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Some anatomical and physical aspects of

wood-plastic (pMMA) combinationof spruce

P. B. Laming

Forest Products Research Institute TNO, Delft, The Netherlands

Summary Test-pieces of spruce ( Picea abies (L.) Karst.) were vacuum-impregnatedwith commercial grade

methylmethacrylate which was then polymerized by the application ofheat. The position of the polymer

(pMMA) was identified fight microscopically and with the aid of the scanning electron microscope; in the

latter work macerated material was also used. In general, the lumina of longitudinal tracheids and ray-

tracheids and of the pit cavities were well filled with the plastic; parenchymatous cells were only rarely
filled. Although the polymer may be in contact with (attached to) the cell walls, there are no signs of a close

interaction of cell wall and polymer. By means of interference microscopy a varying, but low-averaged,
value of volume percentage of polymer in the cell wall was determined. Swelling tests have been carried out

onsections of untreated material and of wood impregnated in theoven-dry state and at 14%moisture content.

Results ofthese tests indicate that pMMA does not influence, especially reduce, the hydrophyllic nature of

the cell wall substantially. The considerable reduction of swelling in radial and tangential direction ofsolid

wood-plastic test pieces must be ascribed to mechanical hindrance by thepolymer, in which the presence of

non-aspirated bordered pit pairs must play a very important role. Additional data are presented for Scots

pine.

Introduction

Timber is successfully employed as a structural and decorative material for a wide

variety of applications. There are, however, certain situations where its inherent

property of dimensional change under varying humidity conditions is a disadvantage.

Much research aiming at the improvement of dimensional stabilization of wood has

therefore been carried out in the past 15 years. One method to improve dimensional

stability is to impregnate with vinyl monomers, e.g. methylmethacrylate, styrene,

diisocyanates etc. (sometimes in combination with other liquids), or with mixtures of

these, and subsequently to polymerize by heat or gamma radiation. Several authors

presumed a graft copolymerization of the vinyl monomer with the cell wall constituents

to take place, eliminating hygroscopic hydroxyl groups on adjacent cellulose chains,

reducing at the same time shrinking and swelling capacity of the wood substance. Many

differentmethods for modifying the dimensionalstability ofwood in this way have been

reported (Stamm, 1964; Laidlaw etal., 1967; Siauetal., 1968; Loos, 1968; Erin'sh, 1970;

Erin'sh & Alksne, 1970; Shiraishi et al., 1972; Helinska-Raczokowska et al., 1973;

Burmester & Wille, 1973). Generally the decrease of moisture sorption or hygrosco-
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MATERIAL AND METHODS

Material and pretreatments

Wood. Heartwood of good commercial quality of spruce (.Picea abies (L.) Karst.) was

used. Additionalstudies were carried out on sapwood ofScots pine (Pinus sylvestris L.).

Special precaution was taken to exclude material with compression wood. Test speci-

mens of 65 (L) x 30 (R) x 30 (T) mm ofboth species were conditionedto 14% moisture

content or oven-dried to 0% m.c. prior to impregnation.

Methylmethacrylate. The inhibitor (0.5% hydroquinone) was removed from com-

mercial grade MMA (CH 2 : C(CH 3 )COOH3 ) monomer by washing with 5% NaOH in

water. Themonomer was subsequently driedoverCaCl
2

. Finally 0.5 wt% azobisisobuty-

ronitril catalyst was added.

Wood-plastic Combination (WPC). Oven-dried and air-dried blocks were evacuated

for | hr and subsequently impregnated with MMA monomer at 5-6 mm Hg pressure.

After introduction of the monomer and soaking in the liquid for 2 hr at atmospheric

pressure, the impregnated blocks were wrapped in aluminiumfoil and placed in an oven

at 90°C. for 6 hr for polymerization. With spruce a polymer contentof the WPC of 60

to 90% (based on the oven-dry weight of the untreated wood) was achieved in this way.

For Scots pine WPC the polymer content was not determined, but the wood was filled

with polymer throughout as seen with the naked eye.

picity of the wood was foundto be small in the wood-plastic combination(WPC), which

might be interpreted as supporting the view that little cross-linking between the plastic

molecules and the hydroxyl groups of the cellulose has occurred, and that, where cell

wall penetration occurs, the polymer forms an independent system in the amorphous

regions of the cell wall. In other words, water accessibility of cell walls is largely un-

affected by treatment with plastic monomers and subsequent polymerization. Other

recent studies have reported on the presence of polymer in the cell walls of both soft-

woodand hardwoodspecies after impregnation with and subsequent polymerization of:

methylmethacrylate (MMA) monomer (Timmons et al., 1971; Shiraishi et al., 1972;

Jokel et ai, 1974; Baas, 1975; Furunoeta/., 1975); of MMA following solvent-exchange

(Pullmann et al., 1974; Furuno et al., 1975); and of a mixture of butylmethacrylate and

MMA (Timmons et al., 1971).

This paper reports and interprets the results of a study of the location of pMMA in

the wood and in the cell wall and of the influence of the polymer on structure and

swelling properties of the most important species for timberconstruction in the Nether-

lands: Picea abies (L.) Karst.; spruce. This study formed part of a technological re-

search program largely carried out from 1967-1970, in which economical factors

prevailed. This implied that a desirably sophisticated approach to fundamentalaspects

was not always possible.
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Microscopy

Normal light microscopical studies were carried out on transverse(25 /um), and radial and

tangential (5-20 sections cut with a Leitz sledge microtome. The introduction of

fluorochrome dyes (Rhodamine B and 6G) into the monomer prior to polymerization

in order to locate the polymer using fluorescence microscopy was not successful on

account of degradation of the dyes at high temperatures. Staining the sections with

Sudan III proved to be a suitable method to contrast the polymer with the cell walls.

Sections were mounted in sewing machine oil and sealed. Transverse sections of spruce

WPC, 20 and 60 thick, were also treated with 'Cuoxam' (copperammoniumtetra-

hydroxyde), resulting in complete maceration, leaving behind the polymer.

Interference microscopy. A tentative determination of the volume percentage of

pMMA in the S
2
of longitudinal tracheids of spruce was carried out applying the inter-

ference microscopical method described and discussed by Baas (1968,1975). For theory

and equations used the reader is referred to Baas (1975). The method is based on the

determination of refractive indices of microscopical objects of known dimensionand

optical properties (isotropic or birefringent). From the refractive indices the com-

position of the S
2

of the cell walls in the WPC can be calculated. The refractive index

of the S
2
of the native cell wall was determinedin freeze-dried transverse sections with

an average thickness of20.6 Jum. Transverse sections ofWPC (impregnated at 14% m.c.)

with an average thickness of 21.5 p.m were studied with a Zeiss interference microscope

using the following reference liquids: light paraffin oil (N = 1.4672 at 20° C); heavy

paraffin oil (N = 1.4817); Carl Zeiss immersion oil (N = 1.5142); A.L.P. immersionoil

(N = 1.5238). In each section at least 10 measurements were made in normal light on

late wood cell walls, of the last but7th row oftracheids in the growth ring. In view ofthe

limited number of observations the obtained values are unsuitable for statistical

analysis.

Scanning electron microscopy. Transverse, radial, and tangential surfaces of the Scots

pine and spruce WPC were studied with a Cambridge Scanning Electron Microscope

(SEM). Final surface cuts were made using a new razor each time. The cubes were

coated with gold. SEM studies were also carried out on carefully macerated WPC

material in which the polymer still showed the cellular organization of the wood. In

order to obtain this, lignin was first dissolved in a mixture of equal volumes of nitric

acid and chromic acid (both 10% in water) for 72 hr at room temperature, followedby

prolonged and careful rinsing in distilled water. Finally, cellulosic material was dis-

solved out in 'Cuoxam' over a period of 48 hr at room temperature.

Swelling tests

Swelling behaviour of the wood plastic composite was compared with thatof untreated

wood in sections as well as in test pieces. Transverse sections (6-8 /im) of untreated

spruce and of spruce WPC (impregnated with MMA monomereither in the oven-dry

state or at 14% m.c.) were irrigated on the slides and under cover slips with water,
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water ethanol mixtures (30% and 75% ethanol), absolute alcohol and MMA monomer.

Changes in radial and tangential dimensions were recorded after 15 minutes in each

test liquid. Entire blocks of untreatedand WPC material of spruce and Scots pine were

impregnated with water under vacuum for 10 minutes, and kept in water at atmospheric

pressure for at least 7 weeks. Dimensional changes were recorded at regular intervals.

RESULTS AND DISCUSSIONS

Anatomical aspects

In spite of the fact that spruce is known to be very refractory to the penetration of

liquids, MMA appeared to impregnate the wood quite thoroughly. The histological

distribution ofthe polymer appeared to follow a normalpattern. Longitudinal and ray-

tracheids were fairly well filledwith the plastic, but ray parenchyma cells were usually

devoid ofpolymer (Plate 1A-D). Ray parenchyma cells were only filled with plastic at

the periphery of the test blocks. Radial and longitudinal resin ducts were found to con-

tain very little polymer, and the epithelium cells always remained'empty'.
The light microscopical and SEM study revealed a diversity of shapes or forms ofthe

polymer in the luminaof the tracheids. In transverse sections the plastic often follows

the outline of the lumina, but rectangular shapes, deviating from the slightly rounded

lumina were also found. In the case of an incomplete filling ofthe lumina, theremay be

cavities in polymer masses of these shapes, but the hollow polymer masses may also

show collapse resulting in agelatinous fibre-like image as seen in transverse section. The

cavities are probably caused by local inequalities in the thermal conductivity of the

composite being formed; theseresult in accelerated polymerization ('hot spots'). In the

vicinity, a lower vapourpressure then arises, and the uneven evaporation ofthe mono-

mer may cause bubble formation(Napjus, 1963). Bordered pit pairs play an important

part in inter-tracheidalbubbleformation: frequently two bubbles in thepMMA fillingof

adjacent tracheids were found to be connectedvia bordered pit pairs (Plate 2A). This

indicates a good free passage of monomer vapour through at least part of thepit mem-

brane. It was deduced from microscopical observations that no monomer transport

occurs through aspirated pit pairs. Plate 2C illustrates a well-filledand an empty lumen

of two adjacent tracheids with an aspirated pit in between. In the case ofnon-aspirated

bordered pit pairs the polymer contents of adjacent tracheidal elements was always

found to be connected by polymer 'replicas' of the pit cavities. Plate 2B shows such a

polymer connection inlongitudinal tracheidsafter maceration. Plate2D shows asimilar

situation for ray-tracheids. If we consider that in normal industrially driedheartwood

(c. 15% m.c.) of spruce, 1-9% of the radial bordered pit pairs are not aspirated in the

early wood(Philips, 1934; ter Welle& Laming, 1972), and 5-30% ofthese pits are not as-

pirated in the late wood (Liese & Bauch, 1967; Laming & ter Welle, 1970), and that in
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the specific late late-wood-zone (last 6-8 cell rows) 25-75% of these pits are not as-

pirated (ter Welle& Laming, 1972), one can imagine that in the major part of the wood

only few possibilities are present for connections of the pMMA skeleton. This skeleton

(see also Plate 3A) probably forms the basis for increased dimensionalstability in the

tangential direction (see also below). For radial dimensional stability the situation is

Plate 1.
—

A. Transverse section of spruce WPC at growth ring boundary. The greater part ofthe lumina

are filled with pMMA (stained with Sudan III).—B. Transverse view (SEM) of spruce WPC at growth ring

boundary. Both in latewood and in early wood there is some space between polymer plugs and the cell wall.

The ray parenchyma cells are free from polymer. —C. Tangential view ofspruce WPC(SEM). On the left a

wall with bordered pits separating an empty lumen and a lumen filled with pMMA (left). Note the longitu-

dinally sectioned pMMA plugs (upper middle) containing bubbles, and also the shrinkage of the poly-

mer away from the cell wall (arrow).—D. SEM view of the outer-most area of spruce WPC, after the wood

substance has been removed and the plastic skeleton left behind. From the skeleton it is clear that the

ray parenchyma cells were here permeable to MMA monomer.
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Plate 2.—A. Tangential longitudinal section ofspruce WPC, demonstratingbubbles in the pMMA which are

connected through bordered pit pairs.— B. Tracheidal lumina plugs of pMMA after removal of the cell

wall material in spruce WPC, connected by the polymer filling of an unaspirated bordered pit pair.—C.

Tangential view of spruce WPC (SEM) in the latewood zone. The polymer filling in the left lumen and in

the pit cavity seem to be disrupted. The lumen on the right does not contain pMMA due to pit aspira-
tion.—D. SEM view of ray area in spruce WPC after removal of cell wall material. The ray parenchyma
cells have disappeared, but the polymer plugs of the ray-tracheids are held in position on account of the

non-aspiration of most bordered pit pairs between longitudinal and ray-tracheids. Note also connections

between the ray-tracheids (upper right).
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probably more favourablein this respect, because in industrially seasoned heartwoodof

spruce 80% of the bordered pits in the tangential walls of longitudinal tracheids, and

40-95% of the bordered pits between ray- and longitudinal tracheids are unaspirated

(ter Welle & Laming, 1972).

The lumina of the tracheidal elements were practically never completely filled with

polymer. A complete filling resulting in a close overall contact of cellwalland polymer

is, however, not to be expected, because MMA shows a volume shrinkage of at least

20% during polymerization (Fengel, 1968; Nobashi & Yokota, 1974). Since pMMA is

an isotropic substance the linear shrinkage will be c. 7% in all directions, including the

longitudinal one. However, untreated spruce shows only a longitudinal shrinkage of

0.15-0.20% if dried from the green state to 10% m.c.: a very small fraction of the poly-

mer shrinkage. It is to be anticipated that the considerable differences in directionalas

well as volumetric shrinkage between cell wall materialand the polymer (regardless of

the fact whether impregnation is effectuated at 14% m.c. or in the oven-dry state) will

result in forces causing micro damage to the wood elements especially to thebordered

pits between longitudinal tracheids and between ray- and longitudinal tracheids. No

observations were, however, made to substantiate this hypothesis.

Normal light microscopical studies of stained WPC sections did not give any quali-

tative indication of the presence of polymer in the cell walls. The interference micro-

scopical study gave calculated values for the volume percentage of polymer in the cell

wall ranging between -7 and +12%, with an average of 3.6% (see also Laming &

Plate 3.—A. SEM view of polymer plugs in tracheitis in late latewood zoneof spruce WPC afterremoval of

cell wall material. The small tangential bordered pit pairs serve as a connection between the tracheidal

pMMA fillings. The tracheid in the middle is only partially filled with a layer of polymer. —B. SEM view

of a ray in the WPC of Scots pine sapwood after removal of cell wall material. The upper plug is of a ray

parenchyma cell with abnormal texture of the polymer; the lower plug is of a ray-tracheid showingprofile
of denticles.
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Keijzer, 1969). It should be stressed once more that these figures apply to the S
2

of the

tracheid cell walls, and although thebulk of these cell walls (ld>%,fide Harada, 1965) is

composed of this layer, our figures do not take into account any pMMA located in S,,

S
}

and compound middle lamella. The highly variable volume percentages reported

here are probably greatly influenced by fluctuations in section thickness. Since, how-

ever, serial sections were used, the average value is morereliable thanthe great rangeof

values would suggest.

In the literatureno dataare available for direct comparison with our results. The2.9%

volumetric cell wall impregnation reported by Timmons et al. (1971) for unextracted

latewood ofEastern whitepine(Pinus strobus L.), applies to the polymer of2.5-dichloro-

styrene and is therefore not comparable although the figure is of the same order of

magnitude. Siau & Meyer (1966) calculated from swelling behaviour that in a WPC

constituted of pMMA and yellow birch (Betula alleghaniensis Britt.) 3.5% ofthe total

Plate 4. Transverse sections of spruce WPC, demonstrating method for measuring radial and tangential
dimensional changes.
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amount of polymer present is located in the cell wall. Assuming a complete filling of

lumina, and densities of0.65 and 1.50 of the timber and cell wall material respectively

one can calculate a % vol. of polymer in the cell wall of 4.9%. Assuming more realistic

incomplete filling of the lumina a somewhat lower% volume follows(c. 4%). This figure

seems quite in agreement with the results for spruce, but it should be stressed that the

value for yellow birch is entirely based on inference and therefore not wholly reliable.

Contrasting with these values are the results for MMA and beech (Fagus sylvatica L.)

obtained by Baas (1975) with exactly the same interference microscopical method as

used inthis study. He founda% vol. of 18 inthe S
2
offibre-tracheidwalls, but considered

the % vol. of 12, found after soaking sections in monomer a more realistic approxima-

tion, because ofinherentsources of errorduetochangesofrefractiveindexofsubstances

in differentsystems. The differences between our low values and Baas' high percentage

volumes cannot be fully explained. Two points should, however, be stressed to illustrate

thatBaas' data on beech and our results are not directly comparable. In the first place,

Baas used very small test pieces, often sections, for determining the maximum accessi-

bility of the cell wall to liquids. Our studies aimed at the estimationof polymer in tech-

nologically impregnated samples. Secondly, the interference microscopic calculations

are applicable to optically isotropic situations only; for the S
2

the equations are there-

fore only valid if the microfibrillar angle is very steep and the sections are cut at right

angles to the microfibrillardirection. This situation is well approximated in beech, but

probably less so in spruce (Baas, personal communication). Wardrop & Preston (1951)

recorded an average microfibrillar angle of 20° to the vertical in the S
2

of spruce

tracheids.

Swelling behaviour

Swelling tests using transverse sections

Thin transverse sections (6-7 ,um) were used in order to study the influenceofpolymer

on the tangential and radial swelling of the cell walls of longitudinal tracheids(Plate 4).

Rays are generally held responsible for much of the differences between tangential and

radial swelling (Kelsey, 1963; Schniewind, 1959; Stamm, 1964), and by using thin sec-

tions their restraining influence on the ground tissue is minimized.

Table 1 gives the results of these swelling tests in different liquids. In contrast to

wood blocks, the cell wall material in sections is readily accessible for liquids and

swelling in water is for instance completed within a few seconds. Swelling in water-

ethanol mixtures takes rather longer. Both in pure ethanol and in MMA monomer no

swelling was observed in sections of untreatedwood. This is highly remarkable, since

Stamm (1964) mentioned that pure ethanol does swell wood to a considerable extent

(83% of the swelling in water). Baas (1975) also found the cell wall of untreatedbeech

fairly accessible to both ethanol and pure MMA. Beall & Witt (1974), Laidlaw(1967),

and Laidlawet al. (1967), moreover, reported that MMA does swell solidwood blocks.
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TABLE
1.

Swelling

determinations
of

cross-sections
of

spruce
and

of

spruce

wood-plastic
(pMMA)

combination
in

several

liquids

m.c.

=

moisture

content;

f.s.p.
=

fibre

saturation
point.

Number
of

sections

tested
is

given

between

brackets.

cross-sections
of

dimensional change
in

%

of

dimensions
at

average

dimensional
change

swelling
after

15

minutes

caused
by

soaking
in:

water

ethanol 30%

ethanol 75%

ethanol absolute

MMA monomer

swelling
14

%

m.c

from to

untreated
wood

rad. tang.

14

%

m.c.

5.7 9.0

(12)

4.8 8.2

(5)

5.9 6.7

(5)

0 0

(4)

s

»>

f.s.p.

impregnated
with

MMA

monomer
at

14

%

m.c.

rad. tang.

14

%

m.c.

6.0 8.4

(15)

4.5 7.2

(4)

4.9 7.2

(5)

0 0

(5)

impregnated
with

MMA

monomer
at

oven-dry
state

rad. tang.

14

%

m.c.

5.4 7.2

(15)

5.0 7.0

(4)

7.4 8.7

(4)

0 0

(4)

swelling oven-dry
from

untreated
wood

rad. tang.

oven-dry
state

2.2 2.8

(10)

state

to

14

%

m.c

impregnated
with

MMA

monomer
at

oven-dry
state

rad. tang.

oven-dry
state

1.7 2.2

(10)

swelling oven-dry
from

untreated
wood

rad. tang.

oven-dry
state

6.6 9.6

(10)

7.0 10.0

(4)

6.1 8.3

(5)

0 0

(4)

s

<«>

state

to

f.

s.

p.

impregnated
with

MMA

monomer
at

14

%

m.c.

rad. tang.

oven-dry
state

7.2 9.8

(15)

6.3 8.7

(4)

6.2 9.3

(4)

0 0

(4)
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In comparison with sections of untreated wood, tangential swelling in water from

14% m.c. is less in WPC sections of material impregnated at 14% m.c. and is least in

material impregnated in the oven-dry state. However, radial swelling is much the same

in these three different categories, and the differences in tangential swelling are only

slight. Both radial and tangential swelling from the oven-dry state to 14% m.c. is

slightly less in WPC materialthan it is in untreatedwood.The dimensionalchanges from

the oven-dry state to full saturation with water are again much the same in WPC mate-

rial and untreatedwood. The differences in swelling in the two water-ethanolmixtures

are not consistent if one compares values for the two kinds of WPC and untreated

material. Part of the differences in theabove swelling values may also be due to different

proportions of late wood in different sections used for testing. Although based on

limited observations, the data from Table 1 are suggestive of hardly any change in

water accessibility of the cell wall after impregnation with MMA and subsequent poly-
merization. This agrees with data on beech (Baas, 1975).

Swelling tests using wood blocks

In the last decade muchresearch has been done on the influenceof pMMA in wood on

dimensional stability in conditions, more or less comparable to humidity fluctuations

in service (van der Elburg, 1971; Gibson et al., 1966; Jokel et al., 1974; Laidlaw, 1967;

Laidlaw et al., 1967; Pullmann et al., 1974; Villibre, 1969). The results usually in-

dicate decrease in rate ofwater or water vapour sorption, and the ultimatevolumetric

swelling is often reduced. In other words combinations of wood and pMMA usually

have a better antishrink efficiency as compared to untreated wood. In order to gain in-

formationabout the influenceof the polymer on the dimensionalstability ofScots pine

and spruce under extreme conditions (vacuum impregnation with water, followed by

prolonged soaking), a number of test pieces of WPC and untreated wood were com-

pared.

In spruce, maximum radial and tangential swelling of untreated wood is reached

within one day. WPC material impregnated at 14% m.c. reached maximumdimensions

within one week and then showed a slight decrease in both tangential and radial dimen-

sions until after three weeks the measurements remained constant. Spruce impreg-
nated in the oven-dry state and afterwards conditionedat 65% relative humidity shows

much the same swelling behaviouras untreated wood, with the exception that maximum

tangential dimensions are only reached after 1j weeks.

In Table 2 the data of these experiments are summarised. It appears that wood im-

pregnated at 14% m.c. takes longest to reach maximumdimensionsand that the ultimate

tangential swelling is less than in the untreated wood or WPC impregnated in the

oven-dry state. It is remarkable that sizes may decrease again after one week of soak-

ing in water. This is shown in Table 2 for the material impregnated at 14% m.c. The

ratio between tangential and radial swelling (T/R ratio) fluctuates more in material

impregnated at 14% m.c. than in other material. Tangential antishrink efficiency is
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TABLE
2.

Swelling
of

untreated
wood

and

WPC

blocks
of

spruce
and

Scots

pine

in

water,

after

vacuum

impregnation
and

prolonged

soaking

Swelling
values

expressed
in

percentages
of

dimensions
at

14%

moisture

content

(m.c.).
T/R

ratios
are

given

between

brackets.

S

P

R

U

C

E

S

C

0

T

S

PINE

Soaking

period

untreated

impregnated
with

monomer

untreated

impregnated
with

monomer

in

oven
-dry

state

at

14

%

m.

c.

in

oven

-dry

state

at

14

%

m.

c.

1

day

rad. tang.

3.2 6.2

(1.9)

3.3 5.0

(1.5)

2.4 2.7

(1.1)

3.3 6.2

(1.9)

2.2
3

.1

(1.4)

3.5 5.1

(1.5)

1

week

rad. tang.

3.2 6.3

(2.0)

3.3 5.4

(1.6)

3.1 4.6

(1.5)

3.1 6.4

(2.1)

4.2 5.8

(1.4)

4.5 6.1

(1.4)

4

weeks

rad. tang.

3.0 6.5

(2.1)

3.4 5.6

(1.8)

2.5 4.9

(2.0)

3.2 6.3

(2.0)

4.3 6.5

(1.5)

4.7 6.2

(1.3)

7

weeks

rad. tang.

3.1 6.5

(2.1)

3.3 5.6

(1.8)

2.3 3.8

(1.7)

3.1 6.3

(2.0)

4.2 6.5

(1.5)

4.6 6.2

(1.3)
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highest in this material.Radial antishrink efficiency is also better in WPC impregnated

at 14% m.c. than in material impregnated in the oven-dry state.

Similar tests on Scots pine sapwood gave different and unexpected results (see Table

2). Maximum radial and tangential swelling in wood impregnated at 14% m.c. is reached

in one week. Woodimpregnated in the oven-dry state takes 2\ weeks to reach maximum

tangential dimensions. Most striking, however, is the fact that ultimate tangential

swelling is much the same in all threecategories, and thatradial swelling ofWPC blocks

even exceeds that of untreated wood. This is more or less in agreement with recent

experimental data presented by Burmester& Wille(1976). They found that tangential

swelling of the WPC ofScots pine sapwood is equal to or even supersedes the swelling of

untreated wood considerably, depending on pMMA loading. The striking differences in

this respect between spruce and Scots pine must probably be ascribed to differencesin

ray anatomy and in chemical composition. In the hard pines (including Scots pine)

the lignification of the ray parenchyma cell walls does not take place until the transition

from sapwood to heartwood (Balatinecz & Kennedy, 1967). In this transition zone

phenolic substances migrate fromthe ray parenchyma through the pit membrane into

the cavities of the bordered pit pairs and subsequently into the lumina of the tracheids

(Fengel, 1970). Recent studies (Nobashi & Yokota, 1974) have demonstrated the

inhibiting influence of phenolic compounds on polymerization of MMA. Plate 3B

illustrates the deviating texture ofpolymer in a ray parenchyma cellofScots pine. These

considerations may lead to the hypothesis that in the WPC of Scots pine there is no

interaction of pMMA and the parenchymatous cell walls and probably also none with

the bordered pit pairs, so that water may enter the inner cell wall layers withoutany

hindrance. This does, however, not explain the swelling behaviour of treated wood as

compared to untreated wood.

The swelling tests reported here largely confirm previous studies on the influenceof

pMMA on dimensional stability. The polymer delays the swelling, which must be as-

cribed to slower water penetration in thewood-plastic composite dueto thepresence of

polymer in the lumina. The results on spruce evidencing increased tangential dimen-

sional stability indicatethat the inter-tracheidal polymer connectionsthrough the radial

unasperated bordered pit pairs play an important part in a mechanical hindrance to

tangential swelling. Plastic connections through tangential bordered pit pairs and in

ray tracheids probably also play a part, but a less important one, in establishing in-

creased radial dimensional stability.

CONCLUSIONS

(1) The anatomical studies have demonstrated that there is no close contact between

the pMMA and the cell wall in spite of a fairly good filling of tracheid luminaand of

cavities of bordered pit pairs. This is most probably due to the isotropic shrinkage of

the plastic during polymerization. The cell walls thus remain accessible to water. As-
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pirated bordered pit pairs are impermeable to MMA monomer. The polymer skeleton

is thereforeof a loose character in regions with ahigh proportion ofaspirated bordered

pits. The only possibility of inter-tracheidal polymer connections is offered by un-

aspirated bordered pits.

(2) Determinationof the fraction ofMMApolymer in the cell wall ofWPCof spruce,

impregnated at 14% m.c., with an interference microscopical method indicated that

c. 3.6% vol. of the S
2

of the longitudinal tracheids is composed of the polymer.

(3) In thin transverse sections, releasing the longitudinal tracheids from restraints

by ray cells, swelling tests indicated that the presence ofpMMA in the cell wall does not

appreciably reduce lateralswelling if WPC and untreatedwood are compared.

(4) In long term swelling tests of entire blocks, WPC of spruce shows increased

dimensional stability, particularly in the tangential direction. This increasedantishrink

efficiency is stronger in spruce impregnated in the air-dry state (at 14% m.c.) than in

spruce impregnated in the oven-dry state. In Scots pine tangential swelling afterpro-

longed soaking in water is not at all affected by the presence of pMMA, and radial

swelling of WPC is even appreciably greater than in untreatedwood.

ACKNOWLEDGEMENTS

The author is grateful to Messrs J. Isings and F. Slokker (Central Laboratory T.N.O.,

Delft) for carrying out the interferencemicroscopical part of this study. Mr. N. van der

Burgh (Central Laboratory T.N.O., Delft) is acknowledged for his skillful assistance

with the scanning electron microscopy. Miss Wilma Keijzer assisted in many ways

throughout this study.

REFERENCES

BAAS, P. 1968. Structuur en toegankelijkheid van de vezelwand van beuken ( Fagus sylvatica L.) voor

enige stoffen (in het bijzonder methylmethacrylaat). Centraal Laboratorium T.N.O., Report CL 68/58.

BAAS, P. 1975. Interference microscopic studies on wood plastic and cell wall—liquid interactions in beech.

J. Microsc. 104: 83-90.

BALATINECZ, J. J. & R. W. KENNEDY. 1967. Maturation ofray parenchyma cells in Pine. For. Prod. J. 17:

57-64.

BEALL, F. C. & A. E. WITT. 1974. Comment on the static bending strength of wood-plastic composites.

Wood & Fiber 6: 53-56.

BURMESTER, A. & W. E. WILLE. 1973. Verbesserung der Formbestandigkeit von Buchenholz durchTran-

kung mit Diisocyanat und Vinylmonomeren nach W. A. N.—Trocknung. Holz Roh—u. Werkstoff31:

12-17.

BURMESTER, A. & W. E. WILLE. 1976. Quellungverminderung von Holz in Teilbereichen der relativen

Luftfeuchtigkeit. Teil I. Einlagerung von Stoffen in die Zellwande. Holz Roh—u. Werkstoff 34: 67-73.

ELBURG, J. VAN DER. 1971 Hout-Kunststofverbindingen. Samenstelling—eigenschappen—toepassingen.
Houtinstituut T.N.O., H.I.—T.N.O. Meded. VI.09.

ERIN'SH, P. P. 1970 [Effect of the distribution of the polymer on the swelling and water absorption of

wood/plastic modified by radiation]. Khim. Drev. 6: 19-27. [For. Abstr. 33, No. 1643].
ERIN'SH, P. P. & I. M. ALKSNE. 1970. [Penetration of monomers in the cell-wall of wood], Khim. Drev. 6:

9-17. [For. Abstr. 33, No. 1644],



P. B. LAMING

280

FENGEL, D. 1968. Polymerisierbare Verbindungen als Einbettungsmittel fur die Ultramikrotomie. Teil 1.

Grundlegende Untersuchungen. Mikroskopie 23: 133—149.

FENGEL, D. 1970. Ultrastructural changes during aging of wood cells. Wood Sci. & Technol. 4: 176-188.

FURUNO, T., W. NAGADOMI, & T. GOTO. 1975. Structure of the interface between wood and synthetic poly-

mer. VI. Separation of cell walls from wood-polymer composite (WPC) by ultrasonic method and exis-

tence in the wood cell wall. Mokuzai Gakkaishi 21: 144-150.

GIBSON, E. J., R. A. LAIDLAW, & G. A. SMITH. 1966. Dimensional stabilisation of wood. I. Impregnation
with methylmethacrylate and subsequent polymerisation by means of gamma radiation. J. appl. Chem.

16: 58-64.

H ARADA, H. 1965. Ultrastructure and organization of Gymnosperm cell walls. In: Cellular infrastructure of

Woody Plants (ed. W. A. Cote, Jr.): 215-233.

HELINSKA-RACZKOWSKA, L., G. LIPOVSZKY, & J. RACZKOWSKI. 1973. Effect of polymethylmethacrylate
content in beech wood on its swelling pressure. Holzforsch. Holzverwert, 25: 12-18.

JOKEL, J., M. PULLMANN, & V. NF.CESANY. 1974. [Deposition of a synthetic polymer in wood-plastic com-

binations], Drev. Vyskum 19: 23-27.

KELSEY, K. E. 1963. A critical review of the relationship between the shrinkage and structure ofwood. Div.

For. Prod. Technol. Paper No. 28.

LAIDLAW, R. A. 1967. Wood-plastic composite materials. New Scient. 30: 551-553.

LAIDLAW, R. A., L. C. PINION, & G. A. SMITH. 1967. Dimensional stabilisation of wood. II. Grafting of

vinyl polymers to wood components. Holzforschung 21: 97-102.

LAMING, P. B. & W. KEIJZER. 1969. Enige anatomische aspecten op het indringingsvermogen van methyl

methacrylaat in de celwand bij vurenhout. Houtinstituut T.N.O., Report H-69-II.

LAMING, P. B. & B. J. H. TER WELLE. 1970. Anatomisch onderzoek naar de positie van het sluitvlies in de

hofstippelparen in de celwand der tracheiden in Vuren ( Picea abies) bij verschillende vochtgehalten.
Houtinstituut T.N.O., Report H-70-XXII.

LIESE, W. & J. BAUCH. 1967. On the closure of bordered pits in conifers. Wood Sci. & Technol. 1: 1-13.

Loos, W. E. 1968. Dimensional stability of wood plastic combinations to moisture changes. Wood Sci. &

Technol. 2: 308-312.

NAPJUS, P. 1963. Kunststof-imbedmassa's voor de electronenmicroscopie. Kunststoffeninstituut T.N.O.,

internal report.

NOBASHI, K. & T. YOKOTA. 1974. Inhibitory effects ofphenols on thepolymerization of methylmethacrylate.
Mem. Coll. Agric., Kyoto Univ. 106: 45-52.

PHILLIPS, E. W. J. 1934. Movement of the pit membrane in coniferous woods,with special reference to pre-

servative treatment. Forestry 7: 109-120.

PULLMANN, M., J. JOKEL, & P. ZUFFA. 1974. [A study on the relation between wood and synthetic polymer
in wood-plastic composites (WPC)]. Drev. Vyskum 19: 15-21.

SCHNIEWIND, A. P. 1959. Transverse anisotropy of wood: A function of gross anatomic structure. Forest

Prod. J. 9: 350-359.

SHIRAISHI, N., M. MURATA, & T. YOKOTA. 1972. Polymerization ofvinyl monomer within the cell wall of

wood. II. Polymerization of methylmethacrylate in the presence of wood, water and carbon tetrachloride.

J. Jap. Wood Res. Soc. 18: 299-306.

SIAU, J. F. & J. A. MEYER. 1966. Comparison of the properties ofheat and radiation cured wood-polymer
combinations. Forest Prod. J. 16: 47-56.

SIAU, J. F., R. W. DAVIDSON, J. A. MEYER, & C. SKAAR. 1968. A geometrical model forwood-polymer com-

posites. Wood Sci. 1: 116-128.

STAMM, A. J. 1964. Wood and cellulose Science.

TIMMONS, T. K., J. A. MEYER, W. A. COTE, Jr. 1971. Polymer location in the wood-polymer composite.
Wood Science 4: 13-24.

VILLIERE, A. 1969. Allgemeine Untersuchungen von Getranktem und Bestrahltem Polymerholz. Inform

Heft Biiro Eurisotop, Monographic 10.

WARDROP, A. B. & R. D. PRESTON. 1951. The submicroscopic organization of the cell wall in conifer

tracheids and wood fibres. J. exptl. Bot. 2: 20-30.

WELLE, J. B. H. TER& P. B. LAMING. 1972. Onderzoek naarde impregneerbaarheidvan Vuren (Picea abies)
en de mate waarin deze wordt bei'nvloed door stippelsluiting en verschillende droogmethoden. Hout-

instituut T.N.O., Report H-72-IX.


