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Abstract Low-density sandwich panels consisting of an

oil palm wood core overlaid with a rubberwood veneer face

were manufactured. Effects of two types of grain orienta-

tion of the oil palm wood core (parallel and perpendicular

to board surface) and three different veneer thicknesses

(0.7, 1.8 and 2.7 mm) and core densities (223 ± 14,

301 ± 35 and 418 ± 33 kg/m3) on some physical and

mechanical properties of the boards were investigated.

Results showed that higher core density increased the

values of thermal conductivity, screw withdrawal resis-

tance, modulus of rupture and modulus of elasticity but

decreased the value of water absorption without effect on

thickness swelling of the boards. Boards with the core grain

direction oriented perpendicular to panel’s surface pos-

sessed lower value of thickness swelling but higher values

of thermal conductivity and strain at fracture when the

board failed in a mode of core shear under bending test

than those of the others. Finally, the relationship between

board density and the measured physical and mechanical

properties of the oil palm wood core sandwich panels

overlaid with a rubberwood veneer expressed as mathe-

matical equations could be used to predict and design the

expected properties of this type of sandwich board.

1 Introduction

For years, sandwich structures consisting of two thin, stiff

and strong skins separated by a thick, light and weaker core

have been utilized in many applications such as aeronau-

tical structures, high speed marine crafts and building

construction (Allen 1969; Ashby et al. 2000; Barala et al.

2010; Crump and Dulieu-Barton 2010; Panjehpour et al.

2013). The advantage of this structure is that the flexural

and shear stiffness can be easily achieved by increasing the

core thickness to increase the second moment of inertia

with little increase in weight. It provides an efficient

structure with a high strength to weight ratio for resisting

bending and buckling loads (Zenkert 1997; Hoo et al.

2010). In addition, an energy-efficient structure can also be

achieved due to the insulation property of the low density

core (Ashby et al. 2000). Thus, these structures are widely

used in residential construction as structural insulated

panels (SIPs) in walls, floors and roofs (Ashby et al. 2000;

Borjesson and Gustavsson 2000). Traditional SIPs consist

of either a plywood or oriented strand board (OSB) face

sheet and a light weight plastic foam core (Terentiuk and

Memari 2012; Vaidya et al. 2010; Mousa and Uddin 2011;

Mullens and Arif 2006). The insulation capability can be

adapted by varying the foam type and thickness (Tracy

2000).

The oil palm tree is one of the economic crops found in

tropical regions. Generally, oil palm trees are cut down for

replanting at the age of 25–30 years when the oil palm fruit

yield is uneconomical (Sulaiman et al. 2012; Lim and

Khoo 1986). Most oil palm biomass is left over the plan-

tation area as waste material. It is usually burned to dispose

of it, causing air pollution (Abdul Khalil et al. 2010; Su-

haily et al. 2012). This effect can be reduced if there is use

for biomass. The oil palm trunk is of interest for use as an
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alternative raw material for the core section of SIP pro-

duction because it has a relatively low density with an

average value of 235 kg/m3 (Lim and Khoo 1986).

An oil palm trunk is comprised of primary vascular

bundles embedded in soft parenchymatous tissue. Each

vascular bundle consists of a fibrous sheath with phloem,

xylem and parenchyma cells. The number of vascular

bundles gradually decreases from the peripheral region to

the center of the cross section and increases from the butt

end to the top of the oil palm trunk (Lim and Khoo 1986).

Oil palm wood density, directly related to the number and

thickening of the vascular bundles (Lim and Khoo 1986),

varies both radially and vertically. The density in the

peripheral region at the bottom part of the stem is as high

as 575 kg/m3 and gradually decreases to 190 kg/m3 at the

center of the cross section (Lim and Gan 2005). Physical

and mechanical property values also vary as a result of the

variation of the density (Lim and Khoo 1986; Haslett

1990). With its low density around the central region of the

cross section, it is possible for oil palm wood to be used as

a SIP core section.

The main objective of this study was to evaluate the

feasibility of using oil palm wood as a core for SIP pro-

duction. A thin rubberwood veneer was used to overlay the

core. The effects of veneer thickness, core density and core

grain direction on the physical (board density, thickness

swelling, water absorption and thermal conductivity) and

mechanical properties (screw withdrawal resistance, mod-

ulus of rupture and modulus of elasticity) of the boards

obtained were investigated.

2 Materials and methods

2.1 Raw material preparation

Commercial rubberwood veneers with three different thick-

nesses (0.7, 1.8 and 2.7 mm) were supplied by Phang-Nga

Timber Industries Co., Ltd. from Phang-Nga, Thailand. They

were used as the face of the sandwich panels. For 1 month,

these veneers were placed in a conditioning room at a tem-

perature of 20 �C with humidity of 65 %. The final moisture

content before taken for panel production was 12 %.

The oil palm trees at about 25 years of age were from a

plantation in Surat Thani, Thailand. They were cut down

and transported to dry to the final moisture content of 12 %

in the laboratory kiln (Eurasia, Singapore) at the Wood

Science and Engineering Research Unit of Walailak Uni-

versity, Nakhon Si Thammarat, Thailand. Two types of oil

palm wood specimens were prepared with respect to the

grain direction of the flat plane: parallel (PR specimen) and

perpendicular (PP specimen). The dimensions of each piece

were 13 cm 9 13 cm (cross-section) 9 2 cm (thickness)

as shown in Fig. 1. These specimens were abraded on both

flat plane sides by using a planar plate with 40 grit rough

sandpaper to achieve the required thickness of 14.6, 16.4

and 18.6 mm for the PR specimens and 14.6 mm for the PP

specimens. These oil palm wood pieces were then kept in a

conditioning room at a temperature of 20� C and humidity

of 65 % to make the final moisture content of 12 % at the

time of board manufacturing. At this moisture content, the

PR specimens were classified into three different densities

ranging from 200 to 250 kg/m3 (qcentral), 300–350 g/m3

(qmiddle) and 400–450 g/m3 (qouter), respectively. The PP

specimens were selected only at the density range of

300–350 kg/m3 (qmiddle) to produce the core.

Melamine urea formaldehyde (MUF) adhesive supplied by

Dynea Krabi Co., Ltd. from Songkla, Thailand was used for

bonding face and core layer in this experiment. The MUF

adhesive at 30 �C has a viscosity of 190 cps, solid content of

55.2 %, pH level of 9.36, density of 1.212 and gel time of 43 s.

2.2 Board manufacturing

Eight pieces of oil palm wood specimens with the same

grain direction and density range were bonded side to side

Fig. 1 Oil palm wood specimens with grain orientation a parallel and b perpendicular to the flat plane used as core section of sandwich panel
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with polyvinyl acetate (PVAc) adhesive to form a rectan-

gular core with dimensions of 260 mm (width) 9 520 mm

(length). MUF resin was spread onto the rough surface of

the rubberwood veneer with a hand brush. The resin con-

tent used in this experiment was 250 kg/m2 (solid basis)

(Srivaro et al. 2014). The glued veneers were then placed

on the top and bottom surfaces of the prepared core so that

the grain of the veneer was oriented parallel to the panel

length. Two types of panels, having the grain direction of

oil palm core aligned parallel (PR boards) and perpendic-

ular (PP boards) to the surface (Fig. 2a, b, respectively),

were manufactured. The assembled mats were then put into

the placing space of a single-opening hydraulic lab hot

press (60 9 60 cm2 Wabash MPI, USA). Two 20 mm

thick steel stoppers were placed on both sides of the

assembled mat to control the final thickness of the board

during pressing. The assembled mats were then pressed

with the platen heated to 160 �C at 2 MPa for 5 min.

The PR boards were produced at three different veneer

thicknesses (0.7, 1.8 and 2.7 mm) and three different core

densities (qcentral, qmiddle and qouter). Both faces of the

sandwich boards had the same veneer thickness. The

thickness of the core (18.6, 16.4 and 14.6 mm) was chosen

such that the thickness of the boards produced was 20 mm.

The PP boards were produced using the 2.7 mm thick

rubberwood veneer as faces and the 14.6 mm thick oil

palm wood with density of qmiddle as cores. Three repli-

cations were performed in each treatment, so a total of 27

PR boards and 3 PP boards were manufactured.

2.3 Property testing of the boards

The obtained boards were cut into test specimens and kept

in the conditioning room at a temperature of 20 �C and

humidity of 65 % for at least 1 month until constant weight

was attained. The following properties were then

determined:

– Board density (qB) evaluation was conducted on spec-

imens with the dimensions of 50 mm (width) 9 50 mm

(length) 9 20 mm (thickness) according to EN 323

(1993).

– Thickness swelling (TS) and water absorption (WA)

were determined using specimens with the dimensions

of 50 mm (width) 9 50 mm (length) 9 20 mm (thick-

ness) by water immersion at 20 �C for 24 h in

accordance with EN 317 (1993) and ASTM D

1037-12 (2012), respectively.

– Thermal conductivity (k) was determined on specimens

with the dimensions of 190 mm (width) 9 190 mm

(length) 9 20 mm (thickness) in accordance with

ASTM C177 (2010). This test method was used to

measure the steady-state heat flux through flat speci-

mens using a thermal conductivity analyzer (Anacon

model 88, USA).

– Screw withdrawal resistance (SWR) was determined for

both the face and edge sides of specimens with the

dimensions of 75 mm (width) 9 75 mm (length) 9

20 mm (thickness) in accordance with EN 320 (2011)

using a 150 kN universal testing machine (Lloyd, UK).

– Modulus of elasticity (MOE) and modulus of rupture

(MOR) were determined by three-point static bending

test on specimens with the dimensions of 50 mm

(width, b) 9 500 mm (length parallel to the veneer

grain direction) 9 20 mm (thickness, d) in accor-

dance with EN 310 (1993) using a 150 kN universal

testing machine (Lloyd, UK). The test span length

(L) was 400 mm. During this test, the beam was also

recorded on a video recorder to pursue its progressive

failure.

Duncan’s range tests were conducted to determine sig-

nificant differences between mean values.

3 Results and discussions

The average values of the physical and mechanical prop-

erties of the sandwich boards are shown in Table 1. Each

property is now discussed.

Fig. 2 Two types of sandwich panel (PR and PP) consisting of two sheets of rubberwood veneer and oil palm core having different grain

orientations a parallel and b perpendicular, to the panel’s surface
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3.1 Board density

The obtained board densities are below 500 kg/m3

(Table 1), therefore these boards may be classified as

lightweight materials (Youngquist 1999). According to a

rule of mixtures, the sandwich board density is a combi-

nation of densities of rubberwood veneer face (qf) and oil

palm wood core (qc). In addition, since the amount of

adhesive used is large in the core, an apparent core density

(q�c) should also account for weight of the adhesive (1.25 g

for the test specimen with 50 mm 9 50 mm cross-section

with MUF equivalent to a 250 g/m2 solid basis). The board

density (qB) value can then be expressed as

qB ¼ Vf ðqf � q�cÞ þ q�c ð1Þ

where Vf is volume fraction occupied by the face (which is

equal to 2t/d where t is the face thickness and d is the board

thickness). By substituting the values of apparent core

densities (q�c) to be 248 ± 14, 326 ± 35 and 443 ± 33 kg/

m3, calculated for three different oil palm wood densities

(qcentral, qmiddle and qouter, respectively) and the rubber-

wood veneer density (qf) of 633 ± 56 kg/m3 into Eq. 1,

the board densities as a function of volume fraction of

veneer face are obtained for each oil palm wood core

density. These predicted values agree well with the ones

obtained by the experiments as shown in Fig. 3.

3.2 Thickness swelling and water absorption

The thickness swelling (TS) percentages of the sandwich

panels after being soaked in water at 20 �C for 24 h are

shown in Table 1. Statistical analysis reveals that different

thicknesses of the veneers and different densities of the oil

palm wood core within the ranges studied have no signif-

icant effect on TS of the PR board (average value of

3.8 ± 0.4 %). The TS value of the PP boards (average

value of 2.0 ± 0.3 %) was about half of the PR boards with

respect to the board having the same core density of qmiddle.

Most of the parenchyma cells within oil palm wood,

roughly spherical in shape with extremely thin walls and a

large lumen (Lim and Khoo 1986), contribute more or less

to the approximate similarity of the shrinkage/swelling

values in both radial and tangential directions (Sulaiman

et al. 2012). As a result, the alignment of microfibril ori-

entations in fiber cell walls which are aligned nearly par-

allel to the longitudinal axis (Shinoj et al. 2011) of the oil

palm wood should be responsible for the different TS of the

PR and PP boards. It is noted that the TS value of this type

of sandwich panel is much lower than a requirement of

OSB type 2 (EN 300 1997) of 20 % and of typical southern

pine plywood of 8.3 % (Biblis and Lee 1984), which are

mostly used as a face for structural insulated panels.

The corresponding water absorption (WA) values of the

boards after being soaked in water for 24 h are also shown

in Table 1. Both the veneer thickness and core grain

direction have no significant effect on the WA value of the

boards. The WA value is, however, very dependent on core

density and overall board density (qB). The WA value,

ranging from 51 to 172 %, decreases with increasing board

density from 275 to 512 kg/m3 (Table 1). It is well known

that saturated moisture content in wood has an inverse

relation to specific gravity (Skaar 1972; Glass and Zelinka

2010). It is worth therefore to plot the WA value against the

reciprocal of board density. Indeed, the WA value is

inversely proportional to the board density as shown in

Fig. 4 according to the following equation:

Fig. 3 Comparison of the

experimental (symbols) and

calculated (lines) board density

as a function of volume fraction

occupied by the face at various

oil palm core densities
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WA ð%Þ ¼ 83;024

qB

� 120 ð2Þ

This result can be explained by the distribution of vas-

cular bundles containing thick-walled fibrous sheath and

thin-walled parenchyma cells in the oil palm wood core.

More parenchyma cells are in the lower core density from

the inner zone which can absorb more of the water than

those of the higher density core from the outer zone where

there are less parenchyma cells. Because of lower density

(higher porosity) than those of other wood composites,

sandwich panels made from oil palm wood overlaid with

rubberwood veneers show greater WA values than those of

other wood composites such as rice husk particleboard

overlaid with European ash strands (Kwon et al. 2012) and

medium density fiberboard laminated with European beech

veneer (Büyüksari et al. 2012). However, the WA value of

the sandwich panels produced is comparable to that of the

oil palm plywood (Abdul Khalil et al. 2010).

3.3 Thermal conductivity

The average thermal conductivity value of the PP sandwich

panels (0.111 W/m K) is about 44 % higher than that of

the PR board (0.077 W/m K) of the same core density of

qmiddle and veneer thickness of 2.7 mm (Table 1). Since

parenchyma cells within the oil palm wood core are almost

isotropic in shape, the elongated fiber cells which are

aligned parallel and perpendicular to the surfaces of PR and

PP sandwich boards, respectively, are responsible for the

different thermal conductivities observed. The elongated

fiber cells having relatively thick cell walls (Abdul Khalil

et al. 2008) should act as shortcuts for heat conduction

through thickness of the PP board. In addition, thermal

conductivity of the PR sandwich boards (0.063–0.087 W/

m K) appears to depend on density of the oil palm wood

core and therefore the sandwich board density (360–

539 kg/m3) as shown in Table 1. Thermal conductivity

across grain of wood was reported to be proportional to

wood density (Glass and Zelinka 2010). By plotting ther-

mal conductivity data of all PR sandwich boards examined

against their densities (Fig. 5), a linear relationship

between thermal conductivity (k) and board density (qB) is

obtained according to the equation:

k ¼ 1:19� 10�4qB þ 0:025 ð3Þ
It is interesting to note that by extrapolating this equa-

tion to the vertical axis (Fig. 5), where the value of board

density is zero (roughly corresponding to air density), the

value of thermal conductivity obtained is 0.025 W/m K.

This coincides with thermal conductivity of air at 27 �C

(0.026 W/m K) reported in literature (Lide 1998).

Thermal conductivity of the oil palm sandwich panel

(0.06–0.11 W/m K) is much lower than that of traditional

building materials such as red clay brick (0.93 W/m K),

hollow concrete block (0.68 W/m K), lightweight concrete

brick panel walls (0.54 W/m K) (Alavez-Ramirez et al.

2012) and gypsum board (0.17 W/m K) (Ashby 1992). In

addition, when compared to other developed structural

insulated panels for housing such as low density fiberboard

core overlaid with red meranti veneer (0.07 W/m K) (Ka-

wasaki and Kawai 2006) and coconut fibre filled ferroce-

ment sandwich panels (0.22 W/m K) (Alavez-Ramirez

et al. 2012), the oil palm sandwich panel has good potential

as structural insulated panel for use in building

construction.

3.4 Screw withdrawal resistance

According to screw withdrawal resistance (SWR) data

shown in Table 1, the screw withdrawal resistance on the

WA(%) = 83,024/ρΒ - 120
R² = 0.76
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face side (SWRf) of the sandwich panels is higher than that

on the edge side both in transverse direction (SWRet) and in

longitudinal direction (SWRel) of oil palm wood core.

When the screw was inserted in the edge side, it passed

only the low density oil palm wood core. While embedding

it into the face of the sandwich panel, the screw thread

contacted both the rubberwood veneer face and oil palm

wood core. The SWRf value appeared to be very dependent

on board density (qB), a combination of rubberwood veneer

face and oil palm wood core densities. It is well established

that SWR is wood density dependent (Taj et al. 2009; Cai

and Ross 2010). By plotting the SWRf data of all PR

sandwich panels examined against their densities (Fig. 6a),

a linear relationship between SWRf and qB is obtained

according to the equation:

SWRf ¼ 1:691qB ð4Þ
In the same manner, the edge-screw withdrawal resis-

tance in transverse direction (SWRet) and in longitudinal

direction (SWRel) of the oil palm wood core are propor-

tional to density of the oil palm wood core section (qc)

(Fig. 6b, c, respectively) according to the equations:

SWRet ¼ 1:659qc ð5Þ
SWRel ¼ 1:489qc ð6Þ

It should be noted that, the constant in Eq. 4 (1.691),

describing SWRf as a function of average board density of

rubberwood veneer face and oil palm wood core (qB), is

close to that in Eq. 5 (1.659) describing SWRet as a

function of oil palm core density (qc) alone. This implies

that SWR on side grain face depends mainly on average

density of the wood section that the screw thread makes

contact with regardless of the wood type. On the edge side,

the SWRel in longitudinal direction is about 10 % lower

than the SWRet in transverse direction at the same oil palm

wood core density. Grain orientation of the oil palm wood

core also affected the SWRf value. The average SWRf value

of the PP sandwich panels (577 ± 45 N) is about 19 %

lower than that of the PR board (713 ± 55 N) of the same

core density of qmiddle and veneer thickness of 2.7 mm

(Table 1). SWR in longitudinal direction has been reported

to be lower than that in transverse direction of wood grain

(Aytekin 2008; Cai and Ross 2010). Finally, the maximum

SWR value of the oil palm wood core sandwich panels

obtained within this work of 908 N is higher than that of

minimum requirement of fiberboard specifications

according to EN 622-3 (2004) of 450 N and JIS A 5905

(1994) of 300 N, respectively.

3.5 Bending performance

The static bending properties of the sandwich panels

according to EN 310 (1993) are illustrated in Table 1.

Modulus of elasticity (MOE) ranging from 5.5 to 9.3 GPa

(Fig. 7a) and modulus of rupture (MOR) ranging from 16

to 46 MPa (Fig. 7b) of the sandwich panels (20 mm thick)

were obtained using veneer face thickness of 0.7–2.7 mm

SWRf= 1.691ρB

R² = 0.60
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and oil palm wood core density of 200–450 kg/m3. It

should be noted that the MOE and MOR values of the

sandwich panels produced are higher than those values of

OSB type 2 with a density of 600 kg/m3 as required by EN

300 (1997) of 3.5 GPa and 18 MPa, respectively. Both

MOE and MOR values increased with increasing veneer

thickness and oil palm wood core density. Changes in the

face thickness appeared to have a stronger effect on the
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values of MOE and MOR than changes in the oil palm

wood core density.

All of the specimens (except the PR board with

Vf = 0.27 and density of oil palm wood core of qcentral)

tested at span-depth ratio of 20 (L/d = 20) according to EN

310 (1993) failed with face yielding. Face yielding occurs

when the tensile stress in the bottom face exceeded the

allowable tensile stress of the rubberwood veneer (Hib-

berler 1997). The bending strength of the PR and PP boards

having different core grain orientation with similar board

density (qmiddle) and veneer thickness (Vf = 0.27) is lar-

gely governed by the strength of rubberwood veneer in the

bottom face. As a result, the core grain orientation

appeared to have little influence on the MOR value. The

MOR values of the PR and PP boards were similar

(Table 1; Fig. 7b) and the load–deflection curves obtained

from those boards were almost identical (data not shown).

It is worth to explore the effect of core grain orientation

on the sandwich panel’s bending performance when failure

mode of the panel is core shear. Mode of failure could

change from face yielding to core shear on a shorter span

length or higher thickness of the sandwich panel. Addi-

tional bending test was performed on the sandwich panel

specimens with a shorter span length (L/d = 7). Obviously,

the PR and PP boards tested at this span-depth ratio failed

in the mode of core shear. Although the values of MOE and

MOR of the PR and PP boards were similar (Fig. 7a, b), the

load–deflection curves of those boards were quite different

(Fig. 8). After reaching a point of maximum (points A and

A0 in Fig. 8 used to evaluate the values of MOR for the PR

and PP boards, respectively), an applied load of both

boards gradually decreased with increasing displacement

of the beam. While the PR board failed at a relatively short

displacement of 5.86 mm, the PP board failed at a dis-

placement of about four times longer (Fig. 8). Cracks were

initiated at an angle of around 45� to the horizontal axis at

half distance between the points of applied load and sup-

port commonly observed in the three-point bending test

(Hibberler 1997). In addition, examination of fracture

surfaces revealed that cracks were generated and propa-

gated in weak parenchyma cells. Since parenchyma cells

are spherical in shape and have relatively thin walls (Su-

laiman et al. 2012), shear strength of the parenchyma cells

should be isotropic. As a result, grain orientation of the oil

palm wood core appeared to have no significant effect on

the MOR value. On the other hand, crack propagation in the

oil palm wood core of the PR and PP boards was different.

Since cracks easily propagated parallel to the core grain

orientation (along direction of the fiber cells) (B in Fig. 8),

the PR board failed at a relatively short displacement when

cracks reached the beam end (C in Fig. 8). Within the core

section of the PP board, however, crack propagation in the

horizontal direction was rather difficult. Thick-walled fiber

cells aligned vertically in the PP board act as crack stoppers

and are very effective to resist horizontal shear stress. It

appeared that during the increment of displacement, new

cracks were generated in the vertical channel of paren-

chyma cells located between the vertical fiber cells (B0 in

Fig. 8). Alignment of the fiber cells at this point appeared

to slightly deviate from the vertical direction as a result of

the horizontal shear stress (B0 in Fig. 8). The final failure of

the PP board occurred when the vertical shear stress

component exceeded the vertical shear strength of the PP

board, which continuously decreased as a result of gener-

ation of cracks in the vertical channel, to cause delamina-

tion of the face and core layers (C0 in Fig. 8). This

mechanism increased plastic strain to failure and therefore

toughness of the PP board by four times with respect to

those of the PR board.

Finally, from the viewpoint of structural light weight

panel, the MOE and MOR to density ratio should be con-

sidered. Specific MOR increased with increasing veneer

thickness (Fig. 7b), while specific MOE remained roughly

the same (Fig. 7a). On the other hand, increasing oil palm

wood core density decreased the values of specific MOE

and MOR, even though it slightly increased the MOE and

MOR values. Therefore, increasing veneer thickness was

more efficient in enhancing bending performance of the

sandwich panel than increasing oil palm wood core density.

In addition, the maximum values of specific MOE and

MOR of the oil palm sandwich panels produced (22 and
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0.10 MN m/kg, respectively) are higher than those of the

oil palm plywood (3.5 and 0.04 MN m/kg, respectively)

(Abdul Khalil et al. 2010).

4 Conclusion

The following conclusions can be drawn from this work.

1. The oil palm wood core sandwich panel overlaid with

a rubberwood veneer face was successfully manufac-

tured with a density of less than 500 kg/m3, classified

as lightweight materials.

2. Thickness swelling of the sandwich panels was solely

affected by core grain orientation (3.8 and 2.0 % for

the core grain oriented parallel and perpendicular,

respectively, to the panel’s surface), while water

absorption (51–172 %) was inversely proportional to

density of the panels.

3. Thermal conductivity of the sandwich panels

(0.06–0.11 W/m.K) was linearly increased with board

density. The panels with the core grain oriented

perpendicular to the panel’s surface showed higher

thermal conductivity than those with the core grain

oriented parallel to the panel’s surface.

4. Screw withdrawal resistance of the sandwich panels

both on the face side and the edge side was propor-

tional to density of the wood section that the screw

thread made contact with. On the edge side, screw

withdrawal resistance in the transverse direction of the

oil palm wood core was higher than that in the

longitudinal direction.

5. Modulus of rupture (16–46 MPa) and modulus of

elasticity (5.5–9.3 GPa) of the sandwich panels were

dependent on veneer thickness and oil palm wood core

density. When the panels failed in a mode of core

shear, core grain oriented perpendicular to the panel’s

surface increased strain at fracture by about four times

with respect to the one oriented perpendicular to the

panel’s surface.

6. The mathematical equations describing physical and

mechanical properties of the sandwich panels as a

function of board density could be used in the design

of the oil palm wood core sandwich panels overlaid

with rubberwood veneer face according to the prop-

erties required by various applications.
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