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ABSTRACT

The aim of this research is investigating the thermal properties of wood-plastic composites
(WPCs) in the form of flat panels. The study has included many properties such as: thermal
conductivity, thermal stability, thermal expansion and melting point. The WPCs have made of
high-density polyethylene (HDPE) and polypropylene (PP) incorporated with wood flour taken
from pine trees. The studied concentrations of wood flour in the composites are (10, 20 or 30
%). The work was performed experimentally by manufacturing the specimens and measuring
the thermal properties. The results show that the addition of 10% wood flour to the composite,
leads to a reduction in the thermal conductivity of 4-10%, a reduction in thermal expansion of
8-12%, and an increase in the melting point of (2-3°C) for both HDPE and PP wood
composites. It was found that wood could be used with plastics that have low melting points,
such as: HDPE, LDPE, PP, PVDF and PA, to ensure high thermal stability.

Keywords: thermal properties; wood, plastic; composites; panels.

INTRODUCTION
Recently, many investigations have been developed to invest the recycled materials for many
applications such as supporting, decorating, waterproofing, soundproofing and thermal
insulating. Plastic has a negative impact on the environment and consumes extra sources of raw
materials, but it has many advantages like lightweight, flexibility and durability. Plastic waste
control is a fundamental part in the development of solid waste management. For example, the
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adoption of the proposed sustainable drinking water solution led to 90% reduction in plastic pet
bottle waste (Saleem et al., 2019). Wood plastic composites (WPCs) are relatively new family
of composites and environmentally friend materials, where they can be manufactured from
recycled plastics and waste woods. The wooden materials are usually: wood fiber, flour fiber,
kenaf hemp and sisal. While, the plastics are usually: polyethylene (PE), polypropylene (PP),
polyvinyl chloride (PVC) (Tabarsa et al., 2011). Wood contents in WPCs may reach 50% of
the composition. The wood and thermoplastics are usually compounded above the melting
temperature of the thermoplastic polymers and then further processed to make various
products. WPC can be manufactured in a variety of shapes and sizes, and with different surface
textures depending on the processing method (Adam et al., 2010). Factors attributes to
mechanical and thermal properties of WPCs depend on (Andre, 2011): wood content, type of
polymer, type of additives and processing temperature. Studies conducted in PWCs show that
the presence of wood contents increases the thermal properties, i.e. thermal resistance (Jodo et
al., 2017). Onthe other hand, the mechanical properties, i.e. tensile strengths, decrease with the
increasing of wood fibers for a certain range (Wolcott et al., 1999). Researchers have been
looking for the development of plastics with natural wooden materials as reinforcement. In this
context, wood is usually used as flour or fiber in the composition of composite material.
Several promising studies (John et al., 2004 - Xingly et al., 2019) have taken place in the
evaluation of thermal properties of wood plastic composites (WPCs), for several wood types,
wood contents, and polymer types as well as additives contents. Most of the studies were
experimental investigations, while some others were theoretical and numerical studies or
models. For example; (John et al., 2004) have studied thermal and mechanical properties of
selected wood-PVC composites. (Alireza, 2010) has studied the effects of wood contents on
the thermal properties of wood-HDPE-MAPP composites for high wood contents (about 60%).
Song et al., 2010) have used waste cartons instead of normal wood fiber to manufacture the
WPC. Also, (Diene et al., 2011) studied the thermal behavior of crystallization temperature
(Tc) and melting temperature (Tm) due to wood adding. Moreover, (Thanate et al., 2012)

studied the thermal stability of WPC made of HDPE and oil palm wood sawdust (OWS).
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Furthermore, (Xingly et al., 2019) studied the influences of thermal filler content and
temperature on the thermal performance of the modified WPCs with Graphene.

However, the major outcome of the previous works had focused on some thermal parameters
like the thermal stability of WPC material or the variation in phase change zone and the
corresponding melting point, temperature of crystallization and glass transition temperature.
Less concentration had taken place for the effect of wood content on the thermal conductivity.
Hence, the present study focuses on the thermal conductivity as a preferable parameter in the
performance. The present study suggested WPCs made of two types of thermoplastics, high
density polyethylene (HDPE) or polypropylene (PP) combined with pine wood floors in

different concentrations (10, 20 or 30 %).

MATERIALS AND METHODS
In the current study, wood-plastic composites (WPCs) have made of recycled woods and
plastics and proposed as thermal insulation panels. Experimental work has been done to
manufacture and evaluate the thermal behavior of WPCs. The work includes manufacturing a
set of specimens with different wood concentrations. The tests include measuring: thermal
conductivity, melting point and thermal stability for the suggested WPC specimens. Natural
pine wood (PW) has been collected from the local market and processed to become sawdust,
then dried and grinded in order to obtain pure wood flour. Initially, a solid sample of the wood
had taken to calculate the density using the mass-dimension method, which is commonly
known by measuring both: mass and volume. The density (0.41 g/cm®) and thermal
conductivity (0.12 W/m.K) have been compared with average values that taken from reliable
sources (Henry 2010, Glass 2010, Poletto 2010, Poletto 2016). There is a slight percentage of
variation (less than 10%) and that is almost due to the difference in the feature of wood.
Thermoplastics that have melting point less than wood degradation temperature are commonly
used with WPCs. Two types of thermoplastic materials have been purchased from the local
market, which are: High Density Polyethylene (HDPE) and Polypropylene (PP). Average

values of some properties of these plastics are shown in Table 1 (Polymer Database, 2020).
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Table 1. Some properties of plastics used in the study

Density Specific heat Thermal conductivity Melting point
Plastic type

(g/cmd) (I/kg.K) (W/m.K) (°C)
HDPE 0.95 2000-2500 0.44-0.48 140-160
PP 0.90 1500-2000 0.19-0.22 160-180

The work has conducted at Chemical Lab in Materials Engineering Department, Mustansiriyah
University. Several devices and instruments have been used like, oven, thermometer, weight
scale and molds. Some tools and auxiliaries have been used as well. The majority of WPC
researches suggested considering an amount of wood less than that of plastic to ensure
sufficient bonding between the two components, thus the current study assumed a wood
content not exceeded 30 % of the total weight. The wood was oven dried at 80 °C for 2 hours
before processing to remove the moisture content (so the final moisture content will not exceed
5%). However, WPC specimens prepared in the current study with their mixing ratios are

shown in Table 2.

Table 2. Mixing ratios of WPC specimens used in the study

WPC type Mixing ratio (% wt) No. of specimens
HDPE 100 2
HDPE-PW 90-10, 80-20, 70-30 6
PP 100 2
PP-PW 90-10, 80-20, 70-30 6

The desired quantities for each specimen components have weighted and combined in well
mixing procedure, where two stages have proposed to ensure homogenous product as much as
possible. In the first stage, some of the wood flour has mixed with the plastic grains in a bowl
and then pour the mixture into a sheet of parchment paper to insert it easily to the oven for a
period of time till the melting point. After that, the second stage of mixing is beginning by
spreading the rest of the wood flour into the melted plastic and rolling it carefully. The oven
used in the study is assigned for polymer melt-works which has the brand Jrad, with Italian
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thermostat operates up to 250 °C. The period that the plastic grains spent in the oven to get
melting, starting from room temperature, was ranged between 20-30 minutes at a constant rate
of heat (10 °C/min). After that, the molten plastic-wood paste has ejected from the oven and
inserted into the mold. The paste of wood-plastic should be pressed in the mold using a cap
which holds a weight of 2 kg and for a period of 10 minutes. The advantage of pressing is to
strengthen the produced specimen during heat transfer process in the product to ensure
sufficient WPC formation. Parchment paper or aluminum foil could be used in the base of the
mold to extract the specimens easily. Finally, the specimens in the mold should be exposed to
the still air for a period of 5 minutes for cooling. Measurements of thermal conductivity require

specimens that have circular shapes of 42 mm diameter, as shown in Figure 1.
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Figure 1. Final shapes of WPC specimens
MEASUREMENTS

The coefficient of thermal conductivity is the most important property of any material which
indicates whether it is an insulator or not. Material with relatively low thermal conductivity,
less than 0.2 W/m.K, consider as a good thermal insulator (Tawfeeq, 2017). The measurements
of thermal conductivity for the specimens have conducted at the laboratory of Materials
Research Department in Ministry of Science and Technology (MOST) according to ASTM

C518 — 04, using Lee's disc apparatus, as shown in Figure 2. The device consists of a chamber
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and a reader. The chamber has an electric heater, and there is a group of discs where the
specimen should be placed between the hot and cold discs. The chamber has sufficient thermal
insulation. The electric circuit was switched on until the equilibrium condition is reached. The
reader recorded the temperatures across the specimen using sensors connected to a
thermometer. The recorded values have compensated in a special equation approved for this
device.

The measurements of melting temperatures have conducted at Chemical Lab in Materials
Engineering Department, where the specimens have been melted in the oven. Digital
thermometer Doradus GM-1312 with sensors of Type-K has used to measure the melting
points. The thermal sensor has inserted in the wood-plastic paste in the closed oven to measure
its temperature till reaching the melting point, as shown in Figure 3. This test should be
repeated several times in order to obtain accurate values of melting point and exact time
required to reach it. Thermal stability of the polymer is defined as the ability of the polymeric
material to resist the action of heat at high temperatures, which is important to maintain its
physical properties. The mass loss, as a function of temperature, is monitored and thermal
stability of the material is evaluated by the percentage loss in its initial mass. Note that mass
loss of thermoplastics is negligible in temperatures below 370 °C (Alireza, 2010). Since the
maximum surface temperatures for thermal insulating panels used for residential applications
are usually less than 80 °C, thus there is no possibility to lose mass of polymer in this range.
However, the measurement of thermal stability of WPC is important due to the absence of
wood in the composite, where there is an amount of evaporation for some wood components.
This test has occurred to know the amount of mass loss during the manufacturing of the WPC
material by applying temperature not exceeded 200 °C, which is a bit over the melting point of
each polymer. Hence, the mass loss is too small, which is also mentioned by Klaudia et al.,
2010 & Nourbakhsh et al., 2010. Initial weight of WPC specimen before melting and final

weight after melting should be measured to calculate the percentage loss in the mass of WPC.
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Figure 3. Measuring the melting point of the specimen

RESULTS AND DISCUSSIONS

Evaluating the thermal performance of WPC insulating panels depends mainly on the values of
thermal conductivity as an essential parameter in the thermal analysis. Other parameters like
melting point and thermal stability have investigated as well.

In general, the increasing in wood content leads to a reduction in k-value for WPC material
because k-value of wood is less than that of polymer, thus the overall k-value of the composite
tends to decrease. This decreasing was linear, as shown in Figure 4 (a and b). For HDPE-wood
composites, it is noticed that there is a significant reduction in k-value when pine wood is used,

due to the low k-value for pine wood (k=0.12 W/m.k).The reduction in k-value of HDPE-wood
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composite for every 10% addition of wood was about 6-10%. This amount of increasing is
going to be double when there is 20% addition of wood, or triple when there is 30% addition of
wood. For PP-wood composites, the reduction in the k-value by the increasing of wood content
was small (4-6%) due to the fact that k-value of pure PP raw material is basically low (k=0.22
W/m.k) compared to that of HDPE (k=0.48 W/m.k). Hence, the addition of wood to PP has
less reduction in k-value. So, it is concluded that the technique of WPC is useful with plastics
that have relatively high k-values (more than 0.3 W/m.k) such as; HDPE, LDPE and PA in
order to get clear benefits of wood addition, thus reasonable results. Effect of wood content on
K-value of WPCs was investigated also by some studies with respect to their conditions. Table
3 shows a comparison between the results for species tested in the mentioned studies with the
current study, where the studies referred to the fact of reduction in the value of thermal

conductivity of WPC due to the increasing of wood content.

Table 3. Effect of wood content on k-values for many studies

Study Jodo etal., 2017 | Karim, etal., 2013 | Prisco, 2014 | Current study
HDPE
Type of plastic used | PP LDPE HDPE
PP
% reduction in k-
6-10%
value by increasing | 6% 11% 5%
4-6%

the wood 10%
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Figure 4. K-values for studied WPCs

Mass loss in HDPE-PW and PP-PW composites up to 200 °C has been measured for different
wood contents (10, 20 or 30 %), as shown in Tables 4 and 5. The increase of wood content in
the composition of WPC will increase the mass loss of the composite material (WPC) due to
the evaporation of the water in the cellulosic cells of the wood, as well as the partially
degradation of these cells. The loss in mass starts approximately at a temperature above 150°
C, as shown in Figure 5 (a and b). Generally, the mass loss is relatively small and does not
exceed (10%). So, the wood could be used with plastics that have low melting points, or below
the degradation temperature of wood (such as HDPE, LDPE, PP, PVDF and PA) to ensure less
mass loss and more thermal stability. The problem of thermal stability would be more effective
if plastics that have high melting points (such as PVC, PS and PET) were used. However this
problem can be treated by adding some stabilizers and coupling agents. However, the effect of
wood content on the thermal stability of WPCs has compared to some studies, as shown in
Table 6. These studies referred to the fact of increasing the mass loss of WPC due to the
increasing of wood content. However, the comparison gives a good convergence between these

results.



Journal of Engg. Research, ICRIE Special Issue

Table 4. Effect of wood content on mass loss of PP-PW composites

%Wood | Initial mass (g) | Final mass (g) | Mass loss % | Mass remain %
0 10 9.70 3.0 97.0
10 10 9.32 6.8 93.2
20 10 9.14 8.6 91.4
30 10 9.01 9.9 90.1

Table 5. Effect of wood content on mass loss of PP-PW composites

%Wood | Initial mass (g) | Final mass (g) | Mass loss % | Mass remain %
0 10 9.80 2.0 98.0
10 10 9.51 4.9 95.1
20 10 9.33 6.7 93.3
30 10 9.24 7.6 924
Table 6. Effect of wood content on the thermal stability for many studies
Alireza, |Rafel et|Alperen, et| Yong et|Current
Study
2010 al., 2015 |al., 2017 al., 2019 study
HDPE
Type of plastic HDPE PP PP+zeolite | HDPE
PP
% increasing in mass loss by 2-4%
3% 2% 1% 2%
increasing the wood 10% 1-3%
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Figure 5. Mass loss for studied WPCs

The melting point (Tm) of HDPE-PW and PP-PW has measured for different wood contents

(20, 20 or 30 %), as shown in Tables 7 and 8. It is clear that pure HDPE without wood has

taken (20 min) to melt starting from room temperature (20°C) and reached melting point at

(151.5°C). On the other hand, pure PP without wood has taken (26 min) to melt starting from

room temperature and reached melting point at (163.8°C). When wood has been added to the

plastics, melting points had increased as well as the time required for melting. The melting

point increased due to thermal insulation performance of wood, which restricted the movement

of heat conduction. The addition of 10% wood, to the composite, leads to increase the melting

point by 2-3°C for both HDPE and PP. This ratio is closed to that concluded by Alireza, 2010

& Yong et al., 2019, where the addition of 10% wood, to the composite, leads to increase the

melting point by 1-2°C.

Table 7. Effect of wood content on melting point of HDPE-PW composites

% Wood Melting point (°C) Time for melting (min)
0 151.5 20
10 153.8 22
20 157.1 25
30 159.2 26

11
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Table 8. Effect of wood content on melting point of PP-PW composites

% Wood | Melting point (°C) | Time for melting (min)
0 163.8 26
10 166.5 28
20 169.1 29
30 171.4 31

The melting point (Tm) gives an indication of many properties related polymeric materials and
it may also have a direct effect on the values of many other thermal properties such as the
thermal expansion coefficient (o). For a symmetrical polymer which has a rubbery state at

room temperature, a suitable correlationis given by (Krevelen et al., 2009):

0.328

a= —— (1)
For the wood, it can be assumed that the thermal expansion coefficient is constant at a certain
value of (0.5x10* K1) since it is too small. However, a simple mixing rule is used to calculate

the properties of composite materials depending of the content ratio (), which is given by:

Ocomposite = OpPp T Oy Pyy 2)

Where (ap, ow) is thermal expansion coefficient of polymer and wood, respectively.
Accordingly, the results of thermal expansion coefficient (a) of HDPE-PW and PP-PW for
different wood contents (10, 20 or 30 %), are shown in Tables 9 and 10. When wood has been
added to the polymer, melting point (Tm) has increased. The increasing in the melting point
(Tm) leads to decrease the thermal expansion coefficient (o) of the polymeric material because
there is an inverse relationship between these properties. The results show that the addition of
10% wood, to the composite, leads to reduce (o) about 8-12 %. The addition of wood to the
composite means less expansion since wood is more rigid than plastic. As a result, when the
composite’s thermal expansion coefficient has decreased, the material became more rigid. In a
mechanical point of view, thermal expansion coefficient of composite is decreased due to the

influence of reinforced fillers (wood).

12



Journal of Engg. Research, ICRIE Special Issue

Table (9) Effect of wood content on thermal expansion of HDPE-PW composites

% Wood | Melting point (K) | o of polymer (K1) | o of WPC (K?)
0 424.5 7.73 x 10* 7.73 x 10*
10 426.8 7.69 x 10* 6.97 x 10*
20 430.1 7.63 x 10* 6.20 x 10*
30 432.2 7.60 x 10* 5.47 x 10*

Table (10) Effect of wood content on thermal expansion of PP-PW composites

% Wood | Melting point (K) | o of polymer (K?) | a of WPC (K)
0 436.8 7.51 x 10* 7.51 x 10*
10 439.5 7.46 x 10* 6.76 x 10*
20 442.1 7.42 x 10* 6.04 x 10*
30 444 .4 7.38 x 10 5.32 x 10*

CONCLUSIONS
Wood plastic composites (WPCs) that manufactured from waste pine wood and recycled HDPE
and PP plastics have possessed some advantages since they are renewable and environmentally
fried, and present some desired thermo-physical properties. However, some specific points
could be concluded from the current study as following:

- The technique of WPC is useful for plastics of high k-values (> 0.3 W/m.k) such as;
HDPE and PA in order to get clear benefits of wood addition and reasonable results.

- The increasing in wood content leads to a decrease in k-value for WPC by 4-10% for
each 10% addition of wood.

- The increasing of the wood content increases the melting point of WPC due to thermal
insulating performance of wood, and decreases thermal expansion because the material
becomes more rigid.

- The increase of wood content in the composition of WPC will increase the mass loss of

the composite material (WPC).
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