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7 scope.and Contents:
An sxperimental investigafion of graft cépolfmerization of
:-atyiene in wood was perfermed utilizing (1) Cobalt-&0 radiation initiation,
(23 impregnating,aalutions Qf styrene, methanol and water and {3) heat
- during the irradiation period}' It was found ﬁhat heating did ndt
Vzincrﬁase the grafting efficiency of the syéteﬁ; The grafting process
was. found to be dependent upon (1) the method of imﬁfegnation, (2) the
density of the wodd'aﬁ&'{j) the amount'offsﬁélling Egents in the impregnating
solution. o | ‘ ' . ' o h ‘

Wood treated with styrene and swelling agents was weakened in
&ll mechanical propsrties except the maximum crushing Etrength and
properties associated with compression. In general, wood treated with
pure styrene was strengthened, It is feli that the use of radiation in

the formation of wood-plastic compcsités is commareiﬁllj unjusﬁified.
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INTRODUCTION

In 1964, according to the latest figures from the U. $. Dept.
of Agriculture and the American Wood Preservers Associlation, some 228
.miilién cubic feet of woed products were;treated with preservativés and
fife retardents. Some of this tremendous market holds promise for wood-

plagtic composites which consist of wood that has been scaked in a

" sultable monomer, then exposed to atomic radiation that causes in situ

polymerization. Lockheed-Georgia Co. recently completed a plant (36,000
1lbs/year) to demonstrate the efficiency of this procesé (9k). It has
besn estimated by Arthur D. Little JInc. 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 haé been carried
put with the use of wood-mwelling chemicals such as water and methanolj
'oﬁly with swelling agents will penetration into the cellulose structure
and grafting occur; only by this type of infiltration will true dimensional
stability occur. The preponderance of work done in the wood-plastic
rfield at this university deals with grafting and the effect of mame on
the physical properties of wood.
The primary aim of this project started by Ramaelingem in 1960
wag to enhance the physical properties of wood, particularly the bending
strength. It was assumed that the bending strength of woed would be
improved #y grafting polystyrene onto the cellulose in the wood by the
efficient use of high-energy radiation for pelymer initiation. The

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

- from the McHaster Nuclear Reactor and then heating the product. The

" pesults of the work generated a great deal of excitement for it appesred
7..££ét not only was the bending strength of wood increased by 50% by means
of tﬁé in situ polymerization but also the treated wood has & much
grsater stability to dimensional change and watei absorption than untreated
wood, Also, it was believed that a further enhancement could be obtained;
itrwas thought that many cellulose free radicals generated by the nuclear
radiation ware not belng utilized in the grafting proceas; The reason
for this belief was well foundea: because the manganese in the wood
was being rendered radiosctive by absorption of thermal neutrons; %he
samples could be handled énly after a time lapse of up to five hours
after irradiation., The steep slope of the radical decﬁy curve in this
| pericd made it reasonable to suspect that more grafting (and hence
greater strength values) could hé 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 between irradiation and heating was shortened
to about twenty minutes by carrying out the irradiations in a cadmium
casket, which effectively screened out the thermal neutrensg. Werezak
carried out an optimization study with respect to the bending strength
of wood and found that the property enhancement obtained was not a

gignificant improvement over that obtained by Ramalingam. Wereszak
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measured the concentration of free rédicals in the irradiated systems
and the rate of decay under various atmospheric conditiens. From the
freewradical decay curves it -was noted that there was still a great
fﬁ%égééﬁfaée of free radicals formed during irradiation that were not
taking part in the grafting process. It was reasoned from Werezak's
rasults that since an enhancement in bending strength of about 50% was
realiged with the use of only a small fraction of the generated free
rédicais, & much greater ilmprovement would result if more radicals wers
utilized in the grafting reaction,
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 befare they had a chance to decay by combination.
As a resﬁlt, the amount of grafting and the strength of the wood might
increase. Thls would be the case if the increased mobility of the
monomer lg favoured over the higher rate of radical destruction at
higher temperatures. In addition to the ebove objective, the present
study includes a detailed analysis of the previous work, particularly
the unpublished datg of Werezak. This was done in order to gain more
insight into the fundamental aspects of the kinetics of the wood-styrene
reactién and to re~examine the preoperty eshancement studies on a more
rigoreus basis.
. Pinally, this thesis hag been divided into two sectiona.

;-PAQT 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 i situ polymerization.



PART 1

KINETICS OF IN SITU POLYMERIZATION OF STYRENE IN WOOD



FUNDAMENTALS

1. High Energxﬁ?adiaticn (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
“elementary particles moving with high velocity such as fast electrons,
protons, neutrons and alpha particles. In radiation chemistry the
term **high energy radiation" usually refa;s to quantum energles in
the range 0.5x106 - 2x106 ev. {amme rays are electromagnetic
radiation emitted by the nuclei of natural or artificial radio-
active isotopes. CO-60 has & half-life of 5.27 years and emits
mainiy two gammé rays having quantum energies of 1.17 and 1.3% Mev
| respectively. |

Gammanrays interact with matter by means of three mechanisms:
(1) photoelectric absorptien (2) Compton scattering and (3) production
of electron pairs. Phctoeiectric absorption consists of the transfer
of all the energy of an incident photon to an electron of the
irradiated subatance. 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 importasnt only for'phctons of energies
leas than 0.2 Mev. Compton scattering arises from the elastic
collision between theAincident photons and the orbital eleotrons
of the medium. The incident photon transfers part of its energy teo
the eiactrons encountered and is itself reflected at a lower energy.
For orgenic compound$7and polymers most of the photona with quantum

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

- _-charged particles move through the medium. If the dncident photons
ihavé-energies above 1.2 Mev pair production occursﬁ—an:event producing
'rarﬁdsitron and an electron.

2, Graft Copolymers (1, 2, 3, 4, 5)

A copolymer is by definition a polymer consisting of two er
tore .chemically differént monomef units. In an eordinary or random
cqpolymer, the monomer units are distributed at random aleng its
éhain. The structure can be represented as

| wmsimima wfie =B AmB~B~B=A~A=BeBep-AwAsBucmn . - (1)
A graft copolymer is a Eﬁlymer which contains two dr—mare chemically
different polymeric pafts. It consists of a homopoiymer aubstrate
onté which side chaiﬁs of a second polymer has béen;grafted by means
- af co-valent chemical bonds. The structure may be represented as
| -—a--A-AnA—A;A-AﬁA—A-Aw--

- (2)

B~BeBuBea==
If the two macromolecules A and B are linked together via one of the
'enés a bleck copolymer results:
| w—mwfie A=A == A= B=BeB~H=Been _ (3

- Beveral methods are available for the preparation of graft copolymers.
:ThESe involve chemical initiation (employing catalysts such as peroxides
- and ceric ion), thermal initiation or initiation by high energy radiation.
The common feature of all the methods is that an active site is created

in the pre-existing mecromolecule. Of the various means of initiating,




the latter method has the following advantages:
(a) it fellows the principle of non-~specificity. That is,
the primary QVents in a given specimen occur at random, Thus active
-gltes are produced homogeneously throughout the material,
(b) the resulting mgterial will be free of chemical impurities.

(¢) pgrafting can be produced at moderate temperatures.

3. @raft Copolymers Induced by High FEnergy Radiation

Radiation provides an efficient methed for initiating chemical
modifications in polymers hy

(a) direct excitation which results eventually in the
scission of the main cheain.

{b) hydrogen extraction from the polymer molecule by free
radicals formed in the radiolysis of a properly selected solvent.

In hoth cases polymeric free radical gites are formed from
which grafting may occur by three dlfferent metheds:

— {a} the direct radiation grafting of a vinyl moncmer

ento a polymer. .

(b) grafting onto radiation-peroxidized polymers.

(¢) grafting initiated by trapped radicals.
In direct or mutual radiation grafting, the polymer substrate and
monomer are irradiated directly in the presence of edch other. The

reaction may be written
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5+

(k)

-/
J O\
..
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\ §

_B+ B

b .

(%)

3q represents the homopolymer of monomer ﬁ; ; Hd At A

lymeric free radicals derived from AP and R

radical or a hydrogen atom. Reaction (h) 1a:likely to oceur if

‘a-ldw molecular

ymer is of the degrading type., If AP crosslinks under irradiation,
;on (5) is more llkely to occur and this process leada to the

i xmation of an equal number of graft copolymer and hamopalymer molecules.,

Ei}l;;additlon the monomer is also radioclysed in the;yrocess

Methods (b) and (c) usually occur by meaﬁs of pre-irradiation
-(sometimes confusedly referred to as post-xrradiation) techniques.
'iTha polymer substrate is irradiated first and then placed in contact
' withrthe monomer. If the irradiation takes place in oxygen or air the
;fﬁéé}ymef is converted into labile peroxides whicﬁ,'upéh thermal
-iﬁééaﬁposition, react with the surrounding monomer.  If the polymer is
":*éﬁﬁéﬁéiline i; nature (so that radical-radical collisionas are
hinimized) grafting may occur via a free radical process. It can be
seen that both percxide and free radical reactions can take place

:simulfaneausly.



b, Aspects of Direct Radiation Grafting

(A} G~values* of polymer A, and monomer B

Consider the followlng reactions

Ap——> 2p’ {or P° + R*) - (7)

B 72R° | (8)
nge P’ is a polymeric free radical and R" a low molecular welght
radical or an atom.

The rates of the above reazctiona may be written

Ryp = Gyp(Ap)T (9)
7 and Ry = GB(B)I (10)
where @, and Gy are the G radical values (GR) for the polymer Ay,
'rand monomer B respectively, (AP) and (B) are the concentrations of the
polymer np and monomer B and I is the exposure dose-rate.

It can be seen that grafting will be favoured with respect

to hompolymerigation if

(a) G,p>> Gy
() (4;) D2 (B)
Thus, in theory, high yields of grafting can be obtained when the

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

R

monemer and 1f the polymer Ap is present in excess of monomer B.

(B) Energy Transfer

I1f energy is transferred from the excited polymer to the

* The G-value is defined as the absclute number of individual chemical

events ocurring per 100 electron volts of absorbed energy. (1)
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monomer a larger number of free radicals will be formed in the system
tﬁan sxpected 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 number of branches,
Dose-rate affeots the rate of inifiation of graft copolymerization as
ghown in eguation (9) and thus affects the kinetic chain length and
cdhsequently 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 medium, etc.

(b} The Gel-Effect and Diffusion Effects

In ofder to reduce the formation of homopolymer in graft
copolymerization reactions, a limited amount of monomer is often used,
Thus the reaction medium is extremel§ viscous and the diffusion of
polymeric chains and to scme extent that of the monomer may become the
rate controlling steps., The reductien 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 'gel-
effect”., The characteristics of the gel effect are

(1) acceleration in the overall rate of reaction
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" (2) dncrease in the molecular weight of the polymer
(3) local temperature rises -
(4) marked "after effects"

_Mb?éover the rate of diffusion affects the kinetics of grafting, If

'}fgﬁéﬁgjyaﬁe of graft copolymerization is comparable to or exceeds the rate

o where SX is the monomer or added subastance and X i%,thé most labile

'éf-diffusion of monomer, the reaction becomes monomer-diffusion controlled.
-Thuégthe overéll rate of a grafting reaction may incrsase as the rate
'.§f iniﬁiétion incremses but reaches a maximum for gome critical initiation
r&te.-and.ramains constant or decreases upon & further increase.

(E) Chain Transfer

If the monomer or other added substance has a high transfer
gonstant*, chain transfer from the polymer is expected according to the

. reaction
A4+ B Ayh .8 (11)
B* BX

§* + nB-»SBn - (12)

-atqm of 8X. This process redﬁces the grafting yleld and increases
homopolymerization. On the other hand, the situation may be reversed

~ where transfer occurs pimarily toward the polymer. ?hiéﬁbrocess redﬁces
tﬁe length of the graftéd branches, increases the grafting efficiency
-ahd does not affect tpe grafting yield.

- (F) Influence of Grafting Temperature

According to Chapire (1) the influence of the reaction temperature

A —— —— —i———

~* gBee Reference 69.
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‘On the kinetics of graft copolymerization is extremely complex and
no general rule can be formulated. The following can be said however;
(i} the onset of the gel effect is expected to he delayed
with increasing temperature.:
| (31) chain transfer is enhancéd at slevated Temperatures.
{4ii) the same is true of the prdpogation step and consequently
an increase in temperature may lead either to an increase
or to a drop in the length of the grafted branches
depending upon the controlling atep.
(iv) the rate of diffusion of the monomer is increased with
increasing temperature. |

(@) Influence of Added Substances

1. Swelling Agents

In general a eswelling agent for the polymer substrate will
enhance the diffusion of the monomer into the polymer and hence increase
the grafting yield.

2. Solvents

The simplest case of radiation polymerization in & solvent
rearrqspands $0 & system in which the solvent does not interfere with
any of the-reaction ateps involved and actes solely as an ineft diluent
for the moncmer énd polymer. Thue the rate of propagation and the
 kinetic chain length will be rsduced according to equations (9) and
1?(16). This effoct is called the "Simple Dilution Effect. However
in radiation polyﬁerization no ehemical substance is completely "inert®

znd thus any added substance is radiolysed leading to the production of
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f1 §&ﬁitiona1 free radicals which may contribute te‘éhﬁiﬁ'iﬁitiation.
o éﬁus if the rate reaction for homopolymerization is |

_ Ry = (@ (s) + Gy (B8)I | o -._ - (13)
L;;ﬁwhere G, ie the G-radical value for the solvent and (s) is the

ficancentr&tlen of the solvent, it can be seen that the higher the value

ot G ' the higher is the homopolymerization rate.l Energy transfer
'~f:processes in the solvent are also possible. Energy méy;be transferred

J7lfrom the excited solvent speciezs to the monomer. Thisiwohld necessarily

. “lead to an inorease in the rate of homepolymerization. On the other hand,

' ienergy may be tranaferred to the polymer and thus increase the rate of
ainitiation'for graft copolymerization.
| If the graft copolymerization is carried out in a medium in

Q-Vwﬁich the resulting grafted polymer is not soluble, the growing polymer
chains after having reached a critical length either precipitated from
the solution to form & gecond phase or their formation leads to a
marked increase in viscosity. This accelerative effect is ascribed te
the fact that the growing polymer chains have hecome sufficiently
-immobilized (by means of curling up in the precipitatinglmgdium) to
inhibit their rate of collision and hence of termination after grafting
‘reagtion. The overall effect is an increase in the raié of graft
copolymerization., This effeet has been called a “Prommsdorff-type
~effect® (6 ~ 11) and is in meny ways similar to the "gelaeffect“

B

: S Structure of wOod

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

.standing of chemical reactions involvidg this complex materisl. This
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can be well appreciateﬁ Qhen one realizes that the majority of grafting

_systems ar¢ heterogeneous; thus interface effects and diffusion play

- an impertant role in the reaction. A brief description of the micro=
:;;déié and sub-mlcroscopic structure of wood will be given here. A
-more detailed analyasis of wood &nd cellulose méy'be found in meveral

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

(A) Gross Structure of Softwoeds

Wood is an aggregate of a great number of small cells. The
cells of conifers or softwoods generally have their lomgest 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 s&p are known as trachelds. Thelr 1éngth usually ranges
from about 2.5 te 7 mm, averaging 3.5 mm. The coniferous trachelds are
on the average one hundred times longer than their diameter. The fibre
e¢ross sections vary in shape between rectangular and circular. The
outgide diameter of the cells im on the average about 30 microns. The
width of ﬁhé fibre cavity (or lumen) varies greatly with the variation
in specific gravity and is also & function of the period in the growth
seBson during which the fibres were laid down (thicker walls are laid
down in summer). As an order of magnitude, softwoods with a swollen
specific gravity of O.h will have an average lumen width of 26 microns.
The fibrea or tracheids are arrsnged in uniform rows in the redial
direction from the pith to the periphery but the arrangemént is rather

' §andem in the tangentiel direction. Communication between fibres takes
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place through bordered pits. These pits are circular openings in
Jacent 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 tracheid fibres. They are
usually clogged with resin and hence are ineffective for the movement
of liquids and pases oﬁer_any appreciable distance, Although most of |
the units of woeds are axially arranged, there are éome tubulaf structures
known as wood rays that are orlented radially. Their combined void
volumé usually ranges from a few per cent up to éevenlper cent of the
total void volume. Communication between wood rays and the trachelds
bccurs through either half-bordered plts or simple pits. 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
ihnef non-active heartwood. This colour change is due largely to
infiltration into_;he heartwood of various extractable.extraneous
materials. The deposition of these materials in the pits graatly decresases
the permeabilitx‘tﬁrough the wood. The permeability through sapwood may

be as high as cone hundréd times greater than through heartwood.

(B) sStructure of Cell Walls

Zach cell in a tiasué ig provided with & thin primary wall which
surrounds a secondary wall which envelops a lumen or cell cavity (see Figure

1). The layer of intercellular substance between cells is c¢alled the "middle
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lamglla", It consists chiefly of lignin. The primary and secondary

+n*1 7
-

alls of th gnified, The primery wall is

i)

T

80 heévily lignified that in reactions it behaves muchriike the middle
~-iaﬁeil§. It is for this reaéon that the pfimary wali aléng with the
| iﬁtércellular material is conventlonally greuﬁed together as tﬁe
Vﬁéompound middle lamella'™, The secondary wall conslsts largely of
éellulose although some lignin is present. Thé Eellulose lattice
structure in this wall is believed to be made up'of fine threadlike
sti:ua_tures known as "fibrils". (See Figure 2.) Theée fibrils grade‘
dﬁwn in diameter from about one micron to bey;nd the range of visibility
of the human sye. a |

| From the ultramicroscopic viewpoint the fibrils of the cell
wﬁil are construéted of the polymer cellulome. Ita éhemical structure
consiats of a stereorsgular chain of anhydroglucose m;nomer units joinéd
together in the 1 ~ 4 configuration by primary valences (aée Figure 3};
fhe.length Qf one pair of the monomer units im 10.3A°; Qhe length of
_the entire chain is estimated to be from 4000 - 10,@60#5: E There may be
oﬁe hundréd or more of these long-chain molecules entering into the
structure of a fibril. The pattern of the cellulbaé occuring in the
-‘fibrils is discontinuous (See Figure 2). This ié thé‘basis of the
: ?éiuge Micellar theory or the Micellar Network théory which states
that the long chain molecules are parallel_to each ptherrlengthwise
only at intervals (crystalline or non-accessibie reéions). The zones
_‘éf“parallelism (known as micelles or crystallités) aiterhate with

less ordered regions (amorphous or accessible regions). The length of
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crystallites are in the range 400 - GOODA® and the width, approximately
5040, VTﬁe wldth of the spaces between the crystallites vary from

10 - lOOA“. There is no sharp distinetion between zoﬁéa'of parallelism
and amorphous regions. Also there is no connection between the length
of the erystalline regions and the molecular chain length; therefore,
it is believed that the chaﬁn gnds do not correspond to the ends of

" erystallites but rather usually terminate within a crystalline zone.
The parallel portions of chain molecules are believed to be held together
hj strong hydrogen bonds and fgmewhat weaker van der Waals forces. In
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.

(¢) Bwelling 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 normall& are incapable of entering
the structure, can penetrate into the cellulose due to the destruction
of the hydrogen bonding and the conséquent laoseniﬁg up' of the cellulose
structure. Sorpt}on of a solvent on cellulose is dependent upon itas
ability to form hydrogen bonds and upon its molegular voiuﬁe (14, 18).
‘Except for extremely étrong hydrogen~bonding agents fanhydrous-ammonia)
h;-éhe swelling of the cellulose in the gecondary wall is restricted to

" the intergrystalline amorphous reglons. Water will produce a swelling
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of up to 10% depending upon the specific gravity of the wood. Methanol
{which is less polar) has about -95% the sgelling capacity of water (14).
However, methanol can swell wood pulp to?;nly about 60% the value
reachad by water. Non-polar liguids subhras benzene only have negligible
.-éwéiling power fof cellulose. No data are available for styrene but
it is essumed that its awelling behaviour is simllar to that of benzene.
Specimens with 2 higher solid content, because 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 foilawing simple relatienship te hold (I4):
8= feg . (1)
where § = total volumetric swelling from dry te green condition-oﬂ
a percéntage basis
g = specific gravity based on oveﬁ~dry genditiong

f = fibre~saturation-point on a percehiaga volume-per-weight basis
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- LITBRATURE SURVEY

l. Effeci of High Inergy Radiation on Cellulose

A b?ief summary is given here. A more detailed survey is

given in Appendix I.

(a) All t&pes of native cellulose degraﬁélon_exposure to
-‘hiéh energy radiation,

(B) Sﬁrength properties and intrinsic viscﬁsity decrease
with increasing d;se but appear to be independent of atmospheric
-:conditions or dose rate. |

(¢) An accelerated decrease in degree of polymerization
ogcurs at dosages ahove 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} Irradlated dry cellulose exhibits a strong post~
irradiation degradation effect which is curtailed by the additién of
.ﬁatér.. |

(g} Exposure of cellulose to irradiation in air produces
carbonyl groupe, carboxyl groups and chain cleavageé in the ratio
-19:0.5:1.

{h) Oxygen is consumed in the irradiation of cellulose.
(1) Hydrogen, carbon monoxide and carbon dioxide are

-évclved during the irradiation.

* -Roentgen: One roentgen corresponds to absorption of 8%.,8 ergs of

energy per gram of air.
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‘2, Graft Copolymerization of Styrene and Cellulose
In 1939 P

7. ¢$t3rene. methyl methacrylate and 4~vinyipyridine énta-éotton yarn

:3wc%%gﬁif£édiatien with high energy'electrons.A Small weight increases

‘LWere obtained for acrylouitrlle but no grafting was obtained with the

,rother vinyl monomers. ’

o

:
Okamura and co-workers (30) in 1959 reported the radiation

; Lgréfting of styrene onto rayon, cotton yafn-and linen yarn. Dimethyl
A fﬁrm&mide was used as & swelling agent for cellulose by socaking the
:;1att9p in a methanol-formamide solution and then centrifuging. The
' sﬁoilen cellulose was then irradiated with CO=60 gamma-rays in.a

. _#61ution of styrene-methanol, styrene-acetone, and.s¥yrene*benzene.
  $9lutiona ofrstyrene—beﬁzene and styrene-acetoﬁe wére found to

:ruréférd the radistion-induced grafting whereas the praéehce of methanol
.aCGeleratad it, Fog_an irradiation dose of 0.219 ﬁra(i.hxloh r/hr) ,*

-vimaximnm grafting occurred after a pretreatment by'a 5% forﬁamide

7}jso1ution and when the methanol-styrene solution was 75% styrene.

':Graftlng of up to 1000% (gm. polymer/gm. rayon) wag obtained for

Araan, but was con51derably lower for cotton and linen yarn. The per-
éegﬁrgrafting obtained for a given dose was found to decrease in the

-7 7 or&er: rayon > cotton)linen; which is in the order of increasing.
-“'érygtallinity of the three celluloesic materiais. Wifﬁ higher radiation
' éose rates, the reaétion appea}ed to be monomer=-diffusion controlled.
-3At lower dose rates, the gel effect of solution polymerization was

. Obgerved,

:7.

- * pad: energy sbsorption of 100 ergs per gram of material,
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.8hinora (31) reporﬁed'the successfullgraffing of styrene,
'"5!@éiﬁy1meﬁhacrylate; methyl acrylate, acryieﬁit“ilé and vinyl acetate
' fédhts cellulose in the form of réyon by-the use of fhe pre-irradiation
ntﬁégﬁiQue. Rayon was pre-irradiated in air with high energy electrons,
':ilﬁpeﬁ placed in the monomer solution containing water and methaﬁol.

: §£é3system wag then evacuated. The grafting reactioﬁ was darried out

7ié£;£emperatﬁres ranging froﬁ 30 - 80°C for several hours. For styrene
'1rﬁéximum grafting occurfad at 40 - 50°C and decreased at higher temperatures.
' f:é;éfting did not occur when water was omitted from the monomer solutionm.

| Kobayashi (32) in 1961 described the radiation grafting of
atyréne onto cellulose in the form of rayon using the pre-irradiatien
‘technique. The pre-irradiation step was carried out.by immersing
-Trafan in water containing hydrogen peroxide and thén.irradiating with
_ éé-éo gamma rays.  The rayon was then placaed in a étyrene (20%) ,
'-:méthanol (72%), and water (8%) solution, evacuated and allowsd to
.r-eact at 50°C. A weight increase of c.a., 700%, half of which was
occluded homopolymer, was found.

Demint et al (33) in 1962 published a significahf paper
rdiscussing the rggiation-induced interaction of Bt&rene with cotton.
.-A Gb-éo source was used at an intensity of O.U5 H.roentgens/hr1 On
ifradiation of & soiuticu of styrene (70%) and methanol (30%) in whieh
cotton cellulose was immersed, the inltial rate 6f pélymerization
-.(homppolymer + grafted polymer) was found to be about three times the

rate in the absence of cellulose. It was postulatéd that the presence
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- of radiation excited cellulose iﬁcreased the rate of free radical
formation of styrene and consequently the rate of polymerization of
-Etyrene. As the relative concentration of styrene té cotton was
N incréased, the amount of styrene "interacting" with cotton cellulose
inéreased to & welght ratio of about 3.5 to 1, styfene to cotton,
Béyond this point the amount of styrene interacting 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

(1) the polystyrene probably interacted with only a small
fraction of khe availahle hydrox&l groups,

(2) the changes in the chemical properties of the cellulose
due to irradiation did not markedly affect the regain values.,

7 (3) there was no marked alteration in the submicroscopic

structure of cellulose.
The electron microscographs indicated that the polymer is located

within the growth layers of the fibres and "is" afted to the cellulose,

Huang and Régson (28;ﬁ34, %35) made use of the "inclusion
solvent exchange" technique for grafting styrene and cellulosic
materiala, This method consisted of firat swelling the celluloese in
water and then gradually exchanging the water with methanol, bsnzene

an& finally styrens., No grafting was obtained by irradiation of
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i.iélmple cellulose-gtyrene mixtures without the use of the inclusion

. method. The amount of styrene grafted onto cotton cellulose was found

g depend on the dose and irradiation atmosphere; fﬂt‘lpﬁ doses,

;higher grafting was obtained in vacuum than in air. This was attributed

{5ftn the fact that the oxygen in air acted as a free radical scavenger

-f&nd inhibited the grafting reaction.. At high doses above 2x106 rads,
ltth& reversa was true and the presence of air appeared to enhance
V‘rathar than inhibit the grafting. For cotten c¢loth, the percent
.‘grafting (gm. polymer per gm. cellulose x 100) increased with dése
'Wrup to a certain point and then levelled off. The largest grafting
. jresults were obtained for a nitrogen atmosphere.
| .ﬁ pronounced post-irradiation grafting effect was cbserved
| bﬁ.heat treatment (100°C for 48 hours), leading to a two-fold increase
-‘in grafting., This effect was believed to be éaused by the residual
' érépped free radicals and peroxides. Grafting éfficiencies (ém. grafted
: peiymer per gu. total polymer x 100) were approximately-the‘same for
‘iirradiations in air or in vacuum. gGrafting efficiency decreased with
_increasing radiation dose (74% at 0.25 M reds and 50% at 4 Mrads),
_éﬁd pergcent grafting., Thie indicated that more ungrafted polystyrene
. wag formed at high doses.
: The structure of the cellulose~styrene graft copolymer wag
Qhaéécterized by hydrolyzing the cellulose substrate, isolating the
polfstyrens chaing and determining their molecular weights. The graft

copolymer was found to consist of cellulose chains carrying a few very
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; 5'7__lb§g polystyrene chains rather than many Short.ﬁéiystjrege chains.

| Tﬁﬁwas astimated that only one in ten te twenty ceiiﬁlase chains
ried a grafted polystyrene chaln' or. in other terms, one poly-
tyreﬁé side chain for every 4000 - 10 000 anhydraglucose monomer
:units. The average molecular welghta of the grafted palystyrene side
éﬁains were approximately half & million. They were 2 -3 tlmes
-hlgher than the molecular weights of the extracted polystyrsne and

'%‘;;g&bﬁut twenty times higher than those of polystyrene formed by radiation

'.olymerization of styrene in bulk,
It was. found that the solubility properties of the cellulose-
ibyrene graft copolymer were different thanrthose of either cellulose

"fﬁ;;gdﬁipolystyrene. The graft copolymer was insolugiérin solvents for

':'«{Leither cellulose or. polystyrene.

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

f;?théir investigation of the direct radiation graft 60polymerizatlon of

:5£§fene and cellulosic materialsand, in particﬁlar;Jthe e¢ffect of
‘sﬁéiling agents and solvents on the grafting préCeéé}.VGfafting of up
_'6xseveral hundred percent was obtained by contralllng the reaction
“ 17'~?var1ables of cellulose preswalling, total radiation dome and styrene-
'—fifsalvent compogition, The grafting was carried out in air at radiation
-f;;ﬁ§ées in the range of 0 ~ 8 Mrads, Grafting odcurrad readily when
-':h:the cellulose was first preswollen with a polar swelling agent such
ﬂi,aa water, formamide, formic acid or dimethyl sulfoxide, then placed in

rbulk styrene or a styrene~solvent solution and irradiated, The effect
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:fﬁlgé water in the radiation grafting was investigé%e& verj thbroughly.
riigfbulk styrene, for a giﬁeq radiation dose, graftiﬁg was found to
rﬁﬁépgnd on the water content of the preawollen cellulose. For rayon,
'&ééiﬁg inereasédlsharply aftar 309 water content'in'rayon, passed

'fftﬁiaugh'a maximws at 60 ~ 80% and then decreased again. For cotton

':f‘éeilulose, grafting occurred after 10% water content, increased up to
-fygpﬁreximately 20% and then remained constant. As in the case of the

"Qﬁinclusicn method! expérimenta, efficiency of gfafting was found to

"fi&ecréase with increasing percent grafting and radiation dose.

'uiﬁdditian of swall quantities of water to the 3tyrehé~BOIVent system
"?ﬁashfoﬁnd to be necessary in grafting onto rayon but not onto cotton
553-69i1ulose. The enhanced grafting obtained by prééwelling the cellulose
'-dr by earrying out the grafting in solutions containing swelling
' ;—ﬁgénta was interpreted in terms of a “plagticizing” effect (37).
-Iftfhe swelling agent is assumed to.premote the diffusioﬁ:bf styrene
iﬁandmer by breaking some of the hydrogen bonds and loéaening the
'_@eilulose chains. Grafting was assumed to take place only in the
' am9rph0us (accesaible) regions of cellulose.
V. Stannett has published an important series ﬁf paﬁefs
hfrégérding the radiation-induced graft copolymerizaticn of cellulosge

8nd vinyl monomers, His research is really & lucid reflection of

all the important and relevant work done in this field. In 1960,

. Stannett, with Chapiro (38), studied the direet radiation grafting

' ]E bflatyrene and methyl methacrylate onto polyvinyl alcohol and cellulose.
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They irragiated the polyﬁér in a gtyrene-dioxane golution containing
a small amount of water and found that the latter was necessary for
- grafting to ocour, The efféct of water was explained in terms of the
:;ﬁﬁéﬁéed diffusion §f monomer due to the swelling of the hydraphilic
.ﬁoljmer by the water. In radiation grafting onto various forms of

cellulese with a total dose of 4.2x106 roentgens (dose-rate of

L l.Silﬁq roentgens/hr) 210% grafting was obtained for cellophsne, 15%

for filter paper, 27% for cotton wool and 22% for glaséine paper. The
difference in grafting velues was attributed to different crystallinity
of the cellulose used.

| In 1962 Stannett (39) investigated the styrene~cellulose
-'acetate system, ‘It wag found that on exposure to high energy radiation
and subseguent extraction with hot benzens some of the cellulose acetate
became solubllized. A large amount of the polystyrene was insoluble
in hot benzene. This portion was attributed to the grafied polymer.
Fractional precipitatien with dilute hydrochloric acid from a pyridine
solution indicated that there is a gradual change in the compogition
of the precipitate from pure polystyrene to pure cellulose acetate.
A large portion of the polystyrene formed was occluded.
" In 1962 Stannett and Kesling (40) reported a detailed
- investigation of the pre~irradiation grafting of styrene onto cotton
cellulose using gamma rays. The purified cotton was irradiated in
vacuum or in air at & dose rate of 0.324 Mr/hr, and then immersed in

a solution of styreme (32%), water (4.5%) and dioxane (63.5%). The
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'1“Eré$tment.of the data dealt mainly with the total yield of polymer;
:;;fig.; occluded and grafted polymer, Water which was added either to
:-:hércgllulose or to the monomer sclution increased the amount of
;pg}yﬁééigation.l The gfeéter polymer yield was ﬁéesuﬁably due to the
‘ﬂz?giééter adGesaibility of the moiét psamples to the moénomer., The molecular
"rwéight of the polymer was similar regardless of the amount of water
'i preéent. it was pelieved that, at lower temperatures, polymerization
fﬁaé:ﬁhinly due to trapped radicala Pormed during the pre-irradiation.
zr;Thé yield of polymer as a function of time appeared to follow a second
.1order fate process, The effect of temperature on ﬁhe grafting reaction
VVWas studied and revealed that at temperatures above.35°c grafting curves
incfeased upward with time as opposed to 1evelliné off at lower temperatures.
This indicated the possibility of & peroxide mechaniesm at higher temperatures.
:Ioﬁimetric techniqueé showed that about six times as many molecules of
- peroxide as trapped radicals were present for irradiated cotton. The
'Inﬁmberjof peroxide sites increased sharply when the irradiation was

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

" fact that the number of peroxide molecules formed was greater at

10

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

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

:i;'ﬁrcvide the necessary oxygen., The celluloge~styrene graft copolymers
'?r.wére characterized by acild hydrolysis to remove the cellulose backbcne
 and the mo}ecul&f weights of theAisolated polystyrene slde chains were

determined, The viscosity average molecular weights of the grafted




29

:fAéiﬁé'chains were found to be very high (ca, 2x106) and remained fairly

" . constant over a wide range of radiation doses.
- L & .
It is interesting to note that in &all of his papers up to

nﬁ._yiiééETfésr; ko), Stannétt always qualified the use éf the term ”grafting".'
':tﬁpifo-this time, because of the:aifficulty of quantitative analysis,
'{ﬂiﬁa‘had treated the data (as most investigators have) in terms of the
fﬁﬁtéi yield of polymer or the polymer remaining after a siﬁple extraction.
B Tﬂié latter teéhnique of removing oocluded homopolyﬁer leads at best
;to oniy a maximum figure for the amount of graiting onio the substrate.
Finally, din 1963; he and coworkers reported an extensive investigation
-'daaling with the characterization of some cellulose graft copolymers (41},
The followlng graft copolymers were preparedrby the use of the ceric
icn,'ultféviolet light, mutual radiétion {direct radiation) and pre-
irradiation methoda: (1) cellulose-acrylamide (2} cellulose acetate~
7' styrene and {3) cellulose acetate-methyl mathacrylﬁta. In the radiation
-ﬁéfhods a Co=60 radiatieﬁ source with a dose rate of 7,650 and 21,200
" r/hr was uged. The polymerization solution was made up of 90% distilled
‘styrene monomer and 10% distilled dimethylformamide., The irradiations
f;wefamcarriad out at room temperature or dfy ice temperature and the
. ﬁiﬁolyméiizations, in the case of the pre-irradiation method, were allowed
' fﬁﬂjiﬁéfpfoeeed-at foom temperature. The cellulose'acetaté*styrene grafts
-:3~ifﬁefé analyzed by three different methods: (1) 'fractional extraciion
-n:féfter the cellulose acetate was sapenified to cellulose (2) fractional

: prééipitation and (3) selective alternate extraction with solvents for
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the two homepolymera. The first methed was used to determine whether

was waahed with methanoi and then extracted three times-with benzene.
'i;The benzene extracts were combined and the extracted polymer isolated
"by evaporation. weighed and the infrared spectra measured. By comparing
h ijhysica1 mixtures of cellulose acetate and polystyrene with products
r:prapared by the above-mentioned methods it was found that (a) complete

separation of the mechanical mixture was ach1eved (b) a small amount

- 6f solubllization of the cellulose ocoprred (presumably by the grafted

polystyrene side chains) (¢} a considerable quantity of polystyrene

- was insoluble in benzene.(d) the gamma ray pre-irradiation products

¢

- showsd much more grafting than the ultraviolet products. It was concluded

~ that actual grafting had occurred.

The method of fractional precipitation from solution showed

that & 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 coneisted of alternately

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

acetone, 20% 2-~ethoxyethanol and 10% water which are asolvents highly

ﬂpeﬁific towards polystyrene and cellulose acetate respectively. This

method made it possible to give maximﬁm figures for the efficienay of

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

-éombined in grafted form. With the pre-irradiatién method nearly all
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(approximately 95%) of the polymerized styrene was attached to the

.chllulose acetate, whereas the mutual radiafion and ﬁhe ultravielet
 3“§§ﬁpqu lead to large proportions of occluded polymer (ca. 70% and
'ff;;;féﬂ% respectively). Tﬁesa remarks apply to samplés élraady waghed
frée from accessible homopolystyrene. As far as the degree of grafting
d‘ onto the cellulosic backbone is concerned, for all cases only & small
percentage of the cellulose acetate had attached polystyrene side chains
(from 1,9% to 13.6%). This was thought due to the lack of accessibility
§f the cellulose acetate to monomef under the heterogeheous conditions
used. The pre~irradiation method geve increased ylelds when the
‘_irradiation was éarried out at -78.5°C, presumably due to the prevention
of migration and mutual termination of the radicals, Molecular weight
meagurements were carriéd out by the viscosity method and it was found
th&t.in 81l cases the grafts consisted of very long polystyfane side
chains attached to comparatively short cellulose acetate backbome
" chains. The molecular ﬁeights of the polystyrene branches rangsd from
4, 37x10° to 1.2x10° and the number of polystyrene chains per cellulose
acetate chain ranged from 0,41 to 3.4k,

The method of separation and characterization of cellulose

- graft copolymers which were developed in the above study have been
applied in some detail to the cellulose acetate~styrene grafting system
by Stannett et al in 1964 (42). Both heterogenéoua 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 governéd.by the intefplay of diffusidn controlled growth
~ and termination steps., It was shown that pyridine is & highly suitable
golvent since it has a low radical yield on radiolysis compared with,
7£?§;;?é£ample), dimethyi formamide, It also has re&uced solventlpower. |
{
‘Therefore, the effects on the grafting reaction {of pyridine VS;‘
% diﬁethylformamide) were compared. Qith thinrgilms where’diffusioﬁ
i qenﬁroi should be of less importance, dimethylformamide ga#e much
'fjgfeater yields of graft than pyridine in a 1% solutién, but the
'_ gituation was reversed with 20% =molutionm, Here the sweiling WaE very
high with dimethylformamide and the grafted side chalns were only
- three times gfeater than the corresponding solution homopolymer. With
 thicker films the yield was inéreased by increasipgithe'percent of either
zsolvenf. However, pyridine appearsd to bhe more effecﬁive than dimethyl-
:fermémide. In all cases there was a positive correlation between
Ayiéids and molecular weights. Since there ié vifﬁu&lly ﬁd change in
-radical production on changing from 10 to 30% pyridiﬁé,'it is bvelieved
_ that the changes in yield were mainly due to mcleéularAﬁeight differences,
In this paper Stamnett gives an explanation why the participation of
 the.oe11ulose acetate in the grafting prooeés wag so.low in hig previous
inveétigation.(#l). 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 eéileagues without
question have been the most prolific investigators in the field of

radiation~induced grafting reactions with cellulesic materials.
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_ Fortunately their work in the form of six réperts has béen included

",iﬁ a@;AE.C. Transglation Series (43 - 49),
| eport
R Sakurada end Kimura (43) studied the gra£ﬁ=p§iymerization of'
‘:étyréﬁe to cotton induced by pre-irradiation by electron beam. The
'-aferaée dose rate was ca. 1.5x104 r/sec. Polymerization was mainly
) céfried out uhder vacuum. The polymerization solution was a system of
styrene, methanol and water in a ratio of 6.6117:6.1. The influence
df pre-irradiation doée and temperature of polymerizati&ﬁ was investigated
while the polymerization tiﬁe {7 hours) was kept const&nt; When a
" dose of 10 Mr was used, the graft rate ab 30, 50 and 80°C was 33.5,

-.224;8 and 108.5 respectively. It was found that when the polymerization
time wés'varied, the graft rate was approximately proportional to the
time. Pre-irradiated cotton was thermally treated after irradiation
- and then allowed t; react with the.solution at 50°¢, Thé samples which
were treated at 60 and 85°C did not show significant interfering
effects after treatment of 60 and 15 minutes respectively. When the
gample was treated at 180°C for five minutes, graft polﬁmerization
was completely abment.
: Regoft #2
| The same authors studied the influence of solvent on the
'-grafting process (4&). Grafting rates varied greatly with the solvent
‘used: methanol (270%), ethanol (160%), n~propanol (131%), iso-propanol

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



3k

S (8%, n-amylalcohol (0¥), acetone (7.4%) and benzene (O¥). Experiments
_1aﬁére alse carried cut where samples were placed under vacuum immediately

éfteg irradiation, sealed off with' polymerization solution and stored

;ff,¢$F-Qéc' No polymerization occurred during Btoragél When the samples
'ﬁ3;wére heated to 50°C after fifty-five days of storage, graft polymerization
':’p?oceaded in exactly the same fashion as in the case of_samples heated

‘f;;imﬁadi&tely after irradiation.
. “Report_#3
| Sakurada, Okade and Hatayama (45) studied the effect of
1t§mperature and solution concentration in the graft polymerization of
'istyrene onto different types of cellulose using the mutual irradiation
_ {feéhnique. For ordinary rayon, when the irradiations were carried
'ﬁtraut-in air, an initial induction pericd was observed and a tendency
'taward:satufétion of the graft rate was evident with high dosge rates.
--.:The induction period was shorter, the greater the irradiation tempefature.
'fThe_fesults of the irradiations under & vacuum showed very little
~ difference and no effects due to oxygen were seen., Graft polymerizetion
- was practicaily non-existent when only styrene was uséd and the graft
réte incereased with increasing concentration of methanol, approaching
& meximum of ca; 50% methanol concentration. The grafting efficiency
‘falsa approached a maximum at this level. When the temperature during
- the irradiation was confined between 30 - 80°¢, the graft rate inoreased

with-increasing temperature approaching saturation near 80°G. Ths

graft efficiency was also better at the higher temperature. A dose-rate



efféct wﬁslalso.noted and when the dose-rate was'#arie&'batween
1;1::103 - 8, lxqu r/hr with a constant total dose, the graft rate was
rfrgreater at the lower temperature., The effect of the addition of water
1to the-- polymerizzng solution was thecked with a 1:1 styrene-methanol
"system. A slight decrease was noted when water was sdded.
Work was also carried out on other types of cellulose. When
bf&ina?y rayon, super rayon, polynoschics and cottonrwere studied, an
. iﬁdﬁction period was noted in each type and the rate decreased in the
order polynoschics, cotton, ordinary rayon and super réyan. No grafting
rwitﬁ styrene alone was observed with ail the types. The:rgconstituted
fibre showed a maximum graft rate at 50 = 60 percent methaﬁolf{ The
meximum graft rate with cotton came at 70 - 80 percent methenol. The
- graft rate increased with temperature with all types'but the rates for
'jpolyncschics* and cotton decreased once the temperature exceeded 60°C.
: Super rayon showed a sharp increase in ratg at 70 - SO”C and no decreasing
  tendency WS Seen,
r-nReEort #h
‘ - Sakurada and coworkers (46) continued their study of the
.?1égf§§£ of the fine structure of cellulose on grafting.  The pre-irradiation
riméthod was uged with electron beam from a Van de Graff ﬁachine. Again

. théffqﬁr different types of cellulose were studied. It was found that

* 'A highly crystalline form of rayon
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thére was an optimum temperature for polymerization with each type:
60°C for ordinary rayﬁn; 55°C for supsr rayony 50°C for polynoschic
’rqun and 43°C for cotton. As in the mutual irradiétioé experiments,
'wé£;£ Qas added to styrene-methancl solutions. The effeqt of the
;éaéitiéﬁ on the grafting rate varied with the fibre ﬁyﬁé but generally
‘an aéceleration wag noted. Work was also carried out with hydrogen
perexide solutions and ferrous ion catalysts. |
ﬁegort #5

Sakurada et al (47) carried out graft'polymérizétions after
pre-irradiation in different atmospheres in order to study the effect
of oxygen and moisture on the graft reactions. The samerfour types
efreellulose were studied. The material was irradisted with a 1.5 Mev
100 pa Van de Graff beta heam in air at room tempeféture énd room
r.hﬁmidity and the stability of the induced graft éctivity was checked.
The polymerization solution was a styrene-methénol or a styrene-methancl-
wafér mixture. The activity was gradually lost when the material was
=t6réd at 22°C in a 65 percent RH atmosphere, but storage in a vacuum
at amblant temperatures or in air at -78°C prolonged the activity
considerably. GStorage of the samples in & vacuum at elevated temperatures
; led to a decrease in stability. When PVA was irraﬁiéted in a vacyum,
lit'rapidly logt 1ts activity when immersed in water at%room temperatures.
‘However, when cellulose was immersed 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 activity followed the order
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eotton)'polynoschics:>rayons (super and ordinary) and it is believed
“ that the ecrystallinity and other fine structure properties are intimately
" related to the degree of stability. when the four typés of cellulose
j-ﬁeréxirrédiated in air (rézm humidity), vacuum and dr& air, the
fbllowing results were obtained:

{1) The intensity of graft activity folloﬁed the order
v;acuum) dry air) air., Irradiations in any of the meé.ia resulted in |
graft ﬁolymerization. ,

: (2) When cotton and polynoschic rayon were irradiated in
anj of the three atmospheres, the graft reactions readily took place
Viﬁ non-aqueous media, Higher grafting rates were ééeﬁfwith watere
'cbntaining solutions.

(3) When ordinary or super rayon were irradiated in air, the
graft reaction did not take place in a non-aqueous polymerizing solutionj
but the reaction was readily promoted in a water—containing solution
(styrene—methanol-watér in the ratio 20:72:8)., On the other hand,
wheﬁ the irradiaticn wag ecarried out under a vacuum or in dry air, the
graft reaction proceeded even in a non~agueous solution (styrene-methanol
in the ratio 20:80). Similarly when these two ra&oﬁs-ﬁeré irradiated

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

three days, no grafting cccurred.

Report #6
Sakurada, Okada and Hatakeyama (48) continued their study of

the effect of solvents on the grafting of styrene onto the previously-
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mentioned four types of cel1ulose. They considered the solvents methanol,
n~-propancl, n-butanol, n-am;l aicohol, 1.4-dioxane, dimethylformamide,

- dimethylsulfoxide and formamide. Both simultanecus and pre-irradiation
mﬁeéﬁéds were used. Briefly, methanol was found to be efféctive for v

all types of cellulose while formamide and dimethylsulfoxide were

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

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

tfpéé followed the descending order of cotton, polynoschics, ordinary
Vrayon and super strength rayom.

"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 105 - 107

r in air and experiments on graft
polymerization in vecuum were carried out. At first, a solution consisting
ef equal volumes of styrene and one of the solvents methanol, ethancl

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

fixed condifions the graft rate was greatest for methanol; second for
ethanol and smallest for acetone. The above order is alse the order of

the degree of swelling of rayon in the three solvents.

Next & solution consisting of squal volumes of styrene and
methancl with an addition of water from O to 5 percent was used for
graft polymerization. - Almost no graft polymerization was detected in
the case of no water, A meximum graft rate was obtained with the

- addition of water between three and four percent, Wwhen the amount of

water exceeded five percent, separation of the mixture started. Also
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the préportion of styrene to methanol was varied, but it was found that
the one-to-one ratioc gave the highest graft rate._ At both polymerization
temperatures, 50°C and 80°C, the graft rate was found to be linearly
prdpértional to the dose of pre-irradiation up to a dose of 6x106r,

after which saturation was reached. The highest attminable graft rate

- wag 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 semples left in air and styrene
wag reduced to one~half. When samples were heated in air for ten minutes
at 80°C, grafting did not proceed at 50°C. Samples which were pre-
irradiated in water or methancl gave higher graft rates then those pre-
irradiated in air.

3, Glectron Spin Resonance Studies on Cellulose

Alvery brief summary is given here. A more detailsd survey
of electron spin resonance work is given in Appendixz II.
(a) Freé radicals are formed on the irradiation of cellulose.
(b) The G-value for radical formation is calculated to be
arcund 3, based on radical decay measurements,
(¢) 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 dome does not alter the hyperfine structure

of the eleectron spin resonance spectrum.
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(e} There are probably two kinds of radicals present in
-,’gamma irradiated cellulose.

(f) The decay curves are made up of two reglons, consisting

#3f;%i;&£recipitous fall in the radical concentration followed by a
i?lé%éllingaoff region where the radicals are relatively atable, even
n:o§er-periods of several months. | |

| {g) With elevated temperatures the decay of free radicals in

:'rdry cellulose requires several days at /0°C, many hours at 100 - 200°C
‘and & few hours at 100 - 200°C.

(h) Fewer free radicals are present ’in moist cellulose.

(1) When the vacuum of a cellulose sample irradiated at
20°C is broken, a rapid decay of radicalé occurs at room tempefature
until a constant level is reached; Irradiations in air yielded
elecfron spin resonance spectrum very similar to the samples irradiated
yiﬁ YRCUO . | |

(J) Free radicalé formed in cellulese are unreactive toward
EQE and this is thought tg be due to inter~ or intramolecular hydrogen
ﬁéndingm |

(k) The overall rate constant of radical decay is complicated
by the faet that the radicals in the amorphous regions have a greater

.probability of combining than those in the crystalline reglens.

(1) Differences in the crystallinity of cellulose have no
obvious effect on the initisl yield or nature of the radical electron

spin resonance sprectrum.

T vere S
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4. Effect of High Energy Radiation on Wood

k3

Basman and Millett (20) in 1952 studied the degradation of
ll'wood puly (96% cellulose) and spruce wood by the irvadiation of a
ﬁﬁé&éﬁﬁrxﬁray machine. The wood pulp degraded in é.manner similar to
'wcﬁtﬁon linters. The degree of polymerization for both the wood pulp
' -aﬁd cotton linters decreased from about 1000 to 600 at 106 roentgens,
"7200 at 107 roentgens and 20 at lO8 roentgens. The decomposition of
carbohydrates for wood pulp and wood were studied by measuring the
logs in potential sugar content, The wood pulp decomposed 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
- gaused an increase in the rate of hydrolysis of the resistant portion,
(i.e., the crystalline regions) of the cellulose in wood.

8mith and Mixer (58) in.l959 studied the protective effect
- of lignin on the holocellulose (cellulose + hemi-cellulose) in wood.
It wag found that gamma rays did net affect the gross analytical comﬁositicn
in redwood for a dose up to 20 Mrep. For doses of 7 énd 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 degfee of
polymerization decreased to only 548 and 380, fﬁ}@erms of the average
cﬁain bresks produced by irradiation, the presencé‘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.
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Hachihama and Takamuka (59) in 1960 reported their work on
the effect of gamma irradistion on red pine wood meal and Brauns
native lignin. The irradiation effects appeared at a dose of hxlO6 rep.
Tﬁe dégrae of polymerdigation of holocellulose imclated from 108 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 thét 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 cage 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 discussed in Part 2). However, one paper by Stannett, Kenaga and
Fennessay (60) iarsignificant from a kinetic viewpoint. Ponderosa
pine sapwood in the form of wafers (1L/4" longitudinal direction,
2" in the tangentiel dirsction 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 r&tio.?5:25:5.?5 respectivaly,

4

Low vacuum (5 to 6 mm Hg) and high vacuum (10" to 10~ mm Hg) techniques
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'77':‘?$§férﬁsed to degas the wood and monomer. A solvent displacement

: ;°?methbd was also used in which the water which had been sosked into the

' waed was dlsplaced by an acetone-styrene solution.. This was followed

-;'fffwag more than six days. Experiments were carried out in which the dome

't? irate"Was varied, It was found that there was a rapid drop in the efficiency

}flof gamma radiation as an initiator for the styrena grafting-homo-

?‘.f«palymerization reaction as the dose rate was 1ncreased. Thias was

' ::;attrlbuted to the fact that the diffusion of menomer from the lumen into;'

. the eell wall was the éqntrolling gtep. As the wafers were only

| 0,25 inches thick in the longiftudinal direction, almost every cell

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

- eavity 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 por unlt of radiation

f*decfeased'with dose rate, this decrease was not rapid enough to offset
rfﬁéhéieffect of total dose delivered in unit time, Thus the result was
Lg;a steady increase in the polymer retention per unit time as dose rate
' was increased, By leaching the irrad:.ated impregnated wafer for
-11;twenty-four hours with dioxane, 20 - 30% of the polystyrene could be

‘A;{removad. A further 9 - 14% could be removed by chipping and grinding,

':;;;It‘was found that there was little difference between the high and low
| zngaeuum methods with respect to retention of styrene at dose levels

"if—'above 1. 7 Mrads, At low dose levels the high vacuum technique gave

\

_;by ﬂetone evaporatlen prior to irradiation. The tetalftime of oparation
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higher retentions, It'is believed that oxygen inhibits the reactions
at .low doses but, at high dose levels, the oxygeﬁ is depleted, Several
':;éqlvént~styrene aystems were tested to determine the effect of varying
.Hligtéélvent concentration, A solution of ethanol-water appeared to
" give the highest retention at a given dose rate., However, 82% of the
,polﬁstyrene formed was homopolymer compared to 26% for the dioxane~

styrene~water solutien.



PREVIOUS WORK DONE ON THIS PROJECT

121,;1. Hoﬁgins and Remalingam (61, 62)

In this study the ressarchers carried éut preliminafy work
L {a) a study of conditions for the treatment of wood with
‘};}étyrene to obtain graft copolymerization and the éssessment of the
-'fi.;}éhysiéal properties of the treated material,
) (b)"a study of the transient species responsible for
graft copolymerization using fha Electron Bpin Resonance technigue.
The structural aspects of this work will be discussed in
PART 2 of thig thesis,

The experimental method consisted of (1) evacuating a
ri-sample of wood (16" x 3/4v x 3/bn) to the micron level for twelve
”-ﬁeurs (2) impfegnating this sample with a styrene solution under a
o préssure of 35 psig by means of nitrogen gas for a period up to

-thirtyésix hours (%) irradiating the sample in the McMasterrswimming
pool reactor at a dose rate of ca. 9x105 rads/hr (4) heating the sample
_'_-for twanty-four hours at a temperature of 105°C (5) grinding the
iw.final dry treated samplé to 40 Mesh in a Wiley mill (6) extracting
-the wood flour té constant weight in a Soxhlet extractor using
- 5ehzené as a solvent,
2 . Experiments were carried out with pure styrene, solutions of
:atyrene, methanol and watér, solutions of styrenerand methanol,

-and sclutions of styrene, methanol and water with a small amount of



TABLE 1

BENZENE EXTRACTION OF POLYMER (afterRamalingam)

Irradiation (Mr) |

27.9%-.14@1&@61 ] :

66. 5% Hethanol

Solution (wk %) | Irradiation (Mr) | Polymer Extracted* Solution ‘Polymer Extracted*
nj-l 94‘.0 52% S‘byrene ‘ . 900 c-l L}'
Purs 4.5 90.5 43.5% Methanol { 1.4 23.0
, . 5% water .. :
Styrene 9.0 85.4 18.9 19.1
| " 1.4 72.6 30% Styrene 4.5 5.8
' - 61% Methanol N
AL 18.9 52.0 of water 9.0 5.7
76% Styrene W 4.5 19.1 76% otyrene . 1. 1 .8
22.5% Methanol ' 22.5% Hetha.nol ‘
1-5%.5!’&ter""'. B 9-0 20:1 1.5% Water - g nil tﬁ.:O
R 1.35 O 24,8 76% Styrene il Y -
B - 22.5% Methanol |’ '
52% Styrene 1.5% water e |
45.5% ”eth?“"l =) .70 20.3 0.2% Benzoyl nil 81.8 .
,5% Vates ' Peroxide SRR |
8,5 19.0 Sk Styrene 9.0 26,8 . -
+ fr————————e - L6% Methanol R
| 77.5% Styrens 0.0 6.4 33.5% Styrene 9.0 148

Thermal treatment

in all cases:

105°C for 24 Hours

o
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chemlecal initiator, benzoyl peroxide, added. The dose was varied

from nil to 18.9 Mrads, The results are summarized in Table 1,

: _frf§he following conclusions were drawn from the results.

(1) Tor the case of pure styrene, little grafting had
-oééurred. This suggests. that the styrene was not penetrating into
the celluloée in wood., (The correlation between dose and polymer
- extracted, as shown in Table 1, will be discussed later,)

(2) For the case of a styrene-methanol-water solution,
there was a considerable decrea;e in the amount extracted compared
- t0 the pure styrene-treatment. Thus 1{ was concluded that graiting
of polysiyrene with cellulose took place when the styrene was able
ta_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 méthanql only) showed that the mmount of extractable
polymer was approximately 50 to 100% greater than for the case
‘where 1.5 - &,9% water was used.

| The Electron Spin Resonence results indicated that free

radicals were formed in the irradiated wood. Quantitative measure-
ments indicated that khe'number of free radicals present one hour
after an irradiation of approximately 10 Mr was around 1018 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. It was also observed that by heating the irradiated wood at

- I05°C a wore rapld decrease in radical concentration occcurred.

-J&ft2.  ﬁodgina and Werezak (54, 62)
o 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
-vériables: -time of evacuation, composition of iﬁpregnant, uptake of
impregnant, total gamma dogage, duration of the heéting treatment and
temperature of the heating itreatment. (This work will be discussed
. in detail in PART 2 of this thesis.)
| {(b) A qualitative and quantitative snalysis of free radicals
using Eleetron Spiﬁ Resonance Spectrometry was carried out with the
-.fcllowing materials:
(1) wood irradiated in air
(ii) sair dried cellulose, Spruce~Periodate lignin, Dioxane
lignin and Braun's Native lignin ifradiated in air
(iii) impregnated wood and of -cellulose irradiat@d in vacuo

{iv) wood irradiated in vacuo

R The results of the Electron Spin Resonance study are summarized

below.
1, Air dried wood, Spruce Periodate lignin and Dioxane
lignin gave similer Electron Spin Resonance spectra on irradiation.

2, B8imilar to the work of Abraham and wiffen -(50), woed
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maintained a symmetrical double spectrum throughout the time interval
meéénred. |

3., Wood irradiated with & smaller dosme yielded fewer free
fédicaia but & gimilar radical SPectrum.

4, Irradiation of air-dry % -cellulose gave & persistent
spectrum indicative of a 3 peaked absorption.

| 5. Irradiation of Braun's lignin ylelded & broad complex
specfrum with decay characteristics suggesting the production of
more than ons type of free radical, I

6. TFor wood impregnated with acrylonitrile, styrene or a
ternary solution of styrene-methanol-water, the firet derivative of
the absorption curves was similar to those observed for wood-in-air,
The same results were found for u(-celiulose.

7. WNo difference in Electron Spin Resonance spectrum was
obtained ‘for samples of wood irradiated in vacuo (10“"6 mm Hg) and
that irradiated in air indicating that the decaying radicals are not
paroxides. |

8., The decay ourve for wood in air appeared more rapid
than either the & -cellu_lose or the lignins,

9, Wood irradiated in air appeared to have two and
possibly three distinet 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 irradistion, was

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

10, -Per gram of smsample, o «cellulose irradiated in sir
gave slightly fewér radicals immediately after irradiation than
ﬁid wood, However, its slower decay rate resulted in a higher
radical count 3 to 22 hours after irradiation.

1l. 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 weod.

12, 1In general, the decay rate of radi¢als preseﬁt in
wood irradiated with styrene or acrylonitrile 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
. wag reduced by as much as a factor of eight;

14, All experiments with wood appeared to yield similar
radical counts after approximately 100 hours.

| 15, The irradiation of &« -~cellulose in the presence of an
impregnant gave radical decay curves very similar to those for
o «callulose in air.

16. The irradiation of wood in vacuo gave a decay system
thch maintained a high radical concentration over a long interval.
When alr 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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7 ;7=f;ﬁﬁerma11y decomposing peroxides,

';;f“ 3. CAnalysis of Unpublished Work by Werezak

. {A) Introduction

"Q.fjprogram consisted of carrying cut an optimization of the bending

.As mentioned previously, PART 1 of Were?ak's research

" 'strength of wood with respect to six variables, It will be shown

rf‘in_?ART 2 of this theais that the factorial design was erronsously

.*i;rinterpreted; Despite this, many important kinetic aspects of the

f:‘gfaft copolymerization of wood and polystyrene can be extracted from

"'. that (1)

(2) .

(3)
()
(5
6)

(7

% the unpublished data of this worker. The experimental procedure

| - used was essentially that used by Ramalingam (sée Page 48) except

The dose rate used was 1 Mrad/hr.

Three different impregnating solutions were used. The
ratios of styrene to methanol to water for these were
?6:22.5:%.5, 6513213 and Shik2:k,

Evacuation time for ithe wood prior to impregnétion wag
veried from 10 to 24 hours. .

The time of impregnation was varied from 8 minutes to
65 minufea, and the pressure of impregnation was varied
from atmoséﬁeric to 35 psig. |

The tptal gamma dﬁse wasg varied from 3:5 to 5 Mrads..
The temperature of the heating treatment was varied from
75 te 105°G. |

The duration of thé heating step was varied from 9 to 24 hours.
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The results are summarized in Tables 2 - 20,
(B) Definitions

1. Specific Gravity

This term is the specific gravity of the wood samples before
.treatment. It is based on the ovenfdried wood (wood dried to a constant
weight at a constant tempefature of 105°C), Unfortunately, the weight
at room conditions and not the oéen-dry welght was measured by Werezak,
However, baggd on the average moisture cpntent_of'réd pine wood at
room temperature {(calculated as 6.15% for 50 samples), the oven-dry
weight can be estimated.

2. Monomer Uptake (gms 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 (gms 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 wae 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
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sample. Hence it is a measure of the efficiency of polymerization

'_(grafted + homopolymer) or retention.

5. Pefcent,Retention (gms of polymer/pms of wood)

The percent retention is the weight of uliimate polymer

" divided by the weight of the wood substrate. This term has very little
rfandamental significance when one is dealing with & heterogeneous

.ﬁaterial like wood. However, it has been included fdr its ugefulness
ih compardison with a gimilar term found throughgut the literature,
eften called percent grafting.

6. Associating Efficienay

This term represents the amount of polymer remaining in a
treated saéﬁle 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 spbstrate), this term would be a measure of the
graftiﬁg efficiency pf the treatment, However, in conformity with
the superb work carried out by Stannett (38 -« 42}, we'shall assume
that thé unextractable poljmer is made up of grafted polystyrene and
polystyrene chains entangled within the cellulose network. This
ﬁnextrgctable polymer can convenlently be called "assoclated polymer".
It should 5e noted’ that this term is different from that used by
Werezak (54).

(¢) Rosults

1, Dose, Temperature and Time of Heating

The three independent variables, dose, temperature of the
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Experiment 2

GRAFTING VARTABLES

SOLUTION: 76:22.5:1.5 Styrene,

7 Mathanol, Water EVACUATION LEVEL: 1.5 Microns
DOSE: 4.5 Mr | TIME OF,EVAGUATiON: 12 Hours
TEMPERATURE: 10590 " PRESSURE OF IMPREGNATION: - 35 psig
,'rxms OF HEATING: 24 Hours TIME OF IMPREGNATION: 36 Hours
frecttic |ugtae [rtontion |volmeiric | Refention | pereent | Mscclating
: | gm/ecc gn/fcc Change ]
389 .570 431 1.125 758 ] 111.0 »756
'.372._ 546 A10 1.02 750 - .110.0 676
o438 509 . 356 1.145 L700 81.2 ————
1. .9 .520 420 1,13 807 1 100.0 .
T 1.13 782 | .87.6 -
s | s | 388 1,13 7 | 88.b -
S Epees h72 2 | 1,11 722 78,3 ————
Lo 492 . 379 1.11 72 | 85.6 ——
“Jverage Values '
o121, 311 .388 1.2 758 92.7 ——-——
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MART I Z
gt

fxperiment 3

GRAFTING VARIABLES

SGLTTTIONi 76:22.5:1.5 Styrene,

| Methanol, Water EvAcUATIOH_LEVEL; 2 Microns
‘f“ f§o$§%l 4.5 Mr . ' TIME OFlEVAGﬁATIéﬂgr.la Hours
| PEMPERATURE: 105°C ¢ - PRESSURE OF TMPREGNATION: 35 paig
”_>fIME-oF HEATING: 2k Hours TIME OF IMPREGNATION: 65 Minutes
Semchito | ptue | rtention | vamotrd | Sfention | Fercent | precciesing
| ' gm/co gm/cc Change = |
388 $555 433 1.22 .780 111.5 —
oo | .39 375 1.13 6% | 92.6 —
358 | 545 25 1.20 .780 115.0 -
.38 | .5h0 31 1.18 ,800 120.0 B
50 .527 416 | 1.20 .785 105.7 | 1 wmem
« 360 .520 A11 1.17 780 | 105.0 ————
'.Average Values | |
372 537 | A15 1.18 772 109,0 ——
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Fhd ddded

Experiment 4

GRAFTING VARIABLES

Methanol, Water

V:DﬂgE; f4.5 Mr

TEMPERATURE:  105°C

L PIME OF HEATING: 2k Hours

EVACUATION LEVEL: 1 Micron
PIME OF EVACUATION: 12 Hours
PRESSURE OF IMPREGNATION: 35 psig

TIME OF IMPREGNATION: 65 Minutes

Spematte g | aabaneion |voametcie | B2i2n00 | Frren | it
528 A5k b L3gh 1.08 .869 74,5 632
wFhL 455 . 397 1.06 872 72,1 667

560 | 460 A1 1.06 Boh | 750 660
S5 [ .hBg [ .390 1.06 798| 7L.5 .66
51k 481 A2l 1.065 875 85.0 67k
488 498 431 1.09 Bes e | 629

Average Values B
529 | o2 b0 1.07 .862 "78.0 ,651

a
P
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Experiment 5

GRAFTING VARIABLES

 SOLUTION: 76:22.5:1.5 Styrene,

Methanol, Water . TWYACUATION LEVEL: 1 Micron
DOSE: 3.5 Mr TIME OF EVACUATION: 12 Hours
TEM#ERATURE: 859G PRESSURE OF IMPREGNATION: 35 psig
rgTiHE'OF HEATING: 24 Hours TIME OF IMPREGNATiON: 65 Minutes
| ametio ugtaid” | natantion |vetumatrio | Tetention | pereent | deoctarivs
T | em/ee - gm/fce - Chenge R R
508 | Jh86 | .ug4 1.1 995 |- 95.0 65k
R 2.1.45_9 N k7 1.0 900 | 95.0 732
Ae3 | .su .500 1.8 | .97 107.5 | 705
CLh63 | .510 ,508 1.15 .996 109.5 .650
k6 | 525 545 1.13 1,04 122.0 71k
469 .539 ;526 1.17 978 116.5 716
Average Valués |
Aok 511 .501 1.12 .98 107.6 695
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Fxperiment 6

GRAFTING VARIABLES

. SOLUTION: €5:32:3 Styrene,

Methanol, Water EVACUATION LEVEL: 30 Microns

DOSE: 3.5 Mr PIME OF EVACUATION: 12 Hours
li"ﬁEﬁPERATURE: 85°¢ PRESSURE OF IMPREGNATION: 35 psig

' THE OF HEATING: 24 Hours TIME OF IMPREGNATION: 65 Minutes

A [ et vomriie | B, | SO |
PR gn/ce gn/ce Change A
T age | LhG8 430 1.13 960 109.0 .8l
-.f_iséu 452 475 .19 1.05 120,0 814
L0 | L4sh 460 1,20 1.01 112.0 847
CLb 450 500 . 1.19 1,11 122.0 794
g 450 487 1.19 1.07 116.5 .780
a0 | s 488 1.15 1.09 121.0 .761
A;efaée Values |
ko5 | Lhso 473 1.175 1.05 116.0 .807
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TABLE 7

Experiment 7

GRAFTING VARIABLES-

6523213 Styrene,
Methanol, Water

DOSE% 3.5 Mr

TEMPERATURE:

85°C

CTIME OF HEATING: 12 Hours

EVACUATION LEVEL: 9 Microns
TIME OF EVACUATION: 10 Hours
PRESSURE OF IMPREGNATION: 35 psig

TIME OF IMPREGNATION: 10 Minutes

| zctzte | vyt | sotention |vobumein | Sefention | Eeremt | desotatine
4370 160 55 1.19 988 123.0 862
398 eyl il 1,14 998 | 111.5 455
Thos | hes 425 1.13, 1,00 | 105.0 771
"8 | Laso .386 1.13 855 | 102.0 720
T o8 | s k8 1,12 1.0k 110.0 .805
. .a4Q4 418 by | 1.k 1.06 " 110.0 .785
Avérage Valueé |
.39k 435 .434 1.14 .998 110.2 .789

* Reject




TABLE 8

Experiment §

GRAFTING VARIABLES

| tSOLUTICN: 653 32:3 Styrene,

60

Methenol, Water EVACUATION LEVEL: 8 Microns
_DOSE: 4.5 Mr TIME OF EVACUATION: 12 Hours
| TEMPERATURE: 105°C PRESSURE OF IMPREGNATION: 35 peig
| __éTIﬁE:OF_HEATING: 12 Hours TIME OF IMPREGNATION: 8 Minutes
Srecstic | ptaks | netention | velumminio | Betention | fercent | tesentating
o gm/ca gm/co Change A
h26 439 46k | C1.1$ 1,06 108,5 778
 _:§ia 431 ik 1.24 .07 | 110.0 740
bk | o6 | 395 1.19 970 | 89.0 239%
kb 413 .387 1.19 .39 87.0 716
A3 | h22 h16 1.215 .985 96.0 742
:,uah dai | s 1.19 /990 98.0 743
Averéga Values . )
432 Ao2 [ Lb2o 1.20 1.00 98.1 L7l

* ‘Reject




"SOLUTION:  65:%2:3%

Methanol
DOSEr 4.5 Mr

TEMPERATURE: 105°C

ABLE Q

el -

‘Experimsnt 9

GRAFTING VARTABLES

Styrene,

, Water

- TIME OF HEATING: 2l Hours

EVACUATION LEVEL:

TIME OF EVACUATION:

9 Microns

PRESSURE OF IMPREGNATION:

61

10 Hours

35 psig

TIME OF IMPREGNATION: 67 Minutes

SErcifss Loptake | tontion |volumatzic | Bintten | Eoreent | Associsine
cW387- L4947 1.19 1,0 123.0 822
©.390 | J459 465 1.19 1.0l - | 119.0 <791
T30z | k6 38 1.23 ok 112,0 768
403 | oLus1 b5 1.19 .985 110.0 772
396 | L6 455 1.19 970 © | 115.0 788
Average Values
3ok | 460 156 1,20 .990 116.8 788
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TABLE 10

Experiment 10

GRAFTING VARIABLES

- SOLBFION: 65:32:3 Styrens,

Methanol, Water

'f 7.;zﬁb$E: -5 Mrads

75°C

| TIME OF HEATING: 9 Hours

EVACUATION LEVEL: 5 Microns
TIME QF EVACUATION: 11.5 Hours
PRESSURE OF IMPREGNATION: 35 psig

TIME OF IMPREGNATION: = 65 Minutes

| . . | Konomeyr [ Polymer Ultimate . b - .
gﬁ:cii;c Uptake Retention | Volumetric gzg?n?lqn RP:rczzt giigg%ating
G vity oy gn/ca GChange iciency _ etention clency
a ot'l‘ll o e o e 01'1'15 101'7 - v 10005 1611'9
Al | eeee | LH18 1.19 sems | 1015 654
05 | eeme | k25 1.14 o 105.0 655

399 | <eme . 30k 1,16 o 94,5 648

410 e s 357 1.15 —— 87.0 573

339 e 490 1.17 o 144.0 639
‘Average Values

l396 Ak asadend L 417 l ] 16 e sl o sy 105 - L" . 6}6
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Experiment 11

GRAFTING VARIABLES

SOLUTION: 635:32:13 Styrene, ,
Msthenol, Water EVACUATION LEVEL: 4 Microns

DOSE: 5 Mr TIME OF EVACUATION: 13.5 Hours
TEMPERATURE:  75°C PRESSURE OF IMPREGNATION: 35 psig
TIME OF HEATING: 21 Hours TIME OF IMPREGNATION: 65 Minutes
fomettte |yt | netention |velumoteio | Eefention | Percent | dssoctatins
gm/ce gm/cc Change |
48 — 522 1.125 —— 116.5 .688
453 O 571 1,10 B~ 125.5 745
' ;448' —— 508 1.15 | 1130 .683
JRAY: I . i85 1,125 amem | 108.0 693
s ————— 489 1.125 T ©109.5 | .707
416 -——— 509 1.15 - 122.0 686
-AQerage Values |
k3 - .510 1.13 - 115.8 | 0.700
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ABLE 12

e

Experiment 12

GRAFTING VARIABLES

 BOLUTION: 65:32:% Styrens,
. Methanol, Water

" DOBE: 4 Mp
| TEMPERATURE: 95°C

. TIMG OF HEATING: 9 Hours

EVACUATION LEVEL: 4 Microms

TIME OF EVACUATION: 13%.5 Hours
PRESSURE OF IMPREGNATION: 35 psig

TIME OF IMPREGNATION: 60 Minutes

srecttic |uptaks. [aotention |volametric | SC0TEIOR | et | teecotertne
' gm/ce gn/co Change
I thﬁ — .3k 1.17 ——— 78.2 332+
, i 5 ——— .356 1.12 . 85.6 616
R T J 30k 1.14 —— 69.9 579 |
R BT - .29k 1.10 . 67.0 .589
A20 | e | .2k 1.10 o 58,k .5h1
363 | e .523% 1.21 ——— 44,0 08
Avepage Values
B18 | e L3k 1.1k - 83.9 7607

* Rejeet



SOLUTION:

TABLE 13

Experiment 1%

GRAFTING VARIABLES

65:32:3 Styrene,

Methanol, Water

‘DOSE: & Mr

'TEMPERATURE:  95°C

“TIME OF HEATING: 21 Hours

EVACUATION LEVEL:

2 Microns

65

TIME OF EVACUATION: 11.5 Hours

FRESSURE OF IMPREGNATION:

35 peig

PIME OF IMPREGNATION: 65 Minutes

SHect i vpiako frotention [velumesric | Sfentien | Tereent | secinting
gm/cc gn/og Change

l .469‘ e 475 1.21 e e 101.0 695
,465 oo 529 1,37 e 114.0 .725
UETA ik 117 - 97.3 702

"-.4?1‘  —— 505 1.20 - ©107.0 705
466 | e 46k 1.21 - 9.7 .680
460 — b2y 1.24 —— 92.7 707

.-ﬂverége Values
6l | e b4 1.23 - 102.0 702"
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TARLE 14
Fxperiment 14

GRAFTING VARIABLES

-SDLHTIONz shih214 Styrene,

7 Methanol, Water EVACUATION LEVEL: 1 Micron
DOSE: & Mr TIME OF EVACUATION: 11.5 Hours
TEMPERATURE: 75°C PRESSURE OF IMPREGNATION: 35 psig

“TIME OF HEATING: 9 Hours TIME OF IMPREGNATION: 65 Minutes

' ' Monomer | Polymer Ultimate .
{Ghavity |Uptake | etention | valumetrio | gbefC/cht, | S | HiCaoney”
L00 | e 565 1.19 ———— 41,0 .767
L h430 e 508 1,19 e 119.0 P2
ST I R— 587 1.19 — 141.0 .768
: T R - L57h 1.24 A 133.5 .805
NG .560 1.16 —— 1335 .758
L3k ——— .588 1.21 o 13%6.0 .76k
Average Values |
f_ },,423 —— .563 . 1.20 ——— 1340 767

~t
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15
-7

- TABLE
Experiment 15

GRAFTING VARIABLES

~}SOLUTION: 5h:b2:4 Styrene,

Methanol, Water EVACUATION LEVEL: 8 Microms

DOSE: 4 Mr TIME OF EVACUATION: 13.5 Hours

TEMPERATURE: 75°C PRESSURE OF IMPREGNATION: 35 psig

fTTME OF HEATING: 21 Hours TIME OF IMPREGNATION: 65 Minutes

B Monomer | Polymer Ultimate :
ity itake |astention {vormmeteio |J20ETII0R | Eonene | ppeneienite
.376 —— 628 1.17 —— 166.5 .803
W28 —— 487 1.17 —— 116.0 .728
5.430 e 343 1.1k ———— 79.8 .680
w439 ——— L+ 35h 1.12 ———— 76.1 674
452 _—— .262 1.14 i 58.0 .é}g
oB37 ———— « 337 1l.12 e 7743 .656
Average Valués
Lb27 N +399 1.1h T 95.6 696
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TABLE 16

Experiment 16

GRAFTING VARIABLES

-j?”SGLﬁiIGN: S4ik2:4 Styrene,

| Methanol, Water EVACUATION LEVEL: 1 Micron
o posm: 5 e ' TIME OF EVACUATION: 13.5 Hours
" TEMPERATURE:  95°C PRESSURE OF IMPREGNATION: 35 psig
':ﬁfxmﬁ_eF.HEATING= 9 Hours TIME OF INPREGNATION: 65 Minutes
frevity fusha” et |t |Eebenion | Boment | peciert
A gm/cc gn/ce .Change DI | *
<469 —— + 399 1,125 —— 85,1 ;673
| 76 s 406 1,14 ——— 85.4 .705
T hs v Tk 1.125 I 86.8 .. 675
U I AT 1.19 wewe | 97,1 686
b79 | emme | LU6B 1.19 — 98.1 . 701
-.484. o 450 1.17 - 92.8 .709
Average Values "
M6 | weee 432 1.16 e < 9049 692
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TABLE 17
Experiment 17

GRAFTING VARIABLES

SOLUPION: 5h:42:4 Styrene,

_ Methanol, Water EVAGUATION LEVEL: 1 Micron
_° DOSE: 5 Mr TIME OF EVACUATION: 11.5 Hours
 TEMPERATURE: 95°C ' PRESSURE OF IMPREGNATION: 35 psig
© TIME OF HEATING: 21 Hours TIME OF IMPREGNATION: 65 Minutes
fomacttto [Goi” | ctontion | veluaotel | Bfention | Foroent | deseeieting
gm/cc gm/cc Change
'.376 ----- +381 1.17 NS 99.5 687
358 | e V577 1,10 - 105.0 .691
L3R — 383 1.1k e | 103.0 "0k
‘376 — '.366 1.10 - T 96,5 683
396 | —eem | 358 | 1.06 o 89.9 688
b4k — . 367 1.06 Jp—— 88,2 655
Average Values
- .382 ——— . 382 1.12 —— 97.0 .685




TARLE 18

Experiment 18

GRAFTING VARIABLES

CSOLUTION: 76:22.5:1.5 Styrene,
S Methanol, Water

DOSE:

3.5 Mr
" PEMPERATURE:

105°CG

. PIME OF HEATING: 12 Hours

EVACUATION LEVEL:
TIME OF EVACUATION:

PRESSURE OF IMPREGNATION:

70

0.4 mm

12 Hours

TIME OF IMPREGNATION: 10 Minutes

ettt | o Jnatontion | vowetrie | ESTE | EETRE | SIS
510 | .258 .239 1.07 .927 46.9 560
8 | 362 287 1.12 .79k 55.5 "S5k
";h77 164 151 1.06 .921 1.7 .3k0
k29 178 187 1.085 1.05 2.5 1523
419 A38 . 398 1.21 .909 96.1 +698
Wh02 .506 7 A79 1.24 LOh5 119,0 660

Atmospheric




_TéﬁLﬁTiON:

7 {=:ﬁ§éE= 3.

Experiment 19

PABLE 19

GRAFTING VARIABLES

?6:22.5:1.5 Styrene,
Methanol, Water

5 Mr

- PEMPERATURE: 105°C

. IME OF HEATING: 12 Hours

71

EVACUATTON LEVEL: 10 Microns

TIME OF EVACUATION: 10 Hours

PRESSURE OF ‘IMFREGNATION: Atmospheric

TIME OF IMPREGNATION: 35 Minutes

B T kol el e o [ el e
A gm/co am/ce Change y | Retention clency
kel | .239 .216 1,08 905 51,4 ko
   .&28 186 176 1,085 L9h7 41,1 A7k
e .223 .198 1.06 889 46.0 :569
oo | sy | e2b 1.08 873 51,1 651
1 .m0 | .23 .228 1.08 .967 50.7 58k
yly 359 » 340 1.165 - Loh7 81,5 .650
\e

P




TABLE 20

Experiment 20

GRAFTING VARIABLES

SOLUTION: 76:22.511.5 Styrene,

72

Methanol, Water EVACUATION LEVEL: 3 mm
DOSE: 3.5 Mr PIME OF EVAQUATION: 10 Hours
TEﬁPERATURE: 85°¢ PRESSURE OF IMPREGNATION: Atmospheric
7 TIME OF HEATING: 24 Hours TIME OF IMPREGNATION: 10 Minutes
' Bpecific Monomer | Polymer Ultimate | Retention |} Percent Associating
Gravity |Uptske | Retention | Volumetric Efficiency | Retention | Efficiency
gr/cc gn/cc Change .
' .4;4 306 360 1,11 1.18 87 .4 625
'.454 .153 176 1.08 1.15 38.8 351
421 31 96 1,22 1.15 117.5 .698
Lok | 438 71 1.195 1.08 | 117.0 675
406 | 21 0 1.15 1.0k 108.5 667
ol | Luk8 | .536 1.19 1.19 | 132.5 673
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TABLE 21
EFFECT OF SOLUTION
|SOLUPION: -styrene:methancl:water ratiof 76:22.5:1.5 6513213 S5hihosh —1
Reference Tables 2-5 |Tables 6-15 | Tables l4~17 %
umber of Samples l 26 47 L
Average Specific Gravity 0. 440 0.413 0.427
_ lAverage Void Volume of Dry Wood: '
lects void per c¢ of wood 0.702 0.722 0.715
Density of Solution
an/ce 0.875 0.866 . 0.855
Total Solution Uptake _
Gms of solution/cc of wood +665 690 -821
Eetimated Volume of Solution in Wood |
' ¢c of solution .761 797 +961
; ac of wood
Bl Y TG T | Tw | 1w | ik
Monomer Uptake .
gn styr?ne/cc of wood 0.505 0. L4 Bu eV TR
Polymer Retention
an polymer/cc of wood . 0,425 0. 441 0. 444
Retention Efficiency 0.8%6 0. 9Bk 13,001
. {% Retention
| an polyner/am of wood 96.6 110.3 1044
Ultimate Volumetric Change '
ce's of final sample per 1.13 1.17 1.16
¢c of original wood
Associating Efficilency H79* .721 710
Estimated Variance of _ '
Associating Efficlency: S° , 00159 00577 .00183

* hbased on 14 samples
** bagsd on 23 samples
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'r;ihégting treatment and the duration of the heating'treatment, undoubtedly

3,¥affect the dependent variables; (e g., % retention, retention efficiency,

: :etc Y. However, a close analysis of the results, as summarized in
:;ables 2 - 20, will reveal that the range of these variables is such
'?iithat the effect of the upper and lower limits is essentially equivalent,

"'5;That is, the doses 3.5 Mrads and 5.0 Mrads affect the dependant

"'d~'

'variables in the s&me manner, Simllarly, the same is true of the
 r;temperatures in the renge 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 ievel to have

fcdmplete polymerization. Heating in the range 75 - 105°C for any
~rperiod of time from 9 - 24 hours will almost entlrsly ge]ate the
:system. |

2, Effect of Solution

The effect of varying the ratio of styrene, methanol and
ﬁater on the variocus dependent variables is shéwn in Table 21, which - .{J
is & synopsis of Tables 2 - 17. | |
- The average void volume was calculated on the basis of a
:w§od~5ﬁbstance dénsity'of 1.50 gm/ce. (The denaity of cell-wall
sﬁﬁstance ig fairly ccnsfant in 811 kinds of ﬁoﬁd.iﬁiﬁ”'
The ratio of the volume of the salution taken up to the
veold voluﬁe 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:wead. On the other hand, when wood 1is placed in a humid environment,

the cell walls are saturated first (%ibf% saturation point), after

which time the cell cavities begin to £ill., This indicates that if

- ;;od aﬁsorbs a greater volume than the void volqme, sorption into the

céllulose itself has taken place. For sexample, if the ratio of volumes

is 1.05 we know that sorption into the walls has occurred. However,

it should be neted that the cell cavities need not necessarily be

_t;taily filled in order to obtain this ratio, for the walls mey be

‘completely saturated and the cavities only partially filled.
UInfortunately the weights of samples for the experimentis

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) Sclution and Monomer Uptake

As mentioned previously, there are two distinet 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
6f styreﬁe intu,the_cell wall is dependent upon the amount of water
~and metﬂanol present in the solution. It is seen from Table 21 that
the velume of sclution uptake is increased as the proportion of methanol
and water is increased. For the experiments using the 76:22.5:1.5

styrens, methanol and water solution (hersafter 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 is 10% and 34% respectively. Hence, one, two, or all of

. the three compenents of the seolution have diffused at least partially

.ihto the cell wall., It is also probable tﬁat 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 tc the same extent). It is also
evident that although the golution uptake is greater fgr the 65% and

- 549 treatments than fSr the 76% treatment, the monomer uptake iz less.

(B) Retention Efficiency and % Retention

- It appears that for the 76% treatment, about 16% of the
monomner 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 efféct of methanol.

- Methyl alcohol has a G, value of ca. 10 (1) as compared to 0.69 for

R
styrene. Thus, an increase in polymerization will he 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 - 11, 28, 33, 44, 45, 48, 49),

The effact of water, per se, has been found to have no effect on the
polymerization of atyrene (28, 40). In comparing the three treatments,

it is seen that more monomer is taken up by the wood in the 76% treatment.

but lesa iz converted into polymer. This cancellation of e¢ffects results
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in appréximately the same amount of polymer retained in all samples;
dee., JhB22, 441 and 484 gm/ce for the 76, 65 and S54% treatments

= respectively.

R The % retention is a function of the retained polymer and
the ériginal weight of the wood. Since the retained polymer amnd the
specific gravity are both based on the volume of the original wood,

- the % retention 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.

(€) Ultimate Volumetric Change

Red pine wood, when saturated with water will swell about
P
carried

11.6%. (This valus was calculated from the experimental workr
out by Werezak in which 67 oven-dry wood semples were scaked in water
for one month.) It is thus surprising that the ultimate volumetric
rchange of the wood swollen with polymer 1s 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
panetrated‘into the walls with the aid of the swelling agents (methanol
and water) are capable of swelling wood to a greater extent than water,
This phenomenon has also been observed by Kenaga et al (60). They
found that water-gaturated solutions of styrene in dioxane and acetone
awelled similar ponderosa pine wéfers in the tangential direction 113.6

fpercent and 105.9 percent in the radial direction (baged on a water-

-swell of 100%). These workers believed that the large increase in
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total swell is due to an opening of the more orderved sreas of the

- micelles during treatment. Now, it can be shown that there is no

o - significant difference betwsen the volumetric changes for the 65% and

Tfuéi%kéfeatmeﬁt at the 95% confidence level, but that'there is a difference
béfween these and the change for the 76% treatment*. It seems reasonable
"to assume that the more polystyrene that is present in the cell wall,
-fhé greater is the swelling of the wood, Thus more Qolystyrene is
probably present in the cell walls of the wood treated with the 65 and

- 5hy soluﬁions than for that treafed with the 76% solution. This argument
is given more weight by an analysis of the assﬁciating efficiency.

(D)} Associating Efficiency

Tt would befhelpful to review briéfly how the associating

-efficiency was obtained, After an lmpregnated saﬁple wag irradiated,
it wap heated in &n oven., This heating drove out anﬁ unrsacted
-manomer and the solvents methancl and water. The samfle was then
“ground to a fine mesh and then extracted with hétrbénzene for six
éajs. Since benzene is a none-polar compound it is unlikely that very
much extraction of the polymer imbedded in the celluiose network
loccurred. However, the complete extraction of the homopolymer in the
 §§11 cavities is probablé. Thus the éssociafing efficiency (A. E.)
}'iThe estimate of the population standard‘deviafioh is equal to

0.0489, 0.0373 éndg,g;;g for the volumetric changes 1.13, 1.17 and

1,16 respectively.
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seems to be & good measure of the percentage of the polymer in the

. final treated sample which is in intimate contact with the cellulose

e in the secondary wall, Now it can be shown that, based on a Mt test

lat 95% confidence limits, there is no significant dlfference between
_'the A. B, of the 65% and She treatments (.721 and .710 respectively);
but there is a' difference between the A. E. of the 76% treatment (.679)
an& either of the other two, This confirms thé ultimate-volumetric-
cﬁange-results. |

The equivalence of the assoclating efficiences for the
65% and S4% was unexpeétéd. If it be assumed that the swelling of
tﬁe wood is due to the homogensous peﬁetration of the solution into
the cell wall, then the S4% treatment would yield a much higher proportion
-of agsociated polymer than the 65% treatment becaﬁse of.the-much greater
solution volumetric uptake beyond the cell cavitj volume (3% vs. 10%).
Henée a higher associating efficiency would be obfained. In order to
explain the results it is therefore necessary to reject the assumption
that there is a "homogeneous" sorption of sclution into the cell
wall. A possiblé explanation for the resulis is as follows: when an
evacuated sample is immersed in & solution of styrene, methanol and
water, the cell cavities take up the bulk of the solution as in the
‘éaae of a pure non-polar liquid like benzene or styrene. Now it is
knbwn that the cellulose in the secondary wall has a great afiinity
~ for water and to a less extent for methanol. On the other hand, the

B bulky nen~polar styrene molecule is not able to penetrate the cellulose
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network at ail unless the latter is already swollen. Thus it seems
likely that the wall preferentially Yextracts" water and methanol
“from the solution leaving most of the sytrene in the cell lumen,
iﬂThis 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
élow. 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 # day for about two weeks (14), Huang (28) found that by using
the "inclusion technigque", the total time of operation took as long
as 2k hours, even with the use of five or six fresh displacement
-lliquids. Similariy,.xenaga, Fennessey and Stannett (60), on using
the solvent displacement method with water, acetone and styrene, allowed
glx days for the operation, even though they used wood wafers 1/4"
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

create diffusion problems,

it i= probable that diffusion of styrene into the cell wall from the
lumen was still ochurring during the irradiation step. Also, according
t¢ Kenaga et al (60),'it is poasiﬁle fhat-there is an interaction

between the cellulose and the solutien, leading to an opening of the
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more erdered areas of the celluleose. This would also contribute to

" the diffusion of styrene from the lumen into the wall during the

:*;flirradiation step. This assumption is corroborated by the cbeervation

:fgétrthe volumetric change of the wood samples directly after impregnaticnr
'wéSg in almost all cases, less than the final volumetric change after
irradiation and heating, notwithstanding the fact that polystyrene
: ﬁﬁgfa specific volume of 0.952 apd styrene, 1.11.
- | Now it is evident that two important competing processes
Bra éccurring during irradiation: |
(1) the diffusion of styrene into the sécondary wall -
(é) the homopelymerization of styrene-in the cell cavities
Methanol increases both effects: the first, by opening
| kalong with water) the tightly hydrogen-bonded cellulose structure
fo allow styrene diffusion; the second, by forming free radicals on
1ra&iolysis 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-methancl-water solution will increase
the swelling of the secondary wall, it will also increase the homo=-
palymerization of the styrene in the cell cavities, The net result
is very little difference among the associating efficiencies of the
three treatments. As will be shown later, it is belleved that waler
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
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from %% to 4% for the 65 and Sh#% treatments respectively.

It is noted that the estimated varience, 5%, for the 65%
treétment is mgie than three times that of the other two treatments
“(.06557 ve., .00159 and ,00183). Experiments & ~ 9 (shown in Tables
6 ~79) ware carried out months before experiments 10 - 13. The former
. have assoclating efficiencies about 15% higher than the latter., This
~cannot be explained. However, this difference in A.E. values resulted
in an estimated varisnce which is significantly bigher* than that of
the other two treatments.

Based on this suthor's work, in which two soxhlet extractions
were carried ocut per sample (for thirteen samples), the estimated
variance of the A. E. was caleulated to be 3.28x10™. This can be
used ag & measure of the precision of the actual fechnique of measuring
the A. E. B8ince the variance of a final measurement is equal to the
éum of the individual factors causing deviations and since the estimated
variances for the experiments (.00159, ,00577 and .00183) are
i

gignificantly higher than 3.28x10‘ it is assumed that factors other
than "aclution" do affect the associating efficiency.

%, Effect of Solution or Monomer Uptake

. The results (Tables 2 - 20) definitely indicate that under
the experimental conditions used (within a given solution) the monomer

 uptake is the predominent factor influencing polymer retention, percent

T ——————

* paged on F test at the 0.05 probability level
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retention and associating efficiency. It is obvious that the percent
retention is dependent upon the monomer uptake, for in most cases

thg‘:etention efficiency is about 100¥. It should be noted that the
uwé@&éént fetention and polymer retentlon can be deliberateiy restricted
by-iimiting the quéntity of solution ahsorbed by the wood. Most
'reseérchers in this field have irradiated the cellulose or wood substrate
in an excess of solution. :

The positive correlation between monomer uptake and assoclating
éfficiancy 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 concentration would obvicusly yield a
higher A+ E. However, Remalingam and Werezak studled this aspect of
the extraction process and concluded that constant welght was reached
well bafa?e the six days of actual extracting, Also, Huang (28)
found that constant weight was reachsd after about 50 houfsrcf extracting.
Looking at the problem superficially, one would expect that the higher
tﬁe ratio of wood to monomer {(i.e., less uptake), therhigher would be
the associating‘efficiency because there would appear to be more
wood available for “associating? per gram'of monomer. Since this is
not the éase. a more detailed examlnation is necessary.

The main factors (aside from the type of solution) affecting
monomer uptake afe:

(1) degree of vacuum

(2) +time of evacustion



(%) pressure gradient during impregnation
(4) +time of impregnation

() specifi; gravity of wood

(6) type of wood (sapwood or heértwood)

(A} Method of Impregnation

Pumpiﬁg to @ lower ultimate pressure will permit more

' sqlﬁﬁion to be taken up by the wood for a given time and pressure of
Impregnation. The pressure of impregnation would increase the solution
uptake because it would force the solution into regions inaccessible
ﬁy atmospheric treatment. In all runs carried out by Werezak éxcept
those shown in Tables 18 - 20, the degree of evacuation varied from
less than one micron to thirty microns for periods of 10 - 13;5 hours.
The presaure Qf impregnation for these same sxperiments was 35 psig
'-ﬁnd the time of impregnation varied from 8 to 65 minutes (éxcept

fof E%periment 1, shown in Table 1). It is difficult to determine

the effect of the evacuation and impregnation on the solﬁtion uptake
for these experiments because of the similarity of treatment.
Fortunately, in Experiments 18 - 20, Werezak attempted to reduce the
aptake by decreasing the evacuation, reducing the pressure to
atmospheric and decreasing the time of impregnation. In the treatment,
some semples floated above the impregnating solution for varying times
and then sank, and others sank immediately. A4s 1s shown in the
results, the monomer uptake varied considerably; viz., from 0,153

to 0.506 gm styrene/cc of wood, (The cell cavities can theoretically



" accommodate an average of (1 - 0.435/1.50) x 0.875x0.76 = 0.473 gn/cc
1'haaad on the average specific gravity of 0.435.) NWow if the difference
_in menomer uptake is thought to be caused simply by the difference in

';mthe number of cells that are filled in a given manner, then the

- associating effigiency will be essentially the same in all cases}

, i.é.. the associating efficiency is independent of the number of

- tracheids that contain polystyrene. However, a plot of associating
"Efficiéncy versus monomer uptake (Figure 4) shows that there is a
significant 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 the combination of
'hiéher vacuum, higher pressure of im@regnation and a longer period
‘of impregnation (and one other factor discussed on Page 100).

Because of the relatively large range of monomer uptake
jrwaraluer;: for Experlments 18 « 20 (Tables 18 - 20}, it would be interesting
to determine whether there is truly a relationship between the ultimate

:vdlumetric change and the monomer uptake. Figure 5 shows that there
‘is a.relaﬁively good positive correlation between the two. A similar
plot is éhown in Figure 6. Here the ulbtimate volumetric change ie
plotted versus the associated polymer (associating efficiency x polymer
‘retentien). The good correlation verifies the assumption that the

* (Included in this graph are Experiments 2, 4 and 5 in which higher

QV&Gﬁatinn,and pressure were used)
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_ aésbciatgd polymer is primarily in the wallas.

In Tablee 18 - 20 it is noted that the average retention
'efflclency is 51gn1ficantly lerger than the values in Tables 2 - 5
Vln which the same solution was used as impregnant. One possible
explanation is that sinceé there is a higherrwood—tcwmonomer ratio
and since wood is believed to increase polymerization by an energy or
chaln transfer process . (discussed later), the retention effiociency .
will increase.

- (B) Effsct of Specific Gravity

~ The spécific gravity or density of wood ie strongly dependent
'upcﬂ the thickness of the secondary wall of the wood cells. Thﬁs
a legs dense sample of wood should theoretically he capable of absorbing
‘more of a non~polar liquid like benzene than a more dense sample
because of the greater veidage or lumen velume. For polar ligquid,
such as water, the same is true (for wood vwhose 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% (based on
weight of wood). Thus there should be a relationship between monomer
uptake {or solution uptake) and specific gravity. Fi,g;urés 7 end 8
show that there is indeed a valid correlation between thaese 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),:tha correlation is less evident. However,

if one disregards Table 17 (perhaps these samples are heartwood; see
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- Page 100), a relationship between specific gravity and polymer
fjretention is definitely noted.
7 In these experiments in which the monomer uptake 1s related
.ﬁito the apeoific gravity of the!wood the a55001ating efficiency, in
'turn, seems to be dependent upon the monomer uptake, as in the case of
':the experiments shown in Tables 18 « 20, 1In Figure 9,.the associating
efficiency is plotted against the specific gravity for the experiments
‘uging 65% styrene solution {Tables 6 - 9) and a significant correlation
1a obtained, In Figureé 10 and 11, the associating efficlency is
plqﬁted versus the polymer retention and significani pesitive
correlations are obtained. The surprising results aid in determining
where the polymtyrene is located within the wood structure. There are
several possibilities:

(1) exclusively on the lumen surface

.(2) throughout the sscondary wall

(%) 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). Pirstly, the treatment causes the wood %o swell.
Since the lumen volume does not change as the secondary wall swells
(12 = 14), this indicates that penetration into the walls has océurred.
Secondly, there are far too few radicals available for the reported

grafting of the polystyrene onto the lumen surface alone (see Appendix



ITTY.. Thirdly, it can be shown that if we mssume that grafting or

aésociating is a function of the percentage of'polymef-in intimate

ontaet with cellulose, the associating eff;ciency theoretically

V;ancréases {and not decreases as shown in Flgure 9) w1th increasing

- denslty of the original wood orldecreases (and nqt,lncreasea as ghown
rianigures 10 and 11) with increasing polymer retention. For example,
‘__cbnSidér Figure 7. -The equation is

M = 0.713 = 0.666 §; =-m==- L | (1)

where M is the monomer uptake in gm/cc and 8, is the specific gravity

"
of the ofiginal wood, Now the. specific gravity can be expfessad in

torms of-the average lumen diameter, d, aﬁd;the tracheid diameter, D.

'150Lnk ) - )}-—s.L.n(T

where n'is the number of oells per c.c. of woou and L is tha average

length of these cells. The final equation is
2

d
| 84 = 1.50(1 - -};—2-) _ (2)
Combining (1) and (25,
' _M = 4°/0° = 0,287 o | (3)

Now the associating efficiency can bhe expreéséd a8 a function of the
lumen circumference (circumference x 1ength of tracheid = surface area
for grafting) over the monomer uptake:

Associating Efficiency = £(—zid:l ) (&)

a£-0,287
4-0.2

It is seen that the value of the assoclating efficiency increases with
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~ decreasing d (i.e., increasing specific gravity) if the grafting is a
surface phénpmenon. This is contrary to the results as shown in
'F#gure 9. Thusthe grafting cannot be exclusively a surface phenamenon.

(2) Throughout the Secondary Wall

If styrene monomer (and subsequently, polystyrene) were
'leoéted throughout the secondary wall, a greater percentage of
'7grafting (or associating) would occur in the situation where the ratio
] ef initiating species (cellulose) to the monomer was the higheat
-(i.é., for the case of the denser wood). The opposite, in fact, is
true. Also, it would be expected that if polymer were lacatéd through-
out the secondary wall, a greater dimensional ghange would occcur for
w#od with the hiéhest specific gravity (see Page 19). No correlation
‘in fact was found between specific gravity and.ﬁhe vltimate volgmetric
ohange. Thus, for these two reasons, it is unlikely that the grafted
or aésociated polymer is located througﬁoﬁt the cell walls.

(3) Partially Within the Secondary Walls

Having rejected the possibility that the assoéiated polymer
is located exclusively on the lumen surface or throughout the cell
: walis, it remaing that the polymer is located partially‘within the
walls. An equation similar to Equation (4) can be derived for this
medel.

Associating Efficiency = f(n.L.n.t(d+t)) (s)

4~ - 0.287

> Da
where t is the depth of penetration of the associmted polymer,
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If we assume & homogeneous diffusion of solution into the cell wall,
it_caﬁ be shown that the styrene-concentration gradient in ﬁhe wall
is esﬁantially the same for all tracheids regardless of wall thickness
-f63);= Por equal values of t, it can be shown that Equatienr(5) yields
a higher associating efficiency for samples of wood with a higher
gpeciflc gravity or lower "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 ext;action" from the solution by the
cellulose in the walls. 4 sample of wood will absorb the solution
into the c¢ell cavities. The methyl alecohol and water will be sorbed
reiét;vely gulckly into the eell walls, enabling the subsequent
diffusion of the styrene molecules. A less dense sample will absorb
mbre golution and consequently will have more methanol aend water
available for opening up the cellulose network per unit weight of
celluloaé. As an éxample, consider Table 15, The sample with a
specific gravity of 0.376 will absorb 0.628x42/54 = 0,489 grams of
: méthaﬁol and 0.628xh/5k = 0.0LES grams of water per 0.376 gm. of wood
or 1.30 gm. of methanol and 0,124 grams of water per gram of wood,
The sample with a speeific gravity of 0.452 will similarly abaorb
0.4h7 gm. of methanol and 0.043 gm. of water per gram of wood. Thus
the less dense aample will have more then twice the amount.of methanol
éﬁé three times th; amount of water available for loesening-up fhe

cellulose structure and opening the path for subsequent grafting
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C0a805-vs. 0.63%2 for the examples cited). The "t" of Equation (5)
can be thought of as being larger for'fhe less dense sémples.

If the samples of wood, (as in some instances), regardless
: éf apécific gravity, absorb more methanol than the cell wﬁlls can
accommodate (fibre saturation point), the methanol-to-wood ratic
would have littles effect on the a@ssociating 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 preater aeffect on the grafting process than methanol. ‘The
presence of traces of water has been shown to increage greatly the
éwéllingfef wood in liquids (14%). Huang (28) found that mixtures of
styrene and 99.5% methanol gave substantial grafting ohto rayon
(7 4=8%-moisture content) but when the methanol and rayon weré dried
ove? PEOS' very little grafting {ca. 5%) oeccurred, Ramaliﬁgaﬁ (61}
Ffound that an incresse in water content (1.5 to 9%) in & styrene-
methanol~water solution decreased the polymer extracted (i.e., increased
the associating efficiency) by 20 - 100¥. Similar results have been
found by other workers (3L, 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

agsoclating efficiency.
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(é} Type of Wood

Pafmeability, as measured @s the rate of flew'éfjwater
'threugh waterusaturated wood under a fixed pressure, has been found
Ifta be more thdn 100 times as great through aapwood as threugh heart-
wood (14)., FErickson and Balatinecz (54) found similar results when
they forced catalyzed monomeric styrene into wood aﬁd polymerized the
liquid_ta.a solid condition. Microscope slides showed thét sapﬁood
contained a far greater percéntage of penetr&ted'cells fh&n did
heért?ood. It is possible that the samples used by Werezaﬁ in
Experiméht 17 (Table 17) were heartwood because of the-law monomexr
uptake. Similarly, the lack of correlation between épeeific grévity
and monomer uptake for Experiments 10 - 13 might have béen caused by
the presence of heartwood samples. I% should be noted, however, that
theré,ié still a correlation between associating efficiéhcy and polymer
reteﬂtibﬁ'(see Figure 11). This can be explained by an argument
similaf ﬁo the one used in the last séction: ile.,uthéhsaﬁpléarﬁhich
htake.up nore solution_héiefmbre methanol and particularij mére‘water
available for swelling per welght of wood. | |
| Slmilarly, the increase in monomer penatration for the
: experlments shown in Tables 18 « 20 can be explained on the same

E baalé-  ;_;
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SCOFE OF PRESENT INVESTIGATIONS

- . This thesis is the third in a series of research programs
"?carried out with the particular aim of improv1ng the structural properties
e woad by means of the radiation~induced graft copolymsrization of
thia material with styrene. At the outset of this study, smalysis of
previous work led cne to believe that
_ (1) tﬁere was a direct correlation between the grafting and
Tthé:bending strength of wood.
(2) there were many free radical sites not being utilized in
the grafting Pprocess.
| (%) the diffusion of monomer toward thess sites could be
'eﬁﬁéncad by means of increaging the temperature of the-reaction.
| Because the earlier irradiations had all béen carried out in
iithe McMaster swimming pool reactor, previous workers had not been able

- to heat the system at a2 time when the radical concentration was highesty

’“_'namely, during the irradiation period. Hence, for this work an

) ﬁapparatus was constructed in which a sample of WOOd large enough for a
‘;standard bending strength test could be irradiated at ‘elevated temperatures.
'i?The-experlmental method used was essentially the same-aS}that used by
; haﬁaiiﬁgam (61) and Werezak {54) except for the irradiétion-step. The
'éxpééimental conditions optimized with respect to the bending strength
by Werezak (62} were used. |
' This work can be divided conveniently into two sectionsi

(1) a study of the effect of wood on the polymerization of
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gtyrene.
{2) & study of the effect of homo~ and grafted polystyrene
on the wood,
‘]EﬁéféédQnd investigation concerns itself with tﬁe atiuctural changes
bréught about by the treatment and will be discussed in PART 2 of this
thesis. The first study consists of a brief look at soms kinetic
aspects of the polymerization of styrene within the wood structure.
Tﬁia investigation wﬁs nacesgarlly subordinate to the stfuctural
analysls because all the materials and procedures used in this thesis
program were selected with respect to the latter. Hence, tﬁe following.
section is restrictive in scope and qualitativerin nature. It has been
divided into three main sectiona:
(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~indiiced polymerization of

styrene in wood.
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EXPERIMENTAL DETAILS

A. MVaterials
(1) wood
Red pine sapwood was used for this work. A description of
thisg wood is found in the "Textbook of Wood Technolegy", Vol. 1,
Page 458 (12).
(2) Styrene
Styrene monomer (Fastman 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 polymeriéaticn by adding & émall
amount to an excess of methanol.
(3) Methanol
Reagent grade methanol (Fisher A.C.S. Reagent Grade) was
~used. This solvent contains 0.5 =~ 1.0% water,
(%) yater
Distilled water was used.
(5) Benzene
Pure benzene (Fisher A.C.S8. 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 Remalingam (61l) 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
exdmined in groups of three. One piece (16" x 3/hk" x 3/4") from a

© given longitudinal strip was impregnated and irradiated; one was
irradiated without impregnation end the other retained as a control.

In this wcrk; this method was not used for the following
reasonst

(1) the gamma-irradiating facility was such- that only one
‘sample could be irradiated at a time.

{2) the variability of wood is such thét in general the
aésumption of equal properties for the control and the treated sample
was unjustified congidering 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

GClear knot-free samples of red pine sapwood were chosen at
random from an asaortment of over two hundred pieces. 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
wag measured. The weight of the sample was taken at room conditions
and after heating in an oven at 100° - 105°C to constant wsight.
Evacuation

After drying, the seamples 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 whidh,is suspended
in a thick-walled glass cylinder fitted at elther end with brass
piates. There are three ports in the top plate connected to a vacuum
‘line, & reservoir of impregnating solution and a nitrogen cylinder.
ihe'eVacuation of the wood was carried out using & Duo-Seal high
capacity oil pump placed at the en& of a vacuum line coﬁtaining two
liguid air treps and a McLeod Gauge. Evacuation was carried out for
twelve hours at a level of 1 - 20 microns.

Impregnation

After evacuation, the vacuum line was closed and the impregnant
was added to the wood. The liquid was added until the wood samples had
beenrcompletely immersed after which a pressure of 35 pselg of nitrogen
was applied to the liquid surface. The samples were left in this
- ocendition for 65 minutes, after which they were directly irradiated or
ﬁrapped in aluminum foil and sealed in polyethylene thin~walled lay-flat
. tubiﬁg. The wrapped samples were placed in a refrigerator and left for
no more than four dﬁys.

The monomer solutions employed in this study were:

1. pure styrene

2. 5h4% styrene, L42% methanol and 4% water by Qeight.
Irradiation .

The irradiation facility used in this work is described in
the literature {65) and supplementary information iz given in Appendix

IV. Briefly, the one sample of wood was sealed in & square aluminum
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caniéter and placed in the apparatus which consisted of a "railway"
containing a gamma source which swept the sample with & uniform gamma
flux., On February 25, 1964, the dose-rate was c¢alculated to be

0.299 Mr/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 iO.2°C over the range 39°C to 105°C.
The samples were irradiated for doses of 1 - 5 Mr at room tempsrature,
end at controlled temperatures from 39°C to 80°C.

After Irradiation

After irradiation, the samples were either dried in an oven
cat 100 - 155°C or allowed to dry at room temperature. When these
latter samples had reached constant waight, 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
geries of structural tests. (See PART 2 of the thesis.)

Extractiun_of Treated Wood

A portion of the treated wood was ground in a Wiley Mill
through a 40/60 mesh (0.25 = 0.4%% mwm) and then extracted with hot
benzene for six days in a Soxhlet extractor. The assoclating efficiency
could be obtained by the following formula:

1 « ((s.w.)i - (s.w.)f )
(S.W.)i {(P.S5. Fraction)

A- E-#

where
(s.w.)i and (5,W.), are the oven-dried sample weights before

and after extraction




107

and P.S. Fraction is the fraction of the oven-dried sample weight (s.w.)i
which is polystyrene.

Molecular Welght Detsrminations

Becsuse it was believed that temperature wauld @8ffect the
molecular weight of the polystyrene branches, it was necessary to carry
ocult molecular weight measurements in order to estimate how the polymer
wag distributed on the cellulose backbone. For example, a freated
sample containing a grafted polymer of a certain molecular weight
attached at a certain number of sites on the celluloge would yield the
same amount of grafted polymer (or yield the same grafting efficiency
for a given polymer rétenﬁion) 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
ohtained but it is believed that there is & relationship between the
home- and grafted polymer., The molecular welght of polystyrene was'
determined by viscometry in bénzene at 30°C in a Cannon~Ubbslohde
dilution~type viscometer, Size 50. Specific viscosities were determined
at b or 5 concentrations between 0.3 ~ 1.0 g/100 ml. The intrinsic
viscosity, (4), was obtained by extrapclating the straight line through
the experimentel points on a reduced viscosity vs. concentration plot,
to zero concentration., The number average molecular weight, Mn, was
calculated from the intrinsic viscosity by using the equation
o = 16700 Qk)l's? of Mayo et al for unfractionated polystyrene in

benzene at 30°C (66).



108

RESULTS OF EXPERIMENTATION

A. Effect of Temperature on the Radimtion-Induced Polymerization

of Styrene

Befbre studying the effect of temperature on the rA§iationa
induéed grafting onto cellulese in wood, an examination of th§ temperature
affect on pure styrene and & styrene solution seemed necesaar& in view
of the fact that litile work has been carried out in thig a:eé. Twenty-
five ml. samples were irradiated with a dose of 4.5 Mr (d_'c-ase rate =
0.265 Mr/hr.) at 5 temperatures.

The effect of temperature on the radiation-induced poly-
mérizatien 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 molecular weight of polystyrene increase
with increasing temperature. The samples became increasingly viscous
as the percent polymerization increased until complete éelidification
ocourred after {or during) the 80°C treatment. Two experiments were
carried out at room temperature with no temperature control. The
temperature of the sample increased 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 polyatyrene resuliing from irradiation at a controlled
temperature of 40°C (55600). The higher molecular weight is probably

caused by the local temperature rises due to the heat evolved by the
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polymerization (ca., 17 Kcal/mole)., It is difficult to say why the per-
,cént polyﬁerization of the sample irradiated at room température 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
rthis apparent contradictery result.

The results, however, compare favourably with those-of
Baliantine et al (68) who studied the gamma-ray-initiated polymerization
of étyrene at -18°C, 25°C and 72°C using dome-rates {0.173 Mx/hr. to
0.242 My/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 tempera?ures.
The results are shown in Figure 13 using a plot similar te Figure 12.
The resglts indicéte‘that temperature has a slight positive effect on
the polymerization of styrene up to a temperature of 50°%°C,; after which
there appears to be an accelerative rise in both the molecular weight
and the percent polymerigzation. Similar to the pure styrene samples,
a.rise in temperature was noted for the styrens«solution samples
lirradiated at room temperature and a highgr molecular weight but a
lower percent polymerization resulted compared to samples irradiated
at a controlled temperature of7h0°c. At lower temperatures; the per-
cent polymerization of the styrene in solution is aiﬁgéf éO%Ihigher than

that of pure styrene (18.70 vs. 12.82) indicating that the radiolysis
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' ¢f-méthén01 i? contr;byting free radicals which augment the pélymerization
'efzétyrene. it higher zgﬁgg;atures, however, the percent polymerization
is lower than #hat of pure styrene; This indicates thafgthe gel-effect
“Q@g”t&kiﬁg place much sconer for the pure styrene than for styrene in
?o;utiog. This is probably due to the greater viscosity of the pure
 styrens-polystyrene solution, a factor which would inhibit chain
termination and hence increase polymerization. For the case of the
gtyrené solution, the low molecular weights (ca. 11,000) up to 50°C
compared to pure styrene is due to the "Simple Dilution Effect', The
slight change in the molecular weight up to 50°C indicates that the gel~
effect was not significant. However, above this temperature, the
; accelerative increase in molecular weight and percent polymerization

indicates that a Trommsdorif-type effect or gel-effect may be occurring.

B, Effect of Temperature on the Radiation-Induced Polymerization

: of'Styrene,in Wood

,:  n.(1) Pure Styrene 7__. _ e _;;f :
- - The results of the radiation~induced polymerization of i
styrene in wood are shown in Table 24, The results répresent the

. average of three or four replications for each te@perggure treafment.
The samples of wood were treated in the conventional menner and after

treatment were left standing at room conditions until cénstant welght

* had been reached. It can be shown that on the average about 90% of

the cell cavities were filled. Some cells appear to be impermeable

to 1iquid styrene, as has been shown by other workers (64). Also, no



o TABLE 24

THE RADIATION-INDUCED POLYMERIZATICN OF STYRENE IN WOOD

AT DIFFERENT TEMPERATURES

Dose = 4,5 Mr Dose Rate = 0.280 Mr/hr
Specific Monomer Polymer Retention * Associating Holecular  Temperature
Gravity Uptake gm/cc Retention gm/ce Efficiency Efficiency Weight Mn - c®
0.392 0.563. 0.361 LG40 -0, 072 181,000 roam
0. 440 C.561 0.320 0.550 0.063 - 104,000 29.0
.39% 1 0.590 0.43%3 . 0.737 0.045 229,500 52.0
0. 42k 0.575 0. 499 0.870 0.031 137,000 77.5

* Retention Efficiency = Percent Polymerization/100

¢1T
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styrene enterred the walls becauée there was no dimensional change
during the entire operation.

Temperature changes and the presence 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 complexify of factors makes the results
very difficult te interpret. However, several effects are noted:

(&) 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 nurber Of.free radicals
available for grafting on the imner surface of the secondary wall is
insignificant (see Appendix III). Ramalingam (61) obtained a smooth
relationship between dose and "polymer extraéted“'(see Tablerl) and .
thus assumed that surface grafting was taking place. However, it is
fér,more probable that the unextractable polymer was actually cross-—
linked polystyreme. This assumption seems to be valid considering
that the critical gel dose of 10 Megarep for polystyreﬂe (1) falls
‘within the dose range (0 ~ 18,9 Mrad) used by Ramalingam. _

(b} The retention efficiency (which is equivalent to the
percent polymerization/100) and the molecular weight for the samples
irradiated at room temperature (with no temperature control) are
higher than those irradiated gt a controlled temperature of 39°C.

- The temperature of the samples increased from about-27°c to 35°C

during the irradiation period. d
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(c) As the temperature increases, the percénf polymerization
f'¢r fetention efficiency increases.
:?f?r (@) The molecular welghts of the extractable polystyrena
'L”for the 39°C and 52°C treatments are higher than the corr65ponding

. Ya}ues for pure styrene in the absence of wood (see Figure 12). The
samé.is true of the percent polymerization values. For either temperature,
f iaincé the molecular weight increases along with the percent polymerizatiom,
thea aﬁp&fent increase in the polymserization rate may be due to the
-onget of the gel-effect rather than chain or energy transfer from the
" cellulose, However, it seems improbable that the gel-efféct can
entirely account for the indreaae because the lumen diaméter is very
large with respect to the polymer chain lengths formed; (e.g., about &
300,0004° vs. 2000A° for a M.W. of 100,000). A contributing factor
cauging 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 poufing the

" entire styrene-polystyrene solution into an excess of'me%hanol, thus
'causing.the precipitation of polystyrene. For the styrene-in-wood
éﬁéerimants the samples weré left at room conditions from three weeks
'tcitwo months, after which the constant-weight samples were put in an
oven at 100 - 105°C for periods up to 24 hours. Now during the
dirradiation it is likely that many of the bordered pits became blocked
w%th polymer and hence the diffusion of menomer styrene out of the

wood was greatly hindered. Thus it is poasible-that the constant-weight
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pamples contailned 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 styrehe vapouré 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
snd also are lower than similarly treated pure styrene samples.
Chain or energy transfer processes may have been occurring from the
cellulose, This fransfer procsss would increase the rate of poly-

merization as well as decrease the molecular weight of the polystyrene.

(2) Styrene Solution
The results of the experiments involving the irradiation
of wood impregnated with a solution of 54% styreme, 42% methanol and
Ly 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
roogt conditions until constant weight was reached.

(a) Monomer Uptake

The average monomer uptake for these experiments was
* Tt is unlikely that polymerization occurred at room temperature
for the initial rate of thermal polymerization at 60°C is 0.089%/hr.
The same rate at 100°C is 2,15%/hr. with en average molecular weight

of 420,000 (70).



TABLE 25

THE BADIATION-INDUCED POLYMERTZATION OF STYRENE (IN SOLUTION) IN WOCD

AT DIFFERENT TEMPERATIRES

Dose = 4.5 Mr Dose Rate = 0.280 Mr/hr Solution: 5h:k2:k styrene, methanol, water

Specifie Monomer Polymer Retention * Associating Mélecular Temperature
Gravity  Uptake gmfce Retention gm/cc Efficiency Efficiency Weight Ma Qf
0.398 0.380 | .365 - 0.961 0.7h9 43,200 “room
0.539 0.355 0.330 0.931 S 0711 39,9C0 39,0 |
0.460 0.363 0.327 0.902 _ ‘o'.'?a'z 42,100 52.5
C.448 0;332 - 0.310 0,935 O;?66 50,400 | 60,0
0.k25 0368 0.341 0.927 0.739 61,200 77.5

* Retention Efficiency = Percent Polymerization/100

LTT
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04 360 grams_of styrene per cc. of wood., The average uptake for the
experiments carried out by Werezak using the same solution was

0,44 gm/cc (see Table 23). The same experimental technique was
"°fhsed'éxcept for one modification; viz., the dimensions of the samples
useé in this work were about 16 inches in the longitudinal direction,
0;625 inches in the tangential direction and 0.675 inches in the
radial direction, whereas in the previous work these dimensions were
léﬁ, 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 pifé (14, 64). 5ince 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 sorption to occcur.

{b) Retention Efficiency

The retentlon efficiencies for these experilments are
greater than 0.90. It appeara that 6 « 10% of the monomer had not
been converted to polymer. However, most of the monomer weight
loss (about 3 - 5 gms) occurred by volatization during the transfer
of the sample to the aluminum canister and during the irradiation
- pericd when small amounts of monomer escaped from the wood and
polymeriied on the inside surface of the aluminum container. Hence
it is seen that 4.5 Mr was sufficient radiation to entirely polymerize

the atyrene monemer.* Unfortunately, because of this, the effect of

* Hence the asgumption of 100% polymerization on Page 75 is valid,
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temperature on the percent polymerization cannot be studled since

complete conversion occurred throughout the range of temperatures

studied, The percent polymerization in these experiments cowpared
’ Wiﬁﬁitﬁa'same styrens solution in the absence of wood (Fligure 13%)

shows that the wood appears to greatly increase the raﬁe of poly-

mérization. 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 molscular weight of the extractable
polystyrene and the temperature during irradiation is shown in
.Figure 1%, As previously discussed, it is assumed that this polymer
is that which is located pfedominantly in the c¢ell cavities. In
contrast to thé molecular weights found for the same solution in the
~absence of wood, there is a steudy linear increase ip molecular
waight as a fupction of temperature. The affect of temperature is
guch that possibly the onset of the gel-effect is delayed with
ipcreasing temperature and the rate of propogatioen 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 highgr than the molecular weights of the polystyrene
formed in .solutlon in the absence of wood. This could be due to &

gel-effect caused by the presence of wood, A more plausible explanation
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is the following: the process of "preferrentisl extraction" is
-probably occurring in the wood structure (see previous dilscussions
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 melecular weight of the assoclated polymer was not
ﬁeagured, However, the work carried out by Huang (28, %4) indicates
that the molecular weight of the polymer extracted with cold and hot
benzene ls substantially lower than that of the grafted polystyrene
obtained by hydrolysis. Also, his unpublished results (28) suggest
that there is & correlation between the molecular weight of the
homopolymer and that of the grafted polymer. Yor example, two

experiments carried out with an irradiation dese of b Mr yield:

Grafted Polystyrene

Polymer Extracted with Polymer Extracted with side chains obtained

Cold Benzene Benzene in Soxhlet by hydrolysis
209,500 272,600 576,400
128,000 180,000 399,400

Hence it is possible that the molecular weight of the associated
polymer in the.present work is similarly related to that of the

extracted polymer; i,e., an increase in femperature increages 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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:_thé géi-effect caused by the presence of cellulose in the wélls in
rintimata contact with the styrene and polystyrene. - The cellulose
undoubtedly inhiblts the mobility of the polystyrene chains and
-reducea their rate of termination, This effect would explain the
1arge differences in the percent polymerization valuasrﬁetweeﬁ the
styrena (in solution) without and in the presence of wood., Chain
and/or energy transfer from the cellulose is also p0331ble. ?his
-effect'ybuld 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 77.5%°C. It can

.- ‘be.shown that there is no gignificant 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 solutlon (see Table 23). There are two possible explanations
-for:the results: . |

(1) If it is assumed that the associating efficiency is
'truly-é-me&sure-of the actual grafting (i.e., the Soxhlet benzene
"extréction has removed all ungrafted polymer both in the cavities and

: in the walls) then it appears that the increase in température hag

At the 93% confidence level: the reason for this is the high
variance between replications at each temperature level; e.g., for

the 7? 5°C experiments the A.E. values varied from O. 682 to 0.785.
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not promoted a higher utilization of free radicals. The resulis
suggest that the incréase in temperature (&) destroys radicals (by
radical-radical combination) in the cellulose at a faster rate than
it enhances the diffusion of monomer toward them and (b) increases
the kinetic chain length of the grafted polymer chains. The superw
imposed effect would be that at higher temperatures longer grafted
.polymer chaing are attached to fewer sites as compared to lower
temperatures where shorter chains are attached to more sites. It
seems improbable that these two effects would act in such armanner
as to yleld equal associating (or grafting) efficiencies for all
temparature 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 benzeﬁe.
This assumption is borne out in the liferature.

| (a) Using the mutual irradiation technique, Stannett (41)
found that the amount of unextractable polystyrene that was ectually
grafted to.calluloae was as low as 30.5%.

(b) Ramalingam (61) found that the thermal and catalytic
‘ induced polymerization of & styrene solution in wood yielded about
20 « 40% unextractable polystyrene.

Thus & glven treatment would yield a higher associlating

efficiency only if it induced relatively mores styrene to diffuse
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from the lumen into the secondary wall., The results indiaﬁte that
the diffusion of styreme into the walls is more dependent upon the
amount of solvent (water and methanocl) available fer'swelling the
ééiiﬁlose than upon the temperaturs. From the above argument, it is
evident that although temperature changes may greatly affect the
molecular weight of the grafted polymer and the reaction with free
radicals in the cellulose, it will not significantly affect the
assoclating 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 Radiationw

" Induced Polymerization of §tyrene {in solution) in Wood

Experiments were carried out with the 54% styrene, 42%
methanol and 4% water molution at a temperature of 39,0°C 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° 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
ze, should theoréticaliy affect only the number of polystyrene chains

and not the kinetic chain length., However, a combination of parameters

Lol
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TABLE 26

EFFECT OF DOSE AND POST-IRRADIATION TREATMENT
ON THE RADIATION-INDUCED POLYMERTZATION

OF STYRENE (IN SOLUTION) IN WOQD

Solution: 5U% styrene, 42% methanol, 4% water

Temperature during irradiation: 39.0°C

Post Irradiation Dose Retention Molecular Weight of Associating
Heat Treatment Mrads Efficiency Extracted Polymer Mn Efficiency

1 .258 26,200 729
2 »715 37,200 . 766
room 3 .926 46,100 707
conditions
b .895 48,500 669
5 .903 46,700 657
1 427 42,400 L702
2 .887 33,800 .836
ovan at 3 778 48,800 » 705
100 - 105°C '
: L . 800 52,800 . 712
5 .895 ‘ 45,600 756
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(sﬁch ag the concentration of trapped free radicals, the viscosity
of the reactlon medium, transfer mechanisms, etc.) may actually
increase the molecular weight 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 semples which were left at room conditions after irradiation,
the percent pelymerization increases with incressing dose until a
maximum is reached &t 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
cauges relatively more polymerization than the lower temperature
treatment, whereas at higher doses ( 3 ~ 5 Mr) the opposite seems to
be frue. ‘

{e) Associating Efficiency

The average associating efficlency 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 & decrease of associating efficiency

(from 0.766 to .657) occurs as the dose is increased, Huang found
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| the -same effect (28). He found that for a range of Q.25 t§ L Mr,
.tﬁe'grgfting efficiency decreased from 74.0 to 49.8.

‘§i;3- The samples which were put in the oven after irradiation
‘&iéid;ﬁtén average aSsociating efficiency of 0.742. 'There seems to

be no correlation between the associating efficlency end dose.




PART 2

MEGHANICAL PROPERTIES OF WOOD-POLYSTYRENE COMBINATIONS
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INﬁRODGGTION

Wood's most troublesome property from a struétural viewpoint
is its tendency to swell and shrink. The stabilization of wood to
Viiféiggggiégai change caused by moisture has been iﬁ?eétié&ted for meny

. years. All present methods for attaining improved dimensional stability
of wood fall into one or more of five different types (14):
| 1. Iaminating of thin sheets as in plywood.

2. Applying water-resistant aurface‘and internal coating.

3. Reducing the hydroscopilcity of the cellulose.

4. Pulking the fibre.

5. Cross-linking the cellulose chains of the component fibres.
Infortunately 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 siability and strength of wood
or at wors£ enhancigg the former without depreciating the latter.

The technique in this ﬁresent work as well as that uséd by
Werezak previously, in which a solﬁtion of styrene, methenol and water
was used as an impregnsnt, results in the deposition of poiystyrene in
thélless ordered regions of the cellulose in the cell walls. This
bulking improves the stability of wood simply by preventing water from
entefing into these regions. How the presence of this grafted foreign
material affects some mechanicai 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

woed in a moist enviromment, it will decrease the rate of moisture absorp~
-tion. Thus this technique has been aleo employed in this work and the
mechanical properties of the resulting product have been studied.

(a) Effect of Tonizing Radiation on the Strength of Cellulose

The effect of high energy electrons on cellulose results in
degradation|(83). When native cellulose was irradiated, its cordered
regions were bquen down &t about the same rate as 1lts loss in strength (84).
Cotton yarn was irradiasted in a vacuum of 1 micreon or less with
C0-6Q, neutrons andjarrays (85). The loss in tenacity varied from 30
to 40%. The presence of water vapour and atmospheric oxygen during
drradiation had little or no effect on the stremgth of the cotton yarm.
Cotton cellulose irradisted in air and in vacuum sﬁcwed gimilar decreases
in tensile strength and elongation (86). At 10 r.e.p. the decrease in
tensile strength for cellulose in air and vacuum was 30.%% and 31.9%
respectively.
Cotton, rayon and acetate yarns were irradiated with CO~60
gamme raya and nuclear radiation (87). It was found that
(1) tenacity, elongation, elastic modulus and stiffness of
the fibres decreased with increasing dose,

(2) the dégradation produced in cellulesic materials by
nuclear radiation ié a fﬁncfion of total dose and does
not depend on dose-rats,

{3} the effect of nuclear radiation is eguivalent to that of
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gampa rays, and
(%) the relative order of stability toward nuclear radiation
| of the fibres considered was acetate > rayon >cotton.
The physical properties of cottpn{ sliver lap, yérn and
fabrice irradiated with high eﬁemgy glectron and gamma rays were
investigated (29). Tensile strength, elongation ahdrtoughness decreased

with radiation dose but 1ittle change occurred below a dose of 106

. roentgens. Tensile strength measurements showed a maximum in the

. 0.05 = 0.1 Mrep region., This was attributed to a_releése of points of
residual internal strain permltting a better distribution of stress
- within each fibre, 'Tensile strength decreamsed appreciably above 1 Mrep.

" (b) Physical Properties of Celluleose Graft Copolymers

Ionizing radiation was ussd to initiate "internal' polymerization
" of acrylonitrile onto filter paper (88). Polymerization was performed with
the filter paper (1) immersed in the monomer or a monomer golution 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 ofrwidth of filter paper) when the paper was saturated with pure
monomer and then irradiated in air,

(2) Use of an agueous solution of acrylonitrile decreased
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the dry tensile strength below that of untreated puper bub resulted in
a3 - 22% increase in the wet tensile strength.

Styrene, methyl methacrylate, methyl acrylate, éfhyl acrylate,
'aérylbnitrile 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 bresking

- strength of the rayon-methyl acrylate graft was comparable to that of

[

l£he original reyon and showed an increase for the rayon-methyl methacrylat

graft copolymer. The tenacity or breaking strength in grams/denier

which takes into account the weight increase, decreased for both cases.

" Similar behaviour wag observed for rayon-gstyrene and rayon-scrylonitrile

"graft copolymers. In order to avoid excessive losa in tensile prcpertigg

thé author recommends that radiation doses be kept below 1 Mrad.
Acrylonitrile was grafted onto cotton using CO=60 gamma rays

(89), The monomer was added as an agueous solution of zinc chloride.

When compared to the Eriginal unirradiated control, the grafted yarn

_ (26% acrylonitrile) decreased 15% in breaking strength, 45% in breaking

Btreés and 65% in average stiffness., The élongatioh~at~break increased

T,
Huang (é8, 36) carried out physical testing on styrene-grafted
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rayon at various levels of grafting., The resulte are summarized below:

(1)

(2)

(3)

()

(5)

(6)

Denier (weight in grams per 900 metres)Jincraased with
percent grafting, though not quite propertionately to

the amount of grafted styrens,

Tenavities (g/denier) decreased considerably due to the
increase in denler., Breaking load or tenacity x denier
remained more or less constant,

Breaking elongation increased considerably above 65%
grafting. For example, the breaking elongation at 105%
grafting is three times that of fhe original rayon.
Conditioned modulus (Young's) did not improve sufficiently
to compensate for the large increase in denler and
consequently decreased conasiderably.

Secondary swelling decreased considerably with increased
grafting, indicating that the treated rayon hecame more
hydrophobic as the percent grafting increased.

Moisture regain decreased with increasing percent grafting

of polystyrene.

{(¢) Physical Properties of Wood-Plastic Combinations

Karpov et al (90) described the modification of wood with

styrene, methyl acrylate, methyl methacrylate and acrylonitrile. It

wets found that it was possible to increase the chemical resistance,

fire resistance, sirength and dimensional stability of wood and decresase

the water absorption. For pine wood impregnated with 120% (by weight)
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7 nfrat3rene 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
1 #qr a total dese of 15.5 Mr were noted, The resistancé to static
?fb;;aiﬁg for unimpregﬁated irradiated wood showed a éteady.decrease as
the total dosage was increased.

Kenage, Fennessay and Stannett (60) irradiated ponderosa pine
sapwood pre~impregnated with a dioxane-styrene-water solution. The
experimental ﬁetails have been described earlier in this thesis. TFhe
results capn be summarized as follows:

(1) Effect of Retention on Stabilization

The amount of styrene required for a given order of stabilization
wag relatively high compared to such methods as acetylation. It was
determined that the homopolymerization within the cell lumen was not
the dominating cause of this inefficlency; the mein reason was the
. opening up of the more ordered cellulose areas by means of the impregnation
and irradiation. In this manner water entsra and swells regions which
unéar ordinary circumstanées ars inaccesalbla,

The displacement or "inclusion technique! was used in order
. to eliminate the nonproductive use of polystyrene in the cell cavities.

- Phis method gave an increase in the antishrink efficiency* because there
was & reduction of material deposited in the lumen and there was less

opening up or swelling of the cellulose structure.

* Tor definition see Page 152
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Tensile Strength (Parallel to the Grain)

Three impregnating solutions were used in thie part of the

w§rk:7:(A) 25% styrene, 75% dioxane and 5.79%¢ water (55-2.5% styrene,

- ié;S%féthyl acrylate, 75% dioxane and 5,.7%% water and (C}'ZB% toluene,

75% dioxane and 5.75% water; all by volume, The results are tabulated

below:
TABLE 27
TENSILE STRENGTH OF STABILIZED wOOD (AFTER KENAGA BT AL)
Dose Percent Modulua of Moisture Maximumn

Solution .

_ Mrad Retention Hlasticity (1000 psi) Content, % Load psi
7 Q.75 11.22 1207 - 7.01 12470
A 1.20 27.56 . 1boy 6.07 11340

1.65  39.33 1347 . 5.3%7 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 2.46 11000
un~irradiated control O 1309 10.04 11430

An analysis of variance of the above data showed that

(a)

(v)

the medulus of elasticity is affected only by the
treatment (significent to the 5% level).
the maximum load is affected by dose which is significent

to the 1% level,
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résyéctively. The largest value (21.1) was obtained for wood lmpregnated

with'triethyléne glycol dimethylacrylate.

~ {d). Previous Work on this Project

* Rawalingam and -Hodgins

Ramalingam and Hodgins (61) carried auﬁ experiments where

- wéqd samples were irradiated in a swimming~poolrrgacforiup to doges of
32.4'Mr/hr, The bending strength {(in pounds of 1oad):§écregsed as the
tﬁtal irrvadiation received by the sample incressed, asrshown in Figure 15.
Wood samples were treated with different styrene solutions and poly=~
merization was initiated by radiation, thermally or catalytically (see
Tahieslj. 411 wood was humidified prior to testing. The percent change
in bending strength (in pounds) varied from ~5.5 to 56.8%. The results
seen to indicate that the bending strength of the samples is strongly‘
depeﬁdent upcon the polystyrens in the sample and nét the method of
initiation. Por example, consider the results shown in Table 28, It

ig evident that the bending strength, measured in pounds of load, of

the treated samples ig subgtantially 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 increase because this treatmeﬁt 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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BENDING STRENGTH

I'N

PERCENT DECREASE

% EFFECT OFf IRRADIATION
ON THE
BENDING STRENGTH
30+ OF WOOoD

0 5 10 5 20 25
TOTAL IRRADIATION — MEGARADS

FIGURE 15

(after Ramalingam and Werezak)



EFFECT OF POLYSTIRENE ON THE BENDING STRENGTH OF WOCD

TABLE 28

{after Ramalingam)

. Initiation

Wt. of Polystyrene in sample

B. S. of treated wood {(ibs.)

1.5% water

benzoyl peroxide

lepregnant wt. of wood prier to treatment x 100 B.5. of control (1bu-j x 100
thermally
pure styrene at 100 156.0
105° \
~ pure styrené L.,5 Mr 100 156.8
76% styrene ‘
22.5% methanol 4.5 Mr 90 146.5
1.5% water
76% styrene thermally -
22.5% methanol at L2 127.4
1.5% water .. 105
76% styrene thermally
22.5% methangl at 30 141.3
1.5% water 105°
76% styrene '
| 22.5% methanol |, O-2% 0 vol. 46 127.0
1.5% water, L P
76%-sf§rene
22.5% methanol |, O-2%® by vol. 7% 1417

8T
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gxists for the sqlutionmtreated samples. 8Since the treatment with water
and methanol leads to swelling of the wood, the area stressed in bending
- 48 larger than that of the.contrcl. Hence the percent inecrease in
medulue of rupture will not be as high as the values for the percent
lihcreaéa in bending lomd, fThis will be discussed in detail later with
-Wgrez&k's resulta.

The percent decrease in molsture absorption {(measured by
blaeing the samples in a 76% R. H. environment) also appears to be a
_ strohg function of the amount of polymer in the wood and independent of
- the type of initiation. For samples impregnated with'pufe styrene and
irradiated with a dose varying from 0 to 18.9 Mrad, the percent decrease
in moisture absorption was relatively constant at 05%. Most other
treatments yielded about the same value. DBecause this term 1ls based on
the weight of the oven-dry treated sample, it is somewhat misleading,
For example, a given irealment may increase the weight of the sample
10(%- and nolt decreass the absolute amount of water enterring the cell
walls; yet the "moisture absorption" will have been halved. In any
svent the treatments undoubtedly decrease the amount of moisture
" absorbed in the wood, on any bhaais,

Some treatmente yielded ne 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 thaﬁ the grafted samples where polymer is located wifhin the
walls. Since this was not the case (even on the basis of the weight of
wgﬁd_priar to treatment) it is likely that the absorption was diffusion
Z”caﬂiralied. EKent et al (92) obtained results similar to these before
'tﬁgy reduced their samples to wafer-size in order to eliminate the
‘Adiffusion problem.

The decrease in water absorption (measured'by immersing the
s&mﬁiea in distilled water) for the treated samples varied from 43 to
85%. Again the results indicate that the water absorption is a strong
Tunction of the amount of polymer in the sample. This.resuit is
ekpécted since the polystyrene (grafted and homo-) is occupying volume
whiéh the incoming water would normally f£ill,
| Generally, the dimensional stability of the wood was improved
by the treatment. For the 'optimum" treatment of 76% styrene, 22.5%
ﬁethanol and 1.5% water at a dose of 4.5 Mrad, the volumetric shrinkage
vas réduced by sbout 80 percent. Also the swelling of wood was reduced
by abagt 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-ﬁhe following six variables: time of evacuation, éomposition of
impregnant, uptake of impregnant, total gamma dose, duration of heating
treatment and temperature of heating treatment (see Tables 2 - 21). A

gradient search of the results appeared to establish trends. An equation
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for the relationship of variables was set up as

Y = b07+ blxl + b2x2 + beB esesns bnxn

ﬁhare Y = the product yield {(e.g., bending strength increase)
o bo, bl ‘o bn = constant coefficients
xl, X, evs X = the value of each dependent variable such as time
of evacuation, total gamma dose, etc.
The coefficients or slopes represent the change in Y per unit change in
%, 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 6.8 with a standard deviation of % 10,09
and for the second design these values range from 5.5 to =2.8 wifh a
- ‘mbtandard deviation of t?.}? {(80). 1In other words, thesze 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 strengthy but it does show that either
(1) the range of the variables is so narrow that ne correlation
between them and the "percent chenge in bending strength"
may be obtained. For example, it is improbable that an
evacuation time of 11 hours would lead to & significantly
different bending strength than a time of 13.5 hours.
and/or (2) =ome highly influential variable was omitted from the
design. This exclusion might have obscufed the effect of

the other variables.
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It is probable 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
| .ii;éfiﬁé-treatment) had renges so small that theilr affect on the kinetics
‘of the system was not discernible., This should also be true for the
mechanical beﬁavicur 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) cpuld have clouded the effect of the other lmportant 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 inte consideration.

-In general, Werezak obtained results very similar to those
of Ramalingam in regards to strength properties of £he treated sample
and dimensional stability improvements. In addition, one other physical
characteristic was examined: resistance to microbiclogical attack.

The weight loss by decay (using a culture of Lenzites Trabea) averaged

about 14%, compared to a mean loss of 71% by the untreated controls.
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- SGOPE OF PRESENT INVESTIGATION

The conclusions drawn by Ramalingam and Werezal about the
_énhancement of the bending strength of wood by in situ polymerization
-éf %ﬁy}ane haverbeen found to be inexact.

First, the true measure of a specimen's bending strengtﬁ is
the.modulus of rupture which is simply the Iracture load divided by the
sﬁréssed area.* 1t 1z qulte evident that the fracture load itself is not
8 meaningful index of sirength unless the dimensions of the treaied
and control specimens are identical. &Since the ultimate volume of the
" treated sample was slgnificantly larger than that of the control, the
‘ gtress 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 1ower.than for the untreated
" controls. Since the standard A.S.T.M. tests that were used require the
" specimens to be humidified at a humidity of 76% R. H., it is seen that
"tﬁe treated samples contained much less water in the cells than the
- controls during testing., 8ince it is known that water has a degrédative
~effect on the strength of wood, one cannot say with certainty whether
"the treated wood is inherently Y“atronger! than the control or whether the
'"impfovement“ 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.

* more precisely: stress = Moment/Section Modulus
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In,dealing wi;h wood of wafer-size, it is convenient to ﬁSe a Heontrol¥
syatem because it is possible to obtain specimens which are closely
~identical in physical and chemical properties; however, for the large
'”gaﬁplé 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 uée of bending strength as an lndicater of
strength. Although modulus of rupbure is an accepted criterion of strength,
this term does not help one gain a c¢lear insight into the rudimentary
effect of grafted and homo-polystyrene on the mechanical properties of
wood. This 1s so because the process of bending involves two primary
gtresses -- compression and tensiog; an increase in ong 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 meuner., Tension and compression tests are necessary for an
elucidation of the fundamental effect of the treatment on the strength
ef wood,

With the above consideraticns in mind, the folloﬁing work wasa
carried out. |

From the load-deflection curves obtained by Hereéak for the
impregnated and irradiated, irradiated and control wood, the modulus of
ruéture, stress at the proportional limit, medulus of elasticity, work to

the proportional limit and work to the maximum load were calculated. The
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data were regressed with respect to specific gravity. The altered wood
wag compared to the unireated, unirradiated wood at common specific
- gravity values.
o It was desirable to compare the treatfed and ﬁhtreatea wood
- on the basis of equal moisture contents. The most convenient moisture
' level to work with was zero. Thus &ll the free moisture in the wood was
driven out of the samples by oven-drying., The treated wood was compared
to the unftreated 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 élso studied. |

It was realized in the early stages of this work that the
sﬁlution treatment (styrene, water and methanol) did not gctually'improve
the bending strength of wood when molsture, 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
gamples. The ultimate stresses were regressed with respect to the

specific gravity and compared at common values of the latter,
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EXPERTMENTAL DETAILS

The selection and treatment of samples are discussed in the

‘experimental gection of PART 1 of this thesis. In addition to the two

limprégnating liguids mentioned (pure styrene and a solution of 5h¥%

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 - 1059 and left until

conatant welght was reached. They were then immediateiy welighed and
their dimensions were measured with & vernier calipsr.

Static Bending

Before testing the samples, they were allowed to céme 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 was carried out in accordance with the A.3.T.M. procedure
(77) except that the cross-sectional dimensions of the samples were not
/M x 3/40,  For the treated samples these dimensions were about
0.7% x 0.7"., Although an Yeffect of depth" exists on the modulus of
rupture (76) the efféct can be considered negligible for a reduction in
depth from 3/B'" to 0.7"., 1In &ll cases the bearing block was applied to
tﬁe tangenﬁial face of the test sample. The load was applied continuously
at a rate of 0.1%/min. Load deflection curves were determined by using

a deflectometer which is auxiliary to the tester. An example of deflection

~ag a function of applied load is given in Figure 32 for unireated and
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tfeated wood. From these curves, the modulus of rupture, stress at the
proportional limit, modulus of elasticity, work to the proporticnal
1imit and work to maximum load were calculated. A brief description of
.£ﬂ$$%eéﬁing of thesermechanical terms and the formulaé Ey which they
we:a.calculated ig given below. The span of the specimens in all cases
was 16 inches and the beams were stressed by centre loading.

Madulugs of Rupture, R

This property is a measure of the ability of a beam to support
a slowly applied load for & short time. It is an accepted criterion of
strength.

1.5 PL

R =
bh®

S5treas at the Proportional Limit, P.L.

This property is the computed stress in the wood specimen at
which the strain (or deflection) becomes no longer proportional to the
stress (or load).
1.5P1L

bh2

P-Ll =

Moduluz of EBlagticity, E

This property is & measure of the stiffness or rigidity.

3
P.L
E = o

kb
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Work in Bending to the Proportionsl Limit, &

This expression is a measure of the energy absorbed by a

beam when it is stressed to the proportidnal limit.

EL I

PlD

S = e

2V

Work in Bending to ihe Maximam 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 ares under the load-deflection curve Irom werc deflection to the
deflection at maximum load.

Légend: |
| b, h, L = breadth, height and span of specimens, inches

D

It

total deflection at elastic limit, inches

P = maximum load; pounds

Pl = load at elastic limit, pounds

V¥V = volume of beam between supports, cubic inches

Compression Parallel to the Grain‘

Compression tests were carried out with samples cut from the
endsrof the small beams used in the bending teets. These were 3/4M «
1 1/2" in the longitudinal direction and had cross-sectionsl dimensions
of about 0.7" x 0.7"., Some of the contrel samples used by Werezak were
found and, on clear sectione of thesge, compression and tenaion tests
were performed. These samples were equilibrated in a humidifier at an

R. H. of 69% and & temperature of 25°C before testing. All other samples
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were aven~-dried to constant weight and placed in & desiccator and allowed
to reach room temperature before testing. The same procedures was used
-fdr the tensile samples discussed below. The Tinius-Olsen tester was
nggéé%for the crushing. No ioadudeflection curves wefe obiained and
hence anly 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 meagurement of the tensile atrength of wood purallel o
the grain is rarely carried out because of the difficulty of attaching
thé wood specimens; when an external collar-type clamp is used the stress
is usually concentrated around the periphery. Thils sels up shear stresses
in the woo&. In an effort to minimize the effect of shear it 1s customary
to taper & sample at the centre (60, 72, 74, 76}, In this work, several
methods of preparing the specimen and two methods of teating were
- attempted. Tﬁe.samples were cut from the ends of_the beams that were
fractured in the bending tests and were, in comseguence, restricted in
dimension. Exploratory tests revealed that the most satisfactory type
of teast piece had the following description: the épécimen wasg cylindrical
in shape with an overall length varying from 3 - 6 inches and a diameter
of 1/2%", The central portion was waistgd by means of a lathe to a croas-
sectional dia%eter of from 0.135 to 0.260" over & length of at least
3/4"., The curved portion was of a radius of 1 %/8%. A typical specimen

is drawn below.
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Initial tests were performed on an Instron Tensile;Teéting Macﬁine
r(Model No. TTCL), however, since the total time inVOIVed por sample wab ¢
close to one hour, and since it was difflcult to “book time"” on the
- maghine (over 100 samples were involved), it was decided that the less
gophisticated but more convenient Hounsfield @ensomster Type W could be
'used. In this machine the specimeén is stressed maﬁnally 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 Ingineering
;Machine Shop. To prevent crushing in the c¢clamps, the ends of the sanple.
Lwéfe"soaked'with epoxy-resin which was allowed to cure at room conditions.
Tﬁe pelymer-wood samples did not need this treatmen£ because of their
inherent hardness and resistance to compression. All samples in which
féiiure.did not occur in the central waisted portion of the test piece

were rejected.
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EESULT§
A General

As mentioned previously, "control" sampleas were not employed
in this work. Rather an attempt was made to organize the data in such
a way as te express mest mechanical properties for untreated and the
treated samples &as a funétion 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 teo
relate strength prépefties at any specific gravity within the range of
this work, Regression analyses were carried out on an I.B.M. 7040
digital computér. A simple program was developed to evaluate the .
statigtics of the data,‘sueh as the least-squares line (Appendix VI).
Multiple regreasioﬁs were carried out using a vergatile computer program
developed by Petryschuk and Hill at this university {(78). The results
have been generally kept free of the details of the statistical analysis;
these are found in the appendices. All correlations shown in gréph form
are significant at the 95% confidence level. All average.values
preéented in table form (or otherwise) are presented with their 95%
confidence limits. These limits have not been "rounded off"rso that the
exact standard deviations may be extracted-from them and, if so desired,
used in "t" and "F" comparison tests. Any mention of Ysignificance"
refers to thé 95% level unless stated otherwise. The symbols shown on

the graphs are defined as follows (79):
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(&) Y = bX + a: the least-squares line

- (D) ER: the number of data points

(¢) ¥ and X: ?vefagé values of Y -and X

A
(d) S(Y)az variance of -estimate from the correlation line

{e} 8(b): astandard 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 glven in Appendix VI.)

-Be

Dimensional Stability

A term that is used quite extensively in measuring the

affectiveness of a given dimensional stabilization treatment is the

Wantishrink Efficiency" (14%). It can be calculated by the following

“formulae (60):

and

5~0D
% swell = 100 x 5

where 8 is the volume of the water-soaked, treated samplej
and OD is the volume of the same sample in the oven-dried

state

% Antishrink Efficiancy = 100 % §Q§é§2§.

where SCW is the percent of swell in the control wafer;

and 8TW is the percent swell in the treated wafer.
i

Werezak carried out dimensional stability studies on all the

-samples he treated. The most suitable experiments for demonstrating

the effect of polymer retention on the stabilization of wood are -
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“ Bxpetiments 18 ~ 20 (see Tables 18 ~ 20 in PART 1 of this thesis).
?ﬁhig“is.so because of the wide distribution of polymer . retention '

5?va1ues; V1z., 0.151 to 0.406 gm/oc. As recalled, in these experiments

bR imPregnation solutlon was composed of 76% styrene, 22 5% methanol
'%an iQE% water by weight. The pressure of impregnation ‘wag atmosgphericy
fthe time of impregnation was 10 - 35 minutes; the dose wag 3,5 Mrad;
’;the heatlng temperature ‘was 85 -~ 105°C and the time of heating was

?12 e ah hours. |
‘The volumetric swelling experiments were cafried out by
fﬁérezék in the following manner: oven-dried treated and control
-Eﬁémplbs of known‘volumes were placed in distilled watsf at room
5tém§ératufe and atméépﬁeric pressure for 28 days. The dimensions of
’;theiéamples vefore and after soaking were measufed and % volumetric
“gbelliqg was determined. |

-_ ' Figure 16 is & plot of Antishrink Efficiénﬁ:y versus % retention
ff(défiﬁed in PART 1). These results compare favourably with those of
i;'Kenaga et al (60) for values of % retention in the range of this present
"work {greater than 30%).* The data of Kenaga are hased oh wood samples

-which had been treated with a solution of 25% styrene, 75% dioxane and

* A1l the data of Kenaga et al above 30% retention fall within the
-'~f6&% confidence region of the datay i.e., » 8(¥Y) from the correlation

" line.
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Solution: 76% styrene, 22,5% methanol and 1.5% water
Dose: 3.5 Mrad
Experiments: 18 - 20

253X + 39.4
= 17

(&5

57.0; X = 69.6
o478
. 8(p) = 0,056

e

r = 0,760

O Data by Kenaga et al (60)
for styrene, dioxane, water

solution

20 40 60 80 100 120
X, % Retention

FIGURE 16

RELATIONSHIP BETWEEN ANTISHRINK EFFICIENCY
AND PERCENT RETENTLON

{(after Werezak)
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_5‘75%-water. The amount of polystyrene that was removed bf chipping,.
“grinding and leaching the final sémples wag 29 - 4% of the total
polymer retaipned. In the present work the correspandiﬁg amount of
Aé%%;ﬁéﬁéble polymer for the samples used in experiﬁeﬁtéllS ~ 20 was
730 - 66%. Unfortunately, mo experiments were carried out for % retentions
'beloﬁ'jﬁ% but in theory the values should siope tow&fd the orlgin, as
”ShOWn-by Kenaga's data. - |

The amount of material required for a given drder of stability
is-high as compared to other methods. Taking an Antishrink value of
60%, the % retentions for this tréatment, the acetylation treatment and
-thé phenol formaldehyde treatment are 80,. 20 and 23% f66960£iVElYi The B
‘réason for this inefficiency has been explained by Kenaga. AThere are
two main factors: (1) the non-productive use of polystyrene resulting
'ffom ite depositien in the cell lumen and (2} the.dpeningrup of the
more ordered areas of the cellulose to permit greater swelling. This
last point is discussed in detail in Appendix V.

G Stfength Properties of Untreated Wood

it is weli established that aside from astual strength tests,
ﬁhe density of-a spécimen of wéod is the most sgtisfactory criterion of
its clear-wood sfrength (12 « 1%, 72 - 74), In fact, .within a given
species for which the average density and strength values are already
#howu, it may be even more satisfaétory then the actual teating (72).
All mechanical properties measured in this work display this dependence

en specificvgravity.‘
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In all the following graphs the.ébcissa is the oven~dry
,épecific gravity. That 1s, it is the specific gravity of the sample
;baSed on the weight obtained after heating to oonstanﬁ weight at
~156';:id5°c. For the samples tested by Werezak this value was estimated.

'l. gtatic Bending

(a) General

WSrezék carried out bending strength measurements by two
methods. - In one casé the load«deflsction curves were dekermined by
rgcording the deflection at various load increments; in the other,
these curves were obtained automatically by a recording device '
- (deflectometer) aﬁxiliary té the universal teater; It will be shown
"léter that these two methods yielded significéntly.different rupture
' values for the wood. Thus care is taken in this Qork to separate the
resulte into: (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'Tahle 3Lk, the strength properties of untreated and treated
ﬁop& are compared at an average specific gravity or U“specific gravity
"prior-ta treatment! of 0.431., For the treatéd wood, in some instances,
no correlation existed between the considered strength characteristic
~and the specifiq gravity. In these cases the comparisons were made on
the basis of the éverage Wgpecific gravity prior to treatment" for the

rtreated samplas,
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g(6l) ) Also, Werezak found,that the average bendmng strength decrease .
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{b) Effect Qf-Irradiation on Modulus of Rupture

!

In Flgure 15 it is shown that irradiation decreaaes the

beﬂdlng atrength of wood., {This curve is based on data by Ramalingam

?(based on the strength value of the controls) was 8. 2% for 3.5 Mrad

aﬁ&-9.5% for 4.5 Mrad, These values are based on tha_load.in pounds
aﬁﬁrare valid only on the assumption that the control and irradiated
samplés have equal physical properties. More acéurate resultes can be
obtained when (1) the strength data are normalized with respect to

the Btrasgéd area and (2) averége %aiues of the control and irradiated
samples are gompared at equal.specifid gravities. '

Figure 17 is a plot of Modulus of Rupture versus the oven-dry

speciflc gravity of the aamples streased (without the deflectometer)

These samples were equilibrated to constant weight in an atmosphere

of 68% relative humidity end 25°C, TFigures 18 and 19 are similar

-plots for semples irradiated with 3.5 and 4.5 Mrad respectively. It

can be—shown that there is a significant difference between the correlation

'ef either of the irradiated samples and that of the controls (Appendix VI,

Section €). Tigure 24 ig a superposition of the correlation lines of

'Flgures 17 = 19, showing the effect of the 1rrad1ation (and specific -

'gravity) on the modulus of rupture. At an oven-dry specific gravity

of 0.4%1 the modulus of rupture is decreased by 3.7 L2,9% for an

cdrradiation dose of 3.5 Mrad and 9.9 t 3.7% for 4.5 Mrad.
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Wood humidified prior to testing

Irradiation dose: nil
Test performed without deflectometer
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FIGURE 17

RELATIONSHIP BETWEEN MODULUS OF‘RﬁPTURE
AND SPECIFIC GRAVITY
FOR HUMIDIFIED WOOD

{after Werezak)
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Wood humidified prior to testing
Irradiation dose: %.5 Mrad

Test performed without deflectometer
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e FIGURE 18

RELATIONSHIP BETWEEN MODULUS OF RUPTURE

AND SPECIFIC GRAVITY FCR WOQD IRRADIATED WITH 3,5 Mrad
(after Werezak)
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Wood humidified prior to testing
Irradiation Dose: 4.5 Mrad
Test performed without deflectometer
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RS FIGURE 19

RELATIONSHIP BETWEEN MODULUS OF RUPTURE

AND SPECIFIC GRAVIT¥ FOR WOOD IRRADIATED WITH 4.5 Mrad
{(after Werezsak)
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Wood humidified prior to teasting

Test performed with deflectometer
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RELATIONSHIP BETWEEN MODULUS OF.RUPTURE
AND SPECIFIC GRAVITY
FOR HUMIDIFIED WOOD

(after Werezak)



Y, Stress at the Proportional Limit psi

Wood humidified prior to testing
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v ' FIGURE 21

RELATIONSHIP. BETWEEN STRESS AT THE PROPORTIONAL LIMIT
AND SPECIFIC GRAVITY
FOR HUMIDIFIED WOOD
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Wood oven-dried prior to testing
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FIGURE 22

RELATIONSHIP BEIWEEN MODULUS OF RUPTURE
‘ AND SPECIFIC GRAVITY
FOR OVEN~DRIED WOOD
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FIGURE 23

Wood oven-dried prior to testing
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EFFECT OF IRRADIATION AND SPECIFIC GRAVITY
ON MODULUS OF RUPTURE

EFFECT OF MOISTURE AND SPECIFIC GRAVITY
ON MODULUS OF RUPTURE AND PRCPORTIONAL LIMIT
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Y, Modulus of Elasticity 1000 psi

Wood Humidified Prior To Testing
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- . RELATIONSHIP BETWEEN MODULUS OF

ELASTICITY AND SPECIFIC GRAVITY
FOR HUMIDIFIED WOOD
(after Werezak)

166




Y, Modulus of Elasticity 1000 psi

2200 §

a— 5 | S a2 = 3,700

Wood oven-dried prior to testing

3000 §

2600

: Ch 5570X - 100
1800 P IR 32
.~ o ¥ = 2280; ¥ = 0,427
L
;- 5(b) = 805
1400 § | ~ r = 0.784

X, Oven=Dry Specific Gravity
. FIGURE 27

RELATIONSHIP BETWEEN MODULUS OF ELASTIC ITY
AND SPECIFIC GRAVITY FOR OVEN-DRIED WOOD
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RELATIONSHIP BETWEEN MAXIMUM CRUSHING STRENGTH
AND SPECIFIG GRAVITY
FOR HUMIDIFIED WOOD
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RELATIONSHIP BETWEEN MAXIMUM CRUSHING STRENGTH
' _ AND SPECIFIC GRAVITY
FOR OVEN-DRIED WOOD
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Y, Maximum Tensile Strength psi
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FOR HUMIDIFIED WOOD
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(¢) Effect of Molsture on Modulus of Rupture and Stress at

the Proportional Limit

7 Figure 20 is a plot of modulus of rupture varsﬁs oven«gry
héégéific gravity for the samples tested by Werezak with the aid of the
-defleétometér. Figure 21 is the corresponding plot for the stress at
the proportienal limitﬁl These samples wefe hunidified at 68% RH and
.25°C before testing. At these‘conditiona the average moiBtu;e content
of the wood was 9.7%. Figures 22 and 23 are gimilar plots for the -
oven~-dried wood, The testing procedure for these samples was the same
'as that used by Werezak except that the samples-were dried in an oven
at 100°C¢ until constant weight was attained, allowed to come te 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 sﬁewn_that the correlation basgd.on the samples
-tested without the deflectometer (Figure 17) is significghtly lower
than that based on the samples tested with the deflectometer (Figure 20).
This result cannot be éxplained.

(Figure 25 shows the éuperposition of the correlétions of
Figures 20 - 23.) It is quite evident that the oven-dried samples
have strengths higher than the humidifiead sampleé. At a common oven-dry
sﬁecific gravity of 0.431 the incresse in modul%s of rupture is
28.4 L 3,9% and the increase 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 variebility (as measured by the variance) is significantly
" higher for the oven-dried samples than for the humidified ones.

" ‘Bimilar results have been obtained by Robinson (75).

' (d) Modulus 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 10° psi and 2300 £ 71 x 10° psi. There
is no significant difference between these averagé values or the |
ébfrelafions s@own in the figures. This indicates that the 9.7%
moisture in the humidified samples does not affect the modulus of
elasticity of theawood. In the Wood Handbook (73%) the average increase
~in the modulus of elasticity for a 1 percent decrease in molsture |
gontent is given as 2%. This value was calculated in the moisture-
content renge of 12 ~ 25% moisture and may mot 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 are given in Table 29, The results show that ' 3
work in bending is a very sensitive function of the moisture content

‘ of the wood. The work to the proportional limit is increased 77.8 ¥ 10.9%

* For a discussion of the datea=presentation for this section see

Appendix VI - D,
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TABLE 29

' F '
WORK IN BENDING TO PROFORTIONAL LIMIT AND TO MAXIMUM LOAD

POR HUMIDIFIED AND OVEN-DRIED WOOD*

Work to Proportional Limit*» Work to Maximum Load**
~in~lb. per cu. in. in-lbh. per cu. in.
Humidified Y .
1.98 = 0,10 _ 7.65 - 0.85
Wood
Oven-dried . .
3,51 -~ 0.35 10.50 ~ 1,16

Wood

*  Average oven~dry specific gravity = 0.427.
** fhe data are presented in the form T * ts where s = standard
deviation of the mean and t = student "t" value at 95% confidence

level.
!
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and the work to the maximum load is incremsed %7.3 t 18.7% when the

moisture level of the samples is decreased from 9.7% to the dried state.

2. Compression Parallel to the Graiﬁ 
o Figures 28 and 29 are plots of the maximum crush%gg strength
versugs oven~dry specific gravity for the humidified and oigﬁidried
samples respectively. At a specific gravity of 0,431 the oven-dried .
samples haye an average maxlmum éruahing strength which is 57.4 A 3.4%

higher than that for the humidified wood,

3. Tensibn_?arallel to the Grain

Figures 20 and 31 are plots of tﬁe maximum tensile strength
versus oven=dry specific gravity for the humidified and cven-dried
samples respectively. Although the expanded scale on fhe,grgphs_makes
thejcorrelations appear trivial, these are significant at the 95%
céﬁfidence level =~ the 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
rﬁensometer has an estimated reproductibility of ¥ 2.2 (2) the error
in determining the stress area feor the small samples_is astimated to be
I3 (3) the erro; in assuming that the specific gravity of the small
semples was the same as that of larger beam from which it was cut is
estimated to be + 2.3%., It ocan be seen that if these errdrs are ,
added to the natural vafiability of wood, the resulting variance will
be relatively large, In addition it is also possible that the large

variability in strength with respect to specific gravity after the
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regreasion.is due to the fact that, in actuslity, the tensile. strength

is not a strong function of specific gravity. Very few data are available
in the literature to substantiste this possibility. Comben (76), using
-ﬁbﬁgiés Fir wood éamples-with dimensions of 11¥" x 2 cm. x " walsted

at the centre to give a minimum cross-section of 1/8" x 1/U¥ over a

2" length, carried out tension tests. His results are shown below.
TABLE 30
MAXIMUM TENSILE STRENGTH FOR DOUGLAS FIR (AFTER COMBEN)

Specific Gravity (ca. 11% moisture) Maximum Tensile Strength psi

0.497 17460
0.458 17670
0.462 o 13520
0.502 : 17300
0.511 19910
0.536 : 16050
0. 4ok 16990

There is no gignificant correlation between the above two variables.?*
Also the few articles in the literature indicate that the
ultimate tensgile stfeﬁgth of wood is affected only slightly by the
amount of moisture in the wood (72, 74, 76). It can be shown that the

__twﬁ correlations shown in Figures 30 and 31 are noﬁ'éignificantly

U r o= 0,32k
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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

 everall gorrelation are given below in Table 31.
TABLE 31

STATISTICS FOR OVERALL FIT OF HUMIbIFIED AND OVEN~DRIED WOOD:

MAXIMUM TENSILE STRENGTH vs. OVEN-DRY SPECIFIC GRAVITY

Y = 36900% - 1690
N = L4i

¥ = 14350; X = 0.435

5(9)27= ?.43x106

]

S(b) = 9“60
r = 0,516

D. Strenpgth Properties of Treated Wood

1, 3Static Bending

Figufe 32 (after Werezak) shows a typical load-deflection
cufve for an untreated (control) and a solution-treated sample of wood.
It is seen that for a given deflaction, the load for the treated
sample is greater; alsc the ultimate bresking 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) Mocdulus of Rupture

(1) Wood Treated and Tested by Werezak

The samples of wood treated by Wereszak can be conveniently
:féiJiééé iﬁto two seétiena; viz., those that were fasted 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 url?); The following |

- golutions were used: 5h:l2:kh and 65:32:3 weight ratio of styrene,
methanol and water. The dose used was 4 or 5 Mrad, Before testing, |
the treated samples were humidified to constant Qeight in an atmosphe?e
of 68% R.H. and 25°C. The sémples contained about 4% by weight
molsture based on the weight of the oven-dried treated mample or about
8% by weight when based on the weight of wood in the treated sample.

- When the maximum bending loads for these tresated 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
s¢xpression relating to the presence of polymer in the treated sample
fe.g., fraction polymer in the treated sample, associated polymer in
gns/co or polymer retention). In fact, this statement holds true for
all solution-treated samples (but not those treated with pure styrene)
-and for all strength properties assoclated with these samples.

However, most strength properties could be cerrelated with respect to
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- the oven-dry specific gravity of the treated sampiés'prier to the

treatment. This was convenient in tﬁat it allowed the strength properties
Qf the treated wood to be compared graphically fagthé ﬁﬁtieated data
--.éj..z‘lrce thé same cowordinate s'_ystem' was used in bcth::-ca'.ses. |
. Figure 33 is such a plot of the treated data..'The solid
line in the graph im the least-squares fit for the défé. The dashed
line is the least-squarés line for the data of théruntreated humidified
samples described in a previous graph (Figure 20). It sho;ld be
emphasized that although the data is greatly scattered, the correlation
iine is a significant improvement over a horizontal 1ihe through thé
data (i.e., no correlation). 1In fact, the regression line remove
(0.528)2 = 30% of the variance that exists abéut a horizontal line
through the average value of the data. New it déﬁ be shoﬁn that the
correlation line for the treated wood is not Bigﬁificanfly different
(except for the ?ariance) than that for the untreéteﬁ humidified wood
(Appendix VI - ),
Similar results are found for the saﬁplés which were treated

with a 76% styrene, 22,5% methanol and 1.5% water selution (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 invFigufé l?. It can be
shown that except for the variance there is no significant difference

hetween the correlations of the treated and wntreated data.
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(ii) Treated Wood Tested in the Dried Conditien

It would be desirable tc-oompare strengfh éharacteristics
léf tfaatad and untreated wood on the basis of equél-moiature content,

‘ as moisture is known to weaken wood. Since the humidifiedtreated
sampiés described above contain less moisture ﬁar weight of sample or
pveﬁ per weight of wood-subastance in the sample tHe efféct of the
tfeatment per se 6n the strength properties is difficult to discern,
It is for this reason that iﬁ this present work all astrength tests
were performed on oven-dried treated and untfeate& woad.

Figure 35 is a plot of medulus of rupture versus'cvenery
nspecific gravity of the treated wood‘prior to treatmént {hereafter
referred to as "original specific gravity). The treatment of theme
gamples has been deaér;bed in detail in PART 1 of this thesis (Tables
25 and 26). The impregnating solution was made up of 54% styrene,

L2% methanol and W% wéter by welght. The dose used was 1 - 5 Mrad and
the temperature during irradiation varied from ambient to 77.5°C. 4An
evident aspect of the correlation shown in Figure 35 is the significantly
higher residual variance &s compared to the correlation for aimilarly
treated samples which were humidified before testing (Figure 33). This
observation is the same as the one noted for the untreated samples

where the variance was higher for the oven-dried wood &s compared to

the humidified wood. .It can be shown that except for significant
difference in variance, the correlation of Figure 3% is not significantly

different from that of Figure 33; i.e,, the oven-dried solution-treated
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' séﬁplés of this work have modulus of rupture values which are not
: idiiferaﬁt than those of the samples treated by Werezak. From Figure 35

it 1a also seen that the modulus of rupture for the treated oven-dried

 _sam§1es is substantiallﬁ lower than the untreatedjﬁﬁéﬂ#aried wood, At

.ajépgcific gravity of 0.431 the averagé value i# 1-‘+02€)-’-t 1420 psi which
is 23.8 ¥ 8,1% lower than the strength of the untréated wood. Therefore .
on the basis ef'moisture«free wood the treated samples are weaker in
_ultimete bending strength than the untreated wood.

| The treatment with a solution of 27% styrene, 65% methanol
éndiS%-water leads t& a similar weakéging of WQaéf;-Nb;correlation
¢ould be found for the modulus of prupture with résbect'to any parameter.,
The average rupture value is 13600 L 3900 psi. Tﬁg average "originaltt
specific gravity is 0.464 and the avérage fraction~polystyrene in the
t}eated sample is 0.158, Tﬁe 95% confidence limits of the mean value
_ are high because the latter is'bésedren only nine samples. At a
specific gravity of 0,46k ﬁhe'strength of thé oven-dried untreated
sAmg;lés 18 21000 £ 625 psi. This is 35.2 £ 18.8% higher than that of
the treated samples .hased on the former.

In contrast to the samples treated with'a solution of
styrene, methanol and water, wood treated witk styrene alone has no
,pqlﬁstyrsne present in,the walls of the cells., Figure 36 is & plot
of modulus of rupture versus fraction polystyﬁens thch is in the
treated sample (designated ois F.P.S.). The treatment of these samplea

1ié given in PART 1 of this thesis and the relating physical date is
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s given in Table 24%. Briefly, wood was treated with pure styrene at
. & dose of 4.5 Mrad at temperatures varying from amblent to 77.5°C.
There was no correlation between the modulus of rupture and the

- "brigiﬁal" specific gravity of the treated samples; it appears that
the effect of polystyrene in the sample is mo strong that it obscures
the contribution of the woody-substance on thls strength property.
The average rupture value for these samples at an'F.P;S. of 0.487 is
- 16200 % 921 psi. The average "original! specific gravity is 0.4k,
The average modulus of rupture value of the untreated oven~dried wood
at this apeclfic gravity is |

Y = 63000 (0.41k) ~ 8800 A (Figure 22)

= 17300 % 49k psi | |
Hence the average étrength for the treated sampleé'#t an F;P.S.
vaiue of 0,487 is 6.4 ¥ 6,24 lower than that of the untreated wood
at a coﬁﬁon specific gravity value of O.41k,

It is noted that the average rupture vaihes 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 sdmple (F.P.S5.) = 0.487
for the former and 0.382 for the latter, it would'be interesting to
determine whether a significant difference in strength exists when
poth sets of treated data are éompared at common ﬂ%riginal” specific
‘gravity and F.P.S. values. If we let these valueé be O.4lh and 0,382

regpeotively, the average rupture values for the samples treated with
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thé_ﬁh% selution (Figure 35) and that for the samples treafed with
.- styrene alone (Figure 36) become 13120 * lglOApsiiand 14350 L 1280 psi
' fesﬁactively. Unfortunately the standard daviatiéﬁ'éf the mean is so
”l;;é;ithat the 9.4% difference between values must be considered
statistically insignificant. |

(b) gtress at the Proportional Limit

(i) Wood Treated and Tested by WGrééak

Figure 37 is a plot of the stress at thé proportional limit
versus the oven-dry specific gravity of the treatéd samples prior to
treatment ("original“ specific gravity) for the seme samples uged for
‘Flgure 33. It can be shown that the 1east~squar§é correlation line
is significantly higher than that for ‘the untreéﬁéd humidified samples
-shown in Figure 21, At a specific gravity of 0.#%1 the values are
111%0 ¥ 445 psi and 8900 T oz psi respectiveiy (é difference of
25,1 % 6.2%). As shown in Figure 37, although thé cerrélation'is
: Signifioant'at the 95% confidence level, it isrnéé particularly good;
i.e,, only (0.413)2 = 17% of the variance is removed by the regression
line,. |

(1i) Treated Wood Tested in the Dried Condition

In centrast to the modulus of rupfdre data shown in Figure 35,
no correlation existed between the stiress at the'prgportienal limit
and any paramefer for the sémples treated yith the 54% styrene solution.
The,aVerage atress at the proportional limit for these 27 samples is

14200 ¥ 1160 pei at an "original' specific gravity of 0,451, In order
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to tompare the proportional limit values of the oven-dried treated
and untreated wood the latter is calculated from Figure 23 as

Y = k2000 (0.431) - 5980

H

12970 * 622 pat

Thefe.is no significant difference between the two gtrength values,
Also it ean be shown that there is a mignificéant difference between
the average stress value for these treated samples (14200 % 1160 psi)
and those treated by Werszak (11536 * 523 psi - see Figure 37) compared
at & common specific gravity of 0.451. The differencé is 23.2 T 10.6%
based on the latter,

The samples which had been treated with the 27% styrene
golution, when stressed in static bending ylelded linear load-deflection
curveé until ultimate failure occurred. Therefore the stress at the
proportional iimit was equivalent to the medulus 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 0,46k
{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 feor the treated samples.

For the samples treated with pure styreme, the load-deflection
curves deviated only slightly from a linear relationship. Thus the
caorrelation between the stress at the proportional limit and the F-P.S._
is very similar to the correlation fof the'modulﬁs of rupture data

shown in Figure 36, The stress at an average F.P.5. value of 0,437
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andléh'”originalﬂ specific gravity value of 0.414 is 15800 Iy pai;?
 The stresé at the proportional limit for the untreated oven-dried
'3959188 at a specific-gravity = 0.414 is 11420 £ 551 ﬁsi which is
jééféﬁi'6.3% lower than treated average giress, - |

(¢) Modulus of Elasticity

(i) Wood Treated and Tested by Wereszak

A plot of the modulﬁs of elasticity versus the "original®
gpecific gravity of the samples treated and tested by Werezak is shown
in Figure 39. It is evident that the correlation for the treated
gamnples is aignificantly lower than that for the untreated humidified
';éampléé. At an average specific gravity of 0.431 the modulus of
.;iasti¢i£& values for the humidified treated and untreated sémples

>

are 1910 ¥ 77 x 107 psi snd 2280 ; 69 x 103 ﬁsi'fespectively.

(11) fTreated Wood Tested in the Dried Condition

Figure 40 is a plot of modulus of elasticity versus the
. _

toriginal" specific gravity of the samples_tfeatea'hith fhe 5he styrené
Vléolution. It can be shown that there is a significent difference
'Eetween'the correlation for these treated samples and that for the
oven~dried untreated samples. At an averags gpecific gravity of 0,431 |
the modulus of elasticity values are 1980 ¥ 89 x lOBlpsi and

2300 & 71 x 10:’j psi respectively. In_addition; there is no significant
‘difference between the correlation for these treated samples and that

for the samples treated by Werezek with solutions of 54% and 65%

atyrene (Figure 39).
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The average ﬁodulus of elasticity for the wood treated with
tﬁe'z?% styrene solution;'based on nine samples is 1810 ¥ 674 x 10° psi
at an average "original' specific gravity of 0.463. The modulus of 7
éi;séioiﬁy for the-untre&ted oven~dried wood at a specific gravity of
0.463 15 2480 % 93 x_lO3 péi; More than'nine samples are required
in order to say with 95% confidence thét there is a difference between
these values. |

Similar to the modulug of rupture and the stress at the
proportiénal.limit, the modulus of elasticity for the samples treated
with pure styrene is not correlatable with the "original® specific
gravity but has a correlation with thé "fraction—pelystyrene in the
treated sample". This is shown in Figure 4#1. The average modulus of
elasticity value for an average F.P.S. of Q.487 and ®original" specific
gravity of O.4lk is 2490 188 x lOE psi. The modulus of elasticity
for the oven~dried untreated wood at a specific gravity of O.4lk is
2200 £ 80 x 10° pei which is not significantly lower than the average

treated value,

- (d) Work to Proportional Limit and to Maximum Load
No correlation was obtained between either work éxpressiqns
and the Yoriginal" specific gravity for any of the treatments. The
regults are. swmarized on Tables 34 and 35.

2. Gompression Parallel to the Grain

Maximum Crushing Strength

All the treated samples were oven~dried prior to testing.
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No correlation was obtained between m&ximum-crﬁshing strength
"and the “original" specific gravity or the F.P.8. in the trested sample

77:£or the samples treated with the solution 54% styrene, 42% methanol and
f.A% Qafér. The average strength at an average "drigihal“ specific gravity

of76.4#9 and average F.P.5. of 0,374 based on 49 samples is 11350 I 558 pasi.

Tﬁe maximum crushing strength of the untreated oven-dried samples at a

. specific gravity of 0.449 is 9680 t 264 psi. The treated samples, on

the average, are 17.3 g, stronger in coﬁpression than the untreated

wood.

For the samples treated with the 27% styrene solution, a
correlation between the crushing strength and the “origipal" specific
gravity existed and is shown in Figure 42. It can be showﬁ that the
correlation for these samples is significantly different than th;t for
the untreated oven-dried samples (Figure 27) at the 0.05 probabilitj
level®. It is natéd that at a spécific gravity of 0.443 both correlations
for treated and untreated samples yleld a strengfh of 9540 pei, Below ‘
" this specific gravity, the treated samples appear to be stronger in
compression whereas above this value, they appear to'bé vweaker. - In any
gase, it is seen thét the difference ia slight.

For the wood treated with pure styrene, it was found that
i there was & gignificant 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



F.P.S. in the treated sample ,

given below,

“ORIGINAL“ SPECIFIG GRAVITY AND "FRAGTION POLYSTYRENE

TABLE 32

MAXIHUM CRUSHING STRENGTH AS A FUNCTION OF

IN TREATED SAMPLE"™ FOR WOOD

TREATED WITH PURE STYRENE

M.C.8., = 33700 (S.G.) + 16800 (F.P.8.) - 8700
N=ho o

MGS = 13000; SG = 0.407; FPS = 0.468

(nes) = 5,33x10°

s(bSG) = 12200 8(v

FPﬂ) = £990

R* = 0.738

'For a specific gravity of 0.431 and F.P.§. of 0.468, the maximum

crushing strength equals

33700 {0.431) + 16800 (.k68) - 8700

= 13650 L 9kt psi
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The statistics of the corrélation are

This value is 47.1 ¥ 10.3% higher than the strength of the untreated

WOOHd we 9280_t 251 pei. . !

Again it would be interesting to compare the strength of

the woed treated with the 54% styrene solution and that of the wood

% Multiple correlation ceeffigient; defined in Appendix VI « E
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treated with styrene alone,  The Moriginall specific_gravity and F.P.3,
for the former are O.449 and 0.37h4 respéctively.

Thus  M.C.8. = 33700 (L449) + 16800 (.37k) - 8700

_ = 12580 ¥ 1310% psi

ﬁ%iérﬁalue is not significantly diffevent from 11350 L 558 psi which is
tﬁe average ¢rushing strength for thé 54% styrene solution-treated
saﬁples.

3}: Tension Parallel to the Grain

Maximum Tensile Straength

Ne correlation was obtained between the maximum tensile
strength and the "original" epecific gravity or the F.P.S. for the
samples treated with the 54% styrene solution. The average strength is
1Q§50'i 685 psi at an average original specific gravity of 0.452 and an
average F.P.5. of 0.381 based on 20 samples. The méximumrtensile
sfrength for the untreated wood at specific gravity of 0.452 is
15000 ¥ 894 psi which is 31.0 ¥ 7.3% higher than that of the treated
semples, |

-As in the previous case no correlations were obtained for
;Qoﬁd freated with the 27% atyreme solution. The average maximum tensile
étrength is 11305 T 190 psi for an average "originalM specific_gravity
of 0.464 and F;P.S. of 0,146 based on 8 samples, The gtrength for the

untreated wood at a specific gravity of 0.4%64 is 15410 T 1010 psi which

%  The 95% confidence limits of this average value, 12580 psi, are

worked out in Appendix VI = E.
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45 26.7 £ 14,4% highér than that of the treated samples.
' There is a signifiéant multiple correlation between the
maximum tensile strength and the Moriginal' specific gravity and F.P.S.

for the wood treated with pure styrene. The statistics are given below,
TABLE 33

MAXIMUM TENSILE STRENGTH A4S A FUNCTION OF
MORIGINAL" SPECTFIC GRAVITY AND "FRACTION POLYSTYRENE
IN TREATED SAMPLEM FOR WOOD

TREATED WITH PURE STYRENE

M.T.8. = 87400 (86) + 36500 (¥.P.8.) - k1000
N = 13

HTS = 12700; 53 = .407; FP§ = 0.521

2( 6

5

MTS) = 2.3%9x10
5(bg) = 19500; sibFPS) = 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 higﬁer than
the strength of the untreated wood at the same specific gravity; viz.,
14200 ¥ 835 psi. On comparing the average maximum tensile strength for
these samples with the one for the samples treated with the 5% styrene
salution; the average specific gra%ity and F.P.8. values for the latter
are used.
“Thus . MES = 87400 (.452) + 36500 (.381) - 4;90@

= 11500 £ 3900 psi




TABLE 34
STRENGTH PROPERTIES**

STATIC BENDING WITHOUT DEFLECTOMETER

el P e e e e
Hodulus of Fapbiive: "psi| 14700 ¥ 23%1 1450 * 302 13250 % 503 14860 * 564"
T ity 0431 0431 o o.u31
o STATIC BRDING WITH DEFLECTOMBTER j
; . Modulus of Rupturé' psi
Oven-Dry o Treated with 5¥% | Treafe& with 54% T}eated with.pure“ | Treated with ?7%
Specific gntriaiiga g:z;fg:§§d> :gguiffﬁ:tyijgzdlated- styrene solution; styrene; 1rrad1ated' izizgzztzg}utlon;
Gravity . r s irradiated; oven-dried | oven-dried* : D
T : humidified ‘ ) oven~dried
' 0.414: ' F i 117300 % uoy 16200‘tp921 ,Jﬁﬁfw :
0431 13300 T 231 13900 * 515 o R
0.531 | . . ] 18koo % &2 | ' 14020 = 1420 S
0.h64 21000 ¥ 625 1N B - 136602 3900,
R Stress at the Proportipnal ‘Limit psi SR 5
ok | . ... | 11820 % 5m N 15800 Y sb1 - p
0.431 | 8900 % 230 11130 © 445 J T SR
o451 [ 12970 & 622 | k200 T 110 : | |
0. bk 13520 = 705 . 13600 = 3900

6-’--0.‘00. cont‘do
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TABLE 3% (cont'd.)

. Modulus of Elastici;tﬁf 1000 psi . ,
Treated with S4% i S Sl o ~Treated with 27%
{}ven-—Dry Untreated Untreated” and 65% styrene Treated with % ‘I_’rea!;ed wz}th B Eare 1 styrene solution;!
Specific. . : . styrene solution; .styrene; irradiated;| . .
Gravity Humldz.fled Oven-Dried solutions; 1rrad1ated crradiated: oven.dried! oven.dried® jrradiated;
' ;Y o ‘ humidified E i e DR - jroven~dried
0.h1k S 2200 = 79 2490 £ 188 '
0.h31 12580 < 69 | 1910 77 o ' | ]
0.431 b 2300 £ 71 1980 £ 89 1
0.463 | 2490 ¥ 93 1810 < &7
Lo | Work to Proportional Limit in.~1b. per éu. in, S
981010 | 351 % 0,35 . 3.52 £ o.21 5.88 = 1.09 [ 5.75 T 0.75 5.55 < 1.59 -
R ‘ . Work to Maximuwm Load in.-1b. per cu. in. |
. J7.65 £ 0.85 [10.50 I 1.16 6.28 £ 0.87 6,98 T 1.2k 6.09 % 0.96 5.55 = 1.59
: CCMPRESSION PARALLEL TO THE GRAIN: Max:Lmum Crushing Strength psi
- Qven-_-l‘)gy " Untreated } Unireated Treate§ with 5#% ' ‘l‘reated with pure  Preated with 27% styrene solution;
Specific . o . . dified] Oven-Dried styrene solution; styrene; irradizted; irradisied: oven-dried
Gravity : | Fommdfl , irradiated; oven~dried j oven-dried* PEAEEERy EEREESE
0.431 1 5900 I 180 :
0.431 | 9280 % 251 13650 = gl L
0431 9280 I 251 " 9h30. 53k
0.h4k9 9680 L 264 11350 - 558
ssssessess conttd. o
S



TABLE 3% (cont'd.)

PENSTION PARALLEL TO THE GRAIN: Maximum Tensile Strength psi

Oven-Dry

Specifi Eﬁﬁféa#ed; Combined Treated with S4% styrene Treated with pure Treated with 27% styrene
ngsit;c "E@ﬁidified and Oven~dried |. solution; oven-dried styrene; oven~dxried* solution; oven-dried
C0.E3L T Z 835 14750 21140

0.452 | i > 8ok 10350 & 685 .

O b6k p Yoo _ - S 11300 £ 1910

g

t

e : A ' A -
- #% . data presented as Yi I ts(Yi} where Yi = average strength value at xi.

S(f) = standard deviation of Yi_at;xi

‘ A A
based on SZ(Yi) = SE(Y)2 % +

for simple correlations.

¢f seléé£éa at the average F,P.S8. value

(x - xi)2

s

student "t value at 99%Jcon£idence_limit

eiveeuee. Page 237 (79)
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CPABLE 35

[}

GCOMPARISON OF STRENGTH PROPERTY DATA*

ALTERED

Woon
k Oven~dried

e DR R X T

e omm y o

BASIS

Irradiated with
3.5 Mrad and
humidified

205

i e okt

P

IN PROPERTY

Irradiated with
L.s Mrad and
humidified

Modulua

of

Preated with 54% and
65% atyrene solutions,
irradiated and humidified

1 Rupture

Preated with 76%
styrene solutionj
irradiated and humidified

\ - 37129
' +
Humidified 9.9 = 3.7
Wood
" nil
nil

Troated with 546
styrens solution;

irradiated and oven-dried

Treated with 27%

styrene solution;

. \
-25,8 ¥ 8,1

1

" Oven«dried

.25,2 ¥ 18.8

irradiated and oven-dried - Wood
Treated with pure styrend; L6l t 6.
_ j irradiated and oven-dried '
s es b EPOEIES cont'd.



Stress
.— ' f?-t the
_Eropbrtibnal%

27 Limit

TABLE 35 (cont'd,)

Treated with 54% and
65% styrene solutionsj

irradisted and humidified

206

~|PERCENT INCREASE]

Humidified

Wood

"} IN PROPERTY

6‘2

P
A
-
-

W

Treated with 54%
styrene solution;
jrradiated and oven-dried

Treated with 27%
styrene solutiony
irradiated and oven-~dried

Treated with pure styrenej
irradiated and oven«dried

Oven~dried

Wood

nil

nil

38,3 £ 6.3

" Modulus
-of

¥ Elasticity

Ty

"Oven~dried

Treated with S4% and
65% styrene solutiong
irradisted and humidified

Humidified |

- Wood .:  |

nil

B

~16.3 = 4,5

- Treated with 54%
styrene solution;

irradiated and oven~dried

Treated with 27%
styrene solutionj

irradiated and oven-dried

Treated with pure styrene;
irradiated and oven-dried

Oven=dried

Wood

13,9

-+

.7

y

nil

nil

sasssBeass cont'd.
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[ = et St e ,-a-.‘-wnir%ka-r-rw—'ww-‘-.v-'«—"--w«-‘ -
 STRENGTH ALTERED nAsLg - |PBRCENT INCREASH
ROEERTY WOOD 1 . IN PROPERTY M
i 8 Oven-dried - 77.8 210.9
8 - Aumidified
X Treated with 54% and
é 65% styrene solutionsy Wood, 78.2 L 12,2
; irradiated and humidified
Treated with 54%
Work styrene solution; 70.4 £ 34,0
: irradiated and oven-dried
o
e . Trested with 27%
Proportional Oven-dried +
: styrene solutionj 58.1 = 45.1
Limit irradiated and oven-dried Wood
Treated with pure styrene; 63.8 + 2l.9
irradiated and oven-dried
Ovenw-dried 37,3 £ 18.7
Treated with 54% and :
Humidified +
Work 65% styrene solution; -17.9 ~ 15.5
£ irradiated and humidified Wood
o
i . Treated with Sho%
- Maximum +
styrene solution; -3%.2 = 16.2
Load irradiated and ovenw~dried
Treated with 27% Oven-dried
I
. s . +
styrene solution; Wood 47,1 -~ 17.6
irradiated and oven-dried
Treated with pure styrene; _-#?.O *hLh

irradiated and oven-dried

ssev s ueen con‘t'd‘
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irradiatéd and oven~dried

+ Data presented with 95% confidence limits; see Appendix VI = E

. for details.

STRENGTH LTERED BASTS LRCENT INCREASE.
PROPERTY WOOD IN PROPERTY .
Humidified +
Oven=dried Wood 574 u’?:&
Treated with 54%
. styrene solution; 17.3 i‘5.3
Maxcimum irradisted and ovenwdried
Crushing Treated with 27% Oven~dried
Strength styrene solution; Wood | nil
’ irradiated and oven~dried
Treated with pure styrenej w1t 10.3
irradiated and oven-dried
Treated with S54%
_ 7 . styrene solutiony Combined | ~31.0 Iq9.3
-j_Maximum irradiated and évan-dried Huinidified
. Tensile Treated with 27% and -
t;? Strength styrene solutionj o te 26,7 < 1.4
S irradiated and ovenwdried veg- e “
Troated with pufe styrené} Weod nil

Lo
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There is no significant difference between this value.and the average

for the molution treated wood -- 10350 & 685 pai.
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. p;:scussxcjm OF RESULTS

-Compression Parallel to the Grain

The even*driad untreated wood is 57.4 I 3, 4% strenger in

ﬁ;ompreésion than the humidified untreated wood. A oompressive forge-
tends to cause the fibre wall of a wood to buckle. Of course, the
ghain molécuies also buckle and in censeqﬁen&e lateral restraining
forces are introduced that increase as the moistuve content of the wood
decreases (13). Therefore resistance of wood to compression increases
as water is lost from cell walls because the walls attain greater -
rstiifness.

The’ results show that the samplas that were treated with the .
5&% styrene solution {average F.P.3. = O, 3?4) are on the average
17.3 pa 5.3% stronger than the oven-drledruqtreated wood. Undoubtedly
the action of the polystyrene in the cell wall is similar to that of
water; i.e., a deatructien of hydrogen bonds.has oceurred; However,
the bulking properties of the plastic, both in the cell wall and in the-
lumen, h‘éve éémpensated for the loss of strength associated with the
sepgration of the celluloseuchains. For the samples treated with 27%
styrene solution thefe is no significent diffefance between the maximum
cruéhiné_sﬁrength as compared to the even-dried Qamples. This indicates
that the bulking action of the polystyrene (F.P.S. = 0.154) is.jﬁst -
enough to nullify the strength loss caumed by b?eaking of the hydrogen
bonds. |

The samples treated with pure'styrene at én average F.P.§. of
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0.468 ars 47.1 t 10.%% stronger than the untreated oven-dried samples.

~#Also the multiple correlation shows that the compressive strength is a

f_fuhctian of the polymer content. For example, 8 25% ingrease in F.P.S.

?Etfo;difﬁ 6;5)-w111 increase the strength 14.5% (11710 té 13450 pei).
éhiéris reagonable in view of the fact that polystyrene is relativély
_stréng_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 common "original" specific gravity and F.P.S.
yielded values of 12580 I 1310 and 11350 I 558 psi respectively. It
cén,be sheﬂn that there is no significant difference between these
-Véluea at the 95%rconfidence limits*; i;e.. the variance of the mean

at an original specific gravity of 0.449 and an F.P.S5. value of 0.374
12580 - 11350
12580
- insignificant at this confidence level. At any rate, the results show that

is so large that a difference of ailo%,muet be considered

the compressive strength of the wood tregted with pure styrene is not
10% higher than that of the wood treated with the 54% styrene solution

at gommen F.P.5. and specific gravity values, .

' Tenéion Parallel to the Grain

The ultimate tenaile strength for the aolution—treaﬁed samples

‘is substantially lower than that of the untreated samples. JFor those -

. treated with the 54% styrene solution (average F.P.E. = 0.381) the

" However, there 1s a significant differencé at ﬁh§'9Q%Vlevel.
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,.3hékeése was 31,0 t 74%%. For the. samples treated with the 2?% styrene

gsolution (aVGrage F.P.8. = 0.146) the decrease was 26 7 L1448, This

3r"ductien in strength could be due to two facters.;ﬂ 3=ﬁ

(1) ‘the penetration of styrene into the'walisﬁhas led to a
?alossfln molecular cohesion accompanying the sWelling or the separation
iolitha Ceklﬁlose chains.

(2) the rediation dose has degraded the wood and caused a

§}ée5f955e in the average D, P. of the cellulose initﬁéfwaiis.

i | The samples treated with pure styrépé-yiei&fan average tensile
?%ﬁééﬁgth which is insignificently different from the untreated samples
;fﬁéééénon a common specific gravity of O.hBl-a#d an-avérage F.F.8. of
wQuﬁal for the treated samples. If we equate the average strength

‘ ﬁélﬁég of the treated and untreated sampies we get

14200

fi

87000 (L431) + 26500 (F.P.8.)

whence  F.P.8. = 0.506.

H

Thus.at Fragtion Polystyrene_valueg above 0,506 the treated samples are
‘:stﬁénger:than the untreated; below this value they ore weaker, It is
rpcssible-that two simultaneous effects are causing t?is behaviours:
Gi},the degradation and weakening of the qud by radiation and (2) the
strengthening of the wood a&s a result of the bulking and bementing due
to the presence of polystyrene in the zones of weskness in the tracheidéin

| néﬁely, the bordered pits (13). At around F.P.S. = d.506 these effects
cancel sdch ather. It is noted that since no polysbyrene is present

in the walls for these samples, no separation of the cellulose fibres
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ecéurs.

It was felt that a comparison betﬁeen the samples treated
wzth pure styrene and those treated with the 54% styrene solution
r(average F.P.8. = .381) would be unjustified because 1t would involve
8 gross extrapolatioﬂ of the mualtiple co:relatidn; i.e., only_l value
out of 1% had an F.P.S. value less than 0.453. In addition, the sample
size was relatively small.and the variance high. Géﬁséquently the
?afiance of the mean was large and strength values differing from the

. . 7
mean have aSsociated with them very broad confidence limits. For

ex&m-ple' at an lloriginal" specific gravity of Olli'52 and FtPcS' Of 0.381. R

Ehélaverage strength value of the sambles treate& with pure styrene is
11500 ¥ 3900 psi. Therefora'strength values differing'by less than
abéut 30%. must be considered stutistically equal, This inability to
firmly-estahliéh the significance of small differences is inherent in
-ali the data in this work where a‘large variance and a small sample

size are involved.

Static Bending | | -

- When beams aré tested under static beﬁdiﬁgfthe convex surface
ié stressed in tension and the concave surface in'édmpression. The
rinitial failure of wood during bénding'occurs'by compression. (The
. deviation from linearity on the load-deflection curve is a result of a
Hcémpression faiiure.j ~However, the ultimate breaking of wood in’bending

1s a failure in tension,
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#

" Modulus of Rupture

In general for untreated wood, the maximum tensile strength
is slightly greater then the corresponding bending strength value (13,
'?iﬁ); This is not the case for' the treated samples; however, the maximum
beﬁding strength may still be conaidered strongly dependent on the
ultimate tenslle strenéth 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 Nrad a decrease in strength of 3.5 s 2.% ié noted; for 4.5 Mrad
_thé modulus of rupture decresases 9.9 o 3.7%., .Irradiation is known to
decrease the D.P., and the tensile strength of cellulose (20, 29, 83 - 87).
Being dependent upon the tensille strength, the maximum bending strength
also deoreases.

Thé 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 byAweight. The incfease in gtrength as #he cell
walls lose water is caused by progressive hydrogen boﬁding of the
hydroxyl groups of the cellulose chains as water is removed. The
semples treated with solutions of (1) 54%% styreme, 42% methanol and
b water, (2) 65% styreﬁe. 32% methanol and 3% water and (3) 76% styrene,
22,5% methanol and 1.5% water by weight, when huﬁidified_and teated under
static loading yielded modulus of rupture values which were not
signifiocantly different from the untreated humidified samples. It is

believed that the equivalence of the breaking sfrengths for treated
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apd"untreated humidified wood is fortuitous. The treated wood has a

;iéwer tensile but higher compressive strength than the untreated wood;

| these two effects probably nullify each other,

co Wood trgated with a solution of 54 styrene, 42% methanol

" and 4% water, when oven-dried and stressed in bending, showed a

2%.8 ¥ 8.1% decrease in maximum bending streﬁgth 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

moisturé 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 sclution yielded modulus of rupture values equivalent

~to the humidified wood treated with 54% and 65% styrene solutions.. Two

. gonelusions can be drawn from this result:

(1) the moisture in the huﬁidified 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 conceined, over the

treatment used by Werezak and Ramalingam.



216

The wood treated with the 27% styrene, 65% methanol and 4%
_watar-solution led to similar results. These samples had a maxisum
,béﬁding strength which was 35.2 ~ 18.8% lower than the oven-dried
iéﬁéré#ied wood. Tﬁis.large decrease is accouﬁted for by the
2’7‘.2.'t 12;9% desrease in tensile strength and the negligiﬁle improvement
in compressive strength.

The samples which were treated with pure styrene showed only
a 6.4 L 6,2% decrease.in bending strength when compared to the ovenw~
dried untreated wood at an F.P.3. of 0.487 and an "original? specific
gravity of O.41lh, The fact that the modulus of rupture is a very
strong function of the maximum tensile strength of wood and not very
depeﬁdent on the ultimate crushing strength is demonstrated here.

Compared to the untreated ﬁood, the maximum bending strength chénged
| %ery little as did the tensile strength, e;en though the maximum crushing
strength improved 47%.

Comparing the samples treated with pure atyrene‘with those
treated with the 54% styrene solution. leads to very large variances
of the mean. The strength of the above treated samples at an original
specific gravity of O.41k and P.P.8. of 0.382 are 14350 ¥ 1280 and
1%120 £ 1910 respectively. Because of the large confidence limita

it cannot be said that the 14350 - 13120

550 x 100 = 9.4 difference in

values is significant.

Stress at the Proportional Limit

Because initial failure in bending is ueually compressive
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in nature, it follows that mtress at the propoftional iimit in compreséion
parallel to the grain, not stress in temsion along the grain, controls
the ‘proportional limit of wodd when it is used as a beam. Unfoftunatély,
" fhe stress at the‘praportionél limit in compression wag not determined
' iﬁ this work; however, it is believed that the stress at the proportional
limit in static bendingifor the treated smamples, as for the untreated
/
' énaé, is a strong function of the ultimate crusﬁinérstrength of the
wWood.
" As in the case of the other étrength properties, the stress
at the proportional limit is highly depéndent upon'thé moisiure content
" of the wood. The oven-dried Qood is, on the average, 35.9 % 6.2%
stfongsr'than the humidified wood. The corresponding increaée-in the
*-éompressive strength is 57.4 % 3.4%.
1 © The samples treated by Werezak with‘the 54 and 65% styrene
éélutiona and then humidified,are, on the éverage, 25,1 L 6.2% stronger
in the stress at the proportional limit than the untreated humidified
; samﬁiea. On the other hand, the oven-dried samples which had béen
" ireated in the present work with the 54% solutioﬁ,'diéplay no improvement
pin'this Stréngth property when compared to the oven-dried untreated
wood at a common Moriginal" specific gravity.* Now it can be shown
z;fﬁaf in éohtrast to the modulus of rupture results, the oven=dried
E——
* There is a significant difference at the 90% confidence level.

-_.f This value is 9,5 £ 8.3%.
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;Efeéted samples are 23.2 * 10.6% stronger in the proportional-limit

-;a;;éss‘than the corresponding humidified'treated samples., It seems

'Aéasonable to assume that the difference in compressive étrengths
-wégiéigé si@ilar férthis value, .With this assumption, it is easily
”éﬁ@ﬁﬁ that the humidified treated wood would be 40 - 50% stronger in
Arcompression than the hwnidified untreated wood (average value = 5900 psi).
” The wood treated with the 27% styrene solution shows no
&ignifiaaﬁt improvement over the untreated oven-dried aaméles for the
ptress at the proportional limit. This result is expected since no
‘iﬁprovement in the compressive étrength was obtained. Iﬁ fact, it is
_ beiiGVed that the initial and only failure in these samples was tensile
in nature since the load-deflection curves displajed no deviatién from
Tinearity.
For the wood treated with pure styrene the increase in the
" proportional-limit stress as compared to the oven-dried untreated wood
Was 38.5 ¥ 6.%%, The corresponding increase iﬁ éompressive strength
was 47.1 L 10.3%. Thus, it is seen that the étress at the proportional
1limit isAgplated to the maximum crushing strength}i This relationship

'is more readily discerned by the fellowing table, comparing the average

'vélues of bbth strength properties.
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Stress at Proportional = Maximum Crushing

o | Limit psi Strength psi
* untreated humidified wood 8900 . .5900
| untreated oven-dried wood 12100 b 9280
wood treated with 27% 13600 9430
. 8tyrene solution ' '
wood treated with S54% 14200 | 11350
styrene solution ‘ -
wood treated with pure

15800 13650
styrene X

In summary:

(1) for treated and untreated wood alike the stress at the
proportional limit is a function of the compressive astrength.
7 (2) the solution treated wood when humidified.displayg an
increase in the stress at the proportiocnal iimit ag compared to
untreated humidified wood. |

(3) the solutioﬁ treated samples when oveﬁ-dried‘showed no
.increase in this strength property when compared foloven-dried untreated
vood. |

(%) wood, when treated with pure styrene, sﬁcwed a marked
increase in the stress at the proportional limit.

Modulugs of Blasticity

The modulus of elasticity E is & measure of the stiffness or

' rigidity of @ material, C(Consider the following relationship,
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B -9 _E/A gg
. e §/¢° 18
Whgfé P = load | | S = total deformation
A = stressed area £ = length of member .
‘c ; étress € = strain |

irzit is séen for a given stressed area and length of beém, a material
f,will have a hlgher modulus of elast101ty if it deforma 1933 for a
;glven load. In other words, for a beam, the modulus pf elasticlty is
a{gaﬁgerof its resistance to deflection,

The results indicate that the treatment of wood with styrene
has net improved this material's stiffnes=z, On the contrary, the
rigidity has decroased for some of the treatments.

The samples treated with the 54% and 65% styrene solution
énd humidified before testing have an average Medulus of Elastlclty
16.3 L 4,5% lower then the humidified untreated sample. Similarly,
the semples treated with the 54 styrene solution and oven-dried before
testing display a 13.9 % 4,74 deorease in this strength property when
compared to oven-drled untreated wood,

The samples treated with the 27% solution have an average
Modulus of Elasticity of 1810 I 674 x 103 psi based on nine sanples.
The untreated oveL-dried samples have an average value of
2480 % 93 x 10° psi at a specific gravity of 46k, It cannot be said
with 95% confidence fhat these values are significantly different.

More samples need to be tested in order to say that there is, in fact,

a significent difference..
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The modulus of elasticity for the samples treated with
pure styrene is not significantly greater thaﬁ the untreated oven-
dried wood. |

The reason for the lack of improvement in the modului of
elasticity for the golution treatments is

(1) the resulting separatién of cellulose fibres due to
the infiltration of polystyrene in.the wall has attenﬁated the chain-
-to=chain forces,

(2) polyatyrene is a relatively flexible materlal which
has a Modulus of Elasticity (E = 4.0 - 5.0 x 10° pei) 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 leoad. It indicates the ability of the wood to absord
shock without permenent damage; i.e., it sets a valpe on the resilience

of the beam. The work to the meximum load in static bending represents

the ability of the wood to absord shock with some permanent deformation.

It is a measure of the comblned streﬁgth and toughneass of wood.

The presence of moisture greatly affects the work expressionsz.

The oven-dried gamples have an average value of work to the propertional

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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1limit values.which are on the average 78.2 irla.a% higher than thoae'
‘ef the untreated humidified wood. Similarly, the values of the
-avéfége vork to proportional limit for oven~dried treated samples
-:ére_frﬁm 58,1 % 45,19 to 70,4 ¥ 3k, %y higher than those of the untreated
oven-dfied wood, This indicates that the resilience of all the
treated samples ia substantially higher than that of wood alone.

On the other hand, the work to the makimum lead associated
with tﬁe 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 I 15.5% lower than the humidified untreated
wood. Similarly, the decrease in work for the oveén<dried treated
samples varies from 33.2 £ 16.2% to 47.1 I 17.6%. Thus the treated

wood is less tough than the untreated wood.



223%

EPILOGUE

The initial aim of this investigation wae to enhance the
- bending strength of wood by means of thg rédiation—initi&ted, in situ
é;ﬁf£-;;polymerization of styrene in wood. Iﬁ was believed that heating
solution-impregnated wood during the irradiation step would increase the
diffusion of styfene monomer to the free radical mites which, in the
previous work, had not been utilized in the grafiing process; more grafting
would necessarlily ooccur an§, as a result, an increase in bending strength
would (hopefully) be obtained. Thérafore, the objective of this work
rias well as that of Ramalingam and Werezak) is based on the premise that
(1) heating increases 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
- process. It was determined that grafting or associating (measured by
the amount of polystyrene that was unextractable) is a functien of the
transfer of monomer from the céll lumen into the cell wall where actual
grafting (initiated by cellulose free radicals) and entangling or crosge
linking occur. This transfer is dependent upon such factors as the method
éf'impregnation, the specific gfavity of the wood and moreover the amount
. of sﬁelling agents, particularly water, that is present in the impregnating
solution._ It was ftheorized that the mechaniasm whereby styrene entered
the cell wall was "preferential extraction. This process consists of

en initial selective adsorption of water irom the solution by the cellulose
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in the Qalls followed by a siow diffusion of st&reue into the sufficiently
swollen structure., However, the tranzfer of monomer into the walls was
féund to be independent of the temperature during irradiatién; i.e., an
iﬁé;éaée in temperature did not increase the diffusion of styrene into
the cell.-wall, It is thought that this transfer ecan only be accomplishea
by swelling the wall beforehand. Hence the assumption that heating the
woodsétyrene system increases the amount of grafting (or associating)
must be rejected. 7

The belief that grafting per se would increase the bending
gtrength of wood is still not confirmed. This is due to the fact that
the grafting technique introduces other effects which weaken the woéd.
Twe such effects are permanent swelling of the wood and degradation of
cellulose by irradiation., It is wnfortunate that the previocus researchers
used bending load rather than modulus of'rupture as the index of strength
because the increase in swell was not taken into acgount.- As & result,
increases in bending strength of 50% were reported. In fact, es shown in
this work, the bending strength (as ﬁeasured by the modulus of rupture)
of the wood treated by Werezak shows no significant improvement when
compared o the 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 additien, the modulus
- of elasticity, the work to the maximuq 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 has
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- attenuated the hydrogéen bonding between cellulose macromolecules and the
resuli is a lower sirength uncompensated by the grafted polystyrene.
' Although no work was carried ocut to determine the frequeqcy of grafting,
— iﬁ-ié-éssumed to be very low. Whether a greater ffequencﬁ would lead

to an increase in strength is still open to question. On_ﬁhe other

“hand, the maximum crusliing étrength 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 for the treated wood
than for the unireated. This is believed to be due to bulkiné. Therefore,
it ecén be seen that wood treated with & solution of styrene, methenel
and water, although beinngeaker in some propertles, displays improvements
in others. However, the snhancement, in contrast to ihat reporfed by the
previcus workers, is not striking., In fect, from an induétrial viewpoint,
" the use of swelling agents in the radiation-initiated in situ poly-
“merization of atyrene in wood looks far from promising.

This is not necessarily the situdtion for the wood trealed

with pure styrene., From Ramalingam's results it was shown thet this
wood, when humidified, is about 50% stronger in modulus of rupture than
the untreated humidified wood. When Gompgred on a molsture~free basgis,
. ﬁhe treated wood is only about 6% weaker. On the same basis, this woed
is as strong as or strohger than the untreated wood for all other measured
properties ekcept the work to the maximum load., HNow it is noted from
Ramelingam's resulis that.wood in which pure styrene was allowed to

polymerize thermally with a catalyst yields modulus of rupture values
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vhich are identical with the radiation-initiated treated wood, It is
aSéumed that the other physical properties behave similarly. This is
rimportant from an industrial coneideration, The commercial enterprises
/;§6ﬁ$§¥ed by the U.5. Atemic Energy Commission have used exclusively
nucléar radiation for the initiation of in situ polymerization. Is
this justified? The point is this:
(2) gamma radiation is useful because ié uniquely produces
graft~copolymerization.
(b) @welling agents must be employed if grafting is to be
achieved.
(c) the weakening effect of the swelling egents outweighs the
strength cont?ibution (if any) of the graft copolyme;.
(d) thermal polymerization is at least as effective as radiation
peolymerization in conferring enhanced gtrength properties
and dimensional stability to wood,
Therefore the use of radiation polymerization in the preparation ;f

wocd-plastic gomposites appears unjustified.
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APPENDIX T -

- Bffect of High Evergy Radiation on Cellulose

Schoepffls and Conmnell (19) in 1929 observed that paper,
'?_;ﬁfééﬁééufé to cathode rays, gave off hydrogen, carbon dioxide and
carbon ménﬁxide.- It became brittle ‘and crumbly on prolonged exposure.

In 1952, Saemen, Millett and Lawton {20) irradiated wood,
ond pulp, cotton linters and glucose with high energ& electrons. The
main effect was found ﬁo.be the degradafion of cellulose == i.e.,
scission of the main cellulose chain =- accompanied by the decomposition
of the menomer glucose unit. A sﬁarp decreage in the degree of |
pcl&mapizatinn occurred at dosages exceeding 106 equivalent roentgens.
Cellulose was copvertéd to water socluble preducts after a radiation
dose. of 5x108 roentgens., In contrast to conventional chemicgal
resctions of cellulose, it was obssrved thatqradiation-inducéd changes
oteurred randomly; that is, no distiﬁction.was made between the effects
in amorpheis and crystalline regions.

In 1957, Glege and Kertesz (22) reported their investigation
of the degradative sffect of gamﬁa rays from & 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 siénificant effe;t on the extent of radiation-induced
degradation. Tﬁevintrinsic viscosity (M) fof the cellulose decreased
linearly as a functiqp of the log of the irradiation desme. Irradiated

dry ¢ellulose samples exhibited & mtrong post~irradiation degradation



236

effeot which continued for 60 - 70 days after irradiation, Subsequent
work,on the decrease of the intrineic v150051ty (23) showed that this
after-effect could be curtailed by the addition of water or water
“vapour. The addition of oxygen during or after 1rrad1ation was

found to contribute to a further decrease in (q).

In the period from 1958 to 1962, Arthur and colleagues
published a geries of excellent papers deal;ng with the effects of
high energy radiation eon cotton cellulose. In 1958, Blouin and
Arthur- (24) irradiated- purified cotton linters in oxygen and nitrogen
atmospheres and determined the chemical and :phyaical effects by
standard methods of cellulose chemistry., The main effects were the
formation of oarbonyi and carboxyl groups on the c¢ellulose and chain
cleévage.' The ratio of these effects was approximately 20:1:1
resﬁectively. The effect of gamma radiation on cellulose was found to
be slightly less in a nitrogen atmoséhere than in oxygen. By infrared
spectrum analysis it was postulated that there was no change in the .
erystalline structure of the cellulose,

In another ?aper, Arthur (25) -proposed a mechanlam to
explain the effect of high energy radiation on some molecular properties
of cotton céllulosér Thesge ﬁfoperties could be related by the equation

£ZnP = kinin+K
where Nn is the radiation dose, P is the molecular property such as
degree of polymeriﬁatién, carbonyl or carboxyl group formation, gnd

k and X are constants., "By making & log-log piot of the experimental
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data,'straight lines were obtained, confirming the form of the
-=equatlon for & dose range of 10° - 108 roentgens.

- In 1960, Blouin and Arthur (26) made a detalled investlgation

r'of'the;speéific nature of groups formed on cotton cellulose irrddlated
in air,'oxygen\and nitrogen atmospheres to & dose of 108 roentgens,
Tﬁé-rétio of carbonylicarboxyl groupstchain cleavages formed was.
aceufately determined to be 19:0.5:1. The irradiated cellulose was -~

- fractionated and the acid and reducing group conbent of each fraction
' waé-eempared-to the total content befors fractionation, The number
of acldic groups inc;eased as the molecular welght of the fractioms
de¢ressed. This observation-strongl& indicated that the acidie
groups #ere at the ends of the chains, The carbonyl groups abpeared
to be evenly distributed along the chain since the carbonyi-content
dia not:change with Ehe,fractions. Analysis of the water soluble and
"watér-inséluble fracfions gave negative results indicating the absence
of ?eroxiﬁe“groups wiihin the accuracy of the method*. The féllowing
mechanism of the interaction of ionizing radiation with celi;iose wasg
proposed: the twé carbon atoms involved in the glucosidic linkage
are tﬁésel and Ch positions; therefore, éctivétion of these two

pesitiens could most likely lead to chain cleavege. ‘The ratio of

* It takes a very small amount of peroxide (ca. 0.0l - 0.02%) to

aécéunt for all of the free radicals required for graft yalymerizatian.
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"}19 10, 5 1 for carbenyl'earbexyl groupichain cleayage, ahew that for
"every twe chain cleavages, an acidic group is formed. Thle 1ndicates

[:‘that the formation of acidic groups oocurs at the chaln ende. IWhen

"'f}_the Cl_p051tion is actlvated, ghain cleavage occure, forming -

'L:?E-ketoglucenlc acid on the reducing end. Actlvatlon ef the 04 p051tion
':rasults in chain cleavage, 1iberat1ng the reducing end cf the chaln a8
an unaltered glucose unit and producing a ketone group in the G'-i»
'_peeitiee~on the non-reducing end of‘the other chain, Aefieeiien of
the_ca;'c3; 05 -and-G6 positions caused carbonyl groep formaﬁieﬁ with
the.evelﬁtion of h&drogen without chain oleavage. The'predoﬁinant
‘reaction on irradiation of cellulose was dehydrogenation with the
preﬁuctiop of reducieg groups, either ketones or aldehydee.iAThe gases
produced during irradiationiwere imsolated and analyeed-bj-éese |
speetfemetry. Carbon monoxide, carbon dioxide'and hydregen wefe
'Afound.. When available, large amounts of oxXygen were ceneumed during
the irradiation. -This could have been due to reaction ﬁith the
1ibefa£ed hydrogen to form water or to formation of acidic groups or
""of carbon dlexide, The carbon dioxide and carbon monoxide were considered
.to be- seeondary degradation produets formed by deeomposmtion of the
_carbonyl groupa for carbon monoxide and by decarboxylatlen of carbexyl
- groups in the case of carbon dioxide.
e A subsequent paper by Arthur et al (27) reported that oxygen
was reactlng with the ionized cellulose at a faster rate than gases

were being evolved. By mass spectrometry, the ratio of'the principal
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gaseé evo}ved, hydrogen, carbon dioxide and carbon monoxide was
found to be:
- For nitrogen atmosphere (1x108 roentgens ) 1:1.1:1.8
-:For oxygen atmosphere (O.9x108 roentgens) ‘1:4.2:11
For air atmosphere (0.8x108 roentgens) 1:2,21h4.6
Husng (28) in 1963 studied'the degradation of cotton cellulose
by gamme ray irrvadiztion in air. The dose rate of his source was

6

1.3 = 1.4x107 r/nr. The degree of polymerization of the cellulose

decreased steadily with increasing doses

Doae 1106 rads) Degres of Polymerization
0 | B 1676
0.1 1252
1.0 557
10 116
100 ' 18

The results show good ag;eement with Saeman et al (20) and with
Arthur (25), fThis suggests that, since dose rates varied
considerably among the three investigations, the depolymerization of
cellulose is & functioﬁ of teotal radiation dose and is independent

of intensity.
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APPENDIX II

Elegtron Spin Resonance Studies

Glegg and Kertesz (22) in 1957 cbversed the preSence.af

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 thffen (50) in 1958 investigated the electron
spin resonance of cellulose i?radiated in vacuo. A narrow electron
spin résonance gpectrum with marked assymetryrwas obtained.

Florin (51) in 1960 repofted his studies on the investigation
of the electron spin resonance of gamme ray irrédiatéd cellulose. It

was established that there are two kinds of radicals present, one of

" which hes considerable olectron density on oxygen and the other is a

carbon~ended radigal, He suggested that because of cage effects C«H

and 0-H breaks are somewhat more likely than C-C and C~0 breaks. The

free radicals formed in dry cellﬁlose were relatively sfable, even over

8, ?eried of several months at room temperature. With elevated tempgratures
the decay of radicals in dry cellulose required several days at 70°C,

many hours at 100 - 120°C and a few hours at 100 - 200°C. The G-value

of radical production was estimated to be around 2.6.

Kavage (52) in 1960 studied the electron spin resonance
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lrséecfra of radicals produced in cellulose irradiated in vacuum and in
drytair.,,Cellulese samples irradiated under vacuum at 75°C and then
héétéﬁ at 100°C yielded initial electron spin resonance spectra consistink
éfutﬁe-$§erlapping-of the spectra of several species. In the final
stéges éf heat treatment only radicals showing doublet 6r triplet spectra
{two or three absorption peaks) were thought to remain. When the
vaeuﬁm of a sample irradimted at 20°C was broken, a rapid decay of
radicais occurred a£ room temperatﬁre untilAa constant level was
reached after which the spectra changed very little. When the cellulose
was irradiated at room femperature and in air there were not great
differenees in thé:spectra immediately following irradiation compared
to the éame spectra for vaduum irradiation. The time change in air at
2050 wag the same as the change that resulted when the material
irradiated in vacuum was unsealed.— The decay rate was found to be very
rapld. |

Kuri and Usda (53) in 1061 studied the electron spin
resonance speﬁtra of the free‘radicals produced in gamma irradiated
rcelluIOSe. The cellulose was (1) dirradiated in vacuo (2) irradiated
in“sﬁlﬁhur dioxiﬁe-(3) irradiated in vacuo and followed by the intro-
duction ef-sulphﬁr dioxide.  Identical spectra were obtained for the
three methods. Other hydrophilic polymers such as starch, carboxymethyl-
¢esllulose, sodium alginate and polyvinyl alcochol produced simi}ar
resulté. In contrast, polyethylene yielded three different electron

spin resonance spectra under the same experimental conditionsj this
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: indiéateé a reaction with sulphur dioxide. It was éénciﬁééd'that the

frée?rédioals formed in hydrophilic polyners were unreactive toward

50 -and this ¢ffect was thought due to inter- or intramolecular
rihﬁdregénrﬁondlng. |

SRR Wepezak (54) summarized further work carried out by Ueda and
 Kuri (5b) Various sugars and high polymers such as oellulose,
) cellublose and suorose were irradiated in vacuum at a dqéage of 10/ r.
Mané; aﬁd polysaccharides were found to give radicals whic£ did not
" react with Q,» MO or H,8, It appesred that in the solid state these
7§é&icéisrwére entirely unreactive at room temperatureés -ifradiated
sampiééjwére treateﬁ thermally for eleven minutes and tﬁéif'électron
syin resonance absorption intensity compared with the 1ntensity at 20°C.
-}It was- feund that for températures up to ca. 80°C very little change of
intensity ogcurred, quever, ‘for higher temperatures‘ a very sharp
: decrease was noted. From these and other results it was éoncluded that
the fadiéals prodﬁced in compounds with OH groups are stabiiized by
.hydéégén ?onding. The unreactivitj of -these radicalérin the solid
5tat§.with geses may be ascribed to the hy&rogen bon&ing network which
prevents the gas éntry. While there was & gradual disappearing of
:raaiééls even at relatively low temperatures,'at higher temperaturés
theve were still portions with small molscular chain mbtion} This was
axﬁiained-on the basis of heterogeneous distribution of orystal_states
in high polymers. Although glucose, cellublose, maltose, cellulose and

stareh have the same constituents, the radicals produced have different
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dééay rates presumably due to different crystalline sfates. The

- ra&icals in cellulése>disappeared mofe rapidly than those in cellubiose
o presumably due to the more erystalline atate of the latter. An
"rexplanation for the change in the shape of the electron. spin resonance
curve by thermal treatment is that the crystal state (or the state of
:hydrogén bonding) is disturbed, Another possible reason given is that
3ﬂhgn_fhe radicals disappear, dehydration takes flacé and the resulting
rl?wéfér has some effect of the speotrum.

Kesting and Stannett (40) in 1962 investigated the formation

. and decay of free radicals in cotton celluloae using electron spin

' } resonance spectrometry, CO0~-60 gamma rays were used at a dose rate of

;.;,;0.§24 Mr/hr. Moist and dry eamples were irradiated in air and in

%écuum. Electron spin resonance méasurements showed that fewer trapped
radicalg were present in moist cellulose. It is suggested thét some

-of the cellulose trapped radicals combined 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 abéut 10% lower thaﬁ that in vacuum
at the same temperature. The concentration of radicals increased
continually with dose. Direct radical decay measurements showed a second
order rate process (K = 1.%510™7 1litres moles * sec ), The authors
believe that the kineticé of decay is complicated by the heterogenecus
nature of the cellulose; i.e., radicals formed in the amorphous regions

have a greater probsbility of combining than those in the crystalline

regions, Thus the overall rate constant is likely to be a superposition
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of many decay rate constanta,
It was found that the ratio between the increase in the number .
: éflpéiymer chains and the decrease in the number of radicals remained
iﬁju;;;;iy constant. T@is:atrongiy indigates that fhe-pélymerization
' Qés initiated by ﬁhe trapped;}ree rodicals which'prebogate in the
_ normal manner and terminate ;y mutual destruction.-»ﬁiso, electron spin
- resonance curves and grafting ylelds Were similar for pre-irradiation
.#n vacuum and for prefirradiation in air at room temperature. This

- would not be expected had grafting been initlated by peroxides. Howsver,

- -4t is believed that peroxide grafting may be significant at higher

femperatures.

Florin and Wall (56) in 1963 published their work on the'
éiéctron spin resonance of irradiafed cellulogse. Purified cellulose
gamples (cotton, hydrocellulose, filter paper) weére irradiatgd 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°¢. Thé electron spin resonance spectra obtained resemble
¢logely those of Abraham and Whiffen'(so). Tt was found that differences
in erystallinity had no obvious effect on the yleld or nature of the
radical electron spin resonance spectrum. The cbanges in spectral
shape upon heating as well as the general asymmetry indicated several
diffarent types of radical species. Thermal decay was found to be
iﬁperfectly second~order, falrly rapid above 120°C. Generally speaking,
the decdy curves were mgde up of two regions, consisting of a precipitous

_fall in radical comcentration followed by a levelling~off. Thus it
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o aﬁpears that radicals were being destroyed during irradiation at
r‘fétes.exoeeding by several orders of magnitude the simple.thermal

“decay rates. Formation of radicals at -196°C was found to be about

lEWE}'than'at adac. This is thought to be duarﬁé'cage effacts,

' ;AE$i£ibﬁ of water to samples irradiated at rcom tempéiature modified
'_'ﬁhé hyperfine structure of the eleetron spin resonance spectra and B
'  §ééﬁéd to cause an immediate disappeérance of some radidals after
-'whiéh?tima the remainder disappeared only somewhat faster than the decay
o} iadica1s in the untrested dry samples. The rédi#als:fﬁrmed in a

wet sample were just as long-lived as those formed in dry material but
thelr number was smaller. Exposure of irradiated samples'to gir
accelerated the rate of decay ten~fold without any large initis'.l'd‘éé}aﬁ.

" The G-value for radical formation. was caloulated ta be 2.8 radicals/100 ev
abosrbed, Becauge the authgrs' GR valus is mﬁch less than the G-value
caloulated by Charlesby (G = 10) on the basis of chemical changes, it

Iig suggested that meny energetically '"hot" or chemisally unstable
radicals exist during irradiation‘and these react as formed with each
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 then exiéting in-close paifs or clusters and whieh

- recombine, primarily by diffusion with several energies depending on
sife and type Af radical, Water is believed to serve as a reactant

when present during irradiation but its principal role if added later

is to facilitate diffusion into nonerystalline regions and to open up
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' the erystalline regions for diffusion, Nevertheless, it is believed

*lithét.é few sites were completely immune to this aétien of water in

i'”,viéw of the levelling off of the decay curves and the long life of
ihradlcala formed with water present.
| ‘Bernard, Gagnaire and Servoz-Gavin {57) in 1963 reported &
' véry interesting study of the radicglé found before, during and after
’tﬁé radiatién-iﬁitiated'6opolymerizaticn of styrene onto cellulose
.-Auéihg the electron spin resonance technique of'deteotion; Cotton

‘linters were irradiasted with CO-60 gamma rays with & dose of 2.4 Mrads

'T'i(Bxlog r/hr) at room temperature. The initial hyperfine structure of

the cotton irradiated in a lO—q mm Hg vacuum was éssentially the same
asrthat from samples irradiated in air. The asymmeﬁricél curves were
‘{similar to those found by previous workers (56). As a first
épproximation the numﬁer of radicals formed was proportional to the

" irradiation dose. An increase in dose did not affect the shape of‘the

hyperfine structure. The initial sPectfum wag modified by soaking the

'*,'samples in water, then drying under vacuum. The samples treated in

. this mawner yielded an electron spin resenance a?ectrum which was
egsentially symmetriﬁal with 5 lines extending over 75 gauss (generally
Sbeaking, one species of radicals will give a symmetrical hyperfine |
structure). The spectrum representing the structure of the raaicals-

~ destroyed by the water was obtained by subtracting thé regulting curve
.from the initisl one. A spectrum which is practically symmetrical on

L4 lines was obtained. By a double integration of the curves, the
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authore estimated that the percentage of radicals destroyed by water
i'ﬁag 56%. The initial spectrum was then explained Ey the superposition

" 6f the spectrum of two classes of radicals differing by their reactivity

Witﬁrégéer:'r
S (1) radical type A; a stable radical; 5 lines over 75 geuss,
| £§é relative intensity of the order 1-3-6-3-1.
- (2) radicals of type B; less stable-radicais; b 1inés over %
75 geuss with relative intensities of 1-10-10-1,
The authors also studied the effect of different styrene
‘solutions on the radicais formed in cellulose. Pure styrene added to
the irradiated celiuiose led to a negligible amount of graft. The
electfon séin resonance spectrum thﬁs ob£ained showed the disappearance
of radicala of type B and a very small décrease of radicals of type A.
Styrens ad&ed_to an irradiated c¢ellulose sample in & 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 & disappear;nce
-6f faéicgle of type B and a no;iceable decrease of radicals of type A.
The mutual radiationlof cellulose soaked in styrene carried out in an
evacuated sealed tube yielded no graft. Radicals identical to those
. found in_the preuirradiation wits pure styrene were found. On using
the inclusion method, & 130% grafted product was obtained aleng with a
- e;mplete disappearance of both types of radicals, In all éases
. gtyrene radicals were not observed at any timee It is postulated that

water and styrene react (or destroy) radicals of type B and that graft
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' cépéi&mérizaﬁion with styrene ls initiated by radicals of type A whose
sitea-are made accessible by means of swelling by water (which does

' : not ?éact with these radicals). The authors suggest that radicals of
,“ £§§é.ﬁlmay Se thosé formed by a hydrogen abstractieﬁ frém carbon 6I
7: 7Gf:the anhydroglucose unit and tﬁose of type A may be due to hydrogen .

abst}action from oarboné 2 and 3.
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APPENDIX III

Free Radiéals Avéilable_for Grafting

(&) 1In the Secondary Wall

The G-value for main chain sclssion (number of scissions
formed per 100 ev absorbed) ih cellulose has been estimaéeﬁ by Charlesby
(21) to be 11. Florin ana Wﬁll (56} thaiéed a G;value for radical
: préduotion of'2.8; This was based on electron spin resonance measurementsj
the low value, a&s compared to_that obtained by Charlesby was believed
due to the inability‘tc defect many unstable free radicals which cause
| degradatioﬁ 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
aﬁd Arthur'k26) found that the ratio of carbonyl:carboxyl groups:chain
claavages-farmed was 19:0.5:&.' From thia it seems reasonable to assume
that there are free radicals formed in cgllulosa that do not lead to
main chain fracture. However; let us choose a conservative value of”
- 10 for Gy
Considering 2 dose of 3.5 Mr, the mnergy absorbed per gream of
cellulose is

losrad 6.25x1013ev 1
x x

i Mr g rad

3.5 Mr x

= 2.18x1020 G.Vo
Noﬁ wood contains abogt 25% lignin (12); also about 50% of the total
cellulose content is inaccessible to both water and styrene (18)._
Therefore the number of free radicals that might take part in the

grafting process is

0.50 % 0.75 x 2.18 x 10t = 8.2x10%8

radicals/gm-wood .
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Now each gram of wood takes up abeut one gram of styrene (see Tables
2 - 21), For an average molecular weight of 100,000 for the grafted
- polystyrene the number of polystyrene chains in 1 gram of wood would be

6.02x1023 18

W = 6.'02_}{10
’

'iheréfare 6.02::1018 radicala {assuming 1 radical/chain) would be

reguired in order completely to gfaft 1 gram of polystyrene onto
cellulose., §Since 3,5 Mr will form 8.2x1018 radiesls, complete grafting
is theoretlcally posaible.

(b) On the Lumen Surface

. The following data was taken from Stamm, Chapter 11, “Internal.
-surface and Accessibility", Pages 187 -~ 200 (14).

" Wood with a dry-volume specific gravity of O.h4 will have a
lumen surféce of 2_.0x1013 cmafg. The interﬁal area of contact (within
the éecondary wall) with swelling agents is ca. 250 ma/g for water and
: 212 ma/g for methyl.alcohol. Taking the lowest value, we get 212/0.2
=;1060 times as much surface area in the secondary'wall ag on the lumen
rsﬁrface. The distribution of free radicals formed during irradiation
,is_likely to have the sams ratio,rwhich indicates thet there are
3.231018/1060_= 7.75x1015 free radicals formed on tﬁe lumen surface for
one gram of wood. Siﬁce the number of free radicals necessary for complete
—polymerizétion in the cell cavities ié about 6.02x1018, it can be seen
-'that there are 1000 times too few radicals avallable on the lumen suriace
for fotal conversion of styrene to grafted co-polymer. -Thus other

factors (such as cross-linking of the polystyrene) must be the cause of
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" " the high content of unextractable polystyrene.

)
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APPENDIX IV

Radiation Facility

The apparatus used for the irradiation of the samples is

" desoribed in the accompanyihg reprint of a brief artiecle appesring in
the literature (65) vac views of thg 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
diffieult to remove. Hence, 1t was found that it would be more
practieal 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
impregnent, a leak-free, thin-walled aluminum canlster was constructed
to contain the samples. Material balances on the sample, before and
-after drradiation, showed that up to temperatures of 80°C 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
wag placed in the loop after temperature equilibrium was reached =
{30 - 60 minutes, depending uponlthe temperature)., It took about
ten minutes to reach steady-state temperatures after the introduction
of the sample., The temperaﬁure difference between the ends of the
gample (16" long) was O C® for 39°C and 0.25 C® for temperatures from

39 - 80°C. In order to determine whether there was a substantial
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FIGURE 43

PHOTOGRAPH OF SWEEP APPARATUS: TRONT VIEW
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FIGURE 4k

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 Eheir recorded temperatures compared with the temperatures on the
'.élaﬁiﬁﬁm-canister. After steady state was reached, artemperature
difference of ieas than 1 C* was noted ét léw temperatures (39°C) and
a difference of less fhan 2 C° for higher temperatures (ca. 759%).

(3 'The dosimetry was carried out using the colour change
of cobalt glass oﬁ exposure to ioniéing-radiation. ‘This change in ,
roptical density was then used to determine the dose received by the
glass. .Previous work (67) had reléted the optical changé'of cobalt
glass 'to ferrous lons oﬁidizéd to ferric in a Fricke;dosimeter on
exposure to radiation. Optical deneity measurements were performed with
a Beckman DK-1 spectrophotometer. A'Qavelength of 4000A® was used for
all measurements. |
. - Bach point on Figure 5 of the accompanying reprint represents
the average éf experiments'in which four cobalt élasé 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.
Hencs, the wood samples received a uniform gamma flux.

(2) the cobalt glass sampies received negligible radiation
during the loading and unloading siages.

(3) the dose received by the glass was independent of the

speed of the truck carrying the C0-60 source..
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(4) there was a2 linear relalionship between total dose and

radiation period (see Figure 5, reprint).
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APPENDTIN ¥

SWélligg in Woed

In. PART 1 of thie thesis it was shownlthat.the radiation-

;iﬁéﬁbéa polymerization of styrene (in.solution with wethanol and water)
Zﬁféénsééfa grea$er'SWelling in wood than that caused by_wgtér. Consider
' ?é%@gfiments 18 « 20 where the impregnating solution-waé 76% styrene,
--22;5%-methandl and 1.5% water. The percéﬁt swell (Eééédrﬁn the volume

'Qf ﬁhe-oven-dry untreated wood) aé a function of the polymer retention
. (gm§:p91ystyrene/cc of wood) is shown in Fipure 45. It can be seen that
the percent swell increases raplidly with incressing polymer retention.
At zZero retention the pércent swell should obviouasly 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 atﬁospheric
pressure for 28 days, Figure 46 shown the percent swell (based on the
ovenadry'untreated wood) caused by the water uptake as & function of
polymer retention. There is a slight decrease in swelling as the retention
of polymer incresases. 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 incoreasing polymer retention is as follows: as
more solution is taken up by the wood, the asscciating efficiency lncreases
{see Figure 4) for reasons exﬁlained in PART 1. Thus there is relatively
more polymer in the céll 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
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based on the volume of the coven<dry untreated wood is largely due to

the large amount of dimensional change caused by the treatment.
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FIGURE 45

RELATIONSHIP BETWEEN % VOLUMETRIC SWELL
DUE TC 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

46,9% - 1.69

] = e
1

17
= 12.3; X = 0.298
_ . S()® = 5.60
7/ : S(b) = 4.9k

o~ ) "r= 0,926

0.1 0.2 0.3 0.4 0.5 0.6

X, Polymer Retention g polystyrene/cc 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

-6.96X + 7.56
17 '
¥ = 5,483 X = 0.298
s(¥)2 = 0.770
s(b) = 1.82
o ' r = <0,702

] B
1

]

R~—-11,6%: average swell for untreated

wood

0,1 S 0.2 0.3 0.4 0.5 0.6 0.7
X, Polymer Retention g polystyrene/cc of wood
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TOTAL PERCENT VOLUMETRIC SWELL
= SWELL DUE TO TREATMENT
+ SWELL IN WATER
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APPENDIX VI

Statistical Analysis of Data

A, Gefieral Definitions
"7 'The method of analysis is similar to that suggested by Volk
in ﬁAépIied Statistics for Engineers" (79).' Cther refeérences are
giv§ﬁ §8Qifr82j. The "correlation coefficient" program is shown on
ihe foiiéWing page. |

.(1}7-Linear Correlation of Two Variables

For least squafé line

% = a + bx o ! (1)

8 =3 -b% . (@)

. - 2 ’
~and b =Eixy - ?jfz]r[kk -— “'ﬁ——] | " (3)

where N = number of data points

X and Y are the mean values.

-té)r Significance of Linear Gorrelation
| The significance of a linear correlation can be measured by
the "correlation coéffiqient", This term ranges from O to %1,0 and
indicétés the goodness of a fit] zero for no correlation and £ 1.0 for

a'perfecﬁ vorrelation. The value is equal to

2 ()
o -2 m® - B

s
eanc

On Page 231 of Volk's book, the values of r corresponding to various
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probability levels (0.001 to Ogi) and degrees of freedom based on the
aull hy?athesis that there is no correlation between the two variables
‘involved.

. - (3) -¥ariance 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 ¥ ratio test for 1 and N—-2 degrees of freedom on the'.-
A
ratio 52(c)/s%(}) |
2 2ey =2 . o
where 87 (€) = r"Z(y-y) /1 = the variance estimate ar the
sum of squares of deviation attributable to the correlation
divided by the degree of freedom of 1
2.4, 2 -2 o
and S (Y) = (L =r )iy =~y )°/N~=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’\/N-—2/V1-—r2

(c) the "r' test described above.

{4) Confidence limiﬁs of.Slope_and Least—Squares Line
';he fol;owiﬁg fofmul#e give the eéfimated variances of the
various quéntities involved in a linear correlation.
oy = | (s
Nw-2

' . 2,4 : : o
"~ Variance of Y, 52(§}-= §_§XL A (5{_

, . 2.4
Variance of estimate, S7(Y) =
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- Variance of slope Sz(b) = 52(&! (?)
o e - 2
N

 Var1ance of any average estlmated value Yi

5 (Ii) = & (Y) -'ﬁ (LEJ:JEEL_ - | L (8)?
S - %) , ,

ﬂ,;:iVayiance of any single estimated value Yi

2,4 2 A 1 - 2 : :
87(YL) = 87(Y) 1+ + (x~xi ~(9)
N ___w,__li .
| | 1 - |
' i

B. Example: 12% moisture Modulus of Rupture vs, specific gravity
Con51der as an example Werezak's data for the Modulus of B
Rupture for humidified samples {(Figure 20},

&Y

Modulus, of Rupture in psi

X

oven—dry specific gravity

TX = 20.68 X = 20.68/48 = 0.431

o

636750 Y = 636750/48 = 13300

2 - 8.967 TxE - Exa/ﬂ = 0.0563

8

v 8.537 x 10° 8

ZYa/N 0.899 x 10
XY = Oo276 X 106 ZXY - EXY/N = 0.1847 X 101*’

shyy .
b = 5 = 22800 , (3
P U @

-

[:

—864 + %2800X a
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r = Tiyy = 0.821 )
(2t
- : 3.l 2
;;aas?(ﬁ) -4 “Nr“)g I - 63.8x 10"
C8%(n) = §-£§l = 1.13 x 107
B ,
8(v} = 3370
2,4 :
M = £ J 153k 200 s = 15
to,05, N2 * 202 (Table 6,1, (79) )
9% confidence range of Y = 13300 ¥ (2,02) (115) = 13070 to 13%53%0
9% confidence range of b = 32800  (2.02) (3370) = 26000 to 39600

-: "_WThe‘r value of 0.821 for 48 — 2 = 46 degrees of freedom is
lérger‘than the 0.601 value of 0.465 on Table 81 in "Valk". Hence there
is'leSQ than one chance in 1000 of being in error in concluding_that
théfe'ié"a_cqrrelation bétﬁeen these variables.

C. Comparing Two Correlations

It is sometimes very difficult to determine whether two
correlations are significaﬁtlﬁ:different merely by visually comparing
the' correlation curves or the boints of both sets of data, This is
particularly true for data which have a great deal of scatter.

Stating that two correlations are statistically equivalentrié'u
tantamount to saying that.both sets of data can be represented by one
fit or correlation without any significant gain in variance. We proceéd

by making the null hypothesis that both sets of data can be represented
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by qpe'ovefall-fit. Now it is obvious that the two separate correlations.

ﬁiii have less residual error-than-that of the single fit of the combined
| défa;';.e.,réome of the residual error aaéociated with the overall fit
-ﬁ§;‘¥;;;}é&.ﬁyrﬁéiné fﬁo separéte fits.r If the error or variance
reﬁéved;frpm‘the overall fit by the two‘individual fits is significantly.
iarger than the residual error‘remaining after the data have been
_rrégreSSed 5y these same two fits, then 'we must reject the hypothesis
- that both Sets of data can be represented gy one overall fit; i.e., the'é‘
indiyiduéi.correlétions are significantly different. 1In ad@ition?-oneA
othgf;ngé;ssary c?iteria for determining whether two sets of data can
be represented by one correlation curve is that there must be a
significant correlation fer the overall fit. This can ﬂe determined
by thé’corrélaticn coefficient. As an example, consider the following
prqblém. We wish to know whether there is any significant difference
_'betﬁeen the correlation of the modulus of rupture as a function of the =~ °
ovenwﬁry épecific gravity for the case where no deflectometer was used
(Figure 17}, as compared to the case where the deflectometer was employed
(Figure 20).. -

The data was combined and the least-sguares liné was found.

The cofrelation coefficient of the combined fit was found to be 0.676
withill# degrees of freedom. Thus this correlation is highly signifiocant;
i.e;, there is less than one‘chancé in 1000 of being wrong-if one said a

correlation existed (see Table 8.2 (79) ).
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-~ Now the error im fit 1 (with deflectometer, Figure 20}
‘ a2 ' A2 :
=4 = S(Yl) (Nl -2} = S(yl - yl) with N, = 2 degrees

_of freedom, . ) .

ra:?The error.in'fit 2 (without deflectometer, Tigure 17}
)2 ~ 2 degrees -

o A2 A
=B = s(X)" x (Nzij;al = 8y, = ¥, 2

with N
of freedom, -
. The total variance or residusl error of the two separate fits

C={A s BMNl + N2 - 4)

. Similarly the error in the combined fit

A2

o .‘ ) T . '. ,
| 1=,c =851 )" x (N + N, = 2) =Xy, -y )
Ho: ;erro? removed by using two fits rather than one equals the residual

. &ryor in the two separate fité.
-lgEryez'rem0ve9 by two fité = [C - (A+Bﬂ
with Ny + N, = 2 = (N,

Error remaining in the two fits = (A+B) with N1,+ N2 - i degreas-

-2 + N2 - 2) = 2 degrees of fréedom

of freedom,

SV . o~ wam]se
Therefore Ratio of Variances = %;+B)/Nl " N2 —
5 .

Now C = 1.36x10

A

n

8
0.294x10 N, = 48, N, = 68

B = 0,510%10°

1.36 — 0,804) x 112
5.50% x 2 = 39.0

Therefore Ratio =

8.0, 2, 112 = 3,07
Reject Ho, | L

Therefore, the two correlations are significantly different,
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It 1s interesting to note that the variances for each
qprrelétion ars not significantly different.

R A2 A2
o BRI = st

F.“_
2 97
)2 T e3,

{1;;152; H0.05), 66, 46 = 1.60.

-1

> >

=1.21
8(

ol

i ;?-hccepf Ho.

 .;}:Thus whatever caused the difference in values between the two
\jethb§85did £ot affect the precision of the measurements.
| In a similaf manner, the various correlations in this present
.work;hgve_been compared, Theyrare presented in Table 3?. If the ratie__f
of-?ﬂriéncaa is greater than the F value at the ,05 level we say that
thereaf?éiatiéns are significantly different.
gr_li,;Threughout this thesis all statistical work has been based on
the-9§£%§onfidenée level, The<excep£ion ig the analysis of the tensile
daté@fqrhthe untreated wood. As noted in Table 37, the ratio of
.véri;ncesvhas a value of 4,46,
—memﬂ2,m=3z3mdmmua,m;5J8
Thus we can combine the two sets of data and fit the total to an overall’
fit based oﬁ-the 0.01 probability level but not at the 0,05 level, That
is, if we reject fhe hypofhesi& that the er?or removed by using the tﬁéz
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



. ANALYSIS OF VARTANCE: COMPARISON OF TWO CORRELATIONS '

. g‘_‘]‘l-

TABLE 37,

 Reference

Qverall

Correlation

Coefficient

Sum of Squares

S(yi- P2

B

for

of Squares |. .

overall fit

Wb

';Mééh;nquafﬁﬂuptﬁre;_
| untirested wood;
ﬁiﬁh;agflectometer

:‘Fig. 20

-untreated wood *

ﬁithou;,déflectometer

‘Fig. 17

- 00676

029&18'

0.510xL 8

1.36x10°.

8

116 | 39.0

3,07

“uﬂodu;ﬁa'bf‘ﬁuyture
- mitreated wood;

1_ﬁifﬁ§ﬁ” ééf1eétometer

Fig. 17

.Jl,unfﬁeated wood
I irradiated with 3.5 Mr

Fig. 18

. 0.750

0.510x10°

0.195x108

.770x10

o | 4.15

. 3,10

: uﬂfreated wood.;

"ﬁithduf‘defiectometer |

. untreated wood;
irradiated with 4.5 Mr

Fig. 19

0.685

O.510x108

=O.6.2(IJ‘:$11C!'8

. 1.68x10

8

107 34,6

3.08

camesseess contid.

02
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A

"PARLE 37 (comt'd.)

Gomparing

Reference

Overall
Correlation

Goefficient

]
Sum ef Sguares

n(yi - 1

Sum of Squares ..
| for overall fit

Rﬁiio
~of

.' 009, 2, Bk |

* Variances

| ‘Tensile Stremgtn

untrééte&'ﬁbod;.
g-hnmi&ified

© Fig. 30

untreated wood;

oven~dried

}Eig;;Bl

0.516

1.08x10°

1.47x10°

3.12x10°

e

b6 |

3,03

e r——
: 54%\3?¢ 5§%fstyrene;

- niidified

Fig. 33

' unitreated wood;

;: with deflectometer

Fig. 20

0.633

1. 3?3'1‘08

i

0.294x10°

1.745x10§

B

2¢0§

3.10

"Modilus of Rupture

5% and 65% styrene;
pamidified

Fig. 33

‘wood treated with

' Sé%ms#jfene.solution;

aven~dried

Fig. 35 |

0.525

8

1.37x1

2.16;108

3.59x10"

7%

0.595

3.15

vererweses cOnt'd,

142



-

humidlfled

T maRIE 3?'(cen%“d,}‘
Overall - | o of Squarés Sum of Squareé W i-R&tiél'ﬂi" . :
Reference | Correlationt g3 _ 42 | for overall fit] total] 2o 1sp.os) 2, N-b
Coefficient ’ o C Jvariamee i .
-1 Fig. 34 1.07400° -
ey ¥ ] 0.692 S 1.635::198 3,08
-untreated wood; Fig. 17 O.BlQXIOS .
w1thout deflectameter S
| Stress at PoL.; Fig. 37 1.065x1§&
65% styrene, humidified - 8 . .
0.386 - ' 2.55x10 96 1 houo 3.10
uutreated woed; Fig. 21 0.288x108 :
' hummdlfled
T'*Hbdulus of Elasticity ' -
‘:5%£ and 65% styrene; Fig. 39 5.19x106
' mhnmldlfled | ‘ _ | p .
SRS 0.556 ‘ 9.05x10" 95 | 28,k 3,10
ugtreated wood; Fig. 26 2.38x106 '
_ 'Jhumddified .
Hodulua of Elasticity Fig. 40 .755x1®§
Sl styrene, oven-~dried : p .
4 0.475 == 3.61x10 58 | 2h.8 3.17
. untreated wood; Fig., 27 1.12x10

eesasessss conttd,

i

ele



TﬂBﬂE 37 ﬁcan;'d.} :

Comparing -

Reference

. 10vera11

Correlation

'~"Goefficiént

Bum of Sguares
Sy - HE

Sum of Squares
for averall fit

ﬁ%otai~.. ‘ _
| Variance -

1 Ratio

.of

.09, 2, B-b

- =
e

, A L
" Maximum Crushing Strength

27% styrene; oven—dried ' |

Fig. 42

unheated oven-dried

wood

‘Fig. 29

0.751

;éééx;oa

.lE?xlOgr

.656x10

U O T P

e L umliracan.
- IR LrA G,

—_

« ¥0.01, 2, 40 = 5.18

'5.1?

<z
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chanﬁé of being in error., Hence since
{1) it seems unlikely that the tensile strength of the oven-

dried samples is, in fact, lower than that of the humidified samples

.2 (25 the fansile strength is known not to-bé 8 strong functioﬁ.
7§f the moisture content. and _

(%) the combination of data is justified at the X0.01)
probability level,
thertensiie strength data for both the, oven-dried and humidified
samples have been combined into one overall fit,

D. 'WOrk in Bending to Proportional Limit and to Maximum Load

The "work expressions" for the untreated woed were regressed
wifh respect to the oven—dry specific gravity. The following correlation
" coefficients were obtained.

‘Work to Proportional Limit Work to Maximum Load

‘Humidified r N Average S.G. r N Average 5.0,
Wood 0,378 48 0.431 0.180 24 0.426
Oven-Dried

Wood  O+706 35 o6 0515 35 0.426

.l'3=?_JE#ceﬁt'for the work to maximum load for the humidified
sampiésgall correlations afe significant at the 9% confidence level,
waevér, the data was not represented in two-variable plots in the-main
body of the thesis because all treated samples yielded work values
indepéﬁaeﬁt of "originai" specific gravity] thus, averége work values_'

independent of specific gravity are compared, This is not a rigorous
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anaLY5iS:of the data because the comparisons should be made on the
“basis of a common specific gravity. However, the trend of higher work

to prbportianal limit and lower work io modulus of rupture values for

ﬁfighl eated samples as compared ta the untreated wood is evident,

E;f-éqﬁgérison of Average‘Values
| Po test whether the means of two different samples c¢ould have
céme;froﬁ,the same population or from populations with the éame meaﬁs
-is usualiyra simple matter. A "t" test is conventionally used Witﬁ a
pooled eétimate of the standard deviation. A difficulty arises when
the vafiances of the two sets of data cannot be assumed to be equal,
In. this work, the treated samples generélly have gignificantly higher
variances .associated with their mean strength values than the untreated
wood, When this is the case,‘é conventional "t" cannct be épplied.‘ An .

approximate solution (81) is to calculate the standard error from;

A 522%
- 8.E, (xl - XE) = (ﬁz" + ﬁ;’)

where 312 and 822 are the varlances of the two sets of data, The approximate
coﬁfiéénceilimits are . )

. _ e | o _

N (],_{1 - X,) F_a[S.E.- 7(x1 - xa)]
where ta is the gtudent.'t" value. This value is not calculated from

the usuél'ﬁegrees of freedom but rather from

2, 2
SRS S S | Sl,/.N,.l'_h 8, /N,
" = T

.lvz§?. ’a. Sl./Nl +

1 _
3 + P 2
/Na B fﬁ Sl /Nl + Sa /Na

%2
where ?~= degrees of freedom used to calculate ta

?1:andgg are the degrees of 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 544 styrene solution (Pigure 35)

with that for oven—dried untreated wood (Figure 22}. We wish to make

the comparison at a Bpeoiflc grav1ty of 0. 431 For the treated samples- 7

the strength at 8.G. = 0,431 is

ry

L = 51500 (.431) ‘- 8180

14020 psi

H

The 95% confidence limits of this value are larger than those at the
ﬁéanfafpthé data; viz., ¥ = 15000 and X = 0.451, The variance estimate

of the mean at § G. = 0.43%Ll can be calculated from

-

X = X ) - o oo

s%r 12 < s%h? %4. ‘21 5 eev-- Page 237 (79)
sl‘?("} = 865 x 20t

N= 27

- ) X = 0. 451 '

xi = 0,431 f

‘ 2
b = m® - 4B L 0,022

whence 8 2(%1 = 0. 431) = 47 6 X 104 '

Similarly for the untreated wood

18400 at 3. G‘ = 0,431

T

and -~ 8 (srg 0.431) = 5.4k x 10"
How p1=27_2=25

and P, =32=2=3
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SRR | " | _—
Therefore X ;5 h?a6x10 : N %B S.thxlo :
R 9 47.6x107 + 5.44x10 C L47.6x107 + 5.44%10
whencérif P - 39_4 ‘

- from:

freedom, t = 2 o4

A].BO a SaBs (xl - ;

(h?.6x10l+ + 5.§4x1o%pé

2) =
7. 28x102 = 728"

L]

Thus the dlfference in strengths at 5,G. = 0.431

- 18400 ~ 14020 = 4380 * 2,04 x 728
= 4280 £ 1490 psi |
Now we wish to express this difference as a percentage change based #
Y t 5
on thé untreated oven—dried. wood, For a "division" operation, il___z_g_
o : 2-""2
the,&dﬁﬁapce of the quotient can be obtained from (Page 143 (79) ) -
E 2 .2
o2 Yyl 8y 5
o 2 2 Yl Ya
Thus . _ -
o2k 4380 17 53,0x10" 5., 44x104
2 (a380) (18400)
e /i ) = 00157=we=
—Al 2 ot
whence f7'

the-%;décréase in strength is
.-; 4380 4 |
-[ 185 — 2.0k % 0396 ] x 100

23 8 *8.1%
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‘E Multiple Correlations -

It was found that the maximum crushing strength and the

maximum tensile strength for the samples treated with - styrene alone

wscould be carrelated w1th raspect to the "original"® specific gravity and T
'the F P S The statisti¢s for the multiple correlatlan are 51mllar to

: those for simple correlations.. 'I

- As an example consider the compression data, The correlation

coefficient R was calculated by means of the formula given in Volk, Page 275,

2 2
R - e b, ( Z)Va
R yl 1 El 2 y2 2 E2 2
whépé'b1j= the coefficient associated with the Yoriginal® speclflc gravity
--;ﬁé.% the coefficient associated with the F.P.S..
-,ryi = the simple correlation coefficient between the crushing
strength and the'sPecific gravity
r g: ihe simple correlation coefficient between the crushing o

8trength and F.?.S.

0.0365 + 0.672 x 16800 (—210. )%

= |0.383 x 33700 (—=—= 9)
43x10 LA3%10

=)

= 0.738

The,ﬁEﬁ}test‘for the multiple correlation is (79)

CF . RE(N = K= 1)
1 - r9K

where K is the number of independent variables

0,545 % 37

e a = 22.2

F



¥0.05), 2, 37 = 4.10 |
Therefore this correlation is highly significant
in’ additlon it can be shown statlstically that the multiple correlatlon
isva better flt than any smmple correlatlon.
| LTﬁe same analysis was carried out for the corrglation withl
the maximum tensile strength and similar results were obtained,
The variance of an average estimgted value for these multiple

correlations is calculated from the formula (Page 278, (79))

S(Y) —SCY) [ﬁ+0 (x m;)2+022(x2-'§ 2

+ Eclz(x1 - ;l) (x2 - ;2%

11, 5 and C are the Gaussian multipliers

o)

where G,

For an ”orlglnal" specific gravity of 449 and an F.P.S, value of .374

we pget '

s2(¥,) = 5.3310° [L}—O + 26,9 x (Lhh9-.h07)° & 1.61 (.37k—.468)°

+ 2x.88 (.449-.467)(.3?4— ,hSBJ
= 42,1 x 10" '
Therefore S(% ) = 649 t = 2,02

ts(Yi) = < 1310 psi



280

L LA Y I
welie e ie UV i
i el el e =i vt PR B Y
1o ARl ok
ST .
RV VLU G R | -
ey : : P Ly ‘
Maw b L _ | e L L PR et
Veos Lave ST 1,
[ R O SR P e
[ 3 e N Ll
foy 4
[ R o i
a4 I i .
e 74 i
e T & l
& e '
1.
L e
il v e
J.lL [ R
t g,
e J-r
3 oL
030 Lo
F Y D l,;uuued
et Ll e
P -
v G 1 Fove
LR ] 1L we
. ricd i i
P 12w g
. .
e Lr Ve g
LI A ade 1 loa
o it D LoV wv e
e 123lvve
;
o <t

®
I
=l
[
b e
L

1w

4

.

.
L

N
Mo

P a
Y
[l PR Ll ivwae
- sy
Lor s 2w

-’:.
ME
\
4
©

Ty
R N ]
LDOOw Ve
L v oo

e
i
[a
< C
C
]

r B
1
i R
Liiviwuae
Lbove




T U R W

JiliRE AT CUL

<

¢ ¢ O ¢ o

-
~

s
L]

LS A T

[

<

olive i

i
R
N R A

i
p:

R W e S I 5
M Co-
LN 4

L
-
i

L
<o
r

~ e .e

[

[ S

b e r
ok 4
b= u

e
i
e

Bk b

-
CooPe b P

L33

-
[
C

L.

[



R
I

— e

~ s e TR
~roT?
oo T

P TR
o T
e
";"’.;.’,T
- e T
SonaT
o~ T A

i ]
e

LT
ccee
E0N

NN
—
Mte |
a

[ T B TR
RV W T AN
s GRS T i

- L ] L] L

bl
T

Pl
~

-

N ooy
[Eo IETeY
3
°

e

£

o
e

re_
-~

VA T TN

R

]
4

3

q -
1

N

o
o]

>
M

-

e oY

Toe

AN
~
Ny

-

N
A e

Clae

ey e

}nh e

T7+ e

am e 8riafm
TPV TN AN

- ~ ~ [N
ooenTmaneh

an
a
8~
P
[- B
.M
LA
e~
o~
LI
Ll
a -~
-~
&
LI

AT RTINS

et Bt Ea SN



i

A w

e

1

(¥

et
GGG

SR

LG

]

'ir\,' LJ

Seb

[ L )

N

AR

LR I

LR

[ I

(S
b

.
F

-

v

7

<
U

o

€L

Ry



PRV

[

Lilivae

)

e L

~

[ L

Lt

weoLs

i

]

i

kv

i

e
RS
"o @

[
t
w AL

[ )

PR R
e e

,_
9
S
C

—

e b
e H
.
(




a .
- Y
&
.
8
o -
a

& ;
L
@

L]
LI
a

& o~

o
L
@
e
L
9.
®
..
L]
L

red

-q

v

JEg p—

-

a
LI
" -
;PT .
Lol
[SEaE TR Na
g i
[ANS TR Tt

® je 3

SO |
e
4
?
2

9]
3
o

a
k-]

I
[
7

~

i
-
&
“

T
fhe
.

£ n

2
N
-+
L]
b

™
o

;8 N

SIEAS'
2

+or
-

a

7
A
A
k-]
hl

[

[ T
3

<
-3

-
“F
a

el
s
N
-]
3

-~




Wi

¥a v A L

[PV BN |

s )

i
o
=
c
i

Lo triu s

(S )

N

[
®

.
5
W

ot !
@ 7 F

[N A S N

IR

- g
[N VLN B P S IR

iT T8 s

L
8
.
o
£
®

—
[

I

L]

-
¢
L
.

=t

-
™
=
¢

9
®

[N S

[ ]
i .
4. L
it .
Liivoe

o
4o

[ AR
i~

i

. -

FURENEY

)

[



[ R T W VL R U R SN |

R T .- - o ' o +
SR PV o T N T (Y W T A T

N R ) [SEIE- R ) PO I O N T
) PRV
~ & T > i.\,‘n,‘.,-un
e s Al o
Ve 15 L we—e
e [ f e
vecil ALl v e
e ifieve
Loa oG .
\zl“:;(: _-f’Ll_‘Jn
“oQ T L,,J",;_,.
o b :.-I‘Jvﬁ
1.' LR )
Libwea
Ve i L i &
ua“’t.;"—r J‘.it.zv\do
\fo‘—r_i‘j_ :L.iluu-o
v J G L20une
' ‘ T ! T
~ e+l LE Juwoae

St

Wilds [SE00 B B PR ST




o [P SN S R

[PPE I IR AP U S |

e e eiise . i i i
et liu Cuttoe
o e PR
et ! Flaluse
@ PRV
[ R g T i v @
N sl e
o J0 Hotce
P S04 e
oLy G¥lee
& Trrer iv-l\-\-'ﬂ
o T LG
att 0 _','_,'-;.)\.,5
o 2o \);L(.’un
e U0 uiLLo
o;f_ja:: C\)\JL’JLﬂ
st U Ddhve

MESRvE [ N )

iSivoe
Ou e
Trdoe
[ Y
L;LVKJ..-
C)vc.lio

LR 3

o i Llveve
PP Twdive
yl.luﬁ
* L L e ’
c%ff) AN
. S L d e m
Bilwae
foi e
PRI Svirue
a'}u? (SR )



* s T SoTen FAen
© YT L Rl TFiad, @ A
% . T T Ty e oo e~
a e T Yy ooe s elia P R
® L R Rl B

L)

LI ST I ~
@ o T f"cw AT I Bt
» T Te [3Xatall JFAN
8 AT T F I I e el o
T T L, 8y [ B

te RPN nem enen

PTe Lo
e~ o T LAt e
8N TT Tk
L I ) b

eAT QT SO
L T P
MESRARETAN] lont
L IR T i T4+ e
@ TOTT r\’;.x_,n
snm 7T oL
®~ T T £ [l el all)
crofal nane
§omToT ce e
2ACTFCT [aRaE TN




[ S R N F I

PR LA [ ERN I} P . S " . RS S A .
wvalblie — @ s i e B [P P
ulLr!."—i A B " PR ]
Uoe L - R

el . ; e e
\Ju_')—. s et Ml s
o8l S i i Liive
N 05l
et Lo oe

L T i R
. . y -
. B A R PR
- G i oim e “oe R ]

’ .
e b "
[N IR R L]
-0 T R ]
K e
ERRNT o

e

RN EREE
AV - R I & o
voec O i
w e Ciael
[V ] v oa A
et lu e @ i
I I e B P R S
voa s e U . e
s -
LS T S w Y
. o
LR Tt B Lo I [} ]
e R TTUT LD A Lo dl o oo
- N 3
LEN- I [P T R g
e L — e
Ve g P—
AR e | ) o [} L]
L v
R 100 sl Goa
e H - a

i
T
L. e
.
L d i o n
RV )
. ; e e
gty 3 LS
~ e S A B L Y
woe e () PRI VRN
o \

o PRI I L woa
o LA , ;
et e S P
R a i~ [




MULULUD GF oA i by
I

UNTREATEY swinlinamislad o sl Vil e
Ueise elle STwerm T Ailn oo
Us 410 P T
el L300
Vel /2T ciliiug
el 4 2.5()\‘1
Gat20 2500
Je &l Bl
Je386 2240 a

Ja428 2040,
Qe439 2320
Oe &ttt 2460,
Uel58 2500 a

Usit58 274U,

M

M

Uaddai 162v.,
we 388 £L%Ua
Ve it 30 2320
Vet 23 2%2ve
Uaifdg Zgih_.
Ja 374 ZUlve
GCaoalt22
UeltlD
Ue#58
Je 4047
Ved 37
Ue G627
vei sl

Uedtsy
s 27
Lie
e 416

P

[ Y
»

;’.1.)\_.

C ¢ CC
L]

el
403
SGhy
st (1

G886

,.
[
L]

(‘_
@

<o
L

b

<

¢
.

-~

| S G G 4
-] a8
i I
U £

-~
8

4,
L
P




[RSNP Y RNS S

(U PRI AN P

i

PRV

sl o

W

~F

~

V]

(NS

=

R

4
[
1o

|
T

S0l

Sl

A VR

oad L

A

e e

S I I R

L RN T AT O

w

(™

is




EEVE B S W L=}

baes s L 1 [ LI T Bl v o

B - L
. , .
oA I i I ]
A L s oow

s
“oa T e
£n !
w oo b PR R ]
- e I .
oworio - b
L - e

- =
.
= =
(S I .o
f"l
e T4 ]
we @
.
[ T .
A — — ]
s B
O T B A = e &
3 o=
woo bt [ Ll Trie e
ot ™ -8
e, TV
e 05 “ HEFMEN G |
LA T AN fwg ]
BN
w [V R ) L&
— L) [ o
D L S L)
Vol L (VR NN [
w i woa s L]
[P B ~ Sl e
v e b H P
C - :
oe e G - L. am
woa T D el L 125 e
- -
w o L [
. e
LR - R o - ERp ]
, +
Vet lu o i d B RN ]
v oe woe i RNV
O “ e
]
- e @
g
— il oa
. 3 e
-l N . oa
LU SRS PRSI 1

oot ]
e tre - B L
L I T B T




moobbdo ur clhaoiiwilid

RN LT oA T T . I
R KeAboDw o vliie o

Uoe b
Vel
Uah 23
Ve ftS2
Ceblibb
VelhDh
Vel TZ
Vel
Uaht?
Ue‘!+6].
Ue4468
0431
Qel6&7
9] a"+56
Ja 385
(e 398
G502
Ued72
Us 46
Jed1H
Led 37
Ue399
Ve bd ]
e lié ]

031

<

MoDUL v OF LLAasaTiaolliy
wiodl dhRbCaloo wilo e STYRS WS

I U
veldid o
Uc'_l‘(");l -
e bb U g
e 331 “
e dp “
e ldEy y
\Ja‘;r:}_' w




~

S

N

"

B .
i
—
o
~r
n
ST
~ oy
P )
Iaiale
)
BN
e .":
.

9

* e 9
R A B

a
“d

@ T

o L ]
Od e

°
N

]
M
-
L]

Cke

-
A1
p
°

Sl

!

Q
Loee
+

<

S
D)o

oy Coe
[ane N an
R

~

~

N

AT INITIRE R

SR



Ve

e PN A

ri
-
E)

o S L
lvﬂ/—i'ui._r
(VRS DR &)
e o
ow -4

v oo it s
Ve ioh

e 57

e O L

VRanE L LS

Pl Lo

s

Lol

I

+ e S

"4

L
&
|
4

]

e LA



ar

LR
B Lty
LR

& i
e D
o_,..‘;(’_}
s
0 o )
e PO
@ ttiy g
C—Tr\:-)'::
e DO
L

4‘.

SF

- @

'
e
— o -
-
./@-l

e i
T e
AT SN

e
e
i—
Le o

Z
,!l(_-
£ef
el

-

~e T
SO




WORK TC PRUPURT
WOOU TREATED

U481 Gall
Uedb41 Ga LT
Uobt] 6o 2Ui
Velrh/Z 22830
Ve 2WH eGS0
Joa E)o“J!..)U
Ve dedOU

C

L]
o
[l A € AR

(o8

-

i
[N

[ORIN o NN e XN WERN R WL B & SRV

Ua Delll
Celbh liez¥
e 455 Fev
461 te T
e GO 3
- '[+ L

(
B a
o

I

& i
Devi
&

vedSh 81
UalLf Hech
uo‘:};b l).;:)
\Ja"ji -i'n'u}
Uel 3 {050
woe NG e s
'\)air‘\‘;T delnld

e isa ,o\;u N
le vz PN
i TaFe

Ges G
Selidu

weBiHl —ell.

uBch_Z )0-“_:"\;

ved i n

Vel 't s 7

\15\’3;3&

VeTd |

@
—~ o
[
SRR o =

— O O

C
]
™



[UF I AP E U N

ERVIEEN

WU

T
[

|
Fiail

b v
we U
- il
-3
i
.oy
L 4

Ny

ey

St
4ol

G143

G L

Venie TU0L
(RPN RCR N
1o .
P Ry
Yoo L
) -
Lo YL
Coa o
Sel oo
N
[ I
e 0
3R S
-
a0
[ AR
_|
[
{e s
e L o
Ja D
re Uilu
“ e
&
' .
EARVY W)
[V B

» B G
&t
N
& L.




we
-
- 8
- =
@
- a

4
b
-

~ e
~ o
N
o
L -
@
.

-
]
P Y
-
&
'

EURYS

Vi L

e
e
~oa
@
= a
os
oo
v

i

e

)

P
e
o
v o
i
a -
[
° -
»
o .
a .
a i

[
LA
P

L]
L

2
L
P

“




TVIOSUINNIN

a

RV
Vil v i
P I ]

e

-]

—
E
[
-
¢

P VAN )

e A R

O
cmad
£ s
AL R A

N






PLedv AL imiu:

wrd b ey

- Loba ek e e hee

NS L@ Suoe BN S
I - - o
\Jei‘. ; BT
e vl Lo e
LN - O T N L~ -8
UU'i'_)J__ : - B
51 oDl
o N
B G
;7 n v
2 250w
G PRSI SU
. FRVRGRS
> s
we D5 P EVEVEN
+ &

e
[ SR

(4]

on

«
@
I
G-

[
-
=
—

S|

o
Cn
—ied e g

[
o
-] -

<
o

g~
Ut

C
®
£

L N NS NS
l\)‘[ "
a2
<
»

L

N ho W

Coon

LR I
b o ocoE
[ R RY e
[V R PRV
R R -8
et —
O VI e
i 7
P R D e



;
-4

\
ot

a4
el —

LRt |

o
2
b
-
—

T
L
i
& T
LIV 1
@ T T
S b L
&~y T
K L
ToT
L T
¢~y TT
N

Tagen

2
»
e
o

3

a
N
i
o
2

L1 4 8
[

"‘i
-~
~
<, 8
Pl e}
[PRahr e

“J [SoEXs Ve By BEVS VD JENG RS e e Y
M e = WD D D D 3 D D D D
Yoy T ST e YT Yy Y I o Yy N T
a 2 9 & & o © @& 0 @& 0 B & O
3 ER B TRV T v S T TS T TR B B Sl

f

7ogen

. -

L7 en
F

h
o
[ ]
5

=
™

>
Y
»
b

i Q00N

RIaINE Se-1%




-2
- o
-

o ®
)

1
R
e

—
P
Lk -

[ I
T
-

b N
U
o
o

o
.
L

PR

[
S
v -

[

[

'
P

-
-

i

1

P
i




A A L

wivl it

@
[ YR |

&
I
P
~

»
. . C
SR N

o
r
L

el L
Pl e iy

s

1
4

~




SiAK LAY

S
i

ST REA

A

e 50
-

a5 L7

e VY

)
T

Lo
153
HETS

= b b
[

-

[

=

i '

o
[oRIR S

e
G k-
<o

[
o
\

el bt et e ks e

-
(S
P

‘
e
B
e
e B

N

b

i

4. e
R [
P
1oz ®
1 .
i T

.

AT e ]




CORVA LG e B L ol

TS T I S RPN v .
VAL I ) O AN LI B ] = PR
- 8 TT o I | e R o
w e i v ~ s
N -1 - & i - ”747‘0
~ 8 v"’l\{) J,_ﬁ:, £
— @ (O 1.2
Loe i TiGwen
v e el L -
[ R Y ';-l.;.-,.o
(VY N R Girlow
Ve it 3. a
o n_xﬁil Wyl
e O \,‘a’;furﬁ L« 4 @
e sl we oL PP
ved (e e it e
~ @ ,;‘J v ’1._ o A ,.-_) .8
uo; (WY e hd s d B
el Cuille

[
o
5
Ll

ba
L
2

N O C Y ST
leowidir 2T b L. N
Uelie e et owe [ BN &

PRSI e Lo f L a
el un.L'-jl R .
ue'—-arf' .-J.z.-ru-‘u
L T RN B
- - 2
“8 dic D T Lol o0
- & NE Ve HEPI AR
...-—r'\-(; » e a
el lL ~ L ~ e







	wood polymer alloys
	noreply@mcmaster.ca_20110407_163642
	wood polymer alloys

