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SUNMARY 

The -effects of water repellent solution concentration, distribution 

of various components and wood-w9ter repellent bond type were studied 

using Corsican pine'(Pinus, nigra) and European beech'(Falas*sylvatica) 

wood. The -resin component protects treated wood by forming an impermeable 

coating on cell lumina., whilst the wax gives protection by hydrophobic 

action. Increased concentration and treatment severity cause deeper 

penetration and increased loading and provide better protection. Water 

repellents are distributed in highest concentration at the treate; end and 
in gradually decreasing amounts inwards. 

Weathering rapidly reduces the effectiveness of the coating action, 
because in the absence of hydrophobes water is able to gain rapid access 

to all treated capillaries. However, hydrophobic treatments continue to 

provide protection to inner wood even after end grain degradation, 

because water is able to penetrate treated cells only to the depth of the 

degraded zone. Loss of water repellent effectiveness in the surface zone 
due to weathering occurs even though hydrophobic substances remain. This 

is almost certainly associated wi. th degrade of wood structure and wood- 
deposit bond. 

Pine specimens were treated with alkylchlorosilanes and alkylene 

oxides and double treated with an epoxide and a resin-wax water repellent 
to study the performance of chemically bonded treatments. Both silane 

and epoxide treatments proved to be resistant to exposure. Silanes provide 
initial water repellency similar to that provided by resin-wax and are 
far more resistant to weathering. Loss of effectiveness of silane 

treatments is attributed to wood degrade enhanced by the effect of HC1 

produced in the reaction. Stabilization obtained by epoxides is extremely 

resistant to exposure. Reduced water absorption, due to OH-group blocking 

and cell-wall bulking, but no water repellency is shown by epoxy-treated 

wood. The full potential of water repellents applied to stabilized wood 

was not realized due to problems encountered in applying resinous 

solutions to epoxy treated wood. 
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PART 1 

BACKGROUND AND LITERATURE REVIEW 

1.1 Wood -A Complex Porous Medium 

In most porous media only the void spaces take part in the 

conduction-of fluid. The walls surrounding them have little effect on 

the phenomenon. In wood, however, certain liquids contained within 

the capillaries are able to move into their walls. The ability for 

this to occur is dependent upon the molecular structure of the flowing 

fluid (Scheidegger, 1974). Non-swelling liquids, not having a chemical 

affinity with the cell wall, flow through the effective pore spaces 

without interacting with the cell wall polymers. Water, on the other 
hand, is adsorbed into the cell wall until the latter is fully saturated. 

This occurs at about 30% moisture content and is known as the fibre 

saturation point (FSP). The water is believed to be held there by 

hydrogen bonding (Stamm, 1964; Wenzl, 1970), 

It is thought that the sorbed water forms first a monolayerand 

subsequently multilayers up to ten molecules thick. The swelling and 

shrinking of wood is the result of sorption and desorption of this 

water. Above - the FSP, water occurs in the cell lumina as free water 

which has no effect on the dimensional stability of wood. The cell 
lumina, however, provide important water pathways allowing rapid acceýss 

to interior cell walls. Dimensional instability of wood due to water 

sorption is disadvantageous to its use as a construction material. 

During use wood continually adsorbs and desorbs water. This cyclic 

proc&ss sets up stresses in the structure of wood leading to the 

development of cracks, checks and changes in the overall geometry of 

carefully machined artefacts. 

Attempts to impart water repellency and dimensional stability 

to wood have so far met with limited success. Proceqses involving 

transport of water repellent chemicals into wood have to take into 

consideration the nature of the fluids, their flow characteristics 

and their interaction with wood. Water repellents and stabilising 

chemicals have to be transported through the cell structure in order 

to gain access to interior surfaces for protection pf large specimens 

to be achieved. 
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The rate and magnitude of treating solution uptake which can be 

achieved, depend largely on the diameter and tortuosity of the flow 

paths. There is a tremendous variation in these parameters in wood, 

not only between but also within species. Variations are immense 

even within a single tree, depending upon a host of factors. Wood 

specimens from different heights, from juvenile or mature wood or 
from wood formed early or late in the growing season in the same tree 

may behave quite differently. These differences are due to differences 

in wood anatomy and hence any study of the nature and distribution 

of chemical coatings or reactants within the porous structure must 

take the anatomy of wood into consideration. 
1.2 Gross Structure of Wood 

Structural elements in wood responsible for fluid conduction vary 

between as well as within species depending on a number of factors. 

Wood formed early in the growing season differs from that formed later 

(Stamm, 1964). This is more obvious in the trees of temperate zones 

where seasonal climatic variation is greater than in tropical regions. 

In the tropics, conditions suitable for active growth occur throughout 

the year. 

Marked differences are seen between the conduction pathways of 
Angiosperms or hardwoods and(5ymnosperms or softwoods. In softwoods, 

tracheids form the axial 
' 

fluid transport pathways. Transverse 

movement of fluids takes place through pits interconnecting axial 

elements and through rays (Isenberg, 1963). In hardwoods, vessels 

are responsible predominantly for the axial transport of fluid. 

Fibres and rays connected to these vessels build up a supplementary 

system for axial and radial transport of fluids. 

In softwoods, the early wood tracheids are wide and thin-walled, 

with the radial width exceeding the tangential width. As the growing 

season progresses, the cell walls go on thickening, but the radial 

width of the . --cel. js decreases. At the end of simmer, this process 
becomes quite pronounced, the radial width diminishing to as little as 

a third and the cell wall thickness, in some cases, exceeding three 

times that of cells formed early in the growing season (Stamm, 1964). 

The latewood tracheids are narrower and thicker-walled (Jane, 1970). 

Thus, the early wood lunina are likely to offer easier fluid conduction 

passages than those of the late wood cells. This effect is, however, 



-3- 

offset by the greater incidence of pit aspiration in earlywood than 
in latewood (Phillips, 1933; Petty, 1972; Comstock and Cdtel, 1968). 
Aspiration plays a dominant role in the fluid flow mechanics of 
tracheids (Banks, 1971b; Bolton and Petty, 197ý. Inmost,, hardwoods, the 
latewood vessels are thicker-walled, smaller in diameter and fewer in 

number compared to those in earlywood. 
Wood is composed of complex structural arrangement of a number 

of different types of cells. The structure of softwoods is simpler 
than that of hardwoods. Between 90 and 95% of the softwood volume may 
consist of axial tracheids. These are longitudinal cells which fulfil 

the dual function of sap conduction and tree support. They are hollow, 

tubular c&lls, tapered and closed off at the end. Generally, they are 
2.5 to 7mm in length (Wenzl, 1970), averaging about 3.5mm (Kollmann and 
Cote, 1968). In transverse width they range between 0.015 to 0.08mm, 
but most fall between 0.02 and 0.05mm (Kollmann and Cote, 1968). ' Their 

ends are rounded in radial section and rather more pointed in tangential 

plane (Banks, 1974). Cross-sectionally, they are square of polygonal 
in shape (Wenzl, 1970; Jane, 1970; Isenberg, 1963). Axial tracheids 
in juxtaposition overlap one another over about one third of their 
length. Axial fluid transport takes place from tracheid to tracheid 
through interconnecting bordered pits (Wenzl, 1970; Stamm, 1964). 

Of the rest of the softwood volume, some species may have up to 

one percent longitudinal resin canals. They have no role in the 

conduction of fluid in the living tree but may contribute a little to 
liquid conduction in dried timber. The remaining 5-8% of the softwood 
bulk volume consists of ray tissues. These tissues extend horizontally 
in the general direction of pith to periphery and help in the radial 

conduction of sap in wood. The ray tissues may be of four types: 
(i) ray parenchyma, (ii) strand tracheid, (iii) ray tracheid and 
(iv) resin canal. 

The roughly rectangular ray parenchyma cells measure approximately 
0.2 to 0.5mm in length and 0.01 to 0.05mm in breadth. Fluid transport 
between these cells occurs in all directions through simple pits in 

adjacent cells (Phillips, 1948). Interconnection between ray parenchyma 
and longitudinal tracheids generally occurs by way of half bordered 

pits (Phillips, 1948; Jane, 1970). 
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Strand tracheids are not of regular occurrance. They are formed 

from the fusiform. initials of the cambium. Several transverse partition 

walls or septa may form inside the strand tracheid to divide it into 

several sections. Each of these sections may develop into individual 

strand tracheids (Jane, 1970). These brick shaped cells are similar 
to the parenchyma cells but their walls are provided with bordered 

pits (Jane, 1970). Communication between these rays and the tracheids 

occurs through small bordered pits. Strand tracheids are usually 
found associated with vertical resin canals and sometimes with 
parenchyma cells and in the boundaries of the growth rings. 

Ray tracheids develop from ray initials of the vascular cambium 
and are present in the rays of many softwood species. One or more 
rows of these cells may form the upper and lower margins of the ray 

cells or may sometimes be interspersed among the ray parenchyma. Ray 

tracheids are similar to ray parenchyma cells in most respects except 
that the former are provided with bordered pits in place of simple pits. 
Fluid flow between adjacent cells occurs by way of the intercellular 

pitting briefly described. 

The axial elements in hardwoods are more varied than those in 

softwoods. Hardwood fibres are short and usually range from 1 to 1-5mm 
in length (Stamm, 1964). Tropical species yield even shorter fibres 

(Razzaque and Siddique, 1977). The average diameter of hardwood 

fibres is 0-015mm. They are arranged less orderly in the tree than are 

softwood tracheids. The fibres are interspersed with shorter, thinner 

walled parenchyma cells and much wider vessels. Four or five types of 

elements, vessels, parenchyma, libriform fibre, tracheid and fibre 

tracheid are present in hardwoods in proportions varying with species 
(Table 1.1; Huber and Priitz, 1938). 

Vessels are formed from axial rows of cells, by the partial or 

complete disappearance of their end walls. They vary enormously in 

size in different woods and are responsible for most axial fluid 

conduction in the tree. This is facilitated by the fact that they are 
joined end to end by extremely porous structures, called perforation 

plates (Tsoumis, 1968; Jane, 1970). The vessels thus form continuous 
longitudinal channels for the transport of fluid. They may constitute 

as little as6-5% and as much as about 35% of the total volume of wood 
(Kollmann and Cote, 1968). In some species the vessels are dispersed 
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quite uniformly throughout the growth rings. These are known as diffuse 

porous species. In týese species the variation in vessel diameter is 

only a few fold. A second group of hardwoods, known as ring porous woods, 

has much larger and abundant vessels in the early spring wood, than in 

the latewo6d (Wenzl, 1970; Wardrop and Davies, 1961; Hunt and Garrat, 1967)ý 

Table"Ll *Proportion of'different elements'in'wood * 

Species 

Softwoods 

Spruce (Picea excelsa 

Pine (Pinus-*sylve6tris) 

Larch (Laryx europaea) 

Fir (Abies pectivata) 

Hardwoods 

Horse Chestnut 
1) (Aesculas hip2ocastý, mon 

Birch (Betula verrucosa 

Ash (Fraxinus excelsior 

Aspen (Populus tremula 

Oak (Quercus pedunculatD 

Beech (Fagus sylvatica) 

Average Volume Percent 

Fibres Wood rays Wood parenchyma Vessels 

95.3 4.7 

93.1 5.5 1.4 

91.2 8.8 

90.4 9.6 

76.1 15.5 8.4 

64.8 10.5 24.7 

62.4 14.9 10.6 12.1 

60.9 12.7 26.4 

58.1 29.3 4.9 7.7 

37.4 27.0 4.6 31.0 

Parenchyma cells are arranged radially in hardwood, as in softwood. 
Additionally, longitudinal parenchyma cells are usually present in hardwoods. 

In hardwood, rays are several cells wide and make up a larger proportion 

of the wood bulk than do the rays in softwoods (Table 1.1). The large 

volume of the ray cells may abcount for the greater radial diffusionlate 

compared to that of tangential rate observed in hardwoods (Burr and Stamm, 

1947). 

The libriform. fibres or sclerenchyma. are short and thin walled and 

their cross sections are usually circular or oval. 

Intermediate forms of fibres between vessels and libriform. fibres 

are known as tracheids and fibre trach eids in hardwoods. However, their 

proportion is very low. In beech, for example, they amount to only 0.4 

to 1.2% (Wenzl, 1970). 
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1.3 Ultrastructure of wood. 
1.3.1 Cell wall structure 

Wood cells are formed in the cambium initially with the outermost 

wall enveloping the entire cell (Jane, 1970). Later, a secondary layer 

(S) forms inside the initial or primary (P) layer. Preston (1934) and 

other workers demonstrated secondary wall of plant cells to be conspicuously 

straited and laminated (Wardrop and Dadswell, 1952a; 1952b; Emerton and 

Goldsmith, 1956; Hodge and Wardrop, 1950). The secondary wall is now 

recognized to consist of three layers, Sl, S2 and S 3' outer, middle and 
inner layers respectively. There is some evidence of the presence of a 
fourth, S 4' layer in the secondary wall, but its existence remains a 

subject of controversy. The presence of a warty layer has, however, 

been established in some species. It forms the innermost layer of the 

setondary wall lining the lumen (Fengel, 1969). 

Cells in the xylem of a tree remain bound together by the matrix 

substance. This intercellular. material forms the middle lamella (ML). 

The ML,. in most cases, remains in intimate union with the. primary wall. 

The primary wall, averaging only 0.2 um in diameter, is sometimes difficult 

to distinguish from the ML. To obviate the difficulty, the ML and the 

primary walls of two bordering cells are given the collective name of 

compound middle lamella (CML; Jane, 1970). The primary wall, thin as it is, 

strongly influences the swelling and shrinking properties of wood fibres 

(Stam, 1964). 

As the growing cell approaches maturity, the much stiffer secondary 

cell wall begins to be deposited (Wardrop and Harada, 1965). The 

secondary wall, extending from the primary cell wall into the lumen, 

constitutes the bulk of the total cell wall, ranging from 1.5 to 4.5 Um 
in thickness (Table 1.4). The S1 and S3 layers are thinner compared to 

the S 2. layer (Fig. 1.1). 
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Figure 1.1 Schematic diagram of the cell wall of wood cells. Tais '. s a 

generalized plan applicable to man7 cells in both softwoods 

and hardwoods (Cote'q 1981). 'S - middle lamella, 

P- primary wall, SI, SI and S3- layers in secondary wall, 

W- warty layer. 

1.3.2 Cell wall co=Dosition 

In nearly all species-90 to 957. of wood is comprised of cellulose, 

hemicellulose and lignin. T'iese natural polymers constitute the cell 

wall material. A major portion of the remaining 5-10% may be removed 

by extraction with water or organic solvents without altering the 

structural nature of wood. There is considerable variation in the 

amount and distribution of extractives between species, within a 

particular species and throughout the wood of a given tree (Buchanan, 

1963). 
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Table 1.2 Variation in some extractive content in wood 

(Mutton, 1962; Hillis, 1962) 

Species Ether soluble extract (%) Polyphenol 
in wood 

Softwood Hardwood Sapwood Heartwood 

Abies balsama 0.95 0.74 - 1.18 

Pinus echinata 2.6 - 3.8 3.9 - 13.3 

P. ' palustris 1.4 - 2.7 3.6 - 20.3 

P'. ponderosa 3.2 - 4.8 2.7 - 9.9 1.0 

P. strobus 5.46 3.62 

Fagus grandifolia . 19-. 26 . 38 - . 57 

Lireodendron tulipifera . 13-. 27 . 43 - . 58 

Eucalyptus wandoo_, 16.0 

Hopea odorata 10.0 
Shorea obtusa 6-7 

Extractives are not essential components of wood cell structure 

and as such they, along with the minerals, are collectively known as 

extraneous materials. They include polysaccharides, polyphenols, 
terpenes, resins, essential oils, alkaloids, gums, mucilages, waxes 

and other colouring and odouring substances (Table 1.2). -They 
influence the hygroscopicity, density, permeability, durability and 

several other properties of wood (Narayanamurti, 1957; Wangaard and 
Granados, 1967). Resinous materials in softwoods and oils and 

oleoresins in hardwoods usually account for most of the extractives. 
Cellulose, hemicellulose and lignin are not evenly distributed 

across the cell wall. Their distribution varies greatly between. 

species. Inter-tree and intra-tree variation in the distribution of 
the chemical components in the same species may occur depending on 
location within the stem, growth conditions and age (Harlow, 1952; 
Fengel, 1969). 

Broadly speaking, 45-50% of the cell wall material in softwood 

species is cellulose. Of the rest, 20-35% is hemicellulose and 25-30% 
is lignin (Fengel, 1969; Koch, 1972). In hardwoods, comparatively 

more hemicellulose and less lignin (15-25%) is present in the cell 
- 

walls (Koch, 1972). 
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The true middle lamella contains up to 85% lignin. The remaining 
15% has a high percentage of hemicelluloses and pectins and little or 

no cellulose. The primary wall being very thin, the combined middle 
lamella as a whole is also highly lignified (Fig. 1.2; Scott et"al., 1969; 

Bentum et al., 1969; Fergus et*al., 1969). Although the secondary wall 
is less lignin rich, because of their greater mass, the bulk of the 
lignin content of wood cells is located there and not in the CML 
(Pengel, 1969). in fact, only about 35% of the cell lignin is located 
in the OL, the rest being distributed throughout the other cell wall 
layers (Berlyn. and Mark, 1965). 

" CoinpourA 
Middle 
I LWA104* 

ugain 
oiambution 

Curve 

Coot I 11 C411 
wGil W411 

Figure 1.2 Schematic design of lignin distribution in middle lamella 

and cell wall (modified drawing on the plan of R. E. Mark, 

1967). 
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The primary wall is comprised of substantial quantities of all the 

three major chemical components. It has less lignin compared to the 

true middle lamella and a higher proportion of cellulose and hemi- 

cellulose than in the secondary walls. Most of the cellulose is 

located in the S2 and S3 layers of the secondary wall (Table 1.4; 

Fengel, 1969). 

The chemical nature of the warty layer is not very clear. When 

the cell wall polysaccharides are dissolved chemically, a lignin 

skeleton is left. Electron. micrographs of the lignin skeletons show 

a high concentration of lignin lining the lumen (Berlyn and Mark, 

1965). This fact, along with the observation that white rot fungi, 

secreting lignolytic enzymes, and not brown rot fungi, secreting only 

polysaccharidases, can fully dissolve the warty layer, indicates the 

presence of lignin in the warty layer (Fengel, 1969). ' 

Table 1.3' The composition (gravimetric) 6f's6ftz4ood'ddll*walls 

(Fengel, ''1969) 

'Hemicellul6se 

Early wood 49.8 19.1 31.1 

Late wood 52. T 17.6 29.6 

Table 1.4 ' 'The relative volume'(%) coml5o. 4ition of cel I VdIl 'layers 

. (Ferigdl; *1969) 

Cell wall layer EArlywood Latewood' Cellulose 'Hemidellulose ' 'Lj& ý3n 

CML 15.0 10.0 12.4 25.6 62.0 

s1 12.2 7.6 34.5 35.5 30.0 
s2 and S3 72.8 82.4 55.7 14.3 30.0 

1.3.3 Organization of the cell'wall'constitueiits 
Cellulose is supposed to be the fibrous framework substance giving 

form and structure to the cell wall (Koch, 1972; Fengel, 1969). It 

shows a considerable degree of organization or crystallinity. 
Polarization microscopy, X-ray and electron defraction studies give 

convincing evidence of the crystalline or partially crystalline nature 

of cellulose (Mark, 1940; Hagglund, 1951; Farmer, 1967; Preston, 1965; 

Ritter and Stillwell, 1934). The hemicelluloses may show a limited 

degree of crystallinity (Wise and Jahn, 1952). Lignin is amorphous in 

nature (Kollmann and Cote, 1969; Stamm, 1964). 
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The cellulose and hemicellulose molecules are aggregated into 

bundles to form microfibrils of indefinite length and from 100 to 
0 300 A in width (Wardrop, 1964). X-ray and small angle X-ray scattering 

indicate that the crystalline regions have a diameter of 50 - 100 

(Kollma= and Cote, 1968). These values are in excellent agreement 

with the size of the microfibrils observed by electron microscopy 
(Stamm, 1964). Cellulose behaviour deviates from that expected of a 

perfect crystal. This is explained by the fact that the cellulose 
molecular chains end within the microfibrils, causing dislocation 

within otherwise perfect crystalline lattices (Wilkie, 1970; Muhlethaler, 
1969; Fig. 1.3). Further, cellulose chains emerging from a single 
cr7stallite may enter other adjacent crystallites through disorientated 

amorphous zones (Howsmon and, Sisson, 1954). 

-ýS -I. 
Cbain cnd 
dWocations 

Figure 1.3 Cellulose microfibril chains ending within the fibrils 

causing dislocations within otherwise perfect cr7stalline 
lattices. 

Besides the disorder arising out of the chain end dislocations and 

cellulose chains passing through disoriented amorphous zones, considerable 
disorder may be caused as a result of cellulose molecules lying on the 

surface of the microfibril. These molecules are less strongly bound to 
the microfibril than those lying in the interior of the microfibril 
and lead to surface disorder (Statton, 1967; Muhlethaler, 1969; Wilkie, 

1970).. Within the less organized regions cellulose is likely to be in 
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intimate association with non-cellulosic polysaccharides. Water is able 

to enter freely through those zones and is adsorbed by the available 
OH-groups (Stanm, 1964). On the other hand, water cannot penetrate the 
lattice of the cr7stallite (Mark, 1952). 

The inicrofibrils join together to form lamellae, The lamellae 

are differentiated from each other by slight changes in the microfibr'3.1 
angle (Pengel, 1969). Each cell wall layer comprised of several 
lamellae, has a characteristic microfibril orientation relative to the 
axis of the cell (Figures 1.4; 1.1; Table 1.5; Thomas, 1977; Kollmann 
and C6te', 1968). 

IWI"«Y ei 
ý 1-1111 

LauAr 
14-YW d 

ýS=glor 
-d 

(0-; Uwo«/ 
kyr #f imod&Y 
»v41 , Wilwie 8 

(&ffli /Milde nmi kmag, 

(04 lamdoll 

Figure 1.4 Characteristic microfibril orientation of cell wall 
. layers-* 
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Table 1.5 Thickness and microfibril angle of various cell wall layers 
(Kollmann and C&te', 1968) 

Layer Relative thickness (%) Angle of orientation made by 
0) microfibrils with cell axis (0 

P11 Random 

P2 

I 

Approaches 90 

S1 10-22 50-70 

S2 70-90 10-30 

S3 2-8 60-90 

1.4' Liquid'flow in wood 
Flow through unblocked porous media is described by Darcyls 

Law: 
KAAP, Equation 1.1 
vz 1 

where Q- volumetric rate of flow; 
A= Cross-sectional area of specimen, 

normal to flow direction; 
AP - Pressure-drop across specimen; 

1- Specimen length; 

YZ - Fluid viscosity; 
Permeability constant. 

From Equation 1.1 it can be seen that the permeability cons. tant 
W is independent of specimen geometry. It has been shown that 

flow through wood often deviates markedly from Darcy's Law (Banks, 

1971tjl981; Bramhall, 1971; Bolton, 1980). The deviation in air 
dried sapwood has been shown to be due to the high degree of 
bordered pit aspiration encountered, especially in earlywood. This 

leads to a situation where K in equation 1.1 is not a true constant, 
but decreases approximately exponentially with increase in specimen 
length (Bramhall, 1971)z 

dQ KAe -bl AP Equation 1.2 
Tt" ýj 

where e- Natural logarithmic base; and 
b-A positive constant determined by experiment. 

When b-0, e-bl -0 and the equation reverts to Darcy's. 
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A rather similar effect is encountered with hardwoods. In this 

case, the partial blocking is generally attributed to the occurrance of 

tyloses, gum deposits etc. in the vessels. In practice, this partial 
blocking le: ads to uneven distribution of impregnant materials in 

treated woýd (Chattaway, 1949; Koran and-Cote, 1965; Jane, 1970). 

This is likely to have a marked effect on the performance of wood 

preservatives, water repellents and dimensional stabilising treatments. 
1.4.1 The wood'water'system 

The interaction of wood with water influences most of the processes 
involved in the utilization of wood as a building material (Stamm, 1952; Howsmon 
& Sisson, . 1954)- The presence of moisture above a certain level in wood 
to be used for constructional purposes makes it subject to subsequent 
drying in use, leading to dimensional change. Moreover, wood destroying 

organisms are active at moisture content above about 20%. Thus, drying 

of wood to be used for building purposes is a necessity. Even after 
drying to a reasonable moisture content, wood exposed to fluctuating 

sources'of water (rainfall, changing relative humidity) will change its 

moisture content in sympathy. with the fluctuations. In many environments, 
wooden building components are subjected to periods of high and low 

moisture content. This gives rise to dimensional changes which impose 

mechanical atress onto the individual wood pieces and onto the components 
fabricated from them. Furthermore, such fluctuations may from time to 
time allow the wood to remain sufficiently wet for periods long enough 
to allow significant fungal degradation to occur. 
1.4.2 Water flow'into wood' 

Mass flow of liquid into the gross capillary structure in the 

absence of an applied pressure differential is controlled by the so- 
called capillary pressure, arising from the interaction of surface 
forces as sociated with the walls of the capillary (wood in this case) 
and the flowing liquid (water). Capillary pressure, Pc, is. defined by 

the Jurin equation thus: 

PC - 
2yCosO 

Equation 1.3 r 

where Pc - Capillary pressure; 

y- Surface tension of li'quid; 

0- Contact angle of water with capillary wall; 

r- Capillary radius. 
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Examination of equation 1.3 shows that Pc can assume both positive 
0 

and negative values depending on whether 0 is greater or less than 90 

Where G4 900, Cos 0 and hence Pc is positive and the liquid flows 

spontaneously into the capillary. For values of 0> 90 0, however, Cos 0 

and Pc are negative and an external force to overcome this negative 

pressure is needed to cause capillary penetration to occur. 
Substitution of the capillary pressure term into the integrated 

form of Darcy's equation (non-steady state) gives rise to equation 1.4 

below, which describes the non-steady state flow of liquids into 

unblocked porous media of uniform pore radius. 
2kt 2yCosO I 

V=A (=EýL) Equation 1.4 17 r 

where V- Volume of liquid absorbed in time 't'; 

A- Cross-sectional area of specimen; 
k- Permeability constant; 

vt- Liquid viscosity 

y- Liquid surface tension 

E) - Contact angle; 

r- Capillary radius. 

It must be borne in mind that for wood this equation is further 

complicated by two factors. 

1) Wood, especially air dried wood, is not a totally unblocked 

medium and hence flow through it is not accurately described by Darcy's 

Law (Sec. 1.4). 

2) The capillaries comprising wood structure are not uniform, 
hence flow occurs more rapidly through some than others (Banks, 1981). 

Even with these constraints, however, it is clear that the rate of 
liquid penetration of wood due to capillarity is strongly dependent on 
the contact angle 0 (see equation 1.3). 

1.5 *Methods of ditinishing wAter*ul5takd . and'dimensioiial instabilitv 

in wood 
Water is strongly sorbed by the free OH-groups in wood. If these 

reactive groups are rendered hydrophobic or at least inert to the action 

of water, hygroscopicity-is substantially reduced or eliminated. Ideally, 
if the OH-groups in cellulose and ligain could be reduced to hydrogen 

groups, significant reduction in hygroscopicity could. be achieved (Stamm, 

1964). All the known methods of wood hydrogenation, however, lead to 
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breakdown of cellulose and lignin to lower molecular weight products, 

thus*. degrading the desirable mechanical properties of wood. 
In practice, reduction in the rate or amount of water sorption 

and dimensional change is generally achieved by employing either: 
1) physical or mechanical treatments, or 
2) chemical treatment to reduce hygroscopicity. 

1.5.1 Physi: cal and'machanical'treatments 
The anisotropic swelling of wood in the longitudinal and tangential 

directions can be minimized by cross-laminating odd number of veneers 
to form. plywood. Cross-lamination does not prevent swelling, but it 

changes its direction so as to nullify the swelling effect and limit it 

to a few tenths of a percent in the length and width directions 
(Stamm., 1964). 

. 
Attempts have also been made to stabilize wood by'subject-ing it 

to controlled heat treatment. This causes some loss of water of 
constitution accompaAied by the breakdown of the more hygroscopic 
hemicelluloses (Stamm, 1959 ; aeborg et al., 1953). The breakdown 

products furfural polymers, being less hygroscopic, alford somý.. degree 
of dimensional stability (Shafizadeh and Chin, 1977). 

Hemicellulose Acid 
. Pentoses + Hexoses hydrolysis 

H 
H- 

OH H 

XYLOSE 

CH-CH 
12 % HCt 11 11 + H20 
225' -3ZbC 

CH C- CHO 

0 
2 FURFURAL 

Increased dimensional stability may also be achieved by bulking 
the cell wall capillaries in wood. Various organic substances and 
inorganic salts have been used with varying degrees of success, b' ut 
their water solubility and deliquescence detracts from their value. 
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Synthetic resins applied as monomers or pre-polymers and cured 

jjj situ to form homopolymers or wood/plastic copolymers have been used 

with some success (Choong and Barnes, 1969). These treatments which 

may reduce instability by a combination of 
1) mbchanical constraint due to hard cured polymer 

within cell lumina, 

2) cell wall bulking by polymer bonded within the 

cell wall, and 
3) pore blocking, making water access difficult, 

are often effective but tend to be expensive because-a large volume of 

chemical is needed to fill the cell cavities (Rowell and Gutzmer, 

197S). 

Of all the physical treatments, the application of surface 

coating agents to protect wood by forming a physical barrier, is the 

most widely used. It is well known that paints, varnishes and lacquers 

in a drying oil medium form tough films on wood surfaces which give 

effective reduction in the rate of water ingress. 

It has been found that a two coat application of a well formulated 

paint or varnish (based on natural drying oils or alkyd resins) can 
give a water excluding efficiency of up to 95%. Water excluding 
efficiency (WEE), variously termed as water repellent efficiency (WRE) 

or degree of efficiency is calculated as: 
AU-AT WEE - rU- x 100 Equation 1.5 

where AU - Water absorption by untreated specimens 
in a given time, and 

AT - Water absorption by treated specimens 
in the same time. 

These coatings, however, deteriorate with time rather quickly. 
Change of relative humidity and temperature over a relatively short 

period can lead to the formation of checks and cracks. Once a paint 

or varnish coating starts to breakdown, water uptake rate is increased 

and further deterioration occurs more rapidly (Borgin and Corbett, 

1973). Vasisth et al. (1974) using SEM and light microscopy observed 
the development of microchecks in all weathered painted wood surfaces. 

Even three coats of paint were shown to lose their efficiency in less 

than a year (Stamm, 1964). To try to extend the effectiveness of 
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coatings, techniques to introduce them into the cellular structure as 
internal'lumen coatings, have been developed (Stamm, 1964). It has 

been found that they are more effective when they are formulated to 

contain a. hYdrophobic (water repellent) component (Borgin and Corbett, 

1973; Purslow, 1966). 
1.5.1.1 PrinciDles of'water repellency 

In section 1.5.1 it has been shown that to a first approximation, 

the vall-P of water (V) absorbed as a result of capillary pressure is 

given by equation 1.4. From this equation it is apparent that 

vcccose i Equation 1.6 
(9 - wood/water contact angle) 

In the wood/water system, 0 is the only variable of Equation 1.4, 

which can be externally manipulated. A surface which is wetted by 

water, allows water to spread over it in a continuous film. A water 

repellent surface allows the water to stand in separate droplets 

covering the minimum possible surface area. At the periphery oi these 
droplets the water air interface forms an angle with the solid surface. 
This angle, enclosed within the water phase is known as the contact 
angle (Figure 1.5). 

Figure 1.5 Contact angle (0) of water on wood surface. 
I 

The condition for existence of a finite contact angle was first 

propounded by Young (1805). He explaiiied the existence of the con; act 

angle in terms of the liquid-solid-adhesive forces and the liquid- 

liquid cohesive ones. If the cohesive forces within the liquid are 
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greater than those of adhesion with the solid, there will be a finite 

contact angle. The larger the cohesion, compared to the adhesion, the 
0 larger the angle, which may theoretically be as large as 180 " In 

practice the largest angle ever measured on a smooth surface is about 
0 115 (Adam and Jessop, 1925; Ray and Bartell, 1953; Adam and Elliott, 

1962). On the other hand, if the adhesion is equal to or greater than 

the cohesion, the liquid will completely wet the solid and the contact 
angle will be zero. The condition can be quantitatively expressed by 

ýhe Youag-Dupre equation: 

WSL ' *YL (1 + COSO) Equation 1.7 

where WSL - Work of Adhesion; 

YL ' Surface free energy of liquid; 

0- Contact aýgle, 

T he right hand side of the equation contains easily measurable 

quantities YL and (), liquid surface free energy or surface tension and 
liquid/solid contact angle respectively. When WSL is smaller than 
2YL there is a finite contact angle. As WSL increases, the contact 
angle decreases till it becomes zero, at which point WSL - 2yL. At 

the other theoretical limit of a contact angle of 180 0, there is no 
adhesion between the liquid and the solid. 

The contact angle is dependent not only upon the free energies 
(Good and Kotsidas, 1979), of the solid, liquid and solid-liquid 
interface but also on the RE and temperature at which it is measured 
and the time lapse after initial contact. The initial moisture content 
and swelling (Adam, 1964) of the solid and the surface roughness of 
the solid also influence the contact angle (Borgin, 1965; Bikerman, 1968). 
Of these factors all but the last mentioned one can be externally 
controlled. However, wood surfaces are always rough, no matter how 

carefully they are prepared. Even after careful microtoming, cut 
cells give rise to a complex form of roughness at a microscopic level 
(Fig. 1.6). 
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TANGENTIAL SURFACE 

RADIAL SUTACE 

SURFACE ROUGHNESS 

Figure 1.6 Surface roughness due to sectioning of vessels, 

tracheids and fibrýs 

From Young's equation it is seen that 

Y8 - YSL - YL Cos a Equation 1.8 

where YS Surface free energy of solid; 
YL Surface free energy of liquid; 

YSL Interfacial energy of solid-liquid interface; 

0 -&Contact angle. 
This equation strictly applies only to perfectly smooth surfaces. 
For rough surfaces whose real area is Ir' times the apparent area, 
Equation 1.6 becomes, 

(YS - YST, ) - (YL Cose) 

Hence, yL Cos 0' = rYL Cos 0 

where e" Contact angle measured on rough surface, 

or Cos 9' r Cos e (Wenzel, 1936). 

The practical implication of this is that for values of 0 less than 

90 0, e' is decreased by surface roughness, whilst for 0>90 0 it is 

in=eased. 



-21- 

For untreated wood surfaces 0 is generally of the order of 0-300 

or so (Nguyen and Johns, 1978; 1979; Borgin, 1965), and hence liquid 

water is able to enter the pore space spontaneously, the roughness 
factor re7inforcing this effect. Hydrophobic substances (water 

repellents) applied to wood increase the contact angle to values 

around 100-1150, giving rise to a negative value of Cos 0 and hence resistance 

to water penetration, which is more apparent on rough surfaces than 

smooth ones. This is the principle of water repellent treatments 

applied to wood (Nguyen and Johns, 1978; 1979). 

It is clear from the discussions made in the preceding section 
that an effective water excluding treatment which will totally 

stabilize wood against dimensional changes is yet to be developed. 

However, water repellent treatment preventing or greatly reducing the 

rate of water uptake by capillarity has been shown to be effective 
in reducing the initial rate of water uptake and hence, dimensional 
instability of wood in use (Purslow and Williams, 1978). Evidence 

regarding the long term effectiveness of water repellents applied to 

wood is ambiguous. For example, using 'T' shaped jointed specimens, 
Purslow and Williams (1978) report significant loss of effectiveness 
of many formulations after one or two years' exposure to the weather. 

. 
On the other hand, Feist and Mraz (1978N report work carried out in 

the U. S. A. demonstrating effectiveness of fairly similar formulations 

over a twenty year period. From the above studies it seems likely 

that much of the apparent difference in performance is related to 
differences in the geometry of the test specimen and the severity of 
exposure. It is possible, however, that apparently trivial formulation 

differences in the type of solvent and fungicide used might also 

contribute to the differences. 

Broadly known as "water repellents", these formulations generally 
have two components in an organic solvent vehicle, in addition to 
fungicides and insecticides. One of the components is the true water 

repellent or hydrophobic substance. This is usually a hydrocarbon 
(paraffin) wax or sometimes a silicone or organometallic material. 
The other, whose function is to disperse the hydrophobe and bond it 

to the wood cell wall is a natural or synthetic resin or in some 

cases a drying oil. In addition to its role as a dispersant/bonding 

agent, the resin component in the formulation is believed to form a 
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coating on the cell walls including the pit openings. As a result, 

it may act as a mechanical barrier to liquid water flow complementary 

to that due to the hydrophobic effect (Stamm, 1964; Voulgaridis, 1980)e 

As a mechanical water barrier, however, the film is far from perfect, 

since it-is believed that imperfections occur during film formation 

(Borgin, 1961). 

The use of resin alone in the formulation, therefore, may be 

expected to restrict the water sorption and swelling rate to a relatively 

minor degree. It has been shown by Voulgaridis and Banks (1979) that 
treatment of pine with resins gave rise to a low degree of water 

resistance, whereas in beech such treatments showed marked effectiveness 
in reducing the rate of water uptake. This has been ascribed to 

structural differences between the species tested. It is believed that 

the fine pit pores interconnecting vessels and fibres in beech are 

more effectively coated by the resin than the much-larger bordered 

pit membrane-openings in pine. 
1.5.1.2 Chemical nature of water repellents 

A variety of chemical substances are available for commercial 

utilization as water repellents, to be applied to wood. The principle 

requixement is that the component groups should be nonpolar, i. e. 
having little affinity for water. Examples are waxes, hydrocarbons and 
silicones. Conceptually, it is attractive to think of water repellent 

chemicals containing a polar end capable of b-onding to wood, well 

separated from the hydrophobic tail (Borgin and Corbett, 1969). This 
idea has not been developed, however. Currently used formulations as 

mentioned earlier, usually contain a resin or a drying oil to act as 
the keying agent between the cell wall and the hydrophobic material. 
These are generally dissolved in a hydrocarbon solvent and deposited 
into the cell lum. m. by immersion, vacuum or pressure treatments. 
After the solvent evaporates, the water repellent constituents form a 
deposit on the cell lumens including the pit areas. The nature and 
mode of operation of the deposit depends on the type of materials used. 

The resins used may be natural or synthetic. A variety-of resins, 

alkyd, straight chain hydrocarbon, hydrogenated resin ester, coumaronel 
indene etc., have been used from time to time. The presence of the 

hydrocarbon groups within the resin may contribute some hydrophobicity 

to the treated surface. By and large, however, the hydrophobicity comes 
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from the paraffinic component of the formulation. The higher alkanes 

or the paraffins of the general formula CnH 
I 

2n+2 present methyl groups at 

the treated surface, giving rise to contact angles of over 900 (Adam, 

1941). Paraffin waxes on smooth surfaces give contact angles varying 
from 105 0 to 1140 (Adam, 1963). 

Borgin (1961) found that water in the cell wall up to the FSP does 

not affect the absorption of water repellents at all. Whereas, water 
present in the lumen as free water drastically cuts the absorption of 
water repellents by wood. This points to the fact that water repellents 
are unlikely to penetrate cell walls (Stamm, 1964). This is to be 

expected, given their general non-polar character. 
The water repellent depo-sit is believed to be held on the internat 

surfaces of wood by Van der Waal's forces. These bonds are rather weak, 
ranging between I and 15 KJ/mole (Higgins, 1977). Loss of effectiveness 
of water repellent treatments may be due to the effect of three 
different factors acting either independently or in combination. These 

are: 
(a) changes in the wood substrate; 
(b) adhesive failure between wood and the deposit; 
(c) cohesive failure of the deposit. 

(a) Changes in wood'substrate: Under weathering conditions wood swells 
and shrinks in sympathy with atnospheric humidity changes and as a 
result of wetting by rainfall etc. Water repellent treatment slows 
down but does not prevent these processes. Ultimately the stresses 
brought about by these changes cause wood degradation manifested by end 
grain defibrillation (Voulgaridis, 1980) and checking, microchecking 
and splitting of longitudinal surfaces (Borgin and Corbett, 1973). 
it is likely that the microscopic effects associated with these 

macroscopic changes weaken or destroy the wood resin bond. 
(b) Wood-deposit adhesive failure: Adhesive failure of the wood-deposit 
bond has been explained by Borgin (1965; 1968) as a process of 
"preferential wetting". As a. result of water gaining access to the cell 
wall by way of flaws in the deposit or by slow molecular-diffusion 
through it, it is suggested that the weak Van der Waal wood-deposit bond 
is replaced by a stronger wood-water hydrogen bond (see Figure 1.7). 
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Figure 1.7 Stron 
* 
ger wood-water hydrogen bonding displaces weakly 

banded water repellent deposits fr= wood surface 

The reaction is thermodynamically favourable in that a solid surface 

of high surface free energy attempts to reduce this surface free 

energy by absorption of vapours and gases. By this process, it is 

suggested that water wets wood and physically displaces the water 

repellent coating from it (Borgin, 1968). It should be 

recognized, *however, that no experimental evidence has been offered to 

support this hypothesis. 

(c) Cohesive failure of the deposit: It is possible that shrinking 
and swelling stresses imposed on the deposit might bring about some 
cohesive failure due to fatiguing. It is known that paint coatings 
frequently fail by such processes. At the microscopic levels involved 
in internal cell coatings with water repellents it has not been 

established to what extent this type of failure does in fact occur 
(Fig. 1.8) 9 
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Figure 1.8 Preferential wetting due to film imperfections 

aggravated by shrinking and swelling stresses 

may lead to cohesive failure. 
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Figure 1.9 Thick deposit or deep penetration of water 
repellents in woods in practice, provide 
better protection 
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1.5.1.3 *Thd 'ef f edts 'of jistribution 'and* concentration 6f'water 

repellent on eir performance 
When a hydrophobic material penetrates into wood and coats or 

impregnates the cell walls to the extent that the capillary system is 

made hydrdphobic, water penetration will be restricted in the system 

(Borgin, 1965). Theoretically, a coherent monomolecular layer should 

be sufficient to bring about the effect. Provided the hydrophobic 

layer remains perfect, deep penetration of wood with the hydrophobic 

deposit should be unnecessary (Fig. 1.9). 

In practice, it has been found that deeper or complete impregnation 

leads to a more durable effect (Borgin, 1965). This is probably due 

to the fact that the deposit in immediate contact with a water source 

is gradually degraded due to the processes described above. Where 

deep impregnation is achieved, as this degraýation goes on, fresh 

undegraded deposit is exposed offering continued good protection. 

During impregnation of wood with solutions based on volatile'non- 

swelling solvents and subsequently during the evaporation of the solvent, 

complex intercellular distribution phenomena are likely to occur. 

It has been shown by Cockroft (1957) using solutions of creosote in 

petroleum. solvent that the deposit (creosote) tends to. concentrate 

towards the exposed surfaces after the solvett has evaporated. This 

effect, which is due to liquid phase capillary flow towards exposed 

surfaces induced by the solvent evaporation from the cut ends of the 

capillaries (rather like sap streaming in trees) must lead to uneven 

distribution. Hence it may be that even deposition over cell surfaces 

is not attained in practice. 

Working with water repellent treated Corsican pine I (Pinus nigra 

and European beech (Fagus sylvatica) sapwood specimens, Voulgaridis (1980) 

demonstrated a marked tendency for water repellent effectiveness to be 

greatest at the exposed (transverse) surfaces of his specimens than at 

distances a few centimetres from these surfaces. The effectiveness 

gradient was found to be much less marked in beech than in pine, 

illustrating the difficulty of drawing general inferences about the 

effect. 
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It was observed by Banks (1972) that the solution uptake by thin 

w afers (0.65mm. in the fibre direction) of Scots pinesapwood was not 

significantly affected by variation in water repellent concentration 

over the range 0.2-5% wax in a 10% resin solution. However, progressively 
better performance was obtained with the increase in wax concentration 

over this range. Purslow and Williams (1978) found that higher wax 
levels from 0.2% to 1% in a 10% (W/V) resin formulation provided improved 

water resistance in long term L-joint field trials. 
Using relatively long specimens Stalker (1972) observed that the 

piesence of resins and waxes in organic solvents reduce the penetration 
of the solution into the wood. All this evidence point to the 
importance of the concentration of the water repellents in penetration 
and performance in treated wood. 

Palejowski (1980) working with 10cm long beech specimens of 2x2cm. 

cross-section obtained about 50% reduction in water absorption compared 
to untreated controls after treatment with a 10% resin solution. 
Addition of wax in the formulation up to 2% cut the water uptake by 

total-of -75%., Further wax concentration up to 5% had little further 

effect on the water repellency. Artificial weathering decreased the 

water repellent effectiveness in all the specimens, but the general 
trend of better protection for the specimens treated with higher 

concentration formulations persisted even after exposure to cyclic 
wetting and drying over a period of 20 days. These results indicate 

that the protection afforded to wood by water repellent treatment 

may be strongly dependent on the distribution and concentration factors 
(Voulgaridis and Banks, 1979). 

1.5.2 Bonding fActors'dff6cting the performance of"water'repelldnts 
To assess the strength of the bond formed between wood and water 

repellent deposit, Voulgaridis (1980) measured the tensile strength of 
pine and beech specimens bonded with water repellent substances as the 

adhesive. The results obtained from this work indicated that. the addition 
of paraffin wax in the proportion normally used-in water repellent 
solutions to the. resins caused a marked decrease ( 70%) in the strength 
of bond between the deposit and wood. After 20 heating cycles (12 hours 
heating at250C followed by 24 hours cooling at room temperature in 

each cycle) the bond strength increased in the case of resin bonds by 

about 100% for the pine specimens and by about 200% in the case of beech 
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blocks. The strength of resin-wax bonds subjected to this treatment 
decreased slightly in the case of pine and very substantially with 
the beech blocks. Cyclic wetting (12 hours soaking at 25 0C followed 

by 12 hours air drying at 350C)for 5 cycles led to an average reduction 

of bond sirength with both pine and beech of 65-702. At the most 

extreme a few bonds in beech lost all their adhesive property as a 

result of this treatment. 
These results suggest that the weakness of the bond formed between 

wood and conventional water repellents may lead to easy detachment of 
the deposit from the cell wall during exposure to the weather. This 

might well contribute to the observed fall off in performance after 

exposure (Fig. 1.10). If the loss of effectiveness asi-&-ciated with 
the above effect is significant, the use of water * repellent substances, 

able to form stronger bonds (e. g. H-bands or covalent 
* 
bonds) with the 

cell wall, may lead to enhanced long term performance. 
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Figure 1.10 Water repellent deposits detached from cell wall form 

hydrophilic-hydrophobic interfaces 
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There is no record of a chemical treatment applied to wood with 

the main purpose of imparting water repellency. On the-other hand, a 

great deal of work is reported describing methods devised to impart 

dimensional stability. These treatments are generally based on"the 

reactions-of wood hydroxyl groups to form acetal or ester linkages 

(Meyer and Loos, 1969; Rowell, 1975). Dimensional stabilization maybe 

achieved by the following mechanisms: 
1) Cross-linking of hydroxyl groups on adjacent polymer chains, 

preventing sorption of water by the reacted sites, and limiting the 

amount of water sorption which can be accommodated by those remaining 

unreacted. 
2) Blocking of hydroxyl with, for example, ester groups which 

have a low potential to form hydrogen bonds with water. 
3) Introduction of bulky chemical groups into the cell wall 

which retain it in or near to its fully swollen state (Stamm, 1964). 

In the following sections two types of reactions are discussed 
by. which it is thought possible to produce hydrophobic wood surfaces. 
1.5.2.1 Reactions*with eýoxides 

Epoxides with the general structure R-CH-CH-R are a very reactive 
%of 

group of compounds. Through ring opening reactions they present two 
functional groups an adjacent carbon atoms. Opening of the ring and 
selective cleavage of the C-0 bond to the less substituted or more 
substituted carbon atom takes place according to the electrophilic or 
nucleophilic nature of the reagent system used (Kirk, 1973). The 

reaction may be represented as 

PH 
R-CH-CH X 

R-CH-CH 
\/2 

0 R7CH-CH 2 OH 

where 'X' is an electrophilic or nucleophilic group. 
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When an electrophilic (acidic) reagent is used (e. g. HBr) 

protonation of the epoxide oxygen leads to selective cleavage of the 

epoxide ring so that the bromine becomes attached to the more substituted 

carbon atom (II'below). With a nucleophilic (basic) reagent, such as 

methoxide-ion, MeO-, the less substituted carbon atom is attacked by 

methoxideasin Igiving the 1-methoxy 2-hydroxy compound: 

, ý- OH 

/0 
MeOH R-CH-CH 2 OMe 

R-CH-CH 2- 
= 

, _gr HBr H-CH 2 OH 

Several epoxides have been shown to react readily with wood. 
McMillin (1963) obtained cell wall bulking and dimensional stability by 

reacting wood with ethylene oxide in the gas phase. The simplest of 
epoxides, this monomer has a relatively high proportion of oxygen, a 
small molecule and an ether function which has relatively high hydrogen 
bonding capacity. All these factors tend to assist it to enter the 
am-rphous areas of the cellulose with comparative ease, causing 
significant swelling of the cell wall. 

It has been suggested that by the use of longer chain epoxides, 
e. g. propylene oxide, the rate of sorption might be decreased due to 
the hydrophobic character of the propyl chain (Schuerch, 1968). The 
lower ratio of oxygen to carbon in propylene oxide however, might 
inhibit its entry into the cell wall and it might act effectively as a 
hydrophobic coating, decreas. ing the rate, but not the amount of 
moisture absorption. Contrary to this theoretical idea, Rowell and his 

coworkers (Rowell, 1975; Rowell and Gutzmer, 1975; Rowell et alep 1976; 
Rowell, 1978) showed propylene and butylene oxide to penetrate the cell 
wall effectively. Butylene oxide, probably due to its larger molecular 
size and greater activation energy needs more vigorous reactioý 
conditions to achieve a rate of reaction comparable to that achieved with 
propylene oxide. 

Epoxides react with wood hydroxyl groups in the presence of a basic 
catalyst to yield an ether bonded compound but leaving an additional 
primary or secondary alcoholic group in the ether. bonded wood product: 



/0 
ROH + RI - CH - CH 

Wood - Epoxide Ether bonded product 

Ethylene oxide reacted with wood in the vapour phase with 

triethylamine catalyst yields various polymerized products (McMillins 

1963). The presence of abundant hydroxyl groups in wood is believed 

to give rise to chain transfer. The homopolymer chain formed by 

ethylene oxide probably proceeds thus: 

CH - CH 
(CH 

3) (-CH - CH -0 2/222 
XZ% 0 

Theoretically, this chain may be very long. But the chain transfer 

process breaks the molecules to shorter chain products with the 

formatiorf of alkoxide ions: 

- (0 - CH 2- CH 2 
)n -0- CH 2- CH 2- 0- + ROH 

Wo od 

- (0 - CH 2- CH 2 )n -0- CH 2- CH2OH + RO- 

This process keeps the molecular weight of the reaction products low 

(Schuerch, 1968). 

By using a bifunctional epoxide, e. g. butadiene diepoxide, 

. 
CH -CH-CH-CH , in addition to-the effects de. scribed, it is believed that ; ý2 /%/2 

00 
cross-linking between adjacent polymer chains may be induced, giving 

rise to improved dimensional stability for a given weight gain (Schuerch, 

1968). 

Dimensional stability is believed to result from a combination of 
reduction in hydrophilic property due to elimination of hydroxyl groups 

and "bulking" effect. McMillin (1963) believed that the advantage of 

gas phase reaction over liquid phase impregnation was that the polymers 
were produced on and within cell walls without filling the lumen and 

vessels. 
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R-0- CH - CH - R' 21 
OH 
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Treatmentwith epoxides has been shown to give anti-shrink 

efficiency (ASE) up to 82% depending on the weight gain brought about by 

the reactions (Liu and McMillin, 1965; Barnet'et'al., 1969). The 

optimal weight gain seems to be about 33%. Above this level of 
treatment cell wall rupturing can occur allowing the wall to swell 

above the green volume, leading to a decrease in ASE (Rowell and 
Gutzmer, 1975). 

(n. b. ASE - 
Swelling'Coefficieiit*coTitrol'--6 Swell. Coeff. *treated 

Swell. - Coeff. Control 

Equation 1.9 

The stabilization achieved by epoxide reactions has been shown to 
be resistant to the effects of prolonged exposure to water (Rowell, 

1978). Furthermore, and importantly, it has been established that 

the strength properties of the treated wood are unimpaired (McMillin, 

1963). 

1.5.2.2'. Sildnes as water repellents 
Many of the hydrides and alkyl substituted hydrides of silicon 

. 
(silicones) like those of carbon are known to e#ibit strong hydroptiobic 

properties. Only a limited amount of work has been done on the use of 
silicones, polyalkyl siloxanes and especially organochlorosilanes to 
impart water repellency to wood. With textile and other synthetic 
fibres, however, silicon based compounds have shown their potential as 
water repellents. Contact angles of 900 or higher were obtained with 
polymethyl or polydimethyl siloxanes. 

The commonly used water repellents are deposited on the wood cell 
lumens and held there by Van der Waal's forces. Chlorosilanes, on the 

other hand, are considered to be effective covalent cross-linking agents 
for fibres having nucleophilic groups. Multifunctional silanes may 
react to form inter or intrw-molecularly cross-linked products (Varma. and 
Bandyopadhyay, 1975). The replacement of active hydrogen atoms in 

organic compounds by the silyl group reduces the polarity of the compound 

and with it the likelihood of hydrogen bond formation with moisture 
(Stevens, 1981). Chlorosilane vapours have been shown to impart good 

water repellency in treated cotton, nylon and polyvinyl alcohol fibres 

(Gagliardi, 1966; Varm. A et'al., 19733; 1973b,. Varma and Bandyopadhyay, 

1975). 
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When silicon tetrachloride (SiCl 4) is reacted with wood, chemical 

modification takes place and the decay resistance of the treated wood 
is increased (Owenset al., 1980). Silanes (e. g. dimethyl dichlorosilane) 

may react with the hydroxyl groups of the wood components chemically to 
form coval: ent bonds. The silyleellulose produced is much less polar 

and less able to form hydrogen bonds with water than is the original 

un- dified cellulose (Marian, 1973). 

SILANE 
n-', �, R 

ct--�, 
s i. 

--- c1 

. OH OH OH OH 

woco 

R\-, 
si 

/R R, ý, si 
R 

+4HCI 

0000 

SILANATED WOOD 

Methyl groups in silanated wood point away from reacted 
wood surface 

SiLmes may form silanols with the water present in wood, which 
in turn may polymerize to siloxanes. Wood surfaces coated with 
siloxane polymers may account for some of the water repellent 
properties in silanated wood (Rochow, 1951; Robbart, 1957): 

(CH 3)2 sici 2+ 2H 20- (CH 3)2 Si(OH) 2+ 2HCI 
DHDCS Silanol 

3 (CH 3)2 Si (OH) 
2 

CH 'CH3 n Q 
si 

00 
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H3C I\0 /'CH3 
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CH CH CH 
131313 

HO-Si-O-Si-O-Si-OH 
III 
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Siloxane polymer (linear trimer) 

CH3 ýH3 
I CH3-Si-O-Si-C H3 

4(CH3)2Si (OH) II 
2 -, ý" 99 

CH3-Si -0-Si-CH3 
I. I 
CH3 CH3 

CYCLIC TETRAMAR 
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-Schuyten et al. (1948) obtained uD to three silyl groups attached 

to each gl ucopyranose ring by reacting trimethyl-chlorasilane with wood: 

CH20 H0 CH20S'ýC`93 )3 

3CH 3) 3S*l C1+H0 ----too 
H0n O-l 

SILANE 
OýC 

H3)3 sio 0 S' (CýY 3 GLUCOSE RESI. DUE 
SIM CELLULOSE 

The HCI formed as byproduct is believed to lead to significant hydrolytic 

degrade of the wood during the reaction. To try to overcome this effect 

several workers have suggested. using acid acceptors in the reaction 

mixture, to neutralize the acid as it is formed (Pierce, 1968; Stevens, 

1981). 

Many chlorosubstituted silaaes, e. g. CH 3S'C'31 CH 3S'HC'21 (C"3)2S'C'2 

and even quite'long chain homologues, such as v-doder7l trichlorosilane, 
CH 3- (CH 2)11 Sicl 3 have been shown to react readily with wood. 

1.6 Evaluation of water repellency'and dimensional stability 
Water repellents retard the rate of penetration of water in wood, 

but do not check the ultimate amount of water adsorbed (Borgin, 1965). 

All methods, therefore, for evaluating the efficiency of water repellents 
are based on the rate of water absorption by or rate of swelling of 
the treated wood specimens. Ideall7, field tests using large specimens 

are desirable to give a sound evaluation of water repellency. However, 

results of such tests differ from one exposure site to another, due to 

variation in climatic conditions. Partly as a result of this problem, 
laboratory tests using'various types of specimen have been developed 

over the years in various countries. 
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Many workers have used rather small specimens in such laboratory 

tests (Borgin, 1961). For example, Oliver (1963) described a test 

method using spedimens of dimensions 2.5 x 2*. 5 x 0.6cm. Since then, 

several workers have used specimens of approximately similar dimensions 

quite sati. sfactorily (Banks, 1970c3sBorgin and Corbett, 1971; 1974; 

Voulgaridis, 1980). 

Laboratory test methods with small specimens are mostly based on 

the comparison of the degree of swelling in the tangential direction 

or water absorption of treated and untreated controls during immersion 

in water for a defined period (usually 30 minutes). Water repellent 

efficiency (WRE) is calculated as the reduction in swelling or water 

uptake achieved in treated specimens, expressed as a percentage of the 

untreated control value, i. e. 

WRE W=Sx 100 Equation 1.10 
0 

when S and St are swelling or water uptake in the control and treated 0 
specimens respectively. 

A rather different method of expressing water repellency has been 

suggested by Banks (1971'a; 1973). This is based on the idea of 

estimating the time taken to achieve a defined proportion of the 

maximum change in dimension brought about by water sorption. The 

benefit-of this form of expression is that it is functionally related 
to the diffusion coefficient. See, for example, the Boltzmann form 

of Fick's general diffusion law: 

D- IrL 
2 

Aa 
2 

Equation 1.11 16t 

where D- Diffusion coefficient; 
L- Specimen length in flow direction; 

. Aa - Increase in tangential length in time It' 

(as a fraction of maximum length increase), 

i. e. It', the time taken to achieve fractional dimensional increase &a 

varies inversely with diffusion coefficient: d 

Measurement of contact angles of water repellent treated wood 

specimens has also been widely used as a method of assessing water 

repellency (Borgin, 1961; Gray and Wheeler, 1959; Marian and Stumbo, 1962; 

Rak, 1975). Various methods are in use for measuring contact angle. 
Tilting plate and. sessile drop methods have been found to be satisfactory 
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for wood specimens (Rak, 1975; Gray and Wheeler, 1959; Voulgaridis, 

1980). Electrical resistance measurement (which is related to 

moisture content) has also been used as an alternative to water 

absorption or swelling measurement (Vermass, 1976). 

In bonded water repellent treatment of wood the hydrogen atom 

of the wood OH-group is generally replaced by a larger group from 

the treating chemical (see Sect. 1.5.2.1 and 1.5.2.2). As a result, 

there is usually a substantial gain in weight in the*treated wood. 
The weight percent gain (WPG), in most cases, gives a rough idea of 

the extent of chemical modification achieved by the treatment. 

The dimensional stability attained by such treatments is evaluated 

as anti-shrink efficiency (ASE), the percentage reduction in 

equilibrium swelling and shrinking caused by.. the treatment (Stamm, 

1964). 

To calculate ASE, the volumetric swelling coefficient of the 

control and treated specimens are calculated as, 
v 2-Vi 

vx 
100 Equation 1.12 

1 

where V2 and V1 are saturated and dry volume respectively. 
s -S 

ASE ox 100 
s 

0 

where S and S are volumetric swelling coefficients of the control 0. t 
and treated specimens respectively (Equation 1.9; sec. 1.5.2.1). 

ASE values are usually cited in relation to particular weight gains 

achieved in the treatments. 
1.7 Scope of the present work 

A lot of work has been reported on the methods of application and 

evaluation of water repellents either in isolation or in conjunction 

with wood preservatives. The mechanism of the performance of the 

water repellents in treated wood and their breakdown by physical 

factors point to several areas'Wh6re there is inadequate knowledge to 

allow a full understanding of water repellent performance. 

The objective of the present work is to investigate the pattern of 

distribution, interelationship of distribution and concentration and 

effects of concentration and distribution factors on the performance 

of water repellents in wood. Furthermore, investigations are carried 
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out into the influence of these factors on the rate of loss of 
effectiveness of water repellents in wood due to effects of simulated 
weathering factors (moisture and heat). 

Finally, an attempt is made to assess the benefit of inducing 

covalent'bonding between wood and water repellent to improve long 

term effectiveness. 
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PART 2 

WATER REPELLENT CONCENTRATION AFFECTING THE PERFOPUMANCE 

OF TREATED WOOD 

2.1 Objectives 

In the water repellent solutions used to treat the wood specimens 

in the experiments described below, a paraffin wax has been used 

as the hydrophobic agent and a straight chain hydrocarbon resin as 

the dispersing medium. From tL integrated form of Rideal-Washburn's 

'equation (Morgan and Purslow, 1973; Voulgaridis, 1980), regarding 

penetration of fluids in a capillary medium, it is clear that the 

amount of solution absorbed must be dependent upon the nature of the 

wood substrate and the treating solution and the time they remain in 

mutual contact. As solution penetration is dependent upon the 

capillary radius, it ýs likely to vary from species to species 

depending on the characteristics of their fluid flow paths. Hence 

this study is based upon the use of two different wood species 
(a hardwood and a softwood), having different types of conducting 

pathway. 
It is known that wax deposits in wood cel. 1s make them resistant 

to water penetration by increasing the contact angle made by water 
0 

with the treated wood to more than 90 . The resin is also believed 

to be very important in dispersing and binding the wax component 

more securely to the wood substrate. It is also thought that 

resin may itself contribute to protection againstwater sorption by 

forming a mechanical barrier to water penetration. In addition 

to the above variables, concentration of resin and wax was varied 

to examine the effect of differences in retention of each of these 

components. 

The responses of these variously treated wood specimens under 

weathering conditims are of utmost importance in the practical 

application of water repellents. Investigations were carried out, 

therefore, on the behaviour of the two components at various 

concentrations exposed for varying periods of simulated weathering. 
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2.2 Water repellent effectiveness in long specimens 
2.2.1 Preparation of wood specimens and treating solutions 
2.2.1.1 Selection of wood 

There is a-great variation in the permeability of various 

species both in softwoods and in hardwoods. Keeping this in mind, 
it was decided to select two rather permeable species, Corsican pine 
(Pinus nigra) and European beech (Fagus sylvatica in order to 

achieve a treated zone extending over a reasonable distance. 

Because of its higher permeabilitysapwood from both the species 

was chosen in preference to heartwood. Variation in ring width and 

consequent variation in the proportion of earlywood and latewood 

affect permeability, sorption and swelling characteristics of wood. 

This variation between different pieces of wood may significantly 

influence theý Water repellent properties of treated specimens 
(Purslow, 1965). To minimise this effect, specimens were selected 

from stems with no less than 4 and no more than 7 growth rings per 

cm (Figure 2.1a). All specimens were taken from clear, straight-grained 

and defect-free zones of wood. Some of the relevant wood properties 

of the two species are summarised in Table 2.1 (Voulgaridis, 1980; 

Farmer, 1972). 

Table 2.1 Some physical-properties of Corsican pine and 
European beech wood 

Property Corsican pine European beech 

Anatomy Softwood with Diffuse porous hardwood 
resin canals 

Permeability Sapwood permeable Axially permeable 
Dimensional Tangential 7.5% Tangential 12% 
swelling (0%-FSP) Radial 4.0% Radial 6% 

Density (Kg/m 3) 500 720 



Figure 2.1a. Specimens showing clear wood and straight grain. 
4 to 7 growth rings per cm. 

(D 
rr t2 j) ýrI 

wafers from off-cuts. 
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2.2.1.2 Cutting of specimens 
Specimens of both Corsican pine and European beech were taken 

from single logs for a particular experiment. Sticks 20cm long and 
2x2cm in cross-section were produced from defect-free wood. The sticks 

were orientated in such a way that two parallel lateral faces were 
tangential and the other two radial to the longitudinal stem axis. 
The sticks were then trimmed at either end to give 15cm long 

specimens. From the trimmings 6mm. thick, transverse sections were 

taken from either end as control specimens (Figure 2.1b). These were 
inonitored for maximum swelling and the data obtained were used as the 

basis for estimation of the time to half or quarter swell of treated 

specimens. The wafer specimens from off-cuts as well as the long 
0 specimens were equilibrated at 20 C and 65% RH before further 

manipulation. 
2.2.1.3 Treating solutions 

It is thought that resins play a prominent role in water 

repellent formulation by forming a coherent and strongly bonded coating 

on the wood surfaces, whilst waxes give a strong hydrophobic actýon 
(Voulgaridis and Banks, 1979). A straight chain hydrocarbon (SCH) 

resin* showing good film-forming and water-repellent properties 
(Voulgaridis, 1980) has been used alone or in conjunction with a 
low congealing temperature paraffin wax in this work. White spirit 

was used as the solvent. This is a complex mixture of petroleum 
hydrocarbons. Some of the relevant properties of the solvent, 

resin and wax obtained from technical literature are listed below. 
(see Table 2.2). 

The equilibrium contact angles as cited in Table 2.2 were 

measured using thin films of resir; wax and resin-wax mixture deposited 

onto glass microscope slides. The measurements were made at 20 0C 

by the sessile drop method (Gray and Wheeler, 1959'; Rak, 1975). For 

each deposit, contact angle measurements were made with 20 separate 
drops. 

The straight chain hydrocarbon resin used throughout is Escorez 1102 
produced by the ESSO Company. 
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Table 2.2 Properties of the chemicals forming treating solutions 

SCH Resin Paraffin wax White spirit 

Softening pt. Melting pt. 49 0C Boiling range 150-198 0C 

(Ring & Ball) 
0 Congealing 10% Vol. 100 C 

pt. 
0 49 C distilled at 

0 163 C 
Specific Initial 50% Vol. gravity 0.97 Contact distilled at 170 0C 

Bromine no. Angle 108 0C 
90% Vol. (Cg/g) 15 Wax 10% distilled at 184 0C 

Acid No. + resirr-1-M-% 
(Mg KOH Contact Dry point 

0 196 C 
/g) <1.0 Angle with Vapour density >1.0 

Flash pt. 0 water 0 103 C Sp. gravity at (coc) 285 C 200C 0.772 

Contact 
angl, e viscosity 0.88 
(with 

0 
water) 86 C Aromatic 18% 

content 

Flash pt. 38 0C 
(Abel closed 

cup) 

Evaporation 
rate (n-ýutyl 0.19 
acetate 

Solutions of the resin and-resin-wax in white spirit were 

prepared, gentle heat being applied to aid solution. The solutions 

were then cooled to 20 0C and maintained at that temperature. 
11 formulations as given below were used in this study. 

1.10% solution of resin (R 
10) 

2.11% solution of resin (R 
11) 

3.12% solution of resin (R 
12) 

4.15% solution of resin (R 
15 

) 

5.20% solution of resin (R 
20) 

6.10% resin-+ 1% wax (R 
10 W1 

7.10% resin + 2% wax (R 
10 W2 
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8.10% resin + 5% wax (R 
10 W5) 

9.10% resin + 10% wax (R 
10 

W 
10) 

10.11% resin + 1% wax (R 
11 W1 

11. . 18% resin + 2% wax (R 
18 W2 

2.2.2 Treatment of wood specimens with water repellent solutions 

There is a very large difference in liquid permeability in the 

radial and tangential directions between pine and beech wood. 

To monitor the ef f ect of f actors brought about by this dif f erence, 

'therefore, only longitudinal penetration of water repellent solutions 

was permitted. This was effected by sealing all the lateral faces and 

one transverse face of the long specimens with a styrene resin 
(ABS solvent cement). Three coats of the cement were found to prevent 

any liquid penetration through the coating. After curing of the 

styrene resin the specimens were again equilibrited at 65% RH and 

20 0C before water repellent treatment. 

All surfaces excepting one transverse Eace remaining sealed the 

specimens were vacuum impregnated using an initial vacuum of 200 mm 

of Hg. After application of the initial vacuum, the specimens were 
immersed in the treating solution and pressure was allowed to return 

to atmospheric. The specimens were held in this condition for 

3, minutes. The solution was then drained and the specimens wiped 

clean of superficial liquid. They were then weighed to assess the 

solution absorption. The specimens were then stored in a 

ventilated room at 65% RH and 20 0C for 15 days to allow partial 

evaporation of solvents to occur. Initial experiments revealed 

that complete solvent evaporation under this condition takes an 
inordinately long time. To save time after partial evaporation the 

specimens were kept for 12 hours at 350C in a force draft oven and 

then equilibrated at 65% RH and 20OC-for the next 12 hours for 15 

consecutive days. Thereafter they were equilibrated at 65% RH and 
20 0C until constant weiaht was attained. 
2.2.2.1 Water repellentuptake- data 

Water repellent absorption-data are shown in Table 2.3. Beech, 

in general, can be-seen to absorb more solution than pine with 
both resin and resin-wax formulations. Solution absorption varies 
little in beech with variation in concentration. Hence there is a 
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marked increase in solids retention with increase in coticentration. 
Table 2.3 Water repellent absorption in Corsican pine and 

European beech after 3 minutes vacuum treatment 

Water repellent PINE (12 replicates) BEECH (12 replicates) 

formulation 
Solut. abs. Calc. Solut. abs. Calc. solids 
per stick solids per stick content, gms. 

%± stand. content ± stand. 
dev. gms. gms. -dev. gms. 

Resin 10 4.20(0.28) 0.42 5.30(0.51) 0.53 

Resin 11 4.10(0.37) 0.45 5.29(0.58) 0.58 

Resin 12 3.93(0.42) 0.47 5.22(0.33) 0.63 

Resin 15 3.82(0.49) 0.57 5.10(0.41) 0.77 

Resin 20 3.67(0.38) 0.73 5.06(0.54) 1.12 

Resin 10 + 3.23(0.46) 0.36 4.62(0.71) 0.51 
Wax I 

Resin 10 + 3.14(0.38) 0.38 4.51(0.68) 0.54 
Wax 2 

Resin 10 + 2.65(0.62) 0.40 4.27(0.64) 0.64 
Wax 5 

Re. sin 10 + 2.57(0.48) 0.51 4.04(0.58) 0.81 
Wax 10 

Resin 11 + 3.48(0.47) 0.42 4.87(0.51) 0.58 
Wax I 

Resin 18 + 3.12(0.46) 0.62 5.04(0.62) 1.01 
Wax 2 

In pine, solution absorption pan be seen to decrease slightly with 

increase in cpncentration of resin and resin/wax solutions. 

It is noticeable that the incorporation of wax decreases absorption 

more than equivalent amounts of resin. Presumably there are 

viscosity effects, more significýnt in pine because of the finer 

pores involved in fluid transport. However, even with pine, for 

each series (resin only or resin-wax) solids retention increased 

systematically with increasing concentration. 



-45- 

-if- 

3 

2 

2 

%0 ON 
0 
P 

C) 
L41 

SOAK TTME, HRS. 
20 

16 

12 

CD 

0- 

s 

ZA 

0 

Figure 2.2 Water absorption by pine and beech untreated control long specimens 
(coated on all but one transverse face) after 0,5,10 and 20 
weathering cycles (9 replicates). 

SOAK TIME, MIN. 



-46- 

2.2.3 Simulated weathering procedure with long specimens 
Corsican pine and European beech specimens were subjected 

to 0,5,10 and 20 soaking and drying cycles. Each cycle consisted 

of 12 hours of immersion under 8 to 13cm of mildly agitating 
deionized water at 250C followed by drying for the same period at 
35 0C in a force draft oven. After subjecting them to the required 

number of cycles the specimens were dried for a week at 350C and 
then equilibrated to constant weight at 20 0C and 65% RH. 

2.2.4 Assessment of water repellency of whole specimens 
The equilibrated (at 20 0C and 65% RH) control and treated specimens 

were evaluated for water repellent effectiveness by measuring the 

rate of water uptake during immersion in water. The specimens were 

submerged under approximately 10cm. of mildly circulating deionized 

water in a water bath maintained at 250C. The specimens were removed 
from the water bath at intervals of 1,3,5,10 and 15 minutes and 

thereafter every 15 minutes for the first 2 hours. They were wiped 

clean'of surface water and quickly weighed before being replaced 
in the bath. The whole process was carried out with only a few 

specimens at a time to ensure a minimum possible time lapse between 

soaking periods. At the end of the 2 hour period the specimens were 

allowed to soak in the water bath for a further period of 10 hours 

giving a total soak time of 12 hours. Water absorption was measured 
finally after this period. 
2.2.4.1 Water absorption by untreated control specimens 

The rate of uptake of water by both pine and beech control 

specimens are detailed in Appendix I, Table I and Figure 2.2. 

About 13% water was absorbed by beech specimens in 12 hours soaking 

when all but one transverse face was sealed. About double this 

amount was absorbed by pine in a similar time. (In the absence of 

sealant, water sorption would be considerably greater due to significant 

absorption through the other transverse face and the lateral faces). 

It was observed during the first few cycles that checks 
developed in the ends of the specimens. This is probably due to 

stresses developed during the periods of alternate wetting and drying. 
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A large increase in the rate and total water absorption after 

12 hours of so4king was observed to take place over this period. 

Thereafter, further observable wood degrade is substantially 
decreased, effectively diminishing any further increase in water 

absorpti7on rate with continued cycling. 
2.2.4.2 Water absorption data for treated long sticks 
2.2.4.2.1 Water absorption by Corsican pine specimens 

The rate of water absorption by Corsican pine specimens 

treated with various concentrations of resin and resin-wax solutions, 

after cyclic soaking and drying for 0,5,10 and 20 cycles is shown 
in Figures 2.3 and 2.4. The full data are given in Appendix I, 

Table 2A-D. Both resin and resin-wax solutions seem to provide water 

repellency in pine to a level which varies with the amount of solids 

present in the treated wood. However, the data suggest strongly 

that the degree of hydrophobicity of the solid deposit also - 
significantly affects the level of protection afforded. It is clear 
from 'the results that by increasing the resin concentration from 

10% successively to 11,12,15 or 20% some additional resistance to 

water sorption is imparted. However the improvement achieved 

cannot match the far superior water repellency obtained by the 

addition-of even 1% wax. In fact, the solution containing 10% 

resin + 1% wax (R 
10 WI) gives much better water repellency before 

cycling than even the 20% resin solution (R 
20 

). Resin solution is 

thought to provide water resistance in pine specimens by depositing 

a coating of resin onto the walls of tracheid lumina including the 

bordered pit areas. Communication between adjacent tracheids 

being through the pit pore openings in unaspirated pits, mass flow 

of water will depend on the openings between margo, strands and the 

efficiency with which these openings can be blocked by the 

deposited resin. The rather widely set margo strands in pine 

probably do not allow the formation of a coherent coating film with 

the 10% resin solution (Voulgaridis, 1980). With progressive increase 

in resin content the chances of formation of a more coherent coating 
increase. However, even at 20% concentration it seems that the pore. s 

are sufficiently open to allow significant water flow. 
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The addition of 1% wax to-a 10% resin solution appreciably 

increases the water proofing effect in pine. With increasing wax 

loading the rate of moisture absorption is considerably reduced. 

To check*further the effect of resin and wax proportions on water 

repellency, sets of specimens of pine and beech were treated with 11% 

resin plus 1% wax (R 
11 

W1) and 18% resin plus 2% wax (R 
18 

W2). 

Water soak tests on these specimens before cycling indicate clearly 

that proportion of wax in a formulation plays a much more dominant 

. role than the resin component (Table 2.4). In the presence of wax 

the contact angle of water on the deposits exceeds 90 0. making water 

entry into the openings difficult. This hydrophobic action of wax, 

rather than the formation of better coating due to increased solids 

content is suppop. ed to be responsible for much better water repellency 

obtained. 

In practice, it is found that formulations containing high wax 

concentrations give rise to painting problems in treated wood. 

If water repellent efficiencies approaching, say, those of 10% resin 

+ 2% wax and 10% resin + 10% wax could be achieved by the application 

of 11% resin + 1% wax and 18% resin + 2% wax respectively, then these 

overpainting problems might be substantially avoided. The results 

obtained in the probing tests with pine indicate that 11% resin + 1% 

wax and 18% resin + 2% wax perform similarly to 10% resin + 1% wax 

and 10% resin + 2% wax respectively rather than 10% resin + 2% wax 

and 10% resin + 10% wax as anticipated (Table 2.4). Further 

experimentation, thus, with these two formulations were discontinued. 

After cyclic soaking and drying, the specimens treated with 

resin only solution showed a greater loss of effectiveness than 

those treated with resin-wax solutions. The observed increase in 

water uptake after 12 hours soaking appeared to be greater in specimens 

treated with solutions of lower concentration than in those treated 

with more concentrated ones both in the case of resin and resin-wax 

formulations. Rather modest but progressively increasing water 

repellency was obtained with the increase in treating solution 

concentration from 10% resin to 20% resin. Similarly, increase in 

water repellency was shown by specimens treated with the resin-wax 

solutions of increasing wax loading over the range of wax concentrations 



-51- 

from 1 to 10%. It seems that initial cycling has the most detrimental 

effect on the water repellency of pine specimens. The greatest 

relative decrease in water repellency occurs during the first five 

cycles. - Thereafter, on cycling for 10 or 20 cycles, very little 

further Increase in water absorption can be seen. In some cases, 

a small but definite improvement in water repellency has been recorded. 

Table 2.4 Water repellency in Corsican pine as affected by wax 
loading and total solids content'in formulations 

(3 replicates). 

For=- 
lation 

Soaking 

5 

time (min) and water absorption 
weight'at, 65% RH and 200C) 

ý10 
15 30 

. 
60... 90 

... 

of eq4ilibrated 

120 720 

R lei 0.14 0.18 0.24 0.32 0.52 0.78 0.96 3.11 

R 11 W1 0.15 0.20 0.25 0.34 0.50 0.75 1.01 3.10 

R le2 
. 0.13 0.16 0.18 0.26 0.48 0.71 

. 
0.84 2.81 

R le2 
0.10 0.15 0.19 0.29 0.49 0.70 0.81 2.62 

R lelo 
0.02 0.04 0.05 0.08 0.20 0.28 0.36 1.51 

This seems inconsistent with the normal behaviour. of wood (see control 
data, Fig. 2.2). However, similar results have also been observed 
by other workers (Voulgaridis, 1980; Palejowski, 1980). The phenomenon 
has been ascribed to the between-specimen variability exhibited 
by ttie separate groups of specimens which had of necessity to be 

used in the reported experiments. The same explanation may also 
hold good in this case. However, there may be systematic reasons 
for these observed phenomena. 

The formation of end checks and splits in wood due to drying 

stresses is an established occuzrence. - Cyclic soaking and drying is 

almost certain to set up this type of stress in the long specimens 
used in this work. In fact, end checks have been clearly observed 
with. cycled control specimens (see Section 2.2.4.1). Similar checks 
and microchecks have been observed with treated specimens to a much 
smaller extent. It is suggested that this degrade in woo d exposes 
untreated areas facilitating increased water entry. Further, this 
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movement in wood may weaken the wood-resin bond and dislodge some of 

the coating films causing increased water entry. Once dislodgedf 

it is extremely unlikely that re-deposition in the original locations 

will occur. In addition to cohesive failure, preferential wetting 
due to the stronger hydrogen bond forming affinity of wood for water 

than for resin or resin-wax is likely to contribute to coating 

breakdown. In the absence of wood degrade the action of water on 

watgr repellents in treated wood would probably not be so devastating. 

-Weakening of the wood-resin bond and cohesive failure would be 

expected to occur much more slowly and the general deleterious 

effect on water repellent performance would probably be minimal 

except over longer periods of exposure. 

On further cycling to 10 Or 20 cycles few further water entry 

routes are opened up by the formation of more checks or cracks 
(see Section 2.2.4.1). This probably accounts for the observation 

that further exposure beyond five cycles leads to little further 

loss of performance. However, usually a small improvement 
' 
in water 

repellency was observed on cycling between 5 and 10 cycles and 

again further impr 
' 
ovement between 10 and 20 cycles. This is contrary 

to the findings with control specimens. 

The following explanations are put forward to acýount for the 

apparent anomaly observed: 
i) Different groups of specimens had to be taken for various 

extent of cycling. Specimen variation may account for 

some increase in water repellency. 
ii) Heating for 12 hours every day might strengthen the 

weakened wood-water-repellent bonds by softening the 

deposit and allowing slight re-distribution and re-loading 

to occur. 
iii) Removal of last traces of carrier solvent from treated 

wood on extended heating may improve water repellency 
by leading to some increase in the value of the contact 

angle. 
iv) There is. a possibility of the formation of some furfur- 

aldehyde by the breakdown of hemicelluloses on extended 
heating for long periods even at a modest temperature. 
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If it occurs, this may give rise to a degree of 

cross-linking and an accompanying reduction in water 

sorption. (Stamm, 1964; Shafizadeh and Chin, 1977). 

Voulgaridis (1980) has reported that wetting weakened and 

heating persistently strengthened the wood resin bond in treated wood. 

He attributed the strengthening effect to fusion of the deposit with 

loss of final traces of retained solvent and formation of stronger 

deposit-cell-wall bonds on cooling. This seems to be reasonable, 

. especially in the case of the resin-wax treated specimens, considering 

the low melting point of the wax used (490C). The melting point of 

all organic substances is reduced on contamination. It is likely 

that resin-wax mixtures will melt or congeal over a range of 

temperature depending on the relative proportions of resin: wax 

and upon the presence of small quantities of entrapped carrier solvent. 

The oven temperature used during drying was 35 t2 0 C. Under the 

circumstances the possibility of some re-distribution or rebonding of 

water repellents on heating cannot be excluded. 

Voulgaridis (1980) has demonstrated that traces of Shellsol 

solvent persist in the resin "glueline" of shear test blocks, 

prepared using water repellent deposits as the adhesive, even after 

prolonged exposure to heat. Steiner and Manville (1978) fodnd that 

traces of toluene solvent was present in the glueline of some 

elastomeric construction adhesives even after 130 days of curing by 

evaporation. Even a highly volatile solvent (hexane) took 10 days 

to evaporate from the glueline. Cockroft (1957) found benzene, 

toluene and xylene solvents to take 14 months and 5 to over 12 months 

to evaporate completely from uncoated European beech and Scots pine 

specimens respectively. Petroleum distillate or toluene has been 

shown to take a considerable time (several weeks) to evaporate 

completely from free surfaces of water repellent solutions (Carragher, 

1980). In one of the experiments carried out during this study 
(concerning the contact angle of treated surfaces) it was found that 

water repellent treated Corsican pine and European beech long 

specimens, equilibrated to virtual constant weight at 20 0C 
and 65% 

RH, carried a slight odour of white spirit carrier solvent on cutting 

up after natural weathering for a year. 
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Thus it seems that absolute removal of organic solvents from 

water repellent treated large specimens may take an inordinately 

long time. It seems possible, therefore, that final small traces of 

solvent pay continue to be depleted over very long exposure periods. 

It is known that maximum contact angle is not fully developed until 

all solvent is lost and the work of Voulgaridis cited above suggests 

that the wood/deposit bond may not attain its full strength until 

removal of final traces of solvent. These factors may explain the 

observed slight improvement in performance observed on exposure from 

5 to about 20 soak dry cycles. This fact, however, brings into 

focus another point which may be far mote important. 

If it is assumed that traces of solvents are retained in long 

wood specimens even-after careful evaporation and equilibration, 

then the effect of their final removal during weathering is likely 

to be of lesser importance than their possible role in improvement of 

water. repellency before removal. It has already been mentioned that 

heating improves the wood resin bond.. The weakened wood-resin bond 

brought about by cyclical wetting and heating *for 5 cycles is likely to get 

a considerable boost for rebonding if the retained solvent dissolves 

some of the dislodged resin and redistributes it in depleted areas. 

Water repellency will thus improve before the retained solvent is 

finally removed. It is likely that the amount of solvent retained 

will increase with the concentration of the treating solution, since 

more solids will be available to encapsulate the liquid. Furthermore, 

the rate of solvent loss is likely to decrease with increase in the 

depth of solution penetration into wood due simply to the associated 
increase in diffusion path length and tortuosity. 

Hemicellulose, the most hygroscopic component of wood is severely 

degraded by heat to forni furfuraldehyde, which may subsequently 

polymerize to form water insoluble polymers leading to reduction in 

the hygroscopicity and swelling of wood. This thermal decomposition 

takes place rapidly at 2250-325 0C (Shafizadeh and Chin, 1977). 

However, thermal decomposition may occur slowly at temperatures below 

100 0C (Stamm, 1964). Heating for extended periods at 35 0C as in the 

cyclic soak-dry exposure applied in this work may lead to slight 
breakdown of this type. It seems unlikely, however, that it could reach 
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Figure 2.5 Rates of water absorption of heat treated control pine long 
specimens after 0,5,10 and 20 cycles. a=2 hours soak; 
b= 12 hours soak (4 replicates). 
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FiRime 2.7 Water absorption after 12 hours soak by beech lone specirens 
after 0,5,10 and 20 cycles (3 replicates). Subscripts after 
R and W indicate percentage of resin and wax. 
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significant levels under these very mild conditions. 

To check on this point, a set of 15cm long, 2x2cm cross-sectional 

specimens coated on all sides but one transverse face was cycled 

for 0.5-, 10 and 20 cycles of simulated weathering and then heated 

for a ftirther 7 days at 350C. The specimens were then equilibrated 

to constant we. ight at 65% RH and 20 0C and subjected to heating for 

15 consecutive days at 35 0 C. After re-equilibrating them as described 

above their rate of water absorption over 12 hours of water soaking 

at 25 0C were measured. The rate and magnitude of water absorption 

(Figure 2.5 and Appendix I, Table 3) is very similar to that of 

otherwise similarly manipulated specimens, not exposed to the final 

prolonged heating for 15 days (Fig. 2.2, App. 1, Table 1). This 

probably means that even on prolonged heating at 35 0C 
no significant 

pyrolytic breakdown of wood component takes place. 

2.2.4.2.2 Water absorption by European beech long specimens 

Treatment with-various concentrations of both resin and resin-wax 

solutions led to much slower water sorption in beech than in 

similarly treated pine specimens. This may be attributed, in part 

at least, to the greater natural resistance to water-uptake of 

beech wood than pine (Figure 2.2) due most probably to differences 

in the flow system in the two species. The various concentrations 

of resin solution, 10,11,12,15 and 20% imparted progressively 

more initial water repellency. The increase observed was very small 

and slightly less than in the case of pine (Figure 2.6 and 2.7; 

Appendix I, Table 2E-H). 

Addition of wax to the treating solutions led to improvement 

in performance beyond that achieved with the highest (20%) resin 

alone concentration. This indicates that in beech, as in pine, 

hydrophobic as well as coating qualities are desirable to achieve 

optimal performance from. water repellent treatments. However, in 

contrast to pine, with beech, increase in wax concentrations beyond 

1 or 2% gave little further improvement in initial water repellency. 
_ 

It seems likely that this difference in initial performance 

between pine and beech is associated with anatomical differences 

between the two species. In pine, initial penetration throughout 

the structure is likely to involve mass flow pathways where hydrophobic 



-59- 

action is of great importance'. In beech, however, whilst initial 

penetration into the vessels is certain to involve mass flow processes, 
fibre penetration from the vessels is by way of hardwood pits with 

very fine membranes (Cote', 1963; Rudman, 1965) or by direct cell wall 

penetration. In either case, flow is likely to involve a diffusion 

mechanism and any protection against such flow requires a coherent 

coating rather than a hydrophobic action. Thus in beech, initial 

protection probably involves a truly water repellent effect slowing 

down water entry into vessels. It seems that 1-2% wax loading is 

sufficient to achieve this. Thereafter, further protection against 

fibre penetration probably depends upon an effective coherent. 

coating over vessel lumen surfaces. The quality d-f this coating 

is likely to be improved by an increase in solids concentration 

irrespective of the degree of hydrophobicity. 

Exposure. to simulated weathering leads to very marked wood 

degrýde in the dimensionally unstable beech. As a result, the resin 

treated beech wood, showing considerable water resistance before 

cycling, lost a great deal of water repellency after exposure to 5 

soak-dry cycles. Physical degrade in the resin-wax treated specimens 

was observed to be not as extensive as with specimens treated with 

resin only solution. Decrease in water repellency was consequently 

less marked. This is in line with the mode of protection suggested 

above. Once checks occur, creating alternative water penetration 

pathways to the natural vessel system, internal wood surfaces not 

coated with any deposit are exposed to liquid water, and diffusion 

can occur from these areas into surrounding tissue. Wh ere hydrophobic 

protection is afforded, swelling and shrinking stresses are likely 

to be reduced and the structure remains more intact so that the 

secondary diffusion routes continue to be limited to those associated 

with vessels, where protection by the coating effect is afforded. 
Both types of formulation, however, maintained their order of 

water repellency in accordance with their solids concentrations 

throughout the soak-dry simulated weathering. Exposure beyond 5 cycles 
did not lead to much further increase in the rate of water absorption 
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Figure 2.8. Preparation of wafer specimens from weathered long 

specimens. 

Figure 2.9. slits cut in the styrene coating of water specimený. - 



Figure 2-10. Measurement of swelling by dial gauge micrometers. 
Specimens held by adjustable jig. 
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Figure 2.1.. Interpolation Of time to quarter (a) or half (b) maximum 
swell in untreated control (A) and treated (B) specimens. 
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. 
S. 

Figure 2.11. Displacement transducer. 

(a) General view showing specimen holding jigs. 

(b) Close up view of a specimen held in position in a 



-63- 

due probably to similar reasons to those given in the case of 

pine (Section 2.2.4.2.1). Total water absorption measured after 
12 hours of soaking suggests that some improvement in water repellency 
is obtained upon cycling resin only treated specimens through 10 and 
20 cycle. T compared to that measured after 5 cycles. With resin-wax 

specimens this effect was not very clear. 
It is possible to speculate about reasons for this difference 

in behaviour. For example, with resin only formulations, the continued 
heating during cycling may lead to strengthening of the wood-deposit 
bond (see Section 2.2.4.2.1). High wax concentration within the 

deposit may have a weakening effect on the bond, which coupled with 
differences in distribution, degree of dimensional instability and 

mode of protection may contribute to a fall off in performance 

sufficient to mask any improvement due to bond strengthening factors. 

Without further experimental support, however, the complexities of the 

system make such speculations too uncertain to be of much value. 
2.3 Effect of water repellent concentration along depth of treatment 
2.3.1 Assessment of water repellency using wafer specimens 

The long specimens used for assessment of water absorption after 
0,5,10 and 20 cycles of simulated weathering were converted to 6mm 

transverse wafers to examine how varying water repellent solution 

concentrations affect in-depth treatment. Rate of tangential swelling 

was adopted as the criterion for monitoring water repellent effectiveness 
in these wafer specimens prepared as shown in Figure 2.8. To nullify 
the possibility of any restraining effect of the solvent cement coating, 
6 slits on each tangential face were made, taking care not to damage 

the wood underneath (Figure 2.9). 

Swelling was measured during immersion in deionized water at 
20 0C using either dial gauge micrometers fitted to jigs allowing 

specimens to remain submerged in water during measurement (see 

Banks, 1971; 1973; Figure 2.10) or displacement transducers giving 

a potentiometric output (Figure 2.11). Results were expressed as time 

to attain a definite fraction of maximum swelling, time to half swell 
for pine (T1 /2 ) and time to quarter swell for beech (TI 
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With treated specimens the final stages of dimensional increase 

occured very slowly. Hence, the matched control specimens from the 

offcuts of the long specimens before treatment were used to give an 

estimate. of equilibrium maximum swell. The time to half or quarter 

swell wa-s assessed by interpolation of the record of swelling as a 

function of time (Figure 2.12). 

2.3.2 Swellingtests for wafer specimens cut from treated long sticks; 

results and discussion. 

2.3.2.1 Pine wafer specimens 

The water repellent effectiveness of the various resin and resin- 

wax solutions as a function of penetration depth is shown in 

Figures 2.13 and 2.14 and Appendix I, Tables I and 4A-D. From these 

it appears that with both resin only and resin-wax solutions, before 

any weathering, the greatest effect is imparted to the outermost 

specimen. Also, the effectiveness falls off systematically and 

gradually with increasing distance from the treated end. 

With resin only treatments the effect of increasing concentration 

seems to be relatively small, whilst, with the resin-wax treatments, 

increase in wax content has a very marked effect. For example, 

before exposure, the outermost resin only treated specimens show an 
increase of 50% (from 5 to 9 minutes) in time to half swell, for a 

corresponding increase in resin concentration from 11 to 20%. 

Similar increase in solids concentration (from 10% resin + 1% wax 

to 10% resin + 10% wax) gives rise to about 6 fold increase in time 

to half swell ( 40 to 230 minutes) in the case of resin wax 

solutions. An approximately similar relationship can be seen to 

exist between specimens treated with the various solutions and taken 

from positions further removed from the treated end, although the 

absolute time to half swell values are markedly lower for the 

interior specimens. 

Because of the high degree of water repellency afforded by the 

higher concentrations of resin-wax treatments the level of resistance 

to water uptake even 5 or 6cm away from the treated end, remains 

significant, even though effectiveness is seen to decrease markedly 

with penetration distance. With resin only treatments, on the 

other hand, although time to half swell is measurably higher than 

that of controls, it is doubtful if the difference is of any practical 
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significance beyond the first 2cm or so. 
The effect of weathering is interesting. It can be seen that 

with all formulations cycling markedly reduces the time to half 

swell of. the outermost specimens, but little loss of performance 
is evident in any of the other wafers even after 20 soak-dry cycles. 
This trend is shown clearly in Table 2.5. It has been suggested by 

Voulgaridis (1980) that loss of water repellent effectiveness is 

associated, at least in part, with wood structural degrade extending 

a short distance (about lmm) from exposed end grain surfaces, rather 
than with significant degrade of the water repellent material itself. 

The results briefly discussed are not out of line with this suggestion. 
Table 2.5 Loss of water repellency due to simulated weathering 

in the outermost specimens of pine sticks 

No. 
Time to half swell (minutes) 

of Water repellent formulations and specimen numbers 
-7%-'iesin + 10% Cycles 10% resin+l% OT 11% resin 20% resin WnIr- wax 

1212212 

0 6.5 4.4 9.5 8.7 45 35 230 180 

5 5.1 4.2 7.9 6.3 33 29 200 177 

10 4.9 3.9 8.0 6.8 40 30 180 178 

20 4.5 4.7 6.4 6.5 30 30 180 184 

2.3.2.2 Beech wafer specimens 
From the swelling data in Appendix I, Table 4E-H and Figure 

2.15 it can be seen that much better initial resistance to water 

entry is observed in wafers cut from the treated zone in resin treated 
beech wood compared to that obtained with pine. Water repellency 

shows a definite gradient from the open treatment end inwards. 

However, unlike pine, considerable resistance to water sorption is 

observed in the interior specimens of beech. This probably results 
from the unobstructed penetration of resin solution through the 

vessels in beech. The effect of resin solution concentration is much 
less obvious in beech than in pine. There was little appreciable 
increase in time. to quarter swell in beech wafers with the increase 
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in solution concentration over the range 10-20%. This points to the 

fact that near optimal internal coating protection is probably afforded 

by a solution concentration of 10% or so in beech. 

The contribution to overall protection afforded by the 

hydrophobic effect in pine long sticks has been found to be greater 

than in beech. A similar effect is observed with wafer specimens. 

In general, water repellency in beech wafers treated with resin-wax 

solutions, measured as time to quarter swell shows only a relatively 

small improvement compared with resin only solution treatment. 

However, although the influence of wax is very small, a progressively 
increasing water repellency is recorded with the progressive increase 

in wax concentration from 1 to 10%. This effect, as in the case of 

resin solution, seems to be more prominent in the first centimetre 

or so of the long specimen, but the gradient of water repellency 

decrease inwards is much less steep than in the case of pine. It is 

interesting to note that for all solution concentrations the time to 

quarter swell of specimens taken from distances greater than about 

5cm from the treated end become almost identical and little greater 

than thaý of untreated control wafer specimens, suggesting that there 

is little water repellent deposit at or beyond this depth. 

As stated above, improvement due to increase in solids 

concentration is, in general, very small (see Table 2.6). 

Table 2. 
_6 

Time to quarter swell data for outermost uncycled 

resin-wax treated beech specimens 

Treating Solution Time to quarter swell 
(minutes) 

10% resin + 1% wax 43 

10% resin + 2% wax 44 

10% resin + 5% wax 47 

10% resin + 10% wax 96 

From the above table it can be seen that increase from 1 to 5% 

wax concentration has an insignificant effect on time to quarter 

swell.. This is in line with work reported by Palejowski (1960). 

Even at 10% wax concentration the time to quarter swell is only a 
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little more than double that obtained with a 1% wax solution. 

This is in contrast to data obtained for treated pine, where similar 

increase in. wax. concentration leads to a more than 5 fold increase 

in time to half swell. It should, however, be mentioned here 

that the parameters used to express water repellency differ for 

the two species, i. e. TI for pine and TI for beech. Nonetheless, 

it appears from theshape of the swelling curves that the ratio of 

TI: TI is reasonably constant so that relative changes in their 

values may be usefully compared with one another. 

Even though the observed effect of increased wax concentration 

is quite small in absolute terms, the relatively large improvement 

in performance associated with the step from 5% to 10% wax is 

notewo'rthy. Until recently this effect wad'puzzling. However, 

evidence has recently emerged that solution properties may 

significantly influence deposit distribution. This is related to 

two factors: 

1) Water repellent solids tend to migrate towards outer 

surfaces as solvint evaporates. 

2) At relatively high wax loadings bulky gel-like deposits 

containing large quantities of trapped solvent tend to 

be formed (Carragher, 1982). 

It is believed that this second factor is likely to 

overcome to some extent, the uneven distribution effect caused by 

solution migration towards the specimen open end (Factor 1). 

This may lead to the marked improvement in performance exhibited 

by wafer specimens from sticks treated with 10% wax laden solutions. 

As with pine (Section 2.3.2.1), the outer specimens from 

treated beech sticks show marked loss of effectiveness after cycling. 

In fact, the effect is rather more pronounced with beech. Loss of 

performance at distances of a few centimetres from the treated end, 

as with pine, is much less marked (Table 2.7). 
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Table 2.7 Pronounced loss of water repellency of the outer specimens 

cut from. cycled beech*sticks 

No. of 
Ti 14 (min), water repellent formulations and 

specimen nos. 
cycles 

11% resin 20% resin 
IUX resin IUX resin 
+ 1% wax + 1% wax 

1 2 1 2 1 2 1 2 

0 33 24 37 26 45 34 96 56 

5 18 23 24 31 26 34 48 44 

10 11 19 14 27 17 30 33 44 

20 7 18 11 24 12 28 20 37 

Again, this fall in performance associated with the exposed 

wafers seems likely to be related to the loss of wood structural 

integrity reported by Voulgaridis (1980). As with pine, visible 

checks were seen to develop on exposed end grain surfaces after a few 

soak-dry simulated*weathering cycles. 

Noticeable with beech is the much less marked effect of wax in 

the treating solution compared to the effect with- pi ne # Hence, with 

beech it seems that the coating effect may be relatively more 

important than the effect of increased surface contact angle. This 

was suggested by Banks and Voulgaridis (1980), who attributed the 

difference in coating efficiency in beech and pine specimens to 

differences in the structure bf the intercellular pits. In beech 

the much less operr fibrillar network is probably able to support a 

coherent coat of deposit reducing movement by the diffusion mechanisms 

(see Section 2.2.4.2.2), wherea% open textured pine pit membranes are 

incapable of doing so. Thus in pine, the provision of hydrophobic 

surfaces is essential for effective water resistance to develop. 

Increasing the concentration of resin only solutions was seen to 

lead to a smaller relative improvement in performance in beech than 

in pine. This can be explained in terms of the contribution to 

water flow resistance made by the resin. It has been shown by 

Banks (1971a; 1973) that 'Time to half or quarter swell' is related 
inversely to diffusion coefficient. That is to say, it is related 
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directly to resistance to diffusion. Now, making an electrical 

analogue the system can be represented as follows (see Figure 2.16). 

R2 
FlOw 

RT 

Figure 2.16 Electrical analogue model for water diffusion through 

wood. R, = risistance due to natural cell wall properties, 
R2 w resistance due to applied deposit and RT - Total 

resistance -R1+R 2* 

it is reasonable to assume that the resistances act in series, 

since water flowing from lumen into cell wall must traverse first the 

deposit and then the cell wall substance. It is also reasonable to 

assume R2 to vary in proportion to solid content. Irrespective 

of solution concentration, identical cells will be i=pregnated, and 
hence the thickness of deposit on the cell wall will vary approximately 
in proportion to solids reten'Otion. From Figure 2.13 it can be seen 

that based on the above model for the outermost pine specimens, 
before cycling, total resistance RT is maýe'up of R, (the resistance 
due to the cell wdll(s) +R2 (the resistance due to the applied 
deposit). 

Table 2.8 Increase of resistance to water Denetration in pine 

specimens with solution concentration 

Resin Concn. 
R (min) R (Min) R (Min) 

(approx proportional T 1. 2 
to solids content) % 

10 .5.3 
0.6 4.7 

11 6.5 0.6 3.9 
12 7.3 0.6 6.7 
15 8.8 0.6 8.2 
20 9.5 0.6 8.9 
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Assuming RI to remain constant at 0.6 minute, R2 is given by 

R2- RT-R1. These data are summarised in Table 2.8. By inspection 

it can be seen that R2 does increase very approximately in proportion 

to solurion concentration as predicted. 

Similarly for beech a resistance table can be constructed 

(Table 2.9) from the data as given in Appendix I, Table 4 and 

Figure 2.15. 

Table 2.9 Variation in resistance to water flow in beech specimens 

with solution concentration 

Resin Concn. W RT (Min) R1 (Min) R2 (Min) 

10 31 2.5 28.5 

11 33 2.5 30.5 

12 34 2.5 31.5 

15 35 2.5 32.5 

20 37 2.5 34.5 

In this case the proportionality is not so good but the 

principle remains that the two species cannot be expected to respond 

relatively similarly to increase in thickness of deposit (indicated 

by increase in solids loading). The natural resistance to water 

uptake of the wood must also be taken into account. Failure to 

establish a good linear relationship between R2 and concentration 

in beech, is probably due mainly to the fact that diffusion into 

wood is not a true steady state phenomenon. Even over a limited 

period, the moisture-gradient falls as penetration occurs, and the 

profile of the gradient will vary with deposit'thickness, unless the 

deposit has precisely the same diffusion coefficient as the wood 

substrate. 
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PART 3 

DISTRIBUTION*FACTOR AFFECTING'THE PERFOP14ANCE 

OF WATER REPELLENTS IN WOOD 

3.1 Introduction and Objectives 

Most of the work done so far in the field of water repellent 

treatment of wood has been devoted to the study of the initial effective- 

ness of the treatments and the longer term performance of the treated 

wood. A large part of this work has involved the use of water repellents 

in conjunction with preservatives. Little is reported about the 

distribution of water repellent substances in wood, although Levi et al 

(1970) have published data relating to cellular distribution of waxes 

deposited from a wax emulsion system. 

Water repellents reduce the uptake of water by forming a very thin 

hydrophobic layer over capillary (cell lumen) surfaces. A non-hydrophobic 

film coating such surfaces will not restrict the penetration of water 
into the pore structure. Hence it is important to be aware of the 

distribution of the various components (wax and resin) within the wood 

capillaries. Axial penetration being predominant, 10% resin and-10% 

resin + 10% wax solutions were allowed to penetrate longitudinally to 

various depths to provide a distribution gradient in the treated specimens. 
The following experiments were conducted to assess distribution 

factors affecting water repellent performance: 
i) Assessment of initial water repellent effectiveness along the 

treated zone of long specimens. 
ii) Evaluation of long term water repellent performance using large 

specimens. 
iii) Assessment of long term water repellent effectiveness along the 

. treated zone. 
iv) Assessment of distribution of water repellent substances within 

the treated zone at various stages of simulated weathering. 

V) Estimation of hydrophobicity of resin7wax deposit along the 

treated zone at various stages o-' weathering. 
The effectiveness of the water repellenf-treatments at various 

distances from the treated endwere assessed by measuring the time to half 

or quarter maximum swell of wafer specimens cut from the treated zone of 
the long sticks. Water sorption rate was measured on control and treated 
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long specimens after 0,5,10 and 20 cycles of simulated weathering. 

3.2 Distribution of Water Repellent Effect Along End 

Treated Specimens 

3.2.1 Preparation of Wood Specimens and Water Repellent Solutions 

Wood specimens, 15 cm long and 2x2 cms in cross sectionwere 

prepared from Corsican pine and European beech wood in a similar manner 

to that described in Section 2.2.1. Again, care was taken to select 

wood with straight grain and of even growth rate of about 4 annual rings 

per cm. Control 6 mm thick transverse wafer specimens were also taken 

froin the off-cuts of the long specimens and monitored for maximum 

tangential swelling in the manner described in Section 2.3.1. The 

long specimens were equiliN-rated to constant weight at 65% RH and 200C 

before being coated on all faces except one transverse face with a 

styrene resin (see Section 2.2.2). When the styrene solvent cement had 

completely dried the specimens were again equilibrated at 65% RH and 

20 0 C. 

It has been shown in Part 2 that the hydrophobe and the dispersant 

in a water repellent solution both contribute to reducing water uptake 

rate but by different mechanisms. It has also been seen that water 

repellent effectiveness varies, more or less, directly with the solids 

concentration of the formulation. In the light of the above findings 

only the two extreme concentrations, namely, 10% resin (RIO) and 10% 

resin + 10% wax (RlOW10) were used in this experiment. 
Resin solution was prepared by dissolving 10% of resin in white 

spirit on a weight to volume basis. Resin-wax solution was prepared in 

the same way adding 10% by weight of each of resin and wax to the 

white spirit solvent. The volume was adjusted after cooling to 20 0C 

and the solutions were stored at that temperature. 

3.2.2 Treatment of Wood Specimens with Water Repellent Solutions 

The amount of water repellent absorbed during treatment depends 

mainly on 3 factors: 

a) permeability of the wood specimens, 
b) the properties of the treating solutions, 

C) the time that the solutions remain in contact with the wood 
specimens (Morgan and Purslow, 1973). 

To study the effect of distribution on water repellent performance, 
matched specimens were selected from-pine and beech wood. Resin and 
resirr-wax solution properties remaining constant, variation in the period 
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of treatment was expected to effect penetration of water repellents to 

various depths in the specimens, bearing in mind that liquid flow was 

restricted to the longitudinal direction only. 

Sets of. specimens, each of 12 replicates, were impregnated with the 

relevant solution according to the following schedules. 

Specimen Set 1- Simple immersion treatment 

for 30 seconds. 

The remaining sets were treated by vacuum impregnation. Using a 

vacuum desiccator, a vacuum of 200 mm Hg was drawn and maintained for 

about 2 minutes. Solution was then admitted to immerse the specimens and 

atmospheric pressure was restored. Sets of specimens were kept immersed 

at this pressure for the following periodsof time: 

Specimen Set Immersion Time (min. ) 

2 

3 

43 

55 

6 10 

After removing the specimens from the treating solution, they were 

wiped clean of surface solution and weighed to assess water repellent 

absorption. The specimens were then dried and equilibrated in the same 

manner, as described earlier (Section 2.2.2), to a constant weight. 
It was observed that considerable variation in water repellent 

absorption was obtained with pine specimens depending upon the time 

they were in contact with the water repellent solutions. In beech, 

however, absorption of treating solutions was similar for both resin and 

resiw-wax solutions and did not vary with the period of treatment to any 

appreciable degree. Because the vacuum impregnation method of treatment 
did not allow significantly differing loadings to be introduced into 

beech specimens, the following method of introducing monitored doses 

of water repellent solutions was adopted. 
Beech specimens, 15 cm long and 2x2 cm in cross-section, were 

coated on lateral faces with solvent cement keeping both transverse 
faces open. The dried, equilibrated and weighed specimens were snuggly 
fitted on one transverse end with rubber collars sealed with silicone 
rubber sealant. Measured quantities (1,2,3 or 5 ml) of water repellent 
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Figure 3.1. (a) Introduction of monitored doses of treating s(,,. 
by gravity penetration. 

(b) Specimen with rubber collar. 
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solution were allowed to flow into the specimens from a'burette, connected 
to the rubber collar (see Figure 3.1). Due to the almost uninterrupted 

nature of vessel passageways in beech, some of the solution, especially 

at the higher dose levels, emerged from the opposite end when liquid 

was introduced at the top of the specimens. To avoid this problem, the 

amount of solution to be introduced was limited to a maximum of 5 ml 

and the penetration was effected in all cases from the bottom upwards 
(Figure 3.1). After treatment, the collar and silicone rubber sealants 

0 were removed and the specimens were conditioned for 10 days at 20 C and 
65%*RH. The untreated transverse faces of the specimens were then sealed 

with the styrene resin and the specimens were manipulated in the same 
way as the vacuum impregnated specimens. Separate batches of matched 
specimens were used as untreated controls. 
3.2.2.1 

, 
Solution Absorption Data and Discussion 

The solution absorption data for pine are given in Table 3.1. For 

1,2,3 and 5 ml of solution impregnation in beech the calculated solids 

retention is 0.1,0.2,0.3 and 0.5 gm, of resin and double these quantities 

of resin-wax respectively. 

Table 3.1, Water Repellent Solution Absorption by End Treated 

Corsican Pine Specimens 

Water Period and Solvent absorption Calculated water 
Repellent method of in gms. Mean of 12 repellent solids 
Solution treatment specimens. content. 'Mean of 

(I s. tandard deviation) 12 specimens (gms) 

10% Resin 0 .5 min (dip) 0.6 (0.01) 0.06 
(RIO) . 

0.5 min (vac) 2.3 (0.30) 0.23 
1 min (vac) 3.2 (0.30) 0.32 
3 min (vac 4.2 (0.70) 0.42 
5 min (vac) 4. *8 (0.70) 0.48 

10 min (vac) 5.1 (0.60) 0.51 
10% Resin + 0.5 min (dip) 0.7 (0.10) 0.14 
10% Wax 
(RjOWjO) 0.5 min (vac) 1.3 (0.20) 0.26 

1 min (vac) 2.4 (0.40) 0.48 
3 min (vac) 4.1 (0.40) 0.82 
5 min (vac) 5.6 (0.60) 1.12 

10 min (vac) 7.1 (0.60) 1.42 
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The pore volume filled by the solution may be estimated if the 

wood density, specimen volume and solution uptake are known. The 

density values for pine and beech are assumed to be 11-500 and N750 Kg/m3 

respectively.. Dry wood substance density is taken as 1500 Kg/m3 (Stamm, 

1964). Available pore space is calculated to be approximately 67 and 

50% of the bulk volume for pine and beech respectively. The solution 

specific gravity is approximately 0.9. Therefore, complete saturation 

would give a weight increase of 60->100%. Hence, it is evident that 

only a fraction of the pore space was filled by water repellent solutions 

undýr the mild vacuum treatments used. 
In the case of pine, solution absorption formed a clear gradient 

with time of impregnation. There was also a difference between the 

absorption of resin and resin-wax solutions by pine specimens. 

From the-non--steady state form of Darcy's Law: 

2Kt 

where V -R volume absorbed in time 't'. 

K- permeability, 
q- liquid viscosity, 
A- specimen cross-sectional area normal 

to the flow direction, ' 

it can be seen that volume (or mass) absorbed will vary directly with 

the square root ofl-. For simple solutions, viscosity increases with 

some function of concentration. Hence, the pattern of uptake observed 
is in line with Darcian prediction. 
3.2.3 Water Repellent Assessment Using Whole Specimens 

The 15 cm long specimens were equilibrated to constant weight at 
20 0C and 65% RH. Each set of 12 similarly treated specimens was divided 

into 4 sub-sets each containing 3 specimens each. These sub-sets were 

exposed to 0 (control), 5,10 or 20 artificial weathering cycles in the 

manner described in Section 2.2.3. They were then dried and equilibrated 
to constant weight before soaking in deionized water to monitor the rate of 

water absorption (see Section 2.2.4). 
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Figure 3.2 Rates of water absorption of long pine specimens before cycling 
(each point is mean of 3 specimens). Curve code: 1-6 resin and 
a-f resin wax treatment. 1, a=j min (dip); 2, b-I min (vac); 
3, c=1 min (vac); 4, d-3 min (vac); 5, e-5 min (vac); 
6, f- 10 min (vac). 
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3.2.3.1 Sorption Data for Long Specimens and Discussion of'Results 

3.2.3.1.1 Corsican Pine Specimens Before Cycling 

Water absorption data for treated long specimens before cycling 

are shown in-Figure 3.2 and Appendix II, Table 1. From the figure it 

can be seen *that absorption rate varies greatly between the resin only 

and resin/wax treatments. With pine it has been shown that resin7wax 

treatment provides a many-fold improvement in water repellency of wafer 

specimens cut from the long specimens compared to that provided by 

resin only treatment (see Section 2.2.4.2.1). Over the test period 

(up to 12 hours), it can be seen that water uptake at any time by specimens 

treated with resin only solutions is 2.5 to 4 times greater than that 

by specimens treated with resin-wax solutions. This is in agreement with 

observations made by Voulgaridis and Banks (1979) using wafer specimens. 

Water absorption by resin and resin-wax treated large specimens 

decreases as solution uptake is increased. This is reflected as a 

decrease in sorption rate with increasing severity of treatment (Figure 3.2; 

Appendix II, Table 1). 

Treatment by 30 seconds immersion in water repellent solution without 

the application of any vacuum, led to very small water repellent absorption. 

Much greater uptake is achieved when a vacuum is applied prior to soaking 

for an identical period. Although increasing solids content can be seen 

to reduce water sorption rate quite markedly, it is also noteworthy that 

the lowest level of treatment seems initially to reduce water sorption 

rate quite significantly compared to the untreated controls (Figure 3.2; 

Appendix I, Table 1). It seems possible that the small quantity of water 

repellent introduced into immersion treated specimens is concentrated 

mainly in the surface zone. Resistance to an advancing water front 

probably depends initially to a great extent upon the efficiency with 

which the surface is protected. The concentration of water repellent at 

the open transverse end, in spite of its sparse distribution in the 

interior of the specimens, may make initial water entry as difficult as 
in more heavily treated specimens, until the breakdown of deposits or 

wood structure takes place at the exposed end. 
With solutions containing resin only, a decreased rate of water 

sorption is observed systematically with increase in severity of treatment, 

throughout the range of treatments used. The rate of water uptake is 
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Figure 3.4 Rates of water absorption by long pine specimens after 10 cycles 

(3 replicates). Curve code: 1-6 resýn and a-f resin-wax treatment. 
1, a-I min (dip); 2, b=I min (vac); 3, c-1 min (vac); 
4, d-3 min (vac); 5, e-5 min. (vac); 6, f- 10 min (vac). 
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Figure 3.5 Rates of water absorption by long pine specimens after 20 cycles 
(3 replicates). Curve code: 1-6 resin and a-f resin-wax treatment* 
1, a-I min (dip); 2, b-I min (vac); 3, c-1 min (vac); 
4, d-3 min (vac); 5, e-5 min (vac); 6, f= 10 min (vac). 
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fastest during the first part of the water soak. Thereafter the rate is 

observed to decrease throughout the immersion period. This is due to 

the increa 
' sed flow path length as water is absorbed, coupled with a 

decrease in permeability associated with this increase in path length 
(Banks, 197liand 1981; Bramhall, 1971). 

Very effective resistance to water uptake is afforded to specimens 
treated with resin-wax solutions (Figure 3.2 and Appendix II, Table 1). 

Although increasing wax concentration shows systematic improvement in 

performance, this improvement seems to be quite small, compared to the 

resin concentration effect. It is believed that this is probably 
associated with the mechanism of protection afforded by paraffin wax. 
Hydrophobic surfaces are produced by the deposition of even a single 

monolayer of hydrophobe onto capillary surfaces. Once such a layer is 

present, addition of further hydrophobe will not further increase contact 

angle. F urthermore, effective protection will be afforded by the 
deposition of hydrophobe onto certain areas within the specimen, even 
if much df the capillary porous surface remains deplete of deposit. 
For example, provided that cut ends of exposed capillaries, membranes 
of unaspirated bordered pits and other key structures involved in water 

conduction are coated with wax, effective protection will be achieved, 
even if a large part of the structure (e. g. lumen surfaces of trachleids 
in the specimen interior) have no water repellent deposit. 
3.2.3.1.2 Water Absorption by Corsican Pine After CXcling 

Water repellents introduced into end-sealed specimens are deposited 
in the lumen surface. The solution passes rapidly through some of the 

rays and into adjacent tracheids (Levi et al., 1970). The water 
repellent appears to be concentrated in the rays and tracheids, especially 
in the summer-wood, the tissues most vulnerable to degradation in 

untreated wood (Levi et al., 1970; Carragher, 1982). The excellent water 
repellent action, manifested by treated pine specimens initially, slowly 
deteriorates with simulated weathering*. 

Resin treated specimens lose a significant amount of their water 
resistance over the first few artificial weathering cycles. Thereafter, 
further cycling leads to little further loss of effectiveness (Figure 3.3 
3.5; Appendix II, Table 1). This effect is illustrated clearly in 
Table 3.2 which gives water uptake data for various specimens after 60 

minutes water soak. The 't'-test data on the water soaking results of 
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pine specimens after 60 minutes immersion show significant differences 

between controls on the one hand and all other treatments at the other 
(Table 3.3). Even the differences between simple immersion treatments 

and vacuum treatment for 3 minutes or more and between vacuum 
treatments of short and longer durations are significant at95% 

confidence level. Differences in sorption between weathered and 

unweathered resin only and resin-wax treated specimens are significant 

at95 and997- confidence level resDectively. 

Table 3.2 Water Uptake Data of Resin and Resin-Wax Treated Cycled 

Pine Specimens After 60 Minutes Soak 

Treating Treatment Water absorption after 60 minutes soak 
Solution time and and no. of cycles 

mode 05 10 20 

10% Resin Im (dip) 2.6 6.2 . 6.6 6.7 
Im (vac) 2.2 3.7 3.6 3.6 
lm (vac) 1.9 3.2 3.3 3.6 
3m (vac) 1.3 3.0 3.0 2.5 
5m (vac) 1.2 2.6 2.7 2.4 

lom (vac) 1.2 2.2 2.4 2.3 
10% Resin Im (dip) 0.6 2.3 2.9 3.0 
+ 10% Wax Im (vac) 0.5 2.0 2.3 2.1 

lm (vac) 0.5 1.8 2.1 2.0 
3m (vac) 0.4 1.2 1.2 1.2 
5m ( ac) 0.4 0.9 1.0 1.0 

lom (vac) 0.3 0.5 0.7 0.7 

Control 8.7 9.2 11.2 11.9 

The observed loss in water repellenc-7, may be caused by several 
factors acting in isolation or in combination. Weakening of the wood- 
water repellent bond (Voulgaridis, 1980), physical dislodgement of 
deposits culminating in the removal and some redistribution of water 
repellents are often held to be responsible for the loss of effectiveness 
in water repellent treated wood. 
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Table 3.3 Students It' test Data for Water Absorption Values at 60 

Minutes Soak Between CXcles. And'Between'Trdatments of - 

Corsican Pine 

Difference Between 

Treatments compared 
(resin treated end sp) 

Treatment., 

t-value and 
significance 

Difference Between Cycles 

Cycles t-value and 
compared significance 

Control - Im dip 27.90 Resin 0-5 2.87 

Con trol - im vac. 29.00 Resin 0-10 2.80 

Control - lm vac 30.03 Resin 0-20 2.54 

Control - 3m vac, 31.74 Resin: -Wax 0-5 3.65 

Control - 5m vac. 31.92 Resiv-Wax 0-10 3.60 

Control - 10m vac, 32.05 Resin-Wax 0-20 3.50 

Im. dip - 3m vac 4.04 All others n. s. 

Im dip 5m vac 4.35 

Im dip - 10m vac 4.35 

im vac, - 5m vac, 3.10 

Im vac - 10m vac 3.10 

Others n. s. 

*p - 0.05, **p - 0.01, n. s. - Not Significant 

Mean square value obtained from. analysis of variance between means of 

replicates were used for 't' calculation. 

If loss of bond strength, deleterious effect of moisture on deposits 

and inequitable distribution generally throughout the specimens were 

responsible for the increased rate of water sorption, it is likely that 

progressive weathering would lead to a cumulative adverse effect on 

performance. From the data presented (Figures 3.3 - 3.5 and Appendix II, 

Table 1) it can be seen that this is not the case. The reason for the 

observed rapid initial loss of performance followed by a period of 

stability is believed to be associated with the followitig mechanism. 
During initial stages of weathering, significant wood degrade of exposed 

surfaces occurs (Voulgaridis, 1980). This is in the form of microchecks, 

checks and end splits. This checking and splitting is thought to be largely 
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due to stresses set up by the repeated swelling and shrinking occuring 

during weathering. By this process new water entry routes into the wood 

structure are provided. As importantly, perhaps, these splits and checks 

may severely*damage the bond between wood and water repellent deposit, 

which is liýely to give rise to physical removal of some of the deposit 

from the treated area. It has been shown (see Section 3.2.2.1) that water 

repellent material is heavily concentrated in the treated surface zone. 

Thus the degradation to wood structure and the wood-deposit bond described, 

alsq being most marked at the exposed surface can be expected to lead to 

the early loss of a significant part of the initial protection afforded 
by water repellent treatment. 

The mechanism of loss of water repellency discussed above explains 

the greatly increased water absorption rate of imaprsion treated specimens. 
The specimens treated with resin only by 30 seconds imnersion were 

probably penetrated only to a depth of a centimetre or so. When the 

surface zone in such specimens is opened up due*to the wood degrade and 

general loss of water repellent coating action discussed, there is 

little or no deposit in the interior to give continued water resistance. 
Specimens treated under a vacuum have much deeper penetration (see 

Section 3.5.1). In this case, when the surface zone is degraded, a 
large fall in performance is observed, but the interior zone, having 

significant deposit, continues to afford protection against water entry, 
thus providing a second line of defence. The relative effectiveness 

of the various treatments was maintained throughout the 20 cycles of 

simulated weathering. This is reflected both in the rate of absorption 

and total water uptake after 12 hours soaking (Figures 3.3 - 3.5). 

As stated above, little further loss of performance beyond that. 

observed after 5 cycles*is seen to occur with further cycling up to 10 or 
20 cycles. It is possible that the stresses set up in the wood specimens 
due to rapid dimensional changes on weathering are lessened to a 

considerable extent on the formation of the initial checks and splits. 
As a result, not_pmy more or deeper checks and splits are formed after 
about 5 cycles. As a consequence little further degrade is caused to 
the bond formed between the cell wall and the deposit. This may account 
for the apparently stable performance observed over the longer cycling 
period. Some of the dislodged resin may even become re-bonded during 
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the drying parts of the cycling and testing procedure (Figure 3.6). 

(B] 

WALL 

Figure 3.6, Dislodged resin deposit (A) may he re-bonded onto the 

wood surface on heating (B) 

As evident from the swelling tests (see Section 2.3.2) much 
better water repellency and thus much reduced water uptake rate was 

obtained with resin-wax treatment than with resin treatment alone. 
This trend remained unchanged even after cycling. As noted above, 
immersion treated specimens were protected to only a relatively 

shallow depth. After simulated weathering for 20 cycles these specimens 

gave ýomewhat higher water absorption than the best resin-treated 

specimens during the early parts of the soak test (Figure 3.5). As 

explained above with respect to the resin-treated specimens, wood 
degrade in the surface zone, which may be the only part of dip treated 

specimens having any significant water repellent deposit, drastically 

reduces water repellent effectiveness. Generally, however, the 
treatments based on a hydrophobe (paraffin wax) perform better than the 

resin only treatments, throughout the exposure period. 

. 
(Al 
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As with resin treated specimens, those treated with resin-wax 

mixtures also show most deterioration during the first few cycles of 

artificial weathering. Between 5 and 20 cycles of weathering there was 

no substantial change in water absorption during the soak test. 

Stabilizati6n of performance to a relatively constant level after the 

initial loss-over the first 5 cycles of artificial weathering is 

probably due to similar reasons to those described above with respect 

to the resin only treatment. 
0 

Because the full evaluation of performance involved destructive 

testing (see Section 3.4 and 3.5), different specimens were used for 

the various periods of artificial weathering. There was noticeable 
between-specimen variability in water repellent solution absorption and 

water uptake during soak testing exhibited by variously cycled specimens 
(Table 3.4). Howeve. r, this variability does not appear to obscure the 

general trends reported. 
Table 3.4 Between Specimen Variability of Water Repellent Solution 

Absorption and Water Absorption on 12 Hours Soaking of Vacuum 

Treated 0 minutes) Pine Specimens 

Water repellent solution Water Absorption M 
absorption (gms/stick) 

No. of 
10% Resin Mean 10% Resin Mean Cycles Resin Mean Resin7Wax Mean 

+ 10% Wax treated treated 

3.35 3.54 6.25 1.54 

4.20 4.1 4.43 4.1 0 6.62 6.7 2.12 2.0 

4.80 4.49 7.08 2.47 

3.61 3.65 13.48 4.32 
4.95 4.3 3.53 3.8 5 12.67 13.5 4.58 4.6 
4.20 4.25 14.20 4.96 

3.68 4.42 12.04 4.32 

4.60 3.9 4.10 4. o 10 14.68 13.4 4.79 4.8 

3.31 
f 

3.55 13.40 5.35 

5.05 4; 48 13.84 4.49 

3.30 4.5 4.20 4.4 20 13.02 13.9 4.87 4.9 

5.10 4.62 14.69 5.51 
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Students It' testscarried out on the data of table 3.4 suggest that 

for both resin only and resi"wax treatments water absorption after 5,10 

and 20 weathering cycles is significantly different than that before 

cycling (Table 3.5). Between 5,10 and 20 weathering cycles, however, 

there is no . significant difference in water sorption. It must be 

recognized that the sample size (3 specimens per set) is too small to 

give more than a little extra confidence to what is visually apparent. 

Table 3.5 Result of"t' test on Data'for Water Sorption'in 

'Table'3.4 

Difference Between Means of 

Treatment Comparison 't' 

Sorption 

Value and Significance 

Resin 10% 0-5 cycles 15.6 Significant at 0.17. (P) 
0-10 cycles 8.4 

0-20 cycles 13.4 

Others Not Significant 

Resin 10% + 0-5 cycles 7.8 Significant at 1%(P) 
Wax 10% 0-10 cycles 6.9 

0-20 cycles 7.2 

Others Not Significant 

Vacuum impregnation treatments appear to be more effective than 

simple immersion treatments in long term performance. Within the range 

of vacuum treatments examined, effectiveness was seen to improve with 

the length of the impregnation period and hence with the amount of 

water repellent absorbed. 

As stated above (Section 3.2.3.1.1) with respect to initial 

perfoizmlance, the improvement in water resistance associated with 
increased loading, whilst unequivocally evident, is of small magnitude. 

This is probably because of the mode of hydrophobic action described 

above (Section 3.2.3.1.1). Small though the effect is, it was, 

nevertheless seen to persist throughout the artificial weathering 

period. 
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Figure 3.7 Rates of water absorption by long beech specimens before cycling 
(4 replicates). Curve code: 1-4 resin and a-d resin-wax treatment. 
1, a-I ml; 2, b-2 ml; 3, c-3 ml; 4, d-5 ml. C- control 
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Figure 3.8 Rates of water absorption by long beech specimens after 5 cycles 

(4 replicates). Curve code: 1-4 resin and a-d resin-wax treatment* 
1, a-1 ml; 2, b-2 ml; 3, c=3 ml; 4, d=5 ml. C- Control. 
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Figure 3.10 Rates of water absorption by long beech specimens after 10 cycles 
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3.2.3.1.3. Water Absorption by Water Repellent Treated 'Etirope an Beech 

. 'Long S2edimens Bdf 6rd'arid'Af td 
__Cydling 

When carrier solvent is removed from treated beech wood by evaporation, 

water repellents are likely to be deposited on the vessel walls, including 

the pit areas, coating the fluid flow paths, more or less effectively. 
Because of the fine microfibrillar mesh in the pit membrane any coating 
of this structure is likely to be more coherent in beech than in pine. 
This, coupled with the natural water resistance of beech probably 
accounts for the much lower water absorption of beech specimens treated 
with resin solution compared to those of similarly treated pine specimens. 

As with the treatments described in Section 2.2.4.2.2, formulations 

containing paraffin wax perform somewhat better than those based only 
on resin. Again, as observed and discussed fully in Section 2.2.4.2.2 the 

effect of wax is rather less marked in the case of beech treatment, than 
it is with pine (Appendix II, Table 2 and Figures 3.7 - 3.10). From 
Figure 3.7 it can be seen that a much reduced rate of water absorption 
over a 12 hour soak period was obtained with both resin and resin-wax 
treatment compared to that of controls. 

The difference in performance after expos ure to simulated weathering 
of the resin only and resin-wax treatments is interesting. -Comparing 
Figures 3.7 and 3.10 it can be seen that: 

1) Before exposure (Figure 3.7), after 12 hours water soak, the 
specimens treated with I ml of resin solution absorbed 3.7% of water 
while those treated with 5 ml of resin solution absorbed 2.2% (a range 
of 1.5% difference). 'For the resin-wax treatments, the corresponding 
water sorption values are 1.8 and 1% respectively (a range of 0.8%). 

2) After 20 cycles exposure (Figure 3.10) corresponding water 
sorption-data are as follows: 

'Resin only solution absorption Water sorption 
1 ml 11.4 
5 ml 10.5 

(Water sorption range 0.9%) 
Resin-wax solution 4bsorption Water sorption 

1 ml 6.3 
5 ml 2.6 

(Water sorption range 3.7%) 
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In the case of resin-wax hydrophobic treatments, after exposure to 

artificial weathering, the range of water sorption associated with the 

severity of treatment (amount of solution absorbed) is increased. This 

is in line with the idea that loss of performance is strongly associated 

with degradation from the exposed end. As depth of treatment is increased, 

an increasingly long treated zone is provided, giving significant protection 
after exposed end degradation (Figure 3.11). With a hydrophobic deposit, 
liquid water can penetrate only as far as the hydrophobic barrier is 
broken down. Thus, deposit degrade may be expected to occur progressively 
from the exposed surface inwards and hence deeply penetrated wood might 
offer significant protection for longer periods of exposure than that 
penetrated only. to a shallow depth. 

UNPROTECTED BFMN0 PROTECTED BEYOND 
THIS LINE THIS LINE 

HYDROPHOBIC 
[4] I HYDROPHOBIC 

[B] 

DEPOSIT 

Figure 3.11 

DEPOSIT 

CELL WALL 

Depth of hydrophobic penetration affecting performance in 
beech. (A) Shallow deposit, (B) Deep deposit 

With resin only treatments, the range of water sorption associated 
with severity of treatment remains fairly constant irrespective of 
degree of exposure. This suggests that with resin treatments degradation 
of the deposit might be occuring fairly evenly throughout the treated 
zone. This is in the line with the behaviour of a non-hydrophobic 
deposit (Figure 3.12). In both situations illustrated, liquid water can 
enter the capillary structure, irrespective of the depth of deposit. 
Hence, the deposit may be expected to degrade at a fairly uniform rate 
irrespective of distance from the exposed surface. 
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[AJ (B] 

Figure 3.12 Water penetration unaffected by non--hydrophobic deposit 

(A) Shallow-deposit, (B) Deep deposit 

As with pine specimens, 't' tests have been carried out on water 

sorption data after 60 minutes water soaking of beech long specimens 

to give an indication of where differences in water sorption between 

sets of specimens are significant (Table 3.6). From this table it 

is clear that the significant change in performance occurs during the 

first few cycles. Thereafter any further loss of performance has 

not been shown to be significant with the small sample size used 

samples per set) . 
3.3' Assessment of Water Repellent Efficiency . 

To allow comparison of the effectiveness of water repellent treatments 

applied to beech and pine, the water absorption data have been converted 

to water repellent efficiency (WRE) values using the formula, 

WRE 
Su7St 

-- 100 Su 

WRE has no fundamental significance. It will vary with soaking period 

and soaking temperature as well as with basic differences in efficiency 

of treatment. Nonetheless, it provides a useful guide to comparative 

effectiveness of various water repellent treatments. The calculations for 

treated specimens were based on the absorption of water by pine and beech 
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control specimens after 12 hours soaking (Appendix 1, Table 1). It is 

interesting to note that water absorption by beech during the 12 hour 

soak was only about 45% that by pine. This is presumed to be due to the 

difficulty encountered by water in flowing from vessel into fibre tissue 

in beech. Týis comparative resistance to penetrating moisture in beech is 

maintained after water repellent treatment and appears to act additively 

with the protection afforded by treatment. 

Table'3.6' Between Cycles Variability of Water Sorption at 60'Minutes 

Immersion of Treated Beeth'Sticks 

Treatment 
Difference Between Means (t-test) 

Cycles Compared. Value of 't' and Significance 

10% Resin 0-5 5.73 

0-10 21.30 

0-20 22.37 

5-10 2.67 

5-20 2.53 

10-20 n. s. 
10% Resin + 0-5 2.69 
10% Wax 0-10 3.17 

0-20 3.90 

Others n. s. 

*p - 0.05, **p = 0.01, ***p - 0.001; n. s. - Not Significant 

3.3.1 Comparison of Performance of Water Repellent Treated Pine and 

Beech Long S2ecimens 

Approximately 28 and 13% water absorption was recorded for control 

pine and beech long specimens respectively after 12 hours of soaking. 

Before cycling the water repellent efficiency (WRE) of resin-treated 
long pine specimens was found to vary from 70 to 82% depending on the 

severity of treatment (Table 3.7). At the end of cyclic soaking and 
drying for 5 cycles a considerable fall in WRE was observed. Loss of 

efficiency was, however, more pronounced in specimens treated by immersion 

or by mild vacuum schedules than in thosetreated by the more severe 

vacuum schedules. Between 5 and 10, and 10 and 20 cycles WRE changed 
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Table 3.7 WRE of Pine and Beech After 12 Hours Soak 

Treatment 
WRE (%) 

0 

at various 
5 

cycles 
10 20 

Pine: R10 

min (dip) 70 22 18 18 

min (vac) 74 46 46 46 

1 min (vac) 75 48 48 47 

3 #n (vac) 76 52 52 50 

5 min (vac) 77 55 55 60 

10 min (vac) 82 62 61 61 

Ei=. RIOW10 

min (dip) 88 65 63 63 

min (vac) 90 71 70 71 
1 min (vac) 91 77 76 76 
3 min (vac) 93 83 83 83 
5 min (vac) 94 86 84 83 

10 min (vac) 95 89 88 87 

Beech: RIO 

1 ml 72 IP 7 11 
2 ml 76 25 9 13 
3 ml 79, 30 13 15 
5 mi 83 50 15 18 

Beech: RIOWIO 

1 ml 86 53 45 52 
2 ml 89 67 65 62 
3 ml 91 78 77 72 
5 ml 92 83 80 80 
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Figure 3.13 Water repellent efficiency varying with severity of treatment 
with resin-wax (A) and resin (B) after 0,5,10 and 20 weathering 
cycles. 
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insignificantlY (Table 3.8 and Figure 3.13). The sample size is ver7 

small (3 replicates per set), hence 't' tests are offered as a guide 

rather than as a strict statistical estimate of significance. With 

resin-wax treatments higher initial WRE values are achieved and the 

effect appears to be more resistant to the effects of simulated 

weathering (Table 3.7 and Figure 3.13). 

Table 3.8 Between Cycles VariabilitZ of Water Repellent Efficiency 

After 12 Hours'Soak of Treated Pine and Beech Specimens 

Student's It' test difference between means 

PINE SPECIMENS BEECH SPECIMENS 

Resin Resin - Wax Resin Resin - Wax 
Treatment Treatment Treatment Treatment 

Cycles Value Cycles Value Cycles Value Cycles Value 
compared of It' compared of It'- compared of It' compared of It' 

0-5 4.84... 0-5 3.40 ++ 0-5 5.68 ++ 0-5 2.84 + 

+++ 0-10 4.60 0-10 ++ 3.60 ... 0-10 22.48 0-10 + 2.83 

0-20 4.40 +++ 0-20 3.83 ++ 0-20 22.87 +++ 0-20 3.70 + 

5-10 Not 5-10 Not 
10-20 Signi- 10-20 Sigai- Others n. s. Others n. s. 

5-20 

1 

ficant 5-20 

1 

ficant 

Significance: +++ p-0.001, ++ p=0.01, +p-0.05, 

n. s. - Not Significant. 

The difference in the WRE between resin and resin7wax treated beech 

specimens before cycling was less pronounced than in the case of pine. 

Initial weathering for 5 cycles was found to cause greater loss of 'water 

repellency in resin treated beech specimens than in resin-wax treated 

ones (Table 3.7; Figure 3.13). It is likely that this greater resistance 

to weathering of the hydrophobic treatments applied to both pine and 
beech is associated with factors described earlier with respect 

specifically to the beech data (Section 3.2.3.1.3). That is, with 

resin only (norr-hydrophobic) treatments, water has immediate access to 

all structurally available pores and hence degradation of the deposit at 

the deposit/wood interface may proceed simultaneously throughout the 

treated zone. In the case ofresirr-wax (hydrophobic) treatments, on the 
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other hand, the liquid water front may advance only as the deposit or 

deposit/wood interface is degraded (Figure 3.11, Section 3.2.3.1.3), 

and hence only a small part of the treated zone is degraded at a time. 

Significant differences between the means of WRE measured at 0 and 

5,10 and 2Q cycles were obtained from all specimens. With resin 

treatments highly significant differences occurred (Table 3.8) with both 

pine and beech. Resin7wax treated pine specimens gave It' values 

significant at the 1% level, while those for beech were significant only 

at the 5% level. Differenc; s between means measured at 5 and 10,5 

and-20 and 10 and 20 cycles were noir-si gnif i cant in all cases. Again 

it must be emphasized that the data are for very small samples 

(3 replicates per set). 

3.4 Assessment of Water Repellency of Successive Wafers Along the 

Depth of Treatment 

The Corsican 
* 
pine and European beech long (15cm) specimens after 

cycling and water absorption testing (Section 3.2.3) were dried for 7 

days at 35 0C and equilibrated to constant weight at 200C and 65% RH. 

From each stick seven transverse wafer specimens of thickness 0.6cm 

were cut and manipulated in the same way as described in Seciion 2.3.1. 

The kerf for each cut was about 2mm, hence, the centres of the wafer 

specimens were 3,11,19,27,35,43 and 51mm from the treated end 
(Figure 2.8). In ýhe case of Corsican pine specimens treated with each 

of the two treating solutions there were six treatment levels and 3 

replicates for each of these levels of treatment. With European beech, 

specimens treated by the gravity method (Figure 3.1), there were 5 

treatment levels initially and 4 levels after weathering. 
Since there is no fundamental difference in the trends observed 

using rate of swelling and rate of water absorption as the test parameter 
(Stam, 1964), for convenience, rate of swelling was adopted as the 

criterion for monitoring the water repellent effectiveness. Wood 

shrinks and swells to the greatest extent in the tangential direction. 

For this reason, the rate of swelling of the 6nm wafer specimens were 

measured in this direction during immersion in water. With treated 

specimens, the final stages of dimensional increase occurredvery slowly. 
Hence, the matched control specimens were used to give an estimate of 

equilibrium maximum swell. 
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Table 3.9 Time to Half Swell (T 1) for Pine Wafers Cut Along Depth of 

Treatment'from Treated'LonS Specimens After Cyclic Soaking 

and Dryin& 

10% Resin No. Specimen nos. and mid-distance from treated end (mm) 
treatment of and TI. ±. standard deviation, minutes 0 replicates) 
time (min) Cycles 

1(3) 2(11) 3(19) 4(27) 
. 
505) 

. 
6(43) 7(51) 

Untreated 0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 
controls (0-1) (0-1) (0-1) (0.1) (0.1) (0.1) (0.1) 

(dip) 8.8 5.2 2.8 1.6 0.6 0.6 o. 6 
(0.8) (0.4) (0.4) (0.2) (0.1) (0.1) (0-1) 

(vac) 12.8 10.0 7.2 6.4 5.2 5.2 5.0 
(1.6) (0.6) (0.6) (0.4) (0.5) (0.4) (0.6) 

(vac) 13.4 10.4 8.0 7.2 7.0 6.6 6.0 
(2.0) (0.8) (0.6) (0.6)- (0.4) (0.6) (0.6) 

3 (vac) 14.2 11.1 10.0 8.5 8.0 7.2 7.4 
(1.0) (1.6) (1.2) (1.4) (0.6) (0.8) (1.6) 

5 (vac) 16.5 13.2 11.0 10.6 10.9 9.0 9.0 
(1.5) (1.2) (1.2) (0.8) (1.0) (0.8) (1.0) 

10 (vac) 18.6 14.4 12.6 12.0 11.0 10.4 10.0 
(2.1) (1.8) (1.6) (0.8) (1.2) (1.0) (0.8) 

Control 5 0.6 0.9 0.9 0.9 0.9 0.9 0.9 
(0-1) (0-1) (0-1) (0-1) (0-1) (0-1) (0-1) 

(dip) 5.6 3.3 2.0 1.1 0.5 0.5- 0.5 
(2.0) (0.4) (0.5) (0.2) (0.1) (0.1) (0.1) 

(vac) 10.6 10.8 6.9 5.3 5.0 5.2 4.8 
(2.4) (1.1) (1.0) (0.6) (0.5) (0.3) (0.4) 

1 (vac) 12.2 11.8 7.6 6.8 6.2 5.6 5.2 
(0.7) (1.0) (0.8) (0.6) (0.4) (0.5) (0.4) 

3 (vac) 1ý. 8 11.9 9.8 8.2 6.5 6.3 6.6 
(1.2) (1.0) (0.5) (0.5) (0.3) (0.2) (0.6) 

5 (vac) 14.8 12.3 10.0 9.0 9.0 8.6 8.4 
(1.5) (1.1) (1.0) (0.8) (0.5) (0.8) (0.6) 

10 (vac) 15.7 12.9 10.6 9.8 9.4 9.3 9.4 
(1.6) (1.2) (1.0) (0.8) (0.6) (0.8) (0.5) 
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Table 3.9 continued: - 

10% Resin 
treatment 
time (min) 

No. 
of 

-Cycles 

Specimen nos. and mid-distance from treated end (mm) 
and Tj i standard deviation, -minutes (3 replicates) 

1(3) 2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

Control 10 0.5 
. 
0.8 0.8 0.8 0.8 0.8 0.8 

(0-1) (0-1) (0-1) (0-1) (0-1) (0-1) (0.1) 

(dip) 4.8 1.7 1.3 0.5 0.5 0.5 0.5 
(0.5) (0.2) (0.1) (0.0) (0.0) (0.0) (0.0) 

(v. ac) 9.3 10.0 6.2 5.0 5.2 4.5 4.0 
(0.7) (0.8) (0.5) (0.5) (0.6) (0.2) (0.3) 

1 (vac) 10.6 11.0 7.6 6.1 5.0 5.0 5.1 
(0.8) (0.4) (0.5) (0.4) (0.5) (0.4) (0.2ý 

3 (vac) 10.8 11.2 9.4 8.0 6.3 5.8 5.8 
(1.8) (0.8) (0.4) 

. 
(0.2) (0.4) (0.2) (0.3) 

5 (vac) 10.8 11.8 10.0 8.8 8.9 7.9 7.8 
(0.7) (0.6) (0.8) (0.5) (0.5) (0.4) (0.5) 

10 (vac) 11.4 12.9 10.5 10.0 9.1 8.7 8.8 
(0.5) (0.7) (0.8) (1.2) (0.7) (0.5) (0.3) 

Control 20 0.4 0.7 0.7 0.7 0.7 0.7 0.7 
(0-1) (0-1) (0-1) (0-1) (0.1) (0-1) (0-1) 

(dip) 4.3 1.8 1.5 o. 6 0.6 0.5 0.5 
(0.2) (0.1) (0.1) (0.0) (0.0) (0.0) (0.0) 

(vac) 8.6 10.1 6.0 5.6 5.0 4.7 5.0 
(0.6) (0.3) (0.5) (0.4) (0.5) (0.2) (0.4) 

1 (vac) 9.2 11.1 8.0 6.7 6.5 5.8 5.2 
(0.8) (0.4) (0.5) (0.3) (0.2) (0.4) (0.2) 

3 (vac) 9.8 11.2' 9.1 8.0 6.8 6.5 6.0 
(1.3) (1.2) (0.6) (0.5) (0.3) (0.4) (0.2) 

5 (vac) 9.9 12.0 10.1 9.6 8. o 8. o 8.2 
(1.2) (1.2) (0.5) (0.2) (0.3) (0.2) (0.8) 

10 (vac) 10.5 13.5 11.5 10.0 9.2 8.6 8.6 
(0.8) (1.4) (0.6) (0.21) (0.6) (0.3) (0.2) 
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Table 3.9 continued: 

10% Resin + 
10% Wax 
treatment 
time (min) 

No. 
of 

Cycles 

Specimen nos. and mid-distance from 
and Tj standard deviation, minutes 

10) 2(11) 3(19) 4(27) 
.. 505) 

treated end (um) 
(3 replicates) 

. . 
6(43) 7(51) 

(dip) 0 131.0 75.0 0.7 0.7 0.7 0.6 0.6 
(14.0) (12.0) (0.1) (0.1) (0.1) (0.1) (0.1) 

(vac) 144.0 115.0 102.0 90.0 70.0 63.0 58.0 
(15.0) (11.0) (9.0) (6.0) (5.0) (6.0) (5.0) 

1 Nac) 150.0 130.0 110.0 97.0 84.0 72.0 60.0 
(19.0) (12.0) (7.0) (5.0) (4.0) (5.0) (6.0) 

3 Nac) 155.0 140.0 125.0 110.0 95.0 88.0 81.0 
(20-4) (19.0) (12.0) (6.0) (7.0) (4.0) (5.0) 

5 (vac) 183.0 173.0 157.0 135.0 112.0 103.0 92.0 
(17.0) (19.0) (13.0) (11.0) (11.0) (7.0) (7.0) 

10 (Vac) 195.0 180.0 163.0 144.0 131.0 117.0 108.0 
(19.0) (18.0) (12.0) (10.0) (7.0) (7.0). (8.0) 

(dip) 5 111.0 68.0 1.2 1.0 0.7 0.7 0.7 
(16.0) (10.0) (0.2) (0.1) (0.1) (0.1) 

. (0.1) 
(vac) 122.0 105.0 93.0 84.0 67.0 52.0 48.0 

(19.0) (18.0) (12.0) (7.0) (9.0) (7.0) (5.0) 
1 (vac) 126.0 113.0 95.0 97.0 92.0 81.0 79.0 

(18.0) (19.0) (8.0) (12.0) (10.0) (6.0) (12.0) 
3 (vac) 137.0 132.0 105.0 94.0 91.0 -92.0 90.0 

(12.0) (12.0) (10.0) (9.0) (7.0) (11.0) (7.0) 
5 (vac) 150.0 162.0 148.0 127.0. 111.0 99.0 104.0 

(21.0) (21.0) (15.0) (17.0) (9.0) (7.0) (14.0) 
10 Nac) 172.0 173.0 155.0 141.0 124.0 115.0 9A. 0 

(19.0) (17.0) (14.0) (13.0) (12.0) (14.0) (8.0) 

(dip) 10 102.0 65.0 0.8 0.8 0.8 0.7 6.7 
(8.0) (9.0) (0.1) (0.1) (0.1) (0.1) (0.1) 

(vac) 117.0 109.0 93.0 79.0 62.0 58.0 51.0 
(12.0) (9.0) (8.0) (6.0) (7.0) (6.0) (5.0) 

1 (vac) 123.0 127.0 120.0 112.0 90.0 81.0 69.0 
(17.0) (21.0) (18.0) (22.0) (8.0) (9.0) (7.0) 

3 (vac) 145.0 138.0 129.0 121.0 102.0 88.0 87.0 
(22.0) (17.0) (13.0) (20.0) (9.0) (7.0) (8.0) 
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Table 3.9 continued: 

10% Resin No. Specimen nos. and mid-distance from treated end (mm) 
+ 10% Wax of and Tj standard deviation, minutes (3 repl icates) 
treatment Cycles 
time (min) AM 

. 
2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

5 (vac) 10 157.0 168.0 159.0 132.0 114.0 101.0 103.0 
(11.0) (26.0) (21.0) (13.0) (9.0) (10.0) (12.0) 

10 (vac) 165.0 183.0 168.0 143.0 130.0 117.0 106.0 
(19.0) (22.0) (20.0) (14.0) (16.0) (11.0) (9.0) 

(dip) 20 103.0 81.0 1.2 1.1 1.0 1.1 1.3 
(12.0) (15.0) (0.1) (0.1) (0.1) (0.1) (0.2) 

(vac) 107.0 112.0 102.0 80.0 84.0 62.0 69.0 
(9.0) (11.0) (13.0) (7.0) (6.0) (7.0) (7.0) 

(vac) 126.0 138.0 122.0 105.0 97.0 83.0 84.0 
(21.0) (13.0) (17.0) (7.0) (11.0) (8.0) (9.0) 

3 (vac) 139.0 152.0 136.0 . 110.0 98.0 87.0 84.0 
(14.0) (24.0) (17.0) (13.0) (9.0) (6.0) (. 11.0) 

5 (vac) 148.0 173.0 144.0 133.0 118.0 101.0 94.0 
(18.0) (22.0) (18.0) (12.0) (11.0) (10.0) (7.0) 

10 (vac) 175.0 191.0 182.0 166.0 139.0 135.0 121.0 
(16.0) (23.0) (25.0) (21.0) (18.0) (19.0) (12.0) 

Table 3.10 Difference Between Means of Water Absorption of Ist Specimen 

at Various Cycles ('t'-test) 

Specimen Treatment Comparison Between 't' Value and 
Cycles Significance 

Pine 10% Resin 0-5 1.08 n. s. 
0-10 2.68* 

0-20 3.23 ** 

Others U. S. 

Pine 10% Resin + 0-5 
10% Wax 0-10 n. s. 

0-20 

Others 

*j - 0.05, ++p' - 0.01 and n. s. --nonsignificant. 
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Figure 3.14 Time to half swell before cycling of transverse wafers cut along 
depth of treatment from pine long sticks (3 replicates). Curve 
code: 1-6 - resin and a-f - resin-wax treatment. C- control. 
1, aI min (dip); 2, bI min (vac); 3, c1 min (vac); 
4, d3 min (vac); 5, e5 min (vac); 6, f In min (vac). 
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3.4.1 Swelling Data for Pine_Transverse Wafers Before Cycling 
Water repellency as indicated by time to half swell data (Table 3. *9) 

in pine wafer specimens suggests that resin only treatment does not 
provide much-protectica. Brief (30 sec. ) immersion treatment, without 
the application of any vacuum gives some water repellency to only the 
first centimetre or so from the treated end. It seems that with short 
immersion periods no significant penetration occurs beyond-this distance. 
Treatment by vacuum leads to better performance in the wafer specimens 
(Table 3.9). Progressively improving water repellency is obtained with 
the increase in treatment severity. 

The concentration gradient is steepest towards the outer (treated) 

surface. The general shape of the concentration gradient is similar for 

all the vacuum treatments, only the absolute values of time to half 

swell incrdasing with increasing severity of treatment. This is shown in 
Figure-3.14. The data presented demonstrate that, irrespective of the 
immersion period under vacuum, similar depth-of deposit penetration is 

achieved in pine. Consequently, since variation in this time led to 
significant variation in solution absorption, the concentration of 
deposit throughout the treated zone must vary. 

In planning the'study it was assured that process variation would 
lead to variation in depth of penetration. The data show this not to be 
the case. Probably the tendency for similar depth to be penetrated 
irrespective of immersion time is associated with the secondary 
penetration phenomenon described by Morgan and Purslow (1973). 

With the resin-wax solution the water repellency in pine at positions 
within the treated zone is seen to increase 10 to 20 fold over the values 
for resin only treatment (Table 3.9). As with resin only treatments, 
water repellency afforded in treated specimens was dependent on the 
severity of treatment. The distribution of resin-wax solution, introduced 
by a simple immersion treatment, is characterized by a steep performance 
gradient at the treated end, indicating some penetration in the first 
centimetre of the treating end and nothing beyond this. Treatment under 
vacuum yielded gradients similar to those obtained with resin treated 
specimens, but. with higher absolute time to half swell values. With all 
treatments a steep gradient of water repellent effectiveness towards the 
treated end was observed. This is probably due in part to a decrease in 
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available flow paths with increasing distance penetrated (Banks, 1970b) 

and in part due to surface enrichment resulting from surface forces 

experienced during solvent evaporation (Smith and Cockroft, 1961). 

3.4.2 
' 
Swelling Data For Pine Wafers After Cycling 

Specimehs subjected to simulated weathering for 5 cycles showed 

reduction in water repellency throughout the treated zone irrespective 

of level of treatment (Table 3.9). However, over this period, the 

greatest decrease in water repellency was observed in wafer specimens 

cut from the exposed surfaces. With continued exposure for 10 or 20 

cycles further decrease of water repellency in the surface specimen 

was quite small (Table 3.9). There was very little significant decrease, 

if any, in the water repellency of the interior specimens. It seems, 
therefore, that loss of water repellency in resin-treated pine specimens 
is most pronounced during the initial weathering period (Table 3.10). 

Further cycling reduces the water repellency at a much slower rate. 
On cyclic wetting and drying of long specimens, only the surface 

zone loses water repellency to a marked extent. A coubination of 
breakdown of structure and loss of ' adhesion of resin is thought to be 

responsible for the loss of water repellency (Banks and Voulgaridis, 
1980). 

. 
As in the case of resin treated specimens significant loss of water 

repellency with resin-wax treated specimens is confined to the exposed 
end, and to the first few (5) simulated weathering cycles. As a result 
of this loss in water repellency at exposed ends, the initial steep 
gradient of effectiveness is modified. However, resin-wax treatment 

restricts water entry so effectively that a very high degree of 
effectiveness remains even in the exposed end and the between cycles 
difference in TJ remains statistically insignificant with the small 
sample size employed (Table 3.10). After a period of such weathering in 

all but the immersion treated pine specimens, the outermost zone became 
less water repellent than some parts of the interior. Presumably the 
fact that the effect is not shown by the immersion treated specimens is 
due to the very shallow zone of treatment coupled with the very steep 
initial gradient within the zone. In this situation, although the 
outermost wood is that showing most degrade after exposure, the steepness 
of the performance gradient is such that wood even a little removed from 
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the exposed surface is treated less well than is needed to match the 

performance of the degraded surface zone.. 
3.4.3 Swelling Data for'Resin-Treated Beech Wafer Specimens'After 

Various Weathering Cycles - 
As with. pine, the water repellent effectiveness of treated beech 

shows a marked gradient of performance along the treated zone. With 

all the levels of treatme; it monitored by the gravity method (see Section 

3.2.2) effectiveness expressed as time to quarter swell (TI) is seen 

to decrease approximately linearly with increasing distance from the 
treated end (Table 3.11 and Figure 3.15). In all but the mildest (I ml) 

resin only treatment this linear relationship was seen to hold over the 

whole sample distance (N50 mm). With the mild treatment mentioned Tj 

reached an approximately constant (low) value close to that of untreated 

control wafers at about 35 mm from the treated end, suggesting that in 

this instance the deposit was restricted to this outer zone. 
For all the treatments the shape of the performance gradient is 

broadly similar and the absolute values of Tj can be seen to increase 

systematically with increase in volume of water repellent solution 
applied. Thus with the exception of the 1 ml resin only treatment noted 
above, it seems that, as with the vacuum treated pine specimens, the 
introduction of increasing quantities of solutions has led to increased 

loading within the monitored zone rather than to any marked extension of 
the water repellent treated zone. Again, as with pine, this is 

probably dlie to secondary penetration effects leading to the extension 
of the initial distance penetrated (Morgan & Purslow, 1973). 

Swelling data obtained for resin treated beech specimens after 
exposure to cyclic wetting and drying show that this simulated weathering 
procedure leads to a reduction in effectiveness (Figure 3.15). Two 
features of this reduction are noteworthy: 

1) As with pine, the exposed end region seems to be much more 
heavily degraded than the rest of the specimen. 

2) Over the longer period of exposure (20 cycles) there appears to 
be a tendency for performance throughout the treated zone to fall. This 
effect is most marked with the heavier treatments (3 and 5 ml). 
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Table 3.11 Time to Quarter Swell of Beech Wafers Cut From Long Sticks 

After Various Weathering CXcles 

10% Resin 
solution 

(ml) 

No. 
of 

Cycles 

Mean Tj of 4 
Specimen nos. 

10) 2(11) 

replicates(Istandard deviation), 
and position (mm) from treatment 

3(19) 4(27) 5(35) 6(43) 

minutes. 
end 

7(51) 

Control 0 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

1 49.5 36.0 25.0 14.0 6.5 5.0 4.5 
(6.6) (7.1) (5.5) (2.4) (1.0) (0.8) (0.6) 

2. 57.0 46.0 38.0 31.0 22.0 18.0 13.0 
(6.0) (5.2) (6.2) (5.3) (4.3) (6.7) (3.6) 

3 69.0 60.5 54.0 50.0 47.0 42.0 31.5 
(8.5) (12.6) (9.8) (8.7) (8.2) (4.7) (6.7) 

5 87.0 78.0 73.5 70.0 67.0 63.0 60.5 
(12.9) (7.4) (5.5) (8.0) (8.4) (LO. 2) (6.0) 

7 96.0 92.0 85.5 84.0 78.0 74.5 64.0 
(13.5) (13.0) (8.3) (3.8) (11.8) (5.1) (6.3) 

Control 5 1.9 3.3 3.0 3.4 3.3 3.3 3.4 
(0.2) (0.5) (0.5) (0.03) (0.04) (0.1) (0.1) 

1 7.5 45.0 42.0 34.0 17.0 14.5 11.0 
(2.1) (4.0) (5.0) (3.0) (6.0) (3.0) (3.0) 

2 8.8 45.5 44.0 41.0 40.0 32.0 29.0 
(2.0) (6.0) (5.0) (6.0) (4.0) (5.0) (6.0) 

3 31.0 64.0 56.3 51.0 51.0 44.0 46.0 
(8.0) (3.5) (6.0) (8.0) (5.0) (6.0) (7.0) 

5 37.0 75.0 66.0 63.0 63.5 56.0 51.0 
(11.0) (8.0) (9.0) (8.0) (8.0) (7.0) (5.0) 

Control 10 1.6 2.8 2.6 2.7 2.8 2.5 2.2 
(0.02) (0.1) (0.6) (0.6) (0.8) (0.4) (0.7) 

1 3.5 40.0 35.0 34.0 23.0 18.0 13.5 
(1.3) (4.0) (6.0) (3.0) (2.0) (1.2) (2.0) 

2 5.3 46.0 44.0 45.0 39.0 37.0 33.0 
(2.0) (3.0) (7.0) (4.0) (5.0) (8.0) (3.0) 

3 24.0 63.0 59.0 56.0 50.0 49.0 41.0 
(0.7) (4.0) (8.5) (5.0) (6.0) (5.0) (4.0) 

5 31.0 75.0 67.0 60. OL 53.0 50.0 47.0 
(4.0) (11.0) (9.0) (10.0) (7.0) (6.0) (8.0) 
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Table 3.11 continued: 

10% Resin 
solution 

(ml) 

No. 
of 

Cycles 

Mean Tj of 4 replicates (I standard deviation), 
Specimen nos. and position (mm) from treatment 

10) 2(11) 3(19) 4(27) 5(35) 6(43) 

minutes 
end 

7(51) 

Control 20 1.6 2.3 2.8 2.8 2.4 2.5 2.0 
(0.4) (0.5) (0.2) (0.3) (0.2) (0.5) (0.4) 

1 3.0 38.0 37.0 34.0 18.0 17.0 16.0 
(1.8) (4.0) (2.0) (6.0) (3.0) (2.0) (2.0) 

2 3.3 47.0 44.5 44.0 38.0 36.0 31.0 
(1.1) (8.0) (5.0) (5.5) (7.0) (3.0) (5.0) 

3 3.2 48.0 48.0 47.5 45.5 40.0 33.0 
(1.9) (6.0) (7.0) (4.0) (3.0) (7.0) (4.0) 

5 10.0 47.5 51.0 48.0 47.5 46.0 39.0 
(4.0) (8.0) (4.0) (7.0) (6.0) (8.0) (7.0) 

10% Resin 
+ 10% Wax 
solution 

(ml) 
. 
10) 2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

1 0 112.0 98.0 84.0 74.5 68.0 60.5 50.0 
(9.5) (7.4) (10.0) (17.2) (13.0) (18.3) (12.6) 

2 139.0 117.0 109.0 100.0 91.5 85.0 78.0 
(27.3) (16.5) (12.5) (10.1) (9.7) (15.1) (12.4) 

3 154.0 136.0 124.0 118.5 168.0 94.5 86.0 
(14.5) (15.9) (6.9) (8.4) (5.5) (14.0) (16.7) 

5 192.0 146.0 135.0 130.0 123.0 110.5 105.0 
(9.9) (11.6) (23.8) (11.0) (12.0) (12.8) (12.8) 

7 207.5 162.0 148.0 140.0 128.0 119.0 113.0 
(16.3) (4.8) (9.3) (14.5) (22.1) (14.9) (17.0) 

1 
.5 

45.0 109.0 111.0 78.0 67.0 57.0 58.0 
(7.0) (11.0) (13.0) (6.0) (5.0) (7.0) (4.0) 

2 91.0 141.0 128.0 117.0 104.0 99.0 107.0 
(12.0) (10.5) (17.0) (1.0) (8.0) (11.0) (9.0) 

3 107.0 186.0 169.0 152.0 138.0 124.0 122.0 
(21.0) (17.0) (14.0) (13.0) (8.0) (9.0) (5.0) 

5 109.0 223.0 205.0 187.0 162.0 146.0 133.0 
(16.0) (31.0) (15.0) (21.0) (12.0) (11.0) (12.0) 
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Table 3.11 continued: 

10% Resin No. Mean Tj of 4 replicates (1 standard deviation), minutes 
+ 10% Wax of Specimen nos. and position (mm) from treatment end 
solution Cycles 

(ml) 
1(3) 2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

1 10 48.0 109.0 10 3'. 0 78.0 62.0 58.0 61.0 
(9.0) (11.0) (8.0) (10.0) (7.0) (5.0) (6.0) 

2 77.0 138.0 141.0 125.0 110.0 90.0 66.0 
(10.0) (12.0) (16.0) (24.0) (19.0) (8.0) (5.0) 

3 83; 0 177.0 173.0 170.0 141.0 128.0 121.0 
(7.0) (22.0) (8.0) (9.0) (16.0) (10.0) (8.0) 

5 97.0 220.0 198.0 174.0 159.0 144.0 129.0 
(12.0) (31.0) (26.0) (18.0) (13.0) (11.0) (9.0) 

1 20 44.0 108.0 96.0 83.0 70.0 52.0 45.0 
(5-0) (11.0) (12.0) (9.0) (11.0) (6.0) (5.0) 

2 77.0 140.0 139.0 128.0 120.0 105.0 92.0 
(11.0) (14.0) (14.0) (12.0) (22.0) (11.0) (8.0) 

3 91.0 183.0 168.0 157.0 132.0 129.0 122.0 
(8.0) (14.0) (21.0) (16.0) (20.0) (12.0) (10.0) 

5 109.0 198.0 187.0 168.0 157.0 132.0 124.0 
(12.0) (23.0) (14.0) (24.0) (13.0) (11.0) (8.0) 

The first feature, that relating to end performance is probably 
associated strongly with the wood structural degrade occuring in this 
rejion (Banks and Voulgaridis, 1980). The second feature, loss of 
performance throughout the treated zone, may be due to the ability for 
liquid water to penetrate the whole of the resin only treated zone 
(since the hydrophobic effect is small) and thence to degrade either the 
lumen structure or the lumen/deposit interface. This effect is discussed 
fully in the section dealing with resin treated pine (Section 3.4.2). 

i 
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Although all levels of treatment show marked loss of performance 

as a result of simulated weathering, especially in the exposed and region, 

the heavier treatments continue to offer better resistance to water 

uptake throughout the exposure period. This is probably because the 

initially more effective deposit continues to act as a reservoir allowing 

significant water resistance to remain in spite of the degrade caused by 

weathering. 
3.4.4 Performance of ResinrWax Treated Wafers at Various Cycles 

As with the resin only treatments, a gradient of performance can be 

observed in resin-wax treated specimens throughout the impregnated zone, 

with the treated end region showing greatest resistance to water uptake 
before exposure to simulated weathering (Figure 3.16; Table 3.11). With 

exposure to the weathering process, marked loss of performance was seen 
to occur. From the graphs of Figure 3.16 it can be seen that almost 

all the loss of performance occurred within. the first 5 wet/dry cycles 

and wAs largely restricted to the outermost centimetre of the long 

specimens. Similar to the treated pine specimens discussed above 
(Section 3.2.2), it is believed that this difference in the nature of 
performance loss compared with resin only treatments, is associated 
with the strongly hydrophobic character of the resin/wax deposit. With 

such a deposit, liquid water is unable to penetrate beyond the degraded 

zone. Hence, breakdown of the deposit/cell wall system can occur only 
slowly from the exposed surface inwar& . 

Throughout the weathering period corresponding points within the 

specimens can be seen to maintain their performance relative to one 
another. This suggests that the deposit thickness or the extent of its 
distribution within the cell structure in the treated zone has a 
significant effect on performance. 
3.5 Assessment of the Distribution of Water Repellent Substances Within 

the Treated Zone 

As suggested in the previous section, the effectiveness of a water 
repellent treatment is likely to depend on the amount of deposit and its 

precise location within treated wood. However, it seems likely that 
factors such as the coherence of the deposit and the quality of its bond 
to the wood may also markedly influence water repellent efficiency. To 

assess the relative importance of these factors the amount of deposit 
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present in the transverse wafersp cut from the treated long specimensp 

was quantitatively estimated after completion of the swelling tests, 

described in Section 3.4. 

3.5.1 Method of Extraction 

Wafer s. ns after swelling tests were dried at 350C to constant 

weight. The protective styrene resin coating on the lateral surfaces 

of the wafers was carefully peeled off. The specimens were then*split into 

several smaller sections and extracted for 2 hours with 25 ml of 60-SOOC 

boiling range petroleum spirit in a refluxing system. The extracted 

soliltion was removed and the wood sections were washed twice with 10 ml 

portions of the solvent. All the washings were preserved. A second 

reflux extraction of-the specimen sections was carried out with a further* 

20 c. c. of solvent for 1 hour. The wood sections, after decanting off 

the solvent, were washed again twice with 10 ml aliquot parts of-solvent. 
A third extraction conducted with the first -few specimens showed an absence 

of any further soluble substances after the second extraction. All 

extractives and washings from the extraction process for each treatment 

were slowly evaporated at 55-60 0 C-over a constant level water bath in 

chemically clean, previously dried, desicclated and weighed porcelain basins. 

After drying, the deposits in the basins were desiccated and weighed to 

calculate the amount of water repellent substance removed from each section. 
Untreated control sections were used in order to correct for the natural 

extractive substances present. 
3.5.2 Water Repellent Extraction Data and Discussion 

The Tj and Tj values obtained with the resin and resin-wax treated 
Corsican pine and European beech specimens at 0,5,10 and 20 cycles 
(Section 3.4) suggest that, 

(a) natural water resistance in beech is more pronounced than in 

pine; 
(b) ultrastructural differences in pine and beech allow a better 

coating. action with resin solution in beech than in pine; 
(c) the hydrophobic action of wax in treated specimens is, on the 

othef-hand, much more prominent in pine than in beech, probably 
again dud to the same ultrastructural difference; 

(d) higher treatment level affords better water repellency than lower 

ones both in pine and beech; 
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Figure'3.17 Distribution of resin along depth of treatment of pine long 
sticks gravimetrically determined by extraction after 0,5,10 
and 20 weathering cycles (mean of 3 replicates). Curve code: 
II min (dip); 2j min (vac); 3=1 min (vac); 4=3 min (vac); 
55 min (vac); 6 10 min (vac). 
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(e) a distribution gradient forms along the treated zone with both 

treating solutions and with both the species; 
(f) exposure io cyclic wetting and drying degrades the end specimens 

more than the interior ones; 
(g) wood degrade is more prominent in beech than in pine; 
(h) resin treatments are affected by weathering more markedly than 

resin-wax treatments. 
Part of the loss of performance due to the simiVlated weathering 

exposure is believed to be due partly to wood structural degrade and in 

part possibly due to alteration of the wood deposit system (Voulgaridis, 

1980). The presence of resi=-wax deposit, for example, in a treated 

specimen after cycling may be in a bonded state over important pit areas 

or in a dislodged state due to preferential wetting. 
At the outset it should be emphasized that separate batches of 

specimens had to be used for various cycles of exposure, because the 

assay work involved specimen destruction. Therefore, some variation in 

solution absorption and distribution was inevitable. 

The amount of water repellent extracted from resin treated pine 

specimens before cycling showed progressively larger amounts of resin 

present with increase in the severity of treatment (ApRendix II, Týable 3; 
Figure 3.17). When penetration was conducted by simple immersion 

treatment for very short time (30 seconds), most of the resin was located 
in the first wafer specimen. The second had a little measurable deposit, 
but the later ones had only nominal quantities. These amounts are close 
to normal wood extractives, as will be clear from the mean extractives 
(0.0017g) of six untreated control wafers. In vacuum impregnated pine 
specimens resin was found to be distributed in decreasing amounts from 

the end specimen inwards. However, the steep fall in the first 2 or 3 

centimetres gave way to a flatter distribution pattern beyond this depth. 
The water repellency afforded for various treatment periods and at 
various depths of penetration in treated wood (Section 3.4) are in keeping 

with the amounts of resin extracted. 
After 5 soak/dry simulated weathering cycles, the end specimen 

exposed to the rigours of weathering showed some loss of resin deposit 
(Figure 3.17). Breakdown in wood structure in the end specimen, 
weakening of wood/resin bond due to preferential wetting and subsequent 
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dislodgement or removal of some resin therefrom is suggested as the cause 

of this loss. The interior specimens beyond the outermost centimetre do 

not seem to lose much resin on cycling. The distribution curve, as a 

result, tends-to be less steep after 5 cycles. Further weathering for 

10 or 20 cycles appears to have little effect on the resin content, 

even of the outermost specimen. It is probable that maximum loss of 

water repellents takes place in the first centimetre or so of the weathered 
long sticks after 5 or so cycles. It seems likely that this rapid loss 

of deposit from the outermost specimen may be due to weakening of the 
bond between the outer wood surface and superficial deposit attached to 
it (Figure 3.18). 

LOSS OF RESIN LIMITED MOST-c-Y TO OUTER END FILM 
ON WEATHERING 

0 

CELL WALL 

Figure 3.18 Loss of water repellent deposit limited to outer end film 

after 5 cycles of weathering. 

After the initial period of cycling the wood/resin bond in the end 
(and second) specimen(s) may be weakened further on continued weathering. 
This may pave the way for some further loss of water repellency manifested 
as decreased time to half swell. Where such bond weakening occurs deeply 

within the treated zone the resin may not be removed from the wood cells, 
hence the amount extracted from-interior specimens may be expected to 
remain relatively constant. The swelling of the wood specimens, on the 
other hand, may increase as a result of degradation of wood-resin bond. 
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Resin-wax treatment in pine follows almost the same pattern as in 

the case of resin treatment, both before and after cycling (Appendix II, 

Table 3, Figure 3.19). Quantitative loss of resin-wax from the first 

specimen is, -however, more than in the case of resin tr eated specimens. 

This may be aue in part to the presence of higher solids content. On a 

percentage basis, however, loss of resin-wax is also greater than with 

resin only. It seems, therefore, the weaker wood-wax bond is 

responsible for greater loss of resin-wax on cycling. 

It is observed that the surface specimens of both the resin and 

resin-wax treated pine continue to lose water repellent effectiveness 

upon exposure to 10 or 20 weathering cycles to the extent that they 

exhibit lower water repellency than the specimens immediately beyond the 

surface zone (specimen no. 2; Section 3.4.1 and 3.4.2). However, in 

. spite of the considerable loss of resin or resin-wax deposit from th. e 

outermost specimens (Figures 3.17 and 3.19), these still retain more 

deposit than subsequent specimens, even after such exposure. 

This'evidence lends support to the view that it is not only the 

quantity of water repellent deposited at a particular location which 

determines the degree of water repellency afforded within that zone. 

Rather, water repellency seems to depend also on distribution at the 

cellular or sub-cellular level and/or on the quality of bond between 

deposit and cell wall. Moreover, well-bonded and distributed water 

repellents will be of little help in protecting wood if water entry is 

made possible by exposing uncoated areas as a result of wood degradation 

in the vicinity of the treated zone. 

Monitored quantities of water repellents (1,2,3 or 5 ml) 

introduced into 15 cm long beech specimens show a similar gradient of 

resin loading to that seen in vacuum treated pine (compareFigures 3.17 and 

3.20). In the gravity treated beech specimens the resin concentration is 

greatest near to the treated end. Concentration falls ste eply over the 

outer 2 cm or so and thereafter more gradually. It is possible that in 

the absence of any vacuum to enhance the penetration of water repellents 
into the pit system, penetration occurs mostly into the vessel system. 

Some secondary penetration occurring during drying may lead to fluid 

movement through the pit system from the. vessels into fibre tissue. 

Because penetration was effected from the bottom upwards and also as a 
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result of evaporation from the exposed end grain, more water- repellents 

are deposited towards treated end than in the interior. 

After 5 wet-dry cycles most of the resin7loss from beech specimens. 

seems to have occurred from the end specimen (outer 6 mm). in contrast 

to pine there is also some loss from the second specimen. Thereafter, 

along the depth of treatment the amount of water repellent present seems 

to be virtually unaffected by cycling. Probably due to the greater 

dimensional instability of beech compared to pine, more checks and 

splits developed in the end specimens of beech than in the pine specimens. 

Some of these splits appeared to extend far enough to affect water 

movement into the zone of the second wafer and this may contribute to 

the loss of some deposit from this region. On continuing exposure up to 

10 cycles, a further loss of resin was recorded in the first and second 

specimens. Beyond this degree of imposure further cycling did not seem 

to cause significant further loss of resin. The distribution gradient, 

thus, become less steep with cycling up to 10 cycles. 

A broadly similar pattern of distribution of resin-wax was observed 

both iniiially and after cycling except that unlike resin, the resin-wax 

is distributed along a smoothly falling gradient rather than one with 

inward steepness towards the treated end (Figure 3.21). "It is noteworthy 

that the much higher solids content in resin-wax solutiýn did not give 

rise to proportionately higher deposits compared to resin in the treated 

end. With resin-wax, the deposit is laid down more evenly throughout 

the treated zone. This is probably due to the resin--wax solution being 

closer to its solubility limit. Thus, as solvent evaporation occurs, 

solids begin to precipitate before a large volume of solvent is lost, 

reducing the tendency for the solids to concentrate towards the surface(s) 
from which evaporation occurs. 

3.6 Measurement of Contact Angles of Extracted Water ReDellents After 

Simulated Weathering 

On rough and porous substrates it is difficult to obtain precise and 
reproducible estimates of contact angle. Hence the equilibrium contact 

angle made by water with the extracted water repellent deposit was 

measured by the sessile drop method after its deposition onto clean glass 

microscope slides (Figure 3.22; Gray and Wheeler, 1959; Nguyen and Johns, 

1979; Rak, 1975). 
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drop method. Water drop on glass slides coated with 
extracted water repellent can be sevn in the lower 
picture. 
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The extractives from the extraction experiment (see Section 3.5.1) 

were dissolved in 5 ml of 400-600C boiling range petroleum spirit. The 

film on glass slide was made by placing a drop of this solution on a 

slide and rapidly drawing another slide over it. After drying, the 

slides were equilibrated in a desiccator containing silica gel for at 
least 48 hours before being subjected to test (Figure 3.22). Drops 

(0.01 ml) of distilled water were placed on the film from a microsyringe. 
Four drops were placed on each of 3 slides for each extract and their 

contact angles were measured at 65% RH and 200C. 

3.6. 'l Contact Angle Data for Deposits Extracted from Cycled Specimens 

Equilibrium contact angles of resin-wax extracted from pine and 
beech specimens and deposited on glass slides show no systematic change 

with time of exposure to simulated weathering cycles. Neither do the 

contact angles measured vary significantly with severity of treatment 

or location within the treated zone (Table 3.12; details are in Appendix II, 

Table 5). This suggests that no gross separation of the wax and resin 

occurs along the depth of treatment. The low contact angles obtained with 
interior specimens at 0 cycle of immersion treated (30 seconds) pine and 
1 ml treated beech wood simply indicate the absence of any significant 

quantities of water repellents in these zones (compare data in Appendix II, 

Tables 3 and 4 with Table 5). Further contact angle measurements (after 

cycling) on extracts from untreated or minimally treated zones were not 
carried out. 

The somewhat similar range of contact angles along the depth of 

treatment does not, however, mean equidistribution of water repellents. 
Quantitative estimation of deposits (Section 3.5.1) and swelling 

measurements (Section 3.4) demonstrate convincingly that a concentration 

gradient is established along the treated zone. Since a monomolecular 
hydrophobic layer is sufficient to give a high contact angle, varying 
quantities of water repellents present in excess of that required to form 

a monolayer cannot be expected to have a large effect on the contact angle. 
It is difficult to measure contact angle with precision better than ±2-30. 
The variability observed at any sample position as a result of cycling 

generally falls within this bound. Hence, it can be seen that the simulated 
weathering process appears to have no significant effect on the 
hydrophobicity of the deposit. 
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Table 3.12 Corparative Non-Variability of Contact Angle on Stable 

Substrate with Severity of Treatment or W eathering or 

Location Within Treated Zone with Resin-Wax Variability 

PINE No. BEECH - 

Treat- Specimen Position... (mm) 
of 

Cycles Treat- 
, '' , Specimen. P osi tion. (mm) 

.. ment, .. . ... ... ..... .. ment .. .. I... ..... ...... . 
(min) Contact De osit (ml) Contact 

0 
Deposit 
, angle (80) 

ýgm) 
- angle (6 ) 

-. 
(m) 

3 27 3 27 3 27 3 27 

3 (vac) 107 108 0.141 0.057 0 3 105 105 0.130 0.054 

110 111 0.118 0.053 
.5 

109 110 0.122 0.058 

110 107 0.106 0.053 10 110 110 0.113 0.056 

107 108 0.108 0.053 20 110 110 0.112 0.054 

5 (vac) 105 106 0.177 0.055 0 5 104 107 0.132 0.071 

104 108 0.134 0.053 5 112 107 0.125 0.072 

105 110 0.126 0.056 10 108 108 0.123 0.07.2 

103 108 0.122 0.052 20 112 107 0.126 0.071 

3.7 The Relationship Between Distribution and Effectiveness of Water 

Repellents in Treated Wood 

Scatter. diagram of deposit amount against water repellent effectiveness 

(Tj and TI) of variously treated pine and beech specimens are presented 

in Figures 3.23 to 3.26. Visual inspection of the data for all samples 

before exposure suggests that there is a positive correlation between 

amount and effectiveness of water repellent. This is confirmed by the 

regression analysis (see Table 3.13). Only in the case of the resin only 

beech treatment does the correlation coefficient fall below 0.8. Even in 

the case of the resin/beech treatment where the correlation coefficient 
is 0.67, analysis suggests that the correlation is significant at the 

0.01 confidence level of probability. 
In all treatment systems tested, exposure to cyclic wetting and 

drying leads to a decrease in the quality of correlation. In spite of this, 

the correlation remains significant at the 1% level with pine specimens 
throughout the exposure period. With beech, however, exposure for 5-10 

wet/dry cycles brings about a loss of correlation to below the 5% level of 
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significance. Excessive loss of effectiveness in the end specimen zone 

of variously treated beech compared to the loss of deposit yields absurd 

negative regression slope in cycled specimens. 

Detailed study of the data (Tables 3.9 and 3.11, Section 3.4) show 

that the mos-t significant change (decrease) in water repellency occurs 
in the'outer centimetre or so of the long specimens (i. e. the zone 

represented by the outer 1 or 2 wafer specimens). It is also shown 
(Figures3.17 and 3.19 to 3.21) that loss of water repellent deposit from 

this zone appears to be small, relative to the measured fall in water 

repillency. It seems likely, therefore, that the fall in goodness of fit 

of the data in the linear regression model is strongly associated with 
the marked loss of effectiveness in these outer zones. Consequently, 

regression analysis of the data were repeated, omitting the data pairs 
("TJ or Till and "mass of deposit") relating to the outer zones. In the 

case of pine specimens just the outermost wafer data were omitted and for 
beech the data for the outermost one or two wafers. Details of this 

analysis are given in Table 3.13. 

From the data of Table 3.13, it can *be seen that by 

omitting the outer zone data, the regression parameters before and after 
exposure are quite similar. However, the slope of regression changes 
significantly as a result of the ommissions. Even in beech the 

correlation coefficients seem to change most with the omission of the 
first wafer specimen. Change from the omission of only the first wafer 
to two wafers is not as significant as the former. This means that the 
loss of water repellency is concentrated mostly in the first wafer zone. 
This supports the view that changes brought about by simulated weathering 
are restricted largely to this outer zone. This is probably due to either 
degradation of the surface cell walls leading to the provision of 
alternative water pathways as suggested by Voulgaridis, 1980 (Figure 3.27), 
or to loss of integrity between lumen surface and deposit in this zone, 
allowing capillary flow to occur in the gap so formed (Figure 3.6a). 
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PART 4 

CHEMICALLY BONDED WATER REPELLENTS AFFECTING THE 

PERFORMANCE OF THE TREATED WOOD 

The effectiveness of water ripellent treatment is dependent on 

the naturi of the wood pore system, the perfection of the water 

repellent deposit and the quality of the wood-deposit bond. The loss 

of water repellent effectiveness is thought to be mainly due to 

three factors: 

1) Water repellent film displacement from the cell wall of 

treated wood due to preferential wetting. 

2) Degradation of wood structure due to dimensional changes 

during wetting and drying periods. 

3) Deterioration of the water repellent film due to movement 

in wood during wetting and drying. 

Since the weak Van der Waal's forces bonding water repellent to 

wood are strongly affected by wetting and drying processes it is 

likely'that exposure to wetting and drying may lead to detachment of 

the aeposit from the cell wall. Covalent linkages between water 

repellent and cell wall, in addition to providing a superior bond may 

also block the water attracting OH group sites. - It is believed 

that silanes and epoxides are able to react with hydroxyl groups in 

wood and that the products of the reactions give rise to hydrophobic 

properties (Gagliardi et al, 1966; McMillin, 1963; Schuerch, 1968; 

Varma and Bandyopadhyay, 1975). 

4.1 Water repellent effectiveness in silanated wood 

4.1.1 Mechanism of silanation 

Silicon and carbon both belonging to the fourth group in the 

Periodic Table show similar chemical reactivity in many respects. Both 

are able to form a series of covalently bonded compounds, the bonds 

being directed towards the corners of a regular tetrahedron. 

Silanes, corresponding to alkanes in organic chemistry, have 

an empirical formula Sin H2n+2 . Each of the hydrogens in the 

silane molecule may be substituted by an electrophilic group, e. g. 

halogen or by methyl groups. The properties of the organochlorosilanes 

are dependent on the effects of silicon atoms, alkyl groups and halogen 
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groups. Alkylchlorosilanes may be represented by the following 

general foýmula: 

Sin H(2n+2-y) R (y-z) C13 

where R= alkyl group i. e. Cn H2n+l 

ty' is an integer having values between 2 and 

2n+2 and 
'z' is an integer having values between 1 and 

2n+1 

The reactivity of this series of compounds with wood varies with 

the length of the silicon chain, the nature of the alkyl group, the 

number of alkyl and chloro groups present and their position along 

the silicon chain. Generally, however, they react with hydroxyl 

groups in wood with the elimination of a proton: 

8 ROH + R; 9iC1 -> RO-SiR3 + HCl 

where R is a polysaccharide residue and R' is an 

alkyl group 

Preliminary experiments- have shown that wood treated 

with. the bifunctional substituted silane, dimethyl dichloro silane 
(DMDCS) has better water repellent properties than that treated with 

trimethylchlorosilane (TMCS). This maybe due to the cross-linking 

obtained with bifunctional groups: 

CH3 CH3 CH3 H3 (CH3)3 (IH3)3 

si si si si 

000000 
111 7ý 7- -*wod 77 7 77 

Cross-linked product No cross-linking 

Hypothetical wood silane reaction products 



-141- 

Reactions with n-dodecyl trichlorosilane (DDTCS) gave rise to 

a product slightly more water repellent than that formed with DMDCS. 

The effect may be due to the greater cross-linking as well as the 

presence. of a more hydrophobic longer chain hydrocarbon, which surpass 

the benefit of the greater number of alkyl groups per substituted 

hydroxyl group in wood: 

CH3 

n2)11 CýHý CH3 

si si 

00000 

//t//t//)//7' -*-Wood 777777L/77 
n-dodecyl product Dimethyl dichloro product 

In this study vapour phase reactions have been carried out with 
DMDCS. Liquid'phase reactions have involved the use of both DDTCS and 
DMDCS. Thus a reasonably broad range of silane characteristics has 

been investigated. In view of the many factors likely to influence 

reactivity and product performance, however, it is most likely that 

other reaction systems will give rise to somewhat different results. 
Apart from the reactions between wood hydroxyl groups and 

chlorosilanes outlined (Schuyten et al, 1948) it is believed that 

resistance to water uptake by silane treatment may result from two 

alternativemechanisms. 
i. Silanes may react with moisture in wood to form siloxanes 

which remain as a coating on cell surfaces. Such coatings are 
insoluble in water and common organic solvents (Rochow, 1951). 

. 
ii. In addition to attaching hydrophobic alkyl groups to wood 

polymer surfaces, the silyl groupa replace hydroxyl groups and hence 

reduce the tendencyýfor wood-water hydrogen bonds to be formed. 



Figure 4.1. Experimental apparatus for silanation reaction witli 
thin microtome specimens in the vapour phase in niLroý, en 
atmosphere. 

Flý; ure SilallaLlOll, ý', . ý, -. .. -:, - !-... . 



-143- 

4.1.2 Durability of chloro-silanation treatments-in wood 
4.1.2.1 Experimental procedure 

Nominal 100 micron thick, lcm, wide and 10cm long radial/ 
longitudinal microtome sections were cut from pre-soaked Corsican pine 
blocks. The specimens were conditioned at 20 0C and 65% RH under 
light pressure for 7 days and were then dried over P2 05. The weighed 

specimens were treated with DMDCS M in the vapour phase and (ii) in 

the liquid phase. In the vapour phasý reactions the microtome sections 

, Fere kept in the vertical position in a desiccator reaction vessel 

with the help of a perforated porcelain platform. The silane was 

vapourized at 700C in a round bottomed flask, fitted with nitrogen 
tube, thermometer and'a side outlet tube, over an oil bath. The 

vapour was blown into the reaction vessel by nitrogen gas through a 
bent tube fitted to the ground glass connectors of the flask and 
the vessel (see Figure 4.1). 

The liquid phase treatmerts were carried out using 5ml DMDCS 

dissolved in 50ml CU 4 to treat 20 microtomed specimens. Nitrogen 

gas was bubbled through the liquid in the reaction vessel to carry 

away HCl gas. The reaction was allowed to proceed for 10 minutes. 
Separate sets of weighed specimens were leached in running deionized 

water for 24 hours. These were then manipulated and treated in the 

same way as the unleached specimens. . After silane treatment all the 

specimens were leached with flowing deionized water for 24 hours at 

ambient temperature. 
4.1.2.2 Results and Discussion 

The results of the above treatment and leaching experiments are 

given in Table 4.1. 

Prior to any treatment the specimens were dried over P205, hence 
it is unlikely that significant quantities of siloxane polymer could 
be formed. Neither the silyl-cellulose formed by the reactions nor 
minor quantities of any siloxanes formed are likely to be leached by 

the cold water wash. 
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Table 4.1 Persistence of silanation in 

(20 specimens 

Corsican pine strip s 

Weight loss/gain :t standard deviation, Z 

Pre- Mode Loss Gain Gain Loss Reten- Reten- 
treat- of on on over on tion tion 
ment silan- init- silan- Ist leach- after based 
leaching ation ial ation lea- ing leach- on 

(DMDCS) lea- over ched based ing. Ist 
ching init- wt. on % of leached 

ial silan- init- wt. 
Wt. ated wt. ial wt. 

No Vapour 31.7 4.7 25.5 
phase (4.5) (1.9) 

-'. 
No Liquid 2.4 0.7 1.7 

phase (0.5) (0-3) 

Yes Vapour 3.8 27.9 34.1 4.0 22.8 27.6 
phase (0.2) (2.1) (2.0) (0.6) 

Yes Liquid 3.4 1.1 4.6 1.9 -0.9 2.6 
phase (0.2) (0.3) (0.4) (0.2) 

Much greater weight gain was obtained by the vapour phase 

compared to liquid*phase treatments and a high proportion of this 

weight increase achieved by both methods of treatment appears to be 

resistant to the action of water leaching. Of the weight loss which 

does occur, a proportion is probably wood breakdown products produced 
by the action of HU released as a by-product of the silanation 

reaction. Hence, it seems likely that the primary products of 

silanation may be quite resistant to the effects of water. 
4.1.3 Initial liquid and vapour phase reactions 

Silanation reaction of wood specimens can be carried out either 
in the liquid or in the vapour phase (Varma et al, 1973; Marian and 
Stumbo, 1962). For comparing the relative merits of these two 

processes experiments were designed to treat 6mm thick transverse 

wafer specimens (2x2cm in the radial and tangential directions) of 
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Corsican pine with DMDCS. 

In the liquid phase reaction 8 wafer specimens dried to 

constant. weight over P205 were treated for 15 minutes in a solution 

of 5ml DMDCS in 15ml dimethyl formamide (DMF) as acid acceptor and 
100ml CC14 solvent. The specimens were kept immersed and the 

solution was swirled at room temperature. After the reaction the 

specimens were kept in ammonia atmosphere for 5 minutes to ensure 

neutralization of any remaining HCl. They were then rinsed with 

water to remove any superficial N114C1 and then washed in acetone 

and dried at 70 0C for 2 hours, before being equilibrated to 
0 constant weight at 20 C and 65% RH. 

In the vapour phase reaction 8 wafer specimens, similar to those 

described above, were first pretreated with DMF and dried at 700C 

for 4 hours. Some weight gain occured-due to retention of DMF. 

The specimens were then put in a desiccator reaction vessel and 

connected to a source of DMDCS vapour in the apparatus shown in 

Figure 4.2. The chlorosilane was vaporized at 70 0C over an 

oil bath. Dry N2 gas was bubýled through the silane at a rate of 

approximately 5 bubbles per second. The vaporized silane was 

carried by the N2 gas into the reaction vessel through 
' 
the side tube. 

Another tube fitted to the ground glass stopper of the reaction 

vessel allowed the escape of excess gases. The reaction was allowed 

to continue for 10 minutes. After reaction the specimens were 

manipulated in the same way as in the case of those treated by liquid 

phase reaction. 

The degree of silanation achieved and water repellent effectiveness 
data for these initial liquid and vapoui phase reactions are given 
below in Tables 4.2 and 4.3 respectively. 

From the data of Tables 4.2 and 4.3 it can be seen that the 
degree of substitution (weight gain) achieved by the two types of 

reaction are broadly similar. The initial water repellent 

effectiveness expressed as time to half swell (Tj) and the degree of 

stabilization achieved are also similar for specimens treated in 

the two ways. 
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Table 4.2 Liquid phase silanation 

Specimens Wt. gain on Tj (standard Maximum 
silanation deviation) Equilibrium 
(Std. min. swelling (mm) 
deviation) 
% of dry 
unreacted 

Wt. 

Control 1.0 1.20 
Treated 2.2(0-. 2) 71.40.4) 0.87 

(72.5% 
of control) 

Table 4.3 Vapour phase silanation 

Speci mens Wt. increase Wt. increase Tj (stand. Maximum 
on DMF on silanation dev. ) swelling 
treatment over pre- (min. ) (mm) 
standard treated wt. ± 
deviation M standard dev. 

M 

Control 1.1 1.31 

Treated 2.3(0.03) 3.6(0.3) 75.7 0.98 
75% of 
control 

4.1.3.1 Reaction variables affecting silanation of wood 
The silanes were found to react readily with wood specimens. 

In the liquid phase reaction it was observed that increase in 

temperature had no practical effect on the reaction. That is, 

in the time allowed (15 minutes) the reaction appeared to have 

proceeded to near. -completion even at room temperature. In vapour 

phase reaction. the silane was vapbrized at a temperature 

approximating the boiling point of the silane and carried over to the 
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reaction vessel (maintained at room temperature) with the help of 

N2 gas. No recognizable difference in the degree of reaction was 

observed when the reaction vessel was maintained at 70 0 C. - It seems 

that fast. room temperature reactions are possible and that they 

yield high water repellency. This is in agreement with the work 

reported by Gagliardi et al, 1966). 

To study the effect of reaction time 2ml of silane and six 

wafer specimens of Corsican pine wood were used in both reaction 
Ohases. In the vapour phase reaction silane vapour was blown to the 

reaction vessel by N2 gas for 5,10,15 and 30 minutes. The silane 

was entirely vapourized within the first 2-3 minutes. No significant 
increase in the gain in weight was observed over the reaction period of 

5-30 minutes. In the liquid phase reaction the silane was dissolved 

in 100ml CC14 and N2 gas was bubbled through the solution. The 

reaction was allowed to proceed for 5,15,30 and 60 minutes. 'Here 

a slight increase in wiýight gain was observed over the 5 to 15-30 

minute period, but no further gain in weight was achieved by reaction 

beyond this time (Table 4.4). 

Table 4.4 Effect of time on silanation reaction 

Reaction phase Reaction period Gain in wt. (mean of 6 
(minutes) specimens) ± standard 

deviation M 

Liquid 5 0.88 (0.11) 

15 0.98 (0.17) 

30 1.07 (0.31) 

60 1.05 (0.23) 

Vapour 5 1.35 (0.20) 

10 1.26 (0.16) 

is 1.40 (0.22) 

30 1.32 (0.24) 
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With the small amount of silane involved it seems that 

reactions are near completion after even 5 minutes or so of 

reaction time. 
Unlike temperature or time, the wood to silane ratio affected 

the reacfion to a marked extent. Liquid phase reaction was carried 

out with sets of 8 wafer specimens as described in Section 4.1.3 using 
DMDCS and DDTCS as the silanating agents. Reactions were carried 

out using 2 and 10ml quantities of the chlorosilanes dispersed in 

carbon tetrachloride. In the case of DMDCS treatment 15ml of DMF 

was used in one set of experimentsin addition to the silane and 

solvent. The vapour phase reaction was carried out with DMDCS as 
described in Section 4.1.3 with the exception that in one set no 

DMF (acid acceptor) pretreatment was incorporated, using 2 and 10ml 

quantities of the chlorosilanes. In both liquid and vapour phase 

treatments, reactions were carried out for 5 minutes while N2 was 
blownor bubbled through the reactants. Weight gains and water 

repellent effectiveness resulting from these reactions are given in 

Table 4.5. 

Table 4.5 The effects of acid acceptor and silane concentration 
in the reaction mixture 

Reaction Silane Wt. gain ± 
Tj stand. dev. 

phase used (ml) DMF stand dev. M (min) 

Vapour DMDCS 2 1.7 (0.3) 51.4 (2.5) 

Vapour DMDCS 10 6.4 (1.2)* 102.0 (3.6) 

Vapour DMDCS 2 Pre-treated 1.1 (0.2)* 46.0 (4.0) 

Vapour DMDCS 10 Pre-treated 5.4 (1.1)* 78.5 (3.0) 

Liquid DMDCS 2 1.4 (0.2) 45.5 (1.4) 

Liquid DMDCS 10 - 5.1 (0.3) 80.3 (2.8) 

Liquid DMDCS 2 15 ml 2.3 (0.6) 44.0 (5.6) 

Liquid DMDCS 10 15 ml 6.8 (0.6) 82.7 (7.9) 

Liquid DDTCS 2 - 1.5 (0.3) 65.0 (5.3) 

Liquid DDTCS 10 4.8 (0.3) 139.002.0) 

* Over pretreated weight 
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N. B. In all subsequent work the acid acceptor DMF was 

omitted from the reactant mixture. This was for the following 

reasons: 
1) 'No significant improvement in the degree of reaction was 

observed by its use. 
2) Because of difficulty in removing DMF residues it was 

difficult to be certain to what extent observed weight increase and 

water repellent effects might be due to its presence, rather than 

ýo the presence of silanation products. 
3) Provided the specimens were neutralized immediately after 

the reaction with a mild alkali (NH40H or Na2CO3), it was found 

that the use of DMF led to little reduction in wood degrade caused 

by silanation under the conditions 
, used. 

From th Ie data of Table 4.5 it seems that increased weight gain 

and corresponding better water repellency is obtained with increase 

in the amount of reacting silane. It seems that the vapour phase 

reaction yields slightly better results. The longer alkyl chain 

substituted silane seems to be a little less reactive than the DMDCS. 

However, somewhat better water repellency is achieved with this 

longer chain compound. 

Using the larger quantity (10 ml) of silane it was observed 

that significant further weight gain could be achieved by extended 

reaction periods. However, such an extension seemed to cause 

considerable degrade to the wood specimens. Hence, reactionsfor 
longer periods were not used. 
4.1.4 Long term water repellent effectiveness of chlorosilanated wood 
4.1.4.1 Experimental procedure 

Cross-sectional wafer specimens, 6mm thick and 20x2Omm cross 
gection (with two edge faces radial and two tangential) were treated 
in both the liquid and vapour phases with dimethyl dichlorosilane 
(DMDCS). Similar specimens were treated in the liquid phase only, 
with n-dodecyl trichlorosilane (DDTCS). To give an idea of the 

variability of any effects produced, for the DMDCS treatments, 5 

batches each containing 10 specimens were treated by both thq vapour 
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and liqu-id phase methods. Three batches of 10 specimens were 

treated with DDTCS. For each batch 5 ml of the appropriate chlorosilane 

was used in the reaction. In the case of the liquid phase treatments 

this was dissolved in 50ml carbon tetrachloride (CC14). Reactions 

were carried out exactly as described earlier (Section 4.1.3). After 

reaction, the specimens were iumersed for a period in a mild alkali 
(Na2CO3 solution) to neutralize any HU produced in the reactions. 
They were then thoroughly washed with water and dried first at (700C) 

in an oven then in a desiccator over P205- Weight gain resulting 
from the silane treatment was recorded. 

The contact angle made by water drops on transverse faces of the 

wafers treated with DMDCS was measured using ýhe sessile drop 

technique described earlier (Sections 1.5.1.1 and 3.6). 

Subsequently, these specimens were redried over P205. The water 

repellency of these and the specimens treated with DDTCS was then 

assessed by measuring their times to half swell (Ti), (see Sections 

2.3.1 and 3.4).. Maximum equilibrium swelling was estimated by 

keeping the specimens immersed for 12 hours. 

After TJ estimation, all specimens were again dried first at 
700d and then over P205 and rate of water sorption measurements were 

corLucted with them, using the techniques described in Section 2.4. 

This series of tests was repeated on all the specimens after 

subjecting them to 5,10 and 20 cycles of simulated weathering as 
described in Sections 2.2.4 and 3.2.3. 

4.1.4.2 Results and discussion 

From Table 4.5 below it can be seen that the silanation reactions 

are reasonably reproducible under the reaction conditions specified. 
Contact angle measurementsare given in Table 4.7. They showed 

no between batch variation, hence no attempt is made to show the 

results in batches. 



-151- 

Table 4.6 Weight percent gain (WPG)-in different batches due 

to silanation 

Silane Reaction Batch No. WPG ± Standard deviation 
Used Phase 

DIIDCS Liquid 1 4.13 (. 28) 

DMDCS Liquid 2 3.51 (. 45) 

DMDCS Liquid 3 5.47 (. 42) 

DMDCS Liquid 4 4.82 (. 52) 

DMDCS Liquid 5 4.37 (. 38) 

Mean 4.46 (. 66) 

DMDCS Vapour 1 4.26 (. 09) 

DMDCS Vapour 2 6.16 (. 17) 

DMDCS Vapour 3 4.88 (. 28) 

DMDCS Vapour 4 5.76 (. 37) 

DMDGS Vapour 5 5.63 (. 22) 

Mean 5.34 (. 68) 

DDTCS Liquid 1 3.77 (. 34) 

DDTCS Liquid 2 4.48 (. 36) 

DDTCS Liquid 3 4.22 (. 25) 

Mean 4.16 (. 29) 
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Table 4.7 Contact angles of DMDCS treated and weathered. specimens 

(mean of 50 specimens) 

Contact angle, degrees 

Number of simulated weathering cycles Reaction I 

Phase 05 10 20 

MEAN RANGE MEAN RANGE MEAN RANGE MEAN RANGE 

Liquid 123 120-127 120 115-124 118 116-121 120 116-122 

Vapour 120 117-123 118 115-120 116 114-118 118 116-120 

The specimens prepared by sawing were used in silanation 

treatments without further sariding or finishing. The very high 

contact angles monitored initially probably results in part as a 

consequence of this surface roughness (See Section 1.5.1.1). 

Interestingly, no marked decrease in contact angle is seen to result 
from simulated weathering for 5,10 or 20 cycles. The reason is not 
fully established, but it seems possible that it may be associated with 

the fact that the hydrophobe is covalently bonded to the cell wall. 
Thus, in contrast to weakly bonded conventional water repellent 
deposits, mechanical stress arising from wetting and drying is unlikely 

to shear off the water repellents. Moreover, siloxane polymers 
formed due to any breaking of the wood-silane bond might compensate 
for any loss of contact angle due to superficial weathering effects. 

Time to half swell (TI) and maximum equilibrium swelling OMES) 

data monitored at 0,5,10 and 20 cycles are recorded in Table 4.8. 

The time to half swell of the treated specimens indicates that a 
high degree of water repellency is imparted before cycling, especially 
in DDTCS treated specimens. Simulated weathering for 5, - 10 and 
20 cycles led to a gradual decrease in the Tj values in the case 

of DMDCS treated specimens. However, it is noteworthy that 

with a conventional water repellent, exposure of wafers to 20 similar 

simulated weathering cycles usually leads to a fall in Tj to 

values around 10 minutes or so. It is suggested that the observed 

gradual decrease in Tj occuring during'simulated weathering 
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may be the results of checks developing and allowing water to gain 

access by capillaries not treated with silane. 
Table 4.8 Time to half swell and maximum equilibrium swelling of 

tteated. tpecimens 

Each value is mean of 50 specimens for DMDCS and 
30 specimens for DDTCS. 

Time to half swell ± standard deviation, minutes and 
Treat- mean MES (% of control) 
rgent 

0 cycle 5 cycle 10 cycle 20 cycle 

Tj MES Tj MES Tj MES Tj MES 

Control 1.1 100 
(0.0 

DMDCS 80.3 80 73.3- 84 62.1 85 47.2 87.3 

Liq * (8.0) (13.0) (13.5) (12.3) 
phase . 
DMDCS 89.8 80 78.4 83.3 63.3 85 37.7 85.3 

Vap. (6.9) (14.3) (12.9) (9.4) 
phase 

DDTCS 122 60.6 97 66.3 84 66.3 84.5 66.9 

Llq. 
phase 

(14) (8) (7) (8.6) 
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Table 4.0 Rates of water absorption of silanated wafer specimens 

subjected to cyclic wetting and drying (50 replicates for 

DMDCS and 30 for DDTCS treated and 6 for control specimens) 

Treat- 
ing 
silane 
and 
phase 

No. of 
cycles 

Water absorption (1 standard deviation) % of woodwt. 

Time of soaking (minutes) 

135 10 20 30 40 50 60 
- Untr- 0 53.8 62.4 67.1 72.8 75.5 80.6 82.6 84.2 86.2 

eated (1.3) (1.4) (1.3) (1.5) (1.8) (1.6) (1.4) (1.1) (1.2) 

DMDCS 0 2.54 4.42 6.03 7.93 9.15 10.66 11.87 
(Liq) (. 20) (. 26) (. 35) (. 65) (. 61) (. 76) (. 64) 

5 3.58 5.36 7.49 9.32 10.62 11.30 12.32 
(. 20) (. 35) (. 27) (. 22) (. 23) (. 31) (. 30) 

10 4.43 5.80 8.57 10.62 11.91 13.14 13.36 
(. 38) (. 53) (. 65) (. 58) (. 61) (. 78) (. 74) 

20 4.4; 7 6.28 9.27 11.14 12.62 13.94 15.06 
(. 76) (. 36) (. 77) (. 60) (. 74) (. 80) (. 57) 

DMDCS 0 2.63 4.58 7.16 9.25 10.31 12.05 13.03 
(Vap) (. 26) (. 48) (. 48) (. 36) (. 49) (. 66) (. 53) 

5 3.30 5.33 7.34 9.91 11.22 12.19 13.66 
(. 32) (. 42) (. 38) (. 50) (. 58) (. 64) (. 68) 

10 3.43 4.58 6.68 9.97 11.82 13.68 15.99 
(. 34) (. 30) (. 24) (. 33) (. 79) (1.74) (2.38) 

20 3.41 4.40 7.76 10.74 13.00 14.92 16.32 
(. 28) (. 37) (. 34) (. 65) (1.03) (1.52) (2.06 

DDTCS 0 0.36 0.86 1.42 2.40 4.61 5.54 6.78 7.50 8.32 
(Liq) (, 30) (. 17) (. 50) (. 35) (. 30) (. 37) (. 36) (. 20) (. 31) 

5 0.67 1.77 3.11 4.03 5.70 7.00 7.98 9.34 9.82 
(. 13) (. 44) (. 30) (. 30) (. 27) (. 32) (. 28) (. 28) (. 34) 

10 1.43 2.24 3.79 5.34 7.46 8.58 9.64 10.69 11.44 
(. 45) (. 44) (. 46) (. 20) (. 45) (. 39) (. 29) (. 36) (. 32) 

20 1.04 2.02 3.19 4.79 6.81 7.66 8.53 9.33 10.55 
(. 34) (. 28) (. 36) C. 39) (. 29) (. 33) (. 33) (. 36) (. 37) 

In DDTCS treated specimens the decrease is less marked and seems to 

occur only over the first 10 cycles. 
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DMDCS treatment leads to about 20% reduction in maximum 

equilibrium swelling compared to the control, whereas, about 40% 

reduction results from DDTCS treatment. At seems that the 

latter may restrict swelling more due to either a greater degree 

of cross-linking due to its tri-functionality or to its greater 
bulk or a combination of both effects. Better water repellency 

may result due to the presence of the larger hydrophobic group 
(see Section 4.1.2.1) in spite of the small gain in weight achieved 

. compared to that with DMDCS. A small increase in M. E. S. was observed 
in DDTCS treated specimens on weathering for 5 cycles. Thereafter 

MES does not seem to be affected at all on further cycling. The 

initial small increase may be due to the removal of small quantities 

of non-bonded reaction products from the cell wall capillaries. 
Water sorption results are given in Table 4.9. From the 

results it is evident that quite small variance is associated with 

the performance achieved with any treatment. It is further evident 
from the results that better water repeJl-, P. ncy is imparted by the 

longer alkyl chain silane (DDTCS) than the'one with shor-ter chain 
(DMDCS). This is in line with the contact angle and T1 results 

reported above. A gradual deterioration in water rep6itency can be 

seen to occur as weathering proceeds. Again, this is in line with 

the Ti data. Incease in the rate of water sorption is, however, 

very modest and significant water repellent effectiveness is retained 
by all the treated specimens even after 20 cycles of simulated 

weathering. 

The modest fall off in performance observed seems to occur during 

the first 10 cycles. Indeed, between 10 and 20 cycles, in some 

cases, some improvement in performance can be seen. It is difficult 

to account for this effect, but the low variance associated with the 
data suggests that it is a real one. 

In comparison with untreated control specimens it is clear that 

silanation gives rise to significant water repellency in wood, 
judged by contact angle, rate of swelling and rate of water sorption. 
Furthermore, the effect produced seems to be quite persistent in 
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comparison to that given by conventional resin/wax treatments 
(at about the 10% resin and 1% wax level), see for example, 
Voulgaridis and Banks, 1980. Hence it seems that covalent bonding 

of hydrophobes onto wood may offer advantages in the long term to 

control of water uptake. 
4.1.5 Effect of chloro-silanation on the water repellency of 

long specimens 
To investigate the depth of treatment attained with silanes 

and the performance achieved under conditions approximating 

service conditions, 2x2cm cross-sectional x 15cm long specimens 

of Corsican pine coated on'all but one transverse face (see 

Section 2.2.2) were used. 
4.1.5.1 Experimental procedure 

The specimens were equilibrated to constant weight at 65% RH 

and 20 0 C. 24 specimens were treated by both liquid and vapour 

phase reactions. In the liquid phase 6 specimens were treated 
in each batch with 15ml DMDCS in 300ml CC14 for 15 minutes. In the 

vapour phase 5ml DMDCS was vapourized and blown with N2 gas into 

the reaction vessel (see Section 4.1.2.1) holding 8 specimens, 
for 10 minutes. After reaction all the specimens were neutralized 

with dilute Na2CO3 solution, washed thoroughly with deionized 

water and then dried and equilibrated to constant weight at 65% RH 

and 20 0 C. Then batches of 4 sticks from each treatment were 

exposed to simulated weathering for 0,5,10 or 20 cycles and again 
dried and equilibrated as above. Rate of water absorption by 

these specimens was monitored as describ-ed in Section 2.2.4.2. 

They were then reconditioned (20 0 C, 65% RH) and cross-sectional 

wafer specimens (0.6cm thick) were cut serially from the treated 

ends. To evaluate the water repellency of these wafers, time to 
half-swell (Tj) was measured using the technique described in 

Section 2.3.1. 
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4.1.5.2 Results and discussion 

Water absorption data for the long sticks are given in Table 4.10. 

It can be-seen that in pine, silanation leads to a marked reduction 
in the rate of water uptake. Over the first 5-10 cycles of 

simulated weathering, a marked increase in water sorption rate is 

observed. Visual inspection of the specimens showed that checks 
developed in the treated end surfaces over this period. It is 

believed that this creates non-hydrophobic pores allowing the observed 

increase in the rate of sorption to occur. Further cycling gave 

rise to little observable increase in the degree of checking and it 

can be seen from Table 4.10 that little further general increase in 

sorption rate occurs, particularly in the specimens trated in the 

vapour phase. 
From Table 4.10 it can also be seen that the initial rate of water 

uptake (over about the first 30-60 minutes of the soak period) is 

broadly similar for both vapour and liquid phase treatments. This 

is so for all periods of exposure. Thereafter, up to 12-hours, 

the liquid phase treatment appears to perform rather better than 

the vapour phase treatment. It may be that this is associated 

with a rather deeper hydrophobic layer being produced by liquid phase 
treatment. Hence, in liquid phase treated blocks the water front 

must advLce further ýefore it encounters non-hydrophobic surfaces 

allowing rapid liquid penetration. 
Water-repellency data (TJ values) fot wafer specimens cut from 

the treated ends of the long sticks are cited in Table 4.11. The data 

show that before exposure to the weathering cycles the liquid phase 
treatment gives rise to a greater degree of water repellency than 

corresponding vapour phase treatments. Even after 20 simulated 

weathering cycles detectable water repellent effect is present to a 
depth >5cm. With the vapour phase treatments, however, after 
simulated weathering the Tj values measured fall towards control 

values at depths beyond-1-2cm. This supports the idea, suggested 

above, that the better performance of liquid phase treated specimens 
is associated with increased treatment at greater depth. 
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Table. 4.11 Swelling measurement of wafers cut from DMDCS treated 

long. 9150-diiheng'(e6ated'oti*all but one tratisverse face 

Liquid phase reaction 

Time to half swell of-treated specimens (min)* 

No. of Specimen nos. and depth of treatment (mm) from 
cycles treated end 

10) 2(11) 3(19) 4(27) 505) 6(43) 7(51) 

104.3 27.0 5.9 3.8 3.6 3.3 3.2 
0 (11.8) (3.7) (1.4) (1.4) (0.8) (1.3) (1.0) 

5 23.8 8.6 4.7 . 3.3 3.0 2.2 2.5 
(6.04) (1.2) (1.7) (0.90) (0.80) (0.30) (0.25) 

10 16.15 6.25 3.8 4.0 4.0 3.5 2.3 
(4.4) (0.88) (0.70) (0.92) (0.50) (0.62) (0.38) 

20 14.3 5.5 3.25 3.5 3.3 3.0 3.15 
(3.0) (1.7) (0.25) (0.86) (0.35) (0.40) (0.56) 

Vapour phase reaction 

0 36.8 4.8 2.8 1.9 1.9 1.95 1.6 
(8.10) (0.60) (0.48) (0.36) (0.53) (0.46) (0.26) 

5 10.83 2.9 1.8 1.3 1.2 1.3 1.0 
(1.23) (0.08) (0.20) (0.15) (0.14) (0.08) (0.10) 

10 5.8 2.8 - 2.1 2.0 1.8 2.0 2.0 
(1.2) (0.22) (0.18) (0.15) (0.16) (0.08) (0.25) 

20 5.0 2.1 2.0 1.3 1.2 1.0 1.0 
(0.85) (0.25) (0.28) (0.20) (0.18) (0.16) (0.09) 

* T, value of control wafers = 0.6 minute 
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From a comparison of the long stick (Table 4.10) and 

cross-sectional wafer (Table 4.11) data, it is apparent that with 
the covalently bonded silane treatment, a very shallow treated zone 

may give. rise to a significant and persistent reduction in water 

uptake by long specimens. 
4.1.6 Physical strength properties of wood affected by silanation 

Physical strength properties of wood are likely to be affected 

adversely by silanation duq to the formation of HC1 in the reaction. 
Acid acceptors commonly used in such reactions may be unable totally 

to eliminate the degrading effect. Moreover, such chemically 

modified wood due to the substitution of silyl compounds for wood 
hydroxyl groups with consequent reduction in hydrogen bonding 

capacities is likely to be more brittle than unmodified wood. It was 
decided, therefore, to monitor the tensile strength properties of 

silanated radial-longitudinal microtome specimens. It is also 
thought that wood subjected to mild silanation reactions are treated 

only superficially. Nominal 100 micron thick microtome specimens 

are, however,. likely to be treated through and through. Specimens 

of lcm cross-sectional width were thus tested for static bending 

strength. 
4.1.6.1. Experimental procedure 

Microtome specimens., 100 micron thick, 1 cm wide and 10 cm long 

were. cut from the radial face of Corsican pine blocks (see Section 

4.1.2). These were dried under mild restraint at 65% RH and 200C 

and then dried to constant weight over P205- They were then 

subjected to 
' 
silanation with lml and 5ml silane vapour for 5 minutes 

in nitrogen atmosphere (see Section 4.1.2). Similarly, in. the 
liquid phase, lml and 5ml silane in 50ml CC14 were allowed to react 

with microtome specimens. The same experiment in liquid phase was 

repeated adding 10ml DMF, as acid acceptor, with both lml. and 5ml 

silane. The treated specimens after neutralizing, drying and 

equilibrating (at 200C and 65% RH) were subjected to tensile strength 
tests over 2cm span using a Universal testing machine. The load 

was applied using a cross-head speed of 0.5 mm/min. The experiments 

were replicated using 20 specimens for each treatment condition. 
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For the static bending tests 16cm long and lcm cross-sectional 

specimens of Corsican pine wood were used. The specimens were 

prepared with 2 radial/longitudinal faces parallel to each. other. 
Silailation reactions were conducted both in the vapour phase and 

the liquid phase with dimethy1dichlorosilane (DMDCS). Vapour phase 

reactions were done in a tall reaction vessel using a mild (2ml silane), 

a medium (5ml silane) and a high (10ml. silane) treatment level. 

Another set of specimeni pre-treated with dimethyl formamide (DMF) 

was treated in the vapour phase using 5ml silane. The reaction time 

allowed in each case was 5 minutes. Similar mild, meAium and high 

level treatments were carried out in the liquid phase using 5,10 and 
15ml DMDCS for 5 minutes respectively. In all cases 500ml toluene 

was used as a diluent. The high level treatment was repeated with 

addition of 25ml DMF in one reaction. Irk addition, a control reaction 

was carried out using solvent (toluene) and acid acceptor (DMF)*only. 

Liquid phase treated specimens were neutralized and equilibrated 

to constant weight at 65% RH and 20 0C before mechanical testing. 

Modulus of rupture (MOR), Modulus of Elasticity (MOE) and Total Work 

Done (TWD) were calculated using the following formulae: 

3. -Pmax L 
MOR - ---2-B , =H 

PpL L3 
MOE - -4a-=nT4 , BH 

TWD = 
I/C. FSL-VedoCity 

10,000 LBH 

where, I/C - Integer count 

L- Span (mm) 

B- Specimen width 

deflection (mm) at midpoint of beam 

chart defledtioft't-velotity, 
chart speed/min 

P 
max - 

Maximum load in Newtons 

PPL - Load at proportional limit 

H= Specimen depth (mm) 
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4.1.6.2 Results and-discussion 
Results of tensile strength tests and static bending tests 

are givenin Tables 4.12 and 4.13 respectively. It is evident 
that in microtome specimens a high degree of strength loss occurs even 

on mild treatment. Liquid phase reactions, however, seem to 

retain the tensile strength better than vapour phase reactions. 
It is clear from the results that the chemical modification taking 

place drastically decreases tensile strength, suggesting that silanation 
occurs through the entire specimen thickness (100 microns). 42 

Both vapour phase and liquid phase treatment bring about marked 
loss of strength. From the limited test programm carried out, it 

is not possible to decide which method of treatment is most 
deleterious. Even the process involving the. acid acceptor does not 
lead to any significant reduction in the strength loss caused. 

From the static bending tests of larger wood specimens it 

appears that the level of silanation achieved in these treatments 
leads to only a slight reduction in bending strength properties. 
However, it can be seen that as the severity of treatmeýt is increased, 

a corresponding increase in strength loss is incurred. Comparison 

of these data with those for the thin strips suggests that the 

silanated zone is superficial, probably not extending to a depth 

greater than Imm or so. As a result, most of the strength 

properties of the large specimens remain unimpaired.. The modulus 

of elasticity values do not change much and seem to be inconclusive. 

Total work done was calculated only on the control, and one batch 

of vapour. phase. and one batch of liquid phase specimens. 
At first sight, these loss of strength data appear to be quite 

encouraging. That is, in relatively large cross-sections the loss 

of strength caused is insignificant in comparison with naturally 

occuring strength reducing factors (relative to the strength of clear 
specimens) such as knots and sloping grain. However, as shown by 

the strength reduction caused to these sections, such strength 

reduction as does occur se. ems to be concentrated in a thin exposed 

surface zone. It is likely, therefore, that this zone may be rapidly 
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eroded when exposed directly to weather, leaving unprotected wood 

at the surface. Even under a paint film, the situation 

may be . little better. In this case the stresses encountered due 

to any differential movement of wood and paint may well lead to 

shearing of the weak surface layer of modified wood from the underlying 

sound material, and effectively detaching the paint from the wood 

surface. Hence, the observed strength reduction occurring as a 

consequence of silane treatment must impart a serious reservation 

on the possible utility of such wood modifying processes. 

Table 4.12 Tensile strength of silanated microtome specimens 
(Mean of 20 specimens ± standard deviation) 

Specimen treatment Tensile strength Loss of strength 
Kg/mm2 (basis: control) 

M 

Control 8.29(0.67) 

vapour phase (mild) 5.550.15) 67 

Vapour phase (high) 1.08(0.14) 87 

Liquid phase (mild) 3.14(0.31) 62 

Liquid phase (high) 2.18(0.19) 74 

Liq. phase with 3.09(0.10) 63 
DMF (mild) 

Liq. phase with 2.60(0.43) 69 
DMF (high) 
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Table. 4.13 Static bending-tests'of silanated large specimens 

'(Waw*6f: 12: spejWm*± stindardAeViation) 

Specimen MOR(N/mm 
2 

MOE(N/mm 
2 

TWD(Nmm/mm 
3 

treatment 

Control 117.86(7.72) 10,769(837) 0.2168(0.04) 

Vapour phase 112.69(7.27) 11,006(496) 
(mild) 

Vapour phase 
(medium) 104.56(5.38). 10,453(588) 0.1876(0.02) 

Vapour phase 9 9. -1-7(5.67) 10$752(691) 
(high) 

Vapour phase 
with DMF 115.94(6.64) 10,780(880) 

(high) 

DMF alone 103.34(9.88) 12$798(1372) 

Liquid phase 107.05(4.30) 11,328(715) (with DMF) 

Liquid phase 110.12(8.48) 12,100(790) (mild) 

Liquid phase 
(medium 107 11(6.38) 9,166(2869) 0.1715(0.03) 

Liquid phase 103.500.99) 12'$631(1759) (high) 
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Figure 4.4. Epoxy treatment in pressure reaction bomb in niLro),, vii 
atmosphere. 

-.. 3. r:: 
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4.2 Water repellent effectiveness in epoxy-treated wood 
4.2.1 Reactions with propylene oxide (PO) 

4.2.1.1 Objectives 

The hygroscopic nature of wood is mainly due to the presence 

of reactive hydroxyl groups in both the polysaccharide and lignin 

components of the cell wall. Shrinkage and swelling in wood 

resulting from this hygroscopic property can be drastically reduced 
by blocking these groups. Excellent dimensional stabilization has 

been obtained in wood specimens by reacting them with the first 

three members of the alkylene oxide series (McMillin, 1963; Liu and 
McMillin, 1965; Rowell and Gutzmer, 1975). Reduction in moisture 

absorption by cellulosic materials due to such treatment has also been 

predicted by Liu and McMillin (1965). The objective of the work reported 
here is to investigate to what extent chdmically bonded epoxides, 

such as propylene oxide (PO), butylene oxide (BO) and butadiene 

diepoxide (BD) impart water repellency to wood in addition to 

dimensional stabilization. 
4.2.1.2 Experimental procedure 
Chemical treatment of the specimens 

Transverse wafer specimens (2x2xO. 6cm) from Corsican pine sapwood 

were first dried at 105 0C and then to constant weight over P205- 

Two different levels of treatment were achieved by varying the 

reaction conditions. In both experiments a mixture of 95% propylene 

oxide (PO) and 5% triethylamine (TEA) was used, the TEA acting as 
base-catalyst (McMillin, 1963; Rowell, 1975). In each experiment 20 

wafer specimens were treated. The dry specimens were weighed, 

measured (with a micrometer) and placed in a steel high pressure 

reaction vessel (Figure 4.3) along with the reaction mixture. The vessel 

was sealed, connected to a nitrogen gas cylinder and the pressure was 

raised to 9 bar. The gas in the vessel was then allowed to escape 
in order to sweep out the air originally present. This process was 

repeated twice more. 
In the first experiment, pressure in the bomb was increased to 

10 bar and then the bomb was placed in an oil bath at 125 0C (Figure 4.4). 

The reaction'was allowed to continue for 90 minutes. In the second 
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experiment, a lower level epoxy traatment was effected by keeping the 

pressure at 8 bar and heating the bomb at 125 0C for 30 minutes. 
The specimens were then dried in a vacuum oven at 400C and then over 

P205 in a desiccator. They were then re-weighed and measured to 

assess the effects achieved by the treatments. 

As a further check of the degree of substitution achieved, the 

increase in dimension of. dried treated specimens after 24 hours soak 
in water was determined. The. results of these experiments were 

e xpressed as "Anti-Shrink Efficiency" (ASE) values (Stamm, 1964; Rowell 

and Gutzmer, 1975). The method of calculation is given below: 

Swelling coefficient, SV 2-Vi 
x 100 

VI 

where VZ - Wet dimension 

V1. - Dry dimension- 

.su -S t 
A. S. E. 

su x 100 

where-Su = Swelling coefficient of untreated control 

St - Swelling coefficient of treated specimen. 

Assessment of* water. rel5ello_ncy. 

Because of the alteration to shrinking/swelling characteristics 

brought about by the treatments it is confusing to use swelling rate 

as an indication of water repellency. Hence, with wafer specimens 

treated with epoxides, rate of water uptake was used as the test 

parameter. Water sorption determinations were conducted by immersi ng 

the specimens and weighing periodically over 60 minutes period, as 

described fully in Sections 2.2-. 4 and 3.2.3. A further set of similarly 

treated specimens was subjected-to simulated weathering using a 

variant of the cyclic wetting/drying procedure described in Section 

2.2.3. In this series of tests each cycle consisted of 24 hours 
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soaking (250C) and 24 hours drying (35 0 C) and specimens were exposed 
for periods of 5 and 15 cycles. After these periods of simulated 
weathering, ASE values were again estimated to give a guide to the 
persistence of the epoxide treatments. A final batch of 8 wafer 
specimens was reacted in the pressure vessel with a mixture of 95% 

propylene oxide and 5% triethylamine to a weight gain of 33%. 

This set together with a set of 6 matched untreated control wafers- 
was used to assess the change in sorption isotherm caused by such 

tieatment. This was to provide an insight of how the wood/water 

relationship is altered by propylene oxide treatment. The sorption 

isotherm was developed by exposing the wafer specimens to successively 
increased levels of relative humidity using a range of saturated 

salt solutions (excepting P205 , which was used in dry condition) 
in. evacuated desiccators. Details of the conditioning substances 

used are given below: 

Salts used in desiccators Approx. equilibrium RHM 

P205 (dry) 0 

KOH (sat. soln) 9 

MgC12 it 33 
Na2Cr2O7 55 
(NH4)2 S04 81 

KN03 93 

Water 100 

To ensure that the specimens approached closely to equilibrium 

moisture contents they were kept for 72 hours at each condition. 
After completion of the adsorption work, the process was reversed 
to give desorption data. The whole cycle was repeated to give 

a second adsorption/desorption loop. 
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4.2.13 Results and discussion 

Reactions of epoxides with wood components form very stable ether 
bonds (Rowell and Gutzmer, 1975). 

ROH + CH3-CH-CH2 -> RO-CH2-CH-CH3 

wood hydroxyl 
\06 

Epoxide Silylated wood 

The additional hydroxyl group formed in the reaction product, 

originating from the epoxide, is believed to participate in a 

polymerization reaction (Schuerch, 1968). The presence of this 

polymer in the cell wall imparts dimensional stability. It is not 

known however, to what extent th. ep -hydroxy substituted alkane chain 

may impart water repellency. 
Antishrink efficiency (ASE) data 

The ASE values achieved as a result of the propylene oxide 

treatments are given in Table 4.14 

Table 4.14 Antishrink efficiency of epoxy-treated specimens 

PO: TEA Treat- Wt. 
ment gain 
level Tangential Radial Volumetric 

95: 5 Low (8 9.4 24.8 36.3 32.0 
bar, (1.2) (1.4) (1.3) 
30 mins) 

95: 5 High (10 43.4 55.9 86.4 76.6 
bar, (2.3) (3.1) (2.8) 
90 mins) 

From the Table 4.14 it can be seen that the treatments carried out 
led to a very significant improvement in dimensional stability. 

It can further be seen that the level of improvement broughtabout 

appears to be strongly and positively correlated with the degree of 

chemical substitution/polymerization achieved. 
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An indication of the permanence of the modification is 

provided by the data relating to ASE values of the specimens exposed 
after treatment to the simulated weathering procedure described 

above. These data are given in Table 4.15. below: 

Table 4.15 ASE values of PO treated t7eathered specimens after 
24 hours water soaking (mean of'20'replicates 
± Stand. Dev. ) 

Antishrink efficiency 
Treatment Wt. gain No. of M 

on weathering 
treatment cycles Tangential Volumetric 

PO: TEA 43.4 0 64.0 81.7 

95: 5 (0.8) (1.0) 

(10 bar, 5 62.5 79.9 
90 mins) (0.9) (0.9) 

15 60.9 83.3 
(1.0) (1.1) 

From the data in Table 4.15 it can be seen that the treatment 
imparts effective resistance to exposure to quite severe simulated 

weathering. 

The epoxy treatment causes significant increase in the dimension 

of the treated specimens (Table 4.16 below). 
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Table 4.16 Effect of treatment level on swelling of wood (mean 

of 20'wafers i Stand. Dev. 

Treatment Wt. increase Increase. in dimension caused by treatment 
(PO: TEA) achieved 

Tangential Radial Longitudinal Volumetric 

95: 5 43.4 11.7 4.3 2.1 18.0 
(10 bar, (1.0) (0.7) (0.4) (1.4) 
90 mins) 

95: 5 9.4 3.0 2.0 0.3 5.4 
(8 bar, (0.1) (0.1) (0.1) (O. ý) 
30 mins) 

Here it is clear that the material introduced must be within the cell 

wall. The fact that it resists leaching due to simulated weathering 
(Table 4.16 above) suggests that this introducted material is strongly 
6robably covalently) bonded to the cel 1 wall, as suggested-by Rowell 

and Gutzmer, 1975 (see above). 
Water repellency data 

The results of the water sorption experiments carried out on 
propylene oxide treated (wt. gain on treatment 9%) and control specimens 

are given in Table 4.17 below: 

Table 4.17 Water absorption rate for control and treated specimens 
(Mean of 8 specimens ± Stand. Dev. ) 

Specimens Soaking time (minutes) and water absorption M 

135 10 20 30 40 50 60 

Treated 39.0 44.3 49.5 51.8 52.2 53.7 54.8 55.2 55.9 56.5 
(1.5) (1.5) (1.1) (1.2) (1.1) (1.1) . (1.0) (1.0) (0.9) (0.9) 

Control 43.8 52.4 58.1 64.0 66.8 75.2 76.6 77.9 78.4 79.1 
(1.3) (1.4) (1.5) (1.9) (1.6) (1.1) (0.8) (0.7) (0.8) (0.9) 
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It is apparent from the data of the Table 4.17 that the epoxide 
treatment leads to a relatively small reduction in rate of water uptake, 
in comparison to that produced by treatment with simple resin/wax water 

repellents*(See Sections 2.2.4.2.1 and 3.2.3.1). 

The relatively modest reduction in water sorption rate seems 
likely to be associated with change in the cell wall/water relationship 

rather than with the development of any significant hydrophobic effect. 
Hence, it seems that treatment with propylene oxide, whilst giving 
rise to a marked reduction in dimensional instability, does not impart 

significant water repellency. This is probably because of the presence 
of free hydroxyl groups remaining attached to the propyl chain after 

reaction (see above). 

. 
Sorption isotherms of propylene oxide treated wood 

Absorption and desorption data for control and treated specimens 

are given in full in Tahle 4.18. The data are presented graphically 
in Figure 4.5. From the figure, it appears that the isotherms for the 

control specimens are typical of-those of normal pine wood (see for 

example, Browning, '1967; Koch, 1972). The general shape, the magnitude 
of moisture sorption and the hysterisis are all similar to published 
data (Stamm, 1964; Wangaard and Granados, 1967). - Hence, it seems 
that the method used is reliable. With the modified specimens a 

noticeable change in the isotherm is evident. At low values of 

relative humidity such specimens absorb and retain less moisture than 

controls. Abdve about 55% RH, however, the modified wood*starts to 

absorb increasing quantities of water and in the 95 
' -100% RH region, 

the equilibrium moisture content of treated wood is slightly greater 
than that of controls. 

Dimensional changes corresponding to the various levels of 

sorption were monitored for one absorption cycle. These data are 
given in Table 4.19 and presented graphically in Figure 4.6. 



-173- 

, A- 
c 
0 

CL 161 

%A 
Qj 

12 ID A- 
CL 

ILA 

ra 
C 
0 
�-S 

%�1 

C) 
Co 

E 

CL 
LA 

w 
c 

C3. 

CL 
C- 
0 
0 
(Ij 

0 
'Li -0 c 

c 
C --T 

CL 
CL 0 

V) 
t/I 

CD Ln IID 

W 

CD C) tri C) 

fn M 

% 'UOI,, 4dioS 



-174- 

Table 4.18 Changes in weight in control and epoxy treated specimens 
due to sorption under different RH conditions. 
(Control: Mean of 6 specimens i S. D.; 

Treated: Mean of 8 specimens i S. D. ) 

INCREASE IN WEIGHT M 

RHZ 1st absorption-desorption cycle 2nd sorption cycle 

CONTROL TREATED CONTROL TREATED 

9 2.57(0.05) 0.87(0.05) 2.78(ObO8) 0.03(0.00). 

33 6.29(0.07) 2.79(0.09) 6.00(0.08) 1.71(0.23) 

55 9.03(0.08) 4.69(0.11) 9.67(0.08) 4.32(0.32) 

81 15.53(0.08) 11.52(0.08) 15.63(0.13) 10.26(0.53) 

93 -24.75(0.22) 27.61(0.19) 
. 
23.20(0.17) 23.28(0.2.9) 

100 26.52(0.25) 30.74(0.62) 28.12(0.21) 35.06(0.73) 

93 25.62(0.10) 25.01(0.10) 25.05(0.20) 26.67(0.38) 

81 18.85(0.14) 11.75(0.40) 19.20(0.11) 12.24(0.40) 

55 13.05(0.09) 6.31(0.21) 12.02(0.09) 5.17(0.33) 

33 8.93(0.07) 3.59(0.15) 8.65(0.08) 2.99(0.26) 

9 4.58(0.04) 1.05(0.09) 4.14(0.10) 0.48(0.20) 

0 0.54(0.06) (-)0.93(0.21) 0'. 32(0.10) (-)0.88(0.18) 
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Table 4.19 Dimensional changes in control and epoxy treated specimens 

due to sorption under different RH conditions*(Mean of 6 

coatrol'and 8'tr6ated*speeimens'± St. Dev. ) 

RHZ CONTROL SPECIMENS EPOXY-TREATED SPECIMENS 

Wt. increase % Volumetric 
i Z Wt. increase W yo lumetric 

increase % ncrease 

9 2.6(0.05) 0.9(0.17) 0.9 (0.05) 0.2(0.18) 

33 6.3(0.07) 2.8(0.31) 2.8 (0.09) 0.9(0.18) 

55 9.0(0.08) 4.5(0.31) 4.7 (0.11) 1.5(0.19) 

81 15.5(0.08) 8.4(0.27) 11.5 (0.08) 2.0(0.43) 

93 24.8(0.22) 13.6(0.45) 27.6 (0.19) 2.5(0.44) 

100 26.5(0.25) 15.8(0.65) 30.7 (0.62) 4.1(0.33)_ 

ý2� 15 

4w 0 
m 

10 

t-J 

w E 

0 > 
06 

0 
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Figure 4.6 Dimensional change in control and epoxy treated specimens 

with variation in relative humidity 
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The data in Table 4.19 (and Figure 4.6) suggest that reduction 
in the degree of swelling of treated compared to control specimens 
is reasonably constant throughout the 4orption range. Certainly, 

there is no evidence to support the idea that the high moisture 

sorption exhibited at high levels of relative humidity is accompanied 
by a corresponding large increase in dimensional change. This 

large water uptake is probably due to the rigid bulky propane chains 

retaining the cell wall in a swollen but relatively porous state. 
This then allows some water to enter without bringing about a 

corresponding volumetric increase in specimen size rather like water 

entering a sponge. At a practical level, the data suggest that 

treatment with propylene oxide-leads to significant improvement in 

dimensional stability throughout'the hygroscopic range. 
4.2.2 Reactions with butadiene: diepoxide'and cetyl alcohol 
4.2.2.1 Objectives 

Short chain epoxides have been shown to impart excellent 
dimensional stability to the treated wood. No significant water 

repellency, however, accompanies the chemical modification involved 

in the reactions. From the high and stable antishrink efficiency 
(ASE) values of alkylene oxide-treated wood, it is assumed that the 

polymers are covalently bonded-to, the cell wall. It*was thought that 
large groups copolymerized in the-cell wall might introduce some 
degree of hydrophobicity in-the treated wood. It is well known that 

organic aliphatic altohols react easily with epoxides under conditions 

of base catalysis (Chitwood and Freure, 1946; Long and Pritchard, 

1956; Pritchard and Long-,. 1956; Reeve and Christoffel, 1950). In some 

cases. the reaction proceeds even withopt' a catalyst (Schroeder and 
Condo, 1957; Shechter et al .. ', -1956*). In an attempt to copolymerize 
large groups in the cell wall, 1,3-butadiene diepoxide (BD) and 

cetyl alcohol (hexadecant-17ol; CA) (i. e. 16 carbon chain alcohol) 

were chosen to copolymerize'with the wo. od-hydroxyl groups in the 

presence of triethylamine (TEA) as a catalyst. 
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4.2.2.2 Experimental procedure. - 
Eight'transverse wafer specimens (2x2xO. 6cm) of Corsican pine 

sapwood were reacted in the reaction vessel described in Section 4.2.1, 

at 120 0C and 9 bar nitrogen gas pressure for 90 minutes. 
The reactants were in the ratio of BD: CA: TEA:: 90: 5: 5. Preliminary 

reactions showed that in presence of a catalyst BD and CA react 
vigorously to form products which solidify to a hard resinuous mass, 
encapsulating the wood specimens. Reaction between BD and CA to 

yield a polymer substance proceeds unabated even in the presence of 
a diluent solvent (CC14). Reactions were then carried out with the 

exclusion of the catalyst, with BD and CA in the ratio of 95: 5. 

Further experiments were carried out with only 5ml BD in the absence 

of CA. 

4.2.2.3 Results and discussion 

From the reactions, it seems that in the presence of a catalyst 
BD and CA react with each other more readily than with the wood 
hydroxyl groups. Ilý CC14 medium the resinous mass formed in the 

reaction between BD and CA in presence of TEA darkens the specimens 
due to heavy deposition on the wood sufface. Under microscopic 
examination the specimens seemed to be coated in patches of uneven 
thickness with the resin formed. From the results given in Table 4.20 
it seems likely that BD reacts with both CA and wood even in the 

absence of any catalyst, whereas CA probably preferentially reacts 

with BD and takes no part in any direct reaction with wood, reaction 
in the presence of a catalyst being mostly limited to that between 
BD and CA. The main objective'of attaining crosi-linking the wood 
hydroxyl groups with larger reacting groups from the reactants is not 
achieved. Moreover, cetyl alcohol showing little affinity for the 

wood hydroxyl groups, it is only the epoxide which modified the wood. 
The reactions probably proceed. in the same way as in the cases of 
mono-epoxides: 



-178- 

CH2-CH-CH-CH2 + ROH + RIOH -> 

00 
CH2-CH-CH-CH2 CH2-CH-CH-C'H2 
1111 o-r 1111 

RO OH OH OR' RO OH OH ur, 

or 
0 

CH2-CH-CH-CH2 
IIII where R- Glucose residue and R' ' C16H33 

R'O OH 011 VEV - 

Much of the weightgain achieved in reactions involving a catalyst 

was lost on water soaking. This points to the fact that homo-polymers 

or copolymers formed by BD and CA are 'not chemically bonded to the 

cell wall. Some degree of reduction in water uptake obtained in the 

preliminary reactions (not shown) was probably due to the blocking 

of gross capilldries in wood by these polymers. These polymers, 
however, contributed little in imparting any water repellency to the 
treated wood. Comparatively clear wood specimens in uncatalyzed 
reactions indicate scant homo-polymerization of the reactants in the 

absence of any catalyst. Weight gain and dimensional stability 
achieved by such reactions must then arise from wood-epoxide reaction. 
It is interesting to note that mono-epoxides react significantly with 
wood only in presence of a catalyst (McKelvey et al, 1959). The 
bifunctional epoxide used in this experiment seems to react with wood 
without a catalyst. 

Weight gain and swelling coefficients under the reaction conditions 
described and water soaking data (Section4.2.2.2)are given below: 
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Table 4.20 Treatment data with BD and CA and performance of 
treated specimens on . 

24 hour water soaking 
(Mean of 8 specimens 'i Stand. Dev. ) 

Reactants WPG Vol. Vol. increase 
swelling on 
coeff. on Water Abs. M water soaking 
reaction 5 min 24hrs % 

CA+TEA+ 6.98 0.33 110.13 21.55 CC14 (0.19) (1.76) 

BD+CA 34.62 21.45 74.36 2.95 
(0.87) (0.46) 

BD 20.05 20.54 77.0 78.23 4.54 
(0.94) (0.43) 

Control - 79.0 122.62 29.55 
(0.41) 

From the data in Table 4.20 it appears that CA itself probably 
does not react with the wood cell wall. Some gain in weight is most 

probably due to the bulking effect of the solid alcohol. This also 

explains some reduction in_water absorption and swelling compared 

to the control specimens, on soaking. Similarly, increased weight 

gain and slight reduction in water-absorption and swelling on soaking 

of specimens treated with BD and CA compared to those of BD only 
treated specimens is probably due to bulking of gross capillaries 
by CA or the polymer resulting from BD reacting with CA. 

From the data in Table 4.20 it can be seen that much of the 

water absorbed over the 24 hour period is taken up within the first 

few minutes. These data indicate that the treatment imparts good 
dimensional stability but little, if any, water repellency. The 
dimensional stability has been found to remain unchanged even after 
5 extended weathering cycles. 
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4.2.3 Envelope treatment of large specimens with epoxide monomers 
4.2.3.1 Experimental procedure 

In preliminary experiments, attempts were made to examine the 

effect of-an envelope treatment of 10cm long and 2x2cm cross-sectional 

specimens on their water absorption and dimensional stability. 
After soaking the end sealed speciemns for 3 minutes in a mixture of 

propylene oxide and triethylamine (95: 5) they were placed in the 

pressure reaction vessel (Figure 4.3) without any further addition 

of reactants to ihe vessel. After treatment for 60 minutes at 
125 0C and 8 bar nitrogen pressure the specimens were found to 
develop axial checks and to exhibit minimial increase in weight and. 
dimension. 

Experiments were then coýducted using the same mixture and. 

with similarly manipulated specimens (transverse faces sealed) 
in the following manner. The same technique of presoaking in 

reaction mixture was employed. Then the specimens were placed in 

an elevated platform in the reaction vessel and 15ml of the reaction 

mixture was poured into the vessel which remained below the level 

of the platform top. The reaction was then carried out for 

90 minutes at 125 0C and 8 bar nitrogen gas pressure (taking similar 

precautions to those described in Section 4.2.1.2', i. e. sweeping 

out air from the reaction vessel). The presence of the free reagents 
in the vessel should provide a saturated atmosphere during the 

reaction time, thus minimizing any tendency for the reagents to 

evaporate from'the impregnated wood specimens. Under these 

conditions it is difficult to say if the reaction occurred in the 
liquid or the vapour-phase. 

After completion of the reaction the sealant was removed 
from transverse surfaces and the specimens were vacuum dried 

overnight at 400C. They were then dried over P205 to constant weight 
and monitored for weight and dimensional gains (Table 4.21). 
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The specimens acquired a light brown colour and externally seemed 
to be uniformly treated. The specimens were then converted to 
6mm transverse wafer specimens. The light brown colour was seen to 

extend a little way into the specimens, 'leaving a natural coloured 
core (Figure 4.7). 

acted Reacted 

Reaction depth (transverse face) 
Figure 4.7 Envelope treatment of large specimens with epoxide 

leaves an untreated core surrounded by modified wood. 

4.2.3.2 Results and Discussion. 
a It is evident from treatment data that rather low weight gain 

and dimensional increase results from the treatment (Table 4.21). 

Table 4.21 Increase in weight and dimensions of large specimens 

on envelope treatment with epoxide (PO). Mean of 
5 replicates ± Stand. Dev. 

Treatment Wt. increase 

on reaction 

Dimensional increase caused by treatment 

Tangential Radial Vol=etric 

PO: TEA 18.0 

95: 5 (1.7) 
5.2 2.9 8.2 

(1.0) (0.8) (1.9) 

It is reasonable to infer from these various data that the cores of 
the specimens were not fully treated. 



-182- 

The wafer specimens cut from the long sticks were then subjected 

to 0,5 and 15 extended simulated weathering cycles (see Section 4.2.1.2) 

and then dried to constant weight over P205- Initially and then 

at the end. of 5 and 15 weathering cycles the specimens were soaked in 

slowly stirred deionized water at 250C for 24 hours and the amount 

of water absorbed and dimensional change incurred was measured. 
Control wafers from the off-cuts of the sticks before treatment were 

also soaked and similarly monitored. The data are given in 

Tdble 4.22. 

Table 4.22 Dimensional increase and ASE values of wafers cut from 

longstiSks, after 24 hours soaking at various weathering 

cycles. (20 replicates) 

Treat- No. Dimensional increase (I 
Antishrink efficiency M 

ment of Stand. Dev. ) % 
cycles Tang- Radial Volu- Tang- Radial Volumetric 

ential metric ential 

Control 0 8.8 4.9 15.3 - - - 
(0.3) (0.4) (0.9) 

PO: TEA 0 4.7 0.5 5.5 46.5 89.8 64.1 
(0.3) (0.3) (0.6) 

5 5.2 0.4 5.7 41.2 92.9 62.4 
(0.4) (0.2) (0.6) 

15 5.2 0.3 5.6 41.4 94.9 64.4 
(0.3) (0.1) (0.8) 

By comparison of the data of the Table above with those given in 

Tables 4.15 and 4.20 it becomes clear that the dimensional stability 

achieved by complete impregnation treatment of the wafers is 

considerably greater than that brought about by the envelope treatment. 

However, the substantial ASE values obtained with rather small amounts 

of reagents are worth noting. 



-183- 

4.2.3.3 Distribution of the stabilizing effect in envelope treated 

specimens 
To assess the level of stabilization achieved throughout the. 

section, the wafers weri cut into small-sub-samples and swelling 

characteristics of these sub-samples were assessedý The wafers 
were cut as shown in Figure 4.8 to separate the core from the 
treated periphery. The number 5 specimens (Figure 4.8) and 6 others 
selected at random from the peripheral ones (40 in total) were tested 
f. or water absorption and dimensional swelling after 24 hours. soaking 
in water at 250C. 

Sub samples (transverse face 
Figure 4.8 Sub-division of wafers cut from envelope treated sticks 

The results of the tests are, given in Table 4.23, below: 

Table 4.23 Water soaking data of treated and apparently untreated 

sub-samples froiý envelope treatment'(Mean of 6 specimens 
i Stand. Dev. ) 

Treatment Position Water 
of absor- 

Specimen ption 

Dimensional increase M 

Tangential Radial Volumetric 

PO: TEA Periphery. 58.4 3.5 2.1 5.7 
(5.2) (0.3) (0.1) (0.2) 

1 2 3 

4 S 6 

7 8 9 

Core 78.0 5.9 2.8 8.6 
(0.7) (0.4) (0.6) (1.4) 
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The data show that the reduction in water uptake and 
dimensional instability is greatest in the outer envelope of wood. 
This confirms the observation made visually that the treatment 

schedule adopted produced'a well-treated envelope with a much less 

reacted core. 
4.2.4 Static bending strength properties of epoxy-treated specimens 

Convenional resin/wax water repellents have no effect on wood 

strength properties. Where chemical reaction is involved there is 

a possibility that strength properties may be significantly altered. 
It has been shown that silanated wood loses some strength due to 

the degrading effect of HCL formed during the reaction (see Section 

4.1). Wood specimens treated with ethylene oxide in the vapour 

phase are reported to retain their strength properties unimpaired 
(McMillin, 1963). 

Static bending properties of Corsican pine specimens, 9cm long 

and 0.5cm cross-sectionally were prepared from defeýt-free wood: 

The specimens after oven-drying were treated with propylene oxide 

and triethylamine in the mass ratio of-95: 5 in a sealed reaction 

vessel. They were then reacted at 130 0C and 9 bar N2 pressure for 

45 minutes. A weight gain of about 21% was achieved by the 

reaction. The specimens after the reaction were dried and equilibrated 

to constant weight at 20 0C and 65% RH. These w4ýre then subjected 

to static bending test using a Universal testing machine. The 

results obtained. (Table 4.24) were calculated using the equations 

given in Section 4.1. The span used in this case was 7cm, and the 

rate of strain was 1.7mm/minute. 

From Table 4.24 it is evident that there was no adverse effect 

caused by the epoxy treatment on the static bending strength 

properties. In fact a small improvement in all strength properties 

was indicated. This improvement may partly be ascribed to the 
increase in dimensions of the treated specimens. The calculations 

were based on the initial dimensions before treatment. The increase, 

for example, in the tangential and radial directions were about 
8 and 4% respectively. Calculatdd on the basis of these increased 

2 
dimensions the modulus of rupture value is about 208 N/mm . On this 
basis there seems to be approximately 14% loss in static bending properties. 
However, it is known that swollen wood loses a substantial part of its 

physical strength properties. For example, green Corsican pine wood has 
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Table 4.24 Static bending strength properties of propylene oxide 

treated wood 

Specimen Strength properties (Mean of 12 control and 20 treated 
specimens ± Standard deviation) % 

Modulus of Modulus of Total work done 
ruptu Ie elastiýity mmN/mm2- 

N/mm N/mm 

Control 242.41 19113 0.3505 
(29.43) (2029) (0.046) 

POtreated 251.80 21594 0.3929 
(24.14) (1066) (0.072) 

only 50%'of the modulus of rupture values of that of air dry wood (Lavers, 

1969). From the slight loss of modulus of rupture value-of epoxy-swollen 

wood, based on swollen dimensions, it seems that epoxy treatment causes 

little strength loss in treated wood. 
4.3 Double treatment of wood with hydrophobes and bonded stabilizers 

Epoxides react chemically and bond with wood blocking the 

hydrophilic hydroxyl groups and thereby reducing water. absorption and 

dimensional instability in wood, without adversely affecting the 

physical strength properties of wood. These reactions slightly decrease 

the rate of moisture absorption by treated wood and decrease the 

equilibrium moisture content (Schuerch, 1968; Liu and McMillin, 1965). 

Reaction with epoxides, however, appears not to lead to any water 

repellency (see Section 4.2.1.3). 

It has been shown that the performance of wood treated with conventional 

water repellent decreases quite markedly during relatively brief exposure 

to natural or simulated weathering. Evidence has been produced 

suggesting strongly that this loss of effectiveness is associated with 

wood structural: degrade or with degradation of the wood-deposit bond, 

rather than with loss of the deposit per se (Section 3.5.2; Voulgaridis, 

1980). It seems likely that such breakdown is due in part, at least, to 

the fatiguing effect of repeated wetting1drying cycles. Hence it is 

possible that the performance of conventional resin-wax water repellents 

applied to a partially stabilized-substrate may show increased resistance 
to the effects of the weather. Consequently, a batch of specimens were 

reacted with propylene oxide as described in Section 4.2.1.2, and then 

treated with a resin-wax solution for water repellent evaluation. 
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4.3.1 Experimental procedure 
Wafer specimens (2x2xO. 6cm) of Corsican pine sapwood were 

prepared as depicted in Figure 2.1 and oven-dried before treatment. 

The dried specimens were treated with propylene oxide (PO) using 

triethylamine (TEA) as catalyst to a high degree of weight gain 
(Table 4.25). The spec'imens (12 replicates) were then vacuum dried 

and half of them were treated by soaking for 30 seconds in a solution 

of 0.5% wax and 10% resin in white spirit (R10 WO. 5). The resin and 

wax were the same as described in Section 2.2.1. 

Table 4.25 Weight and dimension changes on double treatment 

Wt ain 
Gain in wt. and dimensions Gain in wt. .g on epoxy. treatment ( ean o5 A 

of 12 specimens ± Sta . Dev % over epoxy- 
controls treated wt. 
on resin- Wt. gain Tan. dimensional Volumetric on resin-wax 
wax gain gain treatment 
treatment 

6.6 51.0 11.3 18.1 0.9 
(0.4) (0.7) (1.2) (0.1) 

From Table 4.25 it can be seen that the epoxy treatment interferes 

with the capacity of the specimens to absorb hydrocarbon borne water 

repellent solutions. The reason for this interference is not known. 

It is unlikely to be due to pore blocking by deposits of polymer 
in the lumen or on pit membranes, since it has been shown by Rowell 

and Ellis (1979) that such deposits are generally absent after epoxy 

treatment. Furthermore, the presence of any such deposit would lead 

also to marked reduction in rate of water sorption. Such reduction 
is not generally observed (see Table 4.27). It may be associated 

witý a Ilipophobic' action due to the hydroxyl groups attached to the 
bonded alkane chains. 
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All the specimens (resin-wax, epoxy and double treated) were 

soaked in slightly stirred water at 25 0C for 24 hours and monitored 
forgain in weight on soaking. The specimens were again dried and 

equilibrated to zero moisture content and soaked in water for 

monitoring the rate of water absorption. These tests were repeated 

after simulated weathering for 5 and 15 extended cycles, each cycle 

consisting of 24 hours soaking and 24 hours drying. 

4.3.2 Results and Discussion 

The water soaking data after various weathering cycles are given 

in Table 4.26 and the rate of water absorption in Table 4.27. 

Table 4.26 Gain in weight after 24 hours soaking (Mean of 6 

specimens ± Stand. Dev. ) 

Specimeni No. of cycles Gain in wt. on soaking 
treatment 

Control 0 116.0(5.0) 

PO 57.0(3.6) 

RinWn-q 52.5(3.0) 

PO+RlOWO. 5 55.50.4) 

PO 5 60.4(3.3) 

RIOWO. 5 62.4(2.2) 

PO+RlOWO. 5 56.50.1) 

PO 15 63.2(5.5) 

RlOWO, 5 66.90.1) 

PO + RjOWO. 5 58.1(2.2) 

From the data in Table 4.26 it can be seen that prior to simulated 

weathering on 24 hours soaking resin-wax treated specimens absorb 

slightly less water than epoxy treated specimens. It is doubtful 
if the differences observed have any practial or statistical 
significance. After cycling it is difficult to detect any systematic 
differences in the water sorption over the 24 hour period. 
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Table 4.27 Rate of water absorp tion of double-treated s pecimens at 

various cycles (Mean of 6 specimens t Stand. Dev. ) 

Treat- No. of Rate of water absorption (%) and time of soaking 
ment cycles (minutes) 

1 3 5 10 20 30 40 50 60 

Control 0 43.8 52.4 58.1 64.0 66.8 75.2 76.6 77.9 78.4 79.1 
(1.3) (1.4) (1.5) (1.9) (1.6) (1.1) (0.8) (0.7) (0.8) (0.9) 

RW 1.8 4.1 4.9 5.6 8.2 10.5 12.5 14.8 16.1 17.6 
(0.4) (0.6) (0.4) (0.4) (0.7) (0.7) (1.0) (1.0) (0.6) (0.6) 

PO 24.8 28.8 31.1 32.3 32.9 34.6 35.5 36.6 37.6 37.6 
(3.7) (3.9) (3.2) (2.8) (3.1) (2.7) (2.8) (2.6) (2.6) (2'. 8) 

PO+RW 5-. 5 9.4 14.9 18.3 20.5 23.8 26.2 27.4 28.7 29.6 
(1 0) (1 . 4) (0.8) (1.6) (1.3) (1.1) (1.2) (1.2) (1.2) (1.3) 

RW 5,2.6 4.1 7.5 9.0 13.9 19.5 22.6 24.9 26.5 27.8 
(0.4) (0.4) (0.8) (1.3) (1.4) (1.4) (1.4) (1.4) (1.5) (1.7) 

PO 54.0 54.8 55.0 55.0 55.0 55.0 55.0 55.0 55.0 55.0 
(4.3) (3.2) (2.3) (2.3) (2.3) (2.4) (2.3) (2.3) (2.3) (2.4) 

PO+RW 4.0 8.4 17.4 23.6 30.3 34.9 36-. 7 37.3 38.5 39.3 
(1.2) (1.7) (1.7) (1.6) (1.5) (1.2) (1.2) (1.4) (1.0) (1.0) 

RW 15 3.1 6.9 13.7 18.5 24.2 27.2 29.0 29.9 30.5 30.9 
(0.1) (0.2ý (0.4) (0.3) (0.3) (0.5) (0.3) (0.4) (0.5) (0.8) 

PO 59.16 60.8 60.9 60.8 60.8 60.8 60.8 60.8 60.8 60.8 
(5.8) (4.9) (4.4) (4.5) (4.5) (4.5) (4.5) (4.4) (4.5) (4.5) 

PO+RW 10.5 24.0 35.1 38.9 -41.5 43.2 43.7 44.3 44.7' 45.0 
(2.0) (2.6) (3.7) (2.0) (2.0) (1.9) (1.9) (1.6) (1.4) (1.6) 

Study of the sorption rate data of Table 4.27 indicates positively 
that the initial water repellency effect is greatest for the resin-wax' 

only treatment and least for the epoxy only treatment. The relatively 

poor (compared to the resin-wax treatment) performance of the double 

treated specimens prior to exposure is thought to be due to the puzzling 
low water repellent solution uptake (Table 4.25). It is difficult to 

visualize a situation where similar quantities of hydrophobe would 

perform less well on a stable than an unstable substrate. Similarly, 
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after cycling, the double treatment remains markedly less effective 

than that obtained with resin-wax solution only. 
It has to be recognized that stabilization of the wood substrate 

does not-appear to lead to any improvement in water repellent 

persistence. Unfortunately, the data are confused by the fact that 

the stabilized specimens absorbed so little water repellent 

solution. Time did not allow the effect to be studied further, 

making efforts to introduce larger quantities of water repellent. 
ýowever, to help resolve the part played by substrate instability 

to loss of effectiveness, a more complete study of the effect would 
be worthwhile. 

I 
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PART 5 

GENERAL DISCUSSION 

The degree of protection afforded to treated wood has been shown to 

vary directly with the concentration of the treating solution. Despite 

reports that further wax loading after about 2% wax in a 10% resin 

solution leads to no significant improvement in the performance of treated 

wood (Palejowski, 1980), it appears that improved performance is afforded 

to treated wood by increasing the loading of both resin and wax. This 

effect has been found to hold good both initially and in the long run, 

afier a period of weathering (section 2.2.4.2). Even so, in line with 

the findings of other workers (Voulgaridis and Banks, 1979) evidence 

suggests that resin and resirr-wax seem to provide protection by two 

different mechanisms. It is believed that conventional water repellents 

form a coating film on the vessel and tracheid lumin-a including the pit 

pore areas. Resin has the -attribute of a good film-forming material and 

the degree of perfection of the coating film determines its ability to 

protect wood from water sorption and consequent dimensional instability. 

It appears that higher resin content in a formulation leads to a better 

chance of forming a coherent film (section 2.3). Wax, on the other hand, 

seems to provide protection to treated wood by a completely different 

mechanism. Deposition of wax on the treated wood increases the angle of 

contact to more than 90 0, making water entry difficult. This hydrophobic 

action (Banks, 1973; Voulgaridis, 1980), theoretically, is not dependent 

upon solution concentration beyond a low limit, since a monolayer of wax 

deposit is enough to provide the necessary hydrophobicity. However, 

it has been shown in practice that higher loading and deeper penetration 

afford better protection (Borgin, 1965). The reason for this is not 

clearly understood, but the finding that progressively higher wax 

concentration provides increasing resistance to water ingress (section 

2.2.2.1) is in line with this. 

The fundamental difference between the two components of the water 

repellent solutions is clearly shown by their performance at similar 

solids content. Both initial and long-term performance of resin-wax 

treated wood is many times better than that of the resin only treated 

wood (section 2.3.2). It seems that effectiveness of resin only treatment 
is dependent upon the wood/resin bond strength. Weathering not only weakens 
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the wood/resin bond but also opens up alternative water entry routes 
by degrading the exposed end of the wood (sections 2.3.2,3.4.3'and 3.4.4). 

Resirr-treatment on weathering, thus, fails to afford effective protection 

against water entry. Under similar circumstances resin/wax treated wood, 

even after iuffering extensive end grain degrade due to weathering goes 

on resisting water entry into the interior beyond the degraded zone, due 

to the presence of hydrophobic deposits (section 2.3.2). The difference 

in the mechanism of the provision of protection to treated wood by resin 

and wax varies to a great extent depending on the nature of the substrate. 
It has been found that resin provides much better initial effectiveness 

with increasing solution concentration in beech than in pine (sections 

2.2.4.2 and 3.2.3.1). On the other hand, in beech, resin-wax provides 

only 2-3 times improvement in performance over that of resin compared with 

a 10-15 times improvement in pine (sections 2.3.2 and 3.4). This 

difference in behaviour of pine and beeclý is attributed to their different 

ultrastructures (Banks and Voulgaridis, 1980; Voulgaridis, 1980; 

Voulgaridis and Banks, 1979). The widely-set margo strands in the bordered 

pit pores of pine prove inferior to the closely-meshed microfibrillar 

structures in the pit membranes in beech in enabling the build up of a 

coherent resin film. On addition of*wax in the solution, hydrophobic 

action improves the water repellency in pine phenomenally, whereas, an 

effective coating action in beech provides a limited scope for improvement 

with a hydrophobe. 

The distribution of water repellents in long wood specimens depends 

on the mode of treatment. Simple immersion treatment for a short period 
deposits significant amounts of both resin and wax in the outer one 
centimetre or so of the treated wood (section 3.4). Treatment under 

a mild vacuum distributes the water repellents to a greater depth. 

Increasing treatment periods, however, have been found to lead to 
increased loading in about the outer 6cm of the treated wood rather than 

extending the treatment zone to a greater depth. Increased and probably 
more effective distribution of water repellents with increasing treatment 
periods provide enhanced water repellency with both resin and resin/wax 
treatments. However, the initial effectiveness in the superficially ý 
treated specimens is lost to a great extent on weathering (sections 3.4.2 
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and 3.4.3). Wood degrade in the outer zone, having a shallow treatment, 

exposes untreated areas. This factor, coupled with the ýoss of wood/ 

deposit bond, leads to decreased performance in shallow treated specimens 

to levels approaching that of untreated wood. The interior wood, about 

two centimetres from the exposed end was hardly affected by the weathering 

process. With increasing severity of weathering the resin-treated 

specimens slowly go on losing some water repellency even in the interior. 

This points to the possibility of loss of wood/resin bond from water 

condtiction pathways due to the stresses set up by cyclic soaking and 

drying. In resin/wax treated specimens loss of water repellent 

effectiveness is limited, by and large, to the exposed zone (sections 

3.4.3 and 3.4.4). The hydrophobic property of the wax probably inhibits 

water entry beyond the degraded zone. With both increasing concentration 

and*tieatment period increased resistance is-offered by the interior 

wood against water ingress. In either case, it seems, better distribution 

is responsible for this sugerior performance. Even with resin only 

treatment where loss of effectiveness can occur to some depth, the 

performance remains better when treatment is with a more concentrated 

solution or carried out for a longer immersion period (sections 2.3.2 

and 3.4). 

The increased initial effectiveness observed in long specimens with 
increasing solution absorption and consequently more effective distribution 

is also apparent in specimens treated with monitored doses ;f water 

repellents. However, surface enrichment occurs, probably due to surface 
forces set up during solvent evaporation and water repellent effectiveness 
in long specimens depends mostly on the efficiency with which the surface 

zone can repel the ingress of water, especially in resin-treated specimens. 
Quantitative estimation of water repellent distribution in treated long 

specimens has confirmed the distribution pattern of surface enrichment 

assessed by measuring the swelling rate of successive sections cut from 

the long sticks (section 3.5.2). The distribution and effectiveness of 

water repellents at various distances from the treated end have been shown 
to be significantly correlated initially (section 3.7). 

However, the loss of water repellent effectiveness after weathering 
becomes most pronounced in about the first centimetre-of the exposed end. 
The loss of water repellent substances in this zone after weathering is also 
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comparatively more thm in the interior sections. But the loss of water 

repellent subýtances in this critical zone does not seem to be of the 

order of the loss of water repellent effectiveness. Thus the pronounced 

decrease in. water repellent effectiveness in the exposed end zone 

compared to-the comparatively less loss of deposits seems to be due to 

the combination of extensive breakdown of wood structure and weakening 

of wood/deposit bond. Significant correlationship of data of the 

interior wood, beyond this zone, supports this idea. 

The large specimens show the cumulative effect of weathering 

thtoughout the entire specimen, whereas the wafers cut from long 

specimens show water repellency in accordance with the physical state of 

wood and wood/deposit interface of the small zones represented by the 

wafers. As a result, the water repellent behaviour of long specimens 

initially represent approximately the'state of treatment of the outer 

exposed zone only. After exposure to the weather, the pattern changes 

roughly to that of the state of the wood substrate and the wood-water 

repellent bond immediately beyond the degraded zone. The assessment of 

water repellency with successive wafer specimens presents the general 

picture of maximal loss of effectiveness in the outer I or 2 ceritimetres 

(exposed zone) and little loss in the interior. Thus the outer zone, 
initially most effective in resisting water uptake, after a period of 

weathering, becomes less effective than some interior sections. With 

resin/wax treatment, even after extensive loss of water repellency in 

the outer (exposed) zone, in most cases, that zone retains significant 

water repellent effectiveness. 

Loss of water repellency in the treated wood has been shown to be 

mainly due to wood degrade and loss of wood/deposit bond near to the 

exposed end. The action of weathering, especially the detrimental 

effects of rapid water absorption and desorption due to changes in 

weather, builds up a stress in wood which gives rise to wood degrade in 

the form of checks, splits and end grain defibrillation. This, in its 

turn, acts with the detrimental effects of moisture in weakening the 

wood/deposit bond. Effective stabifization of wood substrate may largely 

prevent end-grain wood degrade with weathering. At the same tire, the 

contribution of wood degrade to the breakdown of wood-water repellent 
bond may be significantly reduced. The contribution of moisture itself 
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in weakening the wood-water repellent bond can best be prevented by 

covalent bonding of the water repellents to the wood cell walls. Unlike 

weakly bonded deposits, such a bond should resist the degrading actions 

of water and heat. 

Alkylchlorosilanes and alkylene oxides covalently bonded to wood 

cell walls have been shown to act differently to one another. The 

former has been shown to provide a good degree of water repellency and 

the latter excellent dimensional stabilization. The hydrophobicity of 

silanes has been suggested to be due partly to the blocking of 
hydrophilic hydroxyl groups in wood and partly to the presence of 
hydrophobic alkyl groups pointed outwards from the treated wood surface. 
The possibility of formation of some hydrophobic siloxane polymers in 

the treatment has been suggested by Rochow (1951). But scanning electron 

microscopic-studies conducted on silanated wood showed no deposits on 
the wood or bordered pit areas. 

Epoxy-treated wood should provide some water repellency due to the 
bonding of the alkane chain to the wood hydroxyl groups. A certain degree 

of reduction of water uptake is evident, due probably to cell Vall bulking 

and possibly to blocking of natural polymer hydroxyl groups, but little 

water repellency is shown by the treated specimens. It has been"argued 
(sections 4.2.1.3 and 4.2.2.3) that the formation of a secondary hydroxyl 

group attached to the alkane chain probably counteracts any water 
repellent effect by the treatment. 

Electron micrographs of epoxy -treated wood show no polymer in the 
lumen (Rowell, 1975), dispelling the idea of short chain polymer formation 
(Schuerch, 1968) with the new hydroxyl group. 

The value of silanation as a process of imparting water repellency 
to treated wood is reduced because of the level of wood cbgradati*on 
brought about by the reaction, probably due to the production of HCl 
as a by-product. While silanated wood shows little sign of bond degrade 
on weathering, wood degrade causes substantial loss of water repellency 

on long exposure. On the other hand, the remarkable bond strength and 
dimensional stability exhibited by*ep6xy 'treated wood do not achieve any 
noteworthy water repellency. 
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Resin treatment, by its coating action, reduces the rate of water 

uptake, but does not impart any water repellency. Silanation imparts 

a good degree of water repellency in wood. Both the treatments, however, 

depend heavily on the effectiveness of treatment in the exposed zone. 
In the case of resin, the deposit is concentrated heavily in the first 

one centimetre of the treated end, the concentration sl. owly decreasing 
iTuards. In the case of silanation, the reaction has to be kept at a 
low level to avoid excessive wood degradation. Hence only a surface 
treatment is realistically feasible. Thus, * in both the cases degradation* 

of. the most-effectively treated zone leads to reduction in water repellency. 
Resin treated wood suffers from the dual degradation of wood substrate 

and wood/deposit bond with weathering. Silanated wood affords a persistent 
wood/silane bond but suffers due to the wood degradation effect. In both 

the cases, weathering degrade of the wood opens up untreated or uncoated 
areas connecting the outside environment to the interior of the specimens. 

Addition of a wax component to the resin solution endows the latter 

with water repellent properties whe. n applied to wood. The distribution of 
resin/wax, like resin only, is dependent upon solution concentration and 
treatment period and the pattern is also the same. The water repellency 
imparted to wood by resin-wax varies greatly with the level of treatment. 
Hydrophobicity in silanated wood is achieved with a mild treatment with 
very small quantity of chemicals. 

Time to quarter swell in pine and beech wafers treated with 10% 

resin + 0.5% wax is approximately 20 and 50 minutes (Voulgaridis, 1980). 
Similar pine wafers treated by vapour and liquid phase silanation show the 
following results: 

Silane (ml) Reaction Phase Time to Half Swell (min) 

Dimethyl- (2) Vapour 51 
dichloro- 
silane 

(10) 102 
(2) Liquid 45 
(10) it 80 

rr-Dodecyl (10) if 139 
trichloro- 
silane 
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Voulgaridis (1980) reports that resin/wax treated pine specimens 

retain only a third of the initial effectiveness after 20 wet/dry cycles 

(initial Tj 37 minutes, after 20 cycles 13 minutes). The data given 

below for silanated wood compare favourably with the data cited above. 

Reaction Tj (minutes) and no. of cycles . Silane Phase 0 5 10 20 

Dimethyldi- Liquid 80 73 62 47 
chloro- Vapour 90 78 63 37 
silane 

rr-Dodecyl Liquid 122 97 84 84 
trichloro- 
silane 

Initial water absorption data for 15cm long pine specimens vacuum 

treated with 10% resin + 1% w ax and 10% resin + 10% wax and for similar 

sticks treat ed with dimethyl dichlorosilane in liquid and vapour phases 

are given be low: 

Water Treating Water Absorption (%) 
Repellent conditions After 2 hrs. soak After 24 hrs. soak' 

R 10 W1 3m, 200mm Hg vac 1.0 3.1 

R 10 W 10 3m, 200mm H& vac o. 4 1.5 

DMDCS Liquid phase 1.1 4.7 

DMDCS Vapour phase o. 6 3.0 

Control 79.8 110.9 

From the data it is cledr that initial water repellency of silanated long 

specimens is similar to that of resin/wax treated wood. On prolonged 

soaking the resin-wax treatment proves to be superior. Nonetheless, 

the water repellent effectiveness of silanated wood even after 20 soak/dry 

cycles remains far superior to that of untreated controls. 



-197- 

It has been seen that in spite of the excellent dimensional 

stability imparted by epoxy treatment it does not lead to significant 

water repellent effectiveness (sections 4.2.1.3 and 4.2.2.3). Attempts 

to treat the epoxy treated specimens with resin/wax solution proved 
difficult due to poor solution absorption. These speci&--ns (double.. 

treated) absorbed less than 1% resin--wax solution, based on their 

weight after epoxy treatment. They showed reasonable water repellency, 
but not to the level achieved by normal resin/wax water repellent 
treatment. No evidence of improved resistance to weathering due to this 
double treatment was produced. However, as pointed out in section 4.3.2, 

this may be due to the low level of solution absorption achieved. 
Further work is needed before the possibility of achieving improved 

water repellent performance as a result of substrate stabilization can 
be realized. 
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., PART 6 

'CONCLUSIONS AND'SUGGESTIONS'FOR FURTHER'WORK 

6.1* Conclusions 

(1) Water repellent formulations based on resin only provide protection 

to treated wood mainly by forming a coating film, the effectiveness of 

which depends on the degree of perfection of the film. Resin-wax 

formulations, on the other hand, imparts hydrophobicity to the treated wood. 

Long term effectiveness of both of them depends on the strength of their 

bonds with the wood substrate. Because of the ultrastructural differences 

in ihe pit pore openings, the coating effect is dominant in European beech, 

whereas the hydrophobic effect is of more importance in Corsican pine 

wood. -t!! 5 

(2) On weathering, end treated long specimens lose their water 

repellent effectiveness mostly in the surface zone because of breakdown of 

wood structure and wood-water repellent bond. The interior zone has been 

shown to go on resisting water entry even after long exposure. The 

effectiveness of water repellent treatments was found to vary in 

accordance with the water repellent formulation concentration used. 

Progressively higher concentrations yielded Progressively higher water 

repellent effects. Advancing simulated weathering progressively decreased 

water repellent effectiveness. The increased effectiveness of higher 

concentrations was evident even after simulated weathering. 
(3) Distribution and water repellent effectiveness in long specimens 

was found to vary with the pressure differential used during treatment 

and the time they remained immersed in the water repellent solution. The 

hydrophobic effect of the resin-wax treatment was found to be much more 

effective than the coating effect of resin only treatment. Due to surface 
forces occurring during solvent evaporation a distribution gradient is 

formed in the end-treated long specimens, the treating end having the 

maximum concentration. The water repellent effectiveness along depth of 

treatment from the treated end was initially well correlated with the 

amount of water repellent deposit present. 
With advancing simulated weathering the exposed surface zone was 

shown to lose a large part of its water repellency, whereas the interior 

zone was only slightlyaffected. Breakdown of the exposed zone was more 

noticeable in beech than in pine. Loss of water repellent substances 
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followed the pattern of the loss of water repellent effectiveness during 

early stages of weathering. However, with advanced weathering, loss. of 

water repellency became more pronounced than the loss of water repellent 

substance. 
Contac, t angles formed by water on water repellent films of extracted 

water repellents on inert substrates manifest no obvious change along the 

depth of penetration or with simulated weathering. 
(4) Chemically bonded water repellents provide protection to 

treated wood by blocking the water attracting sites and imparting 

hydrophobicity by presenting hydrophobic groups at the treated surface. 

Epoxy treatments carried out on pine wood gave rise to a significant 

reduction in water sorption and dimensional instabilities but did not 

impart any water repellency. Weathering was found to have little adverse 

effect on epoxy-treated wood, suggesting that the bonds formed are 

resistant to the simulated weathering process employed. Further 

treatment of epoxy-treated wood with resin-wax water repellent solution 

did not lead to a marked cumulative benefit deriving from the two 

treatments. In part, however, this may, have been due to a failure to 

achieve high resin-wax loading in epoxy-treated wood. 
(5) Excellent water repellent effectiveness was obtained with silanated 

wood. Wood degradation due to simulated weathering, however, led to loss 

of effectiveness, even though the wood-water repellent bond appeared to 

remain unaffected. 
6.2 Suggestions for Further Work 

This work has raised some topics which need. further clarification 

to allow better understanding of the subject. Some of these topics are 

listed below:. 

(1) Low melting point wax (49 0 C) was used in this study. Much 

higher temperature may develop in wood surface during warm and sunny 

periods. Wax softening may adversely affect the water repellent 

effectiveness and as such., experiments to investigate the performance of 
formulations based on higher melting point waxes are desirable. 

(2) It seems that complete removal of carrier solvents from the 

treated wood takes an inordinately long time. Presence of traces of 

solvents may affect the water repellent effectiveness in wood. Experiments 

with highly volatile solvents, where complete solvent removal can be 
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guaranteed, are desirable. Solvent evaporation tends to give rise to 

distribution gradient with surface enrichment. Since loss of water 

repellent effectiveness depends to a great extent on the breakdown of 

the surface'zone, investigation of systems allowing control of the degree 

of surface enrichment will be interesting. 

(3) Loss of water repellent effectiveness seems to be associated 

with loss of wood-deposit bond strength coupled with dimensional instability 

of -specimens. Silanes and epoxides partially overcome these effects. 
Search for a truly water repellent chemically bonding substance not 
having adverse side effects, may pay rich dividends. 

(4) Chemically modified wood somewhat inhibits absorption of resirr- 

wax solution. If such hindrance can be overcome, investigations of 
the performance of conventional water repellents applied to chemically 

stabilized wood, may help to illuminate the part played by dimensional 
instability in breaking down the wood-water repellent bond. 



-201- 

REFERENCES 

Adam, N. K. and G. Jessop (1925). Angles of contact and polarity of 

solid surfaces. J. Chem. Soc. Part 11,1863-1868. 

Adam, N. K. (1941). The Physics and Chemistry of Surfaces. 

Oxford. University Press, London. 

Adam, N. K. and G. E. P. Elliott (1962). Contact Angles of Water Against 

Saturated Hydrocarbons. J. Chem. Soc. Part 11,2206-2209. 

Adam, N. K. (1963). Principles of water repellency in'Water proofing and 

water repellency', Ed. Moilliet. Elsevier Publishing Co. Amsterdam/ 

London/New York. 

Adam, N. K. (1964). Advan. Chem. Ser. No. 43 Am. Chem. Soc. Washington, D. C. 

Banks, W. B. (1970a). A standard test to measure the effectiveness of 

water repellent solutions. Timberlab paper No. 40. 

Banks, W. B. (1970b). Some factors affecting the permeability of Scots pine 

and Norway'spruce. J. Inst. Wood Sci. 5(l), 16-, 19. 

Banks, W. B. (1971a). The role of water repellents in the protection of 

timber. BWPA Ann Conv., 1971, pp. 19. 

Banks, W. B. (1971b). 
; 

tructure. of the-bordered pit membrane in certain 

softwoods as. seen by scanning electron microscopy. J. Inst. 

Wood Sci. 5(4), 12. 

Banks, W. B. (1973). Water uptake by Scots pine sapwood, and its restriction 

by the use of water repellents. Wood Sci. Tech. 7,271-284. 

Banks, W. B. (1974). Physical factors affecting the flow of gases and 

liquids through swollen and unswollen softwood. Ph. D. Thesis, 

Universiýy of London, U. K. 

Banks, W. B. and E. Voulgaridis (1980). The performance of water repellents 
in the control of moisture absorption by wood exposed to the weather. 

BWPA Ann. Conv. 

Banks, W. B. (1981). Addressing the problem of-non-steady state liquid 

flow in wood. Wood Sci. Tech. 15(3), 171-177. 

Barnes, H. M., E. T. Choong and R. C. McIlhenny (1969). An evaluation of 

several vapour phase chemical treatments for dimensional stabilization 

of wood. For. Prod. J. 19(3), 35-39. , 

Bentum, A. L. K., W. A. Cote, A. C. Day and T. E. Timell (1969). Distribution 

of lignin in normal and tension wood. Wood Sci. Tech. 3(3), 218-ý231. 



-202- 

Berlyn, G. P. and R. E. Mark (1965). Lignin distribution in wood cell walls. 

For. Prod. J. ''15(3), 140. 

Bikerman, J. J. (1968). The science of adhesive joints. Academic Press, 

New York/London. 

Bolton, A. J. * and J. A. Petty (1977). Variation of susceptibility to 

aspiration of bordered pits in conifer wood. J. Exp. Bot. ' 28(105), 

935-941. 

Bolton, A. J. (1980). A re-examination of some non-Darcian behaviour in 

wood. Unpublished data, Dept. For. & Wood Sci. U. C. N. W., Bangor. 

Borgin, K. (1961). The effect of water repellents on the dimensional 

stability of wood. Norsk Skog. '15(11), 507-521. 

Borgin, K. (1965). The testing and evaluation of water repellents. 

Rec. Ann. Conv., 15th Annual Convention, BWPA, 67-84. 

Borgin, k. (1968). The protection of wood against dimensional-instability. 

For. South Afr. No. 9,81-93. 

Borgin, K. and K. Corbett (1969). Long time stabilizing effect of 

water repellents on wood. Timber, 6(6), 5,7,19. 

Borgin, K. (1971). The mechanism of the breakdown of the structure, of wood 

due to'environmental factors. J. Instt. Wood Sci. 5(4)*, 26-30. 

Borgin, K. and K. Corbett (1971). The hydrophobic propertiesof bark 

extractives. Wood Sci. Tech. 5(3), 190-199. 

Borgin, K. and K. Corbett (1973). A comparison of the effect of weathering 

of paints, varnishes and water repellents as coating systems for wood. 
S. Afr. For. J. No. 84,10-14. 

Borgin, K. and K. Corbett (1974). The hydrophobic and water repellent 

properties of wattle bark extractives. Wood Sci. Tech. 8(2), 138-147. 

Bramhall, G. (1971). The validity of Darcy's Law in the axial penetration 

of wood. Wood Sci. Tech. 5(2), 121-134. 

Browning, B. L. (1967). Methods of Wood Chemistry, Vol. I, Vol. II. 
Interscience, New York, London. 

Buchanan, M. A. (1963). 'Extraneous components of wood' in Chemistry of 
Wood, Ed. Browning, B. L. Interscience Publishers, New York/London. 

Burr, H. K. and A. J. Stamm (1947). Diffusion in Wood. J. Phys and Coll. 
Chem. 51,240. 

Carragher, J. G. (1980). Water Repellency and Wood. For. Dept - UCNW, 
(unpublished data). 



-203- 

Carragher, J. G. (1982). Unpublished Data, U. C. N. W., North Wales. 

Chattaway, M. M. (1949). The Development of tyloses and secretion of 

gum in the heartwood formation. Aust. J. Sci. Res. 'B2,227-40. 

Chitwood, H. C. and B. T. Freure (1946). The reactions of propylene oxide 

with afcohols. J. Am. Chem. Soc. 68,680-683. 

Choong, E. T. and H. M. Barnes (1969). Effect of several wood factors on 

dimensional stabilization of southern pines* For. Prod. J. 19(6), 

55-60. 

Cockroft, R. (1957). Movement of creosate in wood caused by drying of 

volatile solvents. Wood, 22,331-337. 

Comstock, G. L. and W. A. Cote Jr. (1968). Factors affecting permeability and 

pit aspiration in coniferous sapwood. Wood Sci. Tech. 2,279-291. 

Cote, W. A. Jr. (1963). Structural Factors Affecting the Permeability of 

Wood. J. Polymer Sci. C(2), 231-242. 

Cote, W. A. (1981). Ultrastructure - critical. domain for wood behaviour. 

Its origins, current concepts, future potential. Wood Sci. Tech. 

15,1-29. 

Emerton, H. W. and J. Goldsmith (1956). The structure of the outer 

secondary wall of pine tracheids from kraft pulps. Holzforschung, 

10(4), 108. 

Farmer, R. H. (1967). Chemistry in the utilization of wood. Pergamon Press. 

Farmer, R. H. (1972). Handbook of Hardwoods. B. R. E., Princes Risborough 

Lab., U. K. 

Feist, W. C. and E. A. Mraz (1978a). Comparison of outdoor and accelerated 

weathering of unprotected softwoods. For. Prod. J. 28(3), 38-43. 

Feist, W. C. and E. A. Mraz (1978b). Protecting millwork with water 

repellents. For. Prod. J. 28(5), 31-35. 

Fengel, D. (1969). The ultrastructure of cellulose from wood, Part 1: 

Wood as the basic material for the isolation of cellulose. Wood Sci. 

Tech. 3(3), 203. 

Fergus, B. J., A. R. Procter, J. A. N. Scott and D. A. I. Goring (1969). 

The distribution of lignin in spruce wood as determined by ultraviolet 

microscopy. Wood Sci. Tech. ' 3(2), 117-138. 

Gagliardi, D. D., W. J. Jutras, Jr. and F. B. Shippee (1966). Vapour phase 

reactions on cotton: Part 1. General considerations and partial results. 
Text. Res. J. 36,168-177. 



-204- 

Good, R. J. and E. D. Kotsidas (1979). Contact angles on swollen polymers: 

the surface energy of crosslinked polystyrene. J. Adhesiony 10, 

17-24. 

Gray, V. R. and M. E. Wheeler (1959). Timber water proofing agents. 

Res. Rep. No. C/RR/6, the Timber Development Association, London. 

Hagglund, E. (1951). Chemistry of Wood. Academic Press Inc., New York. 

Harlow, W. M. (1952). Wood Chemistry, Ed. L. E. Wise and E. C. Jahn, 

Reinhold Publishing Corp., New York. 

Higgins, R. A. (1977). Properties of Engineering Materials. Hodder 

and Stoughton Ltd., London. 

Hillis, W. E. (1962). Wood Extractives. Academic Press, New York, London. 

Hodge, A. J. and A. B. Wardrop (1950). An electrorr-microscopic investigatlon 

of the cell wall organization of conifer tracheids and conifer 

cambium. Anstral. J. Sci. Res., B3,265. 

Howsmon, J. A. and W. A. Sisson (1954). Structural properties of cellulose 

fibres: sub-microscopic structure, Part 1. Cellulose and cellulose 

derivative, Ed. E. Ott, H. M. Spurlin and M. W. Grafflin. Interscience 

Publishing Inc., New York. 

Huber, B. and G. Prutz (1938). Holz Roh Werk, 1,377. 

Hunt, G. M. *and G. A. Garrat (1967). Wood Preservation. McGraw Hill Book 

Co., New York. 

Isenberg, I. H. (1963). The structure of wood (in the Chemistry of Wood, 

Ed. Browning, B. L. ). Interscience Publishers, London, New York. 

Jane, F. W. (1970). The structure. of wood. A. and C. Black Limited, 

London. 

Kirk, D. N. (1973). Selectivity in reactions of epoxides. Chemistry and 
Industry (3), 109-116. 

Koch, P. (1972). Utilization of the Southern Pines. Vol. I, Vol. II, 

USDA, Forest Service, Southern Forest Experiment Station. 

Kollman, F. F. P. and W. A. Cote, Jr. (1968). Principles of Wood Science and 

technology. I. Solid Wood. Springer-Verlag, Berlin/New York. 

Koran, Z. and W. A. Cote, Jr. (1965). The ultrastructure of tyloses. 
In. "Cellular Ultrastructure of Woody Plants", Ed. W. A. Cote, 

Syracuse, New York. 

Lavers, G. M. (1969). The strength properties of timbers. Bulletin No. 50, 

F. P. R. L., U. K. 



-205- 

Levi, M. P., C. Coupe and J. Nicholson (1970). Distribution ..... water 

repellent ..... Preservative. For. Prod. J. ' 20(11),. 32-37. 

Liu, C. and C. W. McMillin (1965). Treatment of wood with ethylene oxide 

gas or propylene oxide gas. U. S. Patent 3,183,114. 

Long, F. A. and J. G. Pritchard (1956). Hydrolysis of ethylene oxides in 

H20 solutions. J. Am. Chem. Soc., 78,2663-2667. 

Marian, J. F. and D. A. Stumbo (1962). Adhesion in wood. Part 1. 

Holzforschung, 16(5), 143-144. 

Martan, J. F. (1973). Personal communication to Chipeta, M. F. 

Hons. Project, U. C. N. W. 

Mark, H. (1940). X-ray investigations of carbohydrates. Chemical Reviews, 

26,169. 

Mark, H. (1952). The constitution of cellulose, Ch. 5, Vol. 1. Wood 

Chemistry, Ea. Wise and Jahn. Reinhold Publishing Corp, New York. 

Mark, R. E. (1967). Cell wall mechanics of tracheids. Newhaven, Conn. 

U. S. A. 

McKelvey, J. B., B. G. Webre and E. Klein (1959). Reaction of epoxides 

with cotton cellulose iTi the presence of sodium hydroxide. 

Text. Res. J. 29(11), 918-925. 

McMillin, C. W. (1963). Dimensional stabilization with polymerizable 

vapour of ethylene oxide. For. Prod. J. 13(2); 56-61. 

Meyer, J. A. and W. E. Loos (1969). Process of and products from, treating 

southern pine wood for modification of properties. For. Prod. J. 

19 (12) , 32-38. 

Miniutti, V. P., E. A. Mraz and J. M. Black (1961). Measuring the 

effectiveness of water repellent preservatives. For. Prod. J. 11(10), 

453-462. 

Morgan, J. W. W. and D. F. Purslow (1973). Physical and Chemical aspects of 

preservative treatment by now-pressure method. Holzforschung, 17(5), 

153-159. 

Muhlethaler, K. (1969). Fine structure of natural polysaccharide systems. 
J. Polym. Sci. (c), 28,308-316. 

Mutton, D. B. (1962). Wood Extractives, Ed. W. E-. Hillis, Academic Press, 

New York, London. 

Narayanamurti, D. (1957). 'Die bedentung der holzextraktstoffe. 
Holz Roh Werk 15,370. 



-206- 

Nguyen, T. and W. E. Johns (1978). Polar and dispersion force contributions 

to the total surface free energy of wood. Wood Sci. Tech. '12(l), 

63-74. 

Nguyen, T. and W. E. Johns (1979). The effects of aging and extraction on 

the surface free energy of Douglas fir and redwood. Wood Sci. Tech. 

13(l), 29-40. 

Oliver, A. C. (1963). Water repellent wood preservatives for external 
joinery. Wood'28,250-252. 

Owens, C. W., W. C. Shortle and A. L. Shigo (198Q). Silicon tetrachloride: 

a potential wood preservative. The International Research Group on 
Wood Preservation, Doc. No. IRG/WP/3133. 

Palejowski, J. (1980). The effect of increased wax loading on the 

performance of water repellent films, both initially and after 

exposure to water. Hons. Project, U. C. N. W., Bangor, U. K. 
Petty, J. A. (1972). The aspiration of bordered pits in conifer wood. 

Proc. Roy. Soc., London, B181,395-406. 
Phillips, E. W. J. (1933). Movement of pit membranes in coniferous woods 

with special reference to preservative treatment. 'Forestry, Z, 109-120. 

Phillips, E. W. J. (1948). Identification of softwoods by their microscopic 

structure. For. Prod. Res. Bull. 22,1-56. 
Pierce, A. E. (1968). Silylation of organic compounds. -Pierce Chemical 

Company, Ill., U. S. A. 

Preston, R. D. (1934). The organization of the cell wall of the conifer 
tracheids. Phil. Trans. Roy. Soc., London, B224,131. 

Preston, R. D. (1965). Interdisciplinary approaches to wood structure. 
In "Cellular Ultrastructure of Woody Plants, Ed. W. A. Cote. 
Syracuse University Press, New York. 

Pritchard, J. G. and F. A. Long (1956). Hydrolysis of ethylene oxide 
derivatives. J. Am. Chem. Soc*-78,6008-6013. 

Purslow, D. F. - (1965). The effect of wood properties on the performance of 
water repellent preservatives. Report of a symposium on water 
repallents'and wood held at the FPRL, Princes Risborough, U. K. 

Purslow, D. F.. (1966). The protection of joinery with water-repellent 
preservatives. BWPA News Sheet, No. 46,5-7. 

Purslow, D. P. and N. A. Williams (1978). Field trial on preserved timber 

out of ground contact. BRE Current Paper, CP78178, Princes Risborough, 
U. K. 



-207- 

Rak, J. (1975). New evaluation of water repellency of wood by contact 

angle. Wood and Fibre, 7(l)-, 16-24. 

Ray, B. R. and F. E. Bartell (1953). Hysteresis of contact angle of water 

on paraffin. Effect of surface roughness and of purity of paraffin. 

J. Coll*. Sci. 8,214-223. 

Razzaque, M. A. and A. B. Siddique (1977). Fibre dimension studies of some 
hardwood and grass species of Bangladesh. Bano Bigyan Patrika, 6(2), 

33-38. 

Reeve, W. and I. Christoffel (1950). The reaction of styrene oxide with 

methanol. J. Am. Chem. Soc., *72,1480-1483. 

Ritter, G. I. and C. W. Stillwell (1934). Rate of formation of the 

crystalline structure in growing wood fibres. Paper Tr. J., ' 98, - 277. 

Robbart, E. (1957). Stabilization of cellulosic fabrics by applying' 

alkyl silicon halide vapours. U. S. Patent No. 2,782,090. 

Rochow, E. G. (1951). Chemistry of the silicones. J. Wiley-and Sons, 

New York. 

Rowell, R. M. (1975)*. Chemical modification of wood: advantages and 
disadvantages. Proc. Am. Wood Preservers' Assoc. '71,41-51. 

Rowell, R. M. and D. I. Gutzmer (1975). 'Chemical modification of wood: 

reactions of alkylene oxides with southern yellow pine. Wood Sci. 

7 (3) , 240-246. 

Rowell, R. M., D. I. Gutzmer, I. B. Sachs and R. E. Kinney (1976). Effects of 

alkylene oxide treatments on dimensional stability of wood. Wood Sci. 

9(l), 51-54. 

Rowell, R. M. (1978). Distribution of bonded chemicals in southern yellow 

pine treated with alkylene oxides. Wood Sci., 10(4), 193-197. 

Rowell, R. M. and W. D. Ellis (1979). Determination of dimensional 

stabilization of wood using the water soak method. Wood and Fibre, 

10(2), 104-111. 

Rudman, P. (1965). Fine structure of wood. Nature, *208,55-56. 
Scheidegger, A. E. (1974). The Physics of flow through porous media. 

University of Toronto Press, Canada. 
Schroeder, C. W. and F. E. Condo (1957). Epoxy resins in the crease proofing 

of cotton. Textile Research Journal; '27,135ý-145. 
Schuerch, C. (1968). Treatment of wood with gaseous reagents. For. Prod. J. 

'18(3), 47-53. 



-208- 

Schuyten, H. A., J. W. Weaver,. J. D. Reid and J. F. Jurgens (1948). 

TrimethylsilYl cellulose. J. Am. Chem. Soc. '70,1919. 

Scott, J. A. N., A. R. Procter, B. J. Fergus and D. A. I. Goring (1969). 

The application of ultraviolet microscopy to the distribution of 

ligninin wood; description and validity of the technique. 

Wood Sci. Tech. 3(l), 7.3-92. 

Seborg, R. M., - H. Tarkow and A. J. Stamm (1953). Effect of heat on 

dimensional stabilization of wood. J. For. Prod. Res. Soc. 30), 59. 

Shafizadeh, F. and P. P. S. Chin (1977). Thermal deterioration of wood. 

Wood Tech.: Chem. Aspects, ACS Symp. series 43, Ed. I. S. Goldstein, 

Am. Chem. Soc. 

Shechter, L., J. Wynstra and R. P. Kurkjoy (1956). Glycidyl ether reactions 

-48,94-97. with amines. Ind. Eng. Chem, 

Smith, D. N. R. and R. Coer. -roft (1961). A method of obtaining uniform 

distribution of wood preservatives in toxicity test blocks. 

Nature, 189 (4759), 163-40 

Stalker,. I. N. (1972). The role of resins in joinery preservatives. 

Rec. Ann. Conv., BWPA, 1-20. 

Stamm, A. J. (1952). 'Surface properties of cellulosic materials' 
in 'Wood Chemistry', Ed. Wise and Jahn. Reinhold Publishing Corp., 

New York. 

Stamm, A. J. (1959 ). Bound water diffusion in the fibre direction. 
For. Prod. J. ' 9(l), 27-32. 

Stamm, A. J. (1964). Wood and Cellulose Science. Ronald Press Co., 
New York, N. Y. 

Statton, W. O. (1967). The meaning of crys. tallinity when judged by X-rays. 
J. Polym. Sci. Part C, * 18,33-50. 

Steiner, P. R. and J. F. Manville (1978). Elastomeric construction adhesives; 
influence of solvent retention on strength. Wood and Fibre, ''10(3), 
229-234. 

Stevens, M. (1981). Preliminary results of the, treatment of wood with 
chlorosilanes. Bulletin, State University, Ghent, Belgium. 

Thomas, R. J. (1977). Wood: structure and composition, in "Wood Technology: 
Chemical Aspects", Ed. I. S. Goldstein, Wash., D. C. 

Tsoumis, G. (1968). Wood as Raw Material. Pergamon Press, London/New York. 
Varma, I. Ko, Mandal, R. and Varma, D. S. (1973a). Modification of Nylon 6 

with organochlorosilanes - I. Chemical reaction. J. Appl. Polym. Sci., 
*17,2097-2108. 



-209- 

Varma, I. K., Handal'. R. and Varma, D. S. (1973b). Modification of Nylon 6 

with Organochlorosilanes - II. Physical properties. J. Appl. Polym. 

Sci; *17,2109-2121. 

Varma, D S. and B. N. Bandyopadhyay (1975). Modification of polyvinyl 

alcohol. fibres by dimethyldichlorosilane. Text. Res. J. -45,272-279. 

Vasishth, R. C., P. R. Giltrow And Z. Koran (1974). SEM studies of weathered 

varnish on wood. Wood Sci., 6(3), 278-284. 

Vermass, H. P. (1976). The evaluation of water repellents with electrical 

measurements. Holzforschung, *30(l), 27-30. 

Voulgaridis, E. and W. B. Banks (1979). The initial efficiency of water 

repellents applied to small pine and beech specimens. The Int. J. 

Wood Pres. ' 1(2), 75-80. 

Voulgaridis, E. (1980). Physical factors affecting the performance of 

water repellents applied to wood. Ph. D. Thesis., University of. Wales, 

U. K. 
Wangaard, F. F. and L. A. Granados (1967). The effect of extractives on 

water vapour sorption by wood. Wood Sci. Tech. ' 1(4), 253-277. 

Wardrop, A. B. and H. E. Dadswell (1952a). The cell wall structure of 

xylem parenchyma. Austral. J. Sci. Res., B5,223. 
Wardrop, A. B. and H. E. Dadswell (1952b). The nature of reaction wood. III 

Cell division and cell wall formation in conifer stems. Austral. J. 
Sci. Res. B5,385. 

Wardrop, A. B. and G. W. Davies (1961). Morphological factors relating to 
the penetration of liquids into wood. Holzforschung*15(5), 129-1419 

Wardrop, A. B. (1964). The structure and formation of the cell wall in 

xylem. In "The Formation of Wood in Forest Trees", Ed. M. H. Zimmermann, 

p. 87-134, Academic Press, New York, London. 
Wardrop, A. B. and Harada, H. (1965). Th e formation and structure of the 

cell wall in fibres and tracheids. J. Exp. Bot*' 16,356-371. 
Wenzel, R. N. (1936). Resistance of solid surfaces to wetting by water. 

Ind. Eng. Chem., *28,988. 
Wenzl, H. F. J. (1970). The chemical technology of wood. Academic Press, 

New York and London. 
Wilkie, K. C. B. (1970). Polysaccharides in normal wood tissues. Forestry 

Supplement, p. 36-45. 
Wise, L. E. and E. C. Jahn (1952). Wood Chemistry, Vol. 1. Reinhold 

Publishing Corp., New York. 



-210- 

ý-4 

Ii 

ri 
A) 

Ci. 

«o > 
(1) 0 

tu cu 
cu 

0X k4 

10 0 

> 

43 10 :1 

Co 

> 

.000 tu w 
0 
> 

0 
V-4 ce PW 

ce lu 

CD. 

cu 

cu 

44 

V-4 Ivi 0 

10 0 
-ý4 0 v-4 
AJ W0 41 
tu cm 4 r. 

Q) Q) (U 

N. 4 . ýi 41 
ce 10 Co 

Iti 0 r. w 
r. mA ce 
Co a) tIll. 

Z0 a) 

w 1-1 :ý I", 1-1 I'll ", * co a0 0- C-4 Ln co %D 11 0 0 00 
10 " 00 Cl% %0 "M (VI 00 rl% IT r- rlý 

cl 7% 'T (ý 'T 0 Ln Cý 'n 'n ý %. ol - %.., - -I - 
to 

1-% --N -1. -% 0-% '-, e4 00 ý, 0 %D C, 4 0% Ln Lr% a', alt cý 't CYN CD C, ýi Co t rn c4 cm oo %0 (4 rq CO r1- CN 

r, cz 4 4 N --, Cm %-ý M 1-, cel %--, ý 1-1 - %. 0 - %w , %w 

ý -t (D Co %0 LM - (D %0 rý. CN :r Co c3 LM CD Q% (: %M %ýo LA (A - Ne cn CO 00 cn c% c% r-. x C, 4 .. ... .. .. .. .. 
ý IM (D r- (D CO CD CO - tA (D .0 (D rz (ý 

Z 
(ý 

41 rý c> Lrl M m Co M - 00 M Co CD ýo LM Cil Le) ý CO CD tr1 - - rý CN ci r, c% (; % - LM ., 4 0 -- -. .. .. .. .. .. .. 

LM CD %0 CD r, CD r, CD km 0 0 (D ,0 CD r-. (D 4) - %-0 ý %-, ý 1-0 ý %-0 1-0 I.. Ol %-" 1-0 
10 

a co C"l C4 .o IT %4 ýT 0 
r C*4 C044 

cn o en - 'T 0 'T 0 un 0 ., 4 %-f - %-, ý Ioo %-0 1.., 
-% 

0 

0 W 

r. (U 

., 4 

92. 

Z 0 

%_d 

> 
rz 

r. cu .2 0 0 
. "d 0 

12. (0 

> 

Q) 
41 

ýI 

. -% 0-1 
cn LM 04 co 
Ln CO a% Ln 

c; 

- r%% Lfl flý 

I '% "I a, %0 00 co Iz In C'T% In lrý r, co 10 C-14 Ln r, a% '4 cn C'4 4r a 00 -T rl %, o 10 %. 0 ON %. 0 

C3 C4 C4 14 Cý 1; 

'n C7, 'n C3, co Cý C4 0a co 00 Cý4 I'D C7% Ln CO 
C7% %D eq -T 0 co -0 en Ln C'4 Ln CO 'T a Zo 

C4 Cý 

C. 4 C% r- M C, 17 0 LM cm t 00 - rý 0 r% 
:r0 %0 CO - C% CO it) rý- V) (D t zr CO 

c4 Co rA -M0M cn 
ZZ 

_T CN rý Co %0 
CO el C% tA CD r- -t tr% CD cm %. 0 rý 

-; (ý lý (ý r: (ý 
4 

cý lý cý 14 cý 
01 %-ý %-ý %-ý %-ý %-ý 1-1 %«., 

Co e4 Ln Lr% Co C, 4 00 ei %0 Co m 
cm cg 00 cm tn -t e tn CD Ul 

ý; (ý ý; (ý lý c; ýý (ý 4 (ý ri cý cz (ý lý (ý %-ý 1-ý 1-. ' _d 1-4 1-ý %-" 1-0 

cm M- Co 't N Co 00 0 cyý rý ýo c3 r. C, 4 ci 
CN CM r- cý CO LM CO T N'm cm CO rq CN t cm t 

rý c; cý c; cý cý cý c; _: cý _: c; 1; cý 1; cý 1-11 %-ý 1-. ý %-, 1-ý %-e 1-0 

:r IT c3 _T CN Co en 't %m (D c2 cyý 
Ul M r- (N 00 ýt - (1,4 %M C, 1 CO C, 4 

4 cý 4 c; cl; cý 4 cý ý: (ý -: (ý : cý -* (ý N-11 %-, 1-W 1-ý 1-ý .. 0 1-0 1-ý 

--, --1% -% 1-% ý% 1--, 1-% -% 
cm CY% "0 c*II Co Co (N (" r, cm V. % 0 Co cm 't %0 CM 0 r- Cm CO ci 0 CM Km - r- cq Co C, 4 CD - 

0 0) 

Co >% 
u 0 LM (D 0 

- u) 4 1) 44 
0 ull 0 

C. ) 

a) 'a) 

0 
C*q 



-211- 

ý1: 
10 
r. 
tu 

tu 

rA 
41 

.M 

. -Z EI 
ci C, 4 
x 

e4 x 
idli 

I- 

- 

". 4 

r. 
.0 ., 4 

0 

cii 

rA 
0 

Co 

,0 
r. 
cil 

0 

4) 

0 

r. w 
00 

"-1 4-4 
41 cu 

6. ý0 
P-1 

10 

a 

0 
., 4 
41 

10 
w0 
ce CIN 

, Ki 
IN, 
Co 

0 
. "4 

0 

iz 

ce 

.10 cn 

>% Ici 5 ci r. 
i Co 

u 
1) Co .,. 4 
.iN. 4 W 

0 

c: 0 
. "4 . "4 41 

0 Ed co 

cyl- Too moo Ln%. T 4-noo ýo _C14 coo -en C'A -4. (A 'n C-. r- C-4 Ln C-A 'T - 'T co Cq cn Cj kn N 
C; W; C; 1ý C; ý C; ý; C; 4 c; C4 C3 C4 8 1: 8 
1-11 %. ol 1-1 %-ý %-0 1. -, %-, %. " 

Imo cm CN CY, cm ýr1 %D ID Co 't 
rq 14 cm 0 Co LM CM 0 tNA (7% CN ýo r-i (> - CO - %D ý cn (D 

c; (ý c; c; cý cý cý cý 
Cý4 CN ? %D In a 10 (14 a co In a 11 Ln 10 I'D Cý4 %C 
cn cn cn N r- N r- N Ln - co - P, - Ln 0 cn o 

C4 C; C4 <ý C4 Cý -, C; ý: 88C; 88 8 Cý 8 
1-1 N-0 %.. 0 1-0 %-ý %-0 %.., ".., 

0 e9 cq Co %0 Co Co C, 4 Co CN Co Lr% 
C*4 CO CM Cm c1,1 cm CN rlý (D tm (D 

(ý ri c; cz -* --c-D1 cý c5 cý cý cý cý 
1-ý 1.. d 1.. 0 1-11 ý-11 %-., %-ý 1-1 %-, 

0-1 --% Im.. -% -% 0-ý 0-ý Iml% 0-% 
a IT m0 cn IZ co C14 0 ýr -0V. 0 co 00 %D -4r --T 
rý- (VIC? ) %0- tncD To C-40 

C4 C; C4 C; (: ý c; (: ý c; 
, ýo r, % 00 r, "0 Cý 'r ýo C-4 C. 4 co 'o , in a -a. cn 

ý2 
C% C14 I: r 

'" 
00 00 - Ln IT 

'(=) 
;ra C14 0 

C4 (: ý -, C; C; Cý Cý c; c; C; C; C; c; 1-0 %-0 %-# %.. 0 -0 1-0 
»-% 1-% 0-% --% -N --% oý% -1 1-1 

'm Co Co ý, 0 cc) c4 LM CD %0 CN 0 rý t ýlo Co %0 eq -t Co c4 e ei c4 - %0 - LM -t0A CD (N 0- CD 

c; c; cz; cý cý c; c; cý 
lo% elm-. 

C, 4 a -IT 04 :r 00 cs ON C-4 IT '. 0 Ln a -ýr co C14 
US 04 m C'4 ON ý LM 0 'T 0 cn 0 C14 0 C14 (0 0a 

C; C; C; C; 888C; %ý %-ý %-0 N-1 

. -1 --% 1-% o-N -% oý% -% --, --% 
Lr% 0 Co LM cm ýt e IT cc) Ln CN 
corq CMO C, 40 -0 00 

cý c; c; c; c; c; 

10 as C14 V) It V) I: r Ln co -ýr cc en a cn :r-, ý- N 
00 0a IT 0 cn 0 -0 -a-0 (DO 00 

Cý Cý C; (ý (ý (ý tý C; C; c; C; %-ý 1-0 1.. 0 

11 0 00 Ln 10 -T 0 Ln al (In . 4. C14 In C14 In - C-4 
Ln- LAO C-40 C-40 00 -0 -0 cc cc 

C; Cý Cý (ý (ý C; C; (ý Cý C; C; (ý Cý C3 Cý Cý c; 8 
KM -t N -t CM 0% cm LA - CI, 4 NZ CN N-00 
CM 0 C, 4 0 (D CD CD 000 CD 000 CD 0 
000000000000000000 

ý-le 1-1 1-ý ý-11 %-, ý. W 1-0 _d ý.. o 

-T C14 C7% N Ln N 
0aa000000a0a00000 

cý Cý c; c; 

gi- pr PF j- op Z j- pr j- 



-212- 

Ici 

Q 

E-4 

a 

44 
ce 

0) 

0 

. "4 

41 

w 
0 
rA 

112 ce %A 
IT 

4-4 M 

Qi 
41 
tu A 

,0 
r. 
Co 

CD 

bo cri 

ce 
0 

LM t _T 00 c% ý0 %0 
:2 CD 00 0 -rq 

cm 0 Co 
-trN 

l'ý ri Wi 9 Ilý -: %9 ý -: rý ýý cý Vi i. cý cý r-o cý 

00 CD Co (D CO 0 r- CD ,0 CD ýt 0 cm 0 c-i 0N CD %-0 , %-, %. 0 %-ý %. f _d 1.. ' %-" %. W 

tn ult C'4 Co 0 Co %0 -t CD (D cn LM 'm LM N" Co 0 
VI 4n (Z -t C: ) CD CD 0 

. ý% 0-% 0-4 --. 1-% 1-% 1-1 0-% W-% 
tm ýt e %D c4 %JD c7% Co c4 r. ' %ýo 
LM ci 0% cýi CN cý 10 

Z-i. 
- 

e! 
c71 In 

2! 

cm 0M0N CD CD CD 00 CD CD 

e, 4 Co cli Co :r0 Co %0 e9 C%4 Co CD cq c4 t CD 
Co CD rý rq - (D Q CA LM - ci 

CM CD CM CD CM CD c4 0 CN CD -0 (D CD CD CD 

. -% -l% -% oý% ý-% 0-% ý-% 0-% ý% 
tr, %0 Co 0 IT %D %D Co 0t _T r4 10 

T (4 CN tn CN - C, 4 00 r, 4 (A - ci - Co 

rý (ý cý c; ri cý cz cý _: cý cý cý cý c; cý cý cý cý %-ý %.. o %-ý %_o N-ý _d %-ý %_o %-, 

Co Co Lm Co c4 ýt ,00 vý Co c% 00 %0 cq 0 00 
00 Cm %0 c4 0 CN %0 CN Lm - 00 - CO - (*. -0 

(ý cý cý cý (ý c; cý 
0Nr, c4 0 00 %D Lr% 0 e4 CNI "0 0 tn Co Co %Z 
cn cm CD %0 CN CN - cm r-4 co ý %0 - %0 CD ci CD 

4 (ý 4 cý ý: (ý ý: cý -* cý (ý cý c; c; c; (ý cý cý %. d %-ý %. ý ý_o %-., %_o %-ý %-, _d 

Co Ln c4 't 00 000C, 4 cý CD Co Co cm %D Ln 
C, 4 - %0 - ýt 0 CD 

c; c; c; c; 
. -% '-, '-, e% -% -% -% -% -% 

f', rý cn 0 cm CD 'm C*4 Co 0 cq Co Z 00 't LM M 
c, 4 - CN - Co - r- - r- - tm 0 ci 0 cm 00 

-: c; -: c; c; cý c; cý (ý cý cý cý cý (ý cý c; cý cý %-10 %-ý %»" 1-, %. d 1.. 0 %. 0 %_o %-e 

1-% 0-1 1-11 ý% -1 1-ý 0-% -% 
Co 't cý% Co 0 %D Lm Co Co 'Im %0 %0 cý4 LM 00 m, cm 
or, 4 coo vi- Kno Kno rio c40 -0 -0 

c; c; 
- C-4 0 Co Co -t Co LM cq th 0 tn CN ri (3 cq cn cm 
r, - 1.0 CD -t -M0 cm (Z " CD - CD - CD (D 0 

cý c; cý eý cý cý c; cý cý cý c; c; 
1-11 %-10 ý_d %_o 1-0 

Lm LM Co M0 Lr) (4 cq 00 c4 1, % 
CD C, 4 CD N CD - CD CN 0, CD CD 0 CD 0 CD (D 

c; c5 (ý cý cý 0 cý cý (D 0 CD CD 0 CD CD 

VN r', Co 'm %0 N l(MD 0 cN rý N c4 
2 

CO 
CD CD (D CD (D CD CD 00 (D CD 

(ý cý (ý (ý cý (ý (ý (ý c: 9 (ý (ý (ý 0 cý (ý cý (ý (ý %-, %_O %-ý 1-1 1-0 N-1 1-0 %-ý 1-0 

00 
.. 4 ., 4 

41 41 
Cd 0 
w ý4 0 #- w0 
E-4 ra 

:CC, 4 
u: Dr ýI: - 

clq 
na ca im ci- ly4- or OF 



-213- 

0 cu 

ce 
Q) 

13 

14 

4-4 
ca 

Iti 

ci 

.M Co 
E-4 

C; 

(2 Co Co 0 OD 0% cm Ln Ln M f.. ' tr% Co Co 
ý% 

cm %0 <lq e, 4 c 1 %D 00 M CO CM c4 0 C, 4 r, ý .0 . .. .. .. .. .. .. .. 
CO CD r- CD ým CD ýo CD %0 CD cm CD cm CD ci CD el 0 %-, %.. o %W %-, ý_o %-ý 1.. 0 1.. ' %-ý 

m r-. m %0 r, CN 0 -2 m LM '. m-t 

ý CYN -00 X ,0 r, - CD (A ý (4 km Lt) CY% c4 t CM - CY% CD r. ý - 

LA (D LM 0 -t CD cm (D (4 CD 0 0 (D CD CD (D 

CD M t lt% CD - ýt cq 0, % Co t LA \O _T _T cm cq CM (N CO CD %, 0 - 
CU - -* CD t CD cm C, 1 CD C%4 CD - CD ý CD CD CD CD 0 

%.. o %_o ý_o %-, N-ý %_o 1-01 1-ý > 
4) Pl% -% 1-% 0-ý 1-ý 0-% . 1--% -% 

10 %0 Co r, - r, - c4 cm t"4 r- cm tm CD 00 rl C% CIJ CYI CM Ln - %0 ý 
w M (D M c4 (D C, 4 (D - (D -0 00 C) CD 
ce %-ý %. le %-, 

lu 
r. .% -% 0-1 0-% ý% 0-ý .% 
M (D %D (A in M C, 4 (D ýn - 0 CD CNJ %0 Co coi 
41 - c4 c, 4 c> c" cýA cn CD CD 
Co LM . .. .. . . . rlý M M0 N CN CD CN 0 - CD - (D CD CD c) CD %-01 ý-01 %-. - N-ý N. W _e %_o %-ý 

c: Co rlý c% r4 LM c4 - c4 tm c4 %m -t Co %0 c> LM 0 (D vi CN tN t - CD - 0% - CO - Ln (D Ln CD .,. 4 0 

41 '; cý cz cý 4 c; c; c; 
r, - rq (4 CD ýt IT M LM cli %0 

IN - vi - 00 LM CD 't CD 
Co e 

4 (ý 4 (ý c; c; cý c; cý cý cý c; cý 
0 

114 Co c4 (D 00 - CD f. ý 0 Co Co ra 0% rý Lr% Lr% LM :x CD Co - rý. ci Lm -t - CN - %D CD %Q (D ýt 0 c" 0 
4.4 

cm C%i , cm Co , C, 4 %0 %0 %0 Lri cm _T c3 KM 
(Yl C, 4 cm 0 CD C- T CD -t CD CVI CD C, 1 0 

Co - . 

c; c; cý c; cý cý cý cý cý c; %-ý %. W %. d 1.. ' ý-11 %.. ' ý-11 
10 
r. 0-ý -% 0-4 -1% 0-1 

; 
-, 0-ý 0-ý 

Co CO CO - c�4 ND -t 00 _T %0 Co LM tA en LA C" 

0-1 
.0 
- 

CD - CD CO CD r- CD ri CD c4 CD CN CD N CD 
Co .2 (ý -: c; cý . cý (ý cý c; c; cý cý cý cý (ý cý cý 
r D . % LM Co Co (D LM Le) Cq %0 rý LM Cl% 2 (D r, 4 Co ci ., 4 00 - CO (D %0 -0 0 %0 C c4 0 - CD (14 CD - CD 

cý cý cý cz; c; c; (ý cý cý cý c; cý 
00 - ' r, r, 2 ' (N ýe 

Co 3 cq r c2 4 ' (2 24 ' KM 0 cm cm C D cm CD -C D -( z - CD - CD 

CD c; cý cý cý c; cý 
Co ýt ýo CO t Ln CN 't CD t C"i r-i r' - vi 2 LM 

12 

CN (D CN CD elli N CD C, 4 CD - (D CD CD CD CD (D CD M - 
* * » c; (ý c; (ý (ý (ý (ý cý c; c; cý cý c; cý p 0 0 ý 

öo 

c: 0 
. p4 -, 4 

w0 » 
E4m 

j 
:4 



-214- 

r-4 

u 

00 
r. 

-, 4 

0 

44 

u 
., 4 
ra 
w 
0 

u 

,0 

0 
u 

C%4 
0) 

a 04 

"1 C14 

,Z 
. "d KM 

4.1 0 

10 
0 

10 C% 
44 
in 

Z 
r. 
0 

., 4 
41 %0 

m 

.0 

Cli 

4.4 cel 
0 

112 
rN 

cm 

r-. ýo Ln -T 'T C14 NM C% C14 0 rn r, C14 a% Lrl a co 
Na LM C-4 co co C4 ON - Zo r, r.. (D 'T 'T 04 -- 

(ý 1ý Cý L4 C; 4 (ý C4 c; C4 

I- T a. N u-, ON m %D 0 0 al %0 14 It en r*ý cn 

.n 
C14 u 

.1 
co %-0 

.n 
00 IT 

.. 
C14 

. 4ý'! 0 9 0- r.. 7: 
-.? 0 -T 0 cn a rn 0 C14 0 - C) . -a - Cý . c) 0 

Cl en 0 --T rl% %D ON Ln M co rl% co It C%4 a% Ln C7% 00 %ý Ln N %. D - a% (: ý a% - "o -: 
cn 0 M0 cn 0 en 0 C*4 0 -0 CD 0 0 CD . 00 1-0 %. L., %fto %-e %-0 %-ý %.. 0 %-. 0 %-ý 

r% (4 
-t M 00 M CM M CD 

cz cý c4 (ý _: cý cý cý %. d %-l' 1-ý 1.. ' %-ý %.. ' 

c2 rý. Lm CD c2 CD tm _T - tm Co 't 0% Co Co ýt Co c114 
(n N C, 4 CYI - rýi t c4 - c, 4 0% - r-. CD rý - LM ý 

c; 14 c; rq CD rq (2 0 CD CD (D 000 CD 

011% 01% -% 0-% -% 0-. 0-% 0-ý 
'r, V) 0 co a Ln 00 %-0 a -4: r C-4 CV) en r% en 04 N co 
C% - C7% N ON cn (14 C14 C% N a% - P% a %0 - LM 0 

C4 C; C4 C; C4 8 C4 8 -* 8 C; 8 88 (: 3 Cý 88 %-, 1-0 1-11 %-ý 1-01 %-, %-0 -,.. 

r, 0 LM c"i ýo Co %0 N Lri CD CD %0 C-4 C% t M. 
LM N V) CM C% - �o CM CO - %0 (D in (D -t CD 

cz c; 4 cý -, c; c; cý cý c; 
C, 4 LM - C, 4 cm Co c"i 't -t - Co rý in r, %0 Lm kel 
(4 CN Ný CN %0 - ýt cý4 r-. CD t CD t CD cm 0 

c; _: c; cý c; 1-01 1-0 

-IN 1-% 0-% --% --. 1-1 -% 1-1 -S 
eq Co 0 Co M (n 0 cy% r*. Co te) C, 4 tm (N CIM 
%0 -N r-4 - CN C, 4 _T 0M0 cm 0 cq 0 

-: c; : (ý -: (ý -0 (ý ý: cz; (ý (ý cý eý cý c; c; cý 1-11 %-ý ý. W %_o %-e %-ý %. d %-ý ý-0, 

Lrj cn 000'. 0 "- C14 cn Le) co -: r Ln -T cv, m- cv) -0-0 eq --T 0 eq o0a 

C; C; C; C; 
--% 0-1 1-1 1-1 -% -1 -% -% 

C%i 0 Co Co CD r, c4 Co LM 0 -t (3 cm -2 CN 
Co CD r- - r- - cli (Z N (D C, 4 CD - CD 

c; cý c; c; c; cý c; cý cý c; cý c; ý_o 1-W %-ý 1-ý 1-, %. ý 

Le 00 N -t r% 00 Co 00 N rý CN _T cý, 4 CN c4 ei , (N 
%0 CD %0 CD tn CD Ul CD 't 0 e4 (Z 0 
c; (ý (ý cý (ý (ý (ý (ý c; cý (ý cý cý %_e 1. W 1-ý 1-0 %-d ý-11 1-ý %.. ' 

Co cy% 0- 't 0 Co C%4 cm 
r4 cn e, 4 CD - CD c) CD CD 0 CD 0 

c; c; cý 
W C! 
r. o 
k -F4 
41 C4 
co : 3: 

s-i o ! ýl 
E4 rA od 

0 
:' 

00 



-215- 

10 

0 
(i 

C14 

E-4 

0 
C4 rý 

CD 

0 

cm 0 

Nd cyý 
Co 

Cli 
4j 

LM 

41 e 

0 
91 

. in 
cu tr) 

cm 

44 M 
0 

., 4 Iti 
w c: 
0 Co 

.Z 41 -% 

4.4 %-, LM 

u to cm 

DI; 
ce 2 

, -,, I", "*, *", -, ,% -% o-% % 
, C) a% 'm C14 m0 'T rý 'T a 'r, Ln " r% 'o en co C-4 C-4 00 - 00 'T Ln C-4 " cn ------ 0- 

C4 C; 1ý %-, %-, lle 

0 kr% c, % rý. %0 -t 00 LM , 1.0 cyý _T Co LA Co M c4 tm r- CD Kil 0 Ln (D _T (D _T CD M CD m CD ri (D C" CD 

cý c; c; cz; c; cý cý cý l:; cý cý c; 
tn N- %n cr% LM - Lrl co tn "o It -T M 'T On co -T 0 Ln 0 -.; r 0 'T C) cn a cn a cn 0 cn a C-4 0 

C; C; C; C; C; c; Cý c; C; c; c; 
%-0 %.. 0 1-0 --., %-, 

--% Ilo% 0-ý o-% 0-ý 0ý1 o.. % 0-ý ý% 
C7, (14 :r LM C, 4 a cn -*, C, 4 Ln (3 --T a% (n a% m U-, Ln Lno -ýTc) -. To (VIC Cno CI(m C'Jo "o No 

Cý C; C; Cý C; c; Cý C; 888 %-ý %... %. 0 1-0 

0"% 1-% 1-1 0--% --. 1-ý -1 -% 0-% 
Co r. ' %0 f', %0 ei :r ei 
C" 0 CN rq rq 0 C, 4 00 

c; cý cý cý c; c; cý c; cý 
A-% 1-1 A-% --% 0-% 0-1 0-% A. -% 0-ý 

t4 Ln . 4. m cn Ln 04 m IT 0 C14 , C14 0 C14 en 
IT a cn 0Ma C4 0 04 0 C14 0 C14 a C14 0-0 

C; 8888C; N.. O 1-0 1.. 0 

Lei 
"t 

CYN '(N Co cm en 

(ý cý (ý (ý cý (ý cý cý cý cý cý cý cý cý c; cý c; cý %_o %-ý 1-0 %. ol 1.. ' 1-0 %-ý %. 0 %-ý 

4ýN 1--% 1-4 1-1 --% 1-1 0-% ' ý% 0-% 
C, 4 c4 r, c4 Co 't ., Z 't "0 M C, 1 CM Cm CM CM %M c14 
cq CD - CD - CD - (D - CD - CD CD - CD CO 

c; c; c; c; 

%0 cq 
2 

cn 3. Co ý, 0 C*4 
- 

c4 N e4 
CD 0 00 00 0 00 

(ý (ý (ý (ý c; cý c; cý c; (ý (ý (ý c; (ý cý (ý c; c; 

co C14 r, C7, 
-N 

j 
:z 

ýr 
-: z 

7, 
-CF) 

4 
090-9 (00 09 99 99 0a cc 

00 00 cc 08 cc (ý8 8c; 
0-. -% 

0 
Iýr 

In 
I- 

It 
I- 

C14 
= 

:r= 10 C14 coca -00000000000 co 

Cý (ý C; Cý C; C; Cý Cý 
1: Z Ia, cc 00000000 Coco Coco co 

(: ý C; (: ý (: ý c; c; (: ý Cý Cý Cý c; (ý Cý (: ý (: ý (ý C; C; 1-1 1-0 %-0 %-, 1.. 0 1-0 %-ý 

ýý9999 Co> 8 00 00 c02 OB 00 00 lo*I, 0 00 Co> 
os OB OS dä gi gi dä Q gE g 

0 tri 000 

c24 j- PF j- ov nr g2i- 

0 
Lt 

00 
._- 



-216- 

10 

0 
Q 

C14 

co 
E4 

41 

0 
Ai 
44 
Co 

Im 
0 
Co 
(V 
Ci. 
0 

Da 

P: 

,Z r. 
0 

. "j 

41 

Iri 

113 
Nd 
cu 

10 
r. 
ce 

Z 

c: 
0 

., 4 

. Li 
92. 
Nd 

0 
(A 

JM 

44 

41 

10 
c: 

(LI 

93 
di 

0 
cn 

w r: 
r. 0 

., 4 . "4 
ji 

0 
E' Co 

a 
C14 
rl% 

-0 Co cli 00 M0 %M C" %0 (> %M tA -- c4 0 
CM %0 -t Cm CO M0 ri r- %0 cn rn ri CD cy r% cm 

c; c; c; c; cz c; rz -o 1-1 - 1-0 1.. ' 

m 'm %D r co C-4 r. 'n cl C7, " m T m 
0 -T 04 C*4 a IT V) M CIN CIJ cn C14 - cn r'% C-4 %o 
C*4 .. .. .. .. .. .. .. .. .. 

f, -O ý00 %-00 -. To Cno -0 -0 cc cc 
". ". %_0 N. 0 .. e %_0 %-, 1-1 I... P 

%n 0 %D C4 -T 0 ON P% -: r rl% %D co (; % a U-j en Ln 00 0 r- en co C-4 Ln in C-4 en ýo a CZ4 - (71 C-4 'D - Ln 0 
1ý C; Lý C: ý U; C4 C; 
a0 LM I, - Ln - %D ý r-% - CO - CO , r. % ý, o 4CD 0 0 'I c! c! - 9ý (ý I Il Cý 7- 0ý -: Ll - n- C, . 

. : * 
I 

%D 0 Ln a Lf) 0 en a cn 0 -0 00 00 o c) 

0 %0 0 (14 'T CN 0c -T ý, o 'T " .p Ln " C4 "D c) 
Ul COC14 r-N Le)" %Den ý-: (: ý- rý- 

LI; Cý 4 C4 C4 0 a 0 Cý 0 a 
= = eq ýý - ýo 0 Ln aý co -m Pý 'o ý r-ý D ( - co C, 4 -CSI Ocl 04cq 00- ONO ýD - It - -ýTo 

Cý C4 C; C4 C; Cý c; Cý 4ý Cý C; Cý 
a --T 00 co en C14 m co 0 cli rý 0 in eq 0 00 C-4 rý 

Lri Tc 1 IT 7 IT ci rý c 1 Lm- rlý ': LM cn 9 ý? - - . .. . . . ma en 0 t-4 0 C4 4CD 00 00 00 0a 

- %4 0 cli 0 co U-i " 00 %; r m rl. -o 0 C4 0 %. o Ln 
ý-o c 1 co - co ': --T - 10 -T - cn 04 Cý cyl - -- . .. . .. .7 - 

cn 0 (14 a (14 a N0 C14 0 00 a0 0a 0 c) 
%_0 %-10 %_0 %.. e %_o 

(7, cn U., C*4 M co 0 %-D ,4 . %D r, 
LM 'T 1ý1 0% ci 0- rý ýa - -T cn C14 

C'4 0 -0 C14 0 -0 -C 00 00 00 0 r. D 
%.. 0 1-0 

0-k O-N 
- 0 C. 4 %D r. ý %D Ln ID co 0 C4 C co %0 1 en 'D cli 
CN C'! %0 - ýD - -T - r! - 11 - Ci C! -: 9 - 9 

0 0 -0 -0 -0 0a 0 40 C) 0 . a0 
% .., %-ý %-e %.. 0 %_0 %-0 1.. 0 %. 0 

0 ý! co a Ltl 04 co co C4 co r, 0 0 Le) Cý4 C4 a N 
'I. C4 C14 CQ - O .0 a C-4 - C-4 0 -0 -0 

L 

C; c; C; C; C3 1-0 

oll, 

,: r rý 'r, (14 'm 0 -0 - 00 0 Ln 'I. --T 0N co C14 
ac 0% - C% - co ': co 9 C14 9 - 9 - 9 40 9 cn .. . . . . 

. -0 Co 00 (DO 00 co CC 00 cc 

cy, Le) -T a cn %D r LM 0 %D :: r IT a, en Ln 
= 

'r 
"ý- 

- Ln 
.9 

Ln -. Ln 'T .9 
a C) CD o CD oa 

oa cc 00 cc 00 (ý c; (ý C; c; c; 88 %-ý 1-1 %_0 1-1 %. " 1-0 *1.1 

14 

C14 



-217- 

,0 

u 

.M 

CA 
4) 

r-4 

-W 0 

Aj 
44 

ci 

6 

- - - ,m cm o%D 'm 00 cy, CN n c"i nv 4 r.. m CI1 m co CD Co 'm t r- N tn ZT CY% cm (4 t 
CD - c4 CD ý CD 

CD CN rlý (D rý Co Co C% Co Co C% r% CD c4 c% (Z X CN tt) In c4 LM CN CM CD C%4 cm C-4 t cm - 00 - Ln - 

lý (ý lý (ý -ý (ý lý cý 1; cý -, cý : cý c; cý :ý cý 
Z %.. e ý-, %»d %_o 1-10 

. 1. W %-ý %-, %_e 
, 
9: ý% -4 1-ý ý% 1-ý -% 1-4 1-% 0 LM Co Co r, LM r4 ; CD N %0 (> 0 (N Co LM CN C'4 0e ., 4 CD 0% -t 00 _T ; Co r- N CZ rq M CM cl% - flý - 7 (D 

c; c; cý cý cý c:; 

C, 4 LM Lri en cm im _T - %0 
vi 

w lý c; v; cý ý; c; ý; c; 00 CD cz CD cz cm %-. - 1. W %-, ý-10 %--, Iti 
r. "-% 1-% 1-1 1-% 0-1 0-% 1-1 1-% -% 

cn C, rq 0 r, cj c3, C, 8 0 00 0N r, ým 
l", - 12ý - li ei C! lý Ilý 9 i- Ci 9 

. 
ti; cý LM (ý -; 0 cm 0 en (D ý0 0 CD 0 CD CD (D 

Z cq c14 c3 
Z 

%0 ei Co N Co C, 4 , 0% - 0 cn LM 
0 CD %0 ci %0 c"i 00 CN ýT - C7N N CD - rý - cm 0 

* 41 t (ý t CD m (ý m (ý c4 (ý - c; (ý (ý (ý (ý (ý (ý 
(n ý, 0 ýt 00 cq vý cm :: 0 2 cy% m L e: ý 0 0 r, 0% v. % 
.0 KM CD M (Z c4 _T 

ý; N %0 ý 00 %0 - IT 
2D 

c4 (D Co 

ce en erl r, %t %0 LN tm r-. - (D m Co cn LM 't ýe 2: 0 tt% C*4 LM CD N rý 0 c4 00 -t 0 M CD N (D 
M 

4.4 lý c; rý lý cý cz cý 
4 

cý cý cý cý cý cý (ý 
0 %-0 _w %-, 

rij 0-1 0--% Ilý 4) LM CO r, - :: ul c4 CO CO C'm ýT - Lr% LM Co LM Cm CM 
,. LM 10- lý 

Z; 

9 79 -9 ca - . . 0 N (D rq (D CN CD ý0 (D (D 0 (D CD (D (ý CD 
%. lý %-, _d %-ý _d %-ý 1-ý 1. W 1-11 

t tr% cm LM %0 %0 r, (4 Co LM 0 CN rý LM %0 LM c4 ýi - "ll! 1: lý 9 pý -: Ci - li - l"! 9 79 9 . . PA c40 c40 -0 -(Z -(ý CD0 Co oo oo 

LM IT C, 4 CD Co r- 0 cm c0 t IT t IT c7% r-A 

1: -: %ý 9 lý - - lý 9 Ln 

. . 79 99 
1.. d -C - CD - CD - CD - CD CD 0 CD CD CD CD CD 0 

_e %_d 1-. ' _d 0 

CD CD - (A t M. - m. C% r*ý C% LM CD c»-I (A cm rý " 41 ýý - lý 9 - CD - CD r, - (Z (14 CD N CD (D 0 (Z (D 

* äo - (ý -0 : c; - (ý (ý cý (ý c; (ý (ý (ý (ý (ý cý 
tu CD LM r- 1.0 (D te) CYN (: r4 -e r- r14 r_ CN CD CD CD 0 0 CD ý -0 CD LM CD 7 (D cm (5 0 CD 0 CD CD CD CD CD 

c; 
1. W 

CD 

v IM CD CD CD w0 
6.4 m pi P., gii pi PV x- - ni 04- - j 

It 



-218- 

ba 

W 
0i 

C14 

$4 
4) 
Ai 

Q) 
m 
0 

0 
., 4 
41 

10 

10 
W 
Co 

10 
c: 
ce 

0 

.M 

4-4 
0 

93 
4) 
41 

,0 
r. 
Co 

fA 
cu 

ÖD r. 0 

w0 
E-4 Co 

0 

tm 

%0 

M 

2 

a 

LM 

0-1 -% 0-% 0-% 0-% 0-% 0. % 0-% 0-% 
in 10 '. 0 C14 cn -41 .TM 'n IT co co cn (In en co co Ln 
ON LIl IT cn C*4 -T r- en a ull -T cn C14 *T co C4 Ln - 

8 rz 8 9 C; ý; 8 C4 8 _: 8 -: Cý 
0 co ,T en a %. D m IT Ln N 'I. r% rý. N ýo 0% Ln co 
en 

. 
ci P% ý ON en C) %0 4n 00 7 rl% c 

. . 

Lei Co CN %0 Co rý 
CM 7N Cm CD t c% cq eA00 

cý c; ý.. o %-0 1-. ' %-ý 1-0 1-1 %-0 1-ý 

0-ý 0-ý 0-ý 0-. 0-ý 0--, o-, 0--ý 0-ý 
,0 -T co C% 0 %D tm cm co Cl a r-. %0 co C) 0 rý 
%D en M C14 C14 ýT a cn 00 cn a% - cn - %D - 'D 0 

Cý 4 (ý 1; C; C4 C; -* Cý : C; Cý C; (: ý C; 
0-ý 1.1% 0-% -1 -% 10-% -% -% 0-% co C14 en (q) 0 C14 - cn cn 0 C-4 C*4 ,: r 00 'n N cn Ill. 

-N0 04 0 C14 00 cn ýo cw) 00 ý C14 - Ln - Ln (o 

Cý C; 
04 

. -t Co ým cm 0, cq Co cm r. ' CN c% 0 %m rý 
CO C, 4 r, - M %. 0 cq tr) ell tM %0 --- ýt -t CD 

cý c; 
1-1 ý% 0-% 1-% 0-% 1-% IN 

c3 c> r4 :r LM rm Co Co m Co 
-t (N -7 C, 4 M c4 CM C, 4 - CM ýt CD 0t-00 

c4 c; c; 14 cý cý cý cý c; c; 
rý- %0 04 C14 0 co 00 cri ý. o r- 0 00 Ln Ln --T NýN ON C4 co C14 - 00 - cli 0 C11 C) 

(: 
ý 

14 Cý C4 (ý C4 C; c; Cý Cý Cý C; (ý Cý 

'T C14 Ln 00 Co -. 0 
'Ný 

ý 
'C14 

Ln 00 'n ':: r 
. 

rý cl %, ý Ci %ý -: 1ý -. -ý Cl! CO - ID. 10 C', 0 -. 9 
N0N0 CN 0 C%4 0 C4 00 CD a CD C (D 

1-4 1.. 0 %.. 0 1-0 I-e 1-0 %.. f %-0 

. --% -% oý% --% 1-1 ý% 0-ý -% 0-% 
00 C% rý 3. IT 0 CD 0 (D ýt 00 tm CN cm CN 

,t cm ý0ý0--- CN ýQ - KM C) -0ý CD 
4 c; 4 cý 4 cý 4 c; cz (ý c; (ý c; cý c; (ý c; (ý %_O 1. W %-ý 1... %-ý 1-0 %-ý %. 10 %. d 

c4 -t C% t cm Co LM cq %0 CO CO M %D 0% 
ai - Co - LM - ZO - tn -ö cm 00 

cý c; cý c; cý 
aý C ý, 0 M. Co 00 Co rý. C. 4 LM (M M c) cm rý. r4 
-t -t 

* 
- (D N CD 

* 
N- 

* 
cq CD c9 0 CD CD (Z CD 

-: cý - (ý : cý - (ý - cý cý (ý c; (ý cý (ý (ý (ý 
Ln LM Co V 
00 1: ý rý 7 rlý rlý C! rý. C! - 1: ý CD 9 9 0 1: ý 9 

0 CD CD (D CD (D CD 
. 

0 CD 
. 

(D (D 
. 

CD c 
. 

0 CD CD CD 1-1 1-ý 1-0 1... 0 1-11 %-ý 1-ý 1-0 

0 C14 a 

OT, W- OT- or 

Lt*l 



-219- 

10 
r. 

0 
44 
0 

.0 
0 

0 

k4 

fi 

44 
0 

r. 
0 

., 4 
41 

42 

0) 
4 

0 

13 
tu 

44 
4-4 

r4 
.0 

a. ' 

II rA 

9) 
Ai 
cii 

W 
41 
ca 
14 

0-1 

U 

0 

41 

co 
0 

W 

0-1 -% 1-% 0-1 ", 
Co cq Co 00 3. ,N 0% %D %Z In 0, 

V 

00 c% 0 Lti Z c4 cm ZQ cm - %0 CO cn r, Co cri 
C, 4 
rý. 

cq %-0 en %-ý coi %. e c" .. 0 - 1-0 - %.. ' - 1-0 - %-ý 

0-ý 0-% -% ý% 0-% -" 
'ý% CD t Co - c4 c4 r- CM 00 - 't CD c4 CD C% %D C% ": rý 1: ý Wi M. Wi CD Ilý 

- . . . c% c4 rý - c4 Nt tm r, 0 Co CD cl% (D 
CN CY 

la lo%0 (71 r4 Co rl% 10 M t. ý e4 %0 ch cm cm r, ý Co 
vi r- C, 4 r- cm -7 CD V) ýT Co Co Co IT N \o %D 41 
CD 

cz c4 (ý cý c; cý cý cý cý 

LM Co r, t C-4 C" cm EI rý IT 'm 0% 0 Co c4 Lr% "0 n 0, ýr 
(D .. .. .. .. .. .. .. .. 

't c4 Co ell Co c4 (D M _T C: ) %D 0 r- C: ) r- 0 
1-ý - %. 0 ý 1-ý rq %w ý_d ý-11 %. ý 

1 
Co rý 0, % Co , Co M :r0 cyý Co 0 0% cm 

E3 tn r- %0 T Co %0 cm rý M CO %0 t (7% CM LM 
: * rý cl, ý 10 4 10 - (71 lý 't cý In cý 10 cz; r: cý 

rý. CD Z %0 't C% cm ult :r CD 0% M N C% 
Co (7% CD Co C: ) cn cm rlý rý C" 00 -t (N _T 

Irl r, 14 
A 

c; cý lý cý 

EI 't - C. 4 - C% (> 10 cq c2 CD 0 Co C, 4 C% cq Co 
vi %D vý Co 00 r1.0 c4 CD cq %0 CD CN Co cq ,M 

" cm c; t 'm c; 
'-N 1-ý 1-% 0-% 1-1. 0-% IN 1-% 

tn Co ýjo %D CN V) ý, 0 %0 r. ý %I0 r, 4 %0 c3% C% CN 00 
EI rý rý , _T c4 CD c4 cli Lm t Co C-4 0 (4 c% c4 

(D 
cz 

1 I 
%0 rý Co Co cm r4 al 

Z 

't .: t c4 I: t 0 
V) ,0 Co ýIr vý v) %D N'm M 0% - t rq OD CM 

, Lei cý (Z; Co c; - c; cz cý 1. W 1-1 %_o %-ý %-ý %-ý _d 1. -1 

0 
0 

12 
4-4 CD (Z CD 
0 

U u u 



-220- 

Table 4. Time to half/quarter swell of wafer specimens cut along depth 

of treatment from variously treated cycled and uncycled 

long. specimens (3 replicates) 

A. Corsican pine : Time to half swell*: Before cycling 

Treating 

solution" 

Time to half/quarter swell (1 

Specimen number and position 
from treated en 

1(3) 2(11) 3(19) 4(27) 

standard deviation), minutes 

along depth of treatment 
d (mm) 

5(35) 6(43) 7(51) 

R 5.27 3.35 2.4 2.3 1.47 0.80 0.63 
10 (1.16) (0.25) (14.0) (6.26) (0.15) (0.20) (0.15) 

R 6.47 4.4 3.6 . 2.3 1.53 0.80 0.83 
11 (0.77) (0.60) (1.0) (0.20) (0.27) (0.20) (0.11) 

R 7.36 5.2 4.4 2.87 1.93 1.37 1.03 
12 (1.30) (0.65) (0.46) (0.51) (0.5) (0.11) (0.25) 

R 8.87 6.47 4.67 2.97 2.00 1.73 1.2 
15 (1.10) (1.8) (0.15) (0.8) (0.6) (0.5) (1.1. ) 

R 9.53 7.90 5.43 3.17 2.63 1.90 1.40 
20 (0.87) (0.20) (0.38) (0.20) (0.25) (0.3) (0.17) 

-W R 44.0 33.8 22.07 16.3 12.0 8.3 5.8 
10 1 (3.0) (3.2) (40.0) (2.3) (2.0) (1.0) (0.28) 

-W R 66.3 46.3 31.3 22.0 14.67 9.3 7.8 
10 2 (8.3) (6.6) (2.5) (2.6) (2.0) (1.5) (0.76) 

R -W 166.0 137.6 122.6 101.6 86.0 66.0 42.0 
IO 5 (7.5) (7.5) (5.0) (10.0) (7.0) (15.0) (4.6) 

-W R 228.0 185.0 139.6 110.0 95.6 75.6 63.0 
10 10 (37.0) (16.7) (10.9) (10.4) (6.0) (11.0) (7.5) 

Time to half swell for untreated control wafers - 0.6 minute 

Subscripts after R and W indicate percentage 9f resin and wax 
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Table 4 cont'd 

B. Corsican pine : Time to half swell : After 5 weathering cycles 

Treating 

solution 

Time to half/quarter swell (1 standard deviation), minutes 

Specimen number and position along depth of treatment 
from treated end (mm) 

1(3) 2(11) 309) 4(27) 5(35) 6(43) 7(51) 

R 3.9 3.3 2.7 2.4 1.8 0.87 0.8 
10 (0.5) (0.15) (0.4) (0.5) (0.6) (0.46) (0.36) 

R 5.08 4.23 3.4 2.23 1.6 0.8 0.8 
11 (0.78) (0.51) (0.3) (0.2) (0.11) (0.05) (0.1) 

R 6.14 5.0 4.1 2.8 1.7 1.6 1.3 
12 (0.4) (0.7) (0.23) (0.17) (0.17) (0.34) (0.28) 

R 6.97 5.6 4.7 3.2 2.2 1.3 1.3 
15 (0.2) (0.47) (0.2) (0.57) (0.25) (0.36) (0.37) 

R 8.0 6.27 5.4 4.37 3.43 2.0 1.3 
20 (1.1) (0.58) (0.05) (0.41) (0.56) (0.4) (0.4) 

R -W 35.8 30.0 21.6 17.4 11.0 6.3 4.7 
10 1 (5.0) (4.6) (1.7) (3.2) (2.0) (1.5) (0.87) 

R -W 55.8 41.2 27.5 19.13 16.9 11.1 8.1 
10 2 (5.8) (2.2) (5.9). (4.8) (4.3) (1.4) (1.1) 

R -W 149.5 145.0 126.8 107.0 90.1 67.5 52.8 
10 5 (16.0) (15.5) (13.7) (13.0) (11.8) (5.8) (4.6) 

R 10-W 10 
203.0 178.0 146.2 111.5 89.7 70.5 63.67 
(13.0) (7.0) (8.9) (10.0) (1.0) (2.3) (6.6) 
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Table 4*(contd) 

C. Corsican pine : Time to half swell : After 10 weathering cycles 

Treating 

solution 

Time to half/quarter swell (1 standard deviation), minutes 

Specimen number and position along depth of treatment 
from treated end (mm) 

10) 2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

R 3.93 3.47 2.83 2.13 1.5 0.77 0.76 
10 (0.61) (0.41) (0.15) (0.20) (0.41) (0.15) (0.05) 

R 4.9 3.87 3.03 2.32 1.33 1.03 0.76 
11 (0.6) (0.05) (0.20) (0.28) (0.38) (0.15) (0.05) 

R 6.3 5.46 4.43 3.7 2.43 1.27 1.0 
12 (1.2) (0.53) (0.60) (0.78) (0.38) (0.25) (0.2) 

R 6.7 5.53 4.8 3.9 2.5 1.5 1.3 
15 (0.98) (0.32) (0.5) (0.36) (0.10) (0.5) (0.35) 

R 20 8.06 7.0 5.4 4.76 3.6 2.37 1.46 
(2.2) (0.66) (0.58) (0.45) (0.53) (0.63) (0.15) 

R -W 35.5 31.8 19.0 13.9 10.66 7.8 6.3 
10 1 (1.8) (1.9) (2.0) (0.9) (1.5) (1.7) (1.5) 

-W R 45.1 40.0 30.2 17.8 14.0 '11.0 7.7* 10 2 (3.8) (2.64) (3.4) (1.07) (0.87) (2.0) (1.5) 

R 10 -W 138.0 138.0 123.6 104.0 80.3 63.5 53.8 
5 (9.0) (6.5) (5.5) (10.5) (8.5) (7.5) (5.6) 

R 10 -W 10 182.0 179.0 168.2 120.0 96.3 67.3 60.0 
(9.0) (24.9) (17.4) (10.0) (7.4) (8.5) (13.0) 
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Table 4 (cont'd) 

D. Corsican pine : Time to half swell : After 20 weathering cycles 

Treating Time to half/quarter swell (1 standard deviation), minutes 

solution Specimen number and position along depth of treatment 
from treated end (mm) 

1(3) 201) 309) 4(27) 505) 6(43) 7(51) 

R 0 3.77 3.8 2. 
,9 

2.4 1.7 1.2 8.0 1 (0.66) (0.85) (0.26) (0.20) (0.26) (0.2) (0.15) 

R 4.5 4.7 3.37 2.8 2.1 1.56 0.96 11 (0.43) (0.5) (0.38) (0.40) (0.25) (0.20) 
. 

(0.05) 

R 2 6.03 5.5 3.9 3.2 2.3 1.46 1.0 1 (0.6) (0.73) (0.15) (0.2) (0.1) (0.49) (0.2) 

R 5 6.0 6.0 4.16 3.4 2.2 1.5 1.06 1 (0.36) (0.32) (0.60) (0.4) (0.2) (0.3) (0.25) 

R 20 6.4 6.5 5.6 4.4 3.3 2.2 1.2 
(0.26) (0.7) (0.56) (0.49) (0.45) (0.32) (0.30) 

R 0-W 30.5 30.7 20.7 13.9 10.0 7.5 6.26 1 1 (3.27) (2.5) (2.5) (2.5) (0.45) (0.7) (0.64) 

R 10 -W 2 41.5 40.3 29.0 19.16 14.66 10.1 7.16 
(2.29) (3.05) (1.72) (1.75) (2.08) (2.06) (0.72) 

R 10-W 5 127.0 128.0 116.6 93.0 75.6 62.3 59.0 
(11.5) (15.3) (14.6) (4.58) (8.73) (14.0) (11.1) 

R 10-W 0 180.6 182.2 169.0 133.0 88.7 6.6 64.5 1 (15.0) (9.7) (4.04) (6.0) (10.4) (6.9) 
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Table 4 cont'd 

E. European beech : Time to quarter swell* : Before cycling 

Treating 

solution 

Time to half/quarter swell (1 standard deviation), minutes 

Specimen number and position along depth of treatment 
from treated end (mm) 

1(3) 2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

R 0 31.25 22.3 19.46 16.4 15.7 13.0 11.4 
1 (1.39) (2.0) (0.40) (1.2) (0.85) (0.25) (0.30) 

R 32.6 24.2 20.7 17.6 16.5 14.0 12.0 
11 (2.5) (3.0) (2.1) (2.0) (2.. 0) (0.25) (1.0) 

R 2 33.7 25.4 21.2 18.6 17.8 14.4 13.0 1 (2.3) (2.1) (1.25) (1.15) (1.8) (1.25) (1.44) 

R 37.3 25.7 22.8 18.8 17.6. 15.0 13.8 20 (4.25) (2.0) (0.86) (0.76) (1.5) (0.53) (0.51) 

R 0-W 45.0 33.6 27.8 25.0 19.9 16.7 14.3 1 1 (4.36) (5.13) (5.75) (7.2) (5.55) (2.37) (3.3) 

R 0 -W 46.3 35.0 28.2 25.8 19.9 17.1 14.1 1 2 (7.2) (4.58) (1.6) (2.8)- (2.1) (3.2) (1.15) 

R 0-" 49.9 38.5 29.3 26.8 21.6 18.7 15.0 1 5 (3.1) (2.78) (4.93) (4.16) (1.5) (1.5) (1.5) 

R 0 -W 96.6 56.0 43.7 29.9 24.3 19.6 15.2 1 10 (20.0 (10.1) (6.65) (5.87) (3.13) (0.53) (0.58) 

* Time to quarter swell for untreated control wafers = 2.5 minutes 
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Table 4 cont'd 

F. European beech : Time to quarter swell : After 5 weathering cycles 

Treating Time to half/quarter swell (1 standard deviation), lainutes 

solution Specimen number and position along depth of treatment 
from treated end (mm) 

10) 2(11) 3(19) 4(27) 5(35) 6(43) 7(51) 

R 17.56 21.16 17.7 14.3 10.2 9.8 7.9 
10 (1.35) (2.36) (1.5) (1.15) (1.0) (0.59) (0.38) 

R 17.70 23.10 29.6 17.3 14.3 11.7 8.4 
11 (0.80) (0.85) (1.5) (1.5) (1.10) (1.09) (0.32) 

R 18.6 23.86 20.8 18.1 16.8 14.0 10.7 
12 (1.44) (3.12) (2.2) (2.0) (1.32) (1.02) (0.88) 

R 19.7 24.66 22.2 18.3 17.0 15.6 11.8 
15 (2.08) (2.60) -0.25) (1.55) (1.22) (2.29) (1.75) 

R 0 23.7 30.06 23.84 20.2 18.8 16.3 14.2 
2 (2.93) (3.4) (2.57) (1.50) (1.10) (1.04) (0.82) 

W R 25.4 34.0 27.7 22.8 20.0 16.92 15.0 
10 1 (0.6) (4.35) (1.5) (1.23) (1.08)' (2.06) (2.18) 

W R 26.76 36.86 28.76 24.1 22.08 18.1 16.4 
10 2 (1.72) (3.6) (1.75) (2.05) (2.90) (1.85) (1.68) 

R 0W 31.8 38.7 29.8 26.0 23.15 19.86 17.68 
1 5 (3.07) (4.0) (1.70) (2.05) (3.0) (1.57) (0.97) 

R 6W 48.2 45.8 42.0 35.6 28.0 22.5 20.0 
1 I0 (4.36) (5.2) (4.3) (3.0) (2.28) (2.18) (1.26) 
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Table 4 dont'd 

G. European beech : Time to quarter swell : After 10 weathering cycles 

Treating Time to half/quarter swell 0 standard deviation), minutes 

polution Specimen number and position along depth of treatment 
from treated end (mm) 

10) 2(11) 309) 4(27) 5(35) 6(43) 7(51) 

R 9.43 19.33 20.1 16.6 13.7 10.2 7.9 
10 (1.6) (2.66) (1.15) (0.60) (0.88) (1.04) (0.76) 

R 10.3 20.2 20.1 17.4 14.13 12.76 11.2 
11 (1.2) (1.9) (1.15) (0.67) (1.02) (2.85) (1.27) 

R 11.56 21.0 21.0 19.4 15.7 13.8 11.9 12 (1.6) (2.18) (1.8) (1.63) (0.96) (0.77) (1.6) 

R 12.89 23.5 22.3 20.7 18.2 15.6 12.7 
15 (1.46) (2.5) (1.5) (1.64) (1.7) (1.97) (1.4) 

R 13.10 26.86 23.8 21.2 20.3 16.5 14.3 20 (2.23) (1.87) (1.8) (1.75) (0.76) (2.0) (2.25) 

w R 17.2 29.8 27.5 24.5 20.8 17.0 15.2 
10 1 (1.28) (1.82) (1.87) (1.25) (1.49) (0.75) (0.80) 

w R 18.7 31.2 27.8 25.56 21.4 18.4 16.8 10 2 (1.8) (3.35) (1.26) (1.6) - (0.91) (1.4) (0.76) 

w R 22.42 35.9 30.7 28.4 24.4 20.3 18.6 
10 5 (2.1) (4.0) (3.3) 

. 
0.6) (2.12). (1.9) (1.78) 

w R 33.5 44.8 39.3 32.1 25.6 22.8 19.3 
10 10 (3.08) (2.62) (2.70) (2.6) (2.10) (1.39) (1.5) 
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Table 4 cont'd 

H. European beech : Time to quarter swell : After 20 weathering cycles 

treating 
Time to half/quarter swell (I standard deviation), minutes 

solution Specimen number and position along depth of treatment 
from treated end (mm) 

1(3) 2(11) 309) 4(27) 5(35) 6(43) 7(51) 

R 0 4.8 18.06 18.2 16.0 14.0 10.5 7.6 1 (0.45) (3.17) (2.9) (2.9) (2.28) (1.3) (0.65) 

R 7.6 19.8 18.3 16.2 15.0 13.1 9.7 11 (2.0) (3.22) (5. ý) (2.2) (1.5) (1.6) (1.5) 

R 8.2 20.16 19.2 17.3 15.8 13.9 11.4 12 (2.6) (2.9) (3.1) (2.5) (0.64) (1.0) (1.7) 

R 9.56 22.3 20.86 18.76 16.46 13.98 12.1 15 (2.0) (2.7) (2.0) (1.1) (0.76) (0.9) (1.8) 

R 0 10.3 '24.6 22.10 19.6 17.7 14.5 13.8 2 (1.66) (1.2) (1.27) (1.44) (2.36) (1.5) (1.25) 

R w 12.3 27.8 26.5 22.6 19.2 16.56 15.0 10 1 (2.0) (1.89) (1.5) (1.76) (1.69) (2.51). (2.5) 

w R 14.7 30.2 26.9 22.8 21.4 18.2 14.4 10 2 (1.4) (1.85) (1.3) (2.16) (1.5) (1.07) (2.5) 

R e 18.2 31.7 28.0 25.16 23.3 20.1 16.56 5 l (1.82) (2.5) (3.54) (3.5) (2.6) (2.46) (1.9) 

R 10 w 10 19.8 37.4 32.5 29.24 25.7 22.6 20.9 
(2.0) (1.89) (1.75) (1.76) (1.69) (2.51) (1.5) 
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Table 3 Gravimetric Estimation of Extracted Resin Deposit Along Depth 

'Treatment in Corsi can'Pine'Long_ Sp 

Cycles (Mean of 3 Replicates) 

ecimens After Various Weathering 

Treating No. of Specimen nos. (and position from treated end, mm) 

period Cycles and quantity of extractives ( gm. ) 
(min) 

1(3) 
. .. 

2(11) 
. 
3(19) 4(27) 505) 6(43) 7(51) 

(dip), 0 0.0522 0.0106 0.0028 0.0028 0.0015 0.0013 0.0010 

(vac) 0.0855 0.0262 0.0226 0.0208 0.0207 0.0208 0.0165 

1 (vac) 0.0963 0.0311 0.0258 0.0242 0.0234 0.0246 0.0236 

3 (vac) 0.1103 0.0498 0.0338 0.0328 0.0304 0.0296 0.0279 

5 (vac) 0.1382 0.0608 0.0477 0.0445 0.0388 0.0396 0.0371 

10 (vac) 0.1466 0.0694 0.0483 0.0489- 0.0418 0.0390 0.0379 

(dip) 5 0.0458 0.0103 0.0097 0.0060 0.0051 0.0046 

(vac) 0.0772 0.0266 0.0228 0.0177 0.0150 0.0151 

1 (vac) 0.0802 0.0331 0.0301 0.0229 0.0197 0.0184 

3 (vac) 0.0943 0.0538 0.0409 0.0345- 0.0308 0.0300 

5 (vac) 0.1090 0.0583. 0.0433 0.0353 0.0320 0.0317 

10 (vac) 0.1143 0.0638 0.0564 0.0519 0.0462 0.0433 

(dip) 10 0.0493 0.0191 0.0158 0.0121 0.0087 0.0098 
(vac) 0.0699 0.0303 0.0181 0.0175 0.0168 0.0120 

1 (vac) 0.0805 0.0385 0.0300 0.0213 0.0200 0.0186 
3 (vac) 0.0929 0.0507 0.0413 0.0398 0.0337 0.0329 
5 (vac) 0.1124 0.0635 0.0483 0.0416 0.0384 0.0358 
10 (vac) 0.1157 0.0671 0.0510 0.0421 0.0396 0.0389 

(dip) 20 0.0453 0.0169 0.0135 0.0104 0.0055 0.0056 
(vac) 0.0645 0.0307 0.0193 0.0190 0.0174 0.0160 

1 (vac) 0.0822 0.0386 0.0239 0.0228 0.0194 0.0192 
3 (vac) 0.0909 0.0474 0.0417 0.0322 0.0278 0.0285 
5 (vac) 0.1018 0.0597 0.0497 0.0420 0.0365 0.0330 
10 (vac) 0.1177 0.0639 0.0535 0.0453 0.0420 0.0385 



-237- 

Table 3 continued: Estimation of Resin-Wax In Pine 

Treating 
peri od 
f--* -% 

No. of Specimen nos. (and position from treated end, mm) 
Cycles and quantity of extractives (gm)_ 

10) 2(11) 3(19) 4(27) 505) 603) 7(51) 

(dip) 0 0.0713 0.0207 0.0115 0.0113 0.0120 0.0102 0.0113 

(vac) 0.0900 0.0383 0.0332 0.0254 0.0196 0.0108 0.0108 

1 (vac) 0.1188 0.0586 0.0521 0.0464 0.0324 0.0190 0.0175 

3 (vac) 0.1405 0.0658 0.0599 0.0570 0.0536 0.0489 0.0425 

5 (vac) 0.1773 0.0881 0.0649 0.0555 0.0524 0.0513 0.0439 

10 (vac) 0.1780 0.0879 0.0652 0.0571 0.0529 0.0520 0.0444 

(dip) 5 0.0593 0.0211 0.0105 0.0103 0.0076 0.0073. 

(vac) 0.0761 0.0390 0.0300 0.0243 0.0146 0.0105 

(vac) 0.0914 0.0590 0.0493 0.0405 0.0341 0.0219 

3 (vac) 0.1178 0.. 0683 0.0543 0.0529 0.0484 0.0439 

5 (vac) 0.1335 0.0793 0.0602 0.0525 0.0504 0.0475 

10 (vac). 0.1404 0.0870 0.0640 0.0553 0.0504 0.0495 

(dip) 10 0.0567 0.0191 0.0111 0.0100 0.0087 0.0099 

(vac) 0.0766 0.0371 0.0309 0.0243 0.0163 0.0137 
(vac) 0.0906 0.0557 0.0443 0.0380 0.0262 0.0221 

3 (vac) 0.1060 0.0623 0.0546 0.0525 0.0504 0.0469 
5 (vac) 0.1259 0.0805 0.0601 0.0557 0.0510 0.0514 
10 (vac) 0.1313 0.0829 0.0639 0.0560 0.0500 0.0490 

(dip) 20 0.0553 0.0194 0.0087 0.0075 0.0062 0.0067 
(vac) 0.0759 0.0347 0.0297 0.0224 0.0130 0.0114 

1 (vac) 0.0848 0.0539* 0.0458 0.0369 0.0321 0.0193 
3 (vac) 0.1077 0.0624 0.0564 0.0528 0.0485 0.0442 

5 (vac) 0.1222 0.0789 0.0637 0.0517 0.0508 0.0454 
10 (vac) 0.1288 0.0861 0.0640 0.0519 0.0526 0.0472 
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Table 4. Gravimetric Estimation of Extracted Resin Deposit Along Depth of 

Treatment in Euro Rean Beech Long Specimens Af ter Various Weathering 

Cycles_(Mean'of'3 'Replicates) 

Water No. of Specimen nos. and position (mm) from treated end 
Repellent Pycles and extractives (gm) 

(ml) 
1(3) 2(11) 3(19) 4(27) 

. 
505). 6(43) 

1 0 0.0890 0.0318 0.0117 0.0106 0.0055 0.0055 

2 0.1144 0.0504 0.0308 . 0.0244 0.0193 0.0158 

0.1301 0.0660 0.0354 0.0293 0.0209 0.0179 

5 0.1398 0.6950 0.0491 0.0336 0.0233 0.0189 

1 5 0.0804 0.0282 0.0107 0.0109 0.0043 0.0043 

2 0.1111 0.0413 0.0244 0.0155 0.0114 0.0103 

3 0.1220 0.0664 0.0305 0.0191 0.0149 0.0115 

5 0.1290 0.068*8 0.0441 0.0249 0.0185 0.0168 

1 10 0.0770 0.0286 0.0104 0.0072 0.0045 0.0040 

2 0.1092 0.0395 0.0234 0.0153 0.0122 0.0103 

3 0.1195 0.0610 0.0313 0.0206 0.0142 0.0142 

5 0.1288 0.0670 0.0422 0.0243 0.0179' 0.0147 

1 20 0.0784 0.0250 0.0122 0.0077 0.0053 0.0057 
2 0.1054 0.0421 0.0222 0.0138 0.0112 0.0100 
3 0-1150 0.0627 0.0307 0.0205 0.0141 0.0165 
5 0.1299 0.0669 0.0405 0.0242 0.0174 0.0142 

Estimation of Resin-Wax in European Beech 

0 0.0988 0.0559 0.0439 0.0274 0.0211 0.0164 
2 0.0999 0.0680 0.0564 0.0454 0.0355 0.0301 
3 0.1293 0.0908 0.0705 0.0543 0.0472 0.0395 
5 0.1319 0.1016 0.0865 0.0706 0.0610 0.0515 



-239- 

Table 4 continued: Estimation of Resin-Wax in European Beech 

Water No. of Specimen nos. and position (mm) from treated end 
Repellent Cycles and extractives (gm) 

(ml) 

. 
1(3). 2(11). 

. 3(19) 4(27) . 5(35) 6(51) 

1 

2 

3 

5 

5 0.0842 
0.0908 

0.1218 

0.1250 

0.0537 

0.0680 

0.0907 

0.1023 

0.0423 

0.0576 

0.0706 

0.0879 

0.0251 
0.0453 

0.0575 

0.0724 

0.0209 

0.0370 

0.0472 

0.0588 

0.0148 

0.0294 

0.0393 

0.0509 

1 10 0.0785 0.0529 0.0392 0.0244 0.0205 0.0133 
2 0.0910 0.0649 0.0560 0.0449 0.0348 0.0270 
3 0.1125 0.0969 0.0732 0.0559 0.0467 0.0389 
5 0.1225' 0.1014 0.0875 0.0718 0.0567 0.0504 

1 20 0.0756 0.0539 0.0400 0.02-25 0.0214 0.0154 
2 0.0908 0.0651 0.0543 0.0442 0.0340 0.0280 
3 0.1116 0.0902 0.0722 0.0542 0.0461 0.0371 
5 0.1256 0.1026 0.0883 0.0714 0.0566 0.0501 
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-Table 5 Contact Angle of Water on Films on Glass Slides made by 

Extracted Res_in-Wax From Treated and variously Cycled 

Specimens. Corsican Pine Specimens (3 Re2licates) 

Treatment 
(min) 

No. of ýycles 
Contact Angle (mean and range 
specimen nos. (position in mm 

10) 2(11) 3(19) 

in degrees) and 
from the treated end) 

4(27) 5(35) 6(43) 

(dip 0 105 108 56 53 52 51 
(102-106) (107-109) (55-57) (48-55) (51-53) (50-52 

(vac) 104 107 107 108 107 106 
(98-107) (107-108) (106-109) (107-110) (105-110) (105-108) 

(vac) 106 108 107 110 
. 
107 - . 102 

(104-108) (106-111ý (106-109) (109-111) (106-108) (96-105) 

3 (vac) 107 106 102 108 108 109 
(104-110) (103-109) (98-106) (107-110)- (105-110) (108-110) 

5 (vac) 105 107 107 106 106 110 
(100-110) (107-108) (106-108) (103-110) (104-108) (109-111) 

10 (vac)- 109 109 110 110 110 106 
(109-110) (109-110) (109-111) (109-110) (109-110) (105-107) 

(dip) 5 102 106 
(101-103) (105-107) 

(vac) 110 112 112 110 60 39 
(109-110) (110-113) (111-113) (110-111) (56-63) (38-45) 

(vac) ill ill 110 110 112 112 
(110-111) (110-112) (109-111) (109-110) (111-113) (112-113) 

3 (vac) 110 110 110 ill 108 110 
(108-112) (109-111) (109-110) (109-113) (108-109) (109-111) 

5 (vac) 104 104 108 108 109 110 
(103-105) (103-105) (107-109) (107-109) (107-109) (110-111) 

10 (vac) 107 109 109 108 108 108 
(105-108) (108-110) (108-109) (107-108) (107-109) (108-109) 

(dip) 10 107 110 65 A 
(105-108) (109-111) "(64-66) 

(vac) 108 107 103 
(106-109) (106-108) (101-105) 

1 (vac) 108 107 103 106 108 108 
(106-109) (107-108) (101-105) (104-108) (107-109) (107-109) 

3 (vac) 110. 110 104 107 105 110 
(108"111) (109-111) (103-107) (106-108) (103-107) (108-111) 
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Table 5 continued: 

Treatment No. of Contact Angle (mean and range in degrees) and 
(min) Cycles specimen nos. (position in rm from the treated end) 

10) 2(11) 3(19) 4(27) 505) 6(43) 

5 (vac) 10 105 109 110 110 110 109 
(104-107) (108-109) (109-111) (109-111) (109-110) (109-110) 

10(vac) 108 109 109 109 109 109 
(107-109) (109-110) (108-110) (108-110) (109-110) (108-109) 

(dip) 20 108 
(107-109) 

ývac) 100 110 110 
(98-103) (108-111) (108-111) 

1 (vac) 110 110 --nt 5 108 110 109 107 
(108-111) (109-111) (106-110) (108-111) (110-111) (106-108) 

3 (vac) 107 -108 107 108 107 108 
(106-109) (107-109) (107-108) (107-109) (106-108) (107-109) 

5 (vac) 103 107 106 108 106 106 
(102-105) (106-108) (105-108) (106-109) (105-107) (105-107) 

10 (va c) , 
106 104 105 105 106- 107 

(104-108) (101-106) (101-108) (103-107) (105-108) (106-109) 

Contact Angle of European Beech Specimens (3 Replicates) 

Treatment 
(ml) 

No of 
Cycles Contact Angle and Range 

1 0 107 106 106 105 101 57 
(106-107) (106-107) (105-107) (104-106) (99rlO2) (54-60) 

2 107 103 104 100 100 9ý 
(106-107) (102-104) (103-104) (99-101) (96-101) (96-98) 

3 105 104 104 105 104 105 
(104-106) (104-105) (103-105) (104-105) (104-105) (105-106) 

5 104 107 104 107 105 106 
(103-105) (106-107) (102-105) (106-107) (104-105) (105-107) 

1 5 107 109 110 108 108 109 
(106-108) (107-110) (109-111) (107-108) (107-109) (108-110) 

2 110 109 109 110 110 110 
(109-110) (109-110) (106-111) (109-111) (109-110) (109-111) 

3 109 109 109 110 110 110 
(108-110) (108-109) (109-110) (109-110) (108-112) (109-111) 

5 112 109 110 107 110 111 
(110-113) (108-110) (109-111) (106-109) (108-111) (110-111) 
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Table 5 continued: 

Treatrent 
(Mi) 

No. of 
Cycles 1(3) 

Contact Angle 

2(11) 3(19) 
and Range 

4(27) - 5(35) 6(43) 

1 10 110 110 110 ill 110 Ill 
(110-111) (110-111) (110-111) (110-112) (108-111) (110-112) 

2 110 109 109 110 112 110 
(108-112) (109-111) (108-111) (109-111) (111-114) (108-111) 

3 110 108 107 110 ill ill 
(109-110) (107-109) (106-109) (108-111) (109-112) (110-112) 

5 108 109 109 108 107 109 
(107-109) (107-111) (107-111) (106-109) (107-108) (108-110) 

1 20 107 109 110 108 108 . 109 
(106-108) (107-110) (109-111) (107-110) (107-110) (107-Ifo) 

2 110 109 108 110 110 110 
(109-111) (108-109) (106-109) (109-110) (109-111) (110-111) 

3 110 110 109 110 110 110 
(108-111) (108-111) (109-110) (109-110) (108-112) (109-111) 

5 112 109 110 107 110 ill 
(110-113) (108-111) (109-111) (106-108) (108-111) (110-112) 

* Could not be measured because of rapidly si3reading nature. 


