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Mechanical behavior of palm oil-based composite foam and its
sandwich structure with a flax-epoxy composite
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ABSTRACT: Empty fruit bunch fiber (EFB), an abundant biomass waste from the palm oil industry, is used to reinforce palm oil-
based polyurethane foam (POPU), and the mechanical properties of the composite foams are also assessed. The fiber—foam interfacial
adhesion is also investigated by SEM images and Fourier transform infrared spectrometry. The results show that the composite foam
reinforced by 15-30% EFB volume fractions could be enhanced by up to 10 times in flexural strength and twice in compressive
strength compared to neat POPU. The composite foams with 20% and 30% volume fraction of EFB are exploited as a core in a sand-
wich construction with unidirectional flax fiber—reinforced epoxy composites (as face sheets). Sandwiches using EFB/POPU composite
foam cores exhibited better toughness and achieved higher flexural energy at break compared to that using a commercial poly(ethyl-
ene terephthalate (PET) foam core. Furthermore, the failure mechanisms occurred under a combination of flexural and shear defor-
mation. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43977.

KEYWORDS: fibers; foams; mechanical properties; polyurethanes; structure-property relations

Received 21 December 2015; accepted 23 May 2016
DOI: 10.1002/app.43977

INTRODUCTION

Polyurethane foams have been widely used in sandwich structures
thanks to their light weight and high mechanical properties.
Commonly, rigid polyurethane foam is used as a core for sand-
wich materials, which is synthesized from petroleum-based polyol
and methylene diphenyl diisocyanate (MDI). Regarding the con-
stituents, MDI represents the least hazard and has a low vapor
pressure that reduces its risks during handling compared to other
major isocyanates, such as toluene diisocyanate (normally used in
the synthesis of polyurethane foam).' Recently, because of the
awareness of environmental preservation and sustainability, vege-
table oil-derived polyols have been developed to replace or par-
tially replace petroleum-based polyols, depending on the foam
processing and final foam properties.”™ Vegetable oils, including
soybean oil, canola oil, palm oil, and rapeseed oil, were converted
to polyol through the introduction of hydroxyl functional groups
into unsaturation sites and further to produce polyurethane
foams.>®” Among the biopolyols, palm oil-based polyol is the
most effective in producing the desired engineered polyurethane
foam at low cost. In addition, the high homogeneity of palm oil-
based polyol also provides a controllable foaming process, in
which reinforcements (e.g., fibers) can be incorporated into the
foam to enhance its properties.

© 2016 Wiley Periodicals, Inc.
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Regarding fiber reinforcements, natural fibers such as flax,
hemp, jute, kenaf, and palm oil fibers recently have received
much interest thanks to their good mechanical properties and
green characteristics. Among natural fibers, fibers extracted
from the oil palm trunk, oil palm frond, palm pressed fiber,
and the empty fruit bunch (EFB) are abundant and also have
good properties.>® The latter, EFB fiber, which is a bunch of
fibers in which the palm fruits are embedded, consists of
about 37.3-39.8% cellulose, 17.3-35.3% hemicelluloses, and
16.5-28.8% lignin.'™'" These constituents are physically hard
and strong. In addition, the lignin content in EFB has also
been reported as being higher than that in banana, pineapple,
and even soft and hardwood fiber.'” It is also known that lig-
nin contributes to the toughness of the fiber; therefore, EFB
could be promising as a positive fiber for composites in terms
of mechanical performance. When being used as a fiber for
polyurethane composites, it is believed that the reaction
between lignin, the hydroxyl group of the cellulose structure
of EFB, and isocyanates forms a strong chemical bond
between EFB fiber and the polyurethane matrix.'>'®
Researchers have also reported the use of palm oil biomass
such as EFB and palm shells to reinforce the high-density
rigid polyurethane core exhibiting high stiffness and the

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43977
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flexural strength of a polyurethane-jute woven/vinyl ester
composite sandwich.'”

In sandwich constructions, the face sheets of the sandwich with-
stand the in-plane compressive and tensile stresses resulting from
the flexural load, while the core, which is normally thick and
much lower in density than the face sheets, resists and transmits
shear force by keeping the two face sheets apart at the desired
distance.'® For face sheet materials, a long natural fiber composite
can be a good candidate, such that some natural fiber composite
systems (e.g., flax and hemp composites with epoxy) have
mechanical properties comparable to glass fiber composites.'®
The combination of face sheets of long natural fiber composites
and a biobased foam core may provide an ecofriendly sandwich
construction with high mechanical performance.

In this study, composites of EFB fibers and biobased polyurethane
foam are prepared and investigated. Various fiber volume fractions
from 15 to 30% are incorporated into the foam. The properties of
the composite foam, including morphology, fiber—foam interfacial
adhesion, and mechanical properties, are then characterized. Then
the foam is used as a core in a sandwich construction in which
unidirectional flax fiber reinforced epoxy is implemented as the
face sheets in the sandwich. Three-point bending tests are then
performed on the sandwich samples to evaluate the mechanical
properties of the materials. The sandwich fracture mode and the
contribution of the core and the face sheets to the sandwich prop-
erties are presented and discussed accordingly.

EXPERIMENTAL

Materials and Preparation of EFB-Reinforced Foam

The palm oil-based polyol R3110 (equivalent weight 510 g/eq)
was offered by PolyGreen Chemicals Sdn. Bhd. (Kuala Lumpur,
Malaysia), and 4,4'-methylene bis(phenyl isocyanate) (MDI)
with an equivalent weight of 125g/eq was purchased from
Maskimi Polyol Sdn. Bhd (Selangor, Malaysia). EFB fiber was
obtained from DST Technology Sdn. Bhd (Peneng, Malaysia)
for use as reinforcement for the foam. The EFB fibers were
washed and dried in an oven at 80°C for 24h and then put
through a grinding process to produce short fibers. By using a
centrifugal mill machine with mesh diameter 2.06 mm, fiber
lengths in the range of 6-13 mm were obtained.

A biopolyurethane composite foam was prepared with the target
density of 0.30g cm . (Weight ratio 1:1) and distilled water of
5 parts per hundred resin (phr) were mixed at 400 rpm for
3 min using a stirrer. The resin mixture was modified based on
an isocyanate index of 1.05. Equation (1) was used to calculate
the total weight of MDI required.”® The EFB fibers were mixed
homogeneously (for 3 min) with the resin mixture, and the final
compound was cast into a wooden mold (previously covered by
polypropylene film to facilitate sample release). The mixture
was cured for 24 h at room temperature. The EFB fiber concen-
trations were used at 15, 20, and 30 volume percentage (vol %)
with respect to the mold cavity.

wt.MDI= (index)(MDI eq.wt.)
pbw of polyol A pbw of H,O (1)
eq. wt. of polyol A eq. wt. of H,O

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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where wt, eq. wt, and pbw are weight, equivalent weight, and
part by weight of resin, respectively.

Materials and Processing of Flax-Epoxy Composite

Face Sheets

A unidirectional (UD) flax—epoxy composite was used for the
face sheets in the sandwich construction. Epolam 5015, a
bisphenol-F-epichlorohydrinhydrine epoxy resin and a curing
agent consisting of 3-aminomethyl-3,5,5-trimethylcyclohexylamine
and polyoxyalkyleneamine supplied by Axson Technologies (St.
Ouen I’Aumon, France), was used as the composite matrix and
adhesive between the face sheets and the foam core. The UD
flax fibers with an areal density of 200 gm™ > were provided by
Lineo (Meulebeke, Belgium). The UD flax—epoxy composite
face sheet was fabricated using the vacuum-assisted resin trans-
fer method (VARI), and the composite was subjected to a post-
curing process at 80°C for 16h. The composite face sheet was
designed with a thickness of around 2mm and fiber volume
fraction of approximately 0.30.

Preparation of Structural Sandwich

Sandwiches of the UD flax—epoxy composite face sheets and the
composite foam core consisting of EFB and palm oil-based pol-
yurethane (POPU) as well as the commercial poly(ethylene ter-
ephthalate) (PET) foam Airex T90 (3A Composites, Industrie
Nord, Switzerland) were prepared by a bonding process using
the Epolam epoxy resin system (which is the same as the matrix
system of the flax—epoxy composite). The bonding was carried
out at a low pressure of 0.1 MPa to avoid the foam being plasti-
cally compressed. The curing conditions for the epoxy were set
at 120°C for 20 min. Sandwich samples were cut in the dimen-
sions of 200 mm X 40 mm X 2mm for mechanical testing. A
sandwich using commercial PET foam Airex T90 was used as a
reference structural sandwich for comparison with the EFB/
POPU sandwich. The commercial Airex T90 is one of the most
common cores for sandwich applications because of its high
compressive strength, which is the key point for the selection of
a foam to be used as a sandwich core.*"*

Investigation of EFB—Foam Interfacial Bonding, Foam
Density, and Mechanical Properties of Composite Foams

To examine the possibility of EFB fiber and MDI reaction, dried
EFB was impregnated with MDI and placed in a desiccator for
24h (to avoid reaction of moisture and MDI). The interfacial
bonding between EFB fiber and MDI was characterized using
Fourier transform infrared spectroscopy (FTIR).

Bulk density (dp) is defined as the mass of a material divided
by the total volume it occupies. Because the POPU obtained
has an open-cell structure, the skeletal density (ds), the density
of the solid polyurethane, was measured using a helium pyc-
nometer apparatus. The porosity percentage, B thus could be
calculated using eq. (2)**:

p= (1—%)><100% (2)

S

A flatwise compressive test was conducted according to ASTM
D1621 on the biobased composite foam specimens of

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43977
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Figure 1. Cross section of EFB fiber reinforced POPU foam. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

50 mm X 50 mm X 25 mm. The compressive test was carried out
with a displacement rate of 5mm/min and a 100 kN load cell.

The flexural property of the composite foam was investigated by
three-point bending tests, which were performed in accordance
with ASTM C393. Test specimens of the foam were prepared
with dimensions of 200 mm X 50 mm X 25 mm. The test span
length was set at a span-to-depth ratio of 6, and the testing
speed was at 5mm/min. The flexural toughness was derived
from the area under the stress—strain curve of the composite
foam. For both compressive and bending tests, at least five
specimens were characterized.

Mechanical Testing of UD Flax—-Epoxy Composite Face Sheets
The mechanical properties of the flax—epoxy composites were
assessed by tensile and flexural tests. The tensile test was per-
formed on the composites (specimen
220mm X 20mm X 2mm) with an Instron universal testing
machine, (Massachusetts, United States) according to ASTM
D3039. The testing speed was set at 5mm/min, and a load cell
of 100 kN was used. A three-point bending test on the compo-
sites was carried out in both the transverse and longitudinal
directions according to ASTM D790. A testing speed of 5mm/
min was used, and the test span length was set at 48 mm. The
fracture surface of the tested specimens was then investigated
using a Zeiss EVO 50 XVP scanning electron microscope.

dimensions of

Evaluation of Mechanical Behavior of Sandwich Structure
The mechanical properties of the sandwiches were assessed by
the three-point bending test according to ASTM C393. Sand-
wich  specimens
200 mm X 50 mm X 25mm. The support span-to-depth ratio
was set to 6, and the testing speed was 5mm/min. The contrib-
uted strength of the UD flax—epoxy face sheet and the biobased
foam core with the sandwich panels under the three-point
bending test can be estimated using the following equations.
The maximum flexural stress oy carried by the bottom face
sheet for a sandwich panel is calculated using eq. (3)**

were prepared with dimensions of
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_ PL(%+1)Ef
Flexural strength carried by face sheet: of= —a (3)
The limit load for face sheet yielding is calculated using eq. (4):
4osbt(c+t
Max. load for face yielding, Pj,= w (4)

where L = Span length; b = width of core; Ec = Young’s modu-
lus of core.

The shear stress 1. experienced by the core for a sandwich panel
is given by eq. (5)*:

Core shear strength, t.=

be (5)

where t and ¢ are the thickness of the face sheet and core,
respectively, and P and Ej are the load applied and modulus of
elasticity of the face sheet, respectively. The equivalent flexural
stiffness (EI) is as follows?®*":
Ebt(c+t)’ L Bbe | EbC | Ebe
2 6 12 2
(6)

Flexural stiffness, EI=

RESULTS AND DISCUSSION

Interfacial Bonding between EFB and POPU

Figure 1 shows an SEM image of a cross section of an EFB-
reinforced biobased polyurethane foam, in which a good
impregnation of the EFB into the POPU matrix can be
observed. EFB fibers have a rough surface that may create a
physical interlocking at the interface between the fiber and the
matrix. Interfacial adhesion is likely from the strong covalent
bonds between the hydroxyl groups on the fiber surface with
the carbonyl groups of POPU. In addition, chemical interac-
tions could occur between the hydroxyl groups of EFB and the
isocyanate groups of MDIL.

Figure 2 presents the FTIR spectrum of EFB fiber and MDI-
impregnated EFB. The reaction of EFB and MDI occurs between
the Cs—OH of the glucopyranose unit in the cellulose, the phe-
nolic hydroxyl group in the lignin, and isocyanate to form ure-
thane linkages.”*>° The FTIR spectrum of MDI-impregnated
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Figure 2. FTIR spectra of (a) EFB fiber and (b) MDI-impregnated EFB.
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Table I. Flexural and Compressive Properties of Neat POPU and EFB/POPU Composite Foams

Physical properties POPU EFB15/POPU EFB20/POPU EFB30/POPU
Bulk density (g cm—3) 0.13 (x0.02) 0.29 (=0.02) 0.29 (=0.02) 0.29 (=0.02)
Skeletal density (g cm™3) 1.21 (=0.03) 1.24 (x0.06) 1.22 (=0.02) 1.28 (x0.01)
Total porosity percentage (%) 89.7 (=0.90) 76.7 (=1.80) 76.2 (=1.70) 77.5 (=1.70)
Mechanical properties POPU EFB15/POPU EFB20/POPU EFB30/POPU
Compressive modulus (MPa) 1.45 (=0.04) 3.81 (=0.13) 5.49 (=0.03) 7.25 (=0.01)
Compressive strength (MPa) 0.08 (=0.07) 0.12 (=0.03) 0.36 (=0.09) 0.74 (=0.07)
Densification strain (%) 74.1 (+0.39) 73.4 (=0.26) 69.5 (=0.23) 68.6 (+0.25)
Flexural modulus (MPa) 3.90 (x0.26) 19.5(=1.18) 19.6 (+1.45) 22.8 (+x1.62)
Flexural strength (MPa) 0.22 (=0.01) 1.06 (x0.03) 1.40 (=0.06) 2.19 (=0.09)
Flexural toughness (MPa) 0.03 (x0.01) 0.08 (=0.01) 0.17 (=0.02) 0.39 (=0.06)
Deflection at break (%) 17.3(x0.01) 13.3(x0.93) 14.6 (=0.25) 19.9 (=0.60)

EFB shows the new formation of carbonyl urethane (—C=0 at
1715cm™ '), a secondary amide in urethane (CN—H at
1512cm™ '), and ether urethane (—C—O—C at 1231cm™ ),
which present the urethane linkages.’'™> Another supporting
piece of evidence is the reduction of the peak at 1020 cm™ ',
which represents the stretching vibration of aliphatic primary
and secondary alcohols in cellulose, hemicellulose, lignin, and

s e 30,3435
extractives.

Effect of EFB on Density, Porosity, and Morphology of POPU
Composite Foams

The bulk density, skeletal density, and porosity of neat POPU
and EFB-reinforced POPU composite foams are reported in Table
L. Bulk densities for the EFB/POPU composite foams of around
0.3g cm ° are achieved as targeted. The skeletal densities of the
POPU control foam and the EFB/POPU composite foams are
quite similar: approximately 1.2g cm >. The addition of EFB
produces a lower porosity in the EFB/POPU composite foams
compared to neat POPU foam. This is because the pore volume
of the composite foam was occupied by denser EFB fibers. In
addition, the EFB fibers can affect the reactivity of the polyol and
isocyanate and can interfere with foam expansion. A similar
result was also reported in another study about rice husk ash—
reinforced polyurethane.® The microscopy images of the cross
sections of neat POPU foam and EFB/POPU composite foams
are reported in Figure 3, which reveal that an increase in the EFB
fiber content induces a corresponding decrease in porosity of the
EFB/POPU composite foams. As observed, the length of the EFB
fiber is much longer than the foam cell size. Therefore, most of
the EFB fibers crossed many foam cells and are located parallel
to the polyurethane’s cell walls, a phenomenon that is expected
to enhance the compressive strength of EFB/POPU composite
foams. This phenomenon can also be found in the distribution
of hemp fiber and flax fiber in a polyurethane matrix, which are
also dispersed parallel to the cell walls of polyurethane.*

Effect of EFB Fibers on Mechanical Properties of EFB/POPU
Composite Foam

Compressive Properties of EFB/POPU Composite Foam. As
observed from the typical stress—strain curves of neat POPU
foam and 30% EFB reinforced POPU foam (EFB30/POPU) (Fig-
ure 4), the compressive strength and densification strain are
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derived. There is no yield deformation that occurred before 10%
strain; therefore, the stress at 10% strain is selected for the com-
pressive strength according to ASTM D 1621. The densification is
taken as the strain at the point of intersection between the tan-
gents of the plateau region and the backward-extended densifica-
tion strain>>*’ The neat POPU foam and EFB30/POPU
exhibited a smooth plateau region, but the latter showed a posi-
tive slope in the compressive stress—strain curve. A possible expla-
nation is that the foam cell wall collapsed in the plateau region,
and the increment in compressive stress at the densification stage
corresponded to the matrix behavior after the opposing cell walls
touched each other.’”*® Therefore, densification could have a
close relationship with the porosity of the foam. It is evident that
EFB/POPU composite foams densified at lower strains with
higher EFB fiber contents are in accordance with their porosity.

The compressive modulus and compressive strength at 10%
strain for the neat POPU foam and EFB/POPU composite
foams are recorded in Table I. The addition of EFB fiber led to
a significant improvement in compressive modulus and strength
of the EFB/POPU composite foam compared to neat POPU
foam. The addition of 30 vol % of EFB could enhance up to
five times the compressive modulus and nine times the com-
pressive strength of the POPU foam. The improvement in the
compressive property originated from the structure of EFB as a
reinforcing fiber, good interfacial bonding, as well as parallel
dispersion in the POPU matrix.

Table II presents the properties of biobased polyurethane from
soybean oil and rapeseed oil versus palm oil. The visible advan-
tages of the studied POPU are its mixing time and cream time
compared to those of soybean oil and rapeseed oil-based poly-
urethane. Actually, the fast foaming reaction between polyol and
isocyanate is the most challenging issue in the preparation of
polyurethane and its composites. The cream time is normally
less than 2min, which is considered to be too fast to obtain
good mixing and shaping processes for neat polyurethane and
its composite products. In most of the polyurethane composites,
additives and fillers are always mixed with a polyol prior, and
isocyanate is consistently the last addition. The mixing time of
isocyanate into the mixture was about 10-30 s, as reported in
the literature.>*>?° However, the amount of isocyanate used is
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Figure 3. Cross sections of (a) neat POPU, (b) EFB15/POPU, (c) EFB20/POPU, and (d) EFB30/POPU at 50 X magnification. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

usually more than the amount of polyol, with the ratio of 1 pol-
yol to 1.05-1.50 isocyanates. Therefore, the filler’s wetting by pol-
yol and isocyanate and filler dispersion in the matrix after foam
rising could have some limitation, especially for those nanofillers.
This drawback will be more obvious for the samples and prod-
ucts with large dimensions. In this research, palm oil-based pol-
yol and isocyanate were mixed for 3 min thanks to their long

el —— POPU
35 -----EFB30/POPU

£
30+ i
Densification :

25+
20+ i
15 7
Strength derived ¢ 2

10 - i
from 10% strain 2

Stress, MPa

0 10 20 30 40 50 60 70 80 90
Strain, %

Figure 4. Typical stress—strain curves of neat POPU and EFB30/POPU
composite foam. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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cream time. The addition of EFB fibers afterward could provide
good wetting and dispersing for the EFB fibers in the mixture.
This practice is believed to be an effective factor in contributing
the significant enhancement of EFB fibers in the POPU compos-
ite. In a comparison among palm oil-based versus soybean oil—
based™*® and rapeseed oil-based PU composites,*"** the first dis-
played a greater performance in compressive modulus and
strength than either of the latter. This enhancement originates
from the higher filler loading of EFB in POPU, which could only
be implemented when the cream time was long enough.

Flexural Properties of EFB/POPU Composite Foam. It is clear
that the EFB fiber exhibited a reinforcement effect on the flexural
modulus and strength of the EFB/POPU composite foams, as
reported in Table I. The flexural modulus of the composite foams
improved as the EFB content increased from 15 to 30 vol %. The
maximum increase was found, at approximately six times the
flexural modulus and 10 times in flexural strength, when adding
30 vol % of EFB into the POPU foam. The enhancement in flex-
ural properties of the composite foams originates from the high
stiffness of the EFB fibers, which led the EFB/POPU composite
foam to have a higher bending resistance. Similarly, the flexural
properties of the epoxy syntactic foam reinforced by short glass
fibers can also be obviously improved with respect to those of
the unreinforced foam.*> Furthermore, the obvious improvement
in flexural toughness implies better stress transfer between the

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43977
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Palm oil-based
Properties

PU (present study)

Soybean oil-based PU Rapeseed oil-based PU

With addition of petroleum-based polyol =

Hydroxyl number (mg KOH/g) 98
Isocyanate index 1.05

Mixing time of isocyanate (min) 3

Cream time (min) 7
Compressive modulus (MPa) 1.45
Compressive strength (kPa) 80

With fillers 30 vol % EFB
Compressive modulus (MPa) 7.25
Compressive strength (kPa) 740

= 30%,%2 50%**

63,40 170° 4004t
1.2034° 1.60,%t 2.50%?
0.33,40 13 0.25%

1.50%C —

0.75%° 6.02%2

30,% 4240 200,** 26042

1 wt % CNT#?
6 wt % flax fiber*?

6.05%2
30041,42

8 php paper fiber®

10 wt % wood flour*®
1.20%°
50,° 6540

polyurethane matrix and the EFB fibers in the EFB/POPU com-
posite foams via the good interfacial adhesion between the fiber
and the foam matrix.

A crack developed at the bottom section of the composite foam
under three-point bending, as shown in Figure 5, which experi-
enced maximum deflection and maximum tension stress. The
fracture was found to occur within the polyurethane matrix
while the EFB remained unbroken, as observed in the SEM
images in Figure 6. The presence of EFB fibers in the composite
foam resulted in a serrated crack and hence improved the
toughness of the EFB composite foam compared to the control
POPU foam.

Mechanical Properties of UD Flax—Epoxy Composites

The tensile and flexural properties of the UD flax—epoxy com-
posites as assessed by tensile testing and three-point bending
(in both longitudinal and transverse directions), respectively,
are given in Table III. With approximately 34% fiber volume
fraction, the UD composite has a substantially high E-modulus
of 20 GPa and a tensile strength of 194 MPa. A high strength
in three-point bending in the longitudinal direction was also
obtained, where the flexural modulus and flexural strength
were approximately 19 GPa and 207 MPa, respectively. When
UD composites are tested with the fibers in the transverse
direction, the matrix and interface properties dominate the
final composite properties. Hence, the interface quality of the

Figure 5. Tensile failure mode of neat POPU and EFB30/POPU composite foam. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6. Flexural fractured surface of the EFB15/POPU composite foam at different magnifications.

Mag= 200X

EHT = 10.00 kv Signal A = SE1

Figure 7. Fracture surface after transverse flexural test of flax—epoxy com-
posite. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

composite can be characterized by the transverse strength
combined with the fracture morphology. SEM micrographs of
the fracture surfaces of the transverse flexural sample can be
seen in Figure 7. There is a clear imprint of the surface texture
of the flax fiber remaining on the epoxy that indicates that
failure occurs at the interface. Therefore, the transverse
strength can be considered as the interfacial strength of the
composite. The interfacial strength of the flax—epoxy compos-
ite is approximately 30 MPa, which is high compared to the
reported values of interfacial strength for several natural fiber
composite systems.***> The mechanical properties of the UD
flax—epoxy composite show that the composite is strong, stiff,

Table III. Mechanical Properties of Flax-Epoxy Composites Face Sheet

and suitable to be used as face sheets for lightweight sandwich
constructions.

Flexural Properties and Failure Mode of Structural Sandwich
between UD Flax-Epoxy Composites and Various Foam Cores
Typical flexural stress—strain curves of the sandwiches of UD flax—
epoxy with 20% EFB composite foam (SW20), 30% EFB compos-
ite foam (SW30), and PET foam core (SW-PET) are shown in
Figure 8. The stress—strain curves of SW20 and SW30 were obvi-
ously different from that of SW-PET. For the SW20 and SW30
sandwiches, the flexural stress increased gradually to reach the
maximum stress at 4.27% and 3.19% deflection, respectively,
decreasing gradually after that. However, the flexural stress of SW-
PET exhibited a sharp drop after obtaining the maximum stress at
1.05% deflection. The deflections at break of SW20 and SW30
were higher than the deflection of the flax—epoxy composite face
sheets (2.75%, as shown in Table III). This implied that the
toughened EFB/POPU composite core had the potential to ameli-
orate the bending capability of face sheets in a sandwich structure.
Besides, further bending strain causes shear stress to the core, due
to different bending capabilities in the face sheets and core, which
eventually produced a shear crack failure. In addition, SW30
exhibited higher flexural modulus, flexural strength, and flexural
toughness than SW20. Therefore, 30 vol % could be considered as
the optimum EFB fiber loading to obtain a high-strength compos-
ite foam core and sandwich. Based on the results of energy at
break, it can be concluded that EFB has a pronounced toughening
effect on the sandwich, and EFB/POPU composite foams have
performance comparable to commercial PET core.

All the sandwiches exhibited core shear failure, and no indentation
failure was observed, as shown in Figure 9. This implied that the

Test Mechanical properties Modulus (Gpa) Strength (MPa) Deflection at break (%)

Tensile Longitudinal 20.06 (+1.49) 193.79 (+x17.97) 0.83 (+0.05)

Flexural Longitudinal 19.03 (+1.53) 207.17 (x26.90) 2.90 (+0.07)
Transverse 2.81 (=0.22) 30.59 (+1.85) 1.30 (+0.03)
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Figure 8. Typical three-point bending stress—strain curves of SW20,
SW30, and SW-PET using EFB20/POPU, EFB30/POPU, and SW-PET
using PET foam cores, respectively.

EFB/POPU composite foams are considered as high-compressive-
strength cores, as is PET foam core. A similar failure was observed
in a sandwich that was made up of glass fiber composite skins
and modified phenolic core material, indicating that sandwiches
comprising a high-compressive-strength core could prevent any
localized failure in the core.”* The failure mechanism of SW20 and
SW30 showed that the crack occurred initially in the EFB/POPU
composite foam around the loading nose and propagated to one

Applied Polymer
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side of the sandwich’s overhang. However, in SW-PET, the crack
initially occurred at the interface of the top face sheet and the PET
foam core right at the loading nose and further caused core shear
failure in PET foam core and finally debonding at the interface of
PET foam core and bottom face sheet until the overhang. More-
over, the toughening effect of the composite core in SW30 was
evident from the lower shear crack angle of 35° compared to the
value of 40° for the SW-PET foam core. The lower shear crack
angle could be attributed to the bending capability of the EFB30/
POPU composite core as a result of its flexural toughness.

Nowadays, research on plant oil-based polyurethanes and their
composites has increased rapidly, but the study of their applica-
tion as cores for structural sandwiches has been less reported.
The composite foam cores for structural sandwiches in most of
the studies, which are concerned about environmental issues,
were petroleum-based polyurethane filled natural fiber, unfilled
phenolic foam, or unfilled recycled PET foam. Nevertheless,
apart from these environmentally friendly foam cores, the face
sheet materials in structural sandwiches are still mainly used
from synthesized fiber reinforced polymer composites. Table IV
displays some reference sandwiches using foam cores from
petroleum-based polyurethane filled coir fiber® or basalt fiber®”
attached to glass fiber—epoxy face sheets and a sandwich using
commercial modified phenolic foam from plant products
attached to glass fiber—phenol formaldehyde face sheets.”* The
SW30 sandwich having natural fiber reinforcement in both face
sheets and core was found to have a better flexural strength
than that of sandwiches using petroleum-based polyurethane

Shear crack
propagated in the core

/ Failure at overhang

SW20
Shear crack i Failure at overhang
propagated in the core
SW30

Shear crack
propagated in the core

Debonding at
interface

SW-PET

Figure 9. Failure mechanism of SW20, SW30, and SW-PET sandwich under three-point bending test. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Composite core

Palm oil-based PU
filled 30 vol % EFB

Petroleum-based PU

filled 20 wt %
coir fiber*®

Petroleum-based PU filled
20 wt % basalt fiber*”

Commercial modified
phenolic foam from plant
products®*

50 vol % of bi-axial (0/90)
E-glass fabric/epoxy

Biaxial (0/90) E-CR glass
fabrics with a chopped

Composite face sheets 34 vol % UD 67 wt % woven

flax-epoxy glass fiber
mat/epoxy
Density of sandwich 0.44 0.38
(gecm™)

Flexural load (kN) 1.097 0.72-0.85

Flexural modulus (MPa)  507.55 520-580

Flexural strength (MPa)  9.16 0.24-0.29

Shear crack angle 35° —

strand mat/phenol

formaldehyde
0.15 —
13.18-14.20
~8 -
~1.28 =
— ~55°

composites and to have a lower shear crack angle than that of
the reference sandwich using a commercial phenolic foam from
plant products. Hence, the SW30 sandwich, with it good
mechanical performance, more green constituents, and low cost,
could be proposed for civil applications.

Evaluation of Maximum Face Yield Load of Face Sheet and
Shear Strength Carried by Core during Bending of Structural
Sandwich

The calculated flexural strength and the maximum load yielded
by the UD flax—epoxy face sheet and shear strength carried by a
core of the sandwiches are shown in Table V. The calculated
flexural strengths of the face sheets in the sandwiches were only
about 11-15% of the bending strength of the UD flax—epoxy
composite (207.17 MPa, as listed in Table III). This clearly indi-
cates that no tensile crack failure mode occurred at the bottom
face sheet. The calculated maximum loads for face yield were
found to be higher than those exerted on the sandwiches (Table
V). This result indicates that there was no failure of microbuck-
ling at the top face sheet or face yield at the bottom face sheet
in all sandwiches.*® Therefore, a core shear failure was the only
failure to have occurred in these sandwiches. The calculated
shear strengths obtained from EFB/POPU composite cores and

commercial PET foam core were comparable. This toughening
effect of the properties of the EFB/POPU composite core sug-
gests that this composite core has the potential for economic,
green, and high-strength structural sandwich applications.

CONCLUSIONS

EFB fiber POPU foam. The flexural and compressive strength
and modulus of POPU foam were enhanced significantly with
the addition of 15-30 vol % EFB to the EFB/POPU composites.
When applied as a core in a structural sandwich, the sample
SW30 exhibited a higher flexural energy at break and a lower
shear crack angle than the SW-PET sandwich. Furthermore, the
high-toughness EFB/POPU composite core prevented debond-
ing between the face sheet and the core, which occurred obvi-
ously in the SW-PET sandwich. These advanced mechanical
properties imply that EFB/POPU biobased composite foams are
economic, green, and high-strength cores for structural sand-
wiches. Based on the evaluation of the endured strength of the
face sheet and core in the sandwich structure, a thinner face
sheet could be implemented. Moreover, the addition of palm oil
biomass such as palm kernel shell into the EFB/POPU compos-
ite foam could be carried out and could be expected to achieve

Table V. Flexural Properties of Structural Sandwiches and Calculated Strength of Face Sheet and Cores

Properties SW20 SW30 SW-PET

Load (kN) 0.680 (+0.04) 1.097 (x0.12) 1.467 (x0.05)
Flexural modulus (MPa) 316.7 (£68.9) 507.6(x82.5) 838.8(+109.7)
Flexural strength (MPa) 8.15 (=0.65) 9.16 (=0.46) 11.16 (+=0.50)
Deflection at flexural strength (%) 4.27+(0.01) 3.19+(0.01) 1.05(=0.01)
Energy at break (J) 3.32 (=0.71) 3.56 (+0.22) 1.61(=x0.74)
Shear crack angle 38° 35° 40°
Calculated strength of face Sheets and core in structural sandwich

Flexural strength for face sheet (MPa) 23.46 (x4.14) 24.88 (x2.44) 33.02 (x1.21)
Max. load for face yield (kN) 1.03 (+0.13) 1.29 (+0.19) 1.94 (+0.07)
Core shear strength (MPa) 0.47 (=0.06) 0.52 (=0.08) 0.73 (=0.03)

SW20 has EFB20/POPU foam core, SW30 has a EFB30/POPU foam core, and SW-PET has a PET foam core.

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

43977 (9 of 10)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43977


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

significant compressive strength and modulus for the composite
foam and its derived sandwich.
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