)

where /wIW and /wHS are the weights of impregnated

and hardened wood samples and wS is the initial

weight of the corresponding solid wood sample.

64 W.-D. Ding et al.
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To evaluate the effects of the impregnation process

on wood porosity, MIP tests were conducted on both

solid and hardened wood samples to compare results

before and after hardening. Three or four specimens

(depending on availability) of each wood species

were machined from the same hardened pieces used

for the MIP test. To maintain porosimeter accuracy,

MIP test samples were machined into pieces 9 mm

long with transverse sections of 8�8 mm.

Mercury intrusion porosimetry

Porosimetry was determined using Micrometrics

AutoPore III 9420, which allows high pressure up

to 414 MPa (60,000 psi), theoretically correspond-

ing to a pore diameter of 3 nm. Surface tension was

set at 0.485 Nm�1 and contact angle was set at 1308
(advancing and receding), for the calculation of pore

size distribution.

For the MIP tests, samples were first oven-dried at

103928C for 24 h to remove the moisture contained

in the pores. Samples were then weighed and placed

in a penetrometer, which consists of a sample cup

with a metal cap. The assembly was then sealed and

placed in a low-pressure port, where the sample was

evacuated at B 50 mmHg for 5 min to remove air

and moisture. The sample cup was then filled with

mercury to surround the specimen, and pressure was

gradually raised to 207 kPa (30 psi) (low-pressure

run), with equilibration time at 10 s. The assembly

was then placed in a high-pressure port, with

pressure up to 414 MPa and an automatic equilibra-

tion time of 10 s. Pore diameter, mean diameter, and

cumulative and incremental intruded volume were

recorded with corresponding pressures by micro-

metrics AutoPore III 9420 at approximately 58

points for each sample during total testing.

Results and discussion

Porosity and cell-wall density

MIP test results on solid wood and corresponding

hardened wood samples are presented in Table I.

Bulk density increased by 45�130% after treatment,

depending on species. Compared to solid wood,

total porosities of hardened wood specimens mea-

sured by MIP are dramatically lower, ranging from

35% for oak to 65% for aspen. This may be

attributed to the PMMA polymer-filled void space

within the wood. The polymer either blocked the

channels through which mercury was injected into

the pores or occupied the overall lumina. In previous

studies, the enhancement of dimensional stability

of wood�MMA composites was also attributed to

this phenomenon (Elvy et al., 1995; El-Awady,

1999; Zhang et al., 2006). Porosities of impregnated

samples ranged from 21.1% to 40.7%. The values

found in this study are relatively high, indicating the

presence of unfilled voids within the wood samples.

This could be explained by several factors, such as

evaporation during weight measurement and curing,

incomplete impregnation during treatment, gaps at

the cell wall�polymer interface after polymerization

due to high vapour pressure of the MMA (Zhang

et al., 2006), or MMA shrinkage after polymeriza-

tion, causing small void spaces (Ibach & Ellis, 2005).

The skeletal densities of solid wood for the six

species in Table I ranged from 1062 to 1375 kg m�3,

and these values are lower than those for cell fibre

walls (which in general can be estimated to be about

1500 kg m�3), as well as values reported in previous

studies (Stayton & Hart, 1965; Moura et al., 2005;

Almeida & Hernández, 2007). These differences

could be explained by the presence of extractives in

the wood samples, which would lower their densities

(Stamm, 1929), and differences in the sample

specifications. Almeida and Hernández (2007)

used MIP to measure the cell-wall densities of

3 mm long samples of seven hardwood species and

obtained values ranging from 1300 to 1438 kg m�3.

Higher cell-wall densities (1440�1445 kg m�3) were

measured on 320 mm thick wood samples of three

softwoods using MIP (Stayton & Hart, 1965).

Moura et al. (2005) reported 1290 kg m�3 as the

skeletal density for one softwood (Pinus sylvestris)

and 1430 and 1450 kg m�3 for two hardwoods

(Eucalyptus globulus and Betula verrucosa), without

specifying sample size. However, after measuring

cell-wall density with other methods, such as helium

gas displacement or pycnometry with different

liquids, Stamm (1929) reported that wood cell-wall

density ranged from 1466 to 1548 kg m�3 for both

hardwoods and softwoods. The lower wood densities

in the present study suggest incomplete mercury

penetration due to thicker samples and/or certain

amounts of isolated voids. Schneider (1983) re-

ported that when the axial length of wood specimens

used for MIP is several times greater than the fibre or

tracheid length, the microvoids will only be filled

when penetration pressures are sufficiently high to

drive the mercury through the pits. The cause of the

enclosed voids in the current study was attributed to

the drying method and compression effect under

high pressure, as mentioned above. It was reported

that wood pore volume shifted from 0.002 cm3 g�1

for oven-dried samples to 0.015 cm3 g�1 for solvent-

exchange-dried samples, using the nitrogen adsorp-

tion technique (Papadopoulos et al., 2003). It also

seems that the ink-bottle effect becomes more

apparent with increasing axial length of the speci-

men. Accordingly, total porosity values of the
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investigated species are expected to be somewhat

lower than theoretical values.

Pore size distribution

Typical MIP curves for incremental and cumulative

intruded volume versus pore diameter for solid

wood are presented in Figure 2. This typical

pattern was obtained for all the species studied. A

second intrusion test was conducted on the same

sample for comparison purposes. Both incremental

and cumulative porosity values in the second time

intrusion test were significantly lower. This indi-

cates that most of the intruded mercury was

trapped within the samples after the first intrusion.

This hysteresis could be attributed to either the ink-

bottle effect (Figure 1b, d), which is in good

agreement with previous studies (Trenard, 1980;

Schneider, 1983; Almeida & Hernández, 2007)

and/or the difference between advancing and reced-

ing contact angles (Almeida & Hernández, 2007).

This confirms the poor mercury penetration for the

9 mm long samples, even under very high pressure

(414 MPa). Further, most of the detected second

intrusion volume (�75%) was in pores with a

diameter greater than 0.1 mm. The distribution of

the second time incremental intrusion volume for

the studied species is presented in Table II. The

large amount of mercury found in pore diameters

smaller than 0.1 mm also reflects the complexity

and interconnectivity of wood microvoids (e.g.

fibres and vessels). In addition, total porosities for

all species in the second intrusion were not

negligible.

Table I. Results of mercury intrusion porosimetry (MIP) for solid and hardened wood samples of six species, previous values of some

species and polymer retention.

Solid wood Hardened wood

Porosity Bulk density
Skeletal density (kg m�3)b

Porosity

Bulk

density

Impregnation

rate

Polymer

retention

Wood species (%) (kg m�3)a Present Historical (%) (kg m�3) (%) (%)

White ash 49.491.2 695911 1375950 � 27.496.7 1026920 4794 4695

Aspen 60.092.3 42593 1062962 � 21.193.4 982985 13492 11597

White cedar 68.091.7 356912 1116995 1445�1548c 37.392.5 808926 16793 14493

Silver maple 52.091.9 623945 1298972 � 26.697.5 9759121 57913 56913

Red oak 55.492.1 596971 1332999 1473�1540d 36.193.49 862942 5098 3693

Hybrid poplar 70.691.4 340930 1154959 1020�1200e 40.797.1 770964 183913 164914

Note: data are shown as mean9SD.
a Bulk density is based on anhydrous mass and volume, determined by MIP test at 0.004 MPa; b skeletal density determined by MIP at

414 MPa; cited from c Stamm (1929) and Stayton and Hart (1965), d Stamm (1929) and e Jayme and Krause (1963).
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The typical incremental intrusion volume

(ml g�1) curves versus pore diameter (mm) for

both solid wood and hardened wood (Figure 3)

display three distinctive regions according to pore

diameter: d�3 mm, 0.1 mmBd53 mm, and d5

0.1 mm. MMA impregnation substantially changed

the distribution of incremental intrusion volume

compared to that of solid wood. Average incremental

intrusions for the six studied species are presented in

Figure 4. The repetition tests for both solid and

hardened wood for each species show very similar

intrusion volume and pore diameter distributions.

This suggests that pore structure and porosity are

intrinsic properties of each wood species. This

finding is valid for similar-sized specimens only.

Table III presents the distribution of incremental

intrusion volume in the three size regions for the six

species. The pore volume available for mercury

intrusion was much lower in all hardened wood

samples. Total available volume by mercury was

much lower, ranging from 55.67% for oak to

84.60% for aspen. This reduction is attributed

to the significant decrease in pore volume available

for mercury in pore diameter regions 1 and 2 after

hardening, where decreased rates of 52.3% (cedar)

to 91.1% (aspen) and 88.5% (oak) to 95.0% (aspen)

were observed. Of the initial assumptions, intrusion

volume was found to be increased only in pore

region 3, ranging from 16.7% (oak) to a very high

value of 1025.8% (hybrid poplar).

Overall, it seems that the decreased rate was more

uniform (around 90%) in pore diameter region 2

than in the other two regions. This might be due to

the small amount of evaporation or retraction once

the monomer entered the fibre lumina through the

pits, even when the ambient pressure was at atmo-

spheric pressure, with the pits acting as bottlenecks.

Furthermore, most of the intrusion mercury volume

in solid wood was found in region 2, with the least

found in region 3. However, in hardened wood, most

intruded volume was found in region 3, followed

by region 2, except for oak. Therefore, MMA

successfully penetrated the larger pores (diameter

�0.1 mm) in all species. It appears that the shift in

pore volume distribution is mainly attributable to the

chemical impregnation. As for the hardened oak

wood, a ring-porous species, the shift in pore volume

distribution can be explained by the relatively large

proportion of pore volume with diameter greater

than 3 mm. In addition, more monomer leaked after

impregnation in oak than in other woods, as shown

in the porosity values in Table I. For white cedar,

aspen, and hybrid poplar, peaks are observed in

region 3 after treatment, whereas no or only minor

peaks are seen beforehand. This difference in intru-

sion volume is probably caused by the diffusion of

MMA polymer within the wood.

MIP is also useful in identifying natural micro-

structural features of wood species, albeit indirectly

(Stayton & Hart, 1965; Schneider & Wagner, 1974;

Schneider, 1979; Persenaire et al., 2004; Grioui

et al., 2007). The highest peak regions are found in

pore diameters from 0.1 to 3 mm in all species,

although values differ. One or two other peaks may

occur, depending on species. In general, mercury

penetrates into elements having pore diameters from

6 to 340 mm, which corresponds to the diameters of

vessels, rays and open cutting fibres in hardwoods,

and the diameters of tracheid and ray cells in

softwood. The secondary pathway, ranging from

0.1 to 3 mm, may reflect the size of longitudinal

and radial perforations in the fibres and vessels. The

last pore region that mercury can reach has dia-

meters below 0.1 mm, or cell-wall micropores. For

Table II. Distribution of second incremental intruded volume (ml g�1) and porosity (%) for solid wood samples of six species.

Diameter (mm) White ash Red oak Silver maple E. white cedar Aspen Hybrid poplar

d�3 0.0434 0.1046 0.1022 0.0609 0.1328 0.2184

0.1Bd53 0.0621 0.1106 0.0769 0.0662 0.0443 0.1847

d50.1 0.0352 0.0564 0.0345 0.0318 0.0322 0.0255

Total volume (ml g�1) 0.1407 0.2716 0.2136 0.1590 0.2093 0.4286

Total porosity (%) 9.81 15.13 12.67 5.73 8.93 14.82
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Figure 3. Typical curves for incremental intrusion volume versus

pore diameter for natural and hardened wood samples.
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instance, as reported in the literature (Bendtsen

et al., 1981; Mátyás & Peszlen, 1997), vessel

diameter and fibre lumen diameters in hybrid poplar

ranged from 76 to 131 mm and 15 to 28 mm,

respectively. Persenaire et al. (2004) reported two

separate pore size distributions of 8�40 mm and 0.5�
1 mm, and a rapid intrusion volume increase was also

found in the MIP graph for poplar wood, with

similar patterns in these distributions to those in

the present study. However, in this study, MIP was

unable to determine the proportion of different cell

components in this study owing to the shift in pore

volume caused by the ink-bottle effect.

Relationships between impregnation rate, polymer

retention and wood porosity

The relationships between porosity and impregnation

rate, and porosity and polymer retention are shown in

Figure 5(a�d), respectively. When total raw porosity is

used in the regressions, high correlations (R2 of 0.92

and 0.89) are obtained (Figure 5a, c). From the above

discussion, it is doubtful whether MMA penetrated

into small pores with diameter dB0.1 mm. However,

many authors (Meyer, 1981; Schneider, 1994; Ibach

& Ellis, 2005) suggest that vinyl monomer (MMA)

occupies only the cell cavities, and not the cell wall.
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Figure 4. Average mercury intrusion porosimetry (MIP) incremental intrusion volume versus pore diameter curves for natural and

hardened wood (HW) samples of six species.
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Thus, when porosity is corrected for pore diameter

regions 1 and 2 (d�0.1 mm), higher correlations

(R2�0.98 for both) between impregnation rate,

polymer retention and corrected porosity are ob-

served (Figure 5b, d). This indicates that the porosity

of the wood samples is the influencing factor on

impregnation, especially for void spaces with pore

diameter greater than 0.1 mm, potentially the thresh-

old diameter for MMA monomer penetration.

Conclusions

Porosity characteristics were determined using MIP in

solid and MMA-hardened wood samples of five

hardwood and one softwood species. Both impregna-

tion rate and polymer retention were highly correlated

with wood porosity. Wood species with the highest

porosities showed the highest impregnation rates and

polymer retention. The porosities of MMA-hardened

samples were noticeably lower than those for corre-

sponding solid wood samples, the MMA impregna-

tion solution having filled the wood voids, especially

those with a diameter greater than 0.1 mm. The

increased proportion of pores with a diameter less

than 0.1 mm after impregnation supports this finding.
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