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Abstract

Some physical and chemical properties of wood-plastic combinations(W.P.C.)
made of domestic soft woods such as pinus densiflora, pinus rigida and poplus
deltoides were measured.

The rates of improvement -in properties were roughly proportional to the
contents of polymer or polymer mixtures in W.P.C.

For the W.P.C. obtained by means radiation curing and containing 80% of
polymer or polymer mixture, the hardness and water absorptirity were improved
2.2 times and 4 times those of the original wood, respectively. The improvement
of hardness was especially remarkable in the W.P.C. made of pinus densiflora
and polystyrene(120%) to show 7 times increased hardness.

For the W.P.C. obtained by means of thermal curing and containing 80% of
polymer or polymer mixture, the hardness and water absorptivity were improved
2.4 times and 3.4 times those of the non-treated woods, respectively.

These data indicate that the properties of W.P.C. prepared by means of
radiation curing are not much different from those of W.P.C. prepared by means
of thermal curing.

Both of acid resistancy and alkali resistancy of the W.P.C. were also improved

remarkably in comparison with the non-treated wood.
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1. Introduction

The generally known methods for preparing
wood-plastic combinations(W. P. C. ) are radia-
tion curing!"® and thermal curing!® 117,

The results of the studies on the prepara-
tions of W.P.C. using domestic soft wood
have already been reported'® ¥

In this paper the authors have investigated
on the properties of W.P.C. prepared by both
methods to evaluate and to compare the rates
of improvement in hardness, water absorpti-
vity, acid resistancy and alkali resistancy, in
view of selecting suitable monomer, of dete-
rmining the amounts of impregnation and of
choosing the most suitable domestic soft wood.
The up to date data concerning the properties
of W.P.C. made of domestic soft wood are
hardly available.

2. Experimental

(1) Materials and Equipment

a) Thermaly cured W.P.C. samples; 1X1
X10cm sized W.P.C. prepared by the method
previously reported'®.

b) Radiation-cured W.P.C. samples; 1X1X
10cm sized W.P.C. prepard by the method
previously reported!?’

c) Testing Instrument; Universal testing
machine, Instron Model TML, maximum
applicable load; 100kg.

(2) Procedure

a) Measurement of Hardness; the hardne-
sses were measured in normal direction to the
annual ring of the wood stock and were expre-
ssed in B.H.N.(Brinell hardness number)
according to the following equation;

B.H.N.=L/z-D+h
where D: dia. (mm) of the ball,
L: applied load(kg. ),
h: depth(mm.) of the formed
indentation

The conditions of the measurement of hard-
ness were as followings:

applied load: 40kg.,

dia. of the ball: 7.925mm.,
cross head speed: 0.05¢m/min.,
chart speed: 0.5cm/min.

b) Measurements of Water-Absorptivity

Various pre~weighed W.P.C. samples were
immersed into 20°C water contained in ther-
mostat. After 24 hrs, the samples were taken
out and weighed again. The differences in
weight were expressed as water-absorptivity.

¢) Measurements of Acid-Resistancy

Various W.P.C. samples of known weight
were immersed into 5% hydrochloric acid solu-
tion settled in thermostat. The temperature
of the thermostat was adjusted to 20-50.5°C.
After 8hrs., the temperature was raised to
804-0.5°C and maintained the samples imme-
rsed for 8 hrs.

After washing the samples with plenty of
water, they were dried to constant weight
and re-weighed. The hardness of the samples
were also measured after the treatment.

a) Measurements of Alkali Resistancy

Various samples were treated in the similar
way to that of ¢) with 5% sodium hydroxide
solution. The samples were immersed in the
solution for 10 hrs at 2040.5°C and 1 hr at
100°C.

e) Measurements of Dimensional Changes

Various W.P.C. samples of known dimen-
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sions were immersed into 30°C water for 48
hrs. and then dried to constant weight. The
hardness in normal direction, in tangential
direction and in lengthwise direction were

measured, respectively.
3. Results and Discussion

(1) Improvement in Hardness

As Fig. 1 shows, the hardness is increased
6 times in pinus densiflora-(poly M. M. A. +
poly V. Ac.(70-80%)) combination. It is repo-
rted by Mani*® that the Fir-poly M.M. A.
(135%) combination made by radiation curing
method shows 7 times
This value is nearly consistent with our data.

increased hardness.

Among the W.P.C. made of various wood
and polystyrene, the pinus densiflorspolysty-
rene(100-110%) combination shows the most
remarkably increased hardness.

On the other hand,
styrene(100-110%) combination and poplus
deltoides-polystyrene(100-110%)
show only 2 times increased value,
vely(Fig. 2). Such a tendency is also found
in the W.P.C. made of polystyrene and poly
V. Ac; pinus densiflora-(polystyrene-+poly V.
Ac.(50%) combination shows 2 times increased

the pinus rigida-poly-

combination
respecti-

hardness but the the pinus rigida-(polystyrene
+poly V.Ac.(50%) combination and poplus
deltoides-(polystyrene-+poly V. Ac. (50%)) co-
mbination show 0.4 simes and 1.8 times incre-
ased hardness, respectively(Fig. 3). As Fig.
1 to 3 show,
combinations show highly increased hardness,
and the hardness increase is especially signi-

the pinus densiflora—plastic

ficant when the wood is combined with poly
M.M. A.(Fig. D.

Thus, it may be said that the M.M. A. is
suitable monomer to get hard W.P.C. The
hardness increase in pinus rigida-plastic com-
bination is inferior to the pinus densiflora-

plastic combination regardless the kind of
polymer.
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Fig. 1. Hardness vs. polymer contents in W,
P.C. prepared by thermal curing
method.
polymer mixture;
V.A.

—-&-: pinus densiflora, -O-: pinus rigida,
-A-: poplus deltoides
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Fig. 2. Hardness vs. polymer contents in W.
P.C. prepared by means of thermal
curing method.
polymer; polystyrene
-®-: pinus densiflora, -O-: pinus rigida,
-A-: poplus deltoides
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Fig. 3. Hardness vs. polymer contents in W.
P.C. prepared by thermal curing me-
thod.
polymer mixture; polystyrene-tpoly V. A.
-O-: pinus densiflora, —-O-: pinus rigida,
-A~: poplus deltoides
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Fig. 5. Hardness of wood-poly V. A. combina-
tion prepared by radiation induced
polymerization.

-A-: pinus densiflora, -@-: poplus ri-
gida, -O-: poplus deltoides

The hardness is increased 6 times that of
the orginal wood in pinus densiflora polystyrene
(120%) combination made by gamma irradia-
tion method. However, the hardness increases
are lower than this value in the W.P.C.
made of other woods by the same method;
7.e.. white lauan-polystyrene(120% ) combina-
tion and poplus deltoides-polystyrene(120%)
combination show hardness increases of 3 times
and 2.5 times, respectively(Fig. 4). The har-
dness increase in normal direction to the

annual ring is also remarkable in the pinus
densiflora-poly V. Ac (100%) combination
made by gamma irradiation(Fig. 5). There-
fore, it is confirmed that the tendency of
hardness increase in the W.P.C. made by
gamma irradiation is consistent with that in
W.P.C. made by thermal curing: the
hardness increase is especially remarkable in

i.e.

the pinus densiflora-plastic combinations made
by both methods.

K.N. Rao® reported that the hardness
improvements of Haldu-polystyrene(50%) co-
mbination and Teak-polystyrene(86%) combi-
nation are 1.7 times(from 3.2 B.H.N. to 5
B.H.N.) and 1.08 times(from 2.75 B.H.N.
to 3 B.H.N.), respectively. According to
these data, it may be said that the natural
born hard woods are difficult to be impregn-
ated ‘with monomer, and even if impregnated,
they are still difficult to be polymerized
owing to the presence of a lot of resin in

wood. Furthermore, even if they are poly-
merized in wood, the rate of hardness increase
is quite small.

It is reported!? that the Santol-poly M. M.
A.(46%) combination made by thermal curing
method shows about 3.5 times increased har-
dness. This value is higher than the. value
obtained by us comparing the polymer contents
in wood. According to the Mittinen’s postula-
tion'*>, the above data are not exactly com-
parable with ours since the specimen of the
wood is different. They insisted that M. M. A.
and mixtures of different unsaturated polyes-
ters with styrene in about 1:1 ratio all give
approximately similar strength properties if
the wood materials are same.

(2) Improvement of Water Absorptivity
The original poplus deltoides absorbs 60 to
70% of water based on the weight of wood
when it is immersed into 20°C water for 24
hrs. However, the water absorptivity of poplus
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Fig. 6. Water absorptivity vs. polymer con-
tents in W.P.C. made by thermal
curing method.
polymer mixture:
V.A.
~®-: pinus densiflora-p.c., ~O-: pinus
rigida-p.c., ~A-: poplus deltoides-p.c.
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Fig. 7. Water absorptivity vs. polymer con-
tents in W.P.C. made by thermal
curing method.
polymer mixture; polystyrene+poly V. A.
-®-: pinus densiflora-p.c., -O-: pinus
rigida-p.c., -A-: poplus deltoides-p.c.
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Fig. 8. Water absorptivity vs. polymer con-

tents in W.P.C. made by thermal
curing method.

polymer mixture; poly M. M. A. 4 polysty-
rene,

-®-: pinus densiflora-p.c., -O-: pinus
rigida-p.c., -A-: poplus deltoides-p.c.
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Fig. 9. Water absorptivity »s. polymer con-
tents in W.P.C. prepared by thermal
curing method.
polymer; polystyrene
-&@-: pinus densiflora, ~O~; pinus rigida,
~A-:poplus deltoides
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Fig. 10. Water absorptivity vs. polystyrene
contents in wood-pelystyrene combi-
nation prepared by radiation induced
polymerization.

~X~! yellow lauan, -(®-: white lauan,

-A~: pinus densiflora, -O-: poplus
deltoides
deltoides-(poly V. Ac-tpoly M..M.A.(130

%)) combination is only 8% under the same
conditions of treatment(Fig. 6). The water
absorptivity of the poplus deltoides—(polysty-
rene+poly V. Ac.(100%)) combination is 10%
(Fig. 7) and that of the poplus deltoides-
(poly M.M. A. +polystyrene(140%) combina-
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Table 1. Acid resistancy of W.P.C. prepared by means of thermal curing method

Polymer Hardness .
Wood Pol ymer 1Cr(1) nvt;%r(l)t; g}?’ y glgh{nz)ﬂ dvgg%:gghsz g:{%%ecfﬁ
(%) wood ° °
Pinus rigida — -— 1.185 9.0 *! 31.15
Pinus rigida Styrene 69.1 1.883 5.6 I 257
Pinus rigida Styrene 132.8 2.107 2.2 I 23.7
Pinus rigida MMA<-styrene 66.2 2.093 7.7 T 21.7
Pinus rigida MMA +styrene 118.4 3.370 2.9 T 19.3
Pinus rigida VA--styrene 53.1 1.159 12.6 1l 23.0
Pinus rigida VA-}styrene 71.1 1.347 11.6 !l 3.8
Pinus densiflora — - 1.560 13.5 i 51.6
Pinus densiflora Styrene 51.7 2.388 5.3 l 6.6
Pinus densiflora Styrene 102.3 3.050 3.3 T 28.5
Pinus densiflora MMA-}styrene 49.3 2.810 4.9 ! 9.2
Pinus densiflora MMA+-styrene 96.1 4.632 2.6 l 33.3
Pinus densiflora VA-+styrene 75.0 4.428 2.6 l 7.9
Pinus densiflora VA+-styrene 95.0 4.632 0.7 21
Poplus deltoides — - 0. 950 16.1 1 o0
Poplus deltoides ] Styrene 40.3 1.088 6.6 | 57.7
Poplus deltoides Styrene 155.1 4.503 1.6 l 6.1
Poplus deltoides ( MMA+VA 55.5 1. 607 5.4 ! 66.8
Poplus deltoides MMA+VA 133.8 2.374 3.9 I 32.3
Poplus deltoides VA--styrene 23.4 2.173 12.9 l 80.4
Poplus deltoides VA-styrene 66.0 1.734 10.2 I 39.0

* | decrease 1 increase

tion is also 10%(Fig. 8). About 90% of the
original water absorptivity is decreased in the
poplus deltoides-polystyrene(145%) combina-
tion showing the water absorptivity of only
4% under the same conditions of treatment
(Fig. 9). Significant improvement in water
absorptivity was also found by Mani'¥; 7.e.,
the Fir-poly M.M.A.(135%) combination
made by radiation curing method shows 11
times improved water absorptivity when the
W.P.C. is treated in 25°C water for 24 hrs.
The degree of water absorptivity decrease is
similar between pinus rigida-plastic combina-
tion and pinus densiflora-plastic combination
to show 75-80% decrease regardless the kind
of the contained polymer material.

As for as the rate of the decrease in water
absorptivity is concerned, the poplus deltoides-
plastic combination seems to be better than
pinus densiflora plastic combination, however,

when the amount of water absorptivity is
only taken into account, the former is worse
than the latter. Actually, the water absorp-
tivity of the original pinus densiflora is 30%,
but that of the pinus densiflora-plastic(100%)
combination is only 5-8% regardless the kind
of the polymer material(Fig. 6,8,9). Conse-
quently, the water absorptivity decreasing
rate is in the order of poplus deltoides-plastic
combination>pinus rigida-plastic combination™>
pinus densiflora-plastic combination.

The water absorptivity of W.P.C. prepared
by means of gamma irradiation is also remar-
kably decreased; the poplus deltoides-plastic
(160%) combination shows 11 times decrease
when it is treated in 30°C water for 48 hrs
(Fig. 10).

10 timse of water absorptivity decrease was
observed by Ramalingam?> when pine-polysty-
rene combination prepared by means of gamma
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irradiation with 20°C water for 1 month. This
value nearly coincides with ours obtained
by the W.P.C. immersion into 30°C water
for 4 hrs. It is expected that the W.P.C.
prepared by means of thermal curing will
show a little bit more improved values in case
of immersion into water of higher temperature
and for longer period.

Of course, the Ramalingam’s value is not
strictly comparable with ours because the
exact contents of polymer in W.P.C. is not
known. The values of water absorptivity
decrease in W. P.C. made by means of gamma
irradiation are similar to that in W.P.C.
made by means of thermal curing: 94% of
water absorptivity decrease is observed in the
poplus deltoides-polystyrene(180%) combination
made by gamma irradiation method, and 90%
decrease is observed in the poplus deltoidespo-
lystyrene—+poly M. M. A.(150%)) combination
made by thermal curing method(Fig. 8.10).

(8) Improvement of Acid Resistancy

The acid resistancy of the original wood is
The weight of poplus deltoides,
especially, is decreased 16% of the original
weight and is crushed when the treated sample
was applied to the hardness tester(Table 1).
However, in poplus deltoides~polystyrene(155

very poor.

%) combination the weight loss and the har-
dness decrease were only 1.6% and 6%,
respectively. In pinus rigida-(poly M. M. A. +
polystyrene) combination, the weight is decre-
ased but the hardness is rather increased.
This phenomenon may be attributable to the
surface corrosion of the wood cellulose and
consequent exposure of the plastics. Further,
the hardness of wood cellulose itself or con-
tents of resin may also affect to the hardness
variation in acid treatment.

The mean improvement values in weight
change in pinus rigida-plastic(85%) combina—
tion, pinus densiflora~plastic (78%) combin-

ation and poplus deltoides-plastic (80%) co-
mbination are 20%, 70% and 57%, respe-
ctively. Consequently, the order of impr-
in weight change is pinus densi-
flora-plastic deltoides-
plastic combination>pinus rigida-plastic com-

ovement
combination_>poplus

bination. When the polymer contents are same
the order of improvement in hardness change
will be poplus deltoides-plastic combination>
pinus combination>>pinus
rigida-plastic combination. When the rates of

densiflora-plastic

improvement in hardness and in weight change
are simultaneously considered the pinus densi-
flora and the poplus deltoides are superior to
the pinus rigida. When we consider the kinds
of monomer used the rate of improvement of
weight change in the combinations of wood-
polystrene, wood-(poly M. M. A. +polystyrene
(87%) and wood-(poly M.M. A. +poly V. Ac
(64%)) are, respectively, 60%, 54% and 14%.
Upon these data, we deduce the general trend
of improvement; the styrene or M.M. A. +
styrene}V. Ac
The rate of improvement of hardness change

styrene is superior to the

in wood-polystyrene(88% ) combination and in
wood-(poly M. M. A. +polystyrene (82%))
combination are 67% and 100%, respectively.
As the superiority of M. M. A. in the impro-
vement of hardness is confirmed in the me-
asurement of hardness improvement in W.P.
C., the M.M. A. is also superior to the others
in the rate of improvement of hardness change
in acid resistancy.

(4) Improvement of Alkali Resistancy

In the pinus densiflora-plastic combination
and pinus rigida-plastic combination the har-
dnesses are increased but the weights are
decreased slightly(Table 2). In poplus deltoi-
des-plastic combination the changes in weight
and hardness are more extreme than that in
other W.P.C. but still they are minute com-
paring those obtained in the acid resistancy
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Polymer Hardness .
Wood Polymer g0n¥ents (Baégp of dvgz?egs?st: gaizggiiss
in wood original (%) %)
(%) wood

Pinus rigida — - 1.185 3.3 *| 211
Pinus rigida Styrene 76.5 1.343 1.5 T 16.2
Pinus rigida Styrene 106.5 2.135 0.7 T 42.1
Pinus rigida MMA+VA 90.0 2.254 1.8 T 18.6
Pinus rigida MMA+VA 121.0 2. 096 1.3 T 18.0
Pinus rigida MMA -fstyrene 66.3 0.976 5.7 t 51.1
Pinus rigida MMA +styrene 119.6 1.645 0.7 T 1.2
Pinus densiflora — — 1.560 3.1 T 3.0
Pinus densiflora Styrene 58.3 2.738 1.9 T 17.4
Pinus densiflora Styrene 105.1 4.049 0.5 T 16.8
Pinus densiflora MMA+-VA 68.1 3.517 1.5 T 15.7
Pinus densiflora MMA+VA 79.3 6.020 0.5 T 35
Pinus densiflora MMA +styrene 30.6 1.876 6.5 T 11.3
Pinus densiflora MMA+styrene 67.0 4.153 1.5 t 79
Poplus deltoides — — 0.950 2.7 1 25.2
Poplus deltoides Styrene 34.5 1.249 2.1 l 425
Poplus deltoides Styrene 102.1 1.820 4.1 ! 0.8
Poplus deltoides MMA +styrene 62.7 0.834 4.9 | 4.7
Poplus deltoides MMA-+styrene 131.4 3.050 2.6 1 16.9
Poplus deltoides VA-}styrene 43.8 1.461 14.6 !l 50.0
Poplus deltoides VA-};styrene 91.6 1.390 4.2 t 21.7

¥ ] decrease, 1 increase

measurement.

Alkaline hydrolysis of polymer or resin in
the W.P.C. seems to be occured during the
alkali treatment. There was white solid ma-
terial covered on most of the surface of the
W.P.C. pieces after alkali treatment. It seems

that the solid material makes the weight and
hardness decreases less.

For combinations of pinus rigida-plastic(97
%), pinus densiflora-plastic(68%) and poplus
deltoides-plastics(78%), the rates of improve-
ment in weight change are 30%, 36% and
78%, respectively. Thus, the order of impro-
vement in weight change is poplus deltoides-
plastic combination>pinus densiflora-plastic
combination>>pinus rigida-plastic combination.

For the same combinations of the above, the
rates of improvement in hardness change are

120%, 400% and 15%, respectively. Thus, the
order of improvement in hardness change is

pinus densiflora-plastic combination_>pinus ri-

gida-plastic combination>roplus delloides-
plastic combination.

For the combinations of wood-polystyrene
(80%), wood-(poly M.M. A. +polystyrene(90
%)), and wood-(polystyrene+-poly V. Ac
(70%)), the rates of improvement in hardness
change are 160%, 94% and 0%, respectively.
Consequently, styrene or M.M. A. -}-styrene
is superior to styreneV.Ac in alkali resis-
tancy.

(5) Improvement of Dimensional Stability

As Table 3 shows, the poplus deltoides-
polystyrene(136%) combination brings about
the most improved dimensional stability. This
fact coincides well with the strong water
absorptivity of the poplus deltoides and the
great decrease of water absorptivity in the
poplus deltoides-plastic combinations.

These results seem to give some promise
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Table 3. Dimensional change % for wood-polystyrene combinations.

B -p.s p el. -p.s 8.p.-p.s. "w. -p -p I -p

ggm Bios 855 | T sty | ot @i | @ | (0.3%)

Tangential 6.13/2.84 7.06/1.85 4.76/4.42 3.96/1.90 3.96/1.45 4.04/2.42
Normal 5.56/2.48 3.76/1.13 6.36/5.41 4.21/2.37 4.21/2.70 3.92/3.58
Lengthwise 1.43/0.19 1.44/0.41 0.48/0.12 0.96/0.23 0.99/0.15 0.48/0.16

p.d. : pinus densiflora, p. del. :poplus deltoides, a.p.: apitong, w.l : white lauan, y.l.: yellow lauan,

r.1.: red lauan, p.s.: polystyrene

that the properties of W.P.C. could be much
improved in the further tests such as tensile
strength, impact strength, fatigue strength
under bending stress, abrasion resistance and
weather resistance efc. However, these tests

are not carried out in this work.

4. Conclusions

(1) The rate of improvement of physical
and chemical properties of W.P.C. is increased
with polymer contents in W.P.C.

(2) The most suitable monomer and wood
to upgrade the hardness in W.P.C. are M.
M. A. and pinus densiflora, respectively.

(3) The hardness of W.P.C. is improved 2
times that of the original wood when woods
contain in average 70% of polymer.

(4) The rate of improvement of water ab-
sorptivity in poplus deltoides-plastic combina-
tion is the most remarkable. In the poplus
deltoides-plastic(70-80%) combination the rate
of improvement of water absorptivity is 70%
under the given conditions.

(5) The properties of W.P.C. made by
gamma irradiation method are not much dif-
ferent from those of W.P.C. made by thermal
curing method as far as the polymer contents
are similar.

(6) In the acid resistancy, the order of
improving weight change is pinus densiflora-
plastic combination >poplus deltoides-plastic
combination >pinus rigida-plastic combination.
The order of improving hardness change is
poplus deltoides-plastic combination>pinus den-

siflora-plastic combination_>pinus rigida-plastic
combination.

(7 In alkali resistancy, the order of impro-
ving weight change is poplus deltoides-plastic
combination>pinus densiflora-plastic combina-
tion>pinus rigida-plastic combination.

(8) The rate of improvement in dimensional
stability under the given conditions is the most
remarkable in poplus deltoides-plastic combina-
tion.

(9) When the rates of improving physical
and chemical properties of W.P.C. are taken
into account, the pinus densiflora and the
poplus deltoides are superior to pinus rigida,
and M.M. A. and styrene are more effective
than V. Ac.
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