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Abstract Increasing markets for internet-traded furniture,

but also economic concerns are main driving forces to con-

siderably reduce the weight of wood-based furniture panels.

Recent research and technological developments have led to

an innovative one-step process which simplifies the typical

multi-step process for production of foam core panels. Three

layered sandwich panels (with particleboard faces and

polymeric in situ expanded foam as core layer) can be pro-

duced by a one-step process without additional gluing

between the face and core layers. As the morphology of the

foam and hence its mechanical properties strongly depend on

its chemical composition, as well as on the process param-

eters during expansion, there are no data available, so far,

describing the foam of the novel panels. The aim of the

proposed project is to determine the elastic properties of

in situ expanded foams using 2D digital image correlation.

The data can be used later on for the simulation of the elastic

behavior of foam core particleboards by means of FEM to

describe the short and long term behavior of the panels.

1 Introduction

The future supply with raw materials is of major concern for

particleboard producers due to a steadily increasing com-

petition on wooden biomass in the form of wood chips

(Mantau et al. 2010). There is currently competition

between particleboard manufacturers, pulp mills and ener-

getic usages of wood chips, in the form of fresh fibre

material or recovered fibre. Lightweight panels could offer

a solution through the development of wood-based foam

core panels (sandwich structure) for furniture, which fulfil

nearly the same function as particleboard while the amounts

of raw material input is significantly reduced (Shalbafan

et al. 2012). The customer demand for flat pack furniture is

a driving force or an initial reason for the development of

lightweight panels. Additionally, the second reason for the

lightness seems to be rational from the economic point of

view (based on the volume), if the foam materials have the

same or even lower prices with regard to the substituted

wood materials (Paoletti et al. 2012). Three layered sand-

wich panels (with particleboard faces and polymeric in situ

expanding foam as core layer) can be produced by a one-

step process (Luedtke 2011; Shalbafan et al. 2012) without

additional gluing between the face and core layers. Such

ultra-light particleboard is referred to in this paper as ULPB.

Luedtke (2011) and Shalbafan et al. (2012) used con-

ventional non-bio based polymeric materials for in situ

foaming. They have used Expancel microspheres and

expandable polystyrene beads as the core layer materials,

resulting in different structures and mechanical character-

istics of the foamed core layer. Above, the production

parameters (press temperature, pressing time and foaming

time) controlling the foaming process have a significant

influence on the foam structure as well as the physio-me-

chanical performances of the ULPB, as shown by Shal-

bafan et al. (2013a,b). Due to the increasing waste and

environmental problems of traditional petroleum based

foams, further development of the ULPB process towards a

fully bio-based lightweight panel is in special focus. Yoon

et al. (2016) have developed a polylactic acid (PLA) based

& Ali Shalbafan

ali.shalbafan@modares.ac.ir

1 Department of Wood and Paper Science and Technology,

Faculty of Natural Resources and Marine Sciences, Tarbiat

Modares University, Noor, Iran

2 Institute for Materials and Wood Technology, Bern

University of Applied Sciences, Bern, Switzerland

123

Eur. J. Wood Prod. (2017) 75:43–53

DOI 10.1007/s00107-016-1088-0

s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
2
4
4
5
1
/
a
r
b
o
r
.
5
5
0
2
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
1
9
.
5
.
2
0
2
3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-016-1088-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-016-1088-0&amp;domain=pdf


foam using supercritical CO2 as blowing agent, fulfilling

the requirements for the core layer materials of ULPB

mentioned by Shalbafan et al. (2012).

Mechanical characterizations, for example bending

properties, of lightweight foam core particleboards with a

soft core layer are different from the monolithic wood-based

panels and aremainly influenced by the properties of the core

material (Mahfuz et al. 2004). In the latter case, only little

shear deformation happens during bending, in contrast to the

situation in foam core particleboards (Allen 1969). Due to

the layered build-up from different materials, the determi-

nation of modulus of elasticity (MOE) and strain evaluation

(with dial or electrical strain gauge) is not appropriate in

conventional three point bending test (Shalbafan et al.

2013b). Strain values measured by pointwise strain gauges

(local dial or electrical strain gauges) cannot be necessarily

representative of the full picture of foam deformation

behavior. Beside of the conventional extensometry, optical

strain measurement devices have progressively gained wide

acceptance recently for the characterization of the mechan-

ical behavior of differentmaterials (Parsons et al. 2004; Fang

et al. 2006; Almeida et al. 2008; Hassel et al. 2009; Godara

et al. 2009). Optical measurement apparatus are operated

contactless compared to mechanical extensometers which

are connected to the test specimen. Such mechanical exten-

someters led to the local stress concentration raised from the

indentation of the specimen. On the other hand, the deriva-

tion of the full-field displacement and strain values allows a

much better evaluation of the parasitic effects resulting from

the experimental set-up using traditional strain gauges

(Zhang et al. 2012), making the optical measurement appa-

ratus ideal for polymeric materials.

Generally, optical strain measurement techniques can be

categorized into two groups; a) video extensometers which

operate with a fixed gauge length measuring the strain

between two edges or signs on the test specimen, b) full-

field non-contact optical methods (Hild and Roux 2006;

Perez et al. 2008). Recently, methods capable of capturing a

full-field distribution of the deformations of various mate-

rials are more in focus. Two different main groups of full-

field non-contact optical methods have been developed and

used for full-field surface measurement; (1) interferometric

techniques (e.g. holography, speckle and moiré interfer-

ometry) and (2) non-interferometric techniques (e.g. grid

method and digital image correlation) (Rastogi 2000; Gre-

dia 2004). Briefly, compared with the interferometric opti-

cal techniques used for in-plane deformation measurement,

the two-dimensional digital image correlation (2D DIC)

method has the following advantages; simple experimental

setup and specimen preparation, low requirements in mea-

surement environment, wide range of measurement sensi-

tivity and resolution and its applicability to new areas (Hild

and Roux 2006). Therefore, two-dimensional digital

correlation technique was used in this study for determi-

nation of elastic behavior of different foam materials pro-

duced during the innovative ULPB process.

Digital image correlation (DIC) technique has been

applied to full-field measurement of elastic properties of

wood and wood products firstly by Choi et al. (1991) and

Zink (1995). However, there have been relatively few

studies concerning polymer foam materials using DIC

technique. Pierron (2010) has identified the Poisson’s ratios

with compressive strain of standard low-density (homo-

geneous) polyurethane foams by using DIC. Fathi et al.

(2015) have studied the shear deformations of three com-

mon structural core materials to be used for sandwich

panels (Balsa wood, PET foam, and cross-linked PVC

foam) with the aid of full-field optical DIC analysis. They

concluded that full-field strain distributions yielded more

comprehensive information about the uniformity of defor-

mation as well as local stress concentrations and initiation

of core shear failure. Voiconi et al. (2014) investigated the

microstructure and flexural properties of three different

rigid PUR foams using DIC technique. They showed that

the most significant parameter on mechanical properties of

rigid PUR foams is the foam density. Jerabek et al. (2010)

have studied the characterization of polypropylene (PP)

and PP composite using DIC. They found that the proper

strain determination both in the pre- and post-yield regimes

is possible. Using different types of polymeric foam in the

core layer of ULPB comprising wooden surfaces is under

further progress (Yoon et al. 2016). Additionally, the spe-

cial in situ expanded foaming of core materials leads to the

different foam structure (Shalbafan et al. 2012). So, further

research is needed particularly on the determination of

elastic behavior of different foam materials produced dur-

ing the innovative ULPB process.

The overall aim of this research is to improve the

understanding of the mechanical characteristics of the foam

core of the newly developed ULPB by using 2D DIC. The

main objective is to determine the elastic characteristics

(modulus and Poisson’s ratio) of foams using 2D DIC. The

samples were loaded in tensile, compression and shear

mode and the digital images were taken during the test for

further treatment. A comparative analysis of obtained DIC

results with reference specimen was also carried out. The

following in situ expanded foams have been used as core

layer of ULPB; expandable polystyrene (EPS), Expancel

microspheres (MS), and a blend of PLA-PMMA (50:50 %).

2 Materials and methods

Foam samples used for testing in this research plan have

been produced by two different methods; (a) in-situ

expanded foam core particleboards using different
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polymeric materials (bio-polymer and synthetic polymer)

as core layer, (b) mold production of foam samples as

reference.

2.1 Ultra-light particleboard production

2.1.1 Face and core layer materials

Three layered foam core sandwich panels were produced

by a one-step process (Shalbafan et al. 2012). Conventional

fine wood particles, mainly spruce and pine (B2 mm), for

the face layers were provided from a particleboard mill.

The particles were mixed with 12 % urea formaldehyde

resin (Kaurit 350, BASF, Germany) based on oven dry

mass of the wood particles. Prior to resination, 1 %

ammonium sulphate (in case of synthetic polymers as the

core layer) or 3 % ammonium persulfate (in case of bio-

polymer as the core layer) was added to the resin as

hardener. Then, the adhesive was sprayed onto the particle

furnish tumbling in a rotating drum-type blender by using a

compressed air spray head. The target density and thick-

ness of the surface layers were kept constant with 750 kg/

m3 and 3 mm (each surface layer), respectively.

The heat-sensitive materials for the core layer of ULPB

was supplied by different companies; expandable poly-

styrene from Sunpor (Austria), Expancel microspheres

from AkzoNobel (Switzerland), expandable blend of

(50:50 % by weight) poly-lactic acids (PLA) with poly

methyl methacrylate (PMMA) developed by EPFL and

BFH, Switzerland (Yoon et al. 2016). The target density of

the foam core and foam layer thickness was kept constant

at 100 kg/m3 and 13 mm for all of the panel variations,

respectively. More details about the property of the poly-

meric core layer materials are listed in Table 1.

2.1.2 Production of the panels

The expandable heat sensitive materials for the core layer

were laid manually between the two surfaces after the

bottom and before the top surface layer are formed. The

three layered mat was then pressed in a computer con-

trolled lab-scale single opening hot press. The temperature

of the press plates was set to the level required for the core

layer expansion; 160 �C for MS and EPS, and 125 �C for

the PLA-PMMA blend.

Since the activation temperature interval for the selected

core layer materials is different, the press program to

produce foam core panels should be modified for each type

of materials. In general, the press cycle for all types of core

layer materials was performed in three consecutive stages;

pressing phase, foaming phase and stabilization phase.

More details about the process program are described in

Shalbafan et al. (2012).

To simulate a continuous hot press with a cooling zone

for stabilization of the core layer, the pressing schedule

will be controlled by initiating the internal cooling of the

press plates after approximately 1/3 of the pressing cycle.

For each press temperature (125 and 160 �C) and the

corresponding program two panel replicates were pro-

duced. After panel production, the foam core layer and the

testing samples were separated from the wooden surfaces

by means of computer numerical control (CNC) cutting

machine. From each type of the core layer materials two

panels as repetition were produced.

2.1.3 Reference samples

As mentioned earlier, the foam materials were produced

and used in a number of different ways. Mold production of

foam samples is the closest procedure to the developed

one-step process for foam core particleboards. As reference

samples, the heat-sensitive PLA-PMMA blend granulates

were used in a wooden frame with internal dimensions of

500 9 500 9 13 mm3 without bottom and surface layers

of particleboard. Then, the frame was put on the hot press

at a temperature of 125 �C for foaming. The density of the

produced foam was also kept constant at 100 kg/m3.

The experimental samples were taken after mold foam

production. The foam samples were tested to determine

their elastic properties by using 2D DIC technique. To see

the effects of different production processes, the DIC

results from molded foam were compared with the corre-

sponding ones obtained from ULPB produced by a one-

step process.

Table 1 Property of the

polymeric core layer materials
Property MS EPS PLA-PMMA

Particle size 15 lm 0.3–0.8 mm 2–2.5 mm

Particle shape Spherical Spherical Cylinder

Blowing agent Isobutane Pentane Supercritical CO2

Activation temperature, �C 85 95–115 75

Glass transition temperature, �C 80 103 75
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2.2 Principal and concepts of 2D DIC analysis

2.2.1 Specimen preparation

One of the major requirements for DIC is that the surface

of the specimen should have a random gray intensity dis-

tribution (i.e. the random speckle pattern), which deforms

together with the specimen surfaces as a carrier of defor-

mation information. The artificially texture was made by

spraying aerosol on the sample surface.

2.2.2 Mechanical testing and test setup

The mechanical tests, tensile, compression and shear tests

were performed on a mechanical universal testing machine

(Zwick/Roell Z2.5, Germany) with a 2.5 kN load cell.

Monotonic loading was performed to measure Young’s

modulus, shear modulus and Poisson ratio (with loading up

to the ultimate strength of the material) of different foam

types used for the production of foam core panels. Cross-

head displacements were usually set as follows; 0.5 mm/

min for tensile tests (MS, EPS, PLA-PMMA), 1.2 mm/min

for compression tests (MS, EPS, PLA-PMMA), 3.0 mm/

min for shear tests of MS and PLA-PMMA and 1.6 mm/

min for EPS samples. The goal was to maintain the time to

specimen failure constant at 60 ± 30 s. For the shear test,

an Iosioescu device according to ASTM D5379 was used

(Magistris and Lennart 2004).

Samples were conditioned for 2 weeks prior to testing at

23 �C and 50 % relative humidity (eight repetitions for

each variation). To minimize the effect of temperature

variations on the test results, mechanical tests and images

acquisition were also performed at the above climate

conditions (23 �C and 50 % relative humidity). After foam

core panel production, dog-bone samples with a length of

60 mm for tensile and compression tests and V-notched

specimens with a length of 76 mm for shear tests were

prepared with the help of a CNC machine. Figure 1 shows

examples of produced ultra-light panels and the samples

geometry with the specified region of interest (ROI). It has

to be noted that the surface and bottom layers of foam core

layers were also separated using CNC machine.

The Guppy F146B camera (1392 9 1040 resolutions)

was placed with its optical axis normal to the specimen

surface and imaging the planar sample surface in different

loading states onto its sensor plane. To allow for sufficient

optical signal detection, two running spotlights with opa-

que surfaces were also attached around the Guppy camera.

Image acquisition was simultaneously performed

through Vimba Viewer program (version 1.1.2 by Allied

Vision Technologies Software) and, subsequently, the

images were saved in PNG format for further treatments at

the running computer. The acquisition frame rates were set

at 0.5 for compression tests and 0.6 for tensile and shear

tests. Acquisition of analogue inputs from the test machine

like force and displacements signal was also done. The

camera setup was not connected to the testing machine to

avoid vibration effect of the drive system of the test

machine on the camera which influences the quality of the

test results.

2.2.3 Evaluations of images by 2D DIC

The implementation of 2D DIC comprises several con-

secutive steps, namely image processing (adjust contrast,

gray scale, etc.), initial deformation estimation (initial

guesses), displacement measurement, strain field comput-

ing, generation of stress–strain curves and finally comput-

ing of elastic coefficients. Image processing, displacement

measurement and strain field computing were done using

MATLAB 2015a program with written code (version 4.2)

by Jones (2015). Generation of stress–strain curves and

computing of elastic coefficients were performed using

Mathematica program.

Fig. 1 Produced ultra-light particleboards and derived testing spec-

imens identified with its region of interest (ROI); a examples of

ULPB, b doge-bone samples (sizes in mm) for tensile and compres-

sion tests, c Iosipescu sample for shear test
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It should be noted that the 2D DIC analysis usually

needs an accurate initial guess of deformation before

achieving displacement measurements. For this reason,

different techniques for an accurate initial guess were

performed. In the present MATLAB code, the results of

correlation on reduced images were used as initial guess.

Afterwards, full field deformation displacement to sub-

pixel accuracy was performed using the desired algorithm.

Then, the strains were computed as a numerical differen-

tiation process of the estimated displacement. To improve

the accuracy of strain estimation, the computed displace-

ment fields were firstly smoothed by Gaussian distribution

of weights with a Kernel size of 11 (control points) and

smoothing passes of 3, and then differentiated to strains

calculation using cubic algorithm with 16-nodes. Table 2

shows more details of the image correlation and computing

displacements and strains in this study.

Determination of the modulus (tensile, compression and

shear modulus) and Poisson’s ratio in the pre-yield regime

and true stress–strain relationships in the post-yield regime

is possible using DIC technique (Tscharnuter et al. 2011).

The Young’s modulus (E) in tensile and compression and

shear modulus (G) is the ratio of stress (r) to corre-

sponding strain (e) in the elastic regime of the material

behavior. The slope of the initial straight segment of the

stress–strain diagram is represented as the aforementioned

modulus. Poisson’s ratio is important for the description of

stress and strain states of linear elastic materials. Under

simple uniaxial load, Poisson’s ratio governs the evolution

of the lateral strain. Poisson’s ratio (t) was determined as

the negative ratio of the transverse (et) and longitudinal

strains (el) in the elastic regime and measured parallel and

perpendicular to loading direction, respectively (see Eq. 1);

t ¼ � et
el

ð1Þ

2.2.4 Morphological characterizations of foam cells

Micromorphology of the foam cells prior to testing and at

the failure surfaces was analysed using scanning electron

microscope (SEM, HITACHI, TM3030, Germany) at an

acceleration voltage of 15 kV. Prepared samples were

firstly mounted on stubs and then the surfaces were coated

with gold using Mini Sputter Coater (SC7620, Quorum

Technologies, UK) at a chamber pressure of 10-1 mbar

prior to the microscopy observation.

3 Results and discussions

The three principle loading modes tensile, compression and

shear, were used for the mechanical characterization of the

foams. The elastic parameters of three different foams,

EPS, MS and PLA PMMA were characterized in this study.

3.1 Elastic constants for the foams obtained

from ULPB

The elastic constants (Young’s modulus and Poisson’s

ratio) can be derived from the strain–stress curves which

are presented in Fig. 2a. Young’s modulus of three dif-

ferent foams, EPS, PLA-PMMA and MS in two different

loading modes (tensile and compression) are presented in

Fig. 2b. Young’s moduli are quite similar in tension and in

compression, but the elastic limit and maximal strength are

much more elevated in compression. It was shown that the

Young’s modulus (in tensile and compression) is the

highest for the MS foam both in tensile and compression

loading, followed by the PLA-PMMA and EPS foams. The

compression Young’s modulus in MS foam is nearly

doubled compared with the corresponding ones in EPS

foam. Besides the density, Young’s modulus for the foams

are mainly determined by the material properties of the

solid cell walls (base materials they are made of) and by

their complex microstructure (Gibson and Ashby 1997).

MS is a copolymer made of three components; acryloni-

trile, methacrylate and acrylates with encapsulating liquid

isobutene as blowing agent. EPS foams are made of styrene

monomer which is rigid and brittle (Rinde 1970).

Mechanical properties of polystyrene are lower compared

to those of PLA-PMMA blend due to its origin. Imre et al.

(2014) have also shown that PLA-PMMA blend have

higher mechanical properties compared to polystyrene.

The foam cell density also influences the foam elasticity.

The finer the cell sizes the more cell numbers (foam cell

density population) is achieved. Accordingly, the higher

Table 2 Parameters used for image correlation and computing dis-

placements and strains

Factors Image correlation Computation

Reduced

images

Full

images

Image reduction factor 3 – –

Subset size 35 35 –

Threshold 0.5 0.5 –

Search zone 3 2 –

Repetition of correlation 5 – –

Kernel size – – 11

Number of smoothing passes – – 3

Maximum size of contiguous

non-correlated points to

smooth over

– – 15

Strain algorithm – – Cubic

16-node
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the foam cell density the higher is the elastic modulus of

the foams (Hamilton et al. 2013). Electron microscope

pictures from the foam cells (EPS, PLA-PMMA and MS)

are presented in Fig. 3. Microstructures of the foams show

that the finer foam cell sizes and the higher cell numbers

were achieved for the MS specimens followed by the PLA-

PMMA and EPS, respectively. Similar trend was also

observed for the elastic modulus; MS[PLA-

PMMA[EPS both in tension and compression loads.

Therefore, it can be stated that the predominant factor

influencing the Young’s modulus for these kinds of foam is

their base materials and complex microstructures.

It is also shown in Fig. 2 that the modulus of elasticity in

compression loading is higher compared to that of tensile

loading, especially for the PLA-PMMA and MS foams. In

other words, the tensile and compressive elastic properties

are almost identical for the EPS samples while an

insignificantly higher Young’s modulus in compression

was achieved for the PLA-PMMA and MS foams com-

pared to those in tensile. It has to be mentioned that some

undesired wood particles from the surface layer entered

between the unexpanded granulates of PLA-PMMA and

MS foam materials during mat formation. The size of PLA-

PMMA granulates was quite big compared to those of EPS

granulates (nearly 4 times bigger). During mat forming,

several free spaces can be distinguished between the PLA-

PMMA granulates; hence, the wood particles during sur-

face layer formation can easily be inserted between gran-

ulates. Such wood particles will stay between the foam

granulates even after foam expansion. MS cells have

extremely small sizes (15 lm) in comparison to those of

EPS granulates (0.3-0.8 mm), which makes a homoge-

neous mat formation technically difficult. Electron micro-

scope pictures from the foam cells (EPS, PLA-PMMA and

MS) presented in Fig. 3 show such undesired wood parti-

cles in PLA-PMMA and MS foams. These wood particles

are caught between the foam granulates which influence

the foam beads fusion and accordingly, reduce the elastic

modulus in tensile compared with compression. In other

words, these wood particles can explain the fact that the

samples reached the yield point (Fig. 2a) faster when tested

in tensile loading than in compression loading.

The determination of Young’s modulus in tensile and

compression tests is relatively uncomplicated compared to

that of shear modulus which requires much more effort. The

modulus of rigidity or shear modulus describes the resis-

tance to deflection of a material caused by shear stresses

(Magistris and Lennart 2004). The results for the shear

Fig. 2 Strain-stress curves (a) and associated Young’s modulus

(b) of three different foams (EPS, PLA-PMMA, MS)

Fig. 3 Microstructure pictures of EPS, PLA-PMMA and MS foams
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modulus of three different foams, EPS, PLA-PMMA and

MS, are presented in Fig. 4. It is visible that the PLA-

PMMA foam has significantly higher shear modulus than

EPS and MS foams. The modulus of rigidity for the PLA-

PMMA blend is nearly 2.5 times higher compared to the MS

foam. There are two possible explanations for such trends;

effects of cell wall thicknesses and expanded beads fusion.

It is logic to say that with a constant foam density (100 kg/

m3), the cell wall thickness is reduced by the increasing cell

numbers. The higher the cell numbers the thinner is the cell

wall thickness (Shalbafan et al. 2012, 2013b). Due to the

huge number of cells and resulting tiny cell sizes in MS, the

cell wall thicknesses are very much thinner (\1 lm) than

those of PLA-PMMA and EPS foams ([10 lm). The

thinner cell wall thicknesses (in MS foam) cannot offer

strong resistance to the shear stresses. On the other hand, the

PLA-PMMA foam is made of several long polymer beads

containing little cells of gas in between. These polymer

beads (matrixes) have a shell outside and they are fused

together within their shells (Fig. 3). Lots of foam cells are

achieved within one single bead of PLA-PMMA due to their

bigger bead (granulate) size. Such bead fusions are also

achieved to a higher extent for the EPS and MS foams.

Close examination of EPS foam shows that homogeneous

bead fusion occurred. Actually, the MS foams are made of

several individual cells (in micron) fused together with a

relatively thin cell wall thickness. MS cell foam was more

stressed under shear tests lowering the shear modulus of the

foam. Järvelä (1986) and Rossacci and Shivkumar (2003)

have also mentioned that the mechanical characterization of

the polymeric foams are strongly influenced by the extent of

fusion between the polymeric beads. Bead fusion in the

foams has a significant effect on the properties of the foam.

Shalbafan et al. (2013a, b) have mentioned that the different

extent of cell fusion in EPS foam can be achieved in ultra-

light particleboard while the process parameters are

changing. Such characteristics can also influence the ULPB

properties.

The extent of bead fusion can be observed by looking at

the fracture surfaces (SEM picture) of the tested samples

(Fig. 5). The fracture occurs across the beads (trans-bead

fracture) at the EPS and MS foam in different loading

scenario (tensile, shear) indicating good bead fusion

between both the EPS and MS beads. Actually, a honey-

combed cellular structure is observed for both EPS and MS

foams. The single EPS and MS beads are hardly distin-

guishable within the foam structure, since they are almost

completely fused together. At the PLA-PMMA foam, the

fracture occurs along the beads (inter-bead fracture)

showing poor bead fusion. It is worth mentioning that even

though inter-bead fracture (poor fusion) happens at the

PLA-PMMA foams, such bead fusion strength of the PLA-

PMMA beads is still higher in comparison to that of EPS

and MS foams (having good bead fusions). This is reflected

by the shear modulus presented in Fig. 4. It can be con-

cluded that by improving the bead fusions within the PLA-

PMMA foam, obtaining higher shear modulus than the

presented value (48 MPa) is also possible. Part f in Fig. 5

shows to some extent scratched parts in the beads surfaces

showing that the bead fusion is the predominate factor

influencing the shear modulus of the foams. Such

scratching parts are not observed during the tensile and

compression tests. The cell walls tear in the EPS and MS

during the tensile tests and are compressed (cell collapsing)

during the compression tests.

The calculated Poisson ratios of the foams within the

elastic regime (before yield strength) of the tensile and

compression loadings are presented in Fig. 6. It is note-

worthy that the Poisson ratios calculated in tensile and

compression loading scenarios are mostly identical for

each foam types. Higher value is obtained for the EPS

samples and the lowest value (nearly half of that) is

observed for the PLA-PMMA foam, ranging from 0.42 for

the EPS foam to nearly 0.2 for the PLA-PMMA foam.

Lower Poisson ratio means that with an axially loaded

material, it will not swell/shrink laterally as much.

3.2 Elastic constants for reference PLA-PMMA

(RPLA-PMMA) foam

As mentioned earlier and documented in Figs. 3 and 5,

some undesired wood particles are inserted between the

expanded PLA-PMMA beads during the production of

ULPB. These particles result in poorly bonded interfaces

between the beads (beads fusion strength), and accordingly,

influence the elastic properties of the foam. Reference

PLA-PMMA foam (RPLA-PMMA) was produced within a

mold in the hot press (without surface and bottom layers of

wood particles) having similar density to PLA-PMMA

(100 kg/m3). The reference foam was also tested with

different loading functions (tensile, compression, shear)
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Fig. 4 Shear modulus of three different foams (EPS, PLA-PMMA,

MS)
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and its elastic parameters were compared with PLA-

PMMA foam and are presented in Fig. 7. It can be seen

that the reference foam has quite higher Young’s modulus

(in tensile and compression) and shear modulus than PLA-

PMMA foam obtained from the ULPB. The higher

Young’s modulus in RPLA-PMMA is due to the reduced

cell sizes and accordingly increased cell number of the

foam (Fig. 8; part a) (Gibson and Ashby 1997; Hamilton

et al. 2013). Young’s modulus is almost constant in tensile

and compression in RPLA-PMMA which is not the case for

the PLA-PMMA. As mentioned before, undesired wood

particles between the beads led to the fact that the samples

reached faster the yield point while tested in tensile loading

than in the compression loading. On the other hand, the

loss of elastic linearity in PLA-PMMA foam (in tensile

test) is probably due to the fast local damage most likely

resulting from the heterogeneities of the foam structure.

The shear modulus for the RPLA-PMMA is likewise

enhanced by about 34 percent due to the improved beads

fusion in the RPLA-PMMA foam. The enhanced beads

Fig. 5 Fracture surfaces in foams (EPS, PLA-PMMA, MS) showing the extent of bead fusion
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Fig. 6 Poisson ratios of three different foams (EPS, PLA-PMMA,
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fusion is stated in Fig. 8. Bead fusion is improved in some

small parts of the beads, while it can still be more improved

for the whole beads surfaces. It can be concluded that the

improvement of bead fusion in PLA-PMMA foam would

have a significant effect on the elastic properties of the

foams which can influence the final ULPB properties as

well. Shalbafan et al. (2013a) have found that improving

the bead fusion in ULPB (made of EPS) has a significant

effect on the physical properties of the boards. Reducing

the bead size of unexpanded PLA-PMMA can be an option

for further research to improve the bead fusion in PLA-

PMMA foam. Decreasing the size of expandable PLA-

PMMA blend would help to have a more homogeneous

mat formation (in the core layer). According to the authors‘

experiences, the best unexpanded granulate size to produce

ULPB is in the range of 0.3–1 mm. Small unexpanded cell

sizes (15 lm) for the microspheres (MS) can also lead to

the insert of undesired wood particles into the core layer

(Luedtke 2011). Furthermore, different process parameters

(press temperature, pressing and foaming times) can be

used which have significant influence on the microstructure

of the foams.

Poisson ratio of PLA-PMMA and RPLA-PMMA are

presented in Fig. 9. The Poisson ratio in tensile and com-

pression loading in both types of the foams are also almost

identical. An insignificantly higher Poisson ratio for the

RPLA-PMMA was achieved compared to PLA-PMMA

foam, which may be due to higher homogeneity and better

foam structure in RPLA-PMMA foam.

4 Conclusion

Mechanical characterization of foam part of ULPB (density

of 320 kg/m3) has been performed using DIC technique. It

was observed that the behavior of cellular polymer was

Fig. 8 Bead fusion in PLA-

PMMA and RPLA-PMMA

foams
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dominated by the polymer nature, followed by foam cell

sizes and foam beads fusion. It was shown that while the

foam cells size has the most significant effect on the

Young’s modulus of the foam core layers, the cell wall

thicknesses and the quality of expanded bead fusion are

predominant factors for shear modulus. Foam structures

(homogeneity or heterogeneity) are also influencing the

differences of Young’s modulus in tension and compres-

sion tests. An almost identical Young’s modulus was

achieved for tension and compression tests of homoge-

neous foam structure (EPS and RPLA-PMMA foam), while

the compression modulus is higher for heterogeneous foam

structure (PLA-PMMA and MS foams), due to the unde-

sired wood particles in the foams. Photographs of the

electron microscope (SEM) also confirmed that the unde-

sired wood particles destructed the homogeneity of the

foam which further influenced the elastic constants of the

foams. Further research is needed to enhance the foam cell

structure of the PLA-PMMA foam through lowering the

foam cell sizes and foam beads fusion.

As final conclusion, this research showed that the future of

ULPBhavingbio-based foammaterials as the core layer looks

bright for the replacement of conventional particleboards.
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