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WOOD-POLYMER COMPOSITES FROM TROPICAL HARDWOODS 
I .  WPC PROPERTIES 
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Department o f  Chemi s t r y 2  

Department o f  Mechanical and Produc t ion  Engi nee r ing3  

Nat iona l  U n i v e r s i t y  o f  Singapore 
10 Kent Ridge Crescent, Singapore 0511. 

ABSTRACT 

Wood-polymer composites (WPC) o f  13 d i f f e r e n t  Ma lays ian  
t r o p i c a l  hardwoods and 10 v i n y l  monomers and m i x t u r e s  o f  
monomers were prepared by i n  s i t u  p o l y m e r i s a t i o n  us ing  gamma 
r a d i a t i o n  or t h e  c a t a l y s t - h e w m e n t .  

The polymer l o a d i n g  ach ievab le  was found t o  be dependent on 
t h e  wood spec ies  and t h e  na tu re  o f  t h e  impregnated monomer. Low 
load ings  were observed f o r  t h e  heavy hardwoods and for 
v i n y l  idene c h l o r i d e  monomer. WPC showed improvement i n  t e r m i t e  
and funga l  res i s tance ,  dimensional  s t a b i l i t y  and mechanical 
p r o p e r t i e s  such as hardness, compression and s t a t i c  bend ing  
s t rengths .  Thermal c o n d u c t i v i t i e s  of WPC were found t o  be l ower  
than t h e  r e s p e c t i v e  wood. From c r i b  t e s t s  and oxygen i n d i c e s ,  
v i n y l i d e n e  c h l o r i d e ,  bis(2-chloroethyl ) v i n y l  phosphanate and 
b i s  ( ch lo rop ropy l  ) -2-propene phosphonate were found t o  i m p a r t  
f lame r e t a r d i n g  p r o p e r t i e s  t o  t h e  WPC prepared. The d i e l e c t r i c  
cons tan ts  o f  most o f  t h e  WPC were m a r g i n a l l y  lower  than t h a t  f o r  
t h e  un t rea ted  wood. 

INTRODUCTION 

Wood has always been, and con t inues  t o  be, 
and v e r s a t i l e  m a t e r i a l  w i t h  many uses because o f  

a v e r y  i m p o r t a n t  
i t s  many 
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2 YAP, C H I A ,  AND TEOH 

excel  l e n t  p r o p e r t i e s ,  a1 b e i t  i n h e r e n t  d e f i c i e n c i e s  do e x i s t .  
Since wood i s  porous, i t  has been t r e a t e d  w i t h  v a r i o u s  chemicals 

such as t a r ,  p a i n t s ,  creosote,  r e s i n s  and s a l t s  t o  improve wood 
p r o p e r t i e s  such as dimensional  s t a b i l i t y  and r e s i s t a n c e  t o  
b i o d e t e r i o r a t i o n .  When p l a s t i c s  became a v a i l a b l e ,  t h i s  m a t e r i a l  
was used t o  impregnate wood t o  fo rm wood-polymer composites 
(WPC), which were found t o  e x h i b i t  lower  mo is tu re  s o r p t i o n  and 
g r e a t e r  dimensional  s t a b i l  i t ~ l ' ~ .  Moreover, t h e  impregnated 
polymer impar ted  a d d i t i o n a l  hardness t o  t h e  wood, r e s u l t i n g  i n  
enhanced compression and bending s t reng ths  and impact 
r e ~ i s t a n c e ~ ' ~ .  I n  general ,  t h e  improvement i n  p r o p e r t y  can be 
a t t r i b u t e d  t o  t h e  polymer conten t ,  which i s  dependent on t h e  
t y p e  o f  wood, t h e  polymer and process ing  app l ied .  

WPC p r e p a r a t i o n  i n v o l v e s  t h e  f r e e - r a d i c a l  i n  s i t u  
p o l y m e r i s a t i o n  o f  t h e  impregnated monomer, u s i n g  e i t h e r  
c a t a l y s t - h e a t  t rea tment  o r  gamma r a d i a t i o n .  Review a r t i c l e s  
i n d i c a t e  t h a t  t h e  m a j o r i t y  o f  s t u d i e s  has been on temperate 
wood-polymer composites f rom softwoods, such as p i n e  and spruce 
and hardwoods l i k e  maple, a lde r ,  beech and p ~ p l a r ~ ' ~ .  Monomers 
t h a t  are commonly used a r e  methy lmethacry la te ,  s ty rene,  
a c r y l o n i t r i l e ,  v i n y l  ace ta te  and m i x t u r e s  o f  t hese  and o t h e r  
v i n y l  monomers. M o d i f i e r s  such as so l ven ts ,  p l a s t i c i z e r s  and 
r e s i n s  have a l s o  been added t o  t h e  monomerlo, as w e l l  as dyes, 
a n t i o x i d a n t s  o r  s a l t s  t o  mod i fy  t h e  f i n a l  p r o p e r t i e s l l .  

Research i n  WPC prepared from Malaysian t r o p i c a l  hardwoods, 
which has been done and i s  c u r r e n t l y  be ing  undertaken, i s  

reviewed i n  two pa r t s .  A t o t a l  o f  13 d i f f e r e r l t  hardwoods and 10 

v i n y l  monomers and m ix tu res  o f  t hese  monoirers have been 
s tud ied .  I n  t h i s  f i r s t  p a r t ,  t h e  p r o p e r t i e s  o f  WPC i n v e s t i g a t e d  
avd compared t o  those of un t rea ted  wood i n c l u d e d  funga l  and 
t e r m i t e  res i s tance ,  dimensional  s t a b i l i t y  and mechanical , 
thermal and d i e l e c t r i c  propert ies12-17. Polymer l o a d i n g s  were 

determined and scanning e l e c t r o n  micrographs showed t h e  
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WOOD-POLYMER COMPOSITES 3 

l o c a t i o n s  o f  t h e  impregnated polymer i n  t h e  wood. Par t  two, 

invo lves t h e  c h a r a c t e r i s a t i o n  o f  t he  v i s c o e l a s t i c  behaviour and 
combustion pa t te rns  o f  WPC14,16,17. 

RESULTS AND DISCUSSION 

Wood 

The Malaysian t r o p i c a l  hardwoods, c l a s s f i e d  b road ly  as 
heavy, medium and l i g h t  hardwoods according t o  densi ty ,  s t reng th  
and d u r a b i l i t y  p roper t i es  were selected f o r  WPC s tud ies  based on 
a v a i l a b i l i t y .  However, f o r  commercial app l i ca t i ons ,  WPC would 
be fab r i ca ted  o n l y  from t h e  l i g h t  and a few o f  t h e  medium 
hardwoods, t o  improve t h e i r  lower s t reng th  and durabi  1 i t y  

p roper t i es  shown i n  Table 1. The dwindl ing supp l i es  and r i s i n g  
costs  o f  t h e  heavy hardwoods, has created i n t e r e s t  i n  t h e  
u t i l i z a t i o n  o f  lower grade woods such as Ramin, Je lu tong and 

Rubberwood, whose usage can be extended by conver t i ng  i n t o  WPC. 

Pol yrner Load i ng 

An impor tant  parameter i n  t h e  p repara t i on  and 
cha rac te r i sa t i on  o f  WPC i s  t he  polymer loading achievable f o r  
each wood and monomer. Table 2 summarizes t h e  average % polymer 
loadings o f  t h e  13 hardwoods and 10 polymeric systems studied. 

These r e s u l t s  i n d i c a t e  t h a t  t h e  amount of polymer t h a t  can be 
introduced i n t o  the  wood i s  dependent on t h e  wood species and on 
the nature o f  t h e  impregnated monomer. WPC prepared from t h e  
heavy hardwoods, s p e c i f i c a l l y  Balau and Chengal , were observed 
t o  have much lower polymer contents than those from t h e  medium 
and l i g h t  hardwoods. I n  t h e  case o f  Merbau, a l though c l a s s i f i e d  
as a heavy hardwood, because o f  i t s  lower  densi ty ,  i t s  
impregnation p a t t e r n  was s i m i l a r  t o  t h a t  o f  t h e  medium 
hardwoods. The lower loadings f o r  the heavy hardwoods were n o t  
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Wood M A  PMD 

Heavy Hardwoods 

TABLE 2 Sumnary o f  Average Polymer Loading WPC12-17 

Average Polymer Loading ( X )  

Balau (B) 
Chengal (C) 
Merbau (M) 

Medium Hardwoods 

Kapur (KP) 
Kempas (KM) 
Keruing (KR) 
Seraya (S) 
Rubberwood (RW) 

11 33 

39 41 
- 6 (4*) 

44 36 
39 37 
40 49 
49 42 
60 - 

L i g h t  Hardwoods 

L i g h t  Red 
Meranti  (LRM) 98 - 

Jelutong (J) 148 - 
Ramin ( R )  81 61 
Geronggang (6) 70( 70*) 

Machang (MA) 72* - 

PVDC PAN PSTAN PVA PMVDC PMBP PMPP PMAN 

9 14 - 21 

17 34 47 55 
- - - - 

3 35 53 48 
18 33 39 41 

5 27 41 33 
20 22 40 28 - 18 64 - 15 39 

- - - - - - - - 
40 55 73 79 

80( 79*) 70(66*) 90 85 60(30*) 

* Catalyst-heat treatment 
Refer t o  LEGEND f o r  abbrev iat ions used 
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6 Y A P ,  C H I A ,  AND TEOH 

unexpected, as t h e  heavy hardwoods have been found t o  be 
impermeable t o  p r e s e r v a t i v e  t reatments.  

t h e  gas permeabil  i t i e s  o f  these t r o p i c a l  hardwoods w i t h  polymer 
l oad ings  showed t h a t  t h e  heavy hardwoods, which had low  gas 
p e r m e a b i l i t i e s ,  a l s o  had low  monomer i m p r e g n a t i ~ n ~ ~ .  High 
p e r m e a b i l i t y  i n  hardwoods i s  a f u n c t i o n  o f  t h e  vessel  d iameter ,  
and the  numbers present per  u n i t  area, and i s  r e l a t e d  t o  t h e  
absence o f  vesse l  deposi ts20. E x t r a c t i v e s  i n h e r e n t l y  p resent  i n  
hardwoods, o f t e n  i n  l a r g e r  amounts i n  heavy hardwoods, can a l s o  
a f f e c t  polymer l oad ings  as these compounds i n h i b i t  f r e e - r a d i c a l  
po lymer iza t ions .  Very h i g h  e x t r a c t i v e  conten ts ,  between 17-31%, 
have been r e p o r t e d  f o r  t h e  t h r e e  heavy hardwoods studied21. 

It i s  noteworthy t h a t  t h e  a f f i n i t y  o f  monomers f o r  wood 
d i f f e r e d .  The impregnat ion  o f  t h e  d i f f e r e n t  woods w i t h  
v i n y l i d e n e  c h l o r i d e  c o n s i s t e n t l y  gave t h e  lowest  l o a d i n g s  when 
compared w i t h  t h e  o the r  monomers. Low l o a d i n g  was a l s o  ob ta ined  
f o r  t h e  PMVDC copolymer i n  Rubberwood, bu t  l o a d i n g  was h i g h e r  i n  
Geronggang. High l oad ings  were achieved w i t h  PSTAN copolymer, 
PMMA and PVA. I n  l a t e r  s tud ies ,  v i n y l  monomers w i t h  s p e c i f i c  

p r o p e r t i e s  o f  f lame re ta rdancy ,  namely b i s ( 2 - c h l o r o e t h y l )  v i n y l  
phosphonate and b i  s ( c h l  oropropyl)-2-propene phosphonate, were 
used as copolymers w i t h  methy lmethacry la te  i n  t h e  r a t i o  o f  
1: 3. Fu r the r  s tud ies  on impregnat ing  h ighe r  p r o p o r t i o n s  o f  

these f lame- re ta rdant  monomers are  be ing  pursued. 
WPC were prepared by t h e  c a t a l y s t - h e a t  t rea tment ,  us ing  

2,2'-azo-bisisobutyronitrile as c a t a l y s t  as w e l l  as by  gamma 
r a d i a t i o n .  As shown i n  Table 2, except f o r  t h e  PMAN copolymer, 
polymer l oad ings  f o r  bo th  were very  s i m i l a r .  As r e p o r t e d  by 

o t h e r  researchers  22, 23, p r e l  i m i  nary  c h a r a c t e r i z a t i o n  i n d i c a t e d  
no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p r o p e r t i e s  o f  WPC prepared by  
t h e  two methods. 

A c o r r e l a t i o n  s tudy  o f  
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WOOD-POLYMER COMPOSITES 7 

Scanning E lec t ron  Microscope 

Scanning e l e c t r o n  microscope s tud ies  o f  sect ions o f  WPC 

show t h a t  t h e  impregnated polymers occupied t h e  lumina of 
vessels, f i b r e s ,  as wel l  as parenchymatous c e l l s .  The polymer 
e i t h e r  completely f i l l e d  the  c a v i t y  of t h e  c e l l  f o l l o w i n g  i t s  
o u t l i n e  (F igure l a )  or  p a r t i a l l y  f i l l e d  t h e  vessel lumen, 
forming a r i n g  (F igure lb ) .  Studies o f  f r a c t u r e d  surfaces 
(F igure l c )  by Boey e t  a124 suggested t h a t  t h e  polymer formed 

st rong in te r faces  w i t h  wood c e l l  wal ls ,  account ing f o r  t h e  
observed increase i n  mechanical strength.  Laming25, however, 

reported t h a t  t h e  polymers might be i n  c lose  con tac t  w i th  t h e  
c e l l  wal ls ,  but do not  form bonds w i th  t h e  c e l l  w a l l .  

WPC and Wood Proper t ies 

A summary o f  the di f ferences i n  var ious p r o p e r t i e s  between 

WPC and wood i s  t abu la ted  i n  Table 3. Improvement i n  
dimensional s t a b i l i t y  i s  one o f  the important advantages o f  WPC 
over n a t u r a l  wood. The an t i - sh r ink  e f f i c i e n c y  (ASE) and a n t i -  

absorpt ion e f f i c i e n c y  (AAE) o f  WPC t o  wood, when exposed t o  h igh 
humid i ty  or soaking i n  water, showed t h a t  t h e  impregnated 

polymers s t a b i l i s e d  t h e  wood t o  d i f f e r e n t  extents .  PSTAN 
composites e x h i b i t e d  t h e  highest ASE and AAE values o f  68% and 
81% respec t i ve l y .  Ellwood e t  a126 repor ted t h a t  on l y  PSTAN 
composites have ASE values comparable t o  water-sol  ub le polymers 

such as polyethy lene g l yco l  and phenolic res ins.  
The dimensional s t a b i l i z a t i o n  o f  wood by impregnated 

polymer can o n l y  be s a t i s f a c t o r i l y  explained by t h e  presence o f  
g r a f t  copolymer and not  by the  phys ica l  b u l k i n g  o f  wood 
r e s u l t i n g  from homopolymerisation. The fo rma t ion  o f  g r a f t  

copolymer i s  dependent on t h e  a b i l i t y  o f  t h e  monomer t o  
penetrate t h e  c e l l  wa l l  t o  react  w i t h  wood c e l l  wa l l  
const i tuents .  As v i n y l  monomers are non-polar o r  s l i g h t l y  
po la r ,  a s w e l l i n g  agent may be necessary t o  f a c i l i t a t e  
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8 Y A P ,  C H I A ,  AND TEOH 

FIGURE l ( a ) .  T r a n s v e r s e  S e c t i o n  O f  Rubberwood-PMMA Showing 
P r e s e n c e  G f  Homopolymer In i iay Cells And F i b r e s  

FIGURE l ( b ) .  T r a n s v e r s e  S e c t i o n  O f  Kapur-PMMA Showing "Ring" 
O f  Polymer I n  Vessels 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



WOOD-POLYMER COMPOSITES 9 

FIGURE l ( c ) .  Fractured Surfaces Of Kapur-PMMA Composites 

g r a f t i n g .  However, Loos and Robinson27, found t h a t  so-cal led 

"non-swell ing" v i n y l  monomers d i d  swel l  wood o f  low mois ture 
co'ntent. The ex ten t  o f  swe l l i ng  va r ied  f rom 6.8% f o r  AN t o  

0.05% fo r  ST. A 3 : l  ST:AN mixture was found t o  have a h igh  

swe l l i ng  r a t e  and e q u i l i b r i u m  swel l ing value. 

s tud ies,  Chan16 found t h a t  MMA and STAN caused Rubberwood t o  
swel l  by 1.12% and 9.2% respec t i ve l y .  Therefore, t h e  super io r  
improvement i n  dimensional s t a b i l i t y  o f  PSTAN composites can be 

a t t r i b u t e d  t o  t h e  higher p r o b a b i l i t y  o f  g r a f t i n g  as a r e s u l t  of 
t he  s w e l l i n g  capaci ty  o f  t h e  monomer mixture.  In t he  thermal 
c h a r a c t e r i s a t i o n  o f  WPCZ8, t he re  was a l so  evidence t o  
subs tan t i a te  the  presence of g ra f ted  copolymer i n  RW-PSTAN 

composite. 
The b i o l o g i c a l  res i s tance  o f  WPC compared t o  wood t o  

termi  teZ9  and wh i te - ro t  fungal  30 decay, i n  terms o f  weight 
losses r e s u l t i n g  from exposure t o  these populat ions,  i s  found i n  

I n  t h e  present 
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10 Y A P ,  C H I A ,  AND TEOH 

TABLE 3. Comparison o f  WPC t o  Wood Properties12*13~29~30~32~33* 

Dimensional S t a b i l i t y  % 

A n t i  -s  h r i  n k e f  f i c i ency 10 (KR-PMD) t o  68 (KM-PSTAN) 
An t i -abso rp t i on  e f f i c i e n c y  27 (KP-PAN) t o  81 (RW-PSTAN) 

% W t  loss r a t i o  o f  
B i o l o g i c a l  Resistance WPC : Wood 

Termite r e s i s t a n c e  0.23 (S-PMMA) t o  0.85 (KP-PMMA) 
Fungal r e s i s t a n c e  0.38 (R-PMMA) t o  0.55 (RW-PMMA) 

Mechanical P roper t i es  R a t i o  o f  WPC : Wood 

Hardness - s i d e  1.0 (B-PMD) t o  5.9 (R-PSTAN) - end 
Max compression s t r e n g t h  

0.9 (S-PVA) t o  3.9 (KM-PSTAN) 
0.9 (KP-PVA) t o  2.3 (KM-PSTAN) 

S t a t i c  bending t e s t s  f o r  Kapur and Rubberwood: 

KP-PMMP, 
UTS = 100 t 0 . 5 2 ~  

MOE = 14 + 0 . 0 6 ~  
RW-PMMA where UTS = u l t i m a t e  t e n s i l e  
7 = 128 + 0.91~ s t r e n g t h  

MOE = 12 t 0 .036~  MOE = modulus o f  
e l a s t i c i t y  

x = polymer l o a d i n g  (%) 

Thermal P roper t i es  R a t i o  o f  WPC : Wood 

Thermal c o n d u c t i v i t y  0.72 (KR-PAN) t o  0.98 (KM-PSTAN) 
C r i b  t e s t  - weight l o s s  0.47 (KM-PVDC) t o  1.25 (M-PMD) 

Oxygen index  1 (RW-PMMA) t o  1.3 (RW-PMBP) 
f l am ing  t i m e  0.38 (M-PVDC) t o  2.62 (R-PMD) 

D i e l e c t r i c  cons tan t  0.87 (KP-PAN) t o  1.1 (KP-PMMA) 
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WOOD-POLYMER COMPOSITES 11 

Table 3. The presence o f  polymer i n  wood reduced s i g n i f i c a n t l y  
t h e  number o f  su rv i v ing  te rm i tes  and weight losses due t o  
degradation. From SEM studies,  fungal decay o f  WPC was observed 
t o  be l i m i t e d  t o  areas where the polymer was absent o r  where the  

wood c a v i t i e s  were not  completely f i l l e d .  

From t h e  hardness  test^^*,^^, the  impregnation o f  polymers 

i n t o  wood increased the s ide and end hardness o f  t h e  m a j o r i t y  of 
WPC studied. The degree o f  improvement depended t o  a l a r g e  
ex ten t  on t h e  % o f  polymer loading. Comparisons o f  t h e  
d i f f e r e n t  woods and polymeric systems, t a k i n g  t h i s  f a c t o r  i n t o  

account, showed tha t ,  PSTAN imparted t h e  h ighest  increase, w i t h  
PMD and PVA showing the lowest. The u l t i m a t e  hardness values o f  
t h e  WPC prepared were dependent on the  i n t r i n s i c  hardness o f  t h e  
i n d i v i d u a l  woods as wel l  as the  polymer content.  Overa l l ,  

Kempas composites, which had h igh i n t r i n s i c  hardness and f a i r l y  
h i g h  polymer loadings, and Ramin composites, which h i d  lower 
i n t r i n s i c  hardness but  very  h igh polymer loadings, showed t h e  
h ighest  hardness strengths.  I n  contrast ,  Balau and Merbau have 
h igh  i n t r i n s i c  hardness s t rength,  but  because o f  o n l y  l i m i t e d  
loadings showed lower u l t i m a t e  hardness values. The r e s u l t s  f o r  
compression s t rengths p a r a l l e l  t o  t h e  g r a i n  were s i m i l a r  t o  

those obtained f o r  t h e  hardness tes ts .  
The f a c t o r s  i n f l u e n c i n g  the s t rength p roper t i es  o f  wood are 

densi ty ,  mois ture content, d i r e c t i o n  o f  t he  g ra in ,  l o c a t i o n  of 
the wood sample i n  the t ree,  t he  type o f  t r e e  and t h e  physico- 
chemical com?osition o f  the c e l l  wal l  o f  t he  sample. Clarke31 

observed t h a t  a h igh degree o f  l i g n i f i c a t i o n  o f  t h e  c e l l  wal l  of 
f i b r e s  showed h igh s t rength proper t ies.  

The s t a t i c  bending t e s t s  performed f o r  Kapur14 and 

Rubberwood3* composites showed improvements o f  u l t i m a t e  t e n s i l e  
s t rength (UTS) and modulus o f  e l a s t i c i t y  (MOE) over wood i n  a 
l i n e a r  manner w i t h  % polymer loading expressed by t h e  equat ions 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



12 Y A P ,  C H I A ,  AND TEOH 

(a) Simple Toneion 
(Side View) 

(b) Cross-Grain Tension 
(Side View) 

r 1 

(c) Splintering Tension 
(View of Tension Surface) 

(d) Brash Tension 
( View of Tension Surface) - (e) Compression 
(Side View) 

Horizontal Shear 
(Side View) 

FIGURE 2. TypesOf F a i l u r e  I n  S t a t i c  Bending Tests 

i n  Table 3. However, because of t h e  i nhe ren t  v a r i a b i l i t y  of 
wood r e s u l t i n g  i n  t h e  i n e v i t a b l e  s c a t t e r  o f  data, t h e  
c o r r e l a t i o n  c o e f f i c i e n t s  obtained ranged from 0.6-0.9. The 
physical  bu l k ing  o f  wood vo ids w i t h  polymer c o n t r i b u t e d  t o  t h e  
observed improvements. Boey e t  a l  24 suggested t h a t  f u r t h e r  
c o n t r i b u t i o n  t o  s t reng th  o f  composites could r e s u l t  from a 
strong i n t e r f a c e  between c e l l  wood components and polymer, as 
such an i n te r face  would serve t o  t rans fe r  p a r t  o f  t h e  s t ress o f  
t he  wood t o  the  polymer. 

The s t a t i c  bending f a i l u r e  o f  Kapur and Rubberwood 
composites, assessed w i t h  about 20 specimens, were o f  t h e  
s p l i n t e r i n g  tens ion mode, fo l lowed by the cross-gra in  and brash 
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WOOD-POLYMER COMPOSITES 13 

tension, i l l u s t r a t e d  i n  Figure 2. The untreated wood showed the 
same trend ind i ca t i ng  tha t  a1 though the impregnated polymer 
increased the s t a t i c  bending strength, i t  d i d  not a l t e r  the mode 
o f  f a i l u re .  

Thermal conduct iv i ty  measurements o f  WPC and wood showed 
tha t  a reduction i n  thermal conduct iv i ty  was exh ib i ted  by a l l  
the  composite^^^. Since the f i l l i n g  o f  the voids wi th  polymer 
should make WPC be t te r  thermal conductors, i t  was postulated 
tha t  perhaps heat t ransfer  was by a more complex mechanism than 
conduction or  t h a t  the impregnated polymer entrapped pockets of 
a i r .  

Crib tes ts  showed tha t  generally, the WPC became less  o r  
more flammable than the respective wood depending on the polymer 

loaded. However, Kempas and Ramin composites were less  
flammable than untreated wood i r respec t ive  o f  the polymer 
system. Of the polymers studied, PMMA and PMD imparted 
flammability, whereas PAN, PSTAN and PVDC caused the WPC t o  be 
more flame retardant t o  d i f f e r e n t  extents. PVDC imparted the 
highest flame retardancy which can be a t t r i bu ted  t o  the presence 
o f  chlorine. The flaming times were subs tan t ia l l y  lowered f o r  
PAN and PVDC impregnated woods, emphasising the flame-retarding 
property of these two polymers. 

Oxygen index measurements showed tha t  only PMBP and PMPP 
impregnated wood showed a large increase i n  oxygen index t o  

The presence o f  ch lor ine and phosphorus i n  the 
polymers are contr ibutory  t o  the improved f l  ame-retarding 
behaviour as demonstrated by Ahmed e t  a134. It was o f  i n te res t  
t ha t  although the oxygen index o f  the PSTAN, PAN and PMMA were 
much lower i n  the range 17-19%, than tha t  of wood around 26-278, 
the composites had oxygen indexes s im i la r  t o  t h a t  o f  wood 
i t s e l f .  PMVDC composites showed a s l i g h t  increase i n  oxygen 
index, a1 though PVDC known t o  possess flame-retarding property, 
has an oxygen index o f  60%. This can be a t t r i bu ted  t o  the low 
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14 YAP, C H I A ,  AND TEOH 

loadings achieved (< 15%) and t h e  h igher  r a t i o  o f  MMA t o  VDC i n  
t he  preparat ion mixture.  

Prel iminary s tud ies  OR t h e  d i e l e c t r i c  p roper t i es  of 
composites showed t h a t  t h e  d i e l e c t r i c  constants were marg ina l l y  
lower than t h a t  f o r  wood, except f o r  Kapur and Keruing where 
they were s l i g h t l y  higher35. It was postu la ted t h a t  t h e  
presence o f  polymer l e d  t o  a decrease i n  t h e  number of 
po la r i sab le  u n i t s  i n  t h e  composites. 

EXPERIMENTAL 

Preparat ion o f  WPC 

The impregnation system f o r  WPC p repara t i on  i s  shown i n  
F igure 3. Wood samples were evacuated i n  t h e  impregnation 
chamber, fo l lowed by the i n t r o d u c t i o n  o f  t h e  monomer a t  
atmospheric pressure and immersion o f  t h e  wood i n  t h e  monomer 
f o r  var ious per iods o f  time. For t he  gamma r a d i a t i o n  process, 
t h e  samples were i n d i v i d u a l l y  wrapped i n  aluminium f o i l  and 
i r r a d i a t e d  using a Co-60 source. I n  the  ca ta l ys t -hea t  
treatment22, azo-bis- isobutyroni t r i le  a t  0.25% by weight based 
on monomers, was introduced wi th  the  monomer and subsequently 
cured i n  a 6OoC oven. 

The polymer loading for  the composites was ca l cu la ted  as 
fo l lows : 

% Polymer 100 (W - W 0 )  
= w  Load i ng 

where W = weight o f  WPC 
Wo = weight o f  oven-dried wood 

Character isat ion o f  WPC 

1. Dimensional S t a b i l i t v  

WPC and wood specimen o f  s i ze  25 x 25 x 55 mn were 
soaked by immersion i n  d i s t i l l e d  water. The weight and 
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WOOD-POLYMER COMPOSITES 15 

FIGURE 3 .  Impregnation System For WPC Preparation 

dimensions o f  each b l o c k  were recorded ove r  a 40-day 
pe r  i od . A n t i  -s h r i n k e f  f i c i ency ( ASE) and a n t i  -absorpt  i on 
e f f i c i e n c y  ( M E )  were ca l cu la ted  as f o l l o w s  : 

100 (SW - SC) 
ASE (%) = 

where S i s  t h e  f r a c t i o n a l  v o l u m e t r i c  s w e l l ,  

A i s  t h e  f r a c t i o n a l  we igh t  i nc rease  due t o  water 

absorp t ion ,  and t h e  s u b s c r i p t s  w and c stand f o r  
un t rea ted  wood and WPC r e s p e c t i v e l y .  

2. B i o l o g i c a l  res i s tance .  The d e t a i l s  o f  these t e s t s  can be 
ob ta ined  f rom References 29 and 30. 

3. Mechanical Proper t ies .  The hardness t e s t s  Were done us ing  a 
Monsanto-Houndsfield Tensometer acco rd ing  t o  ASTM 0143-52, 
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YAP,  C H I A ,  AND TEOH 16 

4. 

5. 

w i t h  t h e  b a l l  diameter modi f ied t o  0.5 cm from t h e  
recommeded 1.13 cm, because o f  t h e  smal ler  s i z e  of t h e  
specimen used. Compression s t reng th  was determined w i th  a 
Shimadzu Universal  t e s t i n g  machine and t h e  s t a t i c  bending 
t e s t s  w i t h  an Ins t ron  Universal t e s t i n g  machine. 

Thermal Propert ies.  The f o l l o w i n g  determinat ions,  namely 
thermal conduc t i v i t y ,  c r i b  t e s t  and oxygen ind i ces  were 
performed according t o  Lee's Disk method33, ASTM E160-50, 
Reapproved 1975 and ASTM D2863-77 respec t i ve l y .  

D i e l e c t r i c  constant. The d e t a i l s  f o r  t h i s  measurement can 
be found from Reference 35. 

LEGEND 

PMMA = polymethylmethacryl a te 
PMD = polymetylmethacrylate,  using 5% dioxane as swe l l i ng  

PVDC 

PAN 
PSTAN 
P VA 
PMVDC 

PMBP 

PMPP 

PMAN 

agent 
= p o l y v i n y l  idene c h l o r i d e  
= pol  y a c r y l  on i  t r i  1 e 

= poly(styrene-co-acrylonitrile), 60:40 mix tu re  ST: AN 
= p o l y v i n y l  acetate 

= poly(methylmethacry1ate-co-vinylidene c h l o r i d e ) ,  3: 1 
mix tu re  MMA: VDC 

= pol  y (methyl met hac ry l  ate-co-bi s ( 2-chl o roe thy l  ) v i n y l  

phosphonate), 3:l mix tu re  MMA:BP 
= poly(methylmethacry1ate-co-bis( ch loropropyl  )-Z-propene 

phosphonate, 3 : l  m ix tu re  MMA:PP 
= poly(methacry1ate-co-acrylonitrile), 3: 1 mix tu re  

MMA : AN 
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