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" ABSTRACT

WOOd -polymer comp051tes from Turk1sh White: p1ne (p1nea siber)- Po1y- :
. methy1methacry]ate (PMMA), are prepared by heat catalys1s method Monomer |
.Ioss dur1ng po]ymer1zat1on is prevented by 1mpregnat1on of wood in, PMMA +.

- MMA so]ut1on and subsequent po]ymer1zat1on Vo]at1l1ty of MMA s decreasedv'b

_ ‘1n a s1gn1f1cant degree % convers1on values greater than 85% are obtained.

| AS. E va]ues are determ1ned It is observed that A. S E values for .
: PMMA MMA 1mpregnated po]ymer1zed -samples are higher than pure MMA.impreg-
nated,po1ymer1zed ones, probab]y due to MMA shr1nkage dur1ng po1ymer1zat1on
: wh1ch occurs 1ess in the f1rst case A S E va]ues greater than 70% are

"observed for 7OA po1ymer load for PMMA MMA 1mpregnated samp]es

D1fferent resu]ts are obta1ned for hardness para11e1 to grain and for_
hardness perpend1cu1ar to gra1n An 1ncrease of about 2 fold 1s observed
. vin case’ of hardness perpend1cu1ar to gra1n whereas 1n ‘case of hardness

R para11e1 to gra1n a3 fold 1ncrease is obta1ned

| Sta1n1ng wood samples w1th Rhodam1ne B- dye and subsequent exam1nat1on ’
under u.v. showed that PMMA had penetrated 1ns1de the wood and po]ymer d1s-

’tr1but1on was ma1n1y a1ong the gra1n.



UZET

Is1 kata11z yo]uy]a Po11met11metakr11at (PMMA) Turk1ye de yet1sen

'ji beyaz cam (P1nea s1ber) kompoz1t1er1 ha21r1and1 Po]1mer1zasyon s1ras1n- A

3, -dak1 monomer kayb1 tahtaya bas]ang1cta PMMA + MMA so]usyonu emprenye ed11-

‘mes1y1e buyuk o]cude enge]]end1 Bu sek11de MMA"1n volat111tes1n1n aza]-
v "\ : .
d1g1 goru]du ve 785 1n uzer1nde b1r ver1m elde ed11d1

\.

PMMA beyaz cam kompoz1£1er1n1n su emmeye d1renc1 o1cu1du Ayni p011—Av
_;mer orani icin po11mer ve monomer emd1r11m1s tahtan1n su emmeye d1renc1n1n
.monomer emd1r11m1s tahtan1n katsay1s1ndan daha buyuk o]dugu goru]du Baska
 b1r dey1$1e po11mer-monomer emd1r11m1$ tahta ayn1 po11mer oran1nda cok daha

' jaz su.emd1. 770 p011mer yuk1u tahtan1n su emmeye d1renc1n1n %70 o1dugu |
  : gﬁrﬁ]dﬁu L Sl :

Po11mer tahta kompoz1t1er1n1n elyafa para]e] ve elyafa d1k sert11k

z": o1cum1er1nden deg1s1k sonuc1ar elde ed11d1 E1yafa d1k sertlik, muamele '

A.gormem1s tahtaya oran1a 2 m1s11, elyafa para]e] sert11k ise 3 m1s]1 oran1nda '

'artt1.

E Tahtadan a11nan ince kes1t1er1n once Rhodam1ne B 11e boyan1p, u1tra-
v1o1e 1s1m a1t1nda 1nce1enmes1 PMMA n yuzeyde ka]may1p tahtaya g1rd1g1n1 :

ve po11mer dag111m1n1n e]yaf boyunca oldugunu gosterd1.
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. I. INTRODUCTION

_].1 “ HISTORY ;
wood 1s the most anc1ent structura1 and 1n a’way 1ndustr1a1 '
if mater1a1'used by mank1nd wood as a renewab]e resource has prov1ded
:man with too]s weapons and she]tern Although now days it has been
l‘succeeded by 11ght meta]s and p]ast1cs it has not been superseded
t'It 1s st111 used 1n 1ndustry in 2 w1de var1ety of wa/s
o Apart “From its we]] known advantages of usage (durab1]1ty,
: strength advantage in’ pr1ce, ease of workab111ty) there are some .
"drawbacks from techn1ca1 po1nt of v1ew One of the most 1nportant of
Tthese is the d1mens1ona1 1nstab1]1ty resu1t1ng from’ changes in mo1sture
*‘content wn1ch causes warp1ng and assymetr1ca1 d1stort1on - Other ser1ous
_drawbacks of wood are its re]at1ve1y low res1stance to abras1on, to the o
"effects of wheater and to bacter1a m1crobes and insects. |
- As man 1ncreased h1s know1edge he tried to 1mprove the proper-
ties of‘wood Over the years, tars, p1tches, creaso]e, res1ns and
fsa]ts have been used to coat wood or fill its porous structure [2].
With the advent of p]ast1c age sc1ent1sts found another group -
of chem1ca1s to coat and treat wood. This group of chem1ca1s are po]y- ’

mers wn1ch_resemb1e the ch1ef chem1ca1 const1tuent of wood , ce]lu]ose



in many respects ' Po]ymers are macromo1ecu1es wh1ch have crysta111ne -
nd amorphous parts and are strong and res1stant be]ow softening point .

‘tJUSt 11ke ce]lulose [1]

The S1m11ar1ty of these substances and also the defference in

'thhe1r propert1es prom1sed favorab]e comb1nat1ons Dur1ng WOr1d War 1T

.i=pheno1 forma1dehyde based on the research of the Forest Products
uLaboratory was used to treat wood veneer (named as “compreg"). Dur1ng

these /ears some of the monomers used were of condensat1on type and .

o _reacted W1th the hydroxy] groups in wood Another group of compounds

_ d's1mp1y bu]keo the wood by rep]ac1ng the mo1sture content in, the cell
'f:twa11s [2] :.. .. _ v » _ d |
: | Dur1ng the ear]y 1960 s v1ny1 type monomers that cou]d be poly—
v'mer1zed 1nto the so11d po]ymer by means of free rad1ca1s begun to be
-‘;used The monomer was. f1rst 1mpregnated and then po]ymer1zed among the
‘f1bers of wood Th1s V1ny1 po]ymer1zat1on was an 1mprovement over the
; ondensat1on po]ymer1zat1on react1on because the free rad1ca1 cata1yst
fwas neither ac1d1c nor bas1c and the react1on did not leave beh1nd a |
;is1de product that must be removed from the f1na1 compos1te
. | “In genera1 the free rad1ca1s used for the po]ymer1zat1on reac-
:.t1on came. from two sources, temperature sens1t1ve cata]ys1s and coba]t
60 gamma rad1at1on In each case a free rad1ca1 is generated by the
,'process but from that p01nt the v1ny1 po]ymer1zat1on mechan1sm is the
‘dsame Each process for generat1on free rad1ca1s has 1ts own prob]ems
However s1nce the vinyl po]ymer1zat1on mechanism 1s the same, little 1f
any difference in the phys1ca1 propert1es of cata]yst heat 1n1t1ated or
gamma rad1at1on 1n1t1ated in s1tu po1ymer1zat1on of v1ny1 monomers 1n

wood is observed.



1.2 'STRUCTURE AND CHEMICAL COMPOSITION OF WOOD
T.2.1 | Structure of Wood

Commercia1~t1mber5~fa11 into two main . groups: Softwoods and Hard-
woods. The former are known as Gymnosperms that is cdnifers or -cone bearin
p]énts with needle shaped 1eaves and seeds which are not enclosed in a s e€
case. The latter belong to a group known as ang1osperms that is dicotyledc
or broad-leaved p]ants with seeds enclosed in a seed case [3]. The terms
hardwood and;softwood do not imply a direct klationship with the actual har
ness of the wood. . | . )

A mature tree of either softwood or hardwood type generally consist
of a single stem which is covered with a layer of bark. This central trunk
is the’ pr1nc1pa1 source of woody mater1a1 for the manufacture of var1ous
products [4]. The bark protects- the wood from extremes of temperature,
drougnt and mechan1ca1 injury. ‘

The inner 1ayers of tne bark conduct the food manufactured in the
leaves to regions. of act1ve growth (11ke the root ) and to places where it
can be stored. So 1t is. r1ch in chem1ca1 substances such as tannins and
- dyes. Between the bark and the wood 1s a layer of thin walled living
cells 1nv1s1b1e w1tnout a m1croscope ca11ed the cambium. Only cambium
is responsible for the en]argement in width of the trunk. New wood ce]ls
are formed on the inside and new bark ce1]s on the outside of the camb1um.
As the diameter of the_woddy trunk increases the bark is pushed outward
and the outer bark layers becone stretched and crack in patterns charac-

- teristic_cf-a specie [5]. When viewed cross-sectionally the wood conststs

of a series of concentric ldyers of tissues callad growth rings. These



rings are the wood produced by the cambiUm‘in'g:sihgle growing season [3].
Food storage and sap conduction is pefformed‘by the outer or youngest
Qrowth rings which are usually light colored and are called as sapwood.

In many trees the conducting channe]é of the inner core called the heart-
wood are blocked because remains of stored food material become changed
.to tannins and other substances. Hearthwood contains no 1i9ing cells ex-
cept the ray cells which afe responsib]e'for food storage and are mostly
dark colored... These changes cause durability and strength in heartwood

‘relative to sapwood [4,3] (Fig. 1.2.1).

SUMMERWOOD

L

Fig. 1.2.1 - Cross section of softwood log showing bark;.wood,
and pith [3]. - U :



Cellular structure of wood can be analysed in two ways.

a) Arrangement of ce]]s in ) the tree

b) Type of cells generated from the camb1um

Cells in the tree are arranged ma1n1y in two‘ways
Longltudlnal cells: These are long ce]]s that make up tne bu]k of the
wood and provide graxn to the mater1a1 [4]
Wood rays: 1hese are perpend1cu1ar to the 1ong1tud1na1 ce]]s and are
specialized for food storage and conduction. Rays extend- rad1a11y from
pith at tne center of the stem to the cambium and contlnue 1nto the bark.

Camb1um generates two main cells in the stem.

a) The ph1oem cells wh1ch form the inner part of the:bark'and
conduct food.

b) The xylem cells which form the woody part.

Some xylem cells are food storage cells and remain alive for a long period
while other xylem cells are toundkin wood rays.

The main difference between eoftwood and hardwood is their cellular
structure. Softwood anatomy consists of mainly two types of cells. These
are~parenchyma cells and tracheids. Parenchyma ce]is are oriented perpen-
dicular to the longitudinal tracheids and are responsible for food‘storage.‘
In softwoods parenchyma cells form less than 5% of the‘tota1 volume where-
as “in hard wood it is 20% by volume. In softwoods tracheids are respon-
sible for conducting and mechanical functions, and these make about 95%
of tota] wood volume [3]. At the beginning of.the growing season when .

" water regquirement of leaves care at maximum thin walled tracheids with



Fig. 1.2.2 - Schematic three-plane drawing of the softwood

-a': portion of an annual ring

@ resin canal o :

c': wood ray ,

-d': longitudinal tracheids : :

: window-Tike pit pairs between longitudinal tracheids
and ray parenchyma

g : cells of ray parenchyma



large cavities are formedvand these aré>primﬁri1y concerned with the con-
duction of sap. Thick walled ones which are‘formed 1aterbare responsible
for maintaining mechanical rigidity. The>qua11ty of softwood depends
]arge]y on the proport1ons of thin to thick walled trache1ds which form
_alternating.zones accord1ng to the time they are ‘formed [3] (Fig. 1.2. 2). .
In hardwood conduct1ng and mechan1ca1 funct1ons are performed
by two different kind of cells. Vesse]s or pores which are 1ong1tud1na1
and have no end wa]is are responsible for conduction. The vessels of
heartwood are often blocked by tyloses. Ty]dses are known to prevent the
growth of fungi [3]. Narrow spindle shaped ¢e11s called wood fibers are

responsible for mechanical support in hardwoods.

"1.2.2  Chemical Composition of Wood

| The walls of wood‘ce1]s are cqmposed of three principal chemical

materiais; céllulose, hemicellulose and.1ignin all bf which are polymeric.
Cellulose contributeé,to the wood's high tensile strength. Lignin provide:
rigidity thus making’upright\growth possible, and it also add toxicity
making:wood durabie. Hemicé11u]qses are.thought to be a temporary matrix
befdre Tignification. - _

| Cellulose is 1-4.1inked‘B—D-g]ucog]ycan. It cdnsiéts of g-D-gluco
pyranose units linked together into straight chains: by 1—4'g1ycosid1c
bonds £71. The;e straight chains take the form of microfibrils 5n each
cell wall layer. These are held together by strong hydrogen bonds and
also by Van der Waal's forces and by .covalent bonds. Therefore they make

a chain lattice and a layer Tattice[ 8]. .



} H,OH

Fig. 1.2.3 - Structural formula of cellulose

CeTTuTose is not soluble in water due to itsbreguTarity and hydrogen
bonding [4]. Aqueous alkali though can swell cellulose, does not
d1ssoTve 1t however strong alkali will degrade cellulose.
Hem1ceTTuToses are relatively low molecular we1ght polysaccharides

) which contain different sugar un1ts and can be extracted by aqueous alkali.
’Hem1ceTTuToses found in wood are poTymers of D-xylose, D-mannose, D-glucose
- D- gaTactose, L-arabinose, 4-0-methyl-D- g]ucyron1c acid. They usually have
about 150 .to 200 sugar res1dues and usually they havo short side chains.
The hem1ceTTuToses and their content in softwood and hardwood are not the
same and this causes the difference between these two wood> [41. The two
pr1nc1paT hem1ceTTuToses found in hardwoods are 0-Acetyl-4-0- metnyT glucu-
rono- xy]an and glucomannan. Xylan 1is the predom1nant hemicellulose found

- in hardwoods [9]. In softwoods glucomannan is the oredominant hemicellul:



- Apart from g]ucomannan arab1noxy1an and arab1noga1actan are a]so found -

in softwood hem1ce11u1oses [10] | | | -
__Lignin is the maJor noncarbohydrate component of wood They are
e three d1mens1ona1 polymers formed from phenollc un1ts 11nked together by
Cc- 0 C or C-C. 11nkages Structure of 11gn1n in hardwood and- softwoods is

: d1fferent - Softwood ]1gn1n contains gua1acy1 units on]y but hardwood

1ignin conta1ns gue1acy1 and syr1ngy1ruths 1h,1 to 1 rat1o,[1]]

CCHOH o CHO -

2 " N .
o (!HOHEC 0 ge0
' »'Htll -0- | ,l‘

ocH H,CO ‘OCH3

N3 f

b

gua1acy1 un1ts - ,7',°;t g V’syringy1iunit .

F1g 1.2. 4 - Bas1c 11gn1n structures []]]

- At. the t1me the ce]] is produced by ce11 d1v1s1on 1t consists of
‘a primary wall wh1ch 1s capab]e of en1arg1ng both 1ong1tud1na11y and
’ transverse]y After the ce]] reaches full size a secondary wall ‘is
‘depos1ted 1nterna1 ‘to the pr1mary wa11 add1ng th1ckness and rigidity to

the cell wall. M1dd1e 1ame1]a 11es between two ne1ghbour1ng cell wa1ls
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After the pr1mary wa11 there are three d1st1nct layers wh1ch make up the
secondary cell wa]] These are the S], 52 and 83 1ayers 52 is the
]argest 1ayer and the tota] ce]] wa]] th1ckness is 1arge1y contro]]ed
by the th1ckness of the. 52 layer. M1crof1br1ls are oriented at d1fferent
ang]es to the 1ong axis of the ce11 within each 1ayer 'It'is:believed
; that the m1crof1br1]s consist of a crysta111ne core of" ce]]u]ose by - an
: amorphous region conta1n1ng hem1ce1]uloses [6] |
The d1str1but1on of the chem1ca1 const1tuents across _ the ce]]
h,wa11 is not un1form Pr1mary wa]] and m1dd]e 1ame11a conta1ns about
: 110% ce]]u]ose and 70% - 11gn1n Ce11ulose content 1ncreases to more than,t
SOA 1n the 52 1ayer and decreases 1n the 53 1ayer L1gn1n content in 52
layer is about 22% and in 53 1ayer it is approx1mate1y 15%. The hemi-
",cellulose fract1on tends to,vary about the same as the cellulose across
, ?the ce]] wa]] [6]. | | | 7‘ o ‘
: ~In add1t1on to its maJor structura] components ce]]u]ose, hemi- -
‘cellulose and 11gn1n, wood conta1ns a large number of other compounds
" These can be classified as- (1) Terpenes and re]ated compounds, (2) Fatty

_‘ac1ds, (3) Aromat1c compounds,_(4) Vo]at11e’011s.
1.3 PROPERTIES AND STRUCTURE OF WOOD - POLYMER COMPOSITES. -
1.3.1 'Propenties of'wood - Po]ymer;Composites -

It is now known that a wood po]ymer compos1te has great]y enhanced
mechanical and phys1ca1 properties than untreated wood
Wood comb1ned with p]ast1cs Tike hardwood is easily and read11y

machinab]e»by traditional wood working operations. That is it can be



Hardness kg/cm?

Fig.

11

sawn, p]aned dr11]ed worked on a lathe chiselled and po11shed “Alsc
is read11y screwab]e and maintains the screwed connect1on much better
untreated wood. Among these technological properties the only one the
'WOFries tHe users is that 1t'may deteriorate when nailed [1].
- A careful analysis of'mechdnical droperties of wdod_po]ymer co
“posite (W.P.C.) was done by Kent [12]. According to his results hardn

is the property in which we see the major improvement.

White oak - PMMA
Beech - Polyvinylacetate
Sugarmaple - PMMA -
Sugarmaple - Polystyrene
White pine - PMMA

0.2 0.4 0.6 0.8
Polymer/g. Wood

1.3.1 - Hardness of WPC as a function of polymer content [29].

Similar results are obtained in snear strength and static bending stre

‘measurements [1].



12

From the results of the mechanicaT tests (static bending, compres:
sion parallel to‘grain'and toughnesS)/done on baswood-PMMA composites it
was ‘seen thét a great improvementvin’alldtne properties except modulus of
elasticity was achieved [13]. Considering the significant increase in
toughness tests it appeared that W.P.C. made from softwoods could challen
high density hardwoods. - Languig also concluded that “Comporing the coef—r
ficient of variations for the treated-and untreated material it can be
seen that treated material produced much more untform,data". _This is mos
important from industrial point of view where uniform standards are re-
quired. » | | ) |

| Most of the mechanical prdpertteS'of W.P.C. are improved propor-
tionally to tne polymer content. 'HbWever any improvement is not directly
proportional to polymer uptake. As can be seen from Fig. 1.3.1 [29] a%
’malt amounts ot'po]ymervretention improvements can be relatively greater
or sma]]er accord1ng to the spec1e of wood.  However polymer loading does
not depend on1/ on the permeab111ty of wood spec1es concerned but a1so
on the_part of the tree where the part1cu1ar piece of wood is taken from
‘that is from sépwdod or heartwood. Theoretically void volume is approx-
imately the same for these two‘regidnsunut it is found that there is a
‘difference in 4 polymer loading in pieces‘takenffrom'theée'two regions -
df‘tne wood‘ In most'species‘of wood‘sapwood«aoTymer 1oading is greater
:than that in heartwood probab1/ because organ1c deposits, ty]oses block
the penetrat1on of the monomer into the vessels []4] After treatment
sapwood shows a greater increase in compre551ve strength perpendicular
to gra1n, tangent1a1 hardness, den51ty and % polymer 1oad than does the

heartwood. However the untreated hearthwood nas enhanced physical
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properties due to the organic deposits and'the net resu]t-isian averaging
';of the phys1ca1 propert1es of sapwood and heartwood [14]
A part from these 1mprovements in phys1ca1 propert1es, a decrease

N 1n water uptake that is- an 1ncrease in d1men51ona] stab1]1ty, 1mprove-

B ment 1n abras1on res1stance and a decrease 1n permeab111ty is observed

1n w P C

In techn1ca1 use the 1ncrease in d1mens1ona] stab111ty is one -of

: _rthe most 1mportant 1mprovement in a W.P. C. re]at1ve to untreated wood.

|h1s property is measured as Ant1 Shr1nk Eff1c1ency
: AfS'E' = IOQ(SC_-_Sp)/Sc. o p ; ,,[15].

.whereisé'and75b.are,the‘volumetrtc{snejlings'of'the'untreatedvCOntro1 .
andvpo]ymer,treatedeOod'respective1y;' Thus high'A.S.E. va1ues 1ndicate
aisample that has.very'iou Water’retention and sweTTing A It is c1a1med
'that:A.S.E is d1rect1y proport1ona] to the po]ymer content 1n the ce]]
'Wéi] [16] A S E values of 25 to 40 percent for vacuum 1mpregnated |
:_ dry samp]es have been reported by John and Siau [24] fhe results co1n-’v
cide the swe111ng data:in 1nd1cat1ng the entry of mater1a1 1nto the ce]]
wall [17]. A deta11ed study on A.S.E. va]ues was done by Siau and Meyer[]S]
‘ ‘d As 1ong as the wood and the monomer used are the same the proper-
t1es of a W.P.C. do not’ change with’ the method of po]ymer1zat1on Heat-

. cata]yt1c po]ymer1zat1on or po]ymer1zat1on by gamma rad1at1on do not make

any S1gn1f1cant changes on the prooert1es of the resu1t1ng W. P C [18 19].
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1.3.2 ,Structure of Wood-Polymer Composite

The wood po]ymer compos1te cons1sts of a h1gh strength ce]] wall’
- matrix w1th an included low strength po]ymer. However_the N.P.C Citself
" has enhanced:physical propertieé thanfeitherksingle‘component. AImprOve-
ment “in physical properties depends great]y on the 1oeation of b01ymer
in W.P.C.  Polymer incorpﬂrated into the‘ceil Wa11 results in htgher
"A.S.E. values and also in improved mechanicé]‘properties,,compared to
po]ymer between ce]] walls. | B | |
~Timmons et. ‘al used autorad1ography at the 11ght mxcroscop1c and

electron microscopic level to locate the polymer in the cell wall layers.
EXperiments were done on three differently impregnated sets of wood, that
' is monomer impregnated by solvent exchange (where wood is\first swelled
by a. po]ar solvent and then 1mpregnated with monomer), in solvent dried
and in ovendr1ed wood As expected d1fferent results were obta1ned 'The
greatest amount of monomer diffusion 1nto the cell wall: 1s acn1eved by
so]vent exchange method. Monomer d1ffus1on into the ovendr1ed and solven
(pentane) dried cetl wall was time dependent. After 12 hours of monomer
soak1ng the ovendr1ed ce]] wall seems to be impermeable. There is very
11tt1e penetration on1y~1n the outer layers of the cell wall. Thﬁs obser
vation agrees with 2 to 4 percent void volume determined by Stamm [20]
for ovendried cell walls and it shows the inability of "the nonhydrogen
bond forming monomer to readily sweli wood. However in the oVendried

- pine soaked in the monomer for 100 hours there was a eonsistent penetra-
" tion into the outer aree of S2 layer. Siau showed that after prolonged
immersion in VMA nine percent volumetr1c swelling 1nd1cat1ng penetrat1on

g into the ce11 wall 1ayer cou]d be obta1ned []7]
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It must be noted here that nonhydrogen bond forming monomers do
swei] dry wood to seme extent. After 360»hburs oure dry MHhA swells’
loblolly pine volumetrically 0.3 percent:[21]. Actually moisture of the
wood under treatment is the determining factor in swelling or shrinkage
of woéd. whenvthere.is moisture {n the wood, the wood is dehydrated by
the monomer and vo]umetr1c shrinkage or reduced swe111ng is observed.

At Tlow moisture content of wood the wood swe]]s

S1au et.al developed a geometr1ca1 model for a wood po]ymer com-

posite. The theoret1ca1 equat1ons derived from this mode1 gave resu]ts

that were 1in good agreement w1th exper1menta1 velues [24]

<
"

Volume fraction of air.

Vb = Volume fraction of polyme

<
|

=1 - b% = Volume fraction
of cell wall
1 ; material.

Fig.‘1.3.2 - Model for one cell of wood-polymer composite [24].

: The mode1 consiété of wood and polymer tn Tong, para11e1.ho110w
columns. The constituents are assumed to be perfectly bonded along their
lengths. Cell morpho1ogj is neglected. It is zlso assumed ‘that cell
wall thickness and po]ymer wall thickness.are ::ua] in the radial and

tangential djrect1on.
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The good.agreement between theoretica1-and experimentai resu]ts
1nd1cated that "the model ‘may ‘be a usefu] too] for the pred1ct1on of .

propert1es of a composite from those of the const1tuent material".

1.4 * OUTLINE OF THE IMPREGNATION - PQLYMERIZATION PROCESS

Formation of a W.P:C. essentiaflybtonsists‘of two main'steps:
Impregnation and polymerizatioh. The method of impregnatfon (solvent
exchange, solvent dry, over dry) andgtechnique of impregnation (vatuum
or soak) var1es and d1fferent 1oad1ngs are obtained according to the
method and techn1que chosen There are three main methods for po]y-

'mer1z1ng the 1mpregnated mater1a1 all of wh1ch produce free radicals

to start po]ymer1zat1on These are gamma rad1at1on,.Rad1o frequency»
,:  neating and heat cata]ys1s techn1ques These will be disCUSSed in the

.forecom1ng head1ngs. A]though the method of producing a free rad1ca1

may change the ohemistry of the process is essentially the same.

.1.4.1 Chemistry of the Process fls,é]

Wood polymer composites are prodoced by free radical polymeriza-

. tion. When gamma radiation passes through a matehia1,its energy is

absorbed by photoelectric, compton and pair production collisions. As

a result excited and ionized molecules are formed.

MATESY, o+ T 4 M M-molecule — (1.4.1)
MU+ el — M M*-excited molecule - (1.4.2)

e;-free e
M -molecular. ion.
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During these excitation and ionization reactions the weaker bonds in the
excited molecule 1ike the covalent bonds are broken. Usually the excited

molecule breaks a covalent bond homolytically to produce free radicals.

(R-R)* > R+ .+ R ' (R—R)*- excited molecule ~(1.4.3)
"R - free radicals

These free radicals act as initiators for the polymerization reaction.

H = CH2 - R—CHZ-CHi : : (1.4.4)

R

wheﬁ gamma-radiation. passes through wood, fkée radica]é'afa generatéd on

éeT]u]Ose and 1ignin molecules which initiate‘pOTYmérTZAtfon, when an

unsaturated vinyl monomer is present. waever free radicals. produced by

y-radiation can and do degrade wood by Eredﬁng the cellulose or lignin

chains after a critical dose is exceeded (10é rad. [1]). Below this

doSe degradation of_fibrous cellulose is neg]iQibTe.and'ce11ulose forms

a certain amount of cross-1inking which increéséﬁ its strength. After

the free radical is formed the pﬁ]ymerization réaction'proceeds as usual.
“In the heat-catalysis method the free radical source is a catalyst

which dissotiates upon heat. .2,2'—azobisisobutyronitri1e (Eq. 1.4.5) and

benzoyl peroxide (Eq. 1.4.6) are the most commonly used dnes,

CH

CH CH

3 3

H3C- -N=N-C-CH

» 3 . .
l I 3 — 2CHz=Ce + N, (1.4.5)
(N CN éN
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>

‘o_ ' ' d
I %

- Q.
O

The dissociation energy required to break benzoyl percxide bond is

35 kcal/mol. The phenyl radical thus formed initiates .the poiymerization

of vinyl monomers (Eq. 1.4.7).

T 3 | ik
« 4 CHy ? : _;‘___,«_CHZ . (1.4.7)
' | ) |
o | ? = 0 C=0
b
C-CH ~
or  Ie + Mo I-M. "(initiafion s{ep)
The propogation step can be shown as_
I-(M) Mo+ M T-(M) M , (1.4.8)

Normally a polymerization reaction can terminate in three ways.
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iy Recombination of radicals

1= (M) M-+ I—(M)n—M- + I—(M)n—MfM;(M)n—IV . (1.4.9)
2) Disproporticonation reaction
' TT H H H H H H
| | | | |
C-Cs + -C-C - €=C + H-C-C . (1.4.10)
|| | | | | -
HH HH H HH
3) By chain transfer reaétion
R—(M)h-M~ + H-S - R(M)n-M-H + S . : - (1.4.11)

At this point when po]ymerizetton is taking place in wood a hydrogen can
be extracted from ce]]u]ose or 11gn1n thus forming a polymer brancn growwng
on wood However Stannet [25] found that the copo1/mer oranch is not very
long compared to the ce]]u]ose cha1n, and therefore “branch1ng has little
effect on phys1ca1 propert1es of the mecnan1ca1 m1xture of homopo]ymer,
cellulose and ]1gn1n | o

Tne molecular we1gnt of the po]ymer formed has been found to be
1.5 to 2 times greater than that obta1ned under s1m11ar cond1t10ns in
bulk polymerization. This is because of the Timitation, on the mobility
of growing polymer chains. . This jmmobility. inhibits the termination of
thains and ferms nigh mo1ecu1ar weight polymers in wood-polymer compo-

sites [22].
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1.4.2  Impregnation Methods

Impregnation is the first step in the formation of a W.P.C. A

wood polymer composite can be made by impregnating wood in three different

ways.

1. W.P.C. prepared from Polymer Impregnated Systems

2. W P C. prepared from Monomer Impregnated Systems

3. W, P C prepared frow Po1ymer and Monomer Impregnated Systems.
1. W.P.C. prepared from polymer impregnated systems:

In this method the’potymeriis dissolved in a suitable solvent

and then impregnated in'woed.’ Polymers used for this purpose

are polyesters, pO]yethers,'pblyvihy1a1coho], pd1yethy1ene g]yco],
pheno]1c re51n, am1no res1ns and aromat1c po]y 1socyanates |
The disadvantages of th1s method are: |

ic It 1s_d1ff1cu1t to 1mpregnate,htgh mo}ecu]ar,wefght po]yﬁers

into wood.

ji. Large amounts of solvent is needed to dissolve the polymer.

Its advantage is that there is no prob]em of vo]at111ty of the

" monomer and it does not 1nvo1ve the difficulties of 1n situ po]vmer1zat1on‘

2. ‘W.P.C. prepared from monomer 1mpregnated.systems:

Monomers are small molecules that ‘can be impregnated more readily
and more uniformly in wood. Impregnation and and subsequent
‘polymerization with monomer “increases the mechanical properties

and dimensional stability of wood.
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-The main disadvantage of this method is that mbnomers used-are
very volatile and allot of monomer Toss during impregnation and

polymerization occurs.:

3. W.P.C. prepafed from’po1ymér"and monome} impregnated syétems:
In fﬁis method po]ymer‘(oligomer)-monomer solutions are prepared.
These solutions are dilute enough- to 1mpreghate the wood saﬁis—
factorijy. Then they are completely pé]ymerized. Tﬁe polymer
can be the monomers own oligomer or a foreign one. A fdreign
polymer creates a new combination but perhaps.the most important
aspect of this method is the poséﬁbi]ity’of creating a cross-
11nking structure. AThe most sfgnificant po]ymers in this respect

are polyesters, polyisocyanate resins and the epoxy resin [1].

Technically impregnation intb wood can be achieved by vacuum
impregnation or simple immersion (soaking). Apart from these'there is
the so1ven{ displacement technique in which a'swelling agentiis required.
| VacUum.impregnation although more costly than simp]e?immersion
nas several advahtages; wider irregularly shaped pieces can be handled
easily and the depth of»penetration can be controlled by tegu]ating
immersion time 6ﬁd préséure []j;f ’ B E : |

In vacuum 1mpre§nation method a hé]f'hour pdmpfng at 1 mm. pres-
sure in sufficient to;remOVe_the air from}Wood vessé}s:[é].k After eva-
cuation the catalyzed monomer (which may contain croés—]inkérs; dyes,
fungicides, bacteriostatic agents [1]) is intfoduced!into the evacuateq

chamber through a reservoir. After the wood is covered with the monomey
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solution atmospheric air or nitrogen-is admitted into the container. A
surge tank is included in the system to a{1ow the afr dissolved in the
_monomer to expand without great]y:ehangihg thevpressure in the system
before wood is covered with monomer [2,18]. Hoﬁever with this procedure
much monomer is 10§t due to high vapor pressure of»monomer (40.mm at 100 m
temperature for IMMA). 7 | - |

Loos et.a1'deterh1ned the parameters (pressure t1me) that controT
the impregnation of wood. It was found tnat to fill the void volume of
wood completely a good vacuum (Tess than 1% atm pressure) and a sufficient
71iqu1d pressure (greatervthan 100 pounds/souare inch gage) was necessary.
They a]so obtained contro]]ed un1form part1a1 1oad1ngs by applying part1a1
vacuum followed by monomer soak under atmospher1c preSSure after which
excess monomer was removed Un1form d1str1but1on of monomer was obta1ned

by app]y1ng h1gh pressures [31].

Vacuum

A
ﬁ %D
3F

Manometer— H ; H q
Nitrogen - Surge

or}Air S Tank . : Ei]weighf

Fig. 1.4.1 - Vacuum-pressure apparatus [2]
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" "The best results for forming a W.P.C. are obtained when the monomer
is 1nconporated into the cell wall fayers. “Swelling of nood enables the
penetration of monomer into tne cell wall layers more easily due to the -
fact that it loosens tne amorphous parts of cellulose. This is achieved
by solvent displacement technique. -

In. solvent displacement tecnn1que wood is first 1mpregnated with
nater (or some other solvent 1ike ethanol which proved to be an exce11ent
swe111ng agent [1]) and then immersed in an- intermediate solvent which
also dissolves the monomer in concern. (A m1xture of swelling agent and
fnonomer can be impregnated at the sane time.) The water is rep1aced by
the intermediate solvent and a]]oweddto exchange for 24 hours. After
equ111br1um is reached this solvent 1s gradua]]y rep]aced by the monomer
“and so]vent is then evaporated from the wood. Siau et. a] found that at
. least four to six excnangers of solvents were necessary ‘to insure a
_ comp]ete d1sp1acement They obtained very hwgh A.S.E. values (up to
84%) which showed eff1c1ent 1ncorporat1on of the monomer into the cell
wall layers [15]. However all swelling agents do not have positive effects
on the W.P.C. formed Some have damaging effects and A.S.E. values turn
to be negat1ve u1bson in h1s work [23] found that swelling agents had

a negative effect on PIIA wood composites and ‘that the resulting W. P C.
’}swe11ed more ‘in water than d1d in original wood. (F1g 1 4.2) |
The 7ast method to be mentioned and the one used in this work
s s1mp]e 1mmerswon ‘In th1s method wood speC1mens are immersed in mono-
:‘mer for a pro]onged time and cons1derab1y h1gh 1oad1ngs are obtained as

| wi11 be discussed in the resu]ts.
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 Polymer uptake

- Fig. 1.4.2 - Effect of PMMA content on A.S.E. in birch [23]

;];4.3 Po]ymerization Method
 Polymerization is achieved by mainly two methods.

A) - Radiation Polymerization

'B) Heat Catalysis Process. -

A) Radiation Po]ymerizatidh

A dose of 10° to 10° rad. is necessary for the polymerization -
of monomers. in wood. This radiation dose causes very minor decreases
in the strength of wood which is compensated byfthe formation of N.P:C..

Radiation Causes»free,radicalwsites‘on cellular structure of wood.
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When wood is impfegnated w{th a monomer these sites can be initiation

points of graft copo]ymers of the synthetic polymer to fheice]] wall of

wood. rowever it is seen that ﬁot all monomers form copolymers in wood.
Accoraing to Ba11an£1né [22] in the caéé‘of MMA and viny]l acetate little

dr no gfafting takes;pTace; However if wood épecimen;‘are first swelled
W1th water, dried in éir and 1mpregn$ted with MMA significant amounts of
copolymer fdrﬁatibn was detected'[]]. This varied éécording to speciés.

of wood. GibSoﬁ fouﬁd that as dose increased grafting of MMA decreased [23].

Po]yme%ization by irradiation can be done in three ways.

1. With samples wrapped in Al foil to prevent monomer lo0ss.
2. Samples immersed in monomer solution.

3. By combination of 1 and 2.

The-third method Qenera]]y gavevmuch,greater polymer_]oéding. Radiation
polymerization is usually done with a Coba]t»ﬁb source and usually 8 to

10 hours are;reqhired for completion of,po]ymerization [12]. :When poly-=
merizationlis to be done by irradiation an inhibitor is used in the -

monomér solution. Radiation polymerization has important advantages:

1. Since no caté]yst'ié'Qséd §t6ra§é of'monomer»cén bévproTohged.
2. bThé’#até'of po1yﬁérﬁzatio; canbe coﬁth]1ed.b:Sinéé the method

“ adds 1o excess  heat té fhé heat df poTymerizatioh; there
‘15 nd overhéatihg which can cause faster po1ymerizatioh and -
thus shdrtér chains. o :

3. The process is carried out at ordihafyApreSSUre'and tempefq-l
ture which eliminates the pfobieh'of mondmér’evaporation td
abgreat extent.

SOGAZIC TANERSHTES (RS
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4. The product #3171 contain no-tesidué]icata1ystVthat would

later on lezd to aga1ng and d1swntegrat1on £1].

Howeven;‘radiation polymerization hashserious disadvantages in
its technical use. Meyer [2] states that radiation ihp]ies goveknment'
regu]at1ons and environrental pollution is another problem. Cost consi-
- derations imply that a significant investment must be made before pro-'

duction can begin.

" B) Heat-Catalyst Process

In this process, the monomervcdntains a catalyst nhich upon heating
decomhoSes'generating frze radicals that initiate pb]ymehization reaction.
The samples are kept at a‘certain‘temperature (according to the catalyst)
for 6—24,hours.; For Vazo eatalyst'abont 60°C'1s:used to 1n1tiate poly- R

merization [2] and fdr benzoy1 peroxide about 80 are needed [18];
| AvW.P'C by.heat;catalyst proeess was~f1rst»prebared 1n.1964, Six
kh;jears after the patent for the rad1at1on method by Ericsson. et.al who
| polymerized styrene in uaod [26] The first thorough study on the subject
.. Was made by Meyer £18]. Neyer tr1ed to develop the heat -catalyst process |
because rad1at1on po1/mer1zat1on arised many techn1ca] nand1caps
| It was seen that for approx1mate1y the same amount of polymer
~uptake modu]us of e1ast1c1ty, compre551on strength or hardness results
‘7 d1d not depend on the metnod of po]ymer1zat1on [18] The maqor drawback
vh in heat—cata]yst po1ymer1zet1on is the evaporatton of monomer from wood

~ surface which leads botnh to monomer wastage and  non-uniformly ﬁmpreg; :

nated products.



27

Tzble 1.4.1 - Comparison of Mechanical Test Data [18]

.

_ -~ | Polymer Modulus of Compféssive - Polymer Hardness
Method: Uptake Elasticity Strength Uptake Average
- 1b/inx107% . 1b/in? Deformation

(ball pres.)(in)

Untreated 1o 427 e3 0 0.1
Direct heating 66.8 17.26 . 8.51 66.5 0.028
Gamma Irradiation| 62.8 1672 - 8.43 65.9 0.039
R.F. Heating 69.7 17.33 8:49 n2  0.0%0

(Radio frequency)

1.5 MONOMER LOSS
1.5.1  tonomer Loss During Polymerization

,Po]ymerizationyreactibns areexpthermic and coﬁsiderab1e amounts -
of heat is.evolved depending on the monomer in concern. In case of heat_
catalysis process~ﬁeatfis needed .to start polymerization reaction.. Once .
the exothermic reaction Begins heat,is_generated; |

In both heat catalysis and gamma radiation,processeé.the heat
generated during polymerization is.same for.a given amount of monomer [2].
The rate at which the{heat,is;released is Contho11ed,by,fhe.free radical
initiator decomposition rate and the chain's propagation rate.. So if in
polymerization reaction rate of initiation'and bropagation is,high as in
heat catalysis process, all the catalytic heat of polymerization of a given
monomer mass will be released in a shorter period'cauéing an increase in

temperature. .
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Fig. 1.5.1 - Idealized temperature-time exothermic curve [2]°

WOod is a poor heat conductor So when heat 1s re]eased due to
exotherm1c reaction the temperature 1n51de the wood can very eas1]y rise
to damag1ng 1evels Ar 1ncrease in temperature causes faster po]ymer1za-
t1on wh1ch in turn results in an increased heat generat1on ~ This se]f
acce]erat1on 15 harmfu] in three respects, First of a]1»1n suth a reac-
tion po]ymer chains with 1'rinate tensile and'conformationa1 strains are
obta1ned Second]y the rise in temperature wh1ch can exceed 100°C can
. cause damage to the wood structure and therefore to the W.p. c. formed [1].
Last but not 1east js the monomer loss due to temperature increase and
vo]at111ty of the monomer

| The advantage of rad1at1on po]ymer1zat1on was that polymerization
rate could be controlled. Complete radiation curing of wood-monomer .

composite requires 8 to 10 hours. The exothermic heat.is still released



but temperature is much lc.er because of the slow rate of initiation.
Howe&er-in catalysis 1n1tiaﬁed reaction the‘inifiation reaction termi-
nates much mare faster (e.z. in Vazo initfated reaction it is 30 to 40
min [2]) heat df,po1ymerizetion of a certain monomer is released in a
snorter period; thus causing a greater riée in température additiona’
‘to that required for 1nitiatfon of po]ymérization.

‘This high tempefatgre 1n6reases the vapor pressure of the water
and of the monomer in the cell walls. When water is driven out of tie
cell wall due to its vapor pressure.increase, distortion of original
shape and shrinkage 1s"observed~[2]; Siau :and Heyefiobserved condeerab1e
shrinkages which occurred zfter heat polymerization. This is confrary to

fadiafion:p01ymerization’in.whichlswe]ling.was observed'[]S]; They conc-
luded that heat had driver out monomer out of the cell wall. An evidence
to this was the Tower A.S.E. values obtained by heat polymerization. |

Also studies on hardness, tahgential mechanical strength and
dehsfty.shoWed_that Toss of monomer occurred in a cbnsiderab1e amount
from the surfaces during the polymerization reaction. A slight increase
in cbmposite density was cbserved after the machining operatioh. The
" decrease -in surface hardness confirmed it [19,13].  Meyer stated that
W.P.C. cured by heat catalysis process had to be machined to the final

shape after treatment [2].

~1.5.2 Previous Works Done to Prevent Monomer Loss

lost monomers used in W.P.C. formation are more or less volatile.

Sevefa] aftempts were made to prevent monomer loss during heat polymerizatio
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Wrapping to Aluminium “o0il did not give satisfactory results [19].

High pressures can be used to 1imit the volatility of the monomer but
~this is not an efficient way,trom technical and economical points of view.
‘Addition of a cross-linker (1-5% by weight) is an efficient way to dec-
rease monomer loss. A considerable amount of monomer loss thus a decrease
_1n.p01ymer Toading occurs due. to the initial heat of the curtng oven and
heat released at the beginning of the exothermic polymerization reaction.

A cross-linker such as a divinyl monomer [e.g. ethylene g]yco] dimethacrylate
(EGDMA)] which contains two double bonds forms a gel initially and prevents
the escape of the monomer . Cross linker also increases the molecular weight
and a thermosett1ng po1ymer is formed which will decompose before me1t1ng
The nonme1t1ng character1st1c is 1mportant in the mach1n1ng and sending

of the final product [2]

Another way to prevent monomer ]oss dur1ng heat catalysis process
is to make highly viscous constant temperature bath. Lawniczak Maciej
po]ymerized wood impregnated in styrehevand/or viny]acetate which contained

‘a catalyst in molten wax; 1He claimed that wax hindered the evaporation of
monomer and gaue greater than 90% conversion,to polymer [27]. However we
think that paraffin diffusion into wood has not been allowed for our own
experiments on wax bath heating will be discussed in Results and Discussion
Section. - i

Moragne tried to deve]op a method for produc1ng a p]ast1c 1mpreg-’
nated art1c]e by heat cata1151s process [28} The porous mater1a] is
vacuum 1mpregnated w1th a treated methyl or ethy] monomer and the 1mpreg-
nated mater1a1 1s thereafter heated by an externa] heat source to the

temperature requ1red to initiate. The externa] heat source is then removed
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and the heat generated by the initial polymerization is used to compiete
fhe polymerization pf the remaining'monomerf Moragne'treéted the mohomer
with some additives (methdcry]ic acid and methanol). "It was found out |
that the cuantity and type of chemical added to the monomer controlled

the polymerization temperature of the monomer, the rate of polymerization,
the amount of po1ymerizéd monomerbremaining in the final produét and the
time required to effect a complete cure of fhe remaining polymer. ItIWas
discovered that reaction temperaturefdetérmined‘as one would expect the
amount of monomer remaining in the finished broducf. These data ére given

for % monomer loss at certain temperatures.

Table 1.5.1 - % Monomer Loss at Certain Temperatures [28]
Temperature % Monomer Loss
121% . 90%
93.3°% - 75%
65.5%. .. 50%
37.7%C 20%

1.6‘ POLYMER SYSTEHMS USED FOR WOOD-POLYHER COMPOSITES

_ The prbperties of wood are improved when a W.P.C. is formed.
The improvement in the physical and dimensional properties of the wood
“depends on ‘the polymer with which it is combined. Wood po]ymer compo-
sites made thus far can be mainly classified into two groups. Those

made by irradiation polymerization and those formed by heat catalysis
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polymerization. However some are formed by direct imprégnation of wood
samples with thequlymer withcut any need o¥ polymerization.

vhen a W.P.C. is to bé nade it must be kept in mind that for a
certain polymer improvement in >hysical properties can not be obtained
for all species of ded. While some speciesvgive vefy satisfaétohy
results with one kind of polymer, for the same polymer combination with
- other kind of species is unsuccessful.
Given below are the vinyl monomers used in W.P.C. formation and

the properties of some W.P.C. formed with these monomers.

CH2 = CH2 7 CHZ_: %H _ CH2 = ?H
CHy - phenyl
ethylene . oropylene v styrene
CH2 = ?H CH2 = ?H CH2 :4? - CH3
- |
© Cl CN 0=C-0-CH

, 3
vinyl chloride acrylonitrile methyl methacrylate



Table 1.6.7 - Types and Properties of'w.P.C.

Type of W.P.C.

Improved Properties

Technical Advantage/Disadvantage

Radiation initiated polymerization

Wood-polystyrene

Wood-PMHMA

Wood-nolyvinyl
acetate

Wood=-polyvinyl
chloride

Wood-polyolefins

(ethylene)

Wood-unsaturated

Great reduction in water
uptake i.e. increase in

dimensional stability

Enhanced mechanical
properties

Increase in dimensional
stability :

Enhaniced mechanical
properties

Increase in abrasion
resistance

Increase in dimensional
stability

-Reduction in combusti-
bility

Improved dimensional
stability" '

- Improved mechanical

- Can impregnate most species
of wood satisfactorily. .

- High radiation doses required,
which is harmful to wood.

- Appropriate doses required
for polymerization
- High cost.

- Polymerized easily by radia-
tion .

- Polymerization inhibited by
the natural resin of some
wood species.

- Gaseous at room temperature

therefore difficulty in .
impregnation.

- High pressure required for
impregnation

- Polyester impregnation with-

Chemicaliy initia—

ted polymerization

polyester+vinyl properties out irradiation also shows

monomers - increase impact strength, considerable improvement.
bending strength and - Difficulty in impregnation.
bulk density : : .

Wood-PMMA Same improvements: ob- - Less costly than radiation

Wood-polyester
+vinyl monomers

tained by radiation
polymerization . .

Same improvemehts ob-
tained by radiation

polymerization.

polymerization

- Monomer. Toss during poly-.

merization.

- High heat of polymerization
i.e. significant rise in
temperature.
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11, PRESENTATION OF THE PROBLEM

Wood is used in fndustry in a wide variety of ways and continuous
attempts are made to modify it for a spec1f1c usage.

When a po]ymer is 1ncorporated with wood the mechanical and dimen-
sional propert1es of wood can be great1y improved. Formation of a wood
polymer eomposwte w1th 1mpregnat1on(0f vinyl monomers can be achieved in
two waye. Radfation,po1ymerization and heat cata]ysisdpo1ymerization.
The former a]though has many advantages over the heat catalysis po]ymeri-
zat1on method is too cost]y and requ1res great 1nvestments due to source
:of rad1at1on, po]]ut1on and safety cons1derat1ons This would increase
‘the cost of the end product thus mak1ng the process quite improfitable.

Heat catalysis polymerization is 1ess costly and therefore can be
efficiently applied in industry. One of the serious drawbacks of this
method is the monomer loss during polymerization. When large scale pro-
duction is considered this loss would reach to such hign_values that pro-
_duction of a wood-polymer composite would be quite insignificant due to
“cost considerations since the monomer is quite expensive. Since an im-
provement in the properties of wood does not depend on %heAmethod of .
polymerization heat catalysis polymerization can be efficiently used if

the monomer loss can be prevented during po]ymerizatiqn.
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The aim of this work is to develop a method to decrease the monomer

Toss during heat catalysis polymerization so that a profitable large scale

production can be made.

.

White pine, a soft, light and'coarse grained softwood specie ic
chosen for the work. The low cost of this specie is also taken into
account. When the increasing cost and chortage'of hardwqods is considered
hardened white pine with increased dﬁmensiona] stabi]ity can challenge
hardwood used 1in 1ndustry.

‘ The polymer chosen for the format1on of the compos1te is poly-
methy]methacry]ate the po]ymer of methyl mechacrylate. PMMA—wood comb1ha-
tions have been widejy investigated due to the excellent mechanical pro-
perties of fhis po1ymer However not much work has been done to decrease
the monomer 1oss dur1ng po]ymerwzat1on ‘

F1na11y the increase in djmehswona1 stabi]ity and hardness obtained
in the hesu]ting compcsfte is measured. Th1s is 1mportant from commercial
Ipo1nt of view because the propert1es of the compos1te will determ1ne its

adapt1on to a spec1f1c usage
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ITT, RESULTS AND DISCUSSION

Cafa]yst heat process for polymerization requires a heating medium.
Simple oven héating of an impregnated sample results in unacceptably high
Tosses of monomer due to volatilization. Therefore some sort of a heating
bath éontaining a fluid for heat transfer is requjred; This fluid should
have a number of properties such as ease of handling inertness, immiscibi-
‘Tity with the monomer used and ease of removal from wood after polymeriza-
tion. Water looks like a good choice and polymerization was first tried
in a water bath. Monomer loss through dissolution-evaporation was still
quite high which required further work on the monomer loss problem.

Methods used to decrease monomer loss involved improvements in
heating. medium and\reductioh of polymerization temperature through the
‘use of different catalysts. The obvious method, high pressure polymeriza-
“tion was not tried because we believe that this may be a costly process
in a large scale operatfon. Impregnation.with po]ymethy1methacry1ate
methyl methacrylate mixtures was also tried With quite successfu] results.

To decrease monomer loss during polymerization by cata]yst‘heat
‘technique several methods were tried. Before going into the detaiis of
_these solutions-and analysing the r%;ults obtained; the experiments;dohe

beforehand will be mentioned.
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3.1 EFFICIENCY OF IMPREGNATION

Temperature and time depeﬁdence of monomer 1bad1ng in wood was -
determined. Three sets of anomer/solutioﬁs were prepared each containing
4 samples and at different teﬁperatufes; kIn each set two of the samples
were hornbeech and two were of softwbod (white pine) specieé. These three
sets were maintained at 0°C Sice;bath).room temperature and 40°C respec-
tively. The samples were first treated in an oven at 60°C until they
redched constant weight then these were immerséd in the three different
temperature monomer solutions.. The‘p1ot'is made by taking the'average
of softwood-and‘hardwood samples dt each tempefature.

The 1mbregnation rate is ‘highest in the first 24 hours (Fig.-3.1;]).
A’constancy is observed after the'eighth day and then an increase after
the tenth day. This may be due ﬁo the high resiSténce of the lamella
where monomers enter the cell wa]]p As pehetratiqn proceeds’the structure
will relax gradually resd]ting in an increased diffusion rate [(17].

| At 40°¢ very high;1oadings afe observed. = At high temperatufes
the air trapped in the voids can be-more easily replaced by the incoming
- monomer which has é high vapor pressuré. The difference in impregnation
at 0°C and room temperdture was not found to be significant. Thi§ result
is promising for an industrial plant since at 0% monomer loss is at its |
minimum. |

The experiment also showed'that‘after prolonged immefsion high
monomer loadings could be obtained. After 70 days at‘40°C %154 to‘%164
increase in weigﬁt with respect to origina] weight was observéd. This‘ ‘

data is- in accordance with Siau's observations [17]. As a consequence
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of time dependence for monomer 1oad1ng necessary time for a certain load
.can be adJusted to obtain the required loading. Though it must be kept
in mind that Toading differs greatly between different species of wood
and the region of wood where the sample is taken [14].

A good method of reporting impregnation data is by means of
"efficiency of impregnation“. Th1s value compares the theoretical max1mum
lToading (TML) prossible if all the void space in the wood is filled with
monomer to the actual toading.

The efficiency of impregnation can be determined by first cal-
culating the theoretical max imum 1oad1ng and dividing the actua] ‘loading

to 1t [31 17.

The theoretical maximum Toading (TML)

D D
[1- ] 5 x 100
1.54 W

HTML

where %TML

the maximum percent increase in weight of 1mpreonated wood

with respect to or1g1na1 wood.

L
i

» Gross density (bulk density) of wood.
Dm = Density of monomer.
1.54 = Accepted density of solid material in wood [1].

- 1 wood x
% Actual Loading = Wt. of impregnated wood Wt. of or1g1na W00 x 1.

Wt. of original wood

% Actual loading x 100
% TML .

Efficiency of Impregnation -
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The approximation in these calculations is that the swelling of cell walls
by the monomer 1s neg11g1b1e and the free volume determ1nes the maximum
amount of monomer that can be 1mpregnated [11. This approxwmat1on is how-
ever not entirely correct when the anti-shrink eff1c1ency (ASE is a measure
of water absorbtion property of wood) data are considered, since it is
‘c1aimed that A.S.E. is -proportional to monomer penetration in the cell
‘wa11 [16,17]1." A1l the same eff1c1ency of impregnation versus t1me gives

a general view for time and temperature dependence of impregnation (Fig.
3.1.2).

To calcu1ate D - gross dens1ty of wood the vo]ume and dry weight
of the samples used were measured and a simple ca1cu1at1on gave an average
density of 0.382. |

~ For samp]es at roomftemperature TML% was found to be 204.5%, that
is the sample could be loaded to a weight of 204.5% of its original weight.
At 40°C after 70 days impregnation a 85;8%\efficiency in,impregnation'was

obtained.

3.2~ THE EFFECT OF ADDITION OF CATALYST AFTER IMPREGNATION

»-Storagenof a monomer-catalyst mixture is poténtta]]y troupiesome:
epo]ymer1zatwon of the impregnation m1xture would lead to a maJor commer-
c1a1 1oss _ Hence it would be advantageous if 1mpregnat1on could be done
w1th pure monomer and catalyst could be 1ater added

So it was aimed to observe the effect of the t1me of add1t1on
of cata1yst In one run the wood samp1es were placed 1n a monomer so]u—

tion contain1ng cata]yst (1% benzoy] perox1de) In a second run the wood
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run-the wood samples were first impregnated with pure monomer then trans-
ferred to a so}ution containing catalyst, ahd monomer. They were left
for a couple of days until equfiibrium’was‘}eached.. These were then
'po1ymerized. lThe efficiency and improvement of the methodvused is de-

termined by "% conversion" which is equal to:

% polymer load

% conversion = x 100
% monomer 1oad
where
% polymer load = % increase in Wt.. with respect to dry weight
after polymerization |
%Vhonomer load = % increase in wt. with respect to dry weight-
beforé:po1ymerizatjon‘(after impregnation).
Table 3.2.1 - Results for Addition of Catalyst Durihg and
After Impregnation
e : % monomer ~ % polymer - % . :
»Samp]e v load load - conversion
~ Impregnation with 16 53.7 25.68:  47.8
monomer  catalyst | - 17 ' 56.8 25 47 44 .8
mixture A
MMA impregnation 10 100.9 79.2 78.5
followed by addi- '
tion of catalyst 15 ’114.0 75.05» 65.8v

As seen from Table 3.2.1 the addition.of cata]yst.after the wood is
a1ready loaded with monomer effects % conversion in a positive way.
- When the exper1ment done in 3.1 and th1s is. combwned we arr1ve

"~ at an advantageous situation from techn1ca1 point of view. ‘That'1s a
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monomer‘can be first impregnated at any temperature in pure monomer and
then transferred to a solution containing catalyst maintained at lower

temperature The preservation of the stock so1ut1on of the monomer will

be thus‘achieved easily.

3.3 COATING TECHNIQUE

Coating the Wood samples with anothervpotymer wes one of the
methods tried to prevent mondmer 1dss during po]yﬁeriiatioh’ Coat1ng
cou1d block the pores of the wood thus prevent1ng the diffusion of the
monomer through it.

The most important thing to beAconsidered 1n;thi$'method was
that the solvent in which the coating polymer was dissolved had to be
very volatile so that‘é quick and efficient coatingscdu1d be obtained.

Two po1ymers,were used for the-purpose: cellulose butyrate and
cellulose acetate Three experiments were made. In the first exper1-

ment wood samples were f1rst 1mpregnated w1th MMA and 1% catalyst for
12 duys Then they were we1ghed coated with ce]]u]cse butyrate in butyl-
‘acetate and heated to 80°C in a water bath w1th thn uncoated control

samples.

Table 3.3.1 5lP01ymerizatiOn_of Cellulose Butyrate Coated Wood

% monomer % po]ymer % :
Sample load Toad conversion
- | 1 121,99 662 54.3
Control samples 2 . 1484 87.4 58.8
| | 135.66 - 71.2 . 52.5
‘Coated samples 4 105.54 56.2 - b3.24
- .~ 88.56, 46.5 52.5
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As seen from table no significant difference between the coated

and uncoated samples was observed.-

~

A second experimeht’gavé the Samé reéu]ts‘wﬁere thé % conversion
of the untreatéd samples was 43.1%, the average of the coated ones were}
40%.

In third EXperTmenf cellulose acetate wagAused for coating.
Cellulose acetate was thought because of its cellulosic nature, and also
because the solvent acetone was very volatile. It was>expec£ed that
cellulose acetatevau1d:be‘more efficientbin preVénting MMA loss during

polymerization. However the opposite was observed.

Table 3.3.2 - Cellulose Acetate and Cellulose Butyrate Coated Wood

Kind of treat | Average Z%conversion

Cellulose . '
butyrate ; 60.6
coated -

Cellulose oo
acetate o . 26.8
coated

Resu]ts_obtained showed that poiymer coating was not an efficient
~way to prevent MMA loss during po]ymerizatioh.. One reason may be that
these po]ymefs do not efficiently coat the pores of the wood. Also MMA
is so]ublejin the solvents used to dissolve the coating polymers. It is
probable that MMA impregnated in wood dissolved in these so]vents éﬂd
‘évaporated witﬁ it during coating. Ser{ous MMA losses were obsekved

during the coating operation, making this process ‘quite useless.
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3.4 © POLYMERIZATION IN VISCOUS FLUID

Diffusion coeff1c1ent of a gas is proport1ona1 to its average velo-
city znd mean free path. S1nce the mean free path is 1nverse1y propor-
tiona’ to the pressure the diffusion coefficient decreaseS'with-increése
in pressure. At high pressures the molecule has to make many nore colli-
sion< and its progress in any direction is s]owed down

This recalled the idea of polymerization in a viscous bath.fhstead
of water. Two different viscous fluids were tried; Polyacrylamide gel and
paraffin Wax. Lawniczak‘[27] claimed that wood fmpregnated Qifhsiyrene
and/or v1ny1acetate containing a cata]yst when heaLed in mo]ten paraffin
wax hindered evaporation of the monomer and gave 90 conversion to polymer.

This experiment was repeated with wood impregnated with MMA. _The
first data obtained seemed to fit Lawnioéak's c]aims.~.HOWever'we-suspected‘
that paraffin penetrated wood and‘theiobserved;high'po]ymer loading was
actual]y,po1ymer + paraffin loading.

A solvent that would dissolve ‘paraffin but not PMMA had to' be
chosen to reextract the paraffin ano determine the aCtuallpo}ymerﬂloading.
Cycichexane was found to be fit for the purpose. Wood samples were left
overnight fn cyclohexane in each extraction.

‘The amount of paraffin extracted corresponded to the loss in weight.
As can be seen from Table 3.4.1 there is ‘a’significant lowering in weight
when paraffin is extracted out of the wood samples. ~ This indicates that
| paraff1n has penetrated into wood and the high % convers1on obta1ned is
not due to hwndrence of monomer Toss but due to paraff1n penetration.

Paraffin penetrat1on 15 not desired in the end product and it gives a
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_fa]se'impression on the ‘improvement of % polymer loading in the end pro-

duct. These conclusions show that paraff1n wax usage in polymerization

is not a reliable method.

Table 3.4.1 - Wood Polymerized in Paraffin and Reextracted

~ |% monomer % polymer %
Sample. Joad load  conversion
Before treat 86.90 81.61 . 93.91
After first extrac- :
tion with cyclo 86.90 72.35 83.26
hexane ' '

After second ,
extraction with = 86.90 68.78 : 79.15
cyclo hexane . :

The second viscous-fluid was prepared from polyacry1amide; A
highly viscous polyacrylamide gel was prepared and brought to the
requ1red temperature WOod samp1es 1mpregnated w1th MMA were dwpped
in th1s bath An 1mmed1ate wh1ten1ng of the transparent f1u1d was
observed which 1nd1cated the format1on of PMMA from the monomer evapo— \
rating from the wood samp]es , v

When data obtained from samples po]ymer1zed in po]yacry]am1de
gel and water bath (Table 3.4.2) were compared it was seen that po]ymeri-
zation in po]yacrylamidebgel did not prevent Toss of monomer significantly.

After that these results were obtained 1t was decided that poly-

" merization in a viscous fluid would not be an efficient method for a

W.P.C. formation by heat-catalyst method.



47

Table 3.4.2 - Polymerization in Polyacrylamide Gel

Samples % monomer  -% polymer % ; ~ Average
] load 1oad conversion % conversion
in polyacryl-| 11° 51.13 14.45 28.26
. . . 26.37
amide gel g° 67.02 16.41  24.48
in water 7°  64.83  13.13 20.62 |
: , - 21.31
bath 100 57.52 12.66  22.01

3.5  LOWERING POLYMERIZATION TEMPERATURE BY USING
| DIFFERENT INITIATIORS

3.5.1  Polymerization Initiated by Ceric Ions in Aqueous Soluzion

'Santappa et.al studied thé kinetics of vinyl pb]ymerization initia-
ted by teric ions in aqueous solution [32,33]. The free radical nature of
pﬁ]ymefization was indicated since polymerization was inhibited by oxygen
hydfoqﬁiﬁone and phenol. The polymerization was found to take place
without an induction period and the steady state rate Was attained within

a short time. The following sequence of reactions were proposed.

Cet* + M > Ce™® + Re A (initiation)
Re + M~ R-M . (propagation)
(R-M):__ + M > (R-M);

(R-M): + Cet* » Py ¥ Ces + M | (termination) -
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The experimental set-up in our work was-as follows:

Two test tubes each containing 9 ml water, 1 ml HC10, (0.9 M) and a tip

of Cé(SOu)z(]'V). In one of these test Eubes pieces of wood were added.

Time elapsed cozizgngggewood wi{ﬁZSttuggd
5 min "~ no change - ;‘ | no change
10 min | vno’change o turbidity in MMA
15 min no change - turbidity increasea
20 min o change | PMMA férméd

In test tubé containing no wood po]ymerization started with a
very shortvinduction périod coinciding with that given in paper. The
fbrmation of no PMMA in test tube‘contaﬁning,wdod showed that the
reaction Cet* + M ;Ei+ cet® + R- did not occuf in presence of wood.

A charge transfer reaction may have occurred-between‘theﬁmetal ion
and-ho1ecu1e that acted as donors in wood. It is kann that many metal
jons form_comp1exes"which are often stable with olefins, dienes (usually
conjugated) and aromatic rihgs.‘ Electron densﬁty'is tranéferred from
the. orbital fo the metal. It is evident that the aromatic rings,
conjugated dienes found fn wood ﬁave prevented the formation of an
initiator radical.

! 14

3.5.2 Initiation by Cu Powder and Formic Acid

Takashi Yamanouchi used Cu powder and HCOOH (85%) + MMA in ‘equal
amounts dissolved in water for polymerization reaction. After 24 hours

a po1ymer having a polymerization degree of about 2000 was obtained [34].
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Experiment uas repeated in.tWO different test tubes containipg:
MMA + HCOQH + Cu powder each wood p1eces were added in on]y one of the
test tubes :

PMMA was formed in test tube tbatvdid'not contain wood pieces
and no PMMA formation was'seen in test tube oontajnihg wood mostbprobab1y

due to reasons stated in 3.5.2.

3.5.3 Methyl-Ethyl Ketone Peroxide inttiated.Po1ymerizat1on

Methyl ethyl ketone peroxide with'Cobalt Naphtanate or Cobalt
Octoate initiatesspo1ymerizaticn at room temperature. The effect of
MEKP and Co octoate on po]ymer1zat1on of MMA 1in wood was observed The

following sets were prepared in test tubest at room temperature

'_Compositjon an ' | Observation
1. 10 m1 MEKP + 2% MEKP o Po]ymerization
2. 10 ml MEKP + 2% MEKP + wood chips No polymerization
3: 10 ml MEKP‘+'2% MEKP + Co octoate Polymerization

4. 10 ml MEKP + 2% MEKP + Co octoate -

+ wood chips Polymerization

Po1ymerization was seen except 1nbthe second case where the test
tube conta1ned MMA + MEKP + wood ch1ps The initiation of po]ymeriza-
t1on at room temperature w1th Cobalt octoate in fourth case is not ade-
quate for N P.C. format1on since 1mpregnat1on prob1ems wou]d ar1se
un]ess 1mpregnat1on 1s done by vacuum pressure method and at low tem-

peratures.
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Polymerization was observed when the test tube containing MEKP +
MMA + wood chips was placed in a water bath at 50—559C. Thiskseemed
to bé a promising result since'po]ymer{zation temperature was reduced
significantly and combinétion of this result with polymer-monomer
impregnated systems could easily lead to high % conversion values aﬁd
minimum loss during polymerization. However seVera] triaTs;Qith polymer
impregnated wood‘with MEKP did not give satisfactory resuits as gxpected.
Nevertheless we think that a further study must be carriea out witHvMEKP

catalyzed systems.

3.6 IMPREGNATION WITH POLYMER-MONOMER SOLUTIONS

Raoult's law states that the vapor pressure if a solvent over a
solution is equal to the vapor pressureibf the pure SO1vent multiplied
by the mole fraction of the so]vént_in‘the solution. The vapor pressure

Towering is proportiona] to the mole fraction of the involatile solute.

P -p=xp® (3.6.1
~ where po = VapOr pressure of- pure solvent,
p = vapor pfessure,of solution,
X, = mole fraction of solute.

.Solﬁtfdnﬁ Of high mo]écu]ar substances show deviatidns from Raoult's
1aw.“The great d1fference in size of the molecules of the so1ute and
solvent results in a number of propert1es spec1f1c to these solutions.

A Tow rate of d1ffus1on, a h1gh viscosity the phenomenon of swe1]1ng

are observed. These so]ut1ons usua11y show negat1ve deviations from
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‘Raou]t's law. That is the solvent has a lower escaping tendency than
in an ideal solution of the same concentration. |

O]igomer—monomef impregnated systems were prepared before from -
po1yéster, polyisocyanate resins andrépoxy resins [1]. In this work
po]ymethy]ﬁethacry1ate, methyl-methacrylate solution was tried. PMMA,
the polymer of MMA was chosen since PMMA loading was desired in the.ehd
product. The aim of polymer-monomer impregnation was to obtain a vapor
‘préssure lowering whiéh would result in a decrease 1h monomer loss. Use
of PMMA scrap materia1 in a-large sca]e operation was also aimed at.

The first trial was done by preparing three d1fferent so]ut10ns
conta1n1ng 20, 25 30% PMMA respect1ve1y Impregnat1on‘versus time and’
%conversion was determined. '

It was seen that to obtain a significant loading for a po1ymer-
monomer mixture more time was requifed than that for pure monomer. It
vwas also seen that as po]ymer amount increaséd in the mixture less loading
was obtained in a certain time interval on the average (Fig. 3.6.1).
However iﬁdividua] sbecimens showed -unexpected decrease (or increase)

.; in  intake of polymer-monomer solution in the same period of time
, (Fig. 3.6.2). A sample in 20% po]ymer-monomer solution which was expected

: to have a higher Toading had av1ower loading in the same time interval.

" The same th{ng.was observed in the second trial.

To détermine the improvement obtained by impregnating wood in

o polymer-monomer system the % total conversion and the % net conversion

~was evaluated. To do this the initial polymér intake was determined as
follows. One of the samp]éé from each solution was Teft without poly-’

merization to evaporated until constant weight was reached. 'The increase
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in weight mith respect to dry weight was measured which showed the -

% initial poymef load. At this point it was assumed that the polymer/
total Toad ratio wae true for the efher samp1es impregnated in the
same solution. The fo11owjngrcaTcu1at10nskwere done throughout the

experiments based on this assumption.

%initial po]ymer
Toad of dried
~ %initial monomer < sample

%initial polymer load = (3.6.2
+polymer Toad %initial monomer +
polymer load of
dried sample
_%monomer Toad = %initial monomer+polymer load - %1n1t}§;dpolymer (3.6.3
monomer cenverted'- %final po]ymer load _ %initial (3 6.4
during polymerization -(after po1ymer12at1on) ~polymer load T
%tota] conversion = /f1na1 po]ymer 1oad x 100 - . (3.6.5
' - - %initial monomer + o o
polymer Toad ‘
%monomer converted
% net mqhomer’convemsion = dur1ng po1ymer1zat1on X 100 (3.6.6

% monomer Toad

.AT] the % values are taken w{th respect to dry weight. The foliliowing
results were obtained (Tab]e 3. 6 1). |

| The h1gh values obtained for 20% PMMA 1mpregnated samp]es were
ldue to a m1shap dur1ng exper1ment Po1ymer1zat1on had started 1n the
1mpregnat1on vesse1 in this case. The resu1ts seemed to 1nd1cate that
a 5% increase in PMMA concentration resu]ted in a 5% increase in con-
version on the average going from 25% PMMA to 30% PMMA solution. 'How- .

ever in the second run a similar 1 to 1 correlation‘couldvnot be observed.
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It can only be stated that as a gereral trend as the % PMMA concentration
of the 1mpregnating solution increzses, monomer loss decreases At this
"po1nt the eff1c1ency of h1gh polymer concentrated solutions can be argued
upon since the load with respect to dry weight is lower than the others.
Neverthless qu1te high 1oad1ngs were obtawned by decreas1ng vapor pressure
of MMA 1in solution.

The second run was done with 15%, 20%, 25% PMMA + 1%.cata1yst,
to determine the most efficient concentration that would give hfgh polymer
1oadin§s and maximum conversion. The 20% PMMA solution po]ymerized pre-
maturally before the wood samnles were taken out sd no data could be
taken. Actually in all PMMA MMA-éo]utiOns initiation of polymerization
at room temperature was observed._-The reason cou]d not be understood.

From the data ontained from 15% and 25% PMMA impregnated wood
samples it was seen that there was no siénificant diffefence in % conver-
sion betneen these two sets of solutions (Table 3.6.3). Also there was
no dffference on the average in % increase in weight with respect to dry
weight between them (Table‘3;6.2); This was ‘an unexpected result and it
was due to the*abnormal_permeabi1ity or impermeability of the specific
wood specimens. Considering'that all samples were of the same specie
these abnorma]ities 1ndicated1£hat impregnati0n depended very much on the-
fegion where the wood sample was from.

The nef conversion and the»tota] conversion values for the samples
impregnated in 15% PMMA and 25% PMMA were esfimated as follows: (The
same assumptionvas in the first run is valid.) Even if abnormal increases
or decreases in impregnation are absorbed for specific wood samples, an

approximately nigh average loading can be obtainedbin a certain period.
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Table 3.6.2 - Impregnation versus Time

% wt. incr. : g wt. incr. . % wt. incr.
Sample after 2 (Average) after 7 (Average)  after 9  (Average)
~days - % - days % - days %
-] R 40.15 70.27 - 73.62
15% R o , ' ‘
PMMA 2 E 31.89 v»(33;43) ‘ 5274 (54.94) ‘ 54.94 (57.73)
R 282 4235 476
R i B
7 31.82 51.02 -+ 51.84
25% R ‘ - ‘ . |
PMMA | 8 45.59 (34.76) ) 74.09: (55.82) 77.92 (56.11)
! | 26.88 | 142,36 38.59

Accordingly the"time for impregnefion~can be adjusted for the weight
required in the end product since the approxiﬁate’% convers%ons can be
estimeted with‘this method. Th1s w111 “lead to format1on of wood-polymer
compos1te of desired 1oad1ng |

The net convers1on of approx1mate1y 85% are the h1ghest we or any
other researcher has ever obta1ned “We fee1 that polymer + monomer
‘-empregnat1on has resulted in a s1gn1f1cant .Wprovement in heat catalyst

process for preparat1on of wood-polymer composites.
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3.7 ANTI-SHRINK EFFICIENCY

Water absorbtion and the accempanying d1mens1ona1 changes. is one
of the chief drawbacks of wood as a structural material. Surface coatings
generally do not."waterproof'-I the wood but may decrease its water uptake.
W.P.C. on the other hand'genera11y have 1ow:water’absorbtions which makes
them very attractive for marine structures. Anti-Shrink Efticiency_is a

measure of water absorbtion properties of wood .

The mechanism ot water absorbtion by dry wood proceeds in two steps.

Water entering dry wood in vapor form is absorbed into the'ce11 wall and

hydrogen bonds to the cellulose. As a result the ce11 wa11 swe11s and the

_'overa11 d1mens1ons of the wood 1ncrease [2] When in. w P.C. po]ymer is
Tocated on]y in the void spaces ava11ab1e and ]1tt1e is located in ce]]
walls, this loading in cap1]1ary vesse]s reduces the rate of water vapor
diffusion into the ce]] walls., However Langwig et.al found that given
enough time (a factor of 10 to 20) at h1gh hum1d1ty water w1]1 eventua]]y
reach the. cel] walls and cause the same swe111ng as untreated wood [35].
This is the case when monomer does not penetrate the cell wall. However
it has been found that an 1mprovement in A.S.E. 1svdirect1y‘proportionalj
to 1ncorporat1on of monomer in the cell wall.. A]though it was ftrstﬁ“r
thought that penetration of the monomer into the ce11 wall in significant
© amounts cou]d only be achieved by so]vent exchange method [15] it was
then found that this was not the case. Loos et.al [21] and Siau [17] .
showed that v1ny1 monomers thought to be non- swe]ltng because of the1r
nonpolar nature d1d swell cell wa]] to some extent. ‘S1au et.al [24] found

an A.S.E. value of 40.3%_for wood—PMMA composite. They claimed that this
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value offered a strong evidence for the interaction of monomer (MMA)

with cell wall.

.

Usually A.S.E. calculations are bésed upon voihmetric swe11in§s.

- In such cases

A.S.E. = 100(S, = S )/S

c (151 o (3.7.1)

where SC = volumetric swelling of the untreated control

Sb volumetric swelling of polymer treated wood.

In our‘work we had to modify this equation due to the possible’e}rors
that could rise from incorrect volume measurements.

Our A.S.E. calculations were based on weight considerations.
The treated and untreated samples-were dried at 60°C in an oven and
carefuT]y weighed before they were soaked in pure water at room tempej

rature'and_left for 20 days A.S.E. was calculated as follows:

% wt increase of _ % wt increase of
A.S.p. . untreated samples treated samples

% wt increase of untreated samples

x 100 (3.7.2)

% wt increase of _ wt after soak - initial dry wt
~untreated sample

x 100 (3.7.3)
initial dry weight

% wt increase of _ wt after soak - initial wt before soak
treated sample

: x 100
initial weight before soak
N (3.7.4)

From the data obtained A.S.E. versus pb1ymer loading was deter-

mined. As a general trend it can be said that as %-polymer loading )
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| increases A,S.Er 1ncreases. However at approximately same % po1ymer
Toadings different A.S.E. va]ues were observed. This shows the non-
uniform or non,eqda1 penetration of the hqnpmer 1nvce]1 wa1] in different
samples when it is considered that A.S.E. increases wifr 1ncrease o
po1ymer content in cell wall. Adother interesting observatidn Qas <hat
the initially polymer impregnated samples had ﬁigher A.S,E. va]ues Zhan

the'pure1y monomer impregnated ones. This may be due to £Hé shrinkage
| of MMA monomer upon polymerization. Meyer. and Yedng estihaies 25%v
shrinkade for MMA uponvaTymerization [141} -So inrfnitia]1y pdre MHA
impregnated samples veids will form in 1dmens ueon ediymerfzation whereas
‘when PMMA is 1n1t1a1]y impregnated w1th MHA PMMA will f111 the 1ur ns
and void formation due to shr1nkage will decrease This can be the
cause of Tower A.S.E. va1ues for pure MMA 1mpregnated samp1es at sinilar
loadings, when the PMMA 1mpregnated samp1es have h1gher A.S.E. va]ues
Thws observat1on is another 1mportant po1nt in the cho1ce of po]ymer
monomer impregnated systems in format1on of W.P.C.

~ However it was found by prevwous workers that A S.E. in case of

wood PMMA combinations as in case of po]ystyrene wood comb1nat1ons was
_ relative. That 1s the weight of spec1mens d1d not reach 11m1t values

Veven after periods of weeks [23, 22 ,307. Th1s was the case 1n our work
t"too, A]though rate of swe111ng decreased cons1derab1y 1t was seen Lhat

it did not .cease after pro]onged immersion in water.

3.8 HARDNESS

Hardness is defined as the resistance of solid body to the entrance

of another:solid body by force [4]. For the anisotropic, heterogeneous, .
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hydroscopic materials such as wood the hardress value is reliable when
it is an average of many tests.

. | Hardness ijs one of‘the important techno1ogica1 property of W.P.C.
and it is also the property in which we eee the major impkovement.'\The
improvement of hardness in wood a1though proportwona] 0 ‘the polymer -
content depends also on the specie of wood (See Fig. 1.3. 1).

Meyer stated_that the 1mprovement in hardness in a W.P.C. was
independent of the method of po]ymerization [18].  However Siau and
Meyer later found tnat heat_cUred~samp1esAhad Tower tangenfié] hardness
values than radiation cured ones (the densities being the same) due to
monomer evaporation from‘nean~the surfaces [19]. So a heat cured W.P.C.
has to machined to its final stateAnefofe usage [2]. |

Hardness measurements are made by fbrcing a hard material- often
a hardened steel ball into a flat-surface of the‘nateriaT.' Either the -~
resultant degree of penetration under a known load or the load required-
for a certain degree of penetration is measured..  ~ = 7 il

In our work the Toad required for a certain penetration was
measured.  In the fnitia] experiment a steel ball of diameter 0.66 cm
was used end the force required to immerse it in the sample up to nalf
of its diameter was detected. No reliable results could be obtained in
tno different runs deneeto7measure hardneéé?perpendicu1arjtO'grain‘because
-the,steel‘ba11 of this diameter when imbedded to half of its diameter -
}split the W.P.C. along the grain. This fact was observed by Meyer also
[18]. The reason may be that PMMA is a brittle polymer.

A stell ball of greater diameter was chosen and the force required

for penetration of 1/8 of its’ diameter was measured.. An electrical contact

.
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mechanism was constructed to detern iine the immersion point accurate1y
The deta1ls of the apparatus and the preparat1on of the samples are
given in the expertmenta1 section.

In our work hardness was determined on the surface perpendicular
to grain (Figs.3.8.1, 3.8.2) and en the surface para]]e] to grain (Fig.
3.8. 3) The results of 611 of these tests for different polymer loadings
showed that hardness increased as polymer -loading 1ncreased It was
seen that hardness parallel to grain increased much more than the surface
hardness perpendicular to grain. Increase in surface hardness perpendi-
cular to grain at 70% polymer load is 2 2 fo1d in case of polymer-monomer
1mpregnated system (1t‘1s 1.74 fold 1in case.of monomer 1mphegnated system)
whereas increase in hardness parallel to grain at the same load for the
same set is 3.15 fold. Siau and Meyer [19] explains this fact as greater
amount of latewood cell material ehcountered when the surface is penetrated
in the parallel direction. |

. Only a moderate increase in hardness perpendicular to grain is
obsehved for both monomer impregnated and polymer-monomer impregnated
set. EspeciaT]y at lower loadings the rate of increase in hardness Was
found to be much slower (Figs. 3.8.1 and 3.8.2). For both of these

sets a significant increase in hardness perpendicular to ghaih was seen
only after'50% polymer load. In case of hardness parallel to grain
quite highzva1ues were obtained at lower bo]ymer loadings (Fig. 3.8.3).

The threefo]d-increase at 70% polymer load obtained in hardness
para11e1 to grain is still Tower compared to tncrease in hardness’of
birch-PMMA composite which is 4.5 fold at the.same~1oad1ng [18]. How-
ever our data coincide with the results obtained by Fucillo et.al for

white pine-PMMA combinations.
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3.9 DISTRIBUTION OF POLYMER IN WOOD-POLYMER COMPOSITE

.

It is known that monomer loss during po]ymertzation takes place
mostly at the‘surfaCe regions. Whether the polymer is distributed
homogeneous1y throughout thevcrose-section or is mainly concentrated
in tne middle region of wood is important. If it is concentrated'main]y»
- 1in the inner region of wood, wood has to be machined and external surface

removed before a’significant increase in physical properties can.be
~achieved.

To determine tne distribution of polymer in wood several reagents
were apptied to dye the polymethyl methacrylate and make it visible to
~ the eye. The basic consideration was that the hygroscopic wood would
absorb dyes dissolved in water while the hydrophobic po1yner PMMA would
not and a color gradient could be easily seen. Several neagents wene.‘
tested. The name of reagents and the resu]te of their app]tcation’ane
summarized in fab]e 3.9.1. The application was done by dipping a thin
section of wood in the reagent solution. '0n1ykvefyzs1ight differences
could be seen between untreated and treated samples. ‘A1thougn7a distinct
_co1or gradient could not be obtained itkwas seen that the absorbtion of

, the reagent so]ut1on decreased 1n the treated sample 1nd1cat1ng the pre-

.. sence of the polymer

Meyer obta1ned a co]oratwon w1th Rhodamine B- dye [18] in his work.
'Rhodam1ne B- dye colored PMMA f]uoresced as dark blue and the cell wall
structure as very Tight b1ue green under the microscope.

We did not use microscope in.our work. Wood samples from treated

-

and untreated wood speciments were cut in 1-2 mm thick pieces to reveal



Table 3.9.1 - Reagents Used to Stain pHMA-L

\\&
‘Reagent

_ ]
Iodine vapor (1)

H250,

Cr0s

Malachine green
Benzyl orange
Methy1ené blue
Methyl orange

Fluorescin M.V,

—— e

ood Composite

Observation
Untreated sample| Treated sample

Remarks

Dark red

Dark brown

Dark brown
<7Light gréen

Red

Blue

Orange

~Yellow

Dark red
Dark brown-
Dark brown»
Light green
Red
Blue

'Orange

Darker yellow

“No differerce

along grain

~along grain.

Nofdifference

No differerce
No difference
No differerce
No differehce

Slight. darkening

STight darkening

Darker-than un-
treated control

the cross-section dipped in Rhodamine-B dye and examined under ultra-

violet Tight.

samples fluoresced as darker pink.

mainly along the grain.

Untreated control samples fluoresced as pink, treated
The ‘darker blue color was seen

Th1s indicated that polymer was located along

the grain (late wood and partily ear]y wood) and was distributed quite

un1f0rm]y In po]ymer -monomer impregnated systems dark blue color was
'denser near the surface of the wood (Fig. 3.9. 1) which indicated that

PMMA 1mpregnat1on remained mostly on the surface.
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Untreated sample

PMMA impregnated
and polymerized
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Fig. 3.9.1 - Cross section of- aqueous Rhodamwne B- dye treated

wood-PMMA composite under U.V.
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VI, EXPERIMENTAL

4.1 IMPREGNATION
4.1.1 Impregnation in Pure Monomer

Methy]methacry]ate was vacuum d1st1]1ed before use A vacuum of
40 to 50 mm was applied and MMA d1st111ed at 30°C to 35° C.

In all the experiments wood samples were first dried to constant
weight in an oven at 60°C beforevimp?egnation. | Glass weights were put
on.wood samples to avoid floating. Beaker was covered with Aluminium

foil.

4.1.2° Impregnation in Polymer-Monomer Solution

To prepare 15, 20, 25, 30% (by we1ght) PMMA MMA so]ut1ons a
bknoun vo]ume of MMA was taken. | ~From the known density of MMA (0 994 gr/cm )
| we1ght of the known vo]ume of MMA was ca]culated and the we1ght of PMMA
requ1red to obtain the desired % PMMA so1ut1on was thus determ1ned PMMA
was d1sso1ved in MMA with the aid of a magnetic st1rrer at room tempera-.
ture. The dissolution takes considerable amount of time (3°to 6 hours’

depending on ¢ PMMA). Dried wood samples were placed in the solution
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and beaker covered with paraffin znd Aluminium foil.

4.2 POLYMERIZATION
4.2.1 Polymerization in Water BSath

TheVimpregnatéd wood samples were wéighed énd wrapped in Aluminium
foil. They were then placed -in & water‘bath at 80°c which is the tempera-
“ture required for the dissociation of catalyst, (benzoyl peroxide). Curing
time was 18 hours. Glass weights were used to avoid f]oatiﬁg. Treated -
samples were then placed in an oven at 60°C for the evaporaticn of water
that penetrated during the curing time. Polymerized wood sampies were
then weighed when théy reached to ?onstant weight to determine percent

polymer load.

4.2.2 Po]ymérization by Coating Technique

ThevMMA impregnated samples were weighed and‘fmmediafe1y dipped
in_the’coatfngvp61ymer; ée]]u]ose butyrate or cellulose acetate solution
in buty]acetate;and acetdhe"respectively., Then they were wiped with
tissue paper; wrapped in Afuminiﬁm‘foi1land immersed in water bath at
80°¢C fof'18 hours. The samples were then dried'td‘constantvweight and

4 .
. percent polymer load determined.

4.2.3 Polymerization in Viscous Fluid

Péréffin wax was melted and temperature of melt raised~to 80°¢.

Impregnated and weighed wood samples were placed in this melt without
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.wrapping to Aluminium foil. Cure time was 18 hours WOod samp1es were
weighed to determine 1ncrease tn wefﬁht Since it was suspected that
paraffin could have penetrated 1nto wood these wood samp]es were p1aced
in a weighed. beaker conta1n1ng cyc]dhexane and 1eft for 24 hours. The
wood samples were then rewe1ghed Cyc1ohexane was evaporated and the
beaker reweighed to determ1ne ‘weight of paraff1n extracted from wood.
The decrease in weight of wood samples c01nc1ded with the we1ghtvof
peraffin. The secondeextractioh ot paraffin was made in the same Qay
In a different exper1ment chyacry]am1de ge] was prepared by
dwsso]vwng po1yacry1am1de in water Hy the aid of a. magnet1c st1rrer at
- room temperature. The temperature of the ge} was ra1sed to 80° C. The
impregnated and weighed samples were then immersed in the gel (without
wrapping in Aluminium foil). Cure‘time was 18 hours. Wood samples were

then dried and weighed to determine polymer 10ad.

4.2.4 Po]ymerizatioh Using Different Initiators at Room.

Temperature

A)  For the;poTymerization'reaction tnitiated'by Certc ions two fest
tubes were taken. 1 ml of ﬁMA, 9 ml of distitled water and 1 ml
HC10, ‘was added to each. Thus the concentratton of HC10, was
adjusted to 0.9 M. A spatu1a tip of Ce(S04)2 (1.V) was added
to each test tube. "In one of the test tubes pieces of wepd'were
added. Test tubes werejleft overnight at rqom‘temperature“and

result of the reaction was then observed.
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Cu powder andbférmic acid initiated polymerization reaction was
done in two different test'tubes‘each containing 1 ml of 85%.,
HCOOH, 1 ml of MMA, a spatula tip of Cu powder in 10 ml disti]led
water. In one df the test tubes wood Chips were added. Test
tubes were 1ift overnight at room temperature to observe the

result of polymerization reaction.

Four different te;t‘tubes were prepared to observe MEKP (Methyl

ketone peroxide) initiated polymerization in presence of wood.

Composition of each test tube was as follows:

1. 10 ml MMA *+ 2% MEKP.(a full droplet was added)

2. 10 ml MMA + 2% MEKP + wood chips

3. 10 ml MMA + 2% MEKP + few drops of Co octoate

4. 10 ml.MMA + 2% MEKP + few drops of Co octoate + wood chips

A1l test tubes were left in water bath at 35°C for 18 hours.

The second test tube in which no polymerization was observed

~was put to a water bath at 50-55°C ‘and left for 18 hours.

4.3

at 60°C.

water.

_ANTI—SHRINK EFFICIENCY DETERMINATION

The po]ymerized samples were dried to constant weight in an oven
Then tHey were accurately weighed and the immersed in distiijed

Periodical weighings were taken to observe the water uptake. The
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_1ast weight taken after 20 days was taken into consideration for the -al-

cuiations.

G.< HARDNESS DETERMINATION

Therhardﬁess tests were performed by determining the requirec load
for a certain degree of penetration into wood. The ball test with a 2all
13 mm in diameter was used. The load kequired for.penetration of one eight
of the diameter of thé ball was measured.

A battery operated conducting cifcuit was fitted to.the compression
apparatus (Soil test - Mode] C-21) to indicate the penetration point accu-
rately (Fig. 4.4.1). Different speciméns with 1ncreasing-po1ymer lozding
were prepared. Af each specimen. 4 measurements were taken for hardness
perpendicular to grain. Only two measurements could be taken for hardness
parallel to grain. Care was taken for the control specimen being'from the
same piece of wood as the treated specimens; Results were expressed as

the average of these measurements.

‘ LOAD ,
conducting , 1 Metal head
foil : S
| lﬁ&:::;zrl i
WOOD SAMPLE
. L ' ]
| T

Fig. 4.4.1 - The ball hardness test apparatus
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4.5 STAINING TECHNIQUE

Several indicators were used to stain wood or PMMA (Table 3.9.1).
The aqueous solution of these”réagents‘were prepared.

1-2 mm thick pieceé were cut from the inner part of the po1yherized
wood specimens and from untreated contro1‘samp]e$. The pieces from treated
and untreated wood samples were p]gced‘in a beaker containing a small amount
of reagent solution. It was expected that the reagent solution wii] move
up along the wood dying the wood or PMMA and thus a color gradient c0u1d
be observed. However a distinct color gradient could not be obta1ned
except for pieces that were co]ored~w1th Rhodamine B- dye and examined
under ultraviolet light. In th1s case, the p1eces were d1pped 1n Rhodamine

B- dye dried and exam1ned under u1trav101et light.
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