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JN~ODUCTION 

In 1964, according to the latest figures from the U. S. Dept. 

of Agriculture and the American Wood Preservers Association, some 228 

million cubic feet of wood products were treated with preservatives and 

fire retardents. Some of this tremendous market holds promise for wood

plastic composites which consist of wood that has been soaked in a 

suitable monomer, then exposed to atomic radiation that causes in situ 

polymerization. Lockheed-Georgia Co. recently completed a plant (36,000 

lbs/year) to demonstrate the efficiency of this process (94). It has 

been estimated by Arthur D. Little Inc. that the market for these composites 

can consume about 4.9 billion board feet of lumber annually (95, 96). 

Surprizingly, very little work in this field has been carried 

out with the use of wood-swelling chemicals such as water and methanol; 

. only with swelling agents will penetration into the oellulose structure 

and grafting occur; only by this type of infiltration will true dimensional 

stability occur. The preponderance of work done in the wood-plastic 

field at this university deale with grafting and the effect of same on 

the physical properties of wood. 

The primary aim of this project started by Ramalingamin 1960 

was to enhance the physical properties of wood, particularly the bending 

strength. It was assumed that the bending strength of wood would be 

improved by grafting polystyrene onto the cellulose in the wood by the 

efficient use of high-energy radiation for polymer initiation. The 

experimental procedure used by Ramalingam involved impregnating wood with 
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a solution of styrene, methanol and water, irradiating with gamma rays 

from the McMaster Nuclear Reactor and then heating the product. The 

results of the work generated a great deal of excitement for it appeared 

that not only was th~ bending strength of wood increased by 50% by means 

of the in situ polymerization but also the treated wood has a much 

greater stability to dimensional ohange and water absorption than untreated 

wood. Also, it was believed that a further enhancement could be obtained; 

it was thought that many cellulose free radicals generated by the nuclear 

radiation were not being utilized in the grafting process. The reason 

for this belief was well founded: because the manganese in the wood 

was being rendered radioactive by absorption of thermal neutrons, the 

samples could be handled only after a time lapse of up to five hours 

after irradiation. The steep slope of the radical decay curve in this 

pariod made it reasonable to suspect that more grafting (and hence 

greater strength values) could be obtained if the heating step could be 

accomplished immediately after irradiation, to take advantage of the 

higher radical concentration. Thus, in the second phase of this work, 

careful assessment of free radical concentration was undertaken by 

Werezak and the time lapse "betl'leen irradiation and heating was shortened 

to about twenty minutes by carrying out the irradiations in a cadmium 

casket, which effectively screened out the thermal neutrons. Werezak 

carried out an optimizaUon study Id th respect to the bending strength 

of wood and found that the property enhancement obtained was not a 

significant improvement over that obtained by Ramalingam. Werezak 
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measured the concentration of free radicals in the irradiated systems 

and the rate of decay under various atmospheric conditions. From the 

free-radical decay curves it was noted that there was still a great 

percentage of free radicals formed during irradiation that were not 

taking part in th~ grafting process. It was reasoned from Werezak's 

results that since an enhancement in bending strength of about 50% was 

realized with the use of only a small fraction of the generated free 

radicals, a much greater improvement would result if more radicals were 

utilized in the grafting r'eaction. 

The present investigation partially concerns itself with the 

. logical next step:' heating the impregnated wood during the . irradiation 

period. It was believed that this would increase the diffusion of monomer 

to the radical sites before they had·a chance to decay by combination. 

As a result, the amount of grafting and the strength of the wood might 

increase. This would be the case if the increased mobility of the 

monomer is favoured over the higher rate of radioal destruction at 

higher temperatures. In addition to the above objective, the pres6mt 

study includes a detailed analysis of the previous work, pa~ticularly 

the unpubli.shed. data of vlerezak. This was done in order to gain more 

insight into the fundamental aspects of the kinetics of the wood-styrene 

reaction and to re-examine the property enhancement stUdies on a more 

rigor",us basis. 

Finally, this thesis has been divided into two sections. 

PART 1 involves an examination of some aspects of the kinetics of the 
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radiation-induced polymerization of styrene in wood. PART 2 deals with 

the structural changes brought about by this in situ polymerization. 



PART 1 

KINETICS OF IN SITU POL!~umrzATloN OF STYRENE IN WOOD 



5 

F11NDAMENTALS 

1. Hiffh Energy Radiation (1, 2, 3, 5) 

High energy or ionizing radiation refers to electromagnetic 

radiation of short wave-length such as gamma-rays and x-rays and to 

-eiementary particles moving with high velocity such as fast eleotrons, 

protons, neutrons and alpha particles. In radiation chemistry the 

term "high energy radiation" usually refers to quantum energies in 

6 6 the range O.5xlO - 2xlO ev. Gamma rays are eleotromagnetic 

radiation emitted by the nuclei of natural or artificial radio

active isotopes. Co-60 has a half-life of 5.27 years and emits 

mainly two gamma rays having quantum energies of 1.17 and 1.33 Mev 

respectively. 

Gamma-rays interact with matter by means of three mechanisms I 

(1) photoelectric absorption (2) Compton scattering and (3) production 

of electron pairs. Photoelectric absorption consists of the transfer 

of all the energy Of an incident photon to an electron of the 

irradiated substance. The photon disappears and is replaced by a 

fast electron which in turn dissipates most of its energy in the 

medium. This effect is usually important only for photons of energies 

less than 0.2 Mev. Compton scattering arises from the elastic 

collision between the inCident photons and the orbital eleotrons 

of the medium. The incident photon transfers part of its energy to 

the electrons encountered and is itself reflected at a lower energy. 

For organic compounds and polymers most of the photons with quantum 

energies from 0.2 - 2 Mev dissipate their energies through Compton 
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scattering. The recoil electrons (secondary electrons) cause most of 

·chaJ;'ged paJ;'ticles move through the medium. If the incident photons 

• Il.~ve· energies above 1.2 Mev pair production oCGurs,an event producing 

a positron and an electron. 

2. Graft Copolymers (I, 2, 3, 4, 5) 

A copolymer is by definihon a polymer consisting of two or 

more ,chemically different monomer units. In an ordinary or random 

copolymer, the monomer units are distributed at random along its 

chain. The structure can be represented as 

------~-A-B-A-B-B-B-A-A-B-B-A-A-A-B---- (1) 

A graft copolymer is a polymer Which contains two crmore chemioall;r 

different polymeric parts. It consists of a homopolymer substrate 

onto which side chains of a second polymer has been grafted by means 

of co-valent chemical bonds. The structure may be represented as 

(2) 

If the two macromolecules A and B are linked together via one of the 

ends a block copolymer results; 

. Several methods are available for the preparation of graft copolymers. 

·These involve chemical initiation (employing catalysts such as peroxides 

and ceric ion), thermal initiation Dr initiation h;r high energy radiation. 

The common feature of all the methods is that an active site is created 

in the pre-existing macromolecule. Of the various means of initiating, 
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the latter method has the following ad~antages: 

(a) it follows the principle of non-specificity. That is. 

the primary e~ents in a given specimen occur at random. Thus active 

'sites are produced homogeneously tl:)roughout the material. 

(b) the resulting material will be free of chemical impurities. 

(a) grafting can be produced at 'moderate temperatures. 

3. Graft Covolymers Induced by HiW Enerp;y Radiation 

Radiation provides an efficient method for initiating ohemical 

modifications in polymers by 

(a) direct excitation which results eventually in the 

scission of the main chain. 

(b) hydrogen extraction from the polymer molecule by free 

radicals formed in the radiolysis of a properly selected solvent. 

In both cases polymeric free radical sites are formed from 

which grafting may occur by three different methods: 

(a) the direct radiation grafting of a vinyl monomer 

onto a polymer. 

(b) grafUng onto radiation-peroxidized polymers. 

(c) grafting initiated by trapped radicals. 

In direct or mutual radiation grafting, the polymer substrate and 

monomer are irradiated directly in the presence of ,each other. The 

reaotion may be written 



-.' ,. 

A A • 
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(4) 

.: . 

(5) 

represents the homopolymer of monomer B.,'A;';';";';",~a.rtd A~A 
,"', "".,-.: .. ,. . 

free radicals derived from Ap' and R~i:is a low molecular 

't~il;i;~l1~ ;radical or a hydrogen atom. Reaction (4) is ·.liKelyto occur if 

is of the degrading type. If ~ crosslinksUrtder irradiation, 

(5) is more likely to occur and .this process leads to the 

't6tmation of an equal number of graft copolymer and homopolymer molecules. 

, tn addition the monomer is also radiolysed in thept'cicess 

(6) 

Methods (b) and (c) usually occur by means of pre-irradiation 

(sometimes confusedly referred to as post-irradiation) teChniques. 

''rAe polymer substrate is irradiated first and thenp1.aced in contact 

with the monomer. If the irradiation takes place in oxygen or air the 

. PQlymer is converted into labile peroxides which, uptln thermal 

decomposition, react with the surrounding monomer. 'rf the polymer is 

. crystalline in nature (so that radical-radical collisions are 

minimized) grafting may occur via a free radical process. It can be 

seen that both peroxide and free radical reactions can take place 

simultaneously. 

,'" 
.;:. , 

: '~ 

" ; 
',.,: 



4. ASEects of Direct Radiation Graftins 

(A) G-values' of Eolymer ~ and monomer II 
Consider the following reactions 

Ap-> 2P' (or P' + R') 
,'. ~ 

B~72R' 

Here P' is a polymeric free radical and R' a 10., molecular weight 

radical or an atom. 

The rates of the above reactions may be written 

RAP = GAP(Ap)I 

and RB = GB(E)I 

where GAP and G
B 

are the G radical values (GR) for the polymer ~ 

9 

(7) 

(8) 

(9) 

(10) 

and monomer B respectively, (Ap) and (B) are the concentrations of the 

polymer ~ and monomer B and I is the exposure dose-rate, 

It can be seen that grafting will be favoured with respect 

to hompolymerization if 

(a) GAP»GB 

(b) (~)") > (B) 

Thus, in theory, high yields of grafting can be obtained when the 

G
R 

value of the polymer substrate is high compared to that of the 

monomer and if the polymer ~ is present in excess of monomer B. 

(E) Energy Transfer 

If energy is transferred from the excited polymer to the 

• The G-value is defined as the absolute number of individual chemical 

events ocurring per 100 electron volts of absorbed energy. (1) 
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monomer a larger n~ber of free radicals will be formed in the syste~ 

than expected on the basis of the GR values. As a result a greater 

amount of homopolymer will be formed. Similarly if the energy transfer 

occurs from the monomer toward the polymer the grafting yield will be 

higher than expected. A more comprehensive discussion of this SUbject 

is found in several of the standard texts (1 - 5). 

(c) Total Radiation Dose and Dose-Rate 

Total radiation dose determines the number of free radicals 

formed on the polymer substrate and thus the n~ber of branches. 

Dose-rate affects the rate of initiation of graft copolymerization as 

shown in equation (9) and thus affeots the kinetic chajn length and 

consequently the length of the grafted branches. It should be noted 

that the length of the grafted branches is also a function of other 

parameters such as monomer concentration, the reaction temperature, 

the viscosity of the reacting medi~, etc. 

(D) The Gel-Effect and Diffusion Effects 

In order to reduce the formation of homopolymer in graft 

copolymerization reactions, a limited amount of monomer is often used~ 

Thus the reaction medium is extremely viscous and the diffusion of 

polymeric chains and to some extent that of the monomer may become the 

rate controlling steps. The reduction of the rate of chain termination 

(e.g., by bimolecular coupling, disproportionation or chain transfer) 

due to the limited mobility of the growing chains leads to the IIgel

effect". The characteristics of the gel effect are 

(1) acceleration in the overall rate of reaction 



(2) increase in the molecular weight of the polymer 

(3) local temperature rises 

(4) marked lIafter effects" 

11 

Moreover the rate of diffusion affects the kinetics of grafting. If 

the rate of.graft copolymerization is comparable to or exceeds the rate 
"-c>' 

of diffusion of monomer, the reaction becomes monomer-diffusion controlled. 

Thus the overall rate of a grafting reaotion may increase as the rate 

of initiation increases but reaches a maximum for some critical initiation 

rate, and remains constant or decreases upon a further inorease. 

(E) Chain Transfer 

If the monomer or other added substance has a high transfer 

~onstant·, chain transfer from the polymer is expected according to the 

reaction 

+ sx_ + S· (11) 

(12) 

where SX is the monomer or added Bubstance and X is.the most labile 
r· 

atom of ax. This process reduces the grafting yield and increases 

homopolymerization. On the other hand, the situa~ion may be reversed 

Where transfer occurs pimarily toward the polymer. .Thi"ic"process reduces 

the length of the grafted branches, increases the grafting efficiency 

and does not affect the grafting yield. 

(F) Influence of Grafting Temperature 

According to Chapiro (1) the influence of the reaotion temperature 

• See Reference 69. 
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on tha kinetics Of graft copolymerization is extremely complex and 

no ganeral rUle can be formulated. The following can be said however: 

(i) the onset of the gel effect is expected to be delayed 

with increasing temperature. 

(ii) chain transfer is enhanced at elevated temperatures. 

(iii) the same is true of the prapogation step and consequently 

an increase in temperature may lead either to an increase 

or to a drop in the length of the grafted br~nches 

depending upon the controlling step. 

(iv) the rate of diffusion of the monomer is increased with 

increasing temperature. 

(G) Influence of Added Substanoes 

1. Swelling' Agents 

In general a swelling agent for the polymer substrate will 

enhanoe the diffusion of the monomer into the polymer and hence increase 

the grafting yield. 

2. Solvents 

The simplest oase of radiation polymerization in a solvent 

corresponds to a system in which the solvent does not interfere with 

any of the reaction steps involved and aots SOlely as an inert diluent 

for the monomer and polymer. Thus the rate of propagation and the 

kinetic ohain length will be reduoed acoording to equations (9) and 

(10). This effect is oalled the "Simple Dilution Effect", However 

in radiation polymerization no chemical substanoe is completely "inert" 

and thus any added substance is radiolysed leading to the production of 



add.itional free radicals which may contribute to ohaiU initiation. 

~hus if the rate reaction for homopolymerization is 

13 

Ra 3 (Gs(s) + GB(B))~ , (13) 

where G is the G-radical value for the solvent and (s) is the ',"" 's 
, . 

. concentration of the solvent. it can be seen that the higher the value 

o'fUs ' the higher is the homopolymerization rate., Energy transfer 

processes in the solvent are also possible. Energy may be transferred 

from the excited solvent species to the monomer. This-would necessarily 

'lead to an inorease in the rate of homopolymerization. On the other hand. 

energy may be transferred to the polymer and thus inorease the rate of 

initiation for graft copolymerization. 

If the graft copolymerization is carried out in a medium in 

whioh the resulting grafted polymer is not soluble, the growing polymer 

ohains after having reached a critical length either precipitated from 

the solution to form a second phase or their'formation leads to a 

marked increase in visoosity, This accelerative effect is asoribed to 

the faot that the growing polymer chains have become suffioiently 

immobilized (by means of curling up in the preoipitating medium) to 

inhibit their rate of collision and hence of termination after grafting 

reaotion. The overall effect is an increase 'in the rate of graft 

copolymerization. This effect has been called a "Trommsdorff-type 

effect" (6 - 11) and is in many ways similar to the "gel-effeot", 

5. ~tructure of Wood 

A knowledge of the structure of wood is essential to the under-

standing of ohemical reactions involving this complex material. This 
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can be well appreciated when one realizes that the majority of grafting 

systems are heterogeneous; thus interface effects and diffusion play 

an important role in the reaotion. A brief description of the micro· 

soopic and sub-microsoopic structure of wood will be given here. A 

more detailed analysis of wood and cellulose may be found in several 

of the better known books in the field (11 - 18). 

(A) Gross Structure of Softwoods 

Wood is an aggregate of a great number of small cells. The 

cells of conifers or softwoods generally have their longest axis 

oriented longitudinally and are made up of long hollow tubular fibres 

tapered and sealed off at the ends. These fibres which serve for the 

conduction of sap are known as tracheids. Their length usually ranges 

from about 2.5 to 7 mm, averaging 3.5 mm. The coniferous tracheids are 

on the average one hundred times longer than their diameter. The fibre 

oross sections vary in shape between rectangular and circular. The 

outside diameter of the cells is on the average about 30 microns. The 

width of the fibre cavity (or lumen) varies greatly with the variation 

in specific gravity and is also a function of the period in the growth 

season during which the fibres were laid down (thioker walls are laid 

down in summer). As an order of magnitude, softwoods with a swollen 

specifio gravity of 0.4 will have an average lumen width of 26 microns. 

The fibreS or tracheiqs are arranged in uniform rows in the radial 

direQtion from the pith to the periphery but the arrangement is rather 

random i.n the tangential direction. Communication between fibres takes 
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place through bordered pits. These pits are circular openings in 

adjacent cell walls. There are· 50 to 300 pits per fibre. The pore 

diameter of these pits can vary greatly (.02 - 1.0 micron). Softwoods 

contain resin ducts which are continuous tubes extending in the fibre 

direction and are randomly located among the traoheid fibres. They are 

usually clogged with resin and hence are ineffective for the movement 

of liquids and gases over any appreciable distance. Although most of 

the units of woods are axially arranged, there are some tubular structures 

known as wood rays that are oriented radially. Their combined void 

volume usually ranges from a few per cent up to seven.per cent of the 

total void volume. Communication between wood rays and the traoheids 

occurs through either half-bordered pits or simple pita. There are two 

important zones in a tree. The outer zone, known as sapwood, is active 

in the life process. The sapwood is usually lighter in colour than the 

inner non-active heartwood. This colour change is due largely to 

infiltration intoj;he heartwood of various extractable extraneous 

materials. The deposition of these materials in the pits greatly decreases 

the permeability through the wood. The permeability through sapwood may 

be as high as one hundred times greater than through heart'lood. 

(B) structure·of Cell Walla 

Each cell in a tissue is provided with a thin primary wall which 

surrounds a secondary wall which envelops a lumen or cell oavity (see Figure 

1). The layer of intercellular substance between cells is called the "middle 
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lamella". It conststs chi('}fly of lignin. The primary and secondary 

wa.lls of the individual cells are also lignified. The primary wall is 

so heavily lignified that in reactions it behaves much like the middle, 

lamella. It is for this reason that the primary wall along with the 

intercellular material is conventionally grouped together as the 

Hcompound middle lamella". The secondary wall consists largely of 

cellulose although some lignin is present. The cellulose lattice 

structure in this wall is believed to be made up of fine threadlike 

struotures known as "fibrils". (See Figure 2.) These fibrils grade 

down in diameter from about one micron to beyond the range of visibility 

of the human eye. 

From the ultramicroscopic viewpoint the fibrils of the cell 

wall are constructed of the polymer cellulose. Its chemical structure 

consists of a stereoregular chain of anhydroglucose monomer units joined 

together in the 1 - 4 configuration by primary valences (see Figure 3). 

The,length of one pair of the monomer units is 10.3AQ. The length of 

the entire chain is estimated to be from 4000 - lO,OOOAo. There may be 

one hundred or more of these long-chain moleoules entering into the 

structure of a fibril. The pattern of the cellulose occuring in the 

fibrils is discontinuous (See Figure 2). This is the 'basis of the 

Fringe Micellar theory or the Micellar Network theory which states 

that the long chain molecules are parallel to each other lengthwise 

only at intervals (crystalline or non-accessible regions). The zones 

of parallelism (known as micelles or crystallites) alternate with 

J,ess ordered regions (amorphous or accessible. regions). The length of 
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crystallites are in the range 400 - 600Ao and the Width, approximately 

50Ao. The width of the spaces between the crystallites vary from 

10 - lOOAo. ~here is no sharp distinction between ~ones of parallelism 

and amorphous regions. Also there is no connection between the length 

of the crystalline regions and the molecular chain length I therefore, 

it is believed that the chain ends do not correspond to the ends of 

crystallites but rather usually terminate within a crystalline ~one. 

The parall.el portions of chain molecules are believed to be held. together 

by strong hydrogen bonds and seme.that weaker van der waals forces. In 
j 

the amorphous regions there is less or little linkage between the chain 

molecules. Thus the amorphous material is always attacked more rapidly 

than· the crystalline material. 

(0) Swelling of Wood 

The term "swelling of wood" refers to the changes in its 

dimensions and in its volume resulting from changes in the amount of 

. liquid contained in the cell walls. (It has been shown that the lumen 

volume stays essentially the same during the swelling process (12 - 14).) 

As swelling proceeds, liquids. which normally are incapable of entering 

the structure, can penetrate into the cellulose due to the destruction 

of the hydrogen bonding and the consequent loosening up of the cellulose 

structure. Sorption of a solvent on cellulose is dependent upon its 

ability to form hydrogen bonds and upon its molecular volume (14, 18). 

Except for extremely strong hydrogen-bonding agents (anhydrous ammonia) 

the swelling of the cellulose in the secondary wall is restricted to 

the intercrystalline amorphous regions. Water. will produce a swelling 
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of up to 10% depending upon the speoific gravity of the wood. Methanol 

(which is less polar) has about 95% the swell ins; capacity of water (14). 
l 

However, methanol can swell wood pulp to 'only about 60% the value 

reaohed by water. Non-polar liquids such as benzene only have negligible 

swelling power for cellulose. No data are available for styrene but 

it is assumed that its swelling behaviour is similar to that of benzene. 

Specimens with a higher solid oontent, beoause they are 

capable of adsorbing more liquid, exhibit greater volumetric change 

than do those which are less dense. There appears to be a tendency 

for the following simple relationship to hold (14)1 

S = f .g. (14) 

where S = total VOlumetric swelling from dry to green condition on 

a'peroentage basis 

g = specific gravity based on oven-dry conditions 

f .. fibre-saturation-point on a percentage volume-par-weight basis 
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LITmRATURE SURVEY 

1. Effect of High Energy Radiation on Cellulose 

A brief summary is given here. A more detailed survey is 

given in Appendix I. 

(a) All types of native cellulose degrade on exposure to 

high energy radiation. 

(b) Strength properties and intrinsic visc,osity decrease 

with increasing dose but appear to be independent of.atmospheric 

ccnditions or dose rate. 

(c) An accelerated decrease in degree of polymerization 

oocurs at dosages above 106 roentgens". 

(d) No decrease in crystallinity is noted. 

(e) Presence of water appears to have no significant 

effect on the extent of degradation. 

(f) Irradiated dry cellulose exhibits a strong post. 

irradiation degradation effect which is ourtailed by the addition of 

water •. 

(g) Exposure of cellulose to irradiation in air produces 

carbonyl groups, oarboxyl groups and chain cleavages in the ratio 

19:0.5:1. 

(h) Oxygen is consumed in the irradiation of cellulose. 

(i) Hydrogen, carbon monoxide and carbon dioxide are 

evolved during the irradiation. 

+ Roentgen: One roentgen corresponds to absorption of 83.8 ergs of 

energy per gram of air. 
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2. Graft Copolymerization of Styrene and Cellulose 

In 1959 Pan et a1 (29) attempted to graft 30rylonitrile, 

·,~tyrene, methyl methaorylate and 4-vinylpyridine onto cotton yarn 

;·by<irradiation with high energy electrons., Sma,ll weight increases 

. were obtained for acrylonitrile but no grafting was obtained with the 

other vinyl monomers. 
r , 

Okamura and co-workers (30) in 1959 repo~ted the radiation 

'grafting of styrene onto rayon, cotton yarn and linen yarn. Dimethyl 

formamide was used as a swelling agent for cellulose by soaking the 

latter in a methanol-formamide solution and then centrifuging. The 

swollen cellulose was then irradiated with co~60 gamma rays in a 

solution of styrene-methanol, styrene-acetone, and styrene-benzene. 

Solutions of styrene-benzene and styrene-acetone were found to 

retard the radiation-induced grafting Whereas the presence of methanol 
, ,'. 4 

accelerated it. Fot an irradiation dose of 0.219 Mr (l.4xlO r/hr),* 

" . m~mum grafting occurred after a pretreatment by a 5% formamide 

solution and when the methanol-styrene solution was 75% styrene. 

Grafting of up to lOO<J% (gm. polymer/gm. rayon) was obtain~d for 

rayon. but was considerably lower for cotton and linen yarn. The per-

oent grafting obtained for a given dose was found to decrease in the 

order! rayon)cotton>linen; Which is in the order of increasing 

crystallinity of the three cellulosic materials. With higher radiation 

dose rates. the reaction appeared to be monomer-diffusion controlled. 

, At lower dose rates, the gel effect of solution polymerization was 

Observed. 

• radl energy absorption of 100 ergs per gram of material. 



·Shinora (31) reported the successful grafting of styrene, 

methylmethacry1atet methyl acrylate, a.crylonitrile" and vinyl aoetate 

onto cellulose in the form of rayon by the use of the pre-irradiation 

···;:·,;·t\;lchnique. Rayon was pre-irradiated in air with high energy electrons, 

then plaoed in the monomer solution containing water and methanol. 

~he system was then evacuated. The grafting reaction was carried out 

at temperatures ranging from 30 - 80·c for several hours. For styrene 

maximum grafting occurred at 40 - 50°C and decreased at higher temperatures. 

Grafting did not occur when water was omitted from the monomer solution. 

Kobayashi (32) in 1961 described the radiation grafting of 

styrene onto cellulose in the form of rayon using the pre-irradiation 

technique. The pre-irradiation step was carried out by immersing 

rayon in water containing hydrogen peroxide· and then irradiating with 

co-60 gamma rays. The rayon was then placed in a styrene (20%), 

methanol (72%), and water (8%) solution, evacuated and allowed to 

react at 50°C. A weight increase of c.a. 700%, half of which was 

ocoluded homopolymer, was found. 

Demint et al (33) in 1962 published a signifioant paper 

discussing the radiation-induced interaction of styrene with cotton. 

I< co-60 source was us~d at an intensity of 0.45 M roentgens/hr. On 

irradiation of a solution of styrene (70%) and methanol (30%) in which 

cotton cellulose was immersed, the initial rate of polymerization 

(homopolymer + grafted polymer) was found to be about three times the 

rate in the absence of cellulose. It was postulated that the presence 
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of radiation exoited cellulose increased the rate of free radical 

formation of styrene and consequently the rate of polymerization of 

styrene. As the relative ooncentration of styrene to cotton was 

:!,ncr!lased, the amount of styrene "interacting" with cotton cellulose 

increased to a weight ratio of about 3.5 to 1, styrene to cotton. 

Beyond this point the amount of styrene interaoting with cotton 

increased only slightly with increasing concentration of styrene. 

Methanol was found to be slightly more effective at low concentrations 

than NN dimethylformamide. The moisture regain, when calculated on 

the basis of the cellulose contents of the final products, only 

ranged from 7.5 to 7.2%. This indicates that 

(l) the polystyrene probably interacted with only a small 

fraotion of the available hydroxyl groups. 

(2) the changes in the chemical properties of the cellulose 

due to irradiation did not markedly affect the regain values. 

(3) there.w~s no marked alteration in the submicrosoopio 

structure of cellulose. 

The electron microsoographs indicated that is located 

within the growth layers of the fibres and to the cellulose", 
,. 

Huang and Rapson (28;··34, 35) made use of the "inclUsion .. 
so~vent exchange" technique for grafting styrene and cellulosic 

, 
materials. This method consisted of first swelling the cellulose in 

water and then gradually exchanging the water with methanol, benzene 

and finally styrene. No grafting was obtained by irradiation of 
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simple oellulose-styrene mixtures without the use of the inclusion 

m$thod. The amount of styrene grafted onto cotton cellulose was found 

1;0 depend on the dose and irradiation atmosphere. At low doses, 

'c""":'hilluilix- grafting was obtained in vacuum than in air. This was attributed 

, ',tathe fact that the oxygen in air acted as a free radioal scavenger 

and inhibited the grafting reaction. 6 At high doses above 2xlO rads, 

',the reverse' was true and the presence of air appeared to enhance 

" 

rather than inhibit the grafting. For aotton cloth, the percent 

grafting (gm. polymer per gm. cellulose x 100) inoreased withd()se 

up to a certain point and then levelled off. The largest grafting 

r'i'sults were obtained for a nitrogen atmosphere. 

A pronounced post-irradiation grafting effeot was observed 

on heat treatment (100°0 for 48 hours), leading to a two-fold inorease 

in grafting. This effeot was believed to be caused by the residual 

trapped free radicals and peroxides. Grafting effioiencies (gm. grafted 

polymer per gm. total polymer x 100) were approximately the same for 

,irradiations in air or in vacuum. Grafting effioiency decreased with 

increasing radiation dose (74% at 0.25 M rads and 50% at 4 Mrads) , 

and percent grafting. This indicated that more ungrafted polystyrene 

was formed at high doses. 

The structure of the cellulose-styrene graft copolymer was 

characterized by hydrolyzing the cellulose substrate, isolating the 

polystyrene ohains and determining their molecular weights. The graft 

oopolymer was found to consist of cellulose ohains oarrying a few very 



long polystyrene ohains rather than many short polystyrene chains • 

. !twas estimated that only one in ten to twenty cellulose chains 

. ,;~arried a grafted polystyrene chain; or, in otl16r ter,ms, one poly
., -~'l"-:-:~'; }?/;:~;'} _::'cJ~- :-':~':'..'-"-

/stiI'ene side chain for every 4000 t', 10,000 anhydrogl~oose monomer 

The ~verage molecular weights of the grafted polystyrene side 

.. chaine were approximately half a million. They were 2.· 3 times 

·.i\igher tl;tan the mol!!cular weights of the extracted polystyrene and 

. about twenty times higher than those of polystyrene formed by radiation 

polymerization of styrene in bulk. 

It was found that the solubility properties of the cellulose-
:":: , 

··s.tyrene graft oopolymer were different than those of either cellulose 

'Q):, polystyrene. The graft copolymer was insoluble in solvents for 

'either cellulose or. polystyrene. 

In 1963 'the same authors, Huang and Rapson (36~ reported 

:their investigation of the direct radiation graft copolymerization of 
~-'~.' .' .-

,styrene and oellulosic materials and, in particular, the effect of 

. ':.' f;lwelling agents ~d solvents on the grafting process. Grafting of up 

.: to several hundred percent was obtained by controlling the reaction 
--. :'.' 

. variables of oellulose preswelling, total radiation dose and styrene-

.sOlIlvent composition. The grafting was oarried out in air at radiation 

'. ..doses in the range of a - 8 Mrads. GrafUng occurred readily when 

'the, cellulose was first preswollen with a polar swelling agent such 

9.swater, formamide, formic acid or dimethyl sulfoxide, then placed in 

bulk styrene or a styrene-solvent solution and irradiated. The effect 
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of water in the radiation grafting was investigated very thoroughly. 

:In bulk styrene, for a given radiation dose, grafting was found to 

li6pand on the water content of the preswollen cellulose. For rayon, 

(g~afting increased sharply after 30% water content in rayon, passed 

through·a maximum at 60 - 80% and then decreased again. For cotton 

cellulose, grafting occurred after 10% water content, increased up to 

approxinlately 20% an,d then remained constant. As in the case of the 

.ftinclusion method" experiments, efficiency of grafting was found to 

.decrease with increasing percent grafting and radiation dose. 

Addition of small quantities of water to the styrene-solvent system 

.. was'· found to be necessary in grafting onto rayon but not onto cotton 

cellulose. The enhanced grafting obtained by preswelling the cellulose 

or by carrying out the grafting in solutions containing swelling 

agents was interpreted in terms of a "plasticizing" effect (37) • 

.• The swelling agent is assumed to promote the diffusion of styrene 

monomer by breaking some of the hydrogen bonds and loosening the 

cellulose chains. Grafting was assumed to take place only in the 

amorphous (accessible) regions of cellulose. 

V. stannett has published an important series of papers 

regarding the radiation-induced graft copolymerization of cellUlose 

.and vinyl monomers. His research is really a lucid reflection of 

all the inlportant and relevant work done in this field.· In" 1960, 

stannett, with Chapiro (}8), etudied the direct radiation grafting 

of styrene and methyl. methacrylate onto polyvinyl alcohol and cellulose. 
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They irradiated the polymer in a stfrerie~dioxane solution containing 
~ 

a small amount of water and found that the latter was necessary for 

grafting to occur. The effect of water was explained in terms of the 

enhanced diffusion of monomer due to the swelling of the hydrophilic 

polymer by the water. In radiation grafting onto various forms of 

cellulose with a total dose of 4.2xl06 roentgens (dose~rate of 
. 4 

1.8xlO roentgens/hr) 210% grafting was obtained for cellophane, 15% 

for filter paper, 27% for cotton wool and 22% for glassine paper. The 

difference in grafting values was attributed to different crystallinity 

of the cellulose used. 

In 1962 stannett (39) investigated the styrene-cellulose 

aoetate system. It was found that on exposure to high energy radiation 

and subsequent extraction with hot benzene some of the cellulose acetate 

became solubilized. A large amount of the polystyrene was insoluble 

in hot benzene. This portion was attributed to the grafted polymer. 

Fractional preCipitation with dilute hydrochloric acid from a pyridine 

solution indicated that there is a gradual change in the composition 

of the precipitate from pure polystyrene to pure celluloee aoetate • 

. A large portion of the polyetyrene formed was occluded • 

. In 1962 stennett and Kesling (40) reported a detailed 

investigation of the pre-irradiation grafting of styrene onto ootton 

oellulose using gamma rays. The purified ootton was irradiated in 

vaouum or in air at a dose rate of 0.324 Mr/hr. and then immersed in 

a solution of styrene (32%), water (4.5%) and dioxane (63.5%). The 
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treatment of the data dealt mainly with the total yield of polymer; 

"viz., occluded and grafted polymer. Water which 'tIasadded either to 

"'"t"he cellulose or to the monomer solution increased the amount of 

"polymerization. The greater polymer yield was presUmably due to the 

'greater accessibility of the moist samples to the mOnOMer. The molecular 

weight of the polymer was similar regardless of the amount of water 

present. It was ~elieved that, at lower temperatures, polymerization 

was mainly due to trapped radicals formed during the pre-irradiation. 

The yield of polymer as a function of time appeared to follow a second 

order rate process. The effect of temperature on the grafting reaction 

was studied and revealed that at temperatures above 35°C grafting curves 

increased upward with time as opposed to levelling off at lower temperatures. 

This indicated the possibility of a peroxide mechanism at higher temperatures. 

Iodimetric techniques showed that about six times as many molecules of 

peroxide as trapped radicals were present for irradiated cotton. The 

" number "of peroxide sites increased sharply when the irradiation was 

oarried out in the presence of degassed'water. This, along with the 

fact that the number of peroxide molecules formed was greater at 

-4 10 Torr than the amount of oxygen represented by the residual air, 

suggested to the authors that the bound water in the cellulose might 

provide the necessary oxygen. The cellulose-styrene graft copolymers 

were characterized by acid hydrolysis to remove the cellUlose backbone 

and the mo+acular weights of the isolated polystyrene side chains were 

o,etarmined. The Viscosity average molecular ~/eights of the grafted 
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", 6 
s~d~'chains were found to be very high (ca. 2xlO) and remained fairly 

constant over a wide range of radiation dos~s. 
"!.. $ 

It is interesting tOo note that in all of his papers up to 

1962 (38 - 40), Stannett always qualified the use of the term "grafting". 

lJpto this time. because of the' difficulty of quantitative analysis. 

he had treated the data (as most investigators have) in terms of the 

, total yield of polymer or the polymer remaining after a simple extraction. 

This latter technique of removing occluded homopolymer leads at best 

to only a maximum figure for the amount of grafting onto the substrate. 

- Finally, in 1963; he and ooworkers reported an extensive investigation 

dealing with the characterization of some cellulose graft copolymers (41). 

Th~ following graft copolymers were prepared by the use of the ceric 

ion, ultraviolet light, mutual radiation (direct radiation) and pre-

irradiation methods I (1) cellulose-acrylamide (2) cellulose acetate-

, styrene and (3) cellulose acetate-methyl methacrylate. In the radiation 

methods a co-60 radiation source with a dose rate of 7.650 and 21,200 

r/hr was used. The polymerization solution was made up of 90% distilled 

styrene monomer and 10% distilled dimethylformamide. The irradiations 

were'carried out at room temperature or dry ice temperature and the 

polymerizations, in the case of the pre~irradiation method. were allowed 

"'toproceed ,at room temperature. ' The cellulose acetate-stY:'ene grafts 

wer~ analyzed by three different methode: (1) fractional extraction 

after the cellulose acetate was saponified to cellulose (2) fractional 

precipitation and (3) selective alternate extraction with solvents for 
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the two homopolymers. The first method wae used to determine whether 

g~afting had indeed occurred. After saponification the precipitate 

was washed with methanol and then extracted three times with benzene • 

.. . The benzene extracts wer~ combined and the extracted polymer isolated 

by evaporation, weighed and the infrared spectra measured. By comparing 

. Physical mixtures of cellulose acetate and polystyrene with products 

prepared by the above-mentioned methods it was found that (a) complete . '",', 
• ~j,. 

separation of the mechanical mixture was achieved (b) a small amount 

of solubilization of the cellulose occ.urred (presumably by the grafted 

polystyrene side chains) (c) a considerable quantity of polystyrene 

. was insolUble in benzene _ (d) the gamma ray pre-irradiation produots 

showed muoh more grafting than the ultraviolet products. It was concluded 

that actual grafting had occurred. 

The method of fraotional precipitation from solution showed 

that a clear separation of polystyrene was possible for a Physical 

mixture but the grafted products showed continuous preCipitation. The 

infrared examination of the various fractions showed the gradual change 

from pure polystyrene to pure cellulose acetate. 

The method of selective extraction consisted of alternately 

extracting the grafted products with benzene and a mixture of 70% 

_ acetone, 20% 2-ethoxyethanol and 10% water which are solvents highly 

speoific towards polystyrene and cellulose acetate respectively. This 

method made it possible to.give maximum figures for the efficiency of 

the grafting process in, terms of the percentage of each polymer actually 

combined in grafted form. With the pre-irradiation method nearly all 
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(approximately 95%) of the polymerized styrene was attaohed to the 

.. cellulose acetate. whereas the mutual radiation and the ultraviolet 

in.ethods lead to large proportions of occluded polymer (ca. 7CJ1{, and 

ca. 6CJ1{, respectively). These remarks apply to samples already washed 

free from accessible homopolystyrene. As far as the degree of grafting 

onto the cellulosio backbone is concerned, for all cases only a small 

percentage of the cellulose acetate had attached polystyrene side chains 

(from 1.9% to 13.6%). Thie was thought due to the lack of accessibility 

of the cellulose acetate to monomer under the heterogeneous conditions 

used. The pre-irradiation method gave increased yields when the 

irradiation was carried out at -78.5°C. presumably due to the prevention 

of migration and mutual termination of the radicals. Molecular weight 

measurements were carried out by the viscosity method and it was found 

that in all cases the grafts consisted of very long polystyrene side 

chains attached to comparatively short oellulose aoetate backbone 

chains. The molecular weights of .the polystyrene branches ranged from 

4.37XI05 to l.2xl06 and the number of polystyrene chains per cellulose 

acetate chain ranged from 0.41 to 3.44. 

The method of separation and characterization of cellulose 

graft copclymers which were developed in the above study have been 

applied in some detail to the cellulose acetate-styrene grafting system 

by stannett at al in 1964 (42). Both heterogeneous and solution 

grafting were carried out by the mutual radiation technique. The yields 

and molecular weights of the side chains have been shown to be mutually 
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dependent and governed by the interplay of diffusion controlled growth 

and termination steps. It was shown that pyridine is a highly suitable 

solvent since it has a low radical yield on radiolysis compared with, 

(for example), dimethyl formamide. It also has reduced solvent' power. 
( 

Therefore, the effects on the grafting reaction (of pyridine vs. 

dimethylformamide) were compared. lIith thin films where diffusion 

control should be of less importance, dimethylformamide gave much 

greater yields of graft than pyridine in a 10% solution, but the 

situation was reversed with 20% solutions. Here the swelling was very 

bigh with dimethylformamide and the grafted side chains were only 

three times greater than the corresponding solution homopolymer. With 

thicker films the yield was increased by increasing ,the percent of either 

solvent'. However, pyridine appeared to be more effective than dimethyl-

formamide. In all cases there was a positive correlation between 

yields and molecular weights. Since there is virtually ~o change in 

radical production on changing from 10 to 30% pyridine,it is believed 

that the changes in yield were mainly due to molecular weight differences. 

In this paper Stannett gives an explanation why the participation of 

the cellulose acetate in the grafting process was so low in his previous 

investigation (41). One reason is that a low degree of swelling was 

realized; the other is that small total doses were used. 

The Japanese researcher Sakurada and colleagues without 

question have been the most prolific investigators in the field of 

radiation-induced grafting reactions with cellulosic materials. 
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~u~tunately thei~ wo~k in the fo~m of six ~epo~ts has been included 

in an AE.C. T~anslation Se~ies (4} - 49). 

Re;P<i~t.#l 

$akurada and Kimura (4}) studied the graft polyme~ization of 

sty~ene to cotton induced by pre-i~~adiation by elect~on beam. The 

4 average dose ~ate was ca. 1.5xlO ~/sec. Polymerization was mainly 

ca~ried out unde~ vacuum. The polymerization solution was a system of 

sty~ene, methanol and wate~ in a ~atio of 6.6117:6.1. The influence 

of p~e-irradiation dose and temperature of polymerization was investigated 

while the polymerization time (7 hours) was kept constant. When a 

dose of 10 Mr was used, the graft rate at 30, 50 and 80°C was 33.5, 

224.8 and 108.5 respectively. It was found that when the polyme~ization 

time was varied, the graft rate was approximatel$ proportional to the 

time. Pre-irradiated cotton was thermally treated after irradiation 

and then allowed to react with the solution at 50°0. The samples which 

were treated at 60 and 85°0 did not show significant interfering 

effects after treatment of 60 and 15 minutes respectively. When the 

sample was treated at l800e for five minutes, graft polymerization 

was completely absent. 

Report #2 

The same authors studied the influence of solvent on the 

grafting process (114). Grafting rates va~ied g~eatly with the solvent 

used: methanol (270%), ethanol (160%), n-propanol (131%), iao-propanol 

(41%), n-butanol (0%), iso-butanol (0%), sec-butanol (7%), tert";butanol 



(8%), n-amylslcohol (0%), aoetone (7.4%) and benzene (0%). Experiments 

were also carried.out where samples were placed under vacuum immediately 

aftar irradiation, sealed off with'polymerization solution and stored 

at 0··0. No polymerization occurred during storage. When the samples 

were heated to 50·C after fifty-five days of storage, graft polymerization 

. prooeeded in exactly the same fashion as in the case of samples heated 

.... immediately after irradiation. 

~e.eort #3 

Sakurada, Okada and Hatayama (45) studied the effect of 

temperature and solution concentration in the graft polymerization of 

: styrene onto different types of cellulose using the mutual irradiation 

• technique. For ordinary rayon, when the irradiations were carried 

out in air, an initial induction period was observed and a tendency 

toward saturation of the graft rate was evident with high dose rates. 

The induction period was shorter, the greater the irradiation temperature. 

The results of the irradiations under a vacuum showed very little. 

difference and no effects due to oxygen were seen. Graft polymerization 

was practically non-existent when only styrene was used and the graft 

rate increased with increasing ooncentration of methanol, approaching 

a maximum of ca, 50% methanol concentration. The grafting effioiency 

also approached a maximum at this level. When the temperature during 

the irradiation was oonfined between 30 - 80·c, the graft rate increased 

with increasing temperature approaohing saturation near 80·c. The 

graft efficiency was also better at the higher temperature. A dose-rate 
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effect was also noted and when the dose-rate was varied between 

1.lxl03 - 8.1xl04 r/hr with a constant total dose, the graft rate was 

greater at the lower temperature. The effect of the addition of water 

to the-polymerizing solution was Checked with a 1:1 stYrene~methanol 

system. A slight decrease was noted When water was added. 

Work was also carried out on other types of cellulose. When 

ordinary rayon, super rayon, polynoschics and cotton were studied, an 

induction period was noted in each type and the rate decreased in the 

order polynoschics, cotton, ordinary rayon and super rayon. No grafting 

with styrene alone was observed with all the types. Thereconstituted 

fibre showed a maximum graft rate at 50 - 60 percent methanol: The 

maximum graft rate with ootton came at 70 - 80 percent methanol. The 

graft rate increased with temperature with all types but the rates for 

polynOschios' and cotton decreased once the temperature exceeded 60Qc. 

Super rayon shewed a sharp increase in rate at 70 - 800e and no decreasing 

tendency was seen. 

- Report #4 

-- Sakurada and coworkers (46) continued their study of the 

effect of the fine structure of cellulose on grafting. The pre-irradiation 

method was used with electron beam from a Van de Graff machine. Again 

the four different types of cellulose were studied. It was found that 

* -A highly crystalline form of rayon 

... '!, 
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there was an optimum temperature for polymerization with each type: 

60·0 for ordinary rayon; 55°C for super rayon, 50·0 for polynoschic 

rayon and 45°0 for cotton. As in the mutual irradiation experiments, 

water was added to styrene-methanol solutions. The effeqt of the 

addition on the grafting rate varied with the fibre type but generally 

an acceleration was noted. Work was also carried out with hydrogen 

peroxide solutions and ferrous ion catalysts. 

Report #5 

Sakurada at al (47) carried out graft polym~rization6 after 

pre-irradiation in different atmospheres in order to study the effect 

of oxygen and moisture on the graft reactions. The same four types 

of cellulose were studied. The material was irradiated with a 1.5 Mev 

100~ Van de Graff beta beam in air at room temperature and room 

humidity and the stability of the induced graft activity was checked. 

The polymerization solution was a styrene-methanol or a styrene-methanol

water mixture. The activity was gradually lost when the material was 

stored at 22°0 in a 65 percent RH atmosphere, but storage in a vacuum 

at·ambiant temperatures or in air at -78°0 prolonged the activity 

considerably. storage of the samples in a vacuum at elevated temperatures 

led to a deorease in stability. When PVA was irradiated in a vacuum, 

it rapidly lost its aotivity when immersed in water at room temperatures. 

However, when cellulose was immereed in water at room temperature, the 

loss in activity was only of the order seen with the storage in 65% 

RH atmosphere. The stability of the graft aotivity followed the order 
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cotton) polynoschics> rayons (super and ordinary) and it is believed 

that the crystallinity and other fine structure properties are intimately 

related to the degree of at·ability. Itlhen the four types of cellulose 

were irradiated in air (room humidity), vacuum and dry air, the 

follcwing results were obtained: 

(1) The intensity of graft activity followed the order 

vacuum) dry air) air. Irradiations in any of the media resulted in 

graft polymerization. 

(2) When cotton and polynoschic rayon were irradiated in 

any of the three atmospheres, the graft reactions readily took place 

in non-aqueous media. Higher grafting rates were seen with water

containing solutions. 

(3) When ordinary or super rayon were irradiated in air, the 

graft reaction did not take place in a non-aqueous polymerizing solution; 

but the reaction was readily promoted in a water-containing solution 

(styrene-methanol-water in the ratio 20:72:8). On the other hand, 

when the irradiation was carried out under a vacuum or in dry air, the 

graft reaction proceeded even j.n a non-aqueous solution (styrene-methanol 

in the ratio 20:80). Similarly when these two rayons were irradiated 

in dry air and then etored at room temperature at 100 percent RH for 

three days, no grafting occurred. 

Report #6 

Sakurada, Okada and Hatakeyama (48) continued their study of 

the effeot of solvents on the grafting of styrene onto the previously-
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mentioned four types of cellulose. They considered the solvents methanol, 

n-propanol, n-butanol, n-amyl alcohol, l,4-dioxane, dimethylformamide, 

dimethylsulfoxide and formamide. Both simultaneous and pre-irradiation 

methods were used. Briefly, methanol was found to be efftctive for 

all types of cellulose while formamide and dimethylsulfoxide were 

fairly effective. Ethanol, n-propanol, acetic acid and dimethylformamide 

are effective only to a limited degree. Reactivity according to cellulose 

types followed the desoending order of cotton, polynoschics, ordinary 

rayon and super strength rayon. 

'Hayashibe (49) reported an investigation of the graft 

polymerization of styrene to cellulose. Viscose rayon was pre-irradiated 

by gamma ,rays with a dose of le? - l07r in air and experiments on graft 

polymerization in vacuum were carried out. At first, a solution conSisting 

of equal volumes of styrene and one of the solvents methanol, ethanol 

and acetone with a 3.5 percent addition of water was used. Under 

fixed conditions the graft rate was greatest for methanol; second for 

ethanol and smallest for acetone. The above order is also the order of 

,the degree of swelling of rayon in the three solvents. 

Next a solution consisting of equal volumes of styrene and 

methanol with an addition of water from 0 to 5 peroent was used for 

graft polymerization. Almost no graft polymerization was deteoted in 

the case of no water. A maximum graft rate was obtained with the 

addition of water between three and four percent. When the amount of 

water exoeeded five percent, separation of the mixture started. Also 
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the proportion of styrene to methanol was varied, but it was found that 

the one-to-one ratio gave the highest graft rate. At both polymerization 

temperatures, 50·C and BooC, the graft rate was found to be linearly 

proportional to the dose of pre-irradiation up to a 40S6 of 6xl06r. 

after which saturation was reaChed. The highest attainable graft rate 

was obtained at 50°C. 

Rayon, which was pre-irradiated in air, was stored in a 

refrigerator for 100 hours in the presence of air, water and methanol. 

Activation was almost completely preserved when the samples were left 

in water or methanol. The graft rate of samples left in air and styrene 

was reduced to one-half. When samples were heated in air for ten minutes 

at BO·c, grafting did not proceed at 50·C. Samples which were pre-

irradiated in water or methanol gave higher graft rates than those pre-

irradiated in air. 

3. Electron Spin Resonance Studies on Cellulose 

A ·very brief summary is given here. A more detailed survey 

of electron spin resonance work is given in Appendix II. 

(a) Free radioals are formed on the irradiation of cellulose. 

(b) The G-value for radical formation is calculated to be 

around 3, based on radical decay measurements. 

(c) As a first approximation the number of radicals formed 

is proportional to the irradiation dose but independent of the dose-rate. 

(d) An increase in dose does not alter the hyperfine structure 

of the electron spin resonance spectrum. 
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(e) There are probably two kinds of radioals present in 

°gamma irradiated cellulose. 
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(f) The decay curves are made up of two regions, consisting 

of a precipitous fall in the radical concentration followed by a 

levelling~off region where the radicals are relatively stable, even 

over periods of several months. 

(g) With elevated temperatures the decay of free radicals in 

dry cellulose requires several days at 70·C, many hours at 100 - 200·C 

and a few hours at 100 - 200·C. 

(h) Fewer free radicals are present ,;In moist cellulose. 

(i) When the vacuum of a cellulose sample irradiated at 

20·0 is broken, a rapid decay of radicals ocours at room temperature 

until a constant level is reached.o Irradiations in air yielded 

electron spin resonance spectrum very similar to the samples irradiated 

in vacuo. 

(j) Free radicals formed in cellulose are unreactive toward 

80
2 

and this is thought to be due to inter~ or intramolecular hydrogen 

~onding. 

(k) The overall rate oonstant of radical decay is oomplicated 

by the fact that the radicals in the amorphous regions have a greater 

probability of combining than those in the crystalline regions. 

(1) Differences in the crystallinity of cellulose have no 

obvious effect on the initial yield or nature of the radical eleotron 

spin resonance sprectrum. 
'1'>:., 
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4; Effect of High Energy Radiation on Wood 

Saeman and Millett (20) in 1952 studied the degradation of 

. wood pulp (96% cellulose) and spruce wood by the irradiation of a 

800KV x~ray machine. The wood pulp degraded in a manner similar to 

cotton linters. The· degree of polymerization for both the wood pulp 

6 and cotton linters decreased from about 1000 to 600 at 10 roentgens, 

200 at 107 roentgens and 20 at 108 roentgens. The decomposition of 

carbohydrates for wood pulp and wood were studied by measuring the 

loss in potential sugar content. The wood pulp deoomposed 5 and 17% 

at a dose of 107 and 108 roentgens respectively. The wood carbohydrates 

decomposed only 3 and 9% for the same doses. It was found that irradiation 

caused an increase in the rate of hydrolysis of the resistant portion, 

(i.e., the crystalline regions) of the cellulose in wood. 

Smith and Mixer (58) in 1959 studied the protective effect 

of lignin on the holocellulose (cellulose + herni-cellulose) in wood. 

It was found that gamma rays did not affect the gross analytical composition 

in redwood for a dose up to 20 Mrep. For doses of 7 and 20 Mrep, the 

degree of polymerization of the isolated holocellulose (free from lignin 

and extractives) decreased from 1377 to 405 and 254 respectively. 

However, for the holocellulose irradiated in situ .• the degree of 

polymerization decreased to only 548 and 380. 
;', . 

Iii \terms of the average 

chain breaks produced by irradiation, the presence of lignin and 

extractives reduced the number of breaks from 2.4 to 1.5 (37% reduction) 

for a dose of 7 Mrep and from 4.4 to 2.9 (34% reduction) for 20 Mrep. 



42 

Hachihama and Takamuka (59) in 1960 reported their work on 

the effect of gamma irradi~tion 

native lignin. The irradiation 

on red pine wood meal and Brauns 

6 effects appeared at a dose of 4xlO rep. 
. . 8 

The degree of polymerization of holocellulose isolated from 10 rep 

irradiated wood meal was decreased from 748 to 156. (This represents 

748/156 - 1 = 3.8 average chain breaks.) Chemical, Ultra-violet and 

infrared analysis of the isolated lignins showed that their chemical 
, 

properties were not changed. The content of p-hydroxylbenzyl alcohol 

groups in wood was increased by irradiation. This was not observed 

for Brauns native lignin. Hence it was concluded that the lignin-

change behaviour which appeared only in the case of irradiation of 

wood were caused mainly from the degradation of carbohydrates and the 

cleavage of the lignin-carbohydrate linkage. 

5. Graft Copolymerization with Wood 

There are a few published papers dealing with radiation-

induced wood-monomer reactions. Most of these have been Concerned 

primarily with the structural nature of the plasticized product (these 

will be disoussed in Part 2). However, one paper by Stannett. Kenaga and 

Fennessay (60) is signifioant from a kinetic viewpoint. Ponderosa 

pine sapwood in the form of wafers (1/4" longitudinal direction, 

2" in the tangential direction and 1 3/8" in the radial direction) was 

treated by the mutual irradiation technique using primarily a solution 

of dioxane-styrene-water in the volume ratio 75:2515.75 respectively. 

Low vacuum (5 to 6 mm Hg) and high vacuum (10.4 to 10.5 rom Hg) techniques 
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'were used to degas the wood and monomer. A solvent displacement 

,method was also ~sed in which the water which had been soaked into the 

. wood was displaced by an acetone-styrene solution., This was followed 

'.,byacetone evaporation prior to irradiation. The totalrtime of operation , 
,Waf) more than six days. Experiments were carried out in which the dose 

rate was varied. It was found that there was a rapid drop in the efficiency 

of gamma radiation as an initiator for the styrene grafting-homo-

" polymerization reaction as the dose rate was increased. This was 

attributed to the fact that the diffusion of monomer from the lumen into" 

the cell wall was the controlling step. As the wafers were only 

0.25 inches thick in the longitudinal direction, almost every cell 

lumen was open to the external solution; thus, diffusion into the cell 

cavity from the external solution should not retard the reaction. This 

,expectation was eXperimentally confirmed by varying the wafer thickness 

from 0.06" to 0.25". Although the efficiency per unit of radiation 

decreased with dose rate, this decrease was not rapid enough to offset 

'the' effect of total dose delivered in unit time. Thus the result was 

.a steady increase in the polymer retention per unit time as dose rate 

was increased. By leaching the irradiated impregnated wafer for 

. twenty-four hours with dioxane, 20 - 30% of the polystyrene could be '. . , 

'removed. A further 9 - 14% could be removed by chipping and grinding. 

It ~as found that there was little difference between the high and low 

'vacuum methods with respect to retention of styz<ene at dose levels 

above 1.7 Mra.ds. At low dose levels the high vacuum technique gave 
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higher retentions. It is believed that oxygen inbibits the reactions 

at.low doses but, at high dose levels, the oxygen is depleted. Several 

.solvent-styrene systems were tested to determine the effect of varying 

the solvent concentration. A solution of ethanol-water appeared to 

give the highest retention at a given dose rate. However, 82% of the 

polystyrene formed was homopolymer compared to 26% for the dioxane

styrene-water solution. 



PREVIOUS WORK bONE ON THIS PROJECT 

1. Hodgins alid Ramalingam (61, 62) 

In this study the researchers carded out preliminary work 

dealing with 

(a) a study of conditions for the treatment of wood with 

styrene to obtain graft copolymerization and the assessment of the 

physical properties of the treated material. 

(b) a study of the transient species responsible for 

graft c~polymerization using the Electron Spin Resonance technique. 

The structural aspects of this work will be discussed in 

PART 2 of this thesis .• 

The. experimental method consisted of (1) evacuating a 

sample of wood (1611 l!: 3/4" X 3/411) to the micron level for twelve 

hours (2) impregnating this sample with a styrene solution under a 

pressure of 35 psig by means of nitrogen gas for a period up to 

thirty*six hours (3) irradiating the sample in the McMaster swimming 

pool reactor at a dose rate of ca. 9xlrY rads/hr (4) heating the sample 

for twenty-four hours at a temperature of 105·0 (;) grinding the 

final dry treated sample to 40 Mesh in a Wiley mill (6) extracting 

the Wood flour to constant weight in a Soxhlet extractor using 

'c . benzene as a solvent. 

J Experiments were carried out with pure styrene, solutions of 

styrene, methanol and water, solutions of styrene and methanol. 

and solutions of styrene, methanol and water with a small amount of 
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5:ABLE 1 

BENZENE EXfl<ACTION OF POLYMER (after'Ramalingam) 

Solutwn (1IIt.%) Irra<liation (Mr) Polymer Extracted' Solution Irradiation (Mr) Polymer ~racted~ 

-
nil ... 94.0 9.0 ,!1,4 

52% Styrene 

Pure 
4.5 90.5 43.5% Methanol 14.4 ,!3;0 

9.0 85.4 
4.5% Water. 18.9 19.1 

st;yrene 

14.4 72.6 
30% st;yrene 4.5 

. 

4.8 , . 

'" 
. - 61% Methanol 

...... ... 18.9 52.0 9% water 
9.0 . 5.7 

7fi'1, St;yrene ,,' 4.}5 19.1 
'/t:f1& ">l;yrene, nil / 62.8 "., , 

22.5% Methanot •... 22.5% Methanol 
9.0 20.1 nil " 63.0 

1.5%..water' 1.5% water '. ~~ 
-

1.35' 21t.lB-· 
76% st;yrene nil 111.2 , ". .... 
22.5% Methanol 

52% styrene: 1.5% water 
,43 • .5% Metha.no1 . 

.. 
2.70 20.3 + 0.2% Benzoyl nil 81.8 

4.5%wat~ .. - .. Peroxide .. 
, ' ", ,,""" 

~, ",' f:" 51t%styrene -'6 8 : .. 4.5 19.0 " ,',"'." . 9.0 ,- . 
", .' 4&j' Methanol 

. '.' .', ....... 
33.5% St;yrene 

. '. I 
. 77.5%.Styi'ene- 9.0 26.4 9.0 :~ 27.5%' Methanol' 66.!i%Methanol 

- ~--

Thermal tl;'eatll!ent in all cases: 105°0 for 24 Hours 

* Weight:l).i'·pi;>1ymer extracted per 100 grams of polyst;yrene formed, per 100 grams of dry wood 
.' 

-I"" a-



chemical initiator, benzoyl peroxide, added. The· dose was varied 

from nil to 18.9 Mrads.· The I'esults aI'e summarized in Table 1. 

The following conolusions were dI'awn from the results. 

(1) F'or the case of pure styrene, little grafting had 

ocourred. This suggests· that the styrene was not penetrating into 

the cellulose in wood. (The oorrelation between dose and polymer 

extraoted, as shown in Table 1, will be discussed later.) 

(2) For the case of a styrene-methanol-water solution, 

there was a considerable decrease in the amount extraoted compared 

to the pure styrene-treatment. Thus it was concluded that grafting 

of polystyrene with cellulose took place when the styrene was able 

to diffuse to cellulose in wood. 

(3) Thermal polymerization without radiation initiation 

resulted predominantly in homopolymerization. 

(4) Runs that were carried out in the absence of water 

(styrene and methanol only) showed that the amount of extractable 

polymer was approximately 50 to 100% greater than for the case 

where 1.5 - 4.9% water was used. 

The Eleotron Spin Resonanoe results indioated that free 

radicals were formed in the irradiated wood. ~uantitative measure-

ments indioated that the number of free radicals present one hour 

18 after an irradiation of approximately 10 Mr was around 10 per 

gram. Continual. radical measurements after irradiating the wood 

sample in air showed that the concentration dropped off rapidly in 
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the first three hours and then decreased more slowly for several 

days. 'n was also observed that by heating the irradiated wood at 

105·0 a more rapid decrease in radical concentration occurred. 

2. Hodgine and Werezak (54, 62) 

In this research work, the following study was carried out: 

(a) Using bending strength as the dependent variable, a 

two-factorial experimental design was set up with the following six 

variables: time of evacuation, composition of impregnant, uptake of 

impregnant, total gamma dosage, duration of the heating treatment and 

temperature of the heating treatment. (This work will be discussed 

in detail in PART 2 of, this thesis.) 

(b) A qualitative and quantitative analysis of free radicals 

using Electron Spin Resonance Spectrometry was carried out with the 

following materials: 

(i) 

(il) 

(iii) 

(iv) 

wood irradiated in air 

air dried oellulose, Spruce-Periodate lignin, Dioxane 

lignin and Braun's Native lignin irradiated in air 

impregnated wood 'and 0( -cellulose irradiated in vacuo 

wood irradiated in vacuo 

The results of the Electron Spin Resonance study are summarized 

below. 

1. Air dried wood, Spruce Periodate lignin and Dioxane 

lignin gave similar Electron Spin ' Resonance spectra on irradiation. 

2. Similar to the work of Abraham and Wiffen(50), wood 



maintained a symmetrical double spectrum throughout the time interval 

measured. 

3. Wood irradiated with a smaller dose yielded fewer free 

radiOals but a similar radioal speotrum. 

4. Irradiation of air-dry 0( -oellulose gave a persistent 

spectrum indicative of a 3 peaked absorption. 

5. Irradiation of Braun's lignin yielded a broad complex 

spectrum with decay characteristics suggesting the production of 

more than one type of free radical. 

6. For wood impregnated with acrylonitrile, styrene or a 

ternary solution of styrene-methanal-water, the first derivative of 

the absorption curves was similar to those observed for wood-in-air. 

The same results were found for ~-cellulose. 

7. No difference in Electron Spin Resonance spectrum was 

-6 obtained for samples of wood irradiated in vacuo (10 mm Hg) and 

that irradiated in air indicating that the decaying radicals are not 

peroxides. 

8. The decay ourve for wood in air appeared more rapid 

than either .the 0( -cellulose or the lignins. 

9. Wood irradiated in air appsared to have two and 

possibly three distinct decay regions. The first region involved 

the decay of more than half of all radicals formed. This region, 

which appeared to terminate about three hours after irradiation, was 

followed by a more gradual decay which persisted for approximately 
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120 hours. From this point the radicals appeared to be almost stable. 

10. ·Per gram of sample,C< -cellulose irradiated in air 

gave slightly fewer radicals immediately after irradiation than 

did wood. However, its slower deoay rate resulted in a higher 

radical oount 3 to 22 hours after irradiation. 

11. For the lignins, the number of radicals produced on 

irradiation was lower by a factor of eight or more, than for a comparable 

amount of wood. 

12. In general, the decay rate of radicals present in 

wood irradiated with styrene or aorylonitrile in situ was similar to 

the decay rate when wood was untreated. 

13. With the ternary solution as impregnant, the initial 

rapid decay was not observed and the initial radical concentration 

was reduced by as muoh as a factor of eight. 

14. All experiments with wood appeared to yield similar 

radical counts after approximately 100 hours. 

15. The irradiation of 0< -cellulose in the presence of an 

impregnant gave radical decay curves very similar to those for 

O<-cellulose in air. 

16. The irradiation of wood in vacuo gave a decay system 

which maihtained a high radical concentration over a long interval. 

When air was admitted to the wood the radical decay was greatly 

accelerated after an induction period of approximately an hour. 

This indicates that the radicals being measured are not due to 
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thermally decomposing peroxides. 

3 •. Analysis of UnpublishQd Work by Werezak 

(A) Introduction 

,As mentioned previously, PART 1 of \'ierezak' s research 

program consisted of carrying out an optimization of the bending 
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strength of wood with respect to six variables. It will be shown 

in PART 2 of this thesis that the factorial design was erroneously 

, interpreted. Despite this, many important kinetic aspects of the 

graft copolymerization of wood and polystyrene can be extracted from 

the unpublished data of this worker. The experimental procedure 

used was essentially that used by Ramalingam (see Page 45) except 

that (1) The dose rate used was 1 Mrad!hr. 

(2) . Three different impregnating solutions were used. The 

ratios of styrene to methanol to water for these were 

76:22.5:1.5. 65132:3 and 54:42:4. , 

(3) Evacuation time. for the wood prior to impregnation was 

varied from 10 to 24 hours •. 

(4) The time of impregnation was varied from' 8 minutes to 

65 minutes, and the pressure of impregnation was varied 

from atmospheric to 35 psig. 

(5) The total gamma dose was varied from 3.5 to 5 Mrads., 

(6) The temperature of the heating treatment was varied from 

(7) The duration of the heating step was varied from 9 to 24 hours. 



The results are summarized in Tables 2 • 20. 

(B) Definitions 

1. Specific Gravity 
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This term is the specific gravity of the wood samples before 

.treatment. It is based on the oven-dried wood (wood dried to a constant 

weight at a constant temperature of 105·C). Unfortunately. the weight 

at room conditions and not the oven-dry weight was measured by Werezak. 

However. based on the average moisture content of red pine wood at 

room temperature (calculated as 6.15% for 50 samples), the oven-dry 

weight can be estimated. 

2. Monomer Uptake (sms styrene/cc of wood) 

This quantity is the weight of styrene taken up by the wood 

divided by the volume of the wood. For example. if 100 cc of wood 

took up 100 gms of the solution 76:22.5:1.5 (styrene. methanol, water 

ratio). this term would be 0.76. 

3. Polymer Retention (sms polymer/cc of wood) 

This term represents the weight of the polymer remaining in 

the wood after the treatment divided by the original volume of wood. 

The weight of polymer was deduced from the difference of the weight 

of the final treated sample and the original weight of the oven-dried 

wood (estimated). 

4. Retention Efficiency 

This term is the ratio of the ultimate weight of polymer 

divided by the weight of styrene originally taken up by the wood 



sample. Hence it is a measure of the efficiency of polymerization 

(grafted + homopolymer) or retention. 

S. Percent Retention (gms of polymer/gms of wood) 
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The percent retention is the wel.ght" of ultimate polymer 

"divided by the weight of the wood substrate. This term has very little 

fundamental signifioance when one is dealing with a heterogeneous 

material like wood. However, it has been included for its usefulness 

in comparison with a similar term found throughout the literature, 

often called percent grafting. 

6. Associating Efficiency 

This term represents the amount of polymer remaining in a 

treated sample of wood after extraction with hot benzene divided by 

the amount of polymer before extraction. If the extraction with 

benzene were able to remove all homopolymer (polymer not chemically 

bound to the wood substrate), this term would be a measure of the 

grafting efficiency of the treatment. However, in conformity with 

the superb work carried out by stannett (38 - 42), we shall assume 

that the unextractable polymer is made up of grafted polystyrene and 

polystyrene chains entangled within the cellulose network. This 

imextractable polymer can conveniently be called "associated" polymer". 

It should be noted'that this term, is different from that used by 

Werezak (54). 

(0) Results 

1. Dose, Temperature and Time of Heating 

The three independent variables, dose, temperature of the 



TABLE 2 

Experiment 2 

GRAFTING VARIABLES 

SOLUTION: 76:22.5:1.5 styrene, 

Methanol, Water 

DOSE: 4.5 Mr 

TJi;MPERATURE: 105°0 

EVACUATION LEVELl 1.5 Microns 

TIME OF EVACUATION: 12 Hours 
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. TJ:ME OF HEATING: 24 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TniE OF IMPREGNATION: 36 Hours 

, 

Specific Monomer Polymer Ultimate Retention Percent Associating 
~ravity uptake Retention Volumetric Efficiency Retention Efficiency gm/cc gm/cc Change 

.• )89 .~J70 .431 1.125 .758 111.0 • 756 

.372 . .546 .410 1.02 .750 .110.0 .676 , 

.438 .509 ·356 1.145 .700 81.2 _ ... --

.419 .520 .420 1.13 .807 100.0 ---... , 

.433 .486 .380 1.13 .782 .87.6 ----.. 

.439 .501 .388 1.13 .774 88.4 _ .. _-

.435 .472 .341 1.11 .• 722 78.3 ----

.440 .492 .379 loll .772 85.6 ----
. IAverage Values 

.421 .511 .388 1.1,2 .758 92.7 ... _--

. 



55 

Experiment 3 

GRAFTING VARIABLES 

sOLtI'l'ION: 76:22.5:1.5 Styrene, 

~ethanol, Water 

TEMPERATURE: 105QO 

TINE OF HEATING: 24 Hours 

'. 

Nonomer Polymer 

EVACUATION LEVEL: 2 Microne 

TIME OF EVACUATION: 12 Hours 

PRESSURE OF IHPREGNATION: 35 psig 

TIHE OF IMPRIDNATION: 65 Hinutes 

Ultimate 
Specific Retention Percent Associating 

Uptake Retention Volumetric Gravity Efficiency Retention Efficienoy 
gm/co gm/cc Change . 

• 388 .555, , .433 1.22 .780 111.5 .... ---
.• 400 .539 .375 1.13 .696 92.6 ---. . 

....... ' .• 358 1 .545 .425 1.20 .780 119.0 .... ---
.358 .540 .431 1.18 .800 120.0 -_ ...... 
.370 .527 .• 416 1.20 .785 105.7 

! ----
.360 .520 .411 1.17 .789 105.0 ----

Average Values 

• 372 .537 .415 . 1.18 .772 109.0 --...... 
-



ExPeriment 4 

GRAFTING VARIABLES " 

SOLUTION: 76122.5:1.5 styrene, 
Methanol, Water 

DOSE: 4.5 Mr 
, ' 

TEMPERATURE: 105°C 

TIME OF HEATING I 24 Hours 

Monomer Polymer 

EVACUATION LEVELl 1 Micron 

TIME OF EVACUATION: 12 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION: 65 Minutes 

Ultimate· Specific Retention Percent Associating 
Uptake Retention Volumetric Gravity Efficiency Retention Efficiency 
gm/cc gm/cc Change 

. 

• 528 .454 .394 1.08 .869 74.5 .632 

.541 .455 .397 1.06 .872 72.1 ;667 . 

.560 .460 .411 1.06 • 894 75.0 .660 

.545 .489 .390 1.06 .798 71.5 .646 

.514 .481 .421 1.065 .875 85.0 .674 

-.488 .498 .431 1.09 . .865 91.3 .629 

Average Values 

.529 .472 .407 1.07 .862 78.0 .651 
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TABLE 5 

Experiment 5 

GRAFTING VARIABLES 

SOLUTION: 76:22.5:1.5 styrene, 
Hethano1, Water 

DosE: 3.5 Hr 

~E\I1J'>ERATUREI 85°C 

.. TIt1l!:: O~· HEA'rING: 24 Hours 
... 

Monomer Polymer 

'EVACUATION L1"V:£L: 1 Micron 

TIHE OF EVACUATION: 12 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TU1E OF IMPRIDNATION: 65 Minutes 

. 

Ultimate Specific Retention ·Percent Associating 
... Gravity Uptake Retention Volumetric Efficiency Retention Efficiency 

gmlcc !§n/cc Change , 

.508 .486 .484 1.11 .995 95.0 .654 

.489 .497 .447 1.04 .900 95.0 .732 

.468 .511 .5°0 1.08 .977 107.5 .705 
... 

• 463 .510 .508 1.15 .996 109.5 .650 

.446 .525 .545 1.13 1.04 122.0 .714 

.• 469 .539 .526 1.17 .978 116.5 .716 

Average Values 
• 

.474 .511 .501 1.11 • 981 107.6 .695 " 



/ 
TABLE 6 

Experiment 6 

GRAFTING VARIABLES 

SOLUTION: 65:32:3 Styrene, 

14ethanol, ,later 

DOSE: 3.5 14r 

TElMPJilRATURE: 85°C 

TIME m' HEATING: 24 Hours 

Specific Monomer Polymer 

Gravity Uptake Retention 
" . 

gm/cc gm/cc 
. ' 

.392 .448 .430 

.• 394 .452 .475 

.410 .454 .460 

.411 .450 .500 

.419 .450 .487 

'·.405 .445 .488 

Average Values 

.405 .450 .473 
. 

EVACUATION LEVEL: 3OMicrons 

TIME OF EVACUATION: 12 Hours 

PRESSURE OF IHPREGNflTION: 35 psig 

TIME OF II1PREGNATION: 65 Minutes 

Ultimate Hetention Percent Associating 
Volumetric Efficiency Retention 'Efficiency 

Change . 

1.13 .960 109.0 .843 

1.19 1.05 120.0 .814 

1.20 1.01 112.0 .847 

1.19 loll 122.0 • 794 

1.19 1.07 116.5 .780 

1.15 1.09 121.0 .761 

1.175 1.05 116.0 .807 
'. 

" . 
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TABLE 7 

Experiment 7 

GRAFTING VARIABLES' 

. SOLUTION: 65 :'32: 3 'Styrene, 

Methanol, Water 

DOSE: 3.5 Mr 

TEMPERATURE: 85°C 

TIME OF HEATING: 12 Uours 

Speoifio Monomer Polymer 
Uptake Retention Gravity gm/cc gm/oo 

.370 .460 .455 

.398 .444 • 444 
-

.405 .425 .425 

.378 .450 .386 

.408 .432 .448 

.404 .418 .444 

Average Values 

.394 .435 .434 

• Reject 

EVACUATION LEVEL: 9 Microns 

TIME OF EVACUATION: 10 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION: 10 Minutes 

Ultimate Retention Percent Associating Volumetric 
Change Effioienoy Retention Efficienoy 

1.19 .988 123.0 .862 

1.14 .998 .. 111.5 .455' 

1.13, 1.00 105.0 .771 

1.13 .855 102.0 .720 

1.12 1.04 110.0 .805 

1.14 1.06 110.0 .785 --
1.14 .998 110.2 .789 

. 

Ie 
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TABLE 8 

Experiment 8 

.... '.. GRAFTING VARIABLES 

. SOLUTION: 65132:3 Styrene, 
Methanol, Water 

POSE: 4.5 Mr 

TEMPERATURE: 105·0 

TIME OF HEATING: 12 Hours 

Specifio Monomer Polymer 
Uptake 'Retention Gravity gm/co gm/oo 

.426 .439 .464 

.412 .431 .454 

.444 .406 .395 

.444 .413 .387 
/ 

.443 .422 .la6 

.424 .421 .415 

Average Values. 

.432 .422' .422 

"Reject 

EVACUATION LEVEL: 8 Microns 

TIME OF EVACUATION: 12'Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION: 8 Minutes 

Ultimate Retention Percent Associating Volumetric 
Change Efficiency Retention Effioienoy 

1.19 1.06 108.5 .778 

1.24 1.07 llO.O .740 

1.19 .970 89.0 .239" 

1.19 .939 87.0 .716 

1.215 .985 96.0 .742 

1.19 .990 98.0 .743 

-
1.'20 1.00 98.1 .744 



. 
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TAllLE 9 

Experiment 9 

GRAFTING VARIABLES 

SOLUTION: 65:32:3 Styrerie, 
Methanol, Water 

DOSE I 4.5 Mr 

TEMPERATURE: 105°0 

TIME OF HEATING: 24 Hours 

Speoific Monomer Polymer 
Uptake Retention Gravity gm/cc gm/cc 

.387 .459 .475 

.390 .459 .465 

• 392 .464 . .438 

.403 .451 .445 

.396 .467 .455 

Average Values 

.394 .460 .456 

1'VACUATION LEVEL: 9 Microns 

TIME OF EVACUATION: 10 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OP' IMPRBGNATION: 67 Minutes 

Ultimate Retention . Percent Associating Volumetric 
Change Efficienoy Retention Efficiency 

1.19 1.04 123.0 .822 

1.19 1.01 119.0 .791 

1.23 .947 112.0 .768 

1.19 .985 110.0 .772 

1.19 .970 115.0 .788 
. 

1.20 .990 116.8 .788 
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-TABLE 10 

Experiment 10 

GRAFTING VARIABLES 

SOLUTION: 65:32:3 styrene, 

Hethano1, Water 

DOSE: 5 Mrads 

EVACUATION LEVEL: 5 ~licrons 

62 

. TEl<IPBRATURE: 75°C 

TIME OF EVACUATION: 11.5 Hours 

PRESSURE OF HlPRIDNATION: 35 psig 

TIl1E OF IMPREGNATION:' 65 Minutes TL'lt OF HEATING: 9 Hours 

Specific Monomer Polymer Ultimate Retention Percent Assoeia ting 
Gravity Uptake Retention Volumetric Efficiency Retention Efficiency gm/cc gm/cc Change 

.• 411 ..... - .415 1.17 --_ .. 100.5 .649 

.411 ---- • 418 1.19 ....... _- 101.5 .654 
i 

.405 ---- .425 1.14 .. --- 105.0 .655 
. 

. . 

.399 ---- .394 1.16 ---- 94.5 .648 

.410 ---- .357 1.15 ---- 87.0 .573 

.339 ... _-- .490 1.17 ---- 144.0 .639 

Average Values " 

.396 ---- .417 1.16 ---- 105.4 .636 

I 
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TABLE 11 

Experiment 11 

GRAFTING VARIABLES 

SOLUTION: 65:32l3 Styrene, 
Methanol, Water 

POSE: 5 Hr 

TEMPERATURE: 75°C 

TIME OF HEATING: 21 Hours 

EVACUATION LEVELl 4 Microns 

TIME OF EVACUATIONl 13.5 Hours 

PRESSURE OF IMPRmNATION: 35 psig 

TIME OF IMPRmNATIONl 65 Minutes 

-, 

Specific Monomer Polymer Ultimate Retention Percent Associating 
Uptake Retention Volumetric Gravity gm/cc gm/cc Change Efficienoy Retention Effioiency 

.448 ---- ·522 1.125 ... --- 116.5 .688 

.453 ---- .571 1.10 ---~ 125.5 .745 

.448 ---- .508 1.15 ---- 113.0 .683 

-.448 ---- .485 1.125 -.. -- 108.0 .693 
. 

• 445 ---- .489 1.125 ---- 109.5 .7CY7 
, -

.416 .... -- .509. 1.15 ---- 122.0 .686 
-; 

Average Values 

.443 --_ ... .510 1.13 ... __ I0Il 115.8 0.700 
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TABLE 12 

Experiment 12 

GRAFTING VARIABLES 

SOLUTION, 65:32:3 styrene, 

Methanol, water 

DOSE: 4 Mr 

TEMPERATURE I 95·C 

TIME OF HEATING: 9 Hours 

Specific Monomer Polymer 

Gravity Uptake Retention 
gm/co gm/co 

;435 _ .... -- .341 

.• 415 ---- .356 

.436 ... --- .304 

.439 ---... .294 

,420 ---- .• 245 

.363 ...... -... .523 

Average Values 

.418 ---- :344 

* Rejeot 

EVACUATION LEVEL: 4 Microns 

TIME OF EVACUATION: 13.5 Hours 

PRESSURE OF II'tPREGNATION: 35 psig 

TIME OF INPREGNATION: 60 Minutes 

Ultimate Retention Percent ASSOCiating volumetric Efficiency Retention Efficiency Change 

1.17 .. -- .... 78.2 .332· 

1.12 ~--- 85.6 .616 

1.14 ---- 69.9 .579 

1.10 ""1 ..... - 67.0 .589 

- -- ... -
1.10 ---.. 58.4 .541 

1.21 --....... 144.0 .708 

1.14 ---- 83.9 ,607 



TABLE 13 

Experiment 13 

GRAFTING VARIABLES 

SOLUTION: 65:32:3 styrene, 

Methanol, Water 

'DOSE: 4 Mr 

TEMPERATURE: 95°C 

'TIME OF HEATING: 21 Hours 

EVACUATION LEVEL: 2 Microns 

TIME OF EVACUATION: 11.5 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION: 65 Minutes 

Specific Monomer Polymer Ultimate Retention Percent AsSOCiating uptake Retention Volumetric Gravity gm/cc gm/oc Change Efficiency Retention Efficiency 

.469 _ ...... - .475 1.21 ... _-- 101.0 .695 I 

.465 ....... -.. .529 1.37 -"""_ ... 114.0 .725 

• 454 ... _ ...... .441 1.17 ... --- 97.3 .702 
" 

.471 ""'--- .505 1.20 ---- 107.0 .705 

.466 ---- .464 1.21 --_ ... 99.7 .680 

-.460 ...... -... .427 1.24 ---- 92.7 .707 
1"--- - ... _--- -~ 
~verage Values 

\ - ...--....,r .......... ------r-.. ~~ ._ ... _-
.464 ---- .474 1.23 --_ ... 102.0 .702 

.... 
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'I'ABT.lC 14 . 

Experiment 14 

GRAFTING VARIABLES 

SOLUTION: 54:4214 Styrene, 

Methanol, water EVACUATION LEVELl 1 Micron 

DOSE I 4 Mr TIME OF EVACUATION: 11.5 Hours 

'.l'EHPERATURE: 75°C 

TIME OF HEATING: 9 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION; 65 Minutes 

Specifio Monomer Polymer Ultimat~ Retention Percent Associating 
Gravity Uptake Retention Volumetric Effioiency Retention Efficiency gm/oc gm/cc Change 

.400 .... _-... .565 1.19 ---- 141.0 .767 --

.430 ---- .508 1,19 .... --- 119.0 .742 
~ 

.415 ---- .587 1.19 ---... 141.0 .768 
,..- . 

.430 ---- .574 1.24 ---- 133.5 .805 
.. "' .... "" .. ~-~ 

.419 ---- .560 1.16 ---- 133.5 .758 
... -.434 _ ....... - .588 1.21 ---- 136.0 .764 

--- - 4~ .""""'" """'-.. '" 
Average Values 

,lf23 --- .... .563·· 1. 20 -----~--r---' 134.0 .767 
-
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~ABLE 15 

Experiment 15 

GRAFTING VARIABLES 

SOLUTION: 54;42:4 Styrene, 

Methanol, Water 

. DOSE: 4 Mr 

TEMPERATURE: 75°C 

: TIME OF HEATING: 21 Hours 

-
Sp<;loif'io Monomer Polymer 

Uptake Retention Gravity gm/oc gm/co 

.376 ---- .628 

• 428 ---- . .• 487 

.• 430 .. _-- • 343 
-

.439 .. __ .... .• 334 

,.452 ---- .262 

.437 ---- .337 

Average Values 

.427 ---- .399 

EVACUATION LEVEL: 8 Microns 

TIME OF EVACUATION: 13.5 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION: . 65 Minutes 

~. 

Ultimate Retention Percent Associating Volume trio 
Change Effioienoy Retention Efficienoy 

1.17 ---... 166.5 .803 . 
1.17 --_ ... 116.0 .728 

,~ ... 
1.14 .... _-- 79.8 .680 

J8Bo .. 3' .. 
. - ... _-_ . 

1.12 ---- 76.1 .674 

1.14 -_ ...... 58.0 .632 

1.12 _ ... _- 77.3 .656 

-1.14 __ .tIII I 95.6 .696 
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TABLE 16' 

Experiment 16 

SOLUTION: 54:42:4 styrene, 

Methanol, water 

DOSE: 5 Mr 

TEMPF-RATURE: 95°C 

'TIME OF HEATING: 9 Hours 

Specifio Monomer Polymer 

Gravity Uptake Retention 
gm/cc gm/cc 

• 469 .... _ ........ .399 

.476 ---- .406 

.475 .. --- .• 411 
-. .474/ ... _- ... .~60 

.479 ........ .-.. .468 

.484 ---... .450 

Average Values 

.476 ... --- .432 

EVACUATION LEVEL: 1 Micron 

TIME OF EVACUATION: 13.5 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIME OF IMPREGNATION: 65 Minutes 

Ultimate Retention Percent Associating Volumetric Efficiency Retention Efficiency . Change .. 

- , ...... 

1.125 ---- 85.1 .673 
--

1.14 _ .... _-- 85.4 .705 -
1.125 ----- 86.8 .675 

1.19 .......... 97.1 .686 
- F-

1.19 .... .... -- 98.1 .701 

1.17 ---~ 92.8 .709 

1.16 ... - ...... ~ 90.9 .692 / 
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TABLE 17 

Experiment 17 • 
GRAFTING VARIABLES 

SOLUTION: 54:42:4 Styrene, 

Methanol, Water 

DOSE: 5 Mr 

TEHPERATURE: 95'C 

TIME OF HEATING: 21 Hours 

~-

EV ACUA'rION LEVEL I 1 Micron 

TIME OF EVACUATION, 11.5 Hours 

PRESSURE OF IMPREGNATION: 35 psig 

TIMF; OF D1PREGNATION: 65 Minutes 

-
Specific Monomer Polymer Ultimate Retention Percent Associating 

Uptake Retention Volumetric 
Gravity gm/cc gm/cc Change Efficiency Retention Efficiency 

. --.376 -_ ... _- .381 1.17 ---- 99.5 .687 

-- . 
.358 ---- .377 1.10 -_ ....... 105.0 .691 

.372 --..... .383 1.14 ---- 103·0 .704 
0 . 

.376 ---- .366 1.10 ---- 96.5 .683· _. 

.396 .... _-- .358· 1.06 ---- 89.9 .688 

.414 .... _ .. - .367 1.06 ---- 88.2 .655 
----1.---

Average Values 
, 

.382 ---- .382 I 1.12=:1- -~--:] :::~7"oT '~685 : :~ 
.. ~ 
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'J.'ABLE 18 

Experiment 18 

GRAF'.!.'ING VARIABLES 

SOLU1'ION: 76; 22.5; 1..5 styrene. 

Methanol, Water 

DOSE: 3.5 Mr 

'J.'IME OF HEATING: 12 Hours 

Specific Monomer Polymer 
Uptake Retention 

Gravity gm/oCc gm/cc 

.510 .258 .239 

.• 518 ,362 .287 

.477 .161; .151 

• 429 .178 ',187 . 

.419 .438 .398 

.402 ,,506 .479 

EVACUATION LEVEL: 0.4 mm 

'rnlE OF EVACUATION: 12 Hours 

PRESSURE OF IMPREGNATION: Atmospheric 

TIME OF I14PREGNATION: 10 Minutes 

-----
Ultimate Retention Percent Associating 

Volumetric 
Change Effioiency Retention Efficienoy 

-
1.07 .927 46.9 .560 

1.12 .794 55.5 .594 
, 

1.06 .921 31.7 .340 

- -:423 1.085 1.05 42.5 

- " .. -
1.21 .909 96.1 .698 

.... , 
1.24 .945 119.0 .660 
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TABLE 19 

Experiment 19 

GRAFTING VARIABLES 

.. .. . .SOLUTION: 76: 22.5: 1. 5 styrene, 

·Methanol, water 

· DOSE: 3.5 Mr 

TlI-IE OF HEATING: 12 Hours 

.. 

Monomer Polymer 

EVACUATION LEVEL: 10 Microns 

TIME OF EVACUATION: 10 Hours 

PHESSUR8 OF nIPREGNATION: Atmospheric 

TnlE OF IMPHEGNATION: 35 Minutes 

Ultimate Assooiating Specific Uptake Retention Volumetric Retention Peroent 
Efficiency Retention Efficienoy Gravity gm/co gm/cc Change --~.-~ , 

.421 .239 .216 1.08 .905 . 51.4 .449 
-..,., ..... -

· 

.428 .186 .176 1.085 .<;147 41.1 .474 

.432 .223 .198 1.06 .889 46.0 .569 
-, • .,.-q- -

A40 ,257 .224 1.08 .873 51.1 .631 
~ 

.450 .236 .228 1.08 .967 50.7 .564 
- . 

· • 417 .359 .340 1.165 .• 947 81.5 .650 

,.-..-" 

.. > 

",-,,:.1" 
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TABLE 20 

Experiment 20 

GRAFTING VARIABLES 

SOLUTION: 76:22.511.5 styrene, 
Methanol, water EVACUATION LEVEL: 3 rom 

TIME OF EVACUATION: 10 Hours DOSE: 3.5 Mr 

TEMPERATURE: 85°0 PRESSURE OF IMPREGNATION: Atmospherio 

TIME OF HEATING: 24 Hours TIME OF IMPREGNATION I 10 Minutes 

--,.---
SpecU'ic Monomer Polymer Ultimate Retention Percent Associating 
Gravity Uptake Retention Volume trio Effioienoy Retention Efficienoy 

f!lAIoo gm/oc Change . 
• 414 .306 .360 1.11 1.18 87.4 .625 

-
.454 .153 .176 1.08 1.15 38.8 .351 

- -
.421 .431 .496 .1.22 1.15 117·5 .698 .. 

.404 .438 .471 1.195 1.08 117.0 • 673 

.406 .421 .440 1.15 1.04 108.5 .667 
----' 

.404 .448 .536 1.19 1.19 132.5 .673 
. .. , 

\. 

"---- . 



TABLli: 21 

EFFECT OF SOLUTION 

SOLUTION: 'styrene:methanol:water ratio 

Reference 

~umber of Samples 

Average Specific Gravity 

~verage Void Volume of Dry Woodl 

_ cc' s void per· cc of wood 

DenSity of Solution 

gm/cc 

Total Solution Uptake 

Gmsof solution/cc of wood 

Estimated Volume of Solution in Wood 

cc of solution 

'. 
cc of wood 

Estimated Volume of Solution in Wood 
Average VoId Volume of Dry wood 

Monomer Uptake 

gm styr~ne/cc of wood 

Polymer Retention 

gm polymer/cc of wood 

Retention Efficiency 

% Retention 

gm polymerism of wood 

Ultimate Volumetric Change 

cc's of final sample per 

cc of original wood 

Associating Efficiency 

Estimated Variance of 

Associating EffiCiency: 

• based on 14 samples 

•• b~sedon 23 samples 

82 

76:22.5:1.5 
Tables 2-5 

26 
0.440 

0.702 

0.875 

.665 

.761 

1.08 

0.505 

0.425 

0.836 

96.6 

1.13 

.679' 

.00159 

73 

65132:3 54142:4 
Tables 6-13 Tables i4-17 

47 24 

0.418 0.427 

0.722 0.715 

0.866 .. 0.855 

.690 .821 

--
.797 .961 

1.10 1.34 

0.448-- 110.444" 

0.441 0.444 

0.984 "1.00" 

110.3 104.4 

1.17 1.16 

.721 .710 

.00577 .00183 

-



, hea.ting treatment and the duration of the heating treatment, undoubtedly 

"affect the dependent variables! (e.g., % retention, retention efficiency, 

", "e,l;e.). However, a close analysis of the results, as summarized in 

,1'aQles 2 - 20, will reveal that the range of these variables is such 

that the effect of the upper and lower limits is essentially equivalent. 

That is, the doses 3.5 Mrads and 5.0 Mrads affect the dependent 

1 variables in the same manner. Similarly, the same is true of the 

temperatures in the range 75 - 105°C and the time of heating in the 

, range 9 - 24 hours. It is believed that the total doses are such 

that enough free radicals are generated at the 3.5 Mr level to have 

oomplete polymerization. Heating in the range 75 - 105°C for any 

period of time from 9 - 24 hours will almost entirely gelate the 

system. 

2. Effect of Solution 

The effect of varying the ratio of styrene, methanol and 

water on the various dependent variables is shown in Table 21, which 

is a synopsis of 'l'abl<ls 2 - 17. 

The average void volume was calculated on the basis of a 

wood-substance density of 1.50 gm/cc. (The density of cell-wall 
',- :-<, 

su~stance is fairly constant in all kinds of wood.) 

The ratio of the volume of the solution taken up to the 

void volume of the dry wood was included in Table 21 for the following 

reason: when wood absorbs a non-polar compound like benzene, the 

maximum volume of liquid that could be taken up is the void volume of 
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the" wood. On the other hand, when wood is placed in a humid environment, 

the cell walls are saturated fi~t (fibr~ saturation pOint), after 

wnich time the cell cavities begin to fill. This indicates that if 

wood absorbs a greater volume than the void volume, sorption into the 

cellulose itself has taken place. For example, if the ratio of volumes 

is 1.05 we know that sorption into the walls has occurred. However, 

it should be noted that the cell cavities need not necessarily be 

totally filled in order to obtain this ratio, for the walls may be 

completely saturated and the cavities only partially filled. 

Unfortunately the weights of samples for the experiments 

using the 54% styrene solution (Tables 14 - 17) were not taken 

immediately after impregnation and therefore for these runs the retention 

efficiency could not be calculated. However, based on this author's 

work, it is assumed that 100% of the monomer taken up was polymerized. 

(A) Solution and Monomer Uptake 

As mentioned previously, there are two distinct regions in 

which solution uptake can take place -- the cell cavities and the 

cell walls. Due to the prevalence of hydrogen bonding, the cell 

walls can be penetrated only by polar compounds and hence the penetration 

of styrene into the cell wall is dependent upon the amount of water 

and methanol present in the solution. It is seen from Table 21 that 

the volume of solution uptake is increased as the proportion of methanol 

and water is increased. For the experiments using the 76122.511.5 

styrene, methanol and water solution (hereafter referred to as the 
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76% treatment), the wood takes up 8% more solution than the cell cavities 

theoretically can acoommodate. Similarly for the 65% and 54% treatments, 

this value ia 10% and -34% respectively. Hence, one, two, or all of 

the three components of the solution have diffused at least partially 

into the call wall. It is also probable that the more methanol and 

water in a solution, the greater is the sorption into the wall (but 

not necessarily in the ratio 8:10:34 for the three solutions because 

the cell cavities may not be filled to the same extent). It is also 

evident that although the solution uptake is greater for the 65% and 

54% treatments than for the 76% treatment, the monomer uptake is less. 

(B) Retention Efficiency and % Retention 

. It appears that for the 76% treatment, about 16% of the 

monomer taken up. by the wood has not been converted to either homo~ 

or grafted polymer whereas for the other treatments, 100% conversion 

has been realized. This can be explained by the effect of methanol. 

Methyl aloohol has a GR value of ca. 10 (1) as compared to 0.69 for 

styrene. Thus, an increase in polymerization will be caused by the 

radiolysis of methanol into free radicals which are capable of 

initiating homopolymerization. This sensitization effect of methanol 

has been found by several workers (1, 6 - II, 28, 33, 44, 45, 48, 49). 

The effect of water, per sa, has been found to have no effect on the 

polymerization of styrene (28, 40). In comparing the three treatments, 

it is seen that more monomer is taken up by the wood in the 76% treatment 

but less ~ converted into polymer. This cancellation of effects results 
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in approximately the same amount of polymer retained in all samples; 

i.e., -.422, .441 and .444 gm/cc for the 76, 65 and 54% t~eatments 

respectively. 

The % retention is a function of the retained polymer and 

the original weight of the wood. Since the retained polymer and the 

specific gravity are both based on the volume of the original wood, 

the % ~etention is simply the ratio of the former to the latter. The 

results show that approximately 50% of the final treated sample is " 

polymer and 50% is wood. 

- (e) Ultimate Volumetric Change 

Red pine wood, when saturated with water will swell about 

11.6%. (This value was calculated from the experimental work carried 

out by Werezak in which 67 oven-dry wood samples were soaked in water 

for one month.) It is thus surpri~ing that the ultimate volumetric 

change of the wood swollen with polymer is larger than this value. 

The change ranges from 13% for the 76% treatment to 17% for the 65% 

treatment. It appears that the larger styrene molecules which have 

penetrated into the walls with the aid of the swelling agents (methanol 

and water) are capable of swelling wood to a greater extent than water. 

_ 'fhis phenomenon has also been observed by Kenaga et al (60). They 

found that water-saturated solutions of styrene in dioxane and acetone 

swelled similar ponderosa pine wafers in the tangential direction 113.6 

percent and 105.9 percent in the radial direction (based on a water

swell of 100%). These worke~s believed that the large inc~ease in 



total awell is due to an opening of the more ordered areas of the 

micelles ·during treatment. Now, it can be shown that there is no 

. significant difference between the volumetric changes for the 65% and 

54% treatment at the 95% confidence level, but that there is a difference 

between these and the change for the 76% treatment-. It seems reasonable 

to assume that the more polystyrene that is present in the cell wall, 

the greater is the swelling of· the wood. Thus more polystyrene is 

probably present in the cell walls of the wood treated with the 65 and 

54% solutions than for that treated with the 76% solution. This argument 

. is given more weight by an analysis of the associating efficiency. 

(D) AssoCiating Efficiency 

It would be helpful to review briefly how the associating 

efficiency was obtained. After an impregnated sample was irradiated, 

it was heated in an oven. This heating drove out any unreacted 

monomer and the solvents methanol and water. The sample was then 

ground to a fine mesh and then extracted with hot benzene for six 

days. Since benzene is a non-polar compound it is unlikely that very 

much extraction of the polymer imbedded in the cellulose network 

occurred. However, the complete extraction of the homopolymer in the 

cell cavities is probable. Thus the associating efficiency (A. E.) 

• The estimate ·of the popUlation standard deviation is equal to 

0.0489, 0.0373 andO.0332 for the volumetric changes 1.13, 1.17 and 

1.16 respectively. 
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seems to be a good measure of the percentage of the polymer in the 

final treated sample which is in intimate contact with the cellulose 

in the secondary wall. Now it can be shown that, based on a "t" test 

at 95% confidenoe limits, there is no significant difference between 

the A. E. of the 65% and 54% treatments (.721 and .710 respectively); 

but there is a'difference between the A. E. of the 76% treatment (.679) 

and either of the other two. This confirms the ultimate-volumetric

change-results. 

The equivalence of the associating efficiences for the 

65% and 54% was unexpected. If it be assumed that the swelling of 

the wood is due to the homogeneous penetration of the solution into 

the cell wall, then the 54% treatment would yield a much higher proportion 

of associated polymer than the 65% treatment because of the much greater 

solution volumetric uptake beyond the cell cavity volume (34% ve. 10%). 

Hence a higher associating efficienc~ would be obtained. In order to 

explain the results it is therefore necessary to reject the assumption 

that. there is a "homogeneous" sorption of solution into the cell 

wall.. A possible explanation for the results is as follo\'1s: when an 

evacuated sample is immersed in a solution of styrene, methanol and 

water. the cell cavities take up the bulk of the solution as in the 

case of a pure non-polar liquid like benzene or styrene. Now it is 

known that the cellulose in the secondary wall has a great affinity 

for water and to a less extent for methanol. On the other hand. the 

bulky non-polar styrene molecule is not able to penetrate the cellulose 
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network at all unless the latter is already swollen. Thus it seems 

likely that the wall preferentially "extracts" water and methanol 

'from the solution leaving most of the sytrene in the cell lumen. 
, '-.---~ .-,'''-.' -- -' 

This 'process can be thought of as analogous to dialysis separation. 

After the secondary wall is sufficiently swollen, styrene will diffuse 

slowly into the cellulose displacing methanol and water. The literature 

indicates that this replacement of one liquid by another is indeed 

slow. It has been shown that water in fully swollen cross sections 

of wood can be replaced by'methyl alcohol almost completely by 

repeatedly transferring the specimens to fresh methyl alcohol about 

once a day for about two weeks (14). Huang (28) found that by using 

the "inclUSion technique", the total time of operation took as long 

as 24 hours, even with the use of five or six fresh displacement 

,liquids. Similarly, Kenaga, Fennessey and stannett (60), on using 

the solvent displacement method with water, acetone and styrene, allowed 

six days for the operation, even though they used wood wafers 1/4f1 

in the longitudinal direction. Thus, considering the fact that 

(1) the samples were impregnated for only 8 - 65 minutes 

(2) the samples were 16 inches long, a length which would 

oreate diffusion problems, 

it is probable that diffusion of styrene into the cell wall from the 

lumen was still occurring during the irradiation step. Also, according 

to Kenaga et al (60), it is possible that ·there is an interaction 

between the cellulose and the solution, leading to an opening of the 
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more ordered areas of the cellulose. This would also contribute to 

the diffusion of styrene from the lumen into the wall during the 

irradiation step. This assumption is corroborated-by the observation 

that the volumetric ohange of the wood samples direotly after impregnation 

was, in almost all cases, less than the final volumetric ohange after 

irradiation and heating, notwithstanding the fact that polystyrene 

has,a specific volume of 0.952 and styrene, 1.11. 

Now it is evident that two important competing processes 

are occurring during irradiation: 

(1) the diffusion of styrene into the secondary wall 

(2) the homopolymerization of styrene in the cell oavities 

Methanol increases both effects! the first, by opening 

(along with water) the tightly hydrogen-bonded cellulose structure 

to allow styrene dif!-'usion; the second, by forming free radicals on 

radiolysis which are capable of initiating homopolymerization in the 

cell lumen. Hence it is seen from Table 21 that, although increasing 

the solvent content of the styrene-methanol-water solution will increase 

the swelling of the secondary wall, it will also increase the homo

polymerization of the styrene in the cell oavities. The net result 

is very little difference among the associating efficiencies of the 

three treatments. As will be shown later, it is believed that water 

plays a very important positive role in the grafting (or associating) 

prOcess; however, the swelling-homopolymerization effect of methanol 

probably overrides the difference in grafting caused by the change 



from 3% to 4% for the 65 and 54% treatments respectively. 

It i.6 noted that the estimated varianoe, i. for the 65% 
\, 
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treatment is more than three times that of the other two treatments 

(.00577 vs •• 00159 and .00183). Experiments 6 • 9 (shown in Tables 

6 • 9) were oarried out months before experiments 10 • 13. The former 

have associating effioienoies about 15% higher than the latter. This 

cannot be explained. However, this difference in A.E. values resulted 

in an estimated variance which is significantly higher- than that of 

the other two treatments. 

Based on this author's work, in which two soxhlet extractions 

were carried out per sample (for thirteen samples), the estimated 

8 -4 variance of the A. E. was calculated to be 3.2 xlO • This can be 

used as a measure of the precision of the actual technique of measuring 

the A. E. Since the variance of a final measurement is equal to the 

sum of the individual factors causing deviations and since the estimated 

variances for the experiments (.00159 •• 00577 and .00183) are 

significantly higher than 3.28xlO·4 it is assumed that factors other 

than "solution" do affect the associating efficiency. 

3. Effect of Solution or Monomer Uptake 

The results (Tables 2 d 20) definitely indicate that under 

the experimental conditions used (within a given solution) the monomer 

uptake is the predominant factor influencing polymer retention, peroent 

- Based on F test at the 0.05 probability level 
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retention and associating effioienoy. It is obvious that the percent .. 

retention is dependent upon the monomer uptake, for in most cases 

the retention efficiency is about 100%. It should be notad that the 

percent retention and polymer retention can be deliberately restricted 

by limiting the quantity of solution absorbed by the wood,. Most 

researchers in this field have irradiated the cellulose or wood substrate 

in an excess of solution. 

The posit'ive oorrelation between monomer uptake and associating 

efficiency is more difficult to explain. If it is assumed that constant 

weight was not reached during the extraction stage, then the samples 

with a greater initial polymer concen'tration would obviously yield a 

higher A. E. However. Ramalingam and Werezak studied this aspect of 

the extraction process and concluded that constant weight was reached 

well before the six days cf aotual extracting. Also,'Huang (28) 

found that constant weight was reached after about 50 hours of extracting. 

Looking at the problem superficially, one would expect that the higher 

the ratio of wood to monomer (i.e., less uptake). the higher would be 

the associating effioiency beoause there would appear to be more 

wood available for l1assooiating" per gram of monomer. Since this is 

not the cas!;>. a more detailed examination is necessary. 

The main factors (aside from the type of solution) affeoting 

monomer uptake are: 

(1) degree of vacuum 

(2) time of evacuation 
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(3) pressure gradient during impregnation 

(4) time of impregnation 

(5) specific gravity of wood 

(6) type of wood (sapwood or heartwood) 

(A) Method of Impregnation 

Pumping to a lower ultimate pressure will permit more 

solution to be taken up by the wood for a given time and pressure of 

impregnation. The pressure Of impregnation would inorease the solution 

uptake because it would force the solution into regions inaocessible 

by atmospheric treatment. In all runs carried out by Werezak except 

those shown in Tables 18 • 20, the degree of evacuation varied from 

less than one micrcn to thirty microns for periods of 10 - 13.5 hours. 

The pressure of impregnation for these same experiments was 35 psig 

and the time of impregnation varied from 8 to 65 minutas (except 

for Experiment 1, shown in Table 1). It is difficult to determine 

the effect of the evacuation and impregnation on the solution uptake 

for these experiments because of the similarity of treatment. 

Fortunately, in Experiments 18 - 20, Werezak attempted to reduce the 

uptake by decreasing. the evacuation, reducing the pressure to 

atmospheric and decreasing the time of impregnation. In the treatment, 

some.~mples floated above the impregnating solution for varying times 

anll then sank, and others sank immediately. As is shown in the 

results, the· monomer uptake varied considerablYl viz., from 0.153 

to 0.506 gut styrene/cc of wood.. (The cell cavities can theoretically 
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accommodate an average of (1 - 0.435/1.50) x 0.875xO.76 .. 0.473 gm/cc 

based on the average specific gravity of 0.435.) Now if the difference 

in monomer uptake is thought to be caused simply by the difference in 
.-,.:,:.-:'_:".-.:J''-

the number of cells that are filled in a given manner," then the 

associating efficiency will be essentially the same in all cases I 

Le., the associating effioiency is independent of the numoer of 

traoheids that contain pOlystyrene. However, a plot of associating 

efficiency versus monomer uptake (Figure 4) shows that there is a 

signifioant positive correlation (at 99.9 confidence level)·. The 

result indicates that the increase in monomer uptake is brought about 

" primarily by the increase in monomer content in the secondary wall. 

This"increase of penetration is brought about by ths oombination of 

higher vacuum, higher pressure of impregnation and a longer period 

of impregnation (and one other factor discussed on Pagel~. 

Because of the relatively large range of monomer uptake 

values for Experiments 18 ~ 20 (Tables 18 - 20), it would be interesting 

to determine whether there is truly a relationship between the ultimate 

volumetric change and the monomer uptake. Figure 5 shows that there 

is a relatively good positive correlation between the two. A similar 

plot is shown in Figure 6. Here the ultimate volumetric change is 

plotted Versus the associated polymer (associating efficiency x polymer 

retention). The good correlation verifies the assumption that the 

* (Included in this graph are Experiments 2, 4 and 5 in which higher 

evacuation and pressure were used) 
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FIGURE 4 

Solution: 76% styrene, 22.5% methanol 

and 1. 5% wa ter 

Dose: 3.5 - 4.5 Mrad 

Experiments: 2, 4, 5, 18 - 20 
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FIGURE 5 

Solution: 76% styrene, 22.5% methanol and 1.5% water 

Dose: 3.5 Mr 

Experiments: 18 - 20 
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Solution: 76% styrene, 22.5% methanol 

and 1.5% water 

Dose: 3.5 Mr 

Experiments: 18 - 20 
Associated polymer = polymer retention x A.E. glee 
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RELATIONSHIP BETWEEN ULTIMATE VOLUMETRIC CHANGE 
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associated polymer is primarily in the walls. 

In Tables 18 - 20 it is noted that the average retention 

efficiency is significantly larger than the values in Tables 2 - 5 

in Which the same solution was used as impregnant. One possible 

explanation is that since there is a higher wood-to-monomer ratio 

and since wood is believed to increase polymerization by an energy or 

chain transfer process (discussed later), the reteption effioienoy 

will increase. 

(B) Effect of Specific Gravity 

The specific gravity or density of wood is strongly dependent 

upon the thickness of the secondary wall of the wood cells. Thus 

a less dense sample of wood should theoretically be capable of absorbing 

more of a non-polar liquid like benzene than a more denae sample 

because. of the greater voidage or lumen volume. For polar liquid, 

such as water, the same is true (for wood whose specific gravity lies 

in the range 0.35 - 0.55) because the walls will adsorb only 25 - 30% 

by weight whereas the cell cavities will absorb up to 200% (baaed on 

weight of wood). Thus there should be a relationship between monomer 

uptake (or solution uptake) and specific gravity. Figures 7 and 8 

show that there is indeed a valid correlation between these two 

factors for the 65% and 76% styrene solutions. For the experiments 

using the 54% styrene solution (Tables 14 - 17), (assuming monomer 

uptake = polymer retention), the correlation is less evident. However, 

if one disregards Table 17 (perhaps these samples are heartwood; see 
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Solution: 65% styrene, 32% methanol 

and 3% water 
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Experiments: - 6 - 9 

o 

o 
o 

000 

o 

o 

Y = -0.666x + 0.713 

N = 23 
Y = 0.442; X = 0.407 

A 2 4-4 S(Y) = 1.3 xlO 

S(b) = 0.125 

r =-0.759 

o 

90 

," \ 0.40 .. ______ .. ______ .. __ ~ __ ~ ________ ~ 

0.34 0.42 0.46 

X, Oven-Dry Specific Gravity 

EFFECT OF SPECIFIC GRAVITY ON MONOMER UPTAKE 

(after Werezak) 

0.50 



0.54 

o 

0·50 

0.48 

0.46 

0.34 

o 

o 

o 

o 

o 

0.38 

0 

0 

0 

0 

0.42 

x, Oven-Dry 

91 

Solution: 76% styrene, 22.5% methanol 
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Solution: 65% styrene, 32% methanol and 3% water 
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Page 100), a relationship between specific gravity and polymer 

retention is definitely noted. 
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In these experiments in which the monomer uptake is related 
'-,--~,~. 

to the speoific gravity of the wood, the associating efficiency, in 

turn, seems to be dependent upon the monomer uptake, as in the case of 

the experiments shown in Tables 18 - 20. In Figure 9, the associating 

efficiency is plotted against the specific gravity for the experiments 

using 65% styrene solution (Tables 6 - 9) and a significant correlation 

is obtained. In Figures 10 and 11, the associating efficiency is 

plotted versus the polymer retention and significant positive 

correlations are obtained. The surprising results aid in determining 

where the polystyrene is located within the wood structure. There are 

several possibilities: 

(1) exclUsively on the lumen surface 

(2) throughout the secondary wall 

(3) partially within the secondary wall 

(1) On the Lumen Surface 

There are several reasons why grafting cannot be limited 

to the inner surface of the secondary wall (as would be the case for 

pure styrene). Firstly, the treatment caUses the wood to swell. 

Since the lumen volume does not change as the secondary wall swells 

(12 ~ 14), this indicates that penetration into the walls has occurred. 

Secondly, there are far too few radicals available for the reported 

grafting of the polystyrene onto the lumen surface alone (see Appendix 
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III}.· Thirdly, it can be shown that if we assume that gr~fting or 

assooiating is a function of the percentage of polymer in intimate 

contaot with cellulose, the associating efficiency. theoretically 

inc~eases (and not decreases as shown in Fi~~9) with increasing 

density of the original wood or decreases (and not increases as shown , 

in· Figures 10 and 11) with increasing polymer retention. For example, 

consider Figure 7. ·The equation is 

M = 0.713 - 0.666 Sd ------ (1) 

wh&re M is the monomer uptake in gm/cc and Sd ie the specific gravity 

of the original wood. Now the specific gravity oan be expre~sed in 

terms of the average lumen diameter, d, and. the tracheid 'diameter, D. 

where nie the number of oells per c.c. of wood and L is the average 

length of these oells. The final equation ie 

Combining (1) and (2), 

i - -) 
D2 

M = i/D2 - 0.287 

(2) 

Now the aesociating efficiency can be expreseed as a function of the 

lumen oircumference (circumference x length of traoheid = surfaoe area 

for grafting) over the monomer uptrute: 

Associating Efficiency = f( nltd.L) 
i-o. 287 
UZ 

(4) 

It is seen that the value of the associating efficiency increases with 
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decreasing.d (i.e ••. increasing specific gravity) if the grafting is a 

surt'ace phenomenon. This is contrary to the results as shown in 

ti~e 9. Thus . ..j;he grafting oannot be exclusively a surface phenomenon. 

(2) Throughout the Secondary Wall 

.If styrene monomer (and subsequently, polystyrene) were 

looated throughout the seoondary wall. a greater percentage of 

grafting (or associating) would occur in the situation where the ratio 

. of initiating species (cellulose) to the monomer was the highest 

(i.e., for the case of the denser wood). The opposite, in fact, is 

true. Also. it would be expected that if polymer were located through-

out the secondary wall, a greater dimensional change would ocour for 

wood with the highest specifio gravity (see page 19). No correlation 

in fact was found between speoific gravity and the ultimate volumetric 

ohange. Thus, for these two reasons. it is unlikely that the grafted 

or associated polymer is located throughout the cell walls. 

(3) Partially Within the Secondary Walls 

Having rejected the possibility that the associated polymer 

is located exclusively on the lumen surface or throughout the cell 

walls. it remains that the polymer is located partially within the 

walls. An equation similar to Equation (4) can be derived for this 

model. 

where t 

Associating Efficiency = f(n2L.n.t(d+t» 
:L - 0.287 
D2 

is the depth of penetration of the associated polymer. 

; 
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If we assume a homogeneous diffusion of solution into the cell wall, 

it .can be shown that the styrene-concentration gradient in the wall 

is essentially the same for all tracheids regardless of wall thickness 

(63). For equal values of t, it can be shown that Equation (5) yields 

a higher associating efficiency for samples of wood with a higher 

specific gravity or 10l1er "d". Again this is contrary to the experi-

mental eVidence. 

The results can be explained, as in a previous discussion, 

on the basis of "preferrential extraction" from the solution by the 

cellulose in the walls. A sample of wood will absorb the solution 

into the cell cavities. The methyl alcohol and water will be sorbed 

relatively quickly into the cell walls, enabling the subsequent 

diffusion of the styrene molecules. A less dense sample will absorb 

more solution and consequently will have more methanol and water 

available for opening up the cellulose network per unit weight of 

cellulose. As an example, consider Table 15. The sample with a 

specific gravity of 0.376 will absorb 0.628x42/54 = 0.489 grams of 

methanol and 0.628x4/54 = 0.0465 grams of water per 0.376 gm. of wood 
I 

or 1.30 gm. of methanol and 0.124 grams of water per gram of wood. 

The sample with a specihc gravity of 0.452 will similarly absorb 

0.447 gm. of methanol and 0.043 gm. of water per gram of wood. Thus 

the less dense sample will have more than twice the amount of methanol 

and three times the amount of water available for loosening-up the 

cellulose structure and opening the path for subsequent grafting 



(0.803 vs. 0.632 for the examples cited). The lit" of Equation (5) 

oan be thought of as being larger for the less denae samples. 
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If the samples of wood, (as in some instances), regardless 

of specific gravity, absorb more methanol than the cell walls can 

accommodate (fibre saturation point), the methanol-to-wood ratio 

would have little effect on the associating efficiency because the 

amount of methanol beyond the fibre saturation point will remain in 

the lumen. However, the literature seems to indicate that water has 

a much greater effect on the grafting process than methanol. The 

presence of traces of water has been shown to increase greatly the 

swelling' of wood in liqUids (14). Huang (28) found that mixtures of 

styrene and 99.5% methanol gave substantial grafting onto rayon 

(7 -8% moisture content) but when the methanol and rayon were dried 

over P205' very little grafting (ca. 5%) occurred. Raraalingam (61) 

found that an increase in water content (1.5 to 9%) in a styrene

methanol-water solution decreased the polymer extracted (Le., increased 

the associating efficiency) by 20 - 100%. Similar results have been 

found by other workers (31, 36, 38, 40, 46, 47, 49). Thus, since the 

amount of water absorbed by the wood samples is much smaller'than the 

amount needed to saturate the walls, the wood with a specific gravity 

of 0.376 will sorb into the walls almost three times as much water as 

the 0.452 specific gravity sample and therefore yield a higher 

assooiating efficiency. 
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CO" Type of Wood 

Permeability, as measured as the rate of flow of water 

through water-satura'ted wood under a fixed pressure, has been found 

to be more than 100 times as great through sapwood as through heart

wood (14). Erickson and Balatinecz (64) found similar results when 

they forced catalyzed monomeric styrene into wood and polymerized the 

liquid to a solid condition. Microscope slides showed that sapwood 

contained a far greater percentage of penetrated cells than did 

heartwood. It is possible that the samples used by Werezak in 

Experiment 17 (Table 17) were heartwood because of the low monomer 

uptake. Similarly, the lack of correlation between specific gravity 

and monomer uptake for Experiments 10 - 13 might have been caused by 

the presence of heartwood samples. It should be noted. however, that 

there.is still a correlation between assooiating efficiency and polymer 

retention (see Figure 11). This oan be explained by an argument 

similar to the one used in the last section; Le., the samples which 

take up more solution have. more methanol and particularly more water 

available for Bwelling per weight of wood. 

Similarly, the increase in monomer penetration for the 

experiments shown in Tables 18 - 20 can be explained on the same 

basis •. 
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SCOPE OF PREsENT INVESTIGATIONS 

This thesis is the third in a series of research programs 

oa,rried out with the particular aim of improving the structural properties 

of'';;oQd. by means of the radiation-induced graft copolymlirization of 

thia material with styrene. At the outset of this study, analysis of 

previous work led one to believe that 

(1) there was a direct correlation between the grafting and 

the bending strength of wood. 

(2) there were many free radical aites not being utilized in 

the grafting process. 

(3) the diffusion of monomer toward these sites could be 

enhanoed by meana of increasing the temperature of the·reaction. 

Because the earlier irradiations had all been carried out in 

the McMaster swimming pool reactor, previous workers had not been able 

to heat the system at a time when the radical concentration· was highest, 

namely, during the irradiation period. Hence, for this work, an 

apparatus was constructed in which a sample of wood large· enough for a 

'standard bending strength test could be irradiated at elevated temperatures. 

"<The experimental method used was essentially the same as'that used by 

Ramalingam (61) and Werezak <54) except for the irradiatlon" step. The 

e~erimental conditions optimized with respect to the bending strength 

byWerezak (62) were used. 

This work can be divided conveniently into two sections: 

(1) a study of the effect of wood on the polymerization of 
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styrene. 

(2) a study of the effect of homo~ and grafted polystyrene 

on the wood. 

The second investigation concerns itself with the structural changes 

brought about by the treatment and will be discussed in PART 2 of this 

thesis. The first study consists of a brief look at some kinetic 

aspects of the polymerization of styrene within the wood structure. 

This investigation was necessarily subordinate to the structural 

analysis because all the materials and procedures used in this thesis 

program were selected with respect to the latter. Hence, the following 

section is restrictive in scope and qualitative in nature. It has been 

divided into three main sections: 

(A) the effect of temperature on the radiation-induced 

polymerization of pure styrene and styrene in solution. 

(B) the effect of temperature on the radiation-induced 

polymerization of styrene in wood. 

(C) the effect of irradiation dose and post-irradiation 

treatment on the radiation-induced polymerization of 

styrene in wood. 
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EXPERIMENTAL DETAILS 

A. Materials 

(1) ~ 

Red pine sapwood was used for this work. A description of 

this wood is found in the "Textbook of Wood Technology", Vol. I, 

page 458 (12). 

(2) Styrene 

Styrene monomer (Eastman Organic Chemicals, Highest Purity) 

was purified by removing the inhibitor (tert. butyl pyrocatechol) with 

a 10% sodium hydroxide solution, washing with distilled water and then 

drying over anhydrous calcium sulphate. Before using, the styrene was 

always checked for indications of polymerization by adding a small 

amount to en excess of methanol. 

(3) Methanol 

Reagent grade methanol (Fisher A.C.S. Reagent Grade) was 

used. This solvent contains 0.5 - 1.0% water. 

(4) ~ 

Distilled water was used. 

(5) Benzene 

Pure benzene (Fisher A.C.S. Reagent Grade) was used both for 

the Soxhlet extraction and the molecular weight determinations. 

B. Experimental Procedure 

The experimental procedure used in this work was in general 

similar to the procedure used by Ramalingam (61) and Werezak (54). 
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In the previous work, control samples were used because of 

the. intrinsic chemical and physical variability of wood. Samples were 

examined in groups of three. One piece (16" x 3/4" x 3/4") from a 

given longitudinal strip was impregnated and irradiated; one was 

irradiated without impregnation and the other retained as a control. 

In this work, this method was not used for the following 

reasons: 

(1) the gamma-irradiating facility was such· that only one 

sample could be irradiated at a time. 

(2) the variability of wood is such that in general the 

assumption of equal properties for the control and the treated sample 

was unjustified considering the relatively large dimensions of the 

samples. 

(3) a preliminary study showed that most of the variable 

factors in wood (e.g., specific gravity) could be taken into account. 

Before Evacuation 

Clear knot-free samples of red pine sapwood were chosen at 

random from an assortment of over two hundred piecss. These were 

planed to a dimension of approximately .675" x .625" x 16", and 

measured to 5/1000 of an inch by a caliper. The average ring count 

was measured. The weight of the sample was taken at room conditions 

and after heating in an oven at 100' - 105°0 to constant weight. 

Evacuation 

After drying, the samples Were evacuated in the apparatus 

described in detail by Ramalingam (61) and in the literature (62). .}., .. 
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Briefly, the samples were placed in a glass tube which .is suspended 

in a thick-walled glass cylinder fitted at ei.ther end with brass 

plates. There are three ports in the top plate connected to a vacuum 

line, a reservoir of impregnati.ng solution and a nitrogen cylinder. 

The evacuation of the wood was carried out using a Duo-Seal high 

capacity oil pump placed at the end of a vacuum line containing two 

liquid air traps and a Mcleod Gauge. Evacuation was carried out for 

twelve hours at a level of 1 - 20 microns. 

Impregnation 

After evacuation, the vaouum line was closed and the impregnant 

was added to the wood. The liquid was added until the wood samples had 

been completely immersed after which a pressure of 35 psig of nitrogen 

was applied to the liquid surface. The samples were left in this 

oondition for 65 minutes, after which they were directly irradiated or 

wrapped in aluminum foil and sealed in polyethylene thin-walled lay-flat 

tubing. The wrapped samples were placed in a refrigerator and left for 

no more than four days. 

The monomer solutions employed in this study were: 

1. pure styrene 

2. 54% styrene, 42% methanol and 4% water by weight. 

Irradiation 

The irradiation facility used in this work is described in 

the literature (65) and supplementary information is given in Appendix 

IV. Briefly, the one sample of wood was sealed in a square aluminum 

..~. 
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canister and placed in the apparatus which consisted of a "railway" 

containing a gamma source which swept the sample with a uniform gamma 

flux. On February 25, 1964, the dose-rate was oa1cu1ated to be 

0.299Mr/hr (based on Cobalt glass dosimeters). On January 25, 1965, 

due to the natural decay of co-60, the dose-rate was 0.262 Mr/hr. 

Temperature could be controlled to :0.2·C over the range 39·C to 105°C. 

The samples were irradiated for doses of 1 - 5 Mr at room temperature, 

and at controlled temperatures from 39·C to 80·c. 

After Irradiation 

After irradiation, the samples were either dried in an oven 

at 100 - 105°C or allowed to dry at room temperature. When these 

latter samples had reached constant weight, they were dried in an oven 

at 100 - 105·C for twelve hours. The dimensions of all the samples 

were measured to the nearest 5/1000 of an inch, and then put through a 

series of structural tests. (See PART 2 of the thesis.) 

Extraction of Treated Wood 

A portion of the treated wood was ground in a Wiley Mill 

through a 40/60 mesh (0.25 - 0.44 mm) and then extracted with hot 

benzene for six days in a Soxhlet extractor. The associating efficiency 

could be obtained by the following formula: 

I"hers 

A. E. = 1 _ «S'W')i - (S,W')f ) 
(S,W')i (P.S. Fraction) 

(S,W')i and (S,W')f are the oven-dried sample weights before 

and after extraction 
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and P.S. Fraction is the fraction of the oven-dried sample weight (S.W.). 
1 

whioh is polystyrene. 

Molecular Weight Determinations 

Because it was believed that temperature would iffect the 

molecular weight of the polystyrene branches, it was necessary to carry 

out moleoular weight measurements in order to estimate how the polymer 

was distributed on the cellulose backbone. For example, a treated 

sample containing a grafted polymer of a certain molecular weight 

attached at a certain number of sites on the cellulose would yield the 

same amount of grafted polymer (or yield the same grafting efficiency 

for a given polymer retention) as a sample whose grafted polymer had 

twice the molecular weight but was attached at only half the number of 

sites. 

Unfortunately, molecular weights of only the homopolymer were 

obtained but it is believed that there is a relationship between the 

homo- and grafted polymer. The molecular weight of polystyrene was' 

determined by viscometry in benzene at 30'C in a Cannon-Ubbelohde 

dilution-type viscometer, Size 50. Specific viscosities were determined 

at 4 or 5 concentrations between 0.3 - 1.0 g/100 mI. The intrinsic 

Viscosity, ~), was obtained by extrapolating the straight line through 

the experimental pcints on a reduced viscosity vs. concentration plot, 

to zero concentration. The number average molecular weight, Ma, was 

calculated from the intrinsic viscosity by using the equation 

An = 16700 Vt)I.37 of Mayo et al for unfractionated polystyrene in 

benzene at 30·0 (66). 
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RESULTS OF EXPERIMENTATION 

A. Effect of Temperature on the Radiation·Induced Polymerization 

of Styrene 

Before studying the effect of temperature on the radiation~ 

induced grafting onto cellulose in wood, an examination of the temperature 

effect on pure styrene and a styrene solution seemed necessary in view 

of the fact that little work has been carried out in thia area. Twenty

five ml.samples were irradiated with a dose of 4.5 Mr (dose rate ~ 

0.265 Mr/hr.) at 5 temperatures. 

The effect of temperature on the radiation-induced poly

merization of pure styrene is shown in Figure 12, which is a composite 

plot of molecular weight and percent polymerization vs. temperature, 

The results indicate that, in contrast to thermal polymerization, the 

percent polymerization and the moleoular weight of polystyrene increase 

with increasing temperature. The samples became increasingly viscous 

as the percent polymerization increased until complete solidification 

ocourred after (or during) the 80Gc treatment. Two experiments were 

oarried out at room temperature with no temperature control~ The 

temperature of the sample inoreased from 27·C to 35°C in 5 hours and 

then levelled off at 30·C. The average molecular weight of the poly

styrene under these circumstances was 69500, which is higher than the 

M •. W. of the polystyrene resulting from irradiation at a controlled 

temperature of 40·c (55600). The higher moleoular weight is probably 

caused by the local temperature rises due to the heat evolved by the 
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polymerization (ca. 17 Keal/mole). It is difficult to say why the per

cent polymerization of the sample irradiated at room temperature is 

lower while its molecular weight is higher than the sample irradiated 

at 40·c. A study of the molecular weight distribution may help explain 

this apparent contradictory result. 

The results, however, compare favourably with those of 

Ballantine et al (68) who studied the gamma-ray-initiated polymerization 

of styrene at -18·c, 25°C and 72°C using dose-rates (0.173 Mr/hr. to 

0.242 Mr/hr.) similar to those employed in this work. At 25°C and 72°C 

they found percent polymerizations of 10.3% and 59.5% and corresponding 

molecular weights of 70,000 and 280,000 respectively. 

A solution of 54% styrene, 42% methanol and 4% water was 

irradiated at room temperature and at three controlled temperatures. 

The results are shown in Figure 13 using a plot similar to Figure 12. 

The results indicate that temperature has a slight positive effect on 

the polymerization of styrene up to a temperature of 50°0, after which 

there appears to be an accelerative rise in both the molecular weight 

and the percent polymerization. Similar to the pure styrene samples, 

a rise in temperature was noted for the styrene-solution samples 

irradiated at room temperature and a higher molecular weight but a 

lower percent polymerization resulted compared to samples irradiated 

at a controlled temperature of 40°0. At lower temperatures, the per

cent polymerization of the styrene in solution is almost 50% higher than 

that of pure styrene (18.70 vs. 12.82) indicating that the radiolysis 



112 

of m"thanol il3 contributing fre.. radicals which augment the polymerization 
"-'-'''--~P~ 

of styrene. At higher temperatures, however, the percent polymerization 

is lower than that of pure styrene. This indicates that, the gel-effect 

wasta,king place much sooner for the pure styrene than,for styrene in 

solution. This is probably due to the greater viscosity of ,the pure 

styrena-polystyrene, solution, a factor which would inhibit chain 

termination and hence increase polymerization. For the case of the 

styrene solution, the low molecular weights (ca. 11,000) up to 50·C 

oompared to pure styrene is due to the "Simple Dilution Effect". The 

slight change in ths,molecular weight up to 50·C indicates that the gel-

effect was not significant. However, above this temperature, the 

acoelerative increase in molecular weight and percent ,polymerization 

indicates that a Trommsdorff-type effect or gel-effect may be occurring. 

B. Effect of Temperature on the Radiation-Induced Polymerization 

of styrene in Wood 

(1) Pure styrene 

The results of the radiation-induced polymerization of 

styrene in wood are shown in Table 24. The results r~present the 

average of three or four replications for each te~pera~ure treatment. 

The samples of wood were treated in the conventional manner and after 

treatment were left standing at room conditions until constant weight 

had been reached. It can be shown ths,t on the average about 90% of 

the oell cavities were filled. Some oells appear to be impermeable 

to liquid styrene, as has been shown by other workers (64). Also, no 

.. : . 



TABLE 24 

THE RADIATION-INDUCED POLYMERIZATION OF STYRENE IN WOOD 

AT DIFFERENT TEMPERATURES 

Dose '" 4.5 Mr Dose Rate", 0.280 ~Ir/hr 

Specific Monomer Polymer Retention • Associating Molecular 

Gravity Uptake gIIl/cc Retention gIIl/cc Efficiency Efficiency Weight Mn 

0.392 0.563, 0.361 .640 -D.Cf12 181,000 

0.440 0.581 0.320 0.550 0.063 104,000 

.393 . 0.590 0.433 0.737 0.045 229,500 

0.424 0.575 0.499 0.870 0.031 137,000 

* Retention Efficiency '" Percent Polymerization/lOO 

Temperature 
Co 

rObm 

39;0 

52.0 

77.5 

I-' 
I-' 

'" 
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styrene enterred the walls because there was no dimensional change 

during the entire operation. 

Temperature changes and the pre.sence of wood could conceivably 

. affect all four elementary types of reaction -- initiation, propagation, 

transfer, and termination -- that are involved in the addition poly-

merization of styrene. The complexity of factors makes the results 

very difficult to interpret. However, several effects are noted: 

(a) A negligible amount of polystyrene is grafted to the 

cellulose. The associating efficiency values range from -0.072 to' 

0.100. This result is expected because the number of free radicals 

available for grafting on the inner surface of the secondary wall is 

insignificant (see Appendix III). Rarnalingarn (?l) obtained a smooth 

relationship between dose and "polymer extracted" (see Table 1) and 

thus assumed that surface grafting was taking place. However, it is 

far more probable that the unextractable polymer was actually cross-

linked polystyrene. This assumption seems to be valid considering 

that the critical gel dose of 10 Megarep for polystyrene (1) falls 

within the dose range (0 - 18.9 Mrad) used by Rarnalingarn. 

(b) The retention efficiency (which is equivalent to the 

percent polymerization/loa) and the molecular weight for the samples 

irradiated at room temperature (with no temperature control) are 

higher than those irradiated at a controlled temperature of 39°0. 

The temperature of the samples increased from about 27·0 to 35°C 

during the irradiation period. ,. 
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(0) As the temperature increases, the percent polymerization 

or retention efficiency increases. 

(d) The molecular weights of the extr,actable polystyrene 

, 'foT the 39°C and 52°C treatments are higher than the corresponding 

values for pure styrene in the absence of wood (see Figure 12). The 

same is true of the percent polymerization values. For either temperature, 

sinCe the molecular weight increases along with the percent polymerization, 

the apparent increase in the polymerization rate may be due to the 

onset of the gel-effect rather than chain or energy transfer from the 

cellulose. However, it seems improbable that the gel-effect can 

entirely account for the increase because the lumen diameter is very 

large with respect to the polymer chain lengths formed; (e.g., about 

300,OOOAo vs. 2000Ao for a M.W. of 100,000). A contributing factor 

causing the apparent higher polymerization rate of the styrene in 

wood could be the after-effect. Immediately after the pure styrene 

was irradiated, the polymerization was inactivated by pouring the 

entire styrene-polystyrene solution into an excess of methanol, thus 

causing the preCipitation of polystyrene. For the styrene-in-wood 

experiments the samples were left at room conditions from three weeks 

, to two months, after which the constant-weight samples were put in an 

oven at 100 - 105°0 for periods up to 24 hours. Now during the 

irradiation it is likely that many of the bordered pits became blocked 

with polymer and hence the diffusion of monomer styrene out of the 
\ 

wood was greatly hindered. Thus it is possible that the constant-weight 
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samples contained a relatively high trapped-styrene content which 

polymerized during the oven treatment." Even after the oven treatment 

there appeared to be trapped monomer, for during the grinding 

operation a distinct odour of styrene vapours was detected. 

(e) The molecular weights of the polymer extracted from 

the samples treated at 77.5°C are lower than those treated at 52°C 

and also are lower than similarly treated pure styrene samples. 

Chain or energy transfer processes may have been occurring from the 

oellulose. This transfer prooess would increase the rate of poly· 

merization as. well as decrease the moleoular weight of the polystyrene. 

(2) styrene Solution 

The results of the experiments involving the irradiation 

of wood impregnated with a solution of 54% styrene, 42% methanol and 

4% water by weight at different temperatures are shown in Table 25. 

The results represent the averages of 4 to 6 replications for each 

temperature treatment. After irradiation, the samples were left at 

room conditions until constant weight was reached. 

(a) Monomer Uptake 

The average monomer uptake for these experiments was 

• It is unlikely that polymerization occurred at room temperature 

for the initial rate of thermal polymerization at 60°C is O.089%/hr. 

The same rate at 100°0 is 2.15%/hr. with an average molecular weight 

of 420,000 (70)·, 
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TABLE 25 

THE RADIATION-INDUCED POLYMERIZATION OF STYRENE (IN SOLUTION) IN WOOD 

AT DIFFERENT TEHPERATURES 

Dose = 4.5 Mr Dose Rate = 0.280 Mr/hr Solution: 54:42:4 styrene, methanol, water 

Specific Monomer Polymer Retention * Associating Molecular Temperature 

Gravity Uptake gm/cc Retention gm/cc Efficiency Efficiency Weight Mn C" 

0.398 0.380 .365 0.961 0.749 43,200 room 

0.439 0.355 0.330 . 0.931 0.711 39,900 39.0 

0.460 0.363 0.327 0.902 0.727 42,100 52.5 

0.448 0.332 0.310 0.935 0.766 50,400 Go.o 

0.423 0.368 0.341 0.927 0.739 61,200 77.5 

• Retention Efficiency = Percent Polymerization/IOO 

8 
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0.360 g:rams of sty:rene pe:r oc. of wood. The average uptake fo:r the 

experiments oarried out by Werezak using the same solution was 

0.444 gm/oo (see Table 23). The same experimental technique was 

ui,led except for one modification; viz., the dimensions of the samples 

used in this work were about 16 inches in the longitudinal direction, 

0.625 inohes in the tangential direction and 0.675 inches in the 

radial direotion, whereas in the previous work these dimensions were 

16", 0.75" and 0.75" respectively. It has been shown that the bulk 

of liquid flow occurs in the fibre direction from tracheid to 

tracheid through their bordered pits (14, 64). Since the transfer 

area in the fibre direction was decreased by about 25% in this work, 

it is possible that the time of impregnation (65 minutes) was not 

sufficiently long for a higher so:rption to occur. 

(b)· Retention Efficiency 

The retention efficiencies for these experiments are 

·greater than 0.90. It appears that 6 ~ 10% of the monomer had not 

heen converted to polymer. However, most of the monomer weight 

loss (about 3 - 5 gms) occurred by volatization during the t:ransfer 

of the sample to the aluminum canister and during the irradiation 

period when small amounts of monomer escaped from the wood and 

polymerized on the inside surface of the aluminum container. Hence 

it is seen that 4.5 Mr was sufficient radiation to entirely polymerize 

thestyrens monomer." Unfo:rtunately, because. of this, the effect of 

• Hence the assumption of 100% polymerization on Page 75 is valid • 
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temperature on the percent polymerization cannot be studied since 

complete conversion occurred throughout the range of temperatures 

etudied. ~he percent polymerization in these experiments compared 

with the same styrene solution in the absenoe of wood (Figure 13) 

shows that the wood appears to greatly increase the rate of poly

merization. It will be shown later that this increase is probably 

due to (1) the gel-effect and (2) energy and/or chain transfer 

occurring in the secondary wall. 

(c) Molecular Weights 

The relationship between molecular weight of the extractable 

polystyrene and the temperature during irradiation is shown in 

Figure 14. As previously discussed, it is assumed that this polymer 

is that which is located predominantly in the cell cavities. In 

contrast to the molecular weights found for the same solution in the 

absence of wood, there is a steady linear increase in molecular 

weight as a function of temperature. The effect of temperature is 

such that possibly the onset of the gel-effect is delayed with 

increasing temperature and the rate of propagation is increased, 

consequently yielding a higher molecular weight. 

On comparing Figures 13 and 14 it is evident that the 

molecular weights of the polystyrene extracted from the cell cavities 

is substantially higher than the molecular weights of the polystyrene 

formed in ,solution in the absence of wood. This could be due to a 

gel-effect caused by the presence of wood. A more plausible explanation 
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is the following: the process of "preferrential extl'action" is 

probably occurring in the wood structure (see previous discussions 

on this subject). Consequently, the-solution in the cell cavities 

... contains much less methanol than the 42% in the original solution. 

Therefore, the concentration of styrene has increased and as a 

result the molecular weight of homopolymer is higher (see equation (10), p. 9). 

The molecular weight of the associated polymer was not 

measured. However, the work carried out by Huang (28, 34) indicates 

that the moleoular weight of the polymer extracted with cold and hot 

benzene is substantially lower than that of the grafted polystyrene 

obtained by hydrolysis. Also, his unpublished results (28) suggest 

that there is a correlation between the molecular weight of the 

homopolymer and that of the grafted polymer. For example, two 

experiments carried out ~lth an irradiation dose of 4 Mr yield: 

Polymer Extracted with 

Cold Benzene 

209,500 

128,000 

Polymer Extracted with 

Benzene in Soxhlet 

272,600 

180,000 

Grafted Polystyrene 

side chains obtained 

by hydrolysis 

576,400 

399,400 

Hence it is possible that the molecular weight of the associated 

polymer in the present work is similarly related to that of the 

extracted polymerj i,e" an increase in temperature increases the 

molecular weights of both the homo- and aSSOCiated polymer, The 

high molecular weights for the grafted polymer is probably due to 
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the gel-effect caused by the presence of cellulose in the walls in 

intimate contact with the styrene and polystyrene. The cellulose 

undoubtedly inhibits the mobility of the polystyrene chains and 

reduces their rate of termination. This effect would explain the 

large differences in the percent polymerization values between the 

styrene (in solution) without and in the presence of wood. Ohain 

anQ/or energy transfer from the cellulose is also possible. This 

effect would increase the rate of polymerization as well. 

(d) Associating Efficiency 

The values for the associating efficiency vary from 0.711 

to 0.766 over the temperature range of ambient to 77.5QO •. It can 

be ,shown that there is no significant difference between the average 

values.- .Also there is no significant difference between these 

values.and the average value, 0.710, obtained by Werezak using the 

. same solution (see Table 23). There are two possible explanations 

for the results: 

(1) If it is assumed that the associating efficiency is 

truly a measure of the actual grafting (i.e., the Soxhlet benzene 

~xtraction has removed all ungrafted polymer both in the cavities and 

.• in the walls) then it appears that the increase in' temperature has 

• At the 95% confidence level: the reason for this is the high 

variance between replications at each temperature level; e.g., for 

. the 77.5 0 0 experiments the A.E. values varied from 0.682 to 0.785. 
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not promoted a higher utilization of free radioals. The results 

suggest that the increase in temperature (a) destroys radicals (by 

radical-radical combination) in the cellulose at a faster rate than 

it enhanoes the diffusion of monomer toward them and (b) increases 

the kinetio chain length of the grafted polymer chains. The super

imposed effect would be that at higher temperatures longer grafted 

polymer chains are attached to fewer sites as compared to lower 

temperatures where shorter chains are attaohed to more sites. It 

seems improbable that these two effects would act in such a manner 

as to yield equal associating (or grafting) efficienoies for all 

temperature treatments. 

(2) A more plausible explanation is the following: under 

the experimental conditions, the Soxhlet extraction removes primarily 

only the homopolymer in the cell cavities; the occluded ungrafted 

polymer in the walls is essentially inaccessible to the benzene. 

This assumption is borne out in the literature. 

(a) Using the mutual irradiation technique, Stannett (41) 

found that the amount of unextractable polystyrene that was actually 

grafted to cellulose was as low as 30.5%. 

(b) Ramalingam (61) found that the thermal and catalytio 

induced polymerization of a styrene solution in wood yielded about 

20 - 40% unextraotable polystyrene. 

Thus a given treatment would yield a higher associating 

efficiency only if it induced relatively more styrene to diffuse 
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from the lumen into the secondary wall. The results indioate that 

the diffusion of styrene into the walls is more dependent upon the 

amount of solvent (water and methanol) available for swelling the 

cellulose than upon the temperature. From the above argument, it is 

evident that although temperature changes may greatly affeot the 

molecular weight of the grafted polymer and the reaction with free 

radicals in the cellulose, it will not significantly affect the 

associating efficiency. This result is contrary to the hope· Which 

prompted this particular set of experiments. 

C. Effect of Dose and Post-Irradiation Treatment on the Radiation-

Induced Poiymerization of styrene (in solution) in Wood 

Experiments were carried out with the 54% styrene, 42% 

methanol and 4% water solution at a temperature of 39.0oC in the dose 

range of 1 - 5 Mr. After the irradiation, the samples were either 

left at room conditions or put in an oven at 100 - 105°C until constant 

weight was reached. The results are shown in Table 26. No replications . 

were performed. 

(a) Molecular Weights 

Except for the 1 Mrad oven treated result (which may be 

spurious) it appears that the molecular weight increases with 

increasing dose up to about 3 Mr after which the values level off. 

It is difficult to explain the results, for the irradiation dose, per 

se, should theoretically affect only the number of pOlystyrene ohains 

and not the kinetic chain length. However, a combination of parameters 

¥ 
I 



TABLE 26 

EFFECT OF DOSE AND POST-IRRADIATION TREATMENT 

ON THE RADIATION-INDUCED POLYMERIZATION 

OF STYRENE (IN SOLUTION) IN WOOD 

Solution: 54% styrene, 42% methanol, 4% water 

Temperature during irradiation: 39.0·C 
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Post Irradiation Dose Retention Moleoular Weight of Assooiating 

Heat Treatment Mrads Effioiency Extracted polymer Mn Efficiency 

1 .258 26,200 .729 

2 .715 37,200 .766 

room 3 .926 46,100 .707 
oonditions 

4 .895 48,500 .669 

5 .903 46,700 .657 

1 .427 42,400 .702 

2 .887 33,800 .836 

oven at 
3 .778 48,800 .705 

100 - 105·C 
4 .800 52,800 .712 

5 .895 45,600 .756 
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(such as the concentration of trapped free radicals, the viscosity 

of the reaction medium, transfer mechanisms, etc.) may actually 

increase the molecular w.eight with increasing dose; on the other 

hand, since no replications were carried out, it is also possible 

that there is, in fact, no correlation between molecular weight and 

dose under the given experimental conditions. 

(b) Retention Efficiency 

The effect of dose on the retention efficiency is evident. 

For the samples which were left at room conditions after irradiation, 

the percent polymerization increases with increasing dose until a 

maximum is reached at about 3 Mrad. Above this dose the value 

naturally stays constant. For the samples that were put in the oven, 

no obvious trend is noted. Now the temperature of the post-irradiation 

heat treatment can affect both the rate of polymerization (homo. and 

graft) and of volatization of the unreacted styrene monomer. At low 

doses (1 * 2 Mr) it appears that the high temperature treatment 

causes relatively more polymerization than the lower temperature 

treatment, whereas at higher doses ( 3 - 5 ~w) the opposite seems to 

be true. 

(c) Associating Efficiency 

The average associating efficiency for the samples left at 

room conditions after irradiation is 0.706. Omitting the value at 

the dose of 1 Mr, it is seen that a decrease of associating efficiency 

(from 0.766 to .657) occurs as the dose is increased. Uuang found 
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the same effect (28). He found that for a range of 0;25 to 4 Mr, 

the grafting efficiency decreased from 74.0 to 49.8. 

The samples which were put in the oven after irradiation 

Yi'eid~d an average associating efficiency of 0.742, There seems to 

be no correlation between the aSSOCiating efficiency and dose. 



PART 2 

MIilCHANICAL PROPERTIES OF WOOD-POLYSTYRENE COMBINATIONS 
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INTRODUCTION 

Wood's most troublesome property from a struotural viewpoint 

is its tendency to swell and shrink. The stabilization of wood to 

dimensional change caused by moisture has been investigated for many 

years. All present methods for attaining improved dimensional stability 

of wood fall into one or more of five different types (14): 

1. Laminating of thin sheets as in plywood. 

2. Applying water-resistant surface and internal coating. 

3. Reducing the hydroscopicity of the cellulose. 

4. Bulking the fibre. 

5. Cross-linking the cellulose chains of the component fibres. 

Unfortunately there is generally a decrease in the strength properties 

of the wood treated by the above methods. It is therefore desirable to 

find a method of improving the dimensional stability and strength of wood 

or at worst enhancing the former without depreciating the latter. 

The technique in this present work as well as that used by 

Werezak previously, in which a solution of styrene, methanol and water 

was used as an impregnant, results in the deposition of polystyrene in 

the less ordered regions of the cellulose in the cell walls. This 

bulking improves the stability of wood simply by preventing water from 

entering into these regions. How the presence of this grafted foreign 

material affects some mechanical properties of the wood will be discussed 

in this section of the thesis. 

In addition, although bulking ·the cell cavities with a plastic 
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material will not reduce the ultimate dimensional change attained by 

wood in a moist environment, it will decrease the rate of moisture absorp

tion. Thus this technique has been also employed in this work and the 

mechanical properties of the resulting product have been studied. 

(a) Effect of Ionizing Radiation on the strength of Cellulose 

The effect of high energy electrons on cellulose results in 

d~gradation.(83). When native cellulose was irradiated, its ordered 

regions were broken down at about the same rate as its loss in strength (84). 

cotton yarn was irradiated in a vacuum of 1 micron or less with 

co-60, neutrons and jJ Mraya (85). The loss in tenacity varied from 30 

to ~.O%. The presence of water vapour and atmospheric oxygen during 

irradj.ation had little or no effect on the strength of the cotton yarn. 

Cotton cellulose irradiated in air and in vacuum showed similar decreases 

in tensile strength and elongation (86). At 107 r.e.p. the decrease in 

tensile strength for cellulose in air and vacuum was 30.3% and 31.9% 

respectively. 

Cotton, rayon and acetate yarns were irradiated with CO-60 

gamma rays and nuclear radiation (87). It was found that 

(1) tenacity, elongation, elastic modulus and stiffness of 

the fibres decreased with increasing dose, 

(2) the degradation produced in cellulosic materials by 

nuclear radiation is a function of total dose and does 

not depend on dose-rate, 

(3) the effect of nuolear radiation is equivalent to that of 
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gamma rays. and 

(4) the relative order of stability toward nuclear radiation 

of the fibres considered was acetate> rayon ;>,cotton. 

The physical properties of cotton! sliver lap, yarn and 

fabric irradiated with high energy electron and gamma rays were 

. investigated (29). Tensile strength. elongation and toughness decreased 

6 with radiation dose but little change occurred below a dose of 10 

roentgens. Tensile strength measurements showed a maximum in the 

0.05 - 0.1 Mrep region. This was attributed to a release of points of 

residual internal strain permitting a better distribution of stress 

within each fibre. Tensile strength decreased appreciably above 1 Mrep. 

(b) Physical Properties of Cellulose Graft Copolymers 

Ionizing radiation was used to initiate "internal" polymerization 

of acrylonitrile onto filter paper (88). Polymerization was performed with 

the filter paper (I) immersed in the monomer or a monomer solution and 

then irradiated, (2) saturated with monomer or a monomer solution and 

irradiated in air or under nitrogen, (3) irradiated in air or in nitrogen 

and SUbsequently immersed in monomer or monomer solution. The following 

results were observed: 

(1) A maximum increase in both retention of wet strength (55%) 

and dry tensile strength (106%) were observed (strength measured in lbs. 

per inch of width of filter paper) when the paper was saturated with pure 

monomer and then irradiated in air. 

(2) Use of an aqueous solution of acrylonitrile decreased 
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the dry tensile strength below that of untreated. paper but resulted in 

a 3 - 22% increase in the wet tensile strength. 

Styrene. methyl methacrylate, methyl acrylate, ethyl acrylate, 

acrylonitrile and vinyl acetate were grafted. onto cellulose in the 

form of rayon by the use of the pre-irradiation method (31). Investigation 

of the tensile properties showed that the modulus of rigidity of the 

rayon grafts increased when the grafted polymer had a high transition 

temperature such as polystyrene, poly-methyl methacrylate and poly

acrylonitrile, but decreased when it had a low transition temperature 

such as poly-methyl acrylate and poly-ethyl acrylate. The breaking 

strength of the rayon-methyl acrylate graft was comparable to that of 

the original rayon and showed an increase for the rayon-methyl methacrylate 

graft copolymer. The tenacity or breaking strength in grams/denier 

which takes into account the weight increase, decreased for both cases. 

Similar behaviour· was observed for rayon-styrene and· rayon-acrylonitrile 

graft copolymers. In order to a.void excessive loss in tensile properties 

the author recommends that radia.tion doses be kept below 1 Mrad. 

Acrylonitrile was grafted onto cotton using CO-60 gamma rays 

(89). The monomer was added as an aqueous solution of zinc chloride. 

,I,'hen compared to the original unirradiated control, the grafted yarn 

(26% acrylonitrile) decreased 15% in breaking strength, 45% in breaking 

stress and 65% in average stiffness. The elongation-at~break increased 

Huang (28, 36) carried out physical testing on styrene-grafted 
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rayon at various levels of grafting. The results are summarized below: 

(1) Denier (weight in grams per 900 metres)increseed with 

percent grafting, though not quite proportionately to 

the amount of grafted styrene. 

(2) Tenaoities (g/denier) deoreased considerably due to the 

increase in denier. Breaking load or tenacity x denier 

remained more or less constant. 

(3) Breaking elongation increased considerably above 65% 

grafting. For example, the breaking elongation at 105% 

grafting is three times that of the original rayon. 

(4) Conditioned modulus (Young's) did not improve sufficiently 

to compensate for the large increase in denier and 

consequently decreased considerably. 

(5) Secondary swelling decreased considerably with increased 

grafting, indicating that the treated rayon became more 

hydrophobic as the percent grafting increased. 

(6) Moisture regain decreased with increasing percent grafting 

of polystyrene. 

(c) Physical Properties of Wood-Plastic Combinations 

Karpov et al (90) described the modification of wood with 

styrene, methyl acrylate, methyl methacrylate and acrylonitrile. It 

was found that it was possible to increase the chemical resistance, 

fire resistance, strength and dimensional stability of wood and deorease 

the water absorption. For pine wood impregnated with 120% (by weight) 

· . ~ 
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of styrene and irradiated at 0.8 Mr/hr. an increase in static bending 

of 65.7% and an increase in compressive strength of 185.8% when irradiated 

for a total dose of 15.5 Mr were noted. The resistance to static 

bending for unimpregnated irradiated wood showed a steady decrease as 

the total dosage was increased. 

Kenaga. Fennessay and Stannett (60) irradiated ponderosa pine 

sapwood pre-impregnated with a dioxane-styrene-water solution. The 

experimental details have been described earlier in this thesis. The 

results C~l be summarized as fcllows: 

(1) Effect of Retention on Stabilization 

1'he !lJIlount of styrene required for a given order of stabilization 

\'/as relatively high compared to such methods as acetylation. It was 

determined that the homopolymerization within the cell lumen was not 

the dominating cause of thim ineffid.ency; the main X'eason was the 

opening up of the more ordered cellulose areas by means of the impregnation 

and irradiation. In this manner water enters and swells regions which 

undeX' ordinary circumstances are inaccessible. 

The displacsment or "inclusion technique" was used in order 

to eliminate the nonproductive use of polystyrene in the cell cavities. 

This method gave an increase in the antishrink efficiency· because there 

was a reduction of material deposited in the lumen and there was less 

opening up or swelling of the cellulose struoture. 

• For definition see page 152 
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(2) Tensile Strength (Parallel to the Grain) 

Three impregnating solutions were used in this part of the 

work: (A) 25% styrene, 75% dioxane and 5.75% water (In 2.5% styrene, 
.. . 

12.5% ethyl aory1ate, 75% dioxane and 5.75% water and (C) 25% toluene, 

75% dioxane and 5.75% water; all by volume. The results are tabulated 

below: 

TABLE 27 

TENSILE STRENGTH m' STABILIZED WOOD (AFTER KENAGA ET AL) 

Dose Percent Modulus of Moisture Maximum 

Solution Mrad Retention Elasticity (1000 psi) Content, % Load psi 

0.75 11.22 1207 7.01 12470 

A 1.20 27.56 1407 6.07 11340 

1.65 39·33 1347 5.37 10320 

0.75 16.22 1307 6.93 12460 

B 1.20 27.60 1440 6.38 11360 

1.65 42.39 1292 5.59 10020 

0.75 3.15 1302 6.68 12730 

c 1.20 2.49 1148 7.01 11170 

1.65 2.94 1150 7.46 11000 

un-irradiated oontro1 0 1309 10.04 11430 

An analysis of variance of the above data showed that 

(a) the modulus of elasticity is affected only by the 

treatment (significant to the 5% level). 

(b) the maximum load is affected by dose which is significant 

to the 1% level. 
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respectively. The largest value (21.1) was obtained for ~/ood impregnated 

with triethylene glycol dimethylacrylate. 

(d)- Previous Work on this Project 

1. Ramalingam and-Hodgins 

llamalingam and Hodgins (61) carried out experiments where 

wood samples were irradiated in a swimming-pool reactor up to doses of 

32.4 Mr/hr. The bending strength (in pounds of load) decreased as the 

total irradiation received by the sample increased, as shown in Figure 15. 

Wood samples were treated with different styrene solutions and poly-

merization was initiated by radiation, thermally or catalytically (see 

'!'able 1). All wood was humidified prior to testing. The percent change 

in bending strength (in pounds) varied from -5.5 to 56.8%. The results 

se-em to indicate that the bending strength of the samples is strongly 

dependent upon the polystyrene in the sample and not the method of 

initiation. For example, consider the results shown in Table 28. It 

is evident that the bending strength, measured in pounds of load, of 

the treated samples is substantially higher than that of the controls. 

For the samples treated with pure styrene, it may be assumed that the 

modulUS of rupture (which takes into account the stressed area of the 

specimen) exhibits exactly the same inorease because this treatment does 

not swell the wood. Therefore, for the wood impregnated with pure 

styrene, irradiated with a dose of 4.5 Mr, humidified at 76% R. H. and 

stressed in bending, the increase in modulus of rupture would be 56.8% 

as compared to the humidified untreated control. _ A different situation 
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TABLE 28 

EFFliCT OF POLYSTYRENE ON THE BENDING STRENGTH OF \~OOD 

(after Ramalingam) 
, 

fi~. ~f P01YS;::::e-in sa~ple 100 
-

I 
, 

Impregnant Initiation B.S. of treated wood (lbs.) 100 
t- wt. of wood pr~.:::. treatment x . B.S. of control elba.) x 

thermally 
pure styrene at 100 156.0 I 1050 

. 

pure styrene I 4.5 Mr 1~ ,. -::: =+- 156.8 
i 
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~ ..... ~ 

22.5% methanol 4.5 Mr 

90 ~ 
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exists for the solution-treated samples. Since the treatment with water 

and methanal leads to swelling of the wood,the area stressed in bending 

is larger than that of the control. Hence the percent increase in 

modulus of rupture will not be as high as the values far the percent 

increase in bending load. This will be discussed in detail later with 

Werezak's results. 

The percent decrease in moisture absorption (measured by 

placing the samples in a 76% R. H. environment) also appears to be "

strong function cf the amount of polymer in the wood and independent of 

the type of initiation. For samples impregnated with pure styrene and 

irradiated with a dose varying from 0 to 18.9 11rad, the percent decrease 

in moisture absorption was relatively constant at 65%. Most other 

treatments yielded about the same value. Because this term is based on 

the weight of the oven-dry treated sample, it is someHhat misleading. 

For example, a given treatment may increase the weight of the sample 

lOQ%and not decrease the absolute amount of water enterring the cell 

walls; yet the "moisture absorption" will have been halved. In any 

event the treatments undoubtedly decrease the amount of moisture 

absorbed in the wood, on any basis. 

Some treatments yielded no grafted polymer (e.g., pure styrene) 

and others gave a high amount of grafted polymer. In view of the fact 

that the uptake of water vapour occurs primarily by capillary action 

through the cell walls, (i.e., it by-passes the cell cavities), the wood 

treated with pure styrene should theoretically take up much more water 
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vapour th~ the grafted samples where polymer is located within the 

walls. Since this was not the case (even on the basiS of the weight of 

wood, prior to treatment) it is likely that the absorption was diffusion 

cotitrolled. 'Kent at al (92) obtained results similar to these before 

they reduced their &amples to wafer-size in order to eliminate the 

diffusion problem. 

The deorease in water absorption (measured by immersing the 

samples in distilled water) 'for the treated samples varied from 43 to 

85%. Again the results indi9ata that the water absorption is a strong 

function of the amount of polymer in the sample. This result is 

expected since the pOlystyrene (grafted and homo-) is oocupying volume 

whioh the incoming water would normally fill. 

Generally, the dimensional stability of the wood was 'improved 

by the treatment. For the Iloptimum" treatment of 76% styrene, 22.5% 

methanol and 1.5% water at a dose of 4.5 Mrad, the volumetric shrinkage 

wes reduced by about 80 percent. Also the swelling of wood was reduoed 

by about 85 percent. 

2. Werezak and Hodgins 

Werezak, in continuing Ramalingam's work, carried out a two

factorial experimental design using bending strength as the indicator 

with the following six variables: time of evacuation, oomposition of 

impregnant, uptake of impregnant, total gamma dose, duration of heating 

treatment ~d temperature of heating treatment (see Tables 2 - 21). A 

gradient searoh of the results appeared to establish trends. An equation 



for the relationship of variables was set up as 

........... b x n n 

where Y = the product yield (e.g., bending strength increase) 

... 

... 
bn = constant coefficients 

x = the value of each dependent variable such as time 
n 

of evacuation, total gamma dose, etc. 

The coefficients or slopes represent the change in Y per unit change in 

x. If the coefficients for a given,factorial design are known, a second 

design can be set up from the trend indicated by the slopes. Unfortunately, 

Werezak calculated these slopes without calculating their standard 

deviation. It can be shown that for his Factorial Design No. 1 the 

values of b vary from ~4.1 to 6.B with a standard deviation of ! 10.09 

and for the second design these values range from -5.5 to -2.8 with a 

standard deviation of !7.37 (BO). In other words, these coefficients 

are not significantly different from zero. This does not necessarily 

indicate that the variables, per se, do not affect the percent change 

in bending strength; but it does show that either 

and/or 

(1) the range of the variables is so narrow that no correlation 

between them and the "percent change in bending strength" 

may be obtained. For example, it is improbable that an 

evacuation time of 11 hours would lead to a significantly 

different bending strength than a time of 13.5 hours. 

(2) some highly influential variable was omitted from the 

deSign. This exclusion might have obscured the effect of 

the other variables. 
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It is probabls that both of the above factors are important. It has 

been shown earlier in this thesis that three of the variables selected 

(total gamma dose, duration of heating treatment, and temperature of 

heating treatment) had ranges so small that their effect on the kinetios 

of the system was not discernible. This should also be true for the. 

mechanical behaviour of the wood. 

In addition, it is known that the strength properties· of wood 

are strongly dependent upon the specific gravity or density of the 

specimen. The large variation of bending strength (due to the variation 

in density) could have clouded the effect of the other important variables 

such as impregnant uptake. 

The choice of indicator, (Y), was also not suitable. This 

term was the bending strength increase based on the loads, in pounds, 

required to fracture the samples. The wood samples that were treated 

swelled on the average 13 - 17%, depending on the impregnating solution 

(see Table 21). This indicator, unlike the modulus of rupture, does 

not take the increase in volume into consideration. 

In general, Werezak obtained results very similar to those 

of Ramalingam in regards to strength properties of the treated sample 

and dimensional stability improvements. In addition, one other physical 

characteristic was examined: resistance to microbiological attack. 

The weight lcss by decay (using a culture of Lenzites Trabea) averaged 

about 14%, compared to a mean loss of 71% by the untreated controls. 



SCOPE OF PRESENT INVi'~STIGA'rION 

The conclusions drawn by Ramalingam and Werezak·about the 

e'nhancement of the bending strength of wood by ill situ polymerization 

·of styrene have been found to be inexact. 

First, the true measure of a specimen's bending strength is 

the modulus of rupture which is Simply the fracture load divided by the 

stressed area.' It is quite evident that the fracture load itself is not 

a·meaningful index of strength unless the dimensions of the treated 

and control specimens are identical. Since the ultimate volume of the 

treated sample was significantly larger than that of the control, the 

stress and not the load must be measured and used as a gauge of strength. 

Second, the previous researchers found that the water vapour 

uptake for the treated wood was substantially lower than for the untreated 

. controls. Since the standard A.S.T.H. tests that ·were used require the 

specimens to be humidified at a humidity of 76% R. H., it is seen that 

··the treated samples contained much less water in the cells than the 

controls during testing. Since it is known that water has a degradative 

effect on the strength of wood, one cannot say with certainty whether 

the treated wood is inherently "stronger" than the control or whether the 

"improvement·, in strength is due to the different water content for both 

.. types of wood. 

Third, the specific gravity or the density of wood was not 

considered in the,studies of the previous workers. It is known that the 

strength of wood is very strongly dependent on the density of the wood. 

, mor'e precisely: stress = Moment/Section Hodulus 
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In dealing with wood of wafer-size, it is convenient to use a "control" 

system because it is possible to obtain specimens which are closely 

identical in physical and ohemical properties; however, for the large 

sample size considered in this work, this is not practicable. The assumption 

of equal properties for the control and the treated sample prior to 

treatment leads to, at best, approximate results. 

In addition, an unsatisfactory aspect of this work from a 

theoretical viewpoint is the use of bending strength as an indicator of 

strength. Although modulus of rupture is an accepted eriterion of strength, 

this term does not help one gain a clear insight into the rudimentary 

effect of grafted and hemo-polystyrene on the mechanical properties of 

wood. This is 80 because the process of bending involves two primary 

stresses -~ compression and tension; an inorease in one and decrease in 

the other might lead to no change in bending strength and to the sub

sequently false impression that the polystyrene has not affected the 

wood in any manner. Tension and compression tests are necessary for an 

elucidation of the fundamental effect of the treatment on the strength 

of wood. 

With the above considerations in mind, the following work was 

carried out. 

From the load-deflection curves obtained by Werezak for the 

impregnated and irradiated, irradiated and control wood, the modulus of 

rupture, stress at the proportional limit, modulus of elasticity, work to 

the proportional limit and work to the maximum load were calculated. The 



data were regressed with respect to specific gravity. rhe altered wood 

was compared to the untreated, unirradiated wood at common specific 

gravity values. 

It was desirable to compare the treated and untreated wood 

on the basis of equal moisture contents. The most convenient moisture 

level to work with was zero. Thus all the free moisture in the wood was 

I 'driven out of the samples by oven-drying. The treated wood was compared 

to the untreated wood on the oven-dried basis in a manner similar to that 

described above for Werezak's data. The effect of moisture on the strength 

of wood is also studied. 

It was realized in the early stages of this work that the 

solution treatment (styrene, water and methanol) did not actually improve 

the bending strength of wood when moisture, specific gravity and stressed 

area were considered as parameters. For this reason, work was also carried 

out with pure styrene in the absence of swelling agents. 

Compression and tension tests were carried out with oven-dried 

samples. The ultimate stresses were regressed with respect to the 

specific gravity and compared at common values of the latter. 
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EXPERIMEN~AL DETAILS 

The selection and treatment of samples are discussed in the 

experimental section of "ART 1 of this thesis. In addition to the two 

impregnating liquids mentioned (pure styrene and a solution of 54% 

styrene, 42% methanol and 4% water by weight) a solution of 27% styrene, 

65% methanol and 8% water was used. 

Before the bending tests were performed, all samples, either 

treated or untreated, were put in an oven at 100 - 105°C and left until 

constant weight was reached. They were then immediately weighed and 

their dimensions were measured with a vernier caliper. 

I Static Bending 

Before testing the samples, they were allowed to come to room 

temperature as the strength properties of wood undergo reduction at 

higher temperatures (13). Using a Tinius Olsen Universal .Tester, the 

bending of wood ~Ias carried out j.n accordance with the A.S.T.H. procedure 

(77) except that the cross-sectional dimensions of the samples were not 

3/4" x 3/4". For the treated samples these dimensions were about 

0.7" x 0.7". Although an "effect of depth" exists on the modulus of 

rupture (76) the effect can be considered negligj.ble for a reduction in 

" depth from 3/4" to 0.7". In all cac;es the bearing blo.ck was applied to 

the tangential face of the test sample. The load was applied continuously 

at a rate of O.l"/min. Load deflection curves were determined by using 

a deflectometer which is auxiliary to the tester. An example of deflection 

as a function of applied load is given in Figure 32 for untreated and 
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treated wood. From these ourves, the modulus of rupture, stress at the 

proportional limit, modulus of elasticity, work to the proportional 

limit and work to maximum load were oalculated. A brief description of 

the meaning of these mechanical terms and the formulae by which they 

were calculated is given below. The span of the specimens in all cases 

was 16 inches and the beams were stressed by centre loading. 

Modulus of Rupture, R 

This property is a measure of the ability of a beam to support 

a slowly applied load for a short time. It is an acoepted criterion of 

strength. 

R = 1.5 PL 
bh2 

stress at the Proportional Limit, P.L. 

This property is the oomputed stress in the wood specimen at 

which the strain (or deflection) becomes no longer proportional to the 

stress (or load). 

P.L. = 

Modul~ of Elasticity, E 

This property is a measure of the stiffness or rigidity. 

P L3 
1 E = -"--

4Dbh3 



Work in Bending to the Proportional Limit. B 

This expression is a measure of the energy absorbed by a 

beam when it is stressed to the proportional limit. 

P D 
I 

S = Tv" 

Work in Bending to the Maximum Load, W 

This property is a measure of the combined strength and toughness 

of wood under bending stresses. It can most easily be evaluated from the 

total area under the load-deflection curve from zero deflection to the 

deflection at maximum load. 

Legend: 

b, h, L = breadth, height and span of specimens, inches 

D = total deflection at elastic limit, inches 

P = maximum load; pounds 

PI = load at elastic limit, pounds 

V = volume of beam between supports, cubic inches 

Compression Parallel to the Grain 

Compression tests were carried out with samples cut from the 

ends of the small beams used in the bending tests. These were 3/4" -

1 1/211 in the longitudinal direction and had cross-sectional dimensions 

of about 0.7" x 0.7". Some of the control samples used by Werezak were 

found and, on clear sections of these, compression and tension tests 

were performed. These samples were equilibrated in a humidifier at an 

R. H. of 69% and a temperature of 25°0 before testing. All other samples 
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were oven-dried to constant weight and placed in a desiccator and allowed 

to reach room temperature before testing. The same procedure was used 

. for the tensile samples discussed below. 'l'he Tiniua-Olsen tester was 

used for the crushing. No load-deflection curves were obtained and 

hence only the maximum crushing load was recorded. The load was applied 

continuously throughout the test at a rate of 0.01 in. per minute. 

Tension Parallel to the Grain , 

The measurement of the tensile strength of wood parallel to 

the grain is rarely carried out because of the difficulty of attaching 

the wood specimens; when an external collar-type clamp is used the stress 

is usually concentrated around the periphery. This sets up shear stresses 

in the wood. In an effort to minimize the effect of shear it is customary 

to taper a sample at the centre (60, 72, 74, 76). In this work, several 

methods of preparing the specimen and two methods of testing were 

attempted. The samples were cut from the ends of the beams that were 

fractured in the bending tests and were, in consequence, restricted in 

dimension. Exploratory tests revealed that the most satisfactory type 

of test piece had the following description: the specimen was cylindrical 

in shape with an overall length varying from 3 - 6 inches alld a diameter 

of 1/2". The central portion was waisted by means of a lathe to a cross~ 

sectional diameter of from 0.135 to 0.260" over a length of at least 

3/4". The curved portion was of a radius of 1 3/8". A typical specimen 

is drawn below. 
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Initial tests were performed on an Instron Tensile Testing Machine 

(Model No. TTCL); however, since the total time involved p.er sample was 

close to one hour, and since it was difficult to "Qook time" ·on the 

machine (over 100 samples were involved), it was decided that the less 

sophisticated but more convenient Hounsfield Tensometer Type W could be 

used. In this machine the specimen is stressed manually by means of a 

wheel and the load is measured by a capillary meroury gauge. Special 

clamps to fit the wood specimens were made in the Chemical Engineering 

.. Machine Shop. To prevent crushing in the clamps, the ends of the sample. 

Were soaked with epoxy-resin which was allowed to cure at room conditions. 

The polymer-wood samples did not need this treatment because of their 

inherent hardness and resistance to compression. All samples in which 

failure did not occur in the central waisted portion of the test piece 

were rejected. 

- :.;" 
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!<ESULT§ 

A. General 

As mentioned previously, "control" samples were not employed 

in this work. Rather an attempt was made to organize the data in such 

a way as to express most mechanical properties for untreated and the 

treated samples as a function of the oven-dry specific gravity of the 

wood or the oven-dry specific gravity of the samples prior to treatment. 

In this manner. regression curves for the treated and untreated wood 

oould be compared. Once in this form, the data could then be used to 

relate strength properties at any specific gravity within the range of 

this work. Regression analyses were carried out on an I.B.M. 7040 

digital computer. A simple program was developed to evaluate the 

statistics of the data. suoh as the least-squares line (Appendix VI). 

Multiple regressions were carried out using a versatile computer program 

developed by Petryschuk and Hill at this university (78). The results 

have been generally kept free of the detail .. of the statistical analysis; 

these are found in the appendices. All correlations shown in graph form 

are significant at the 95% confidence level. All average values 

presented in table form (or otherwise) are presented with their 95% 

oonfidence limits. These limits have not been "rounded off" so that the 

exact standard deviations may be extracted from them and, if so desired, 

used in "t" and ifF" oomparison tests. Any mention of "significanoe" 

refers to the 95% level unless stated otherwise. The symbols shown on 

the graphs are defined as follows (79): 



(a) Y = bX,+ a: the least-squares line 

(b) ',N: the number of data points 

(e)Y and XI ~verage values of Y'and! 
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(d) S(4)2: variance of ' estimate from the correlation line 

(e) S(b):, s~andard deviation of the slope. b 

(f) r: correlation coefficient 

With the above data, the confidence limits of the correlation 

,can be obtained. (An example is given in Appendix VI.) 

,B. Dimensional Stability 

A term that is used quite 'extensively in measuring the 

effectiv,eness of a given dimensional stabilization treatment is the 

tlAntishrink Efficiency" (14). It can be calculated by the following 

formulae (60): 

% ewell - 100 x 2:2E - OD 

where S is the volume of the water-soaked, treated sample; 

and OD is the volume of the same sample in the oven-dried 

state 

and % Antlshrink Efficiency - 100 SeW-STW, - x sew 
-

Where sew is the percent of swell in the control wafer; 

and STW is the percent swell in the treated wafer. 

Werezak oarried out dimensional stability stUdies on all the 

samples he treated. The most suitable experiments for demonstrating 

the effect of polymer retention on the stabilization 'or wood are 
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li)XPeX:iments 18 - 20 (see Tables 18. 20 in PAR'!' 1 of this thesis). 

''l'hi$.is SO because of the wide distribution of polynlE!r,reti;lntion 

"values; viz., 0.151 to 0.496 gm/oo. As recalled, in these experiments 
:~~:.:cv}:='~;'i,0/:Y:: ":'" . . . .... .' 

'l:he:i61pregnation solution was composed of 76%stYl"eile, 22;5% methanol 

/ariaL5% water by weight. The pressure of impl"egnationwas atmospheric I 

'i;he time of impregnation was 10 - 35 minutes; the dose was 3.5 Mrad; 

'the !leating temperature:was 85 - 105·C and the time of heating was 

" {g,"7 24 hours. 

,The volumetric swelling experiments were oarried out by 

, Wereza\{ in the following manner: oven-dried treated and control 

sampl'es of known volumes were placed in distilled water at room 

" temperature and atmospheric pressure for 28 days. The dimensions of 

, the samples, before 'and after soaking were measured and % volumetric 

'swelling was determined. 

FigUre 16 is a plot of Antishrink Efficiency versus % retention 

"(defined in PART 1). These results compare favourably with those of 

'Kenaga et al (60) for values of % retention in the range of this present 

work (greater than 30%).* The data of Kenaga are based on wood samples 

which had been treated with a solution of 25% styrene, 75% dioxane and 

* All the data of Kenaga et al above 30",6 retention fall within the 

, :66% oonfidence region of the datal Le., :!: 8(Y) frc;>m the oorrelation 

line. 
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5.75% water. The amount of polystyrene that was removed by chipping,. 

'grinding and leaching the final samples was 29 - 44% of the total 

polymer retained. In the present work the corresponding amount of 

extractable polymer for the samples used in experiments 18 - 20 was 

30 - 66%. Unfortunately, no experiments were carried out for % retentions 

below 3016 but in theory the values should slope toward the origin, as 

shown by Kenagats data. 

The amount of material required for a given order of stability 

is'high as compared to other'methods. Taking an Antishrink value of 

'6016, the % retentions for this treatment, the acetylation treatment and 

the phenol formaldehyde treatment are 80,.20 and 23% respectively. The 

reason for this ineffiCiency has been explained by Kenaga. There are 

two main factors: (1) the non-productive use of polystyrene resulting 

from its deposition in the cell lumen and (2) the opening up of the 

more ordered areas of the cellulose to permit greater swelling. This 

last point is discussed in detail in Appendix V. 

C. Strength Properties of untreated Wood 

It is well established that aside from aotual strength tests, 

the density of a specimen of wood is the most satisfactory oriterion of 

its olear-wood strength (12 - 14, 72 -74). In fact, within a given 

species for which the average density and strength values are already 

known, it may be even more satisfactory than the actual testing (72). 

All mechanical properties measured in this work display this dependenoe 

on specific gravity. 
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In all the following graphs the abcissa is the oven~dry 

speoific gravity. That is, it is the speoifio gravity of the sample 

based on the weight obtained after heating to oonstant weight at 

·100 -.105°C. For the samples tested by Werezak th;l.s value was estimated. 

1. staticBending 

(a) (leneral 

Werezak carried out bending strength measurements by two 

methods. . In one case the load~defleotion curves were determined by 

recording the deflection at various load increments; in the other, 

these curves were obtained automatically by a recording device 

(deflectometer) auxiliary to the universal tester. It will be shown 

later that these two methods yielded Significantly different rupture 

values for the wood. Thus care is taken in this work to separate the 

results intol (1) the samples ·analyzed with the deflectometer and 

(2) the samples analyzed without the deflectometer. 

A summary of the following results is given in Tables 34 

and 35. In.Table 34, the strength properties of untreated and treated 

wood are compared at an average speoific gravity or "speoific gravity 

. prior·to treatment" of 0.431. For the treated wood, in some instances, 

no correlation existed between the oonsidered strength characteristic 

and the specific gravity. In these cases the comparisons were made on 

the basis of the average "specifio gravity prior to treatment" for the 

treated samples. 
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(b) Effect Qflrr>adiation on Modulus of Rupture 
t : 
'c 

In Figure 15 it is shown th.8.t irradiation decreases the 

bending strength of wood. (This curve is based on data by Ramal~ngam 

,(6:1;) .) Also, Werezak found that the average bending strength decrease, 

, (based on the strength value of the controls) was 8.2% for 3.5 Mrad 

and 9.5% for 4.5 Mrad. These values are based on the load in pounds 

and are valid o~y on the assumption that the control and irradiated 

s~nples have equal phys1calpropertiss. More accurate results can be 

obtained when (l) the strength data are normalized with respect to 

the stressed area and (2) average values of the control and irradiated 

samples are oompared at equal specific gravities. 

Figure 17 is a plot of Modulus of Rupture versus the oven-dry 

specific gravity of ,the samples stressed (without the deflectometer). 

These samples Were eqUilibrated to constant weight in an atmosphere 

of 68% relative humidity and 25°C. Figures 18 and 19 are similar 

plots for samplss irradiated with 3.5 and 4.5 Mrad respeotively. It 

oan be shown that there is a signifioant difference between the correlation 

of either of the irradiated samples and that of the controls (Appendix VI, 

Section C).]~gure 24 is a superposition of the correlation lines of 

Figures' 17- 19, showing the effect of the irr~diation (and specific· 

gravity) on ,the modulus of rupture. At an oven-dry specific gravity 

of 0.431 the modulus of rupture is deoreased by 3.7 :!; 2.9% for an 

+ / 
irradiation dose of 3.5 Mrad and 9.9 - 3.7% for 4.5 Mrad. 
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(0) Effect of Moisture on Nodulus of RuptuFe and Stress at 

the Proportional Limit 

Figure 20 is a plot of modulus of rupture versus oven*dry 
~- . 

specific gravity for the samples tested by Werez!!k with the aid of the 

deflectometer. Figure 21 is the corresponding plot for the stress at 

the proportional limit., These samples were humidified at 613% RH and 

,25°0 before testing. At these conditions the average moisture oontent 

of the wood was 9.7%. Figures 22 and 23 are similar plots for the 

oven-dried wood. The testing prooedur'e for these samples was the same 

as that used by Werezak except that the samples were dried in an oven 

at 100·0 until constant ,weight was attained, allowed to come to room 

temperature and then tested. The moisture adsorbed just before and 

during testing was estimated to be 1/2 - 1% of the total weight of the 

wood. 

It can be shown that the correlation based on the samples 

"tested without the deflectometer' (Figure 17) is significantly lower 

than that based on the samples tested with the deflectometer (Figure 20). 

This result cannot be explained. 

(Figure 25 shows the superposition of the correlations of 

Figures 20 - 23.) It is quite evident that the oven-dried samples 

have strengths higher than the humidified samples. At a common oven*dry 

specific gravity of 0.431 the increase in modulus of rupture is 

38.4 ± 3.9% and the inorease in the stress at the proportional limit 

is 35.9 = 6.2% based on the strength of the humidified wood. It is 
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noted that the variability (as measured by the variance) is significantly 

. higher for the oven~dried samples than for the humidified ones. 

·,sim11ar results have been obtained by Robinson (75). 

(d) Nodulus of Elasticity 

The modulus of elasticity as a function of oven-dry specific 

gravity is shown in Figures 26 and 27 for the humidified and oven-dried 

. samples respectively. At a speCific gravity of 0.431 the average 

strength values are 2280 :!: 69 x 103 psi and 2300 :!: 71 x 103 psi. There 

is no significant difference between these average values or the 

correlations shown in the figures. This indicates that the 9.7% 

moisture in the humidified samples does not affect the modulus of 

elasticity of the wood. In the Wood Handbook (73) the average increase 

in the modulus of elasticity for a 1 percent decrease in moisture 

content is given as 2%. This value was calculated in the moisture-

content range of 12 - 25% moistLlre and may not be valid for drier 

conditions. 

(e) Work to Proportional Limit and to Maximum Load· 

Average values for work done in static bending for the humidified 

and oven-dried wood we given in Table 29. The results show that 

work in bending is a very sensitive function of the moisture content 

i of the wood. The work to the proportional limit is increased 77.8 :!: 10.9% 

• For a discussion of the data~presentation for this section see 

Appendix VI - D. 



TABLE 29 

,} 
WORK IN BENDING TO PRoIloRTIONAL LIMIT AND TO MAXIMUM LOAD 

FOR HIMIDIFIED AND OVEN-DRIED WOOD" 

Work to Proportional Limit" 

in-lb. per cu. in. 

Work to Maximum Load" 

in-lb. per cu. in. 

Humidified 
1.98 : 0.10 

Wood 

Oven-dried 
10.50 ± 1.16 

Wood 

• Average oven-dry specific gravity = 0.427. 

•• -+ The data are presented in the form Y - ts where s = standard 

deviation of the mean and t = student "til value at 95% confidenoe 

level. 
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and the work to the maximum load is increased 3'1.3 ± 18.7% when the 

moisture level of the samples is decreased from 9.7% to the dried state. 

2. 

versus 

i'· 

Compression Parallel to the Grain 

Figures 28 and 29 are plots of the maximum crushing strength 

oven-dry specific gravity for the humidified and oJ~~dried 
samples respectively.' At a specific gravity of 0.431 the oven-dried 

samples have an average maximum crushing strength which is 5'1.4 ± 3.4% 

higher than that for the humidified wood. 

3. Tension Parallel to the Grain 

Figures 30 and 31 are plots of the maximum tensile strength 

versus oven-dry specific gravity for the humidified and oven-dried 

samples respectively. 

the correlations appear 

confidence level the 

Although the expanded'scale on the graphs ,makes 

trivial, these are significant at the 95% 

correlation removes about (r = 0.5)2 = 25% of 

the variance in the data. However, there ,is a large variance in the 

data and this is due to the following facts: (1) the Hounsfield 

Tensometer has an estimated reproductibility of ± 2 - 3% (2) the error 

in determining the stress area for the small samples is estimated to be 

! 3% (3) the error in assuming that the specific gravity of the small 

samples was the same as that of larger beam from which it Was cut is 

estimated to be ± 2.3%. It oan be seen that if these errors are 

added to the natural variability of wood, the resulting variance will 

be relatively large. In addition it is also possible that the large 

variability in strength with respeot to specific gravity after the 
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regression is due to the fact that, in actuality, the tensile" strength 

is not Ii strong function of speoifio gravity. Very few data are available 

in the" literature to substantiate this possibility. Comben (76), using 

Douglas Fir wood samples with dimensions of llYt' x 2 cm. x i4" waisted 

at the centre to give a minimum oross-section of 1/811 x 1/4" over a 

211 length,. carried out tension tests. His results are shown below. 

TAllLE 30 

MAXIMUM TENSILE STRENGTH FOR DOUGLAS FIR (AFTER COMBEN) 

speoific Gravity (ca, 11% moisture) 

0.497 

0.458 

0.462 

0.502 

0.511 

0.536 

0.494 

Maximum Tensile Strength psi 

17460 

17670 

13520 

17300 

19910 

16050 

16990 

There is no significant correlation between the above two variables,· 

Also the few articles in the literature indioate that the 

ultimate tensile strength of wood is affected only slightly by the 

amount of moisture in the wood (72, 74, 76). It oan be shown that the 

two oorrelations shown in Figures 30 and 31 are not signifioantly 

Or = 0.324 
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different and that one overall fit can represent the data as well as 

the two separate fits (see Appendix VI - C). The statistics for this 

overall correlation are given below in Table 31. 

TABLE 31 

STATISTICS FOR OVERALL FIT OF HUMIDIFIED AND OVEN-DRIED WOOD: 

MAXIMUM TENSILE STRENGTH vs. OVEN-DRY SPECIFIC GRAVITY 

Y ~ 36900X - 1690 

N " 44 

Y = 14350; X = 0.435 

S(~)2 = 7.43xl06 

S(b) = 9460 

r = 0.516 

D. Strength Properties of Treated Wood 

1. Static Bending 

Figure 32 (after Werezak) shows a typical load-deflection 

curve for an untreated (control) and a solution-treated sample of wood. 

It is seen that for a given deflection, the load for the treated 

sample is greater; also the ultimate breaking load is greater for the. 

treated sample than for the untreated one. Since the former has on 

the average 16% more volume than the latter, it is evident that the 

ultimate strength of the treated samples, expressed in terms of stress 

(lbs/area), may not necessarily be greater and indeed may be less. 
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(a) Modulus .of Rupture 

(i) Wood Treated and Tested by Werezak 

The samples of wood treated by Werezakoan be conveniently 

divided into two sections; viz., those that were tested in bending 

with the aid of the deflectometer and those which were tested without 

this accommodation. The treatment of the former has been described in 

detail in PART 1 of this thesis '(Tables 14 - 17). The following 

solutions were usedl 54:42:4 and 65:32:3 weight ratio of styrene, 

methanol and water. The dcse used was 4 or 5 Mrad. Before testing, 

the treated samples were humidified to constant weight in an atmosphere 

of 68% N.H. and 25°C. The samples contained about 4% by weight 

moisture based on the weight of the oven~dried treated sample or about 

8% by weight When based on the weight of wood in the treated sample. 

When the maximum bending loads for these treated samples 

were normalized with respect to the stressed areas, the modulus of 

rupture values were obtained. Attempts were made to correlate the 

rupture values with· respect to several parameters. No significant 

correlations could be obtained for the modulus of rupture and any 

e~pression relating to the presence of polymer in the treated sample 

(e.g., fraction polymer in the treated sample, associated polymer in 

gms/cc or polymer retenticn). In fact, this statement holds true for 

all solution-treated samples (but not those treated with pure styrene) 

and for all strength properties associated with these samples. 

However, most strength properties could be correlated with respect to 
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the oven~dry specific gravity of the treated sampiesprior to the 

treatment. This was convenient in that it allowed the strength properties 

of the treated wood to be compared graphioally to 'the untreated data 

since the same oo~ordinate system was used in both oases. 

Figure 33 ia suoh a plot of the treated data. The aoUd 

line in the graph is the leaat-squarea fit fOr the data. The daahed 

line ia the leaat-squares line for' the data of th~ untreated humidified 

samples deacribed in a previous graph (Figure 20). It should be 

emphaaized that although the data is greatly scattered, the correlation 

line is a significant improvement over a horizontal line through the 

data (i.e., no correlation). In fact, the regreasion line remove 

(0.528)2 ~ 30% of the variance that exists about Ii horizontal line 

through the average value of the data. Now it can be shown that the 

correlation line for the treated wood is not signifioantly different 

(except for the variance) than that for the untreated humidified wood 

(Appendix VI - 0). 

Similar results are found for the samplea whioh were treated 

with a 76% styrene, 22.5% methanol and 1.5% water solution (Tables 2 - 5 

and Tables 18 - 20 in PART 1). These treated samples were humidified 

and tested without the deflectometer and hence the rupture values are 

compared to the correlation line obtained in Figure 17. It can be 

shown that except for the variance there is 'no significant difference 

between the correlaticns of the treated and untreated data. 
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(ii) Treated Wood Tested in the Dried Condition 

It would be desirable to oompare strength characteristios 

of treated and untreated wood on the basis of equal moisture content, 

·as moisture is known to weaken wood. Since the humidified-treated 

samples described above contain less moisture per weight of sample or 

#ven per weight of wood-substance in the sample the effect of the 

treatment per se on the strength properties is difficult to discern. 

It is for this reason that in this present work all strength tests 

Were performed on oven-dried treated and untreated wood. 

Figure 35 is a plot of modulus of rupture versus' oven';dry 

specific gravity of the treated wood prior to treatment (hereafter 

referred to as "original" specific gravity). The treatment of these 

samples has been described in detail in PART 1 of this thesis (Tables 

25 and 26). The impregnating solution was made up of 54% styrene, 

42% methanol and 4% water by weight. The dose used was 1 - 5 Mrad and 

the temperature during irradiation varied from ambient to 77.5°C. An 

evident aspect of the correlation shown in Figure 35 is the significantly 

higher residual variance as compared to the correlation for similarly 

treated samples which were humidified before testing (Figure 33). This 

observation is the sarne as the one noted for the untreated samples 

Where the variance was higher for the oven-dried wood as compared to 

the humidified wood. It oan be shown that except for significant 

difference in variance, the correlation of ~'igure 35 is not significantly 

different from that of Figure 33; i.e., the oven-dried solution-treated 
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samples of this work have modulus of rupture value';' whioh are not 

different than those of the samples treated by Werezak. From Figure 35 

it is also seen that the modulus of rupture for th~ treated oven-dried 
-'--·."-".--i·-"'-

samples is substantially lower than the untreatedoven.l.dried wood. At 

a speoi£ic gravity of 0.431 the average value is 14020 t 1420 psi which 
, " '+ 
is 23.8 - 8.1% lower than the strength of the ·untreated wood. Therefore 

on the' basis of moisture-free wood the treated samples are weaker in 

, ultimate bending strength than the untreated wood; 

The treatment with a solution of 27% styrene, 65% methanol 

and '8% water leads to a similar weakening of wo'O<1;.';; No correlation 

oould be found for the modulus of rupture with respect to any parameter. 

The average rupture value is 13600 ± 3900 psi. The average "original" 

speoificgravity is 0.464 and the average fraction':';polystyrene in the 

treated sample is 0.158. The 95% confidence limits of'the mean value 

aTe high beoause the latter is based on only nine i.amples. At a 

speoifio gravity of 0.464 the strength of the oven':';dried untreated 

samples is 21000 t 625 psi. This is 35.2 ± 18.8% higher than that of 

the treated samples.based on the former. 

In contrast to the samples treated with:a solution of 

styrene, methanol and water, wood treated with styrene alone has no 

polystyrene present inthe walls of the cells. Figure 36 is a plot 

of modulus of rupture versus fraction polystyrene whioh is in the 

treated sample (designated as F.P.S.). The treatment of these samples 

is given in PART 1 of ·this thesis and the relating physical data is 
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is given in Table 24. Briefly, wood was treated with pure styrene at 

a dose of 4.5 Mrad at temperatures varying from ambient to 77.5'0. 

There was no correlation between the modulus of rupture and the 

"original" specific gravity of the treated samples; it appears that 

the effect of'polystyrene in the sample i's so strong that it obscures 

the contribution of the woody-substance on this strength property. 

The average rupture value for these samples at anF.P.S. of 0.487 is 

16200 :!: 921 psi. 'rhe average "original" specific gravity is 0;414. 

The average modulus of rupture value of the untreated oven-dried wood 

at this specific gravity is 

y = 63000 (0.414) 8800 (Figure 22) 

" 17300 :!: 4,94 psi 

Hence the average strength for the treated samples' at an F.P.S. 

value of 0.487 is 6.4 :!: 6.2% lower than that of the untreated wood 

at a common speCific gravity value of 0.414. 

It is noted that the average rupture values of the samples 

treated with styrene alone (16200 psi) is higher' than that of the 

samples treated with the 54% styrene solution (see Figure 35). Since 

the average fraction-polystyrene in the treated saMple (F.P.S.) = 0.487 

for the former and 0.382 for' the latte~. it would'''be lnterestillg to 

'determine whether a Significant difference in strength exists when 

both sets of treated data are oompared at oommon "'original" speoific~ 

'gravity and F.P.S. values. If we let these values be 0.414 and 0.382 

respeotively, the average rupture values for the samples treated with 
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the 54% solution (Figure 35) and that for the samples treated with 

'styrene alone (Figure 36) become 13120 t 1910 paiand 14350 :!: 1280 psi 

respectively. Unfortunately the standard deviation of the mean is SO 

ll!;ge that the 9.4% difference between values must be considered 

statistically insignificant. 

(b) stress at the Proportional Limit 

(i) Wood T1'eated and Tested by \~erezak 

Figure 37 is a plot of the stress at the proportional limit 

versus the oven-dry specific gravity of the treated samples prior to 

treatment ("original" specific gravity) for the same samples used for 

Figure 33. It can be shown that the least-squares correlation line 

is significantiy higher than that for 'the untreated humidified samples 

shown in Figllre 21. At a specific gravity of 0.431 the vallles are 

11130 :!: 445 psi and 8900 :!: 230 psi respectively (& differenoe of 

25.1 :!: 6.2%). As shown in Figura 37, although the correlation is 

signifioant 'at the 95% oonfidence level, it is not particularly good; 

i.e •• only (0.413)2 = 17% of the variance is removed by the regression 

line. 

(ii) Treated Wood Tested in the Dried Condition 

In oontrast to the modulus' of rupture data shown in Figure 35. 

no correlation existed between the stress at the proportional limit 

and any parameter for the samples treated with the 54% styrene solution. 

'l'he.average stress at the proportional limit for these 27 samples is 

14200 t .1160 psi at an "original" specific gravity of 0.451. In order 
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to compare the proportional limit values of the oven-dried treated 

and untreated wood the latter is caloulated from Figure 23 as 

y = 42000 (0.451) - 5980 

= 12970 :!: 622 psi 

There is no significant difference between the two strength values. 

Also it can be shown that there is a significimt difference between 

the average stress value for these treated samples (14200 :!: 1160 psi) 

and those treated by Werezak (11530 :!: 523 psi - see Figure 37) compared 

at a common specifio gravity of 0.451. The difference is 23.2 :!: 10.6% 

based on the latter. 

The samples which had been treated with the 27% styrene 

solution, when stressed in static bending yielded linear load-deflection 

curves until ultimate failure occurred. Therefore the stress at ·the 

proportional limit was equivalent to the modulus of rupture which is 

13600 ! 3900 psi. The stress at the proportional limit for the 

untreated oven-dried samples at an average specific gravity of 0.464 

(i.e •• the average "original" specific gravity of these treated samples) 

is 13520 ! 705 psi. Thus the average strength values are equivalent 

except for the much higher variance for the treated samples. 

For the samples treated with pure styrene, the load-defleotion 

curves deviated only slightly from a linear relationship. Thus the 

correlation between the· stress at the proportional limit and the F.P.S •. 

is very similar to the correlation for the modulus of rupture data 

shown in Figure 36. The stress at an average F.P.S. value of 0.487 
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and an "original" specific gravity value of 0.414 is 15800 1: 541 pai. ,.' 

l'he stress at the proportional limit for the untreated oven-dried 

samples at a specifio gravity = 0.414 is 11420 ! 551 psi Which is 
.....,>j. 
38.3 -6.3% lower than treated average stress. 

(c) ModulUS of ~lasticity 

(i) Wood Treated and Tested by \1erezak 

A plot of the modulius of elasticity versus the "original" 

specific gravity of the samples treated and tested by Werezak is shown' 

in Figure 39. It is evident that the correlation for the treated 

samples is signifioantly lower than that for the untreated humidified 

• sampl.es.At an average specific gravity of 0.431 the modulus of 

elasticity values for the humidified treated and untreated samples 

;. 3 + 3 ' . are 1910 - 77 x 10 psi and 2280 - 69 x 10 psi respectively. 

(ii). Treated Wood Tested in the Dried Condition 

Figure 40 is a plot of modulus of elasticity versus the 
\ 

"original" specific gravity of the samples treatedw:l.th the 54% styrene 

solution. It can be shown that there is a significant difference 

between' the correlation for these treated samples and that for the 

oven-dried untreated samples. At an average specific gravity of 0.,431 

the modulus of elasticity values are 1980 r 89 x 103 psi and 

2300 1: 71 x 103 psi respectively.' In,addition, there is no significant 

difference between the correlation for these treated samples and that 

far the samples treated by werezak with solutions of 54% and 65% 

styrene (Figure 39). 
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The average modulus of elasticity for the wQod treated with 

the 27% styrene solution; based on nine samples is 1810 ! 674 x 103 psi 

at an 'average "original" Specific gravity Qf 0.463. The mQdulus Qf 

elastioity fQr the untreated oven-dried wood at a speoifio gravity of 

0.463 is 2480 ± 93 x 103 psi. More than nine samples are required 

in order tQ say with 95% cQnfidence that there is a differenoe between 

these values. 

Similar to the modulus of rupture and the stress at the 

proportional,limit, the modulus of elasticity for the samples treated 

with pure styrene is not correlatable with the "original" specific 

gravity but has a oorrelation with the "fraction-polystyrene in the 

treated sample". This is shown in Figure 41. The average modulus of 

elasticity valu!'l for an average F.P.S. of Q.487 and "original" specifio 
7. 

gravity of 0.414 is 2490 ! 188 x lOJ psi. The modulus of elasticity 

for the oven-dried untreated wood at ,a specifio gravity of 0.414 is 

2200 ! 80 x 103 psi which is not significantly lower than the average 

treated value. 

(d) WQrk to Proportional Limit and tQ Maximum Load 

No cQrrelation was Qbtained between either work expressions 

and the "original" specific gravity fQr any of the treatments. The 

results are, summarized on Tables 34 and 35. 

2. Compression Parallel to the Grain 

Maximum Crui3hing Strength 

All the treated samples were oven-dried prior to testing. 
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No correlation was obtained between maximum crushing strength 

• and the "original" specific gravity or the F.P.S. in the treated sample 

for the samples treated with the solution 54% styrene, 42% methanol and 

4% water. The average strength at an average "original" specific gravity 

of 0.449 and average.F.p.S. of 0.374 based on 49 samples is 11350 ± 558 psi. 

The maximum crushing strength of the untreated oven-dried samples at a 

specifiC gravity of 0.449 is 9680 :!: 264 psi. The treated samples, on 

the average, are 17.3 :!: 5.3% stronger in compression than the untreated 

wood. 

For the samples treated with the 27% styrene solution, 'a 

oorrelation between the crushing strength and the "original" specific 

gravity existed and is shown in Figure 42. It can be shown that the 

correlation for these samples is significantly dif'ferent than that for 

the untreated oven-dried samples (Figure 27) at the 0.05 probability 

level".. It is noted that at a specific gravity of 0.443 both correlations 

for treated and untreated samples yield a strength of 9540 psi. Below 

. this specific gravity, the treated samples appear to be stronger in 

compression whereas above this value, they appear to be ~Ieaker.· In any 

case, it is seen that the difference is slight. 

For the wood treated with pure styrene, it was found that 

there was a Significant mUltiple correlation for the maximum crushing 

strength as a function of the "original" specific gravity and of the 

• but not .at the 0.01 level 
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F.P.S. in the treated sample. ~he statistics of the correlation are 

given below. 

TABLE 32 

MAXIMUM CRUSHING STRENGTH. AS A FUNCTION OF 

"ORIGINAL" SPECIFIC GRAVITY AND ''FRACTION POLYSTYRENE 

IN TREATED SAMPLE" FOR WOOD 

TREATED WlTH PURE STYRENE 

M.C.S. = 33700 (s.G.) + 16800 (F.P.S.) - 8700 

N = 40 

MCS = 13000; SG = 0.407; FPS = 0.468 

S2(MCS) = 5.33xl06 

S(bga) .. 1220Q 

R· = 0.738 

., For a 'Specific gravity of 0.431 and F.P.8. of 0.468, the maximum 

crushing strengt,h equals 

33700 (0.431) + 16800 (.468) - 8700 

= 13650 ± 944 psi 

.Thia value is 47.1 ± 10.3% higher than the strength of the untreated 

wood ~- 9280 ± 251 psi. 

Again it would be interesting to compare the strength of 

the wood treated with the 54% styrene solution and that of the wood 

.. Multiple correlation coeffioient; defined in Appendix VI - E 
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treated with styrene alone. The "original" specific gravity and F.P.S. 

for the former are 0.449 and 0.374 respectively. 

Tl;lus M.C.S. = 33700 (.449) + 16800 (.374) - 8700 

+ = 12580 - 1310* psi 

Th:l.s value is not significantly different from 11350 t 558 psi which is 

the average crushing strength for the 54% styrene solution-treated 

samples. 

3. Tension Parallel to the Grain 

Maximum Tensile strength 

No correlation was obtained between the maximum tensile 

strength and the "original" specific gravity or the F.P.S. for the 

samples treated with the 54% styrene solution. The average strength is 

10350 t 685 psi at an average original speCific gravity of 0.452 and an 

average F.P.S. of 0.381 based on 20 samples. The maximum tensile 

strength for the untreated wood at specific gravity of 0.452 is 

15000 t: 894 psi which is 31.0 t 7.3% higher than that of the treated 

samples. 

·As in the previous case no correlations were obtained for 

.wood treated .with the 27% styrene solution. The average maximum tensile 

strength is 11300 "!: 1910 psi for an average "original" specific grav:!-ty 

of 0,464 and F.P.S. of 0.146 based on 8 samples. The strength for the 

untreated wood at a spec.ific gravity of 0.464 is 15410 :t 1010 psi Which 

'The 95% confidence limits of this average value, 12580 psi, are 

worked out in Appendix VI - E. 
I . 
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is 26.7 t 14.4% high~r than that of the treated samples. 

~here is a significant multiple correlation between tha 

maximum tansile strength and the "original" specHic gravity and F.P.S. 

for the wood treated with pure styrene. The statistios are given below, 

TABLE 33 

MAXIMUM TENSlLE STRENGTH AS A FUNCTlON OF 

"ORIGlNAL" SPECIFIC GRAVITY AND "FRACTION POLYS1'YRENE 

IN TREATED SAMPLE" FOR WOOD 

TREATED WITH PURE STYRENE 

M.T:S. = 87400 (SG) ~ 36500 (F.P.S.) - 41900 

N = 13 

MTS " 12700; SG = .407; ffi " 0.521 

S2(MTS) " 2.39xl06 

S(bsa) = 19500; S(hrPS) = 8700 

R = 0.836 

At a specific gravity of 0.431 and F.P.S. of 0.521 the maximum tensile 
, ~ 

strength equals 14750 - 1140 psi. This is not significantly higher than 

the strength of the untreated wood at the same speoifio gravity; viz., 

14200 t 835 psi. On comparing the average maximum tensile' strength for 

these samples with the one for the samples treated with the 54% styrene 
I 

solution, the average specific gravity and F.P.S. values for the latter 

are used. 

Thus MTS = 87400 (.452) + 36500 (.381) - 41900 

= 11500 ! 3900 psi 
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STRENGTH PRO)?ERTY 

TABLE 34 

STRENGTH PROPERTIES·" 

STATIC BENDING WITHOUT DEFLECTOMETER 

Untreated Irradiated with Irradiated with 
Humidified· 3.5 Mrad 4.5 Mrad 

Treated with 76'}6 styrene, 42.5% methanol, 
and 1.5% water: Irradiated and humidified. 

Modulus' of Ifup€'lire:' .' psi 14700 : 234' 14150 : 392 13250 : 503 14860 !. 564' 

Oven-Dry Spli.Cific 0.431 0.431 0.431 0.431 . Gravit;t . , 
., "". 

STATIC BENDING WIm DEFLECTOI~E'.CER 

Modulus of Rupture psi . . 

Oven-Dry Treated with ~ Treated with 54% . Treated with pure" 
Treated with 2?% 

Specific "Untreated Untreated and 65% styrene styrene solution; styrene; irradiated; 
styrene solution; 

Humidified OVen-Dried . solutions; irradiated; irradiated; Gravity <, 
humidified irradiated; oven-dried oyen-dried* 

oven-dried c 

0.414 . < ..... . 17300 : 494 ;. 16200 :!: 9<;1 .. ~.,""'" 
13300:231 

-
.13900 ! 515 0.431 '. '.' 

. 

0.431 ' . 18400 :!: 482 ". 14020: 1420 < " . , . 
,. 

, :,,-
0.464 '. '. 21000 : 625 " 

. 
. 

.:-, 136bo.: 3900/ - '. , 
.;, . Stress at the Proportipnal 'Limit :psi . ...... ' 

0.414 ,,', ".'., 11420 : 551 15800 :'541 . " .' 

0.431 8900 : 230 11130 :!: ¥f5 .,,,,. 

0.451 .' . 12970 : 622 14200 i 1140 .- ,'" 

0.464 . 13520 ! 705 .,. 13600 ~ 3900 
----.. -----~.-.--- ..• -- - -- - ---- -- -_ .. _-

~ ......... "'. cont'd. 

2 



TABLE 34 (eon'!;" d,. ) 

~~r-
Modulus of Elastieity 1000 psi 

" ," Treated with 5'1% Treated with 54% I Treated with pure 
Oven:-D::y Untreated' Untreated and,: 6% sty::ene _ styrene so.lution; styrene; irradiated;, Spee~f:te ',{ Hum,a,'ified ,! 'Oven:-Dried solutions; lrradiated; irradiated' oven-dried even-dried*, 
GraVlty' ,', ~,i, 'I humidified _, , 

'" Treated with 27% 
styrene selutien;i 
irradiated; 

:.""""'..',,.".,':",;:,,. . ,.', even-dried 

~::~> ~4aO±69 \2200 ±79: - I : 1~1O ; 77 .: 1- ,-- 2490 ! 188-, I 
0.43], 1 2300 :!: 71 1980 :!: 89 ,,it,, 
0.463 

, 
" 

Oven:"Dry 
speeidc 
Gravity \ 

6.431' 

2490 ± 93 19lO~o74 

\!Iork to. Proportienal Limit in.-lb .. per cu .. in' .. 

1.98 :!: 0.10 ... 'I + 3.51 - 0.35 3.52 - 0.21 5.88 ! 1.09 5.75 ~ 0'.75 ""'l" 5.55 - 1..59 

Werk to. l~aximum Lead in.-lb. per eu. in. 

7.65 ! 0.85 10;50:!: 1'.16 6~28 :!: 0.87 6.98 :!: ]"24 6.09 :!: 0..96 I 5.55 ± 1.59 

COMPRESSION PARALLEL TO THE GRAIN, MaX:in;um Crushing Strength psi 

'
untreated I Untreated 
Humidifi.ed Oven-Dried 

5900:!; 180 

Treated with 54% 
styrene solution; 
irradiated; oven-dried 

Treated with pure 
styrene; irradiated; 
oven-dried* 

Treated,with 27%'styrene selution; 
irradiated; , oven-dried 

" 

: ~~: ::~: -~::, ,:--:[ '''~'~: :! : 94~ ~34 : ! 
- . 

...•••••. ~ cont'd. 
~ 

, 



Oven-Dry 
Specific 
Gravity 

0.431 

0..452 

0.464 

TABLE 34 (cont'd,.) 

-- -
TENSION PAllALLEL TO THE GRAIN: Maximum Tensile Strength psi . 

;,. 

Untrea.ted; Combined Trea.ted with 54% styrene Treated with pure Treated with 27% styrene 
H~dified and o.ven-dried solution; oven-dried styrene; oven-dried' solution; oven-dried 

>;'.14200 ! 835 14750. ..;'1i40 
. + 

10.350 1. 685 .. . -........... 15000 - 894 . . -~---. .. + .. 
11300 ! 1910 

• • . • 15410. - 10.10 . . -- -
\ 

** . data presented as Yi + tscYi) where Yi = average strength value at xi 

t = student lit" value at 95% confidence limit 
A 

S(Y) = standard deviation of Yi at xi 

based on S2(~i) = S2(~12[~ + ex -2Xi12] 

~x 
••••••• '" Page 237 (79) 

',,,' 

.~::::, : . 
for simple correlations. ,.,' 

;-, 

*seJ,ect:ed a.t the average F.P.S. value 

-
. @ 

~ 
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TABLE 35 

COMPARISON OF STRENGTH PROPERTY DATA* 
, 

\:;,,"-~ ',' --'STRENGTH ALTERED BASIS 
PERCENT INCREASE 

pROPERTY WOOD IN PROPERTY 

i 
Oven-dried 38.4 ~ 3.9 

Irradiated with 

3.5 Mrad and + , - 3.7 -2.9 

humidified 

Irradiated with 

4.5 Mrad and + 
Humidified - 9.9 - 3.7 

humidified 

Treated with 54% and Wood 

1 
, 

, ModuluB 65% styrene solutions, nil 

of irradiated and humidified 
, 

.-

Rupture Treated with 76% 

styrene solution; nil 
! irradiated and humidified 
, I, ' .. 

Treated with 54% \ 

, styrene solution; -23.8 + 8.1 
"\ 

irradiated and oven-dried , 
.-

Treated with 27% Oven-dried 
: -35.2 :!: 18.8 " i styrene solution; . 

Wood , irradiated and oven-dried 

Treated with pure styrene; - 6.4 :!: 6.2 
irradiated and oven-dried 

. 
'~ --

... ............ cont'd. 

-'''''';-
"".-, 
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TABLE 35 (oont'd.) 

STl~EN(lTH ALTERED BASIS PERCENT INCREASE 

,}i'gQPERTY WOOD IN PROPERTY 
. , .'. 

.. .. . 
. Oven-dried 35.9 ::t 6.2 

Treated with 54% and Humidified 

65% styrene solutions; Wood 25.1 + 6.2 -I 

, . irradiated and humidified' 

Treated with 54% 
r' 

Stress styrene solution; nil -"-J-' 

, ...• 
at the 

irradiated and oven-dried . 

Treated with 27% - .. 
proportional , Oven-dried styrene solution; nil , . ., 

Limit irradiated and oven-dried Wood 

Treated with pure styrene; 38.3 :t 6.3 
irradiated and oven-dried 

. Oven-dried nil 

, Treated with 54% and Humidified 

Modulus 65% styrene solution; Wood -16.3 + 4.5 
I· 

. of irradiated and humidified 

. '~) ~lastici ty Treated with 54% t . 

f~1 
styrene so:J.ution; -13.9 ::t 4.7 

I 
." irradiated and oven-dried 

. ' 
.. 

'l'reated with 27% OVen-dried 
styrene solution; nil 

irradiated and oven-dried Wood 

.' 

Treated with pure styrene; nil 
irradiated and oven-dried 

.. " •• _ " .• " .... e cont' d. 



207 

TABLE 35 (conttd.) 

STRENGTH ALTERED BASIS PERCENT INCREASE 

'i",Pf(QPERTY WOOD i IN PROPERTY ,. .. 

I' . . 

77.8 :!: 10.9 • I Oven-dried 

I· Treated with 54% and 
Humidified 

65% styrene solutions! Wood 78.2 + 12.2 -
irradiated and humidified 

..... - . 

Treated with 54% 

styrene solution; 70.4 + 34.2 Work 

to 
irradiated and oven-dried 

'. Treated with 27% 
P.roportional Oven-dried 

58.1 + 45.1 styrene solution; 
. Limit irradiated and oven-dried Wood 

.' 

Treated with pure styrene; , . 
63.8 + 24.9 

irradiated and oven-dried , 

t . , , 

37.3 '!: 18.7 Oven-dried " 

Treated ,.ith 54% and 
Humidified + 

Work 65% styrene solution; -17.9 15.5 

irradiated and humidified Wood 
to 

Maximum 
Treated with 54% 

.' 

styrene solution; -33.2 + 16.2 
Load irradiated and oven-dried 

Treated with 27% Oven-dried , 
+ 

. styrene solutionj Wood -47.1 -17.6 

irradiated and oven-dried 

Treated with pure styrene; -42.0 '!: 14.4 
irradiated and oven-dried -

...... 11 ••• ,. cont'd. 



TABLE 35 koont'd.) 

. 
$TREN~H ALTERED BASIS 

PERCENT INCREASE 

PRG!J'ERTY WOOD IN PROPERTY 

- Humid.ified 
Oven-dried Wood 57.4 :!: 3.4 

i . 
" 
. 

Treated with 54% 
styrene solution; + 17.3 - 5.3 , 

Maximum irradiated and oven-dried 
. 

Crushing Treated with 27% Oven-dried 
. 

strength styrene solution; Wood nil 

irradiated and oven-dried 

Treated with pure styrene; 47.1 + 10.3 
irradiated and oven-dried 

. 

Treated with 54% 
. styrene solution; Combill<)d . -31.0 + 7.3 

I 
Maximum irradiated and oven-dried 

Humidified 

Tensile Treated with 27% 
and 

styrene solution; -26.7 + 14.4 Strength 
... ' irradiated and oven-dried Oven-dried 

I . 

Treated with pure styren~1 Wood 
nil 

irradiated and oven-dried 
" 

• Data presented with 95% confidence limits; see Appendix VI - E 

for details. 
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There is no significant difference between this value,ap.d the average 

for the solution treated wood -~ 10350 :685 psi • 

• 
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, P+SGVSSION OF RESUL~S 

Compression Parallel to the grain 

The Qven·dried untreated wood is '57.4:!: 3.4%etronger in 

compression than the humidified untreated wood. A oompressive force, 

tende to cause the fiore wall of a wood to buckle. Of course, the 

chain molecules also buckle and in c'onsequence lateral restraining 

forces are introduced that increase as the moisture oontent of the wood 

deoreases (13). ~herefore resistance of wood to compression increases 

as water is lost from cell walls because the' walls attain greater 

stiffness. 

The results show that the samples that were treated with the _ 

'54% styrene solution (average F.P.S. = 0.374) are on the average 

17.3 :!: 5.3% stronger than the oven-dried untreated wood. Undoubtedly 

the action of the polystyrene in the cell wall is similar to that of 

water; i.e., a destruction of hydrogen bonds has occurred. However, 

the bulking properties of the plastic, both in the cell wall and in the 

lumen, have compensated for the loss of strength associated with the 

separation of the cellulose chains. For the samples treated with 27% ',- ;'"': 

styrllne solution there is no significant difference betwlllln the maximum 

crushing strength as compared to the oven-dried sampllls. This indicates 

that the bulking action of the polystyrene (F.P.S. " 0.154) is just 

enough too nullify the strength loss caused by breaking of the hydrogen 

bonds. 

The sarnpllls treated with pure 'styrene at an average F.P.S. of 



211 

0.468 ~~ 47.1 ! 10.3% stronger than the untreated oven-dried samples. 

Also the multiple correlation shows that the compressive strength is a 

function of the polymer content. For example. Ii 25% increase in F.P.S. 

(0.4 to 0.5) will increase the strength 14.5% (11710 to 13400 psi). 

This is reasonable in view of the fact that polystyrene is relatively 

strong in compression; viz., 11000 - 16000 psi. 

The average crushing strength of the samples treated with 

pure styrene when compared to that of the samples treated with the 54% 

styrene solution at a oommon "original" specifio gravity and F.P.S. 

yielded values of 12580 t 1310 and If350 ! 558 psi respeotively; It 

oan be shown that there is no signifii:.ant difference between these , , 

values at the 95% oonfidence limits*; i.e., the variance of the. mean 

at an original specific gravity of 0.449 and an F.P.S. value of 0.374 

is so large that a difference of 1258~2;8;135P ='10% must be considered 

insignificant at this confidence level. At any rate, the results show that 

the compressive s.trength of the wood treated with pure styrene is not 

10% higher than that of the wood treated with the 54% styrene solution 

at common F.P.S. and specific gravity values •. 

Tension Parallel to the Grain 

The ultimate tensile strength for the solution-treat,ed samples 

is substantially lower than that of the untreated samples. For those 

.•.. treated with the 54% styrene solution (average F.]?$. = 0.381) the 

. - . . 

.•. However, there is a significant difference at the 90% level. 

.'" .. 
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decrease was 31.0 :!: 7.?If,. For the, sample a treated with the 27% styrene 
'.' + 

sol,ution (average F.P.S. = 0.146) the deorease WIle. 26.7 - 14.4%. This 

':r,eduction in strength could be due to two factors: 

(1) the penetration of styrene into the walls'has led to a 

in molecular cohesion acoompanying the swelling or the separation 

. hf' the ceJ.li.!lose chains • 
. ; .. 

"-.-'.". (2) therll-diation dose has degraded thawood and oaused a 

'decrease in the average D. P. of the oellulose in the walls. 

The samples treated with pUre styrene yield an average tensile 

'at:rEtngth which is insignificantly different from the untreated samples 

based on a common spacific gravity of 0.Lf31 and an average F.P.S. of 

0 • .521 for the treated samples. If we equ~te the average strength 

Values of the treated and untreated samples we get 

14200 '= 87000 (.431) + 36500 (F.P.S.) 

whence F.P.S. = 0.506. 

Thus at J'i'i'aotion Polystyrene values above 0.506 the treated samples are 

stl1t,nger ,than the untreated; below this value they I).re weaker. It is 

possible·that two simultaneous effects are causing this behaviour: 
I 

(1) the degradation and weakening of the wood by radiation and (2) the 

strengthening of the wood as a result of the bulking and cementin~ due 

to tha prasence of polystyrene in the zones of weakness in the tracheids; 

namely, the bordered pits (13). At !).round F.P.S. = 0.506 these effects 

cl).Ucel ~aoh other. It is noted that since no polystyrene is present 

in the walls for these sample~, no separation of the cellulose fibres 
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oocurs. 

It was, felt that a oomparison between the samples treated 

With pure styrene and thoae treated with the 54% styrene solution 

(average F.P.S. = .381) would be unjuatified beoause it 'would involve 

a gross extrapolation of the multiple oorrelation; i.e., only 1 value 

out of 13 had an F.P.S. value less than 0.453. In addition, the sample 

size was relatively small, and the variance high. Consequently the 

variance of the mean was large and strength values differing from the 
/ ' 

mean have aSsociated with them very broad oonfidence limits. For 

example, at an "original" speoific gravity of 0.452 and F.P.S. of 0.381, . 

the average strength value of the samples treated with pure styrene is' 

11500 ± 3900 psi. Therefore strength values differing by less than 

about 3O%muet be considered statistioally equal. This inability to 

firmly establish the significance of small differences is inherent in 

all the data in this work where a large variance and a small sample 

size are involved. 

,statio Bending 

When beams are tested under static bending'the convex surfaoe 

is stressed in tension and the ccncave surface in compression. The' 

initial failure of wood,during bending occurs by compression. (The 

deviation from linearity on the load-deflection curve is a result of a 

compreSSion failure.) -However, the ultimata 'breaking of wood in bending 

is a failure in tension. 
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M9d~lua of R~pt~re 

In general, for untreated wood, the maximum tensile strength 
" 

is slightly greater than the corresponding bending strength value (13, 

14). This is not the case for'the treated samples; however, the maximum 

bending strength may still be considered strongly dependent on the 

ultimate tensile strength of the sample. 

The results show that irradiation and moisture have a deleterious , 

effect on the maximum bending strength of wood. -For an irradiation dose 

of 3.5 Mrad a deorease in strength of 3.5 t 2.9% is noted; for 4.5 Mrad 

the modulus of rupture decreases 9.9 : 3.7%. Irradiation is known to 

decrease the D.P. and the tensile strength of cellulose (20, 29, 83 - 87). 

Being dependent upon the tensile strength, the maximum bending strength 

also decreases. 

The average modulus of rupture for the oven-dried wood was 

38.4 t 3.9% stronger than that for the humidified wood which contained 

about 9.7% moisture by weight. The increase in strength as the cell 

walls lose water is caused by progressive hydrogen bonding of the 

hydroxyl groups of the cellulose ohains as-water is removed. The 

samples treated with solutions of (1) 54% styrene, 42% methanol and 

4% water, (2) 65% styrene, 32% methanol and 3% water and (3) 76% styrene, 

22.5% methanol and 1.5% water by weight, when hurnidifiedand tested under 

statio loading yielded modulus of rupture values whioh were not 

signifioantly different from the untreated humidified samples. It is 

believed that the equivalence of the breaking strengths for treated 
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and·untreated humidified wood is fortuitous. The treated wood has a 

.lower tensile but higher compressive strength than the untreated wood; 

these two effects probably nullify each other. 

Wood treated with a solution of 54% styrene, 42% methanol 

and 4% water, when oven~dried and stressed in bending, showed a 

23.8 ! 8.1% decrease in maximum bending strength relative to the oven-

dried untreated wood. Therefore, the treated wood has an intrinsically 

·lower maximum bending strength than the untreated wood. The effect of 

humidifying both treated and untreated wood is now evident. The treated 

wood, although inherently weaker than the untreated wood, undergoes 

less of a strength decrease on humidification because of a lower 

moisture adsorption (about 30% less based on the weight of woody material 

in the sample). 

In addition it can be shown that the oven-dried wood treated 

with 54% styrene solution yielded modulus of rupture values equivalent 

to the humidified wood treated with 54% and 65% styrene solution~ •. Two 

conclusions can be drawn from this result: 

(1) the moisture in the humidified treated wood does not 

appear to change significantly the maximum bending 

strength of wood. 

(2) the treatment used in this work; viz., heating the 

impregnated samples during irradiation, is not an 

improvement, insofar as strength is concelned, over the 

treatment used by Vlerezak and Ramalingam. 
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The wood treated with the 27% styrene, 65% methanol and 4% 

water solution led to similar rl'!BUltS'. These samples had a maximum 

bending strength whioh,was 35.2 ! 18.8% lower than the oven-dried 

untreated wood. This large decrease is accounted for by the 

27.2 ! 12.0% deorease in tensile strength and the negligible improvement 

in compressive strength. 

The samples whioh were treated with pure styrene showed only 

a 6.4 ! 6.2% decrease ,in bending strength when compared to the oven-

dried untreated wood at an F.P.S. of 0.487 and an "original" specific 

gravity of 0.414. The fact that the moduluB of rupture is a very 

strong function of the maximum tensile strength of wood and not very 

dependent on the ultimate crushing strength is demonstrated here. 

Compared to the untreated wood, the maximum bending strength changed 

very little as did the tensile strength, even though the maximum crushing 

strength improved 47%. 

Comparing the samples treated with pure styrene ~lith those 

treated with the 54% styrene solution leads to very large variances 

of the mean. The strength of the above trelited samples at an original 

specific gravity of 0.414 and F.P.S. of 0.382 are 14350 ! 1280 and 

13120 ! 1910 respectively. Because of the large confidence limits 

it cannot be said that the 1435~3~2~3120 x 100 = 9.4% difference in 

values is significant. 

stress at the Proportional Limit 

Because initial failure in bending is usually compressive 
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~n nature, it follows that stress at the proportional limit in compression 

parallel to the grain, not stress in ten~ion along the 'grain, controis 

the 'proportional 'limit of wood when'it is uSed as a'beam. Unfortunately, 

th~ stress at the ,proportional limit in compression was not determined 

in this work I however, it is believed that the stress at the proportional 

limit in static bending for the treated samples, as for the untreated 

ones, is a strong function of the ultimate crushing strength of the 

wood. 

As in the case of the 'other strength properties, the stress 

at the proportional limit is highly dependent upon the moisture content 

of the wood. The oven-dried wood is, on the average, 35.9 ! 6.2% 

stronger than the humidified wood. ~he corresponding increase in the 

compressive strength is 57.4 ! 3.4%. 

The samples treated by Werezak with the 54 and 65% styrene 

+ solutions and then humidified,are, on the average. 25.1 - 6.2% stronger 

in the stress at the proportional limit than the untreated humidified 

sample~. On the other hand, the oven-dried samples which had been 

treated in the'present work with the 54% solution, 'display no improvement 

in this strength property when compared to the oven-dried untreated 

wooer at a common "original" specific gravity.' Now :Ltcan be shown 
, 

that in contrast to the modulus of rupture results,' the, oven-dried 

* There is a significant difference at the 90% confidence level. 

This value is 9.5 ± 8.3%. 
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treate4 samples are 23.2 ! 10.6% stronger in the proportional-limit 

atrees than the oorreeponding humidified treated samples. It seeme 

r~asonable to aseuma that the difference in compressive strengths 

wculdbe similar to thie value. With this assumption, it ie easily 

sh.own that the humidified treated wood would be 40 - 50% stronger in 

ccmpreseion than the hwui4ified untreated wood (average valu!' ;, 5900 psi). 

The wood treated with. the 27% styrene solution ehows no 

significant improvement over the untreated oven-dried samples for the 

stress at the proportional limit. This reeult is expected since no 

improvement in the compressive strength was obtaine4. In fact, it is 

believed that the initial and only failure in these samples was tensile 

·1n nature since the load-deflection curves displayed no deviation from 

linearity. 

For the wood treated with pure styrene the·increase in the 

proportional-limit stress as compared to the oven-dried untreated wood 

was 38.3 + 6.3%. The corresponding increase in compressive strength 

was 47.1 ! 10.3%. Thus, it is seen that the stress at the proportional 

limit is rlllate4 to the maximum crushing strength. This relationship , 

is more readily discerne4 by the following table, comparing the average 

values of ~bth strength properties. 



Untreated humidified wood 

untreated oven-dried wood 

wood treated with 27% 

styrene solution 

wood treated with 54% 
------~------~~~~---~ 

styrene solution 

wood treated with pure 

styrene 

In summary: 
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stress at Proportional Maximum Crushing 

Limit psi 

8900 

,12100 

13600 

14200 

15800 

Strength psi 

5900 

9280 

11350 

13650 

(1) for treated and untreated wood alike the stress at'the 

proportional limit is a funotion of the compressive strength. 

(2) the solution treated wood when humidified displays an 

increase in the stress at the proportional limit as compared to 

untreated humidified wood. 

(3) the solution treated samples when oven-dried.showed no 

increase in this strength property when oompared to oven-dried untreated 

wood,. 

(4) wood, when treated with pure styrene, showed a marked 

increase in the stress at the proportional limit. 

Modulus of Elasticity 

The modulus of elasticity E is a measure of the stiffness or 

rigidity of a material. ConsideF the following relationship. 
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Ii: 
.. 0 

~ 
p,e 

= - = s ,e- = 
~ 

eo AS 

p = load S a total deformation 

A " stressed· area ,e = length of member 

a " stress e; = strain 

ttis a.een for a given stressed area and length of beam, a material 

~iilhavea higher modulus of elasticity if it deforms lsss for a 

given load. In other words, .for a beam, the modulus of elasticity is 

a gauge of its resistance to deflection. 

The results indicate that the treatment of wood with styrene 

has not improved this material's stiffness. On the contrary, the 

rigidity has decreased for some of the treatments. 

The samples treated with the 54% and 65% styrene solution 
\,; 
and humidified before testing have an average Modulus of Elasticity 

16.3 t 4.5% lower than the humidified untreated sample. Similarly, 

the samples treated with the 54% styrene solution and oven-dried before 

testing display a 13.9 + 4.7% deorease in this strength property when 

compared to oven-dried untreated wood. 

The samples treated with the 27% solution have an average 

Modulus of Elasticity of 1810 t 674 x 10' psi based on nine samples. 

The untreated ovah-dried samples have an average value of 

2480 ± 93 x 103 psi at a specific gravity of .464. It oannot be said 

with 95% confidence that these values are signifioantly different. 

More I,lamples need to be. tested in order to say that there is, in fact, 

a aignificant difference •. 
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The modulus of elastiCity for the samples treated with 

pure styrene is not significantly greater than the untreated oven-

dried wood. 

The reason for the lack of improvement in the modulus of 

elastioity for the solution treatments is 

(1) the resulting separation of cellulose fibres due to 

the infiltration of polystyrene in the wall has attenuated the chain-

·to-chain forces. 
I 

(2) polystyrene is a relatively flexible material which 

has a Modulus of Elasticity (E = 4.0 - 5.0'x 105 psi) substantially 

lower than that of wood. 

Work to Proportional Limit and to Maximum Load 

The work in bending to the proportional limit is a measure 

of the elastic potential energy which is stored in the beam as a 

result of the load. It indicates the ability of the wood to absorb 

shock without permanent damage; i.e., it sets a value on the resilience 

of the beam. The work to the maximum load in static bending represents 

the ability of the wood to absorb shock with some permanent deformation. 

It is a measure of the combined strength and toughness of wood. 

The presence of moisture greatly affects the work expressions. 

The oven-dried samples have an average value of work to the proportional 

limit 77.8 ± 10.9% higher than that of the humidified samples. The 

corresponding increase for the work to the maximum load is 37.3 ± 18.7%. 

All humidified treated samples have work to proportional 
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limit values which are on the average 78.2 ± 12.2% higher than those 

of the untreated humidified wood. Similarly, the values of the 

average work to proportional limit for oven-dried treated samples 

are from 58.1 ± 45.1% to 70.4 ± 34.3% higher than those of the untreated 

oven-dried wood. This indicates that the resilience of all the 

treated samples is substantially higher than that of wood alone. 

On the other hand, the work to the maXimum load associated 

with the treated samples is much lower than the value of the untreated 

wood. The humidified solution-treated wood has an average work to 
+ . 

maximum load which is 17.9 - 15.5% lower than the humidified untreated 

wood. Similarly, the decrease in work for the oven-dried treated 

samples varies from 33.2 ± 16.2% to 47.1 ± 17.6%. Thus the treated 

wood is less tough than the untreated wood. 
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EPILOGUE 

The initial aim of this investigation was to enhance the 

bending strength of wood by means of the radiation-initie,ted, in situ 

graft copolymerization of styrene in wood. It was believed that heating 

solution-impregnated wood dUring the irradiation step would increase the 

diffusion of styrene monomer to the free radical sites which, in the 

previous work. had not been utilized in the grafting process; more grafting 

would necessarily oocur and, as a result, an increase in bending strength 

would (hopefully) be obtained. Therefore, the objective of this work 

(as well as that of Ramalingam and WereZak) is based on the premise that 

(1) heating inoreases the amount of grafting and (2) grafting and bending 

strength are positively related. From PART 1 of this thesis. particularly 

the analysis of Werezak's unpublished data, an attempt was made to show 

that heating Was not an important step in the grafting or associating 

prooess. It was determined that grafting or associating (measured by 

the amount of polystyrene that was unextraotable) is a function of the 

transfer of monomer from the cell lumen into the cell wall where actual 

grafting (initiated by oellulose free radicals) and entangling or cross

linking occur. This transfer is dependent upon such factors as the method 

of impregnation, the,specifio gravity of the wood and moreover the amount 

of swelling agents, particularly water, that is present in the, impregnating 

solution. It was theorized that the mechanism Whereby styrene entered 

the cell wall was "preferential extraction". This process consists ,of 

an initial selective adsorption of water from the solution by the cellulose 
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in the walls followed by a slo"1 diffusion of styrene into the sufficiently 

swollen structure. However, the transfer of monomer into the walls was 

found to be independent of the temperature during irradiation; i.e., an 

increase in temperature did not increase the diffusion of styrene into 

the cell wall. It is thought that ~his transfer can only be accomplished 

by swellin() the wall beforehand. Hence the assumption that heating the 

wood-styrene system increases the amount of grafting (or .associating) 

must be rejected. 

The belief that grafting per se would increase the bending 

strength of wood is still not confirmed. This is due to the fact that 

the grafting technique introduces other effects which weaken the wood. 

Two such effects are permanent swelling of the wood and degradation of 

cellulose by irradiation. It is unfortunate that the previous researchers 

used bending load rather than modulus of rupture as the index of strength 

because the increase in swell was not taken into account. As a result, 

increases in bending strength of 50% were reported. In fact, as shown in 

this work, ths bending strength (as measured by the modulus of rupture) 

of the wood treated by Werezak shows no significant improvement when 

compared to t~e humidified untreated wood. Indeed, when moisture and 

density are taken into consideration, it is found that the solution

treated wood is about 24% weaker in bending. In addition, the modulus 

of elastiCity, the work to the maximum load and the ultimate tensile 

strength are weaker for the treated wood. The very fact of having to 

use swelling agents (water and methanol) to accomplish grafting t~s 
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attenuated the hydrogen bonding between cellulose macromolecules and the 

result is a lower strength uncompensated by the grafted polystyrene. 

Although no work was carried out to determine the frequency of grafting, 

it is assumed to be very low. Whether a greater frequency would lead 

to an increase in strength is still open to question. On the other 

'hand, the maximum crushing strength and the strength properties associated 

with compression such as the stress at the proportional limit and the 

work to the proportional limit are equal or higher Jor the treated wood 

than for the untreated. This is believed to be due to bulking. Therefore, 

it can be seen that wood treated with a solution of styrene, methanol 

and water, although being weaker in some properties, displays improvements 

in others. However, the enhancement, in contrast to that reported by the 

previous workers, is not striking. In fact, from an industrial viewpoint, 

the use of ewelling agents in the radiation-initiated in situ poly

merization of styrene in wood looks far from promising. 

This is not necessarily the situation for the wood treated 

with, pure styrene. From Ramalingam's results it was shown that this 

wood, when humidified, is about 50% stronger in modulus of rupture than 

the untreated humidified wood. ,!hen compared on a moisture-free basis, 

the treated ,wood is only about 6% weWter. On the same basis, this wood 

is as'strong as or stronger than the untreated wood for all other measured 

properties except the work to the maximum load. Now it is noted from 

Ramalingam's results that.wood in which pure styrene was allowed to 

polymerize thermally with a catalyst yields modulus of rupture values 
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~Ihioh are identical with the radiation-initiated treated wood. It is 

assumed that the other physical properties behave similarly. This is 

important from an industrial oonsideration. The commercial enterprises 

@ponsored by the U.S. Atomic Energy Commission have used exclusively 

nuolear radiation for the initiation of in situ polymerization. Is 

this justified? The point is this: 

(a) gamma radiation is useful because it uniquely produces 

graft-copolymerization. 

(b) swelling agents must be employed if grafting is to be 

achieved. 

(0) the weakening effect of the swelling agents outweighs the 

strength contribution (if any) of the graft copolymer. 

(d) thermal polymerization is at least as effective as radiation 

polymerization in conferring enhanced strength properties 

and dimensional stability to wood. 

Therefore the use of radiation polymerization in the preparation of 

wood-plastic oomposites appears unjustified. 
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APPENDIX I 

Effect of High Energy Radiation on Cellulose 

Schoepffle and Connell (19) in 1929 observed that paper, 

on exposure to cathode rays, gave off hydrogen, carbon dioxide and 

oarbon monoxide. It became brittle 'and crumbly on prolonged exposure. 

In 1952, Saeman, Millett and Lawton (20) irradiated wood, 

wood pulp, ootton linters and glucose with high energy eleotrons. The 

main effect was found to be the degradation of cellulose -- i.e., 

scission of the main cellulose chain -- accompanied by the decomposition 

of the monomer glucose unit. A sharp deorease in the degree of 
, 6 

polymerization occurred at dosages exoeeding 10 equivalent roentgens. 

Cellulose was converted to water soluble products after a radiation 

. dose. of 5xl08 roentgens. In contrast to conventional chemical 

reactions of cellulose, it was observed that, radiation-induced changes 

occurred randomly; that is, no distinction was made between the effects 

in amorphous and crystalline regions. 

In 1957, Glegg and Kertesz (22) reported their investigation 

of the degradative effect of gamma rays from a co-60 source on cotton 

linters and wood pulp containing different amounts of water. The 

irradiations were carried out in air. The presence of water (3.3 -

5.6%) had no significant effect on the extent of radiation-induced 

degradation. The .intrinsic visoosity (TJ) for the cellulose decreased 

linearly as a function of the log of the irradiation dose. Irradiated 

dry cellulose sarnplesexhibited a strong post-irradiation degradation 
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effeot which continued for 60 - 70 dayeafter. irradiation. Subsequent 

workon.the decrease of the intrinsic viscosity (23) shOwed that this 

after-effect could be curtailed by the addition of water or water 

vapour. 'J?he addition of oxygen during or after irradiation was 

found to oontribute to a further deorease in·ttl). 

In the period from 1958 to 1962, Arthur and Colleagues 

pUblished a series of excellent papers dealing with the effects of 

high energy radiation on cotton cellulose. In 1958, Blouin and 

Arthur.(24) irradiated purified cotton linters in oxygen and nitrogen 

atmospheres and determined the chemical and physical effeots by 

standard methods of cellulose chemistry. The main effects were the 

formation of oarbonyl and carboxyl groups on the oellulose and chain 

cleavage •. The ratio of. these effects was approximately 20:1:1 

respectively. The effect of gamma radiation on oellulose was found to 

be slightly less in a nitrogen atmosphere than in oxygen. By infrared 

spectrum analysis 'it was postulated that there was no change in the 

crystalline struoture of the cellulose. 

In another paper, Arthur (25)-proposed a mechanism to 

explain the effect of high energy radiation on some molecular properties 

of cotton cellulose. These properties could be related by the equation 

.e nP " kln Nl:I+K 

where Nn is the radiation dose, P is the molecular property such as 

degree of polymerizatiQn, carbonyl or carboxyl group formation, and 

k andK are oonstants. <By mak~g a l(lg~log plot of the eXperimental 



data, straight lines. were obtained, confirming the form of the 

eql.\atiOIl; for a dose range of 105 - 108 roentgens. 
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In 1960, Blouin and Arthur (26) made a detailed investigation 

of the specific nature of groups formed on ootton cellulose irradiated 

8 in air, oxygen ,and nitrogen atmospheres to a dose of 10 roentgens. 

The rat;lo cf oarbonyl:carboxyl groupslchain cleavages formed was· 

accurately determined t,o be 19:0.5:1. The irradiated cellUlose was 

fractionated and the acid and reducing group content of each fraotion 

was <loropared·to the total content before fractionation. The number 

of aoidiogroups increased as the molecular weight of the fractions 

decreased. This observation strongly indicated that the acidic 

groups were at the ends of the cha;lns. The carbonyl groups appeared 

to be evenly distr;lbuted along the chain since the carbonyl content 

did not· change with the fractions. AnalysiS of the water soluble and 

water;lnsoluble fractions gave negative results indicating the absence 

of peroxide groups within th<:l accursc;\, of the method". The following 

mechanism of the interaction of ionizing radiation with cellulose was 

proposed I the two carbon atoms involved in the glucosidicUnkage 

are the 01 and 04 positions; therefore,activation of these two 

positions could most likely lead to chain cleavage. The ratio of 

• It takes a very small amount of peroxide (ca. 0.01 - 0.02%) to 

account for all of the free radicals required for graft polymerization. 
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, '1'9:0.5:1 for carbonyl::carboxyl grouplchain cleav,,<\ge,, show that for 
>~'. -. 

every two chain oleavages, an acidic group is formed. ,This indicates 

ihat the £ormat1on of ~cidic groups occurs at the ohainends. When 

the Cll'os:i;tion is aotivated,ohain cleavage occurs, forming 

2-ket6gluconic acid on the reducing end. Activation of the t4 position 

results in' chain cleavage, liberating the reducing end of the chain as 

an unaltered glucose unit and producing a ketone group in the c4 

position on the non-reducing end of the other chain. Activation of 

theC2, C3, C5and C6 positions caused carbonyl group formation with 

the evolution of hydrogen without chain oleavage. The predominant 

reaction on irradiation of cellulose was dehydrogenation with the 

pro,duction of reducing groups, either ketones or aldehydes. The gases 

produced during irradiation were isolated and analysed by mass 

spectrometry. Carbon monoxide, carbon dioxide and hydrogen were 

found. When available .. large amounts of oxygen were consumed during 

the irradiation. This could have been due to reaotion with the 

liberated hydrogen to form water or to formation of acidic groups or 

of carbon dioxide. The carbon dioxide and carbon monoxide ware considered 

to be seoondary degradation products formed by decomposition of the 
. . . - ,(:~~;:, 

carbonyl groupS-for carbon monoxide e.ndby decarboxylation of carboxyl . , 

groups in the case of carbon dioxide. 
""'--, -,-

A subsequent paper by Arthur et al (27) reported that oxygen 

was reacting with the ionized 0,e11ulose at a faster rate than gases 

were being evolved. By me.ss spectrometry, the ratio of the principal 
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gases evolved, hydrogen, carbon dioxide and carbon monoxide was 

found to be: 

For nitrogen atmosphere 8 (lxlO roentgens) 1:1.1:1.8 

For oxygen.atmosphere (0.9xlO 8 roentgens) 1:4.2:11 

For air atmosphere (0.8xlO 8 roentgens) 1:2.2,4.6 

Huang (28) in 1963 studied the degradation of cotton cellulose 

by gamma ray irradiation in air. The dose rate of his source was 
. 6 

1.$ :.. 1.4xlO r/hr. The degree of polymerization of the cellulose 

decr~asedst~adi1y with increasing dose: 

Dose (106 rads) D~gree of Polymerization 

o 1676 

0.1 1252 

1.0 557 

10 116 

100 18 

The results show good agreement with Saeman et a1 (20) and with 

Arthur (25). This suggests that, since dose rates varied 

considerably among the three inv~stigations. the depo1ymerization of 

cellulose is a function of total radiation dose and is independent 

of intensity. 
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Glegg and' Kertesz (22) in 1957 obversed the presence of 

free radicals in ·cellulose irradiated in air. A small resonance 

was noted after five days for the cellulose samples containing 0.32% 

and 4% moisture. After thirty days, a, weak signal was obtained from 

the former sample and essentially none from the latter. The post

irradiation decrease in intrinsic viscosity was postulated to be due 

to free radicals. 

Abraham and Whiffen (50) in 1958 investigated the electron 

spin resonance of oellulose irradiated in vacuo. A narro~1 electron 

spin resonance spectrum with marked assymetry was obtained. 

Florin (51) in 1960 reported his studies on the investigation 

of the electron spin resonance of gamma ray irradiated cellulose. It 

was established that there are two kinds of radicals present, one of 

which has considerable electron densitycn oxygen and the other is a 

carbon-ended radical. He suggested that because of cage effects Q·H 

andO-H breaks are somewhat more likely than C-C and C-O breaks. The 

free radicals formed in dry cellulose Were relatively stable, even over 

a period of several months at room temperature. With elevated temperatures 

the decay of radicals ,in dry celll\10s6 required several days at 70·C, 

many hours at 100 .' 120.C and a few hours at 100 - 2OO·C. The G-value 

of radical production was estimated to be around 2.6. 

Kevage (52) in 1960 studied the electron spin resonance 
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spectra of radicals produced in cellulose irradiated in ~acuum and in 

dry'uir.Cellulose samples irradiated under ~acuum at 75"C and then 

heated at 100°C yielded initial electron spin resonance spectra consisting 

of the overlapving of the'spectra of several speoies. In the final 

stages of heat treatment only radicals showing doublet or triplet spectra 

(two or ,three absorption peaks) were thought to remain. When the 

vaouum of a sample irradiated at 20·C was broken, a rapid decay of 

radicals occurred at room temperature until a constant level was 

reached after whiuh the spectra Changed very little. When the cellulose 

was irradiated at room temperature and in air there were not great 

differences in the', spectra immediately foll0l1ing irradiation compared 

to the same spectra for vaouum irradiation. The time change in air at 

20·e was the same as the change that resulted When the material 

irradiated in vacuum was unsealed. The decay rate was found to be very 

rapid. 

Kuri and Ueda (53) in 1961 studied the electron spin 

resonance spectra of the free radicals produced in gamma irradiated 

cellulose. The cellulose was (1) irradiated in vacuo (2) irradiated 

in sulphur dioxide 0) irradiated in vacuo and followed by the intro

duction of· sulphur dioxide. . Identioal sp~ctra Were obtained for 'the 

three methods. Other hydrophilic polymers such as starch, carboxymethyl

cellulose, sodium alginate and polyvinyl alcohol produced similar 

results. In contrast, polyethylene yielded three different electron 

spin resonanoe spectra under the same experimental conditionsl this 
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i!'l~cates a reaction with sulphur dioxide. It was concluded that the 

freeradioals formed in hydrophilic polymers were unreactive toward 

SO? and this effect was thought due to intsr- or intramolecular 

'hy~ogen bonding. 
, ,-c. 

Werezak {54) summarized further work carried out by Ueda and 

Kuri (55). Various sugars and high polymers such as oellulose,' 

cellubiose and sucrose were irradiated in vacuum at a dosage of 107 r. 

Mono- and polysaccharides were found to give radicals which did not 

react with °2 , NO or H2S. It appeared that in the solid state these 

radicals were entirely unreactive at room temperatures. l)'radiated 

samples were treated thermally for eleven minutes and their electron 
- -. - , 

spin resonance absorption intensity compared with the intensity at 20oe. 

It was' found that for temperaturee up to ca. 80De very little change of 

intensity occurred. However,-'for"lligher temperatures, a very sharp 

decrease was noted. From these and other results it was concluded that 

the radicals produoed in compounds with OR groups are stabilized by 

hydrogen bonding. The unreactivity of,these radicals in the solid 

state with gases may be ascribed to the hydrogen bonding network which 

prevents the gas entry. While there was a gradual disappearing of 

radicals even at relatively loW temperatures, at higher temperatures 

there were still portions with small molecular chain motion. This, was 

eXplained on the baais of heterogeneous distribution of orystal states 

in high polymers. Although glucose, cellubiose, maltose, cellulose and 

staroh have the same oonstituents, the radicals produced have different 



243 

decay rates presumably due to different orystalline states. The 

radicals in cellulose disappeared more rapidly than those in cellubiose 

presumably due to' the more crystalline state of the latter. An 

explanation for the change in the shape of the eleotron·spin resonance 

ourve by thermal treatment is that the crystal state (or the state of 

hydrogen bonding) is disturbed. Another possible reason given is that 

when the radioals di~ppear, dehydration takes plaoe and the resulting 

.. water has some effeot of the speotrum. 

Kesting and Stannett (40) in 1962 investigated the formation 

and deoay of free radioals in cotton cellulose using electron spin 

resonance spectrometry. co-60 gamma rays were used at a dose rate of 

0.324 Mr/hr. Moist and dry samples were irradiated in air and in 

vacuum. Electron spin resonance measurements showed that fewer trapped 

radicals were present in moist oellulose. It is suggested that some 

of the cellulose trapped radioals oombined with the more mobile 

radicals produced by the radiolysis of water. For dry cellulose the free 

radical build-up in air at 25°C was about 10% lower than that in vacuum 

at the same temperature. The. concentration of radicals increased 

continually with dose.' Direct radioal decay measurements showed a seoond 

order rate process (K = 1.3xlO-3 litres moles-l seo-l). The authors 

believe that the kinetics of decay is complioated by the heterogeneous 

nature of the cellulose; i.e., radioals formed in the amorphous regions 

have a greater probability of combining than those in the crystalline 

regions. Thus the overall rate oonstant is likely to be a superposition 
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of many decay rate constants. 

It was found that the ratio between the increase in the number 

of"1'91ymer chains and the, decrease in the number of radicals remained 

nearly constant. This 'strongly indicates that the polymerization 

was initiated by the trapped free radicals Which propogate in the 

normal manner and terminate by mutual destruction. Also, eleotron spin 

resonance curves and grafting yields were similar for pre-irradiation 

in vacuum and for pre-irradiation in air at room temperature. This 

would not be expeoted had grafting been initiated by peroxides. However, 

it is believed that peroxide grafting may be significant at higher 

temperatures. 

Florin and Wall (56) in 1963 published their work on the 

electron spin resonance of irradiated cellulose. Purified cellulose 

samples (cotton, hydrocellulose, filter paper) were irradiated up to 

64 hours at a dose rate of 0.5 x 106 r/hr in a CO-60 gamma facility at 

20·C and -196°C. The electron spin resonance spectra obtained resemble 

closely those of Abraham and Whiffen'(50). It was found that differences 

in crystallinity had no obvious effect on the yield or nature of the 

radical electron spin resonance spectrum. The changes in spectral' 

shape upon heating as: well as the general asymmetry indicated several 

different types of radical species. Thermal decay was found to be 

imperfectly second-order, fairly rapid above 120·C. Generally speaking, 

the decay curves were made up of two regions, consisting of a precipitous 

fall in radical concentration followed by a levelling-off. Thus it 



appears that radicals were being destroyed during irradiation at 

rates-exoeeding by several orders of magnitude the simple thermal 

deoay rates. Formation of radicals at -196°C was round to be about 

.'C_, '3c%:i6~e~ . than' at 20·C. This is thought to be due, to cage effects. 

Additioh of water to samples irradiated at room temp.erature modified 

the hyper fine structure of the electron spin resonance spectra and 

I;liilemed to cause an immediate disappearance of some radicals after 

whiohtima the remainder disappear"d only somewhat faster than the decay 

of radicals in the untreated dry samples. The radicals formed in a 

wet sample were just as long-lived as those formed in dry material but 

thei.rnumber was smaller. Exposure of irradiated samples to air 

aocelerated the rate of decay ten,..fold without any large initial decay. 

The G-valUEl for radical formation was calculated to be 2.8 radicals/IOO ev 

sbosrbed. Because the authors' G
R 

value is much less than the G-value 

oalculated by Charlesby (G = 10) on the basis of .chemical changes, .it 

i·e suggested that many energetically "hot" or chemically unstable 

radicals exist during irradiation and these reaot .as formed with eaC.h 

other and with'stable radicals. The levelling off of the decay curves 

-to an apparently unreactive remainder is thought due to radicals which 

are isolated rather than existing in-close pairs or clusters and which 

recombine, primarily by diffusion with several energies depending on 

site and type of radical. water is believed to serve as .8 reactant 

when present during irradiation but its principal role if added -later 

is to faoilitate diffusion into noncrystalline regions and to open up 
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the orystall:ine regions for diffusion. Nevertheless, it is believed 

.. th,at . iii few sites· were completely immune to this aotion of water in 

V:l.ewof the levelling off of the decay ourves and the long life of 

rauicals formed with water present. 

Bernard, Qagnaire and Servoz-Gavin (57) in 1963 reported a 

very interesting study of the radicals found before, during and after 

·the radiation-initiated oopolymerization of styrene onto cellulose 

uSing the electron spin resonance technique of deteotion. Cotton 

linters were irradiated with co-60 gamma rays with a dose of 2.4 .trads 

(8xl<l r/hr) at room temperature. The initial hyper fine structure of 

. . -4 . 
the cotton irradiated in a 10 rom Hg vacuum was essEintially the same 

as that from samples irradiated in air. The asymmetrical curves were 

.. similar to those found by previous workers (56). As a first 

approximation the number of radioals formed was proportional to the 

.. i.rradiation dose. An increase in· dose did not affect the shape of the 

hyperfine structure. The initial spectrum was modified by soaking the 

samples in water, then drying under vacuum. The samples treated in 

this manner yielded an electron spin resonance spectrum which was 

essentially symmetrical with 5 lines extending over 75 gauss (generally 

speaking, one species of radi¢al~ will give a symmetrical hyper fine 

structure). The spectrum representing the structure of the radicals 

destroyed by the water was obtained by subtracting the resulting curve 

from the initial one. A spectrum which is practically symmetrical on 

4 lines was obtained. By a double integration of the curves, the 
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authors estimated that the peroentage of radioals destroyed by water 

.. was 56%. The initial spectrum was then explained by the superposition 

of the spectrum cif tlW classes' of radicals differing by their reactivity 

With water: 

(1) radical type A; a stable radical; 5 lines over 75 gauss, 

the relative intensity of the order 1-3-6-3-1. 

(2) radioals of type B; less stable radioalsl 4 lines over" 

75 gauss with relative intensities of 1-10-10-1. 

The authors also studied the effect of different styrene 

solutions on the radicals formed in cellulose. Pure styrene added to 

the irradiated cellulose led to a negligible amount of graft. The 

electron spin resOnance spectrum thus obtained showed the disappearance 

of radicals of type B and a very small decrease of radicals of type A. 

Styrene added .to an irradiated cellulose sample in a mixture of 

methanol and water (20% styrene, 72% methanol and 8% water) led to a 

very high amount of graft, 90% by weight. There was a disappearance 

of radioals of type B and a noticeable decrease of radicals of type A. 

The mutual radiation of cellulose soaked in styrene oarried out in an 

evacuated sealed tube yielded no graft. Radicals identical to those 

found in the pre-irradiation with pure styrene were found. On using 

the inolusion method, a 130% grafted product was qbtained along with a 

oomplete disappearanGe of both types·cf radicals. In all caseS 

styrene radicals were not observed at any time. It is postUlated that 

water and styrene reaot (or d~stroy) radicals of type B and that graft 
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copolYmerization with styrene is initiated by radicals of type A whose 

sites are made accessible by means of swelling by water (which does 

not react with these radicals). The authors suggest that radicals of 

type B may be those formed by a hydrogen abstraction from carbon 6 
, 

<;If .the anhydrogluQose unit and those of type A may be· due to hydrogen 

abstraction from carbons 2 and 3. 



APPENDIX III 

Fr~~ ~adica16 Availabl~ for Grafting 

(a) In th~ Secondary Wall 

The G-value for main chain scission (number of scissions 

formed per 100 ev absorbed) in cellulose has been estimated by Charlesby 

(21) to be 11. Florin and wall (56) obtained a G-value for radical 

production of2.B. This was based on electron spin resonance measurements I 

the low value, as oompared to that obtained by Charlesby was believed 

due to the inability to detect many unstable free radicals which cause 

degradation during irradiation. Imamura et al (71) found a G-rupture 

value of 9 and Demint et al (33) calculated a value of about 7. Blouin 

and Arthur 0(26) found that the ratio of carbonyl:carboxy1 groups:chain 

cleavages formed was 19:0.511. From this it seems reasonable to assume 

that there are free radicals 0 formed in cellulose that do not lead to 

main chain fracture. However. let us choose a oonservatiVe value of 0 

Coneid~ring a dose oof 3.5 Mr, the ~nergy absorbed per gram of 

oellu10se is 

1 x-rad 

20 = 2.1BxlO e.v. 

Now wood contains about 25% lignin (12)j also about 50% of the total 

oellulose content is inaccessible to both water and styrene (lB). 

Therefore the number of free radicals that might take part in the 

grafting process is 

0.50 x 0.75 x 2.1B x 1019 = 1B 8.2xlO radicals/gm-wood 
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Now each gram of wood takes up about one gram of styrene (see Tables 

2 - 21). For an average moleoular weight of 100,000 for the grafted 

polystyrene the number of polystyrene ohains in 1 gr8l.!l\ of wood would be 

23 
6.02xlO _ 6 02 1018 
100,000 - .x 

Therefore 6.02xl018 radioals (assuming 1 radioal/chain) would be 

required in order Qompletely to graft 1 gram of polystyrene onto 

cellulose. Since 3.5 Mr will form 8.2xl018 radicals, complete grafting 

is theoretically possible. 

(b) On the Lumen Surface 

The following data was taken from stamm, Chapter 11', "Internal 

Surface and Accessibility", Pages 18i - 200 (14). 

Wood with a dry-volume 

13 2 lumen surfaoe of 2.OxlO om /g. 

speoific gravity of 0.4 will have a 

the seoondary wall) 

The internal area of oontact (within 

2 with swelling'agents is ca. 250 m /s for water and 
2 ' 

212 m /g for methyl alcohol. Taking the lowest value, we get 212/0.2 

= 1060 times as much surface area in the secondary wall as on the lumen 

surface. The distribution of free radicals formed during irradiation 

. is likely to have the same ratio, which indicates that there are 

8.2~1018/1060 ; 7.75xl015 free radicals formed on the lumen surface for 

one gram of wood. Since the number of free radicals necessary for complete 

polymerization in the cell cavities i~ about 6.02xl018, it can be seen 

that there are 1000 times too few radicals available on the lumen surface 

for total o.onversion of styrene t.o grafted co-p.olymer. ,Thus other 

factors (such as cr.oss-linking of the polystyrene) must be the cause .of 
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the high content of unextractab1e polystyrene. 
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APPENDIX IV 

R~diation Facilitl 

The apparatua used for the irradiation of the sample a is 

described in the accompanying reprint of a brief article appearing in 

the literature (65ft Two Views of the apparatus are given in' Figure 43 

. and Figure 44. Three factors warrant a more detailed discussion. 

(1) There were very small leaks in the loop which were 

diffioult to remove.. Rence, it was found that it would be more 

practical to use air'as the heat-carrier gas rather than nitrogen as 

originally planned. In order to prevent the diffusion of oxygen into 

the impregnated sample and also to prevent the volatization of the 

impregnant, a leak-free,. thin-walled aluminum canister was constructed 

to contain the samples. Material balances on the sample, before and 

after irradiation, showed that up to temperatures of 800 e no impregnant 

.was lost. 

(2) The temperatures of the system were measured by means of 

copper-constantan thermocouples which were calibrated in boiling water. 

Two thermocouples were located in the gas stream. Three thermocouples 

were imbedded into the surface of the aluminum canister. The sample 

was placed in the loop after temperature equilibrium was reached 

(30 - 60 minutes, depending upon the temperature). It took about 

ten minutes to reaoh steady-state temperatures after the introduction 

of the sample. The temperature difference between the ends of the 

sample (16" long) was 0 Co for 39°e and 0.25 Co for temperatures from 

39 - 80·c. In order to determine whether there was a substantial 
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FIGURE 43 

PHOTOGRAPH OF SIVEEP APPARATUS: FRONT VIEIIi 
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FIGURE 44 

PHOTOGRAPH OF SWEEP APPARATUS: REAR VIEW 
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gradient within the wood sample, two runs were performed in which 

three thermocouples were imbedded, at different depths. into the wood 

and their recorded temperatures compared with the temperatures on the 

aluminum canister. After steady state was reached. a temperature 

difference of less than 1 C· was noted at low temperatures (39°C) and 

a d~fferenoe of less than 2 Co for higher temperatures (ca. 75°C). 

(3) 'The dosimetry was oarried out using the colour change 

of cobalt glass on exposure to ionizing radiation. This change in 

optical density was then used to determine the dose received by the 
I 

glass. .Previous work (67) had related the optical change of cobalt 

glass ·to ferrous ions oxidized to ferric in a Fricke dosimeter on 

exposure to radiation. Optical density measurements were performed with 

a Beckman DK-l spectrophotometer. A wavelength of 4000Ao was used for 

all measurements. 

Each point on figure 5 of the accompanying reprint represents 

the average of experiments in which four cobalt glass samples were 

attached to a 20" piece of wood. It was found that 

(1) there was no significant difference between the optical 

density changes of the four samples for a given radiation period. 

Hence, the wood samples received a uniform gamma flux. 

(2) the cobalt glass samples received negligible radiation 

during the loading and unloading stage~. 

(3) the dose received by the glass was independent of the 

speed of the truck carrying the co-60 source. 
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(4) there.was a linear relationship between total dose and 

radiati9n period (see Figure 5, reprint). 
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APPENDIX, V 

Swelling in Wood 

In PART 1 of this thesis it was shown that the rad1.ation-

. induced polymerization of' styrene (in. solution with methanol and water) 

'cahseq; a greater swelling in wood than that caused by wAter. Consider 

experiments 18 - 20 where the impregnating solutl.on ~ia~ 7&% styrene, 

22 •. '3% methanol and 1.5",6 water. The percent swell (based on the volume 

of the oven-dry untreated wood) as a function of the polymer retention 

(grns polystyrene/cc of wood) is shown in Figure 45. It can be seen that 

the percent swell increases rapidly with increasing polymer retention. 

At zero retention the percent swell should obviously be zero. This is 

shown by the dashed line on the graph. Werezak immersed these dry 

treated samples in distilled water at room temperature and atmospheric 

pressure for 28 days, Figure 46 shown the percent swell (based on the 

oven~dry untreated wood) caused by the water uptake as a function of 

polymer retention. There is a slight decrease in swelling as the retention 

of polymer increases. At zero retention the percent swell should be 

11.6% which is the average swell for the untreated wood. The reason for 

the increase in swell due to the treatment and decrease in swell due to 

water infiltration.for increasing polymer retention is as follows: as 

more solution is taken up by the wood, the associating efficiency increases 

(see Figure 4) for reasons explained in PART 1. Thus there is relatively 

more polymer in the cell walls. This inevitably leads to greater 

swelling of the wood due to the treatment and less swelling of the wood 

in water. Figure 47 shows that the total swell of the treated wood 



based on the volume of the oven~dry untreated wood is largely due to 

the large amount of dimensional change oaused by the treatment. 

/ 
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FIGURE 45 

RELATIONSHIP BETWEEN % VOLUMETRIC SWELL 

DUE TO TREATMENT AND POLYMER RETENTION 

Solution: 76% styrene, 22.5% methanol and 1.5% water 

Dose: 3.5 Mr 

Experiments: 18 - 20 

% volumetric swell based on oven-dry 

untreated samples o 

/ a , 

o 

" --~----.-----

/ 
"-, ., 

." , , ' ' , \ 

0.1 
X, 

o 

0.2 0.3 0.4 

Y = 46.9X - 1.69 

N = 17 
Y = 12.3; X = 0.298 

2 S(Y) = 5.60 
S(b) = 4.94 

. r '= 0.926 

0.6 

Polymer Retention g polystyrene/co of wood 
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FIGURE 46 

RELATIONSHIP BETWEEN % VOLUMETRIC SWELL IN WATER 

AFTER TREATMENT AND POLYMER RETENTION 

Solution: 76% styrene, 22.5% methanol and 1.5% water 

Dose: 3.5 Mrad. 

Experiments: 18 - 20 

% volumetric swell based on oven-dry 

untreated samples 

/ 

average swell for untreated 
wood 

0 

o 0 
0 

0 
0 

Y = -6.96x + 7.56 

N = 17 

Y = 5.48; X = 0.298 

S(y)2 = 0.770 

S(b) = 1.82 

r = ..;0.702 

n -
6' .. 
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+ SWELL IN WATER 



262 

APPji:ND IX VI 

stattstical Analysis of Data 

A,. General Definitions 

The method of analysis is similar to that suggested by Yolk 

in "Applied Statistics for Engineers" (79). Dther references are 

given (80 - 82). The "correlation coefficient" program is shown on 

the following page. 

(1) Linear Correlation of Two Variables 

For least square line 
A 
Y = a + bx 

a = y - bx 

and b '" fey _~6Y}-[ r;i - (~2) J 
where N = number,of data points 

X and Y are,the mean values. 

(2) Significance of Linear Correlation 

(1) 

(2) 

0) 

The significance of a linear correlation can be measured by 

the "correlation coefficient". This term ranges from 0. to :t 1.0. and 

indicates the goodness of a fit; zero for no correlation and ± 1.0. for 

a 'perfect oorrelation. The value is equal to 

r=r.xy-~ 

rThl - ~2 ) cr,l _ 6&2 ~ * (4) 

On Page 231 of Volk's book, the values of r corresponding to various 
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probability levels (0.001 to 0,.1) and degrees of freedom based on the 

null hypothesis that there is no correlation between the two variables 

involved • 

. 0) Variance Test of Correlation 

'It .is possible ,to test the estimated variance removed by the 

linear ·correlation against the estimated variance remaining after the 

correlation by using 

(a) the F ratio test for 1 and N-2 degrees of freedom on the 

ratio S2(Cl/s2(Q) 
2 2 - 2 where S (e) = r E(y-y) 11 = the varianoe estimate or the 

sum of squares of deviation attributable to the correlation 

divided by t,he degree of freedom of 1 

and 
2 A 2 ~ 2 

S (Y) = (1 - r )E(y - y ) IN - 2 = the sum of squares 

of deviation from the least square line divided by the 

degrees of freedom N ~ 2. 

(b) a "t" test using the ratio 

. t = r"l/N - 2 1"1/1 - r2 

<,0) the "r" test described above. 

(4) Confidence limits of Slope and Least-Squares Line 

The following formulae give the estimated variances of the 

various quantities involved in a linear correlation. 

~ 2 
S2(~) = B(y - y) Variance of estimate, 

N- 2 

Variance 

, 2/1 
- 2 - f:ill of y, S (y) = N 

(5) 

(6)' 
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. ".' . 

Variance of slope S2(b) = S2(~) 
l:;x2 _ l:;x2 

If" 
, A 

Variance of any average estimated value Yi 

.Variance of any single estimated value Yi 

[ 1 -2] 
.

1 + N + (x - xi) 
l:;x2 _ l:;x2 

If" 

B. Example: l2jllimoisture Modulus of Rupture vs. specific gravity 

Consider as an' example Werezak' 6 data for the Modulus of 

Rupture for humidified sampies (Figure 20) ~ 

y. = Modulus. of Rupture in psi 

x = oven-dry specific gravity 

N = 48 

l::x = 20.68 X = 20.68/48 = 0.431 
• 

'ty = 636750 Y = 636750/48 = 13300 

Ex2 = 8.967 l:;x2'_ Ex2/N = 0.0563 

ty2 = 8.537 x 108 Ey2 - Ey2/N = 0.899 x 108 

EXY = 0.276 x 106 'Ex! - EXY/N = 0.1847 x 104 

zlXY b = ---- = 32800 
zlx2 

a = Y _ bX = -864 
A . . 
Y = -864 + 32800X 

(7) 

(8) 

. (9) 

. (3) 

(2) 
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r = = 0.821 (4) 

(l:hc2z1l1 

s2(4) = (1 -Nr~1~ly2 = 63.8 x 104 

2 . 

= ~~~) = 1.13 x 10
7 

SCb) = 3370 

S(Y) = 115 

to 0 N ,,2.02 (Table 6.1, (79» • 5, -2 

9~ confidence range of Y = 13300 .± (2.02) (115) = 13070 to 13530 

9~ confidence range of b = 32800'± (2.02)(3370) = 26000 to 39600 

The r value of 0.821 for 48 - 2 = 46 degrees of freedom is 

larger than the 0.001 value of 0.465 on Table 81 in "Volk". Hence there 

is less than one chance in 1000 of being in error in concluding that 

there isa correlation between these variables. 

C. Comparing Two Correlations 

It is sometimes very difficult to determine whether two 

correlations are significantly·different merely by visually comparing 

the' corr-elation curves or the points of both sets of data. This is 

particularly true for data which have a great deal of scatter. 

stating that two correlations are statistically equivalent is 

tantamount to saying that both sets of data can be represented by one 

fit or correlation without any significant gain in variance. We proceed 

by making the null hypothesis that both sets of data Can be represented 
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by one overall ,fit. Now ,it is obvious that the two separate correlations, 

will have less residual error than that of the single fit of the combined 

data; i.e., some of the residual error associated with the overall fit 

is 'removed by using two separate fits. If the error or variance 

removed from 'the overall fit by the two individual fits is significantly 

larger than the residual error remaining after the data have been 

regressed by these same two fits, then'we must reject the hypothesis 

that both sets of data can be represented by one overall fit; i. e., the" 

ind;Lvidual correlations are significantly different. In ad9-ition,one 

other neOessary c~iteria for d~termining whether two sets of data can 

be represented by one correlation curve is that there must be a 

significant correlation for the overall fit. This can be determined 

by the correlation coefficient. As an example, consider the following 

problem. We wish to know whether there is any signifioant difference 

between the correlation of the modulus of rupture as a function of the' 

oven-dry specific gravity for the Case where no deflectometer was ~sed 

(Figure 17), as compared to the case where ,the deflectometer was employed 

(Figure 20). 

The data was combined and the least-squares line was found. 

The correlation coefficient of the combined fit was found to be 0.676 

with 114 degrees of freedom. Thus this correlation is highly signifioant; 

i.e., there is less than one chance in 1000 of being wrong:!f one said a 

correlation existed (see Table 8.2 (79) ). 
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Now the' error in fit 1 (with defleetometer, Figure 20) 

"2 II 2 = A = S(Yl) (N1 - 2) = ~(Yl - Yl) with Nl - 2 degrees 

. of freedom. , I 

:-:'.;;--"~ ... 

. The error in fit 2 (without defIee tometer, Figure 171 

of freedom •. 

The total variance or residual error of the two separate ·fits 

: Similarly the error in the combined fit 

, 2' . '" 2 = C = S(Y) x eNl + N2 - 2) = E(y - y ) c' . . c c 

Ho: . error removed by using two fits rather than one equals the residual 

error in the two separate fits. 

: Error remove,d by two fits = [c - (MB)] 

with N + N - 2 - (N - 2 + N2 - 2) = 2 degrees of freedom 1 2 1 

Error, remaining in the two fits = (A+B) with Nl + N2 - 4 degrees· 

of freedom. 

Therefore Ratio of Variances 

8 Now C = 1. 36)(10 

A = 0.294xl0
8 

B = 0.510xl08 

Therefore Ratio = 1.36 - 0.804) x 112 = 39.0 
0.804 x 2 

mP.05A 2, 112 = 3.07 

Reject Ho. 

Therefore, the two correlations are significantly different. 

. ( 



It is interesting to note that the variances for each 

correlation are not significantly different • 

. Ho: 

S(~ 2') 2 

" 2 S(Yll 

77.4 =m= 

»(0.05), 66, 46 = 1.60 

Accept Ho. 

1.21 
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Thus whatever caused the difference in values between the two 
\ 

mathods .. did not affect the pr'ecision of the measurements. 

In a similar manner, the various correlations in this present 

work have. been compared. .They are presented ~n Table 37. If the ratio 

of'variances is greater than the F value at the .05 level we say that 

the Correlations are significantly different • 

. Throughout this thesis all statistical work has been based on 

the 9~ 'Conf.idence level. The exception is the analysis of the tensile 

data for the untreated wood. A.s noted in Table 37, the ratio of 

variances has a value of '4.46. 

Now EP.05), 2, 40 = 3.23 and J.i(b.Ol~ 2, 40 = 5.18 

Thus we Can combine the two sets of data and fit the total to an overall' 

fit based on the 0.01 probability level but not at the b.05 level, That 

is, 1£ we reject the hypothesis that the error removed by using the two 

separate fits rather than one overall ,fit is the same as the combined, 

'residual error in the two fits we have less than 5 but more than 1 percent 

·- -~ 
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'1!1odulii~~~t RuptUre; 

untr"!:ited wood; 

wit~ de~ectometer 

. unt~at.ed wood' 

,without. di"iflectometer 

Modulus of Rupture . . ..' , ' 

mi.tr~a.ted wood; 
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untreated wood 

irradiated with 3.5 Mr 

.~:: Modulus of Rupture 

untreated wood; 

without .deflectometer 

untreated wood; 

irra~ted with 4.5 Mr 

lip· 

Ar'IALlSlS OF VARIANCE: 

Overall 

Reference Icorrelation 

Coefficient 

Fig. 20 

. 0.676 

Fig. 17 

Fig. 17 I 
~ 0.750 

Fi~'_~S_L _ 

Fig. 17 

0.685 

Fig. 19 I 

TABLE 37. 

COMPARISON . .oF TWO CORRELAT,IONS 

Sum of Squares 
. .,.(. A) 2 '-' yl. - Y 

S 0.294xlO 

0.510xl08 

S O.510xlO 

0.195xl08 

0.5lOxlOS 

0.620xl08 

for overall 

8 . 
l.36xlO " 

• 770xl08 

.1.68xlOS 

I 

WI>Ratio 

\ 

...... "1"·': ., 
/' ":::', .:'::. ~";,:;~:::.:::' " 

116 39.0 3.W 

I '. 
. .;> 

94 I 4.15 . 3.10 

I 

107 I 34.6 3.08 
I\) 
--.] 
0 

.••.••.••. cont'd. 
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Modul.us of Rupture ," 

I, 54% and .,6,5% ,sty, rene; • 
f ' hmdified I 

,~ 

un:treat¢d wood; 

with dei'lectometer 

~ 

wOod treated with 

9!%,'.styrene solution;. 
, , , i 
oven-dried I. 

Reference 

Fig. 30 

.'Fi~.>3l 

Fig. 33 
I 

Fig. 20. I 
i --, 

I 
Fig;. 33 

I 
I 

I 
Fig. 35 

,"J 
/' 

" TABLE 37 (cont'd.) 

OVerall [sum of Squares 

Correl~tion ~(yi _ ~12 
Coefficient 

~ 

l.o8xlQB 

0..516 

1. 47xlQB 

1. 37xlCB 

0..633 
Q.29AxlQ8 t 

, B 
1.3?xlQ 

0..525 

I 
2. l6xlQB 

j. , 
Sum of Squares ',/, , ··N 

for overall fit total 

",', ,"' 

Ratio 

of 

jVariances 
--... ",-.".;.~" "'~~"'T' 

B 3.12xlo.', 

1. 745xlOB 

, ,";" 

B ,3.59xlQ 

".J 

44 4.46 

,. 

95 2.04 

74 I 0..595 

~ 

FP.Q5), 2. N-4 

3.23* 

~ 
.1 3,10. 

I 3.13 

. . .. .. .. . . .. . . cont'd • 

.~ 
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TABLE 37 (con·t'd.) 

. Overall 
N 

Ratio Sum of Squares Sum of Squares 
Comparing _ Reference Correlation· l:(yi _ ~) 2 for overall fit total. 

. of 
. lP.05). 2, N-4 

Coefficient . . Variance .. · .. , . 

. ..... . .... .. ., ... ,.,''';., .... / .. ,,,. .... . ... 

1.07~8 Modullls·9:f.Rupture. . 
Fig. 34-

.. ~ . 76%~£fr~~~;humidi:fied 
0.692 1. 635xlOB 107 1.80 3.08 I 

,,',:, - -

O.510xlO
8 '-.untreated wood; 

Fig. 17 
without deilect;'meter .. 

'.''''''~ -8 ~ 
. 

stress at l' :L. ; 
Fig. 37 1.065rlO 

65% stYrene. humidified 
0.386 2.55xlO

B 
96 40.9 3.10 

'u):ltreated wood; I 0.28~xl08 Fig. 21 

I I - .. h,~idi:fied 
. '.' 

NGdlu:iis. of Elastici ty . 1 -
I 3.19xlO

6 .,' ~ and' 6,5% styrene; Fig. 39 

I ' humidified 
0.556 9.05xl06 

95 28.4 3.10 
ilntrea ted wood; 1 

2. 38xl06 Fig. 26 I hlilllidified 

I --
Modlll~ of Elasticity fig. 40 6 

• 755xlO 
.. 54% styrene; oven-dried 

0.475 3.61x106 
58 24.B 3.17 

Untreated wood; ! Fig. 27 I 1.12xl06 

I ! humidified I 

\ 

~ 

. 

• ••• ~ ••••• 'cont'd. 
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TABLE 37 (con~'d.) 

.... 
Ratio _ . Overall 

Sum of Squares S9JIl 0 f Squares ,N ,', 
Comparing Reference Correlation L:(yi _ ~) 2 for overall fit "total of l1tl. 05).2. N-4 -, 

, ' Coefficient Variance . -I" 

• 466:d08 -Maximum Crushing'Strength Figt 42 
" 

........ ", .-
" 

27% styrene; oven-dried." 
• 65f,xl08 

. -, , 75 :' 3.78 ' 3.13 
i 0.751 

.127xl08 unheated oven-dried Fig. 29 
wood 

... : • . -- . 

* FO.Ol. 2. 40 = 5.18 

-4. 

~ 
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chance of being in error.. Hence since 

(1) it seems unlikely that the tensile strength of the oven-

dried samples is, in fact, lower t~an that of the humidified samples 

(2) the tensile strength is known not to be a strong function 

of the moisture content. and 

(3) the combination of data is justified at the ~.Ol) 

probability level, 

the tensile strength data for both the, oven-dried and humidified 

sample>!, have been combined into one overall fit. 

D. Work in Bending to Proportional Limit and to Maximum Load 

The "work expressions" for the untreated wood were regressed 

with reepect to the oven-dry specific gravity. The following correlation 

coefficients were obtained. 

Work to Proportional Limit Work to Maximum Load 

-Humidified r N Average 8.G. r N Average B.G. 

Wood 0.378 48 0.431 0.180 24 0.426 

Oven-Dried 0.706 35 0.426 0.515 35 0.426 Wood 

_- Except for the work to maximum load for the humidified 

samples all correlations are significant at the 9~ confidence level. 

However, the data was ~ot represented in two-variable plots in the main 

body of the thesis because all treated samples yielded work values 

independent of "original" specific gravity; thus, average work values 

indepen-dent of specific gravity are compared. This is not a rigorous 
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analYl'lis of the data because the comparisons should be made on the 

basis of a common specific gravity. However, the trend of higher work 

to proportional limit and lower work to modulus of rupture values for 

th~:- t~~ated samples as compared to the untreahd wood is evident, 

E. Comparison of Average Values 

To test whether the means of two different samples ~ould have 

come- frOnt the same population or from populations with the same means 

is usually a simple matter. A lit" test is conventionally used with a 

pooled estimate of the standard deviation. A difficulty arises when 

the variances of the two sets of data cannot be assumed to be equal. 

In this work, the treated samples generally have significantly higher 

variances associated with their mean strength values than the untreated 

wood. When this is the case, a conventional "t" cannot be applied. An 

apprOXimate solution {81l is to calculate the standard error from: 
S 2 S 2 

8.E. (Xl - x2) = (N~ + N~ )~ 

2 2 where 31 and 8
2 

are the variances of the two sets of data. The approximate 

confidence limits are -.,. 

<Xl - x2):!:. til. [ S.E. (Xl - X2)] 

where t is the Iltudent- "t" value. This value is not calculated from a 

the ueualdegrees of freedom but rather from 

where ~= degrees of freedom used 

fJ 1 and92 are the degrees of 

to calculate t a 
freedom for the two sets of data. 
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As an example, consider the comparison of the modulus of 

rupture for the samples treated with the 54% styrene solution (Figure 35) 

with that for oven-dried untreated wood (Figure 22L We wish to make 

the compaX'ison at a speoific gravity of 0.431. For the treated samples 

the strength at S.G. = 0.431 is 

'11 = 51500 (.431)- 8180 

= 14020 psi 

The 95% confidence limits of this value are larger than those at the 

mean'of'the data; viz., Y = 15000 and X = 0.451. The variance estimate 

of the mean at S.G. = O.~;l can be calculated from 

whence 

811i)2 ~ S2(t)2[~ +(~:2Xi)2l ..... Page 237 (79) 

2 A 2 . 4 
Sl (y) ,= 865 x10 . 

N= 27 

X = 0.451 

xi= 0.431 
. 2 

~lx2 = EK2 _ (~) = 0.022 

2 1\ . 4 
31 (Yi = 0.431) = 47.6 x 10 

Similarly for the untreated wood 

Y2 = 18400 at,s.G. = 0.431 

and " . 4 S2(y, ';' 0.431) = 5.114 x 10 

Now 'PI = 27 - 2 = 25 

and fJ2 = 32 .. 2 '" 30 



'."", ,: .. 
,'" 

, '1 1 
Therefore - = -,,' ,', f 25 

whence f> = 30.4 

1 
+35 
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47.6xl04 + 5.44xl04 

frOllk~"g1;~', table at a .05 probability level with 30.4 degrees of'"" 

freedom, t = 2.04 

Also' 

2 = 7.28xl0 = 728 

Thus the'differenqe in strengths at S.G. = 0.431 

= 18400 - 14020 = 4380.t 2.04 x 728 

, + 
= 4380 - 1490 psi 

Now wewiah to express this differenc", as a percentage change based " 
y .t tS 

on the untreated oven-dried,wood. For a "division" operation, yl + t Sl 
2-, 2 ''''',,', 

the, varia.pce of the quotient can be ,obtained from (Page 143 (79) ') 

'.!:hus ' _ 

whence 

S
2

8
2
]' 1 2 -+-

y 2 Y 2 
1 2 

[4380i " 
l18400J • 

" 2 ' 
8 (Y/Y2) = .00157' ,," 

.. 8(Yl /Y2) = .0396 

the % decrease in strength is 

",[ 4380 + " 18400 - 2.04 x 

= 23.8 .t 8.1%, 

.0396] x 100 , 
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E. 'Mllltiple Correlations' .. 

It was found that the maximum crushing strength and the 

niaXimum tensile strength for the sam.ples treated with styrene alone 
. . 

,-~, - -----'··-;."·!"'·';·:;:'.\~.'i;';i?)/",;·; " .•.. - . 
couldh" correlated with respect to the "original" specific gravity and 
. -'. 

theF,P;S. The statistics for the,multiple correlation are similar to 

those for simple correlations •. 

As an example consider the compression data. The cOrrelation 

coe{ficient R was calculated by means of the formula given in Volk, Page 275. 

( 

E2x12 )11 ~x2 2 Y2) . 
R = r ibl ('-.1 2) + r 2b2 (22) 

y 6'y y l: y . . 

where b
l 

" the ooefficient associated with the "original" specific gravity 

b2 = the coefficient associated with the F.P.S. 

. r yl = the simple ccrrelation coefficient between the crushing 

strength and the specific gravity 
, 

r i " the simple correlation coefficient between the crushing 
y . 

strength and F.P.S. 

R = [0.383 x 33700 (0.0365))11 + 0.672 x 16800 ( .610 .,»)11J)11 
.43xl09 ' • 43xl09 

R " 0.738 

The,J'F.If:test for the multiple correlation is (79) 

F = R2(N - K·· - 1) 

(1 - R2)K 

where X is the number of independent variables 

F = 0.545 x 37 
.455. x 2 = 22.2 
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1!p.05), 2, 37 = 4.10 

Therefore this correlation is highly signifioant. 

In' addition it can be shown statistically that the multiple oorrelati9n 
,-" -,' 

is a better fit than any simple correlation. 

"The same analysis was carried out for the correlation with 

the maximum tensile strength and similar results were obtained. 

The variance of an average estimated value for these multiple 

correlations is calculated from the formula (Page 278, (79» 

2,\ 2" [1 -2 - 2 
S (Yi ) = 8 (Y) N + Cll (Xl - x) + C22(x2 - x2) 

+ 2C12(xl - Xl) (x2 - X2)] 

where' Cn ' C22 and C12 are the Gaussian multipliers 

For an "original" specific gravity of .449 and an F.P.S. value of.374 

we get 

2A _ 6[1 2 S (Yi ) = 5.33xlO 40 + 26.9 x (.449-.407) 

+ 2x.88 (.449- .407) (.374- ,468~ 
= 42.1 x 104 

A 
Therefore 8(Yi ) = 649 t = 2;02 

± ts(Yi ) = ± 1310 psi 

+ 1.61 (.374-.468)2 
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